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ABSTRACT

In this paper, the mechanism for the fault estimation (FE) problem for a steer-by-wire (SBW) vehicle with sensor and
actuator faults is investigated. To deal with the design issues, we transformed the nonlinear model of SBW vehicle
into a new coordinate system to jointly estimate the sensor and actuator faults. In the new coordinate system, the
Lipschitz conditions and system uncertainties are also considered. The proposed schemes essentially transform the
original system into two subsystems, where subsystem-1 includes the effects of actuator faults but is free from sensor
faults and subsystem-2 only has sensor faults. Then two sliding mode observers (SMOs) are designed to estimate
actuator and sensor faults, respectively. The sufficient conditions for the existence of the proposed observers with Heo
performance are derived and expressed as an LMI optimization problem such that the upper bounds of the state and
fault estimation errors can be minimized. Finally, the numerical example with simulation results is provided to validate
the practicability and efficacy of the developed estimation strategy.

KEYWORDS

Joint fault estimation, Sensor faults, Actuator faults, Steer-by-wire vehicle, Sliding-mode observer

1. INTRODUCTION

Modern control systems are prone to faults, which can damage the systems themselves or the environments in which
they operate. For this reason, fault detection and isolation (FDI) algorithms become essential, since they enable fault-
tolerant actions that minimize the effect of faults and improve the overall system’s reliability and safety. The research
on FDI has received considerable attention during the last two decades due to the increasing demand for safety and
reliability of automatic control systems [1-2]. Naturally, the nonlinear control problem for different dynamics systems
is always a hot topic and has attracted compelling attention from scholars, see [3-5].

The approaches of FDI developed in the past can be grouped into three fundamental categories: knowledge-based
FDI methods, signal-based FDI and model-based FDI [6]. Among the possible approaches, the model-based FDI ones
have been recognized as a handy tool by the scientific community and have been applied successfully to many phys-
ical systems, for example, lateral dynamics of a vehicle [7], aircraft [8], satellites [9], unmanned aerial vehicles
(UAVs)[10], and wind turbines [11], among others. The basic idea of the observer-based FDI approaches, which fall
into the category of model-based FDI, is to generally compare the actual system’s behavior with the predicted or
estimated behavior based on its mathematical model. Hence, the success of this type of technique directly relates to
the mathematical model, which in reality is not a perfect representation. As a consequence, any discrepancies be-

© Faculty of Mechanical and Civil Engineering in Kraljevo. All rights reserved 7
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tween the system and the model, which appear in the form of system uncertainties in the model, can cause a mis-
leading alarm and make the FDI ineffective. Therefore, there is a need for a robust FDI which is sensitive to faults but
insensitive to model uncertainties [12].

On the other side, fault estimation (FE) is different from the majority of fault detection and isolation (FDI) in the sense
that it not only detects and isolates the fault, but also provides details of the fault, such as the location, size, and
duration. Thus, it is especially useful for incipient faults and slow drifts, which are very difficult to detect. Also FE is
vital in fault-tolerant control (FTC) systems which improve the system'’s performance. During the last two decades,
considerable research results have been reported on FE. In [13], an online estimation approach based on adaptive
observer technique was adopted to reconstruct the faults with an incipient time profile. A descriptor system approach
was introduced to investigate sensor fault diagnosis for nonlinear systems in [14], which is applicable for sensor faults
of any forms. Most physical systems are nonlinear, and therefore FDI should employ nonlinear algorithms, which are
difficult to generalize and apply in many cases. It is well known that sliding mode techniques offer good potential for
increasing the robustness of FDI by including a nonlinear discontinuous term that depends on the output estimation
error into the observer [15-16]. During the last two decades, the research on sliding-mode observers (SMO)-based FE
has received considerable attention. Several results have been reported on this topic [17-21].

Among various types of FE methods that have been developed, SMO-based FE has been proven to be an effective
way to estimate/reconstruct faults for many systems [22-25]. These researches deal separately with actuator or sensor
faults. However, in many practical systems, actuators and sensors are jointly prone to faults. Misinterpretation of ac-
tuator and sensor faults may cause a high rate of false alarm and unnecessary maintenance. Therefore, it would be
desirable to consider actuator and sensor faults under a unified framework.

In this paper, an estimation fault scheme is considered for uncertain Lipschitz nonlinear systems that are subject to
actuator and sensor faults simultaneously. The proposed schemes essentially transform the original system into two
subsystems, where subsystem-1 includes the effects of actuator faults but is free from sensor faults and subsystem-2
only has sensor faults. Using an integral observer-based approach [26], sensor faults in subsystem-2 are transformed
such that they appear as actuator faults. The augmented subsystem-2 is further transformed by a linear coordinate
transformation such that a specific structure can be imposed to the sensor fault distribution matrix. In the first scheme,
it is assumed that the fault distribution matrix satisfies the matching condition. Then two SMOs are designed to esti-
mate actuator and sensor faults, respectively. However, this assumption is restrictive and sometimes it is difficult to
find such matrices to satisfy both the Lyapunov equation and matching condition. To overcome the restriction im-
posed by the matching condition, many attempts have been made using high-order SMOs [27-28]. The sufficient
conditions for the existence of the proposed observers with He performance are derived and expressed as an LMI
optimization problem such that the upper bounds of the state and fault estimation errors can be minimized.

The remainder of the paper is organized as follows: Section 2 briefly describe model of the steer-by-wire (SBW) vehicle
under faults, disturbances and noise. Section 3 describes the mathematical preliminaries required for developing the
FDI method and design procedure of the implemented SMO. The results of the simulation are shown in Section 4 and
conclusions are given in Section 5.

2. DESCRIPTION OF THE SBW VEHICLE

Let’s consider the following model of a steer-by-wire (SBW) vehicle subject to actuator and sensor faults, disturbances
and measurement noise:

B=- % ﬂs+(c—‘2— J7/5+ Cat (6,+f,)+d

mu, mu’ mu,
. C c Ca

=—18 | |y +2(5. +f)+d (M
R P A s
y01=ﬁS+W

y02:7s+fs+w

with ¢, =c,, +c¢,,, ¢,=c,b—c_a, c,a +c,b’.The different parametersm, I,, ¢, ¢,,, aand b are given with cor-

ar’! ar’

responding numerical values in Table 1. The slide-slip angle at the center of gravity is represented by g, y,is the
yaw rate, &, is the front steering angle of the vehicle, and u, represents the longitudinal velocity which is assumed
constant and equal to 8 m/s. Also, x, = §, and x, =y, are the state variables, u=J, is the control input of the system,
f is the actuator fault, f, is the sensor fault, d represents the disturbance corrupting the dynamics and w is the meas-
urement noise.

8 V Djordjevic et al.
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Table 1. Parameters of the steer-by-wire vehicle model.

Notations Denotes
m =350 kg Mass of the vehicle
I, =260 kgm® Moment of inertia of the front wheel system

¢,,=2700N/rad  Front cornering stiffness
¢, =2700N/rad  Rear cornering stiffness
a=065m Distance from the center of gravity to the front axle

b=0.83m Distance from the center of gravity to the rear axle

3. JOINT ESTIMATION OF ACTUATOR AND SENSOR FAULTS USING SMO

Consider a non-linear system described by

x(t) = Ax(t)+f(x,t)+B(u(t) +£,(t)) + EAw(t)

(2)
y = Cx(t)+ DF.(t)

where the state vector is x e R", the input vector is ueR™, the output vector is y € R?, the actuator fault is denoted
as f, eR™,the sensor faultis denoted as f, € R. The known constant matricesare Ac R™", BeR™™ , CeR”", D e R™
, E€R™ (p=q)and B and D both being of full rank.

Remark 1: It should be noted that the system uncertainty under consideration is unstructured, which is more general
than the type of structured uncertainty that has been considered for fault diagnosis of Lipschitz nonlinear systems in

the literature [30]. In the case of structured system uncertainty, certain rank conditions of the uncertainty distribution
matrix are assumed to be satisfied such that the fault can be completely decoupled from the uncertainty.

For the objective of achieving fault diagnosis, the following assumptions and Lemmas are introduced. The nonlinear
term f(x,t) e R"is assumed to be known and Lipschitz about x uniformly Vx,x eR".

[Foe )-8 < Ly [ x— ] ¥

where L is the known Lipschitz constant. The unknown nonlinear term Aw(t) is structured modelling uncertainty,
but bounded, and satisfies Aw(t)<£&. Also, the unknown sensor fault and its derivative are norm bounded, i.e.

f(t)<pandf.(t)<p,.

Lemma 1. [30] Let's assume rank(CB) =rank(B) . There exist state and output transformations of coordinates

h1 W1
h= =Tx and w = =Sy (4)
h2 WZ
such that in the new coordinates, the system matrices become
A B E ¢, O 0
TAT ' = A A ,TB=| "|,TE=| |, SCT =] , SD= (5)
A A, 0 E, 0 C, D,

where TeR™, SeR”?, T,eR™, S, eR™, h eR™, w,eR™, AeR™, A€ Rn-mdn-m) B,eR™", E, eR™,

C,eR™™, C, eR"™"™ and D, e R*"™. B, and C,is invertible.
After introducing the state and output transformations (4), the original system is converted into two subsystems:

h = Ah, +Ah, + TAT 'h,t)+B,(u+f,)+EAw(t)

(6)
w, =Ch,

Subsystem 1: {

FMCE Kraljevo 9
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h, = Ah +Ah, + TAT 'ht)+E,Ay

7)
w, =C,h, +D,f,

Subsystem 2:{

t

For Subsystem 2, we define a new state h, = jwz(r)dr so that b, =C,h, + D,f. . An augmented system with the new
0

state h, is therefore given as:

hy = Aghy + Ah, + Tof (T7'h,t)+ D f, + E, Ay

(8)
W; = Coho

A O - A
in which h =[h h ]T eR™PM, w, e RPF, A =" g Rimpm2mydnip=2m) A, =| 2 |eRimp2mm
o 2 3 °1c, o ’ 0

4

EO _ Ez c R(n+p—2m)xr, DO _ 0 c R(n+p—2r)xq , CO :|:0 / 7m:| c R(p—m)x(n+p—2m) , -,_-2 — TZ c R(n+p—2m)><n .
0 D, b 0

Lemma 2.[31-32] The pair (A,,C, ) is observable if and only if the minimum phase condition holds
sl —A B
rank| " =n+rank(B) 9)
C 0

for every complex number s with nonnegative real part.

Now, a scheme which consists of two SMOs to estimate actuator and sensor faults is developed. One SMO is designed
to estimate actuator faults while the other one is designed to estimate sensor faults.

By taking the state transformation of z =T h, =[z/z]]" with

where z, eR"™ and z, eR"".

Subsystem (8) can be rewritten as in a more compact form as
2=Az+T,Ash +T,Tof (T ,)+D,f. +E, Ay
w,=C,z

where

A = A4 +R);IF)()2C4 _A4'D<)711P02 _P0711P02C4P0711P02 D = P0711Po2D2 E = Ez
’ C4 _C4Po_11P02 e D o

2

Lemma 3.[31][32] If there exists an arbitrary matrix F, € R"*™ such that

DIP, =F,C, (13)
then we have

k,D, =0, (14)

F, =D! Po;. (15)

Therefore, Systems (6) and (11) can be rewritten respectively as

h =Ah +Az + AP, 'Pw, + AT 'ht)+B,(u+f,)+EAp(t)

(16)
w, = C1h1

Subsystem 1: {

10 V Djordjevic et al.
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2, =Az,+A,z, + Ah +Tf(Tht)+E,Ay
Subsystem2:42, =A,z,+A,z, + D,f. (17)

2
3

N

=

3
ZZ
For the above systems it is constructed the following two SMOs:

h=Ah+AZ2 AP P W, + TAT 'h)+B,utv,)+(A—A)C W, W,
W1 = C1i:'1

7 =Az+Aw, +ACw, +TA(Tht)
3, =A.2+ A2+ (A~ L)Ws —w,) + Dy, (19)
W, =2,

where h,2,,2,w,and W, denote, respectively, the estimated h,,z,,z,,w,and w,. A’ €R™ is a stable matrix, and
L eR"™®™ s the observer gain. It is worth noting that A2 col(C;'S,y, 2,—P,'P,w,)and does not represent the

state estimate vector col(fy,frz) . The discontinuous output error injection terms v1 and v2 are defined by

BIA(C'Sy—h)

2. L CSy—h %0
v, = ( B/R(C'sy—h, )H e (20)
0 otherwise
DIP — Vi
(P;"‘Uz)%' Wy —W; #0
v, = |07 P (w, —ii, )| (1)
0 otherwise

where P, e R™" is the symmetric definite Lyapunov matrix for A, and 7, and 7, are two positive scalars which are
to be determined.

If the state estimation errors are defined as e, =h,—h,, e, =z,—Z2,, and e, =z, -2, then the controlled estimation
error can be obtained as

&

r=He=Hje, (22)

€

We now present Theorem 1 which establishes the sufficient conditions for the existence of the proposed SMOs in the
form of (18) and (19) with a prescribed performance

Il
<y, (23)
[Aw|

S
HAV/

M., = sup
Zio

u ’
L Lz

where g is a small positive constant.

Theorem 1. Let's consider system (2) with introduced lemmas. If there exist matrices A’, L,P, =P >0, P, =P} >0,

P, =P}, >0,and P,,,and positive scalars «,, o, and u such that

PuD, =0 (24)
Hl + H1TH1 P1A2 0 P1E1
Azl AR TL+HH, CPe RE | (25)
0 P03C4 IT, + :"l'3T/'I'3 0
T1TF: T2TP01 0 —pl,

FMCE Kraljevo 1
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1 1
where I, = A15TP1 +RA +_'D1T1T1TP1 o 1= AIPm +PA, +CZ'DOT2 + PG +_PO1T2T2TPO1 +(a +a2)L2f ||T_I| ’ lhm and

@, a,

I, = PosL+1" Pos, then the estimation error dynamics are asymptotically stable with the prescribed H_ tracking per-

formance |r|, S\/;"Al//”L . The Proof of Theorem 1 can be seen in [33].

Theorem 2. Let's consider system (2) with introduced lemmas. If there exist matrices A°,X,Y,Z,P =P >0,

P,=P), >0, P, =P}, >0,and positive scalars «,, a, such that the following LMI feasibility problem has a solution:

[ X+XT +HH, PA, 0 PE, PT, |
ATP I, +HIH, ClPos PE 0 PT,
0 PuC,  Y+Y'+HH, 0 0 0 |_4 26)
E/P EJPy 0 —ul 00
TP, 0 0 0 -al O
i 0 TP, 0 0 0 -—a,l|

where

T, = AP, +PyA, +la, + )2 |71, + ZC, ~ ZD,D; C, +(2C,) ~(ZD,D;C,)

then the estimation error dynamics is asymptotically stable with the prescribed H_ tracking performance
Irll. S\/;"Al//”L . The Proof of Theorem 2 can be seen in [33].

The effect of system uncertainties on the estimation errors is decided by the value of . The accuracy of the fault
estimation increases with smaller value of . The minimization of 4 can be found by solving the following LMI op-
timization problem:

minimize y subject to

— (27)
X<0,A>0,P,>0,Poz >0and(26).

We have proved that the proposed observers are asymptotically stable with the prescribed H_ performance in The-
orem 2. The objective now is to determine the constant gain 7, in (20) and 7, in (21) such that the error systems can
be directed to the sliding surface S which is defined as

S={(e..e,e;)le,=0, e, =0} (28)
in finite time and maintain on it thereafter.

Theorem 3. Let's consider system (2) with introduced assumptions, lemmas and the proposed observers (18) and
(19). Then the error dynamics

& =Ae +Ae, +T,(FT )~ F(T A1) +B,(f,—v,)+ EAy (29)
é,=Ae, +T,(F(Th, )~ F(T A1) +E,Ay (30)
é, =Ase, +Le, + D, (f. -v,) (31)

can be driven to the sliding surface (28) in finite time and remain on it if LMI optimization problem formulated in (27)
is solvable and the gains 7, and 7, satisfy

w287 (14 Me.l+ L AT e |+ )+ (32)
2 edva, 63)
||D2 P03e3 "

where 7, and 7, are positive scalars. The Proof of Theorem 3 can be seen in [33].

12 V Djordjevic et al.
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Given the observers in the form of (18) and (19), the objective now is to simultaneously estimate actuator and sensor
faults. From Theorem 3, we know that an ideal sliding motion (28) will take place after some finite time if the condi-
tions (32) and (33) are satisfied. During the sliding motion, (29) becomes

0=Ae, +T,(F(T"h,0)~F(T A1) +B,(f, ~v,, ) + EAp (34)

where v, is the equivalent output error injection signal to maintain the sliding motion [33], and can be approximated

leq
to any degree of accuracy by replacing (20) with

BIP ( C'sy—h)
Vi 2 (P 10 ) (35)
B1 P1(C1 S1y_h1 “"'51
where ¢, is a small positive scalar to reduce the chattering effect.
Since B, is invertible, (34) can be further rewritten as
f,—Vyy =B, (A2e2 +T (AT, 0~ FTA0) )+ EAw (36)
Computing the L, norm of (36) yields
f-v., HB (A, +7, (T b0~ T B0 ] < (G (B2, )+ 0 (BT )L [T el + -

+o-max ( 171E1 )"A !//"Lz

Since ||e|| max( ")\/;"At//"L2 , it can be obtained that
v, (o (87 o BT o (o (BN, 9

It follows that

f

a V1eq

sup — b HB + By, (39)
A

where £, =(0,y, (Bi'A, )+ Gy (BT )L [T) 0 (H ') and B, =0, (B'E,).
Thus for a small (uf, + 5, )||A1//||Lz , the actuator faults f, can be approximated as

Rl )
(s

Similarly, we can get that

f, -

a 2eq

= <10, ()0, (D5 A3 (41)

sup
o JAvl

where v, is the equivalent output error injection signal which can be approximated as

2eq

DZT l;oz (W3 —W3)
|D;— .503 (W3 —WS )" + 52

v, z(ps+772)|

where &, is a small positive scalar. Thus for a small \/ZGmax(H ) maX(D A3)||Al//|| , the sensor faults f, can be ap-

proximated as
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4. SIMULATION RESULTS

It is assumed that there is a complex sensor fault composed of a combination of abrupt, ramp, and sine-type faults,
which is represented as:

0 t<50

f. =40.05-sin(0.157t) 50<t<90, (44)
0 90<t <100
0 t<20

f, = 0.2-(t—20) 20<t<50. (45)

0.5+0.2-sin(0.27t) 50<t <100
For simulation purposes, we set the control input u(t) as sinus function sin(zt) and the system uncertainty Aw(t)as

0.1sin(0.2t)*

0.1sin(0.1t)?
Apl(t) = . 46
vl 0.2sin(t)? (4e)

0.3sin(t)?

The results of sensor and actuator faults estimation are illustrated in Fig.1 and Fig.2. These figures clearly demonstrate
that the proposed SMO based estimation method is able to estimate the faults successfully, irrespective of uncertain-
ties in the system. In addition to gradual and slow faults, such as a ramp and sinusoidal faults, it should be noted that
f, changes abruptly at time instant 50s, which indicates that the proposed approach has the ability to track abrupt

faults.

0.16

T
—Actual sensor fault f
014 et ’
. —Estimation of sensor fault|

0.12 q
x1073

& b o »

3

gﬂ 0.06 -

g 0.04
0.02

-0.02

-0.04

L L
45 50 55 60 65 70 75 80 85 90
Time [s]

Figure 1: Estimation of the sensor fault

0.6

T
—Actual actuator fault fn
041 —Estimation of fB q

0 I I I I
0 10 20 30 40 50

Time(s)
Figure 2: Estimation of the actuator fault

Fig. 3 shows the trajectories of the actual states and their estimates. It can be seen from the figures that the proposed
SMO approach can estimate the states accurately, before and after the occurrence of any fault.
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Figure 3: System states and their estimates

It can be seen that despite the presence of system uncertainties and measurement noises, the tracking performances
of states x and actuator and sensor fault have achieved an ideal performance.

5. CONCLUSIONS

In this paper, an algorithm for jointly estimating actuator and sensor faults for uncertain Lipschitz nonlinear systems
is considered. The proposed method uses two SMOs and can effectively estimate both the actuator and sensor faults
provided certain matching condition is satisfied. Moreover, Heo filtering is integrated into the algorithm to attenuate
the effects of the system uncertainties on state and fault estimates. The simulation results show that proposed ap-
proach can successfully estimate actuator and sensor faults simultaneously despite the existence of system uncer-
tainties. When the outputs are contaminated by noises, sensor fault estimates can still be obtained. However, real-
world applications are not focused exclusively on successful FE. When a system is subject to a set of possible faults,
fault-tolerant control (FTC) is necessary to maintain stability and reliability. We will study this issue in future.
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ABSTRACT

The paper shows the significance of metaheuristic optimization algorithms through their application to specific en-
gineering problems, especially in mechanical and civil engineering domains, where some significant publications are
presented. Moreover, due to their nature, these algorithms are very convenient for application in various engineering
examples, both with single-objective or multi-objective optimization problems. Also, they are successfully being ap-
plied for tasks with a great number of variables and constraint functions. Finally, the paper presents the comparison
of the results of seven chosen metaheuristic optimization algorithms that were applied on the example of the canti-
lever beam subjected to complex loading. The objective function was the cross-sectional area of the welded I-profile.
In contrast, the constraint functions were the permissible stresses in the I-profile and the welded connection support-
ing a cantilever beam and one welding technology limitation. After comparing obtained optimum results, optimiza-
tion time and convergence for all seven chosen algorithms, some conclusions and recommendations for an appro-
priate type choice and application were made.

KEYWORDS

Metaheuristic, Optimization, Bi-moment, Restrained warping, Cantilever beam, Mechanical design, Structural design

1. INTRODUCTION

Metaheuristic algorithms gain more and more appliances in optimization, especially in constrained engineering prob-
lems. Recent years have seen many bio-inspired metaheuristic algorithms emerge. Their application is frequent in
various engineering problems, both with single-objective or multi-objective optimization problems, due to the pos-
sibility of managing many variables and constraint functions.

Metaheuristic algorithms are very efficient, and they don't require recalculations of derivatives of the objective func-
tion (which is required for the gradient optimization methods). The initial values of variables can be set within pretty
wide bounds. The designer doesn't have to be experienced in setting the initial values of variables (which is very
important). Metaheuristic algorithms can generate new solutions that are better in comparison to the previous ones
and are very successfully avoiding the trap of entering a local optimum.

These algorithms are being applied in everyday research, so many research papers present their utilisation in the
mechanical and civil engineering domain [1-20].
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Animproved new swarm intelligence optimization algorithm named the Multi-Specular Reflection Algorithm (M-SRA)
is utilised in [1] to optimize the main girder of the double-beam bridge crane concerning lightweight and green de-
sign. The optimization of the main girder of the single-beam bridge crane is conducted in [2] by Bat Algorithm (BA),
Cuckoo Search (CS) algorithm, and Firefly Algorithm (FA). Significant savings were achieved in relation to previous
solutions, where the algorithm with the best results was revealed. Two algorithms inspired by laws of physics -
Charged System Search (CSS) algorithm and Thermal Exchange Optimization (TEO) algorithm — were used in the op-
timization of cross-sections of the crane hook [3], where two cross-section types were considered. Again, significant
savings were achieved in comparison with present solutions. Besides the mentioned mechanical engineering prob-
lems, these algorithms were successfully used for solving: gear train design problem [4-8], welded beam design prob-
lem [4, 5, 7-13], pressure vessel design problem [4, 5, 9, 11-13], tension/compression spring design problem [4, 7-13],
cantilever beam design problem [4-6, 10], speed reducer design problem and rolling element bearing design problem
[11, 12]. There was a comparison of applied algorithms and obtained results for each problem.

In addition, some of the metaheuristic algorithms are used in conjunction with Computational Fluid Dynamic (CFD)
analysis for solving the airfoil design problem [10], using Salp Swarm Algorithm (SSA). In the same article, the men-
tioned algorithm was also used for multi-objective optimization in the marine propeller design problem. Further-
more, Sine Cosine Algorithm (SCA) was used for multi-objective optimization in the airfoil design problem [14]. The
propeller design issue was considered as a single-objective optimization problem for efficiency increase [4, 6]. How-
ever, the submarine propeller design problem [15] was subject to multi-objective optimization by Dragonfly Algo-
rithm (DA).

Besides mechanical design problems, these algorithms are frequently utilised in structural engineering. For example,
[4, 10] considers the I-beam design problem, while [4-6, 10] studies the 3-bar truss design problem. In addition, the
truss optimization problem has much research on it: 15-bar and 52-bar truss design problems were studied in [4, 9],
25-bar truss design problem (the base of transmission tower) was considered in [9, 11, 12, 16], and 72-bar truss design
problem was addressed in [16, 17]. Again, there was a comparison of applied algorithms and obtained results for each
problem.

Research [16] optimized the 120-bar dome truss structure and the planar 200-bar truss structure by Cyclical Parthe-
nogenesis Algorithm (CPA). Also, the tower truss design problem (582-bar truss design problem) was solved by En-
hanced Vibrating Particles System (EVPS) algorithm, [17]. The application of various technics and metaheuristic algo-
rithms on many structural design problems and general engineering problems was presented in [18].

Authors in [19] presented the procedure of optimization for the steel girders in a high strength steel composite bridge
from the viewpoint of weight, material cost and environmental impact. The Genetic Algorithm (GA) was used to solve
this problem. Research [20] considered the problem of optimal design of buckling-restrained braced frames by using
SSA and Enhanced Colliding Bodies Optimization (ECBO) algorithm.

So, the application of these algorithms is massive for various engineering problems. Besides showing these applica-
tions, especially in mechanical and civil engineering domains, this research aims to compare the results of more me-
taheuristic optimization algorithms applied to one specific engineering problem and give some directions about the
choice of algorithm and its implementation.

2. APPLICATION OF METAHEURISTIC OPTIMIZATION ALGORITHMS

This research uses a welded I-section cantilever beam with fixed support [21] as an example of the engineering struc-
ture upon which the metaheuristic algorithms will be applied. The beam is subjected to torsion (M,), axial eccentric
force (F,) and bending moment (M,;), as depicted in Figure 1.

Figure 1: A cantilever beam
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The goal of optimization is the reduction of the cross-sectional area of the welded I-profile. This single-objective multi-
criteria optimization problem is a constrained optimization problem, and it is defined in the following way:

minF(X)=f(X)+P(X,k,) (M
POCK) =Yk, [max(0,g, (X)) 2)

where f (X) is the objective function, X is the vector made of design variables, P (X, k) are the penalty functions, k; are
the penalty factors, gi(X) are the constraint functions, and ng is the total number of constraint functions.

Variables (x) are defined by their lower () and upper bounds (u)). This research treats five variables (Figure 2).

The objective function and constraint functions are presented in the following chapters (Chapter 2.1 and Chapter 2.2).

2.1. The Objective Function

The cross-sectional area (Ap) of the welded I-profile (the cross-sectional area of plates) represents the objective func-
tion f(X) in this optimization problem (Figure 2). The area of the welded connection (A;) in support of a cantilever
beam depends on this area (Ap).

The objective function is defined as follows:
f(X)=A,=2-b-t+h-d (3)

All important geometric quantities are marked and defined, as shown in Figure 2.

L s ]

Figure 2: The cross-sectional area of the welded I-profile

The variables in this optimization process are:

x; = b - the flange width, x, = h - the web height, x; = t - the flange thickness, x; = d - the web thickness, and x5 = a; -
the weld thickness.

2.2. The Constraint Functions

In addition to the bending and tensile stresses that occur in the I-profile and the welded connection in support of a
cantilever beam, stresses due to the restrained warping are also presented (Figure 1).

The maximum stresses due to the restrained warping in the I-profile and the welded connection in support of a can-
tilever beam, respectively:

_|Bo (4)
¢ l(l)
O, -t
0,5 =—2 (5)
2-a

The quantities present in (4) and (5) are determined according to [21], where:
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B, =—E-I,C,-C, (6)
| :i~t~h2-b3 (7)
® 24 1
L (®)
G,
G,
= 9
“\ET, ©)
G= £ (10)
2-(1+v)
1
/tzg-(z-b-t3+h-d3) (11)
B.-a
C =tgh(a-l)-———— 12
o =toh(a-L) M, -cosh(a-L) (12
M . -h
Bstz'a)1_ ~ 1 (13)
2
1
@:—Z‘b'h1 (14)

where B, and B; are bi-moments, M, = M, is the torsion moment, /, is the sectorial moment of inertia, /; is the torsional
moment of inertia, a is the torsion parameter, G is the shear modulus of the plate, E is the elastic modulus of the plate,
v is Poisson's ratio of the plate, w; is the sectorial coordinate at point 1, and C, and C,, are constants, [21].

The maximum stresses due to bending moments and tensile force in the I-profile and the welded connection in sup-
port of a cantilever beam, respectively:

MM, F

o,=—*-——t4+-2 (15)
w, w, A
M M L F

o, = +-Z (16)
w, w, A

where W, and W, are section moduli for the I-profile, W,; and W,; are section moduli for the welded connection in
support of a cantilever beam (Figure 2), and M, and M, are bending moments in x and y direction (Figure 1), respec-
tively:

M =-2— (17)

(18)

The total stresses in the I-profile (0,) and the welded connection in support of a cantilever beam (n;), respectively:

o,=0,+0,<0,

ng=o,+0,

s S04

(19)

(20)

The permissible stresses in the |-profile (04) and the welded connection in support of a cantilever beam (o:4), respec-

tively:

1

R
o, =—
V.
0,4 =075

B-oy,

where 8 =1, for a; < 7 mm; 8 = f(a), according to [21], for as > 7 mm.
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The constraint functions are defined based on previously determined stresses in the material of the I-section and the
welds in the beam support and limitation imposed by welding technology [21]:

g, =0,-0,<0 (23)
g,=n;-0,,<0 (24)
g, =a,—0.7-min(t,d) <0 (25)

2.3. Metaheuristic Algorithms

The optimization of the considered example was carried out by applying seven selected metaheuristic optimization
algorithms. The following algorithms were applied: Moth-Flame Optimization (MFO) algorithm, Multi-Verse Opti-
mizer (MVO), Ant Lion Optimizer (ALO), Whale Optimization Algorithm (WOA), Sine Cosine Algorithm (SCA), Dragonfly
Algorithm (DA), and Locust Search (LS) algorithm, [4-6, 9, 14, 15, 22].

The Moth-Flame Optimization (MFO) algorithm is a population-based nature-inspired algorithm, based on the com-
puter simulation of the navigation of moths, [4]. The Multi-Verse Optimizer (MVO) is a nature-inspired algorithm,
based on three concepts in cosmology: white hole, black hole, and wormhole, [5]. The Ant Lion Optimizer (ALO) is an
algorithm that mimics the hunting mechanism of antlions in nature, [6]. Similar to the previous, Whale Optimization
Algorithm (WOA) mimics the social behaviour of humpback whales. This algorithm is inspired by the bubble-net hunt-
ing strategy, [9]. The Sine Cosine Algorithm (SCA) is a population-based algorithm that creates multiple initial random
candidate solutions and requires them to fluctuate outwards or towards the best solution using the sine and cosine
functions, [14]. The Dragonfly Algorithm (DA) is a swarm intelligence optimization method, inspired by the static and
dynamic swarming behaviours of dragonflies in nature, [15]. The Locust Search (LS) algorithm is a nature-inspired
algorithm, based on the behaviour of swarms of locusts, [22].

2.4, Results of Optimization

The application of the selected optimization algorithms was carried out on the considered example of a cantilever
beam, where the following optimization parameters were adopted for all algorithms:

N =100 - the population size; Number of iteration = 1000 - the maximum number of iterations.
The objective function are defined by (3). Constrained functions are defined by (23)-(25).
The bound values of variables are:

20<x,<30, 20< x, <80, 0.6<x, <4, 0.5<x,<3, a,,, <X, <12.

The minimum weld thickness, accordin to [21], is: dsmin= 3 mm.
The input parameters for the optimization process are (Figure 1):

L=200cm, M, =300kNcm, M, =350kNcm, F, =250kN, E =21 OOOk—NZ, R, = 35.5k—Nz, v=03,v,=15,
cm cm
where L is the length of a cantilever beam, M,, M,;, and F, are loads that act on a cantilever beam, R. is the minimum

value for the yield stress, and v; - is load case 1 factored load coefficient.

All algorithms were run several times, and the results from two simulations were chosen and given in the following
tables and convergence diagrams (Table 1 and Table 2, Figure 3 and Figure 3).

Tables 1 and 2 show the optimization results for all seven metaheuristic algorithms applied to the considered exam-
ple. Besides obtained optimized section areas (Best — the best value) and optimized variable values, each algorithm's
characteristics are shown (Worst — the worst value, Mean — the mean value, Std - standard deviation, and Time -
optimization run time).

There was no violation of the constraint functions in all applied algorithms within the optimization process execution
(values gy, g> and gs, Table 1 and Table 2).

Table 1: Optimization results for Simulation 1

MFO ALO DA LS WOA SCA MVO
[Ere:;(] 133.948 134.994 137.143 134.537 137.910 137.370 134.625
Worst
[cm?] 214.979 203.246 234435 243.024 296.139 203.452 231.039
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MFO ALO DA LS WOA SCA MVO
'Eﬂfj‘;]‘ 134578 135649 138267 135661 141898 139439  137.850
Std 5.759 3.086 6.838 5.590 10.164 4671 6.754
T'['Se 2.885 37075  73.481 80.728 3.907 2916 4831
g 25221 29998  -3.0209  -32411  -3.8660  -3.3827  -3.3591
9 0 0 -0.3650 0 0 -0.2626 0
s 0 0 0 0 0.0411  -0.0007 0
[cxr;] 290681  24.6512 30.0 227058  23.1879 250776  21.8516
X2 20.0 200 20.0 200 200 20.0 20.0
[cm]
[cxr;] 17143 17143 1.7143 17147 17462 17152 17145
[C’:;] 17143 25237 17143 28334 28463 25671 2.9849
Xs 1.2 1.2 1.2 1.2 11813 12 1.2
[cm]
Table 2: Optimization results for Simulation 2
MFO ALO DA LS WOA SCA MVO
[if;;t] 134507 133985  133.948 134090 140066  139.031  133.994
Worst
o] 194027  247.817 190042 169281 284358  209.991 248398
Mean
) 134852 134585 135015 140531 142209 142783 135595
Std 3.160 4219 5.046 5.644 7.273 5.628 5.185
T'[:]e 4.044 46826 115944 100556  4.918 4.096 5415
9 32558 25248  -25222  -25397  -32804  -35510  -2.5206
9 0 0 0 -0.0102 0 -0.0679 0
s 0 0 0 0 200374  -0.0334 0
[er;] 22551 290474 290677  29.0657 291140  26.0471  29.1205
& 20.0 200 20.0 200 200 20.0 20.0
[cm]
[er;] 17143 17143 1.7143 17143 16965 17272 17126
[c’:;‘]] 28595 17197 17144 17215  2.0641 24527 17126
Xs 1.2 12 12 12 11502 1.1757  1.1988
[cm]

For some algorithms, 100 iterations are enough to achieve an optimum solution (convergence diagrams in Figure 3
and Figure 4), while some algorithms need 500 or 1000 iterations, which means that the chosen number of iterations
was chosen adequately to make the comparison in this case.

It is noticeable that the optimum value of variable x; = h is its minimum (Table 1 and Table 2). On the opposite, the
optimized value of variable xs = a; is at its upper bound (maximum) or close to it.
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Figure 3: Convergence diagrams for Simulation 1 Figure 4: Convergence diagrams for Simulation 2

3. CONCLUSION

This research presents the importance of applying metaheuristic optimization algorithms to mechanical and struc-
tural design problems. Also, seven algorithms are applied to a single-objective engineering problem. The objective
function is the cross-sectional area of the welded I-profile, shown in Figure 2. The optimization problem has five var-
iables and three constraint functions. The results are taken out of two simulations per each applied algorithm.

For the considered case, input data and optimization parameters, it has been revealed that MFO reaches the optimum
value for the shortest time (Table 1 and Table 2). Also, WOA, SCA, and MVO reach the optimum value quickly. However,
all other algorithms need significantly longer to optimize, especially DA and LS algorithms.

By looking at the obtained optimum values and differences in constraint functions (g, g> and gs), the tables show that
WOA and SCA algorithms yield the poorest results compared to other algorithms (Table 1 and Table 2, Figure 3 and
Figure 4). Moreover, the WOA algorithm has the greatest standard deviation (Table 1 and Table 2).

MFO and MVO algorithms emerged as the most appropriate considering the minimum cross-sectional area values,
standard deviation, and optimization time. However, the MFO algorithm might be modified to mitigate early conver-
gence (Figure 3 and Figure 4), which would improve the accuracy. The ALO algorithm is also very suitable for the
application in terms of accuracy and standard deviation but should be improved to shorten the processing time.

Further research needs new algorithms to be tested on specific engineering problems with many variables and con-
straint functions, both in single-objective and multi-objective optimization problems. Finally, the researchers should
undertake modifications, hybridizations and improvements of algorithms and their parameters to improve accuracy,
convergence and speed.
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ABSTRACT

A new mechanism that may account for the onset of chaotic dynamics of earthquake faults is proposed and analyzed.
The concept is to build on the Burridge-Knopoff model, which integrates the spring-block setup with the Dieterich-
Ruina’s rate- and state-dependent friction law to interpolate for the key aspects of earthquake episodes, including
the seismic nucleation, fracture propagation and arrest, as well as the rupture healing. Results obtained indicate that
determistic chaos occur in case frictional parameters exhibit small oscillations about their equilibrium values. Based
on the construction of appropriate phase portraits, power spectra and the Lyapunov exponents it could be concluded
that a single time-dependent parameter is sufficient for the chaotic behavior to emerge, while the fully developed
chaos is found when two perturbed parameters are brought into play.

KEYWORDS

Spring-block model, External perturbation, Deterministics chaos

1. INTRODUCTION

The issues of seismogenesis, fracture propagation and healing, as well as the complex spatial, temporal and magni-
tude correlations linked to the observed earthquake patterns lie in the focus of an interdisciplinary research. Its ad-
vances are not important only for the scientific part on understanding the driven dissipative systems, but can also
prove beneficial for their possible practical ramifications. A widely accepted definition states that earthquakes con-
stitute stick-slip frictional instabilities recurring on preexisting faults driven by the slowly moving tectonic plates. In
particular, each earthquake episode comprises a long-term phase of stress accumulation and a sudden jerky displace-
ment accompanied by stress relaxation. Though there is no comprehensive framework that may account for all the
related complex phenomena, it has come to light that the frictional laws, entering the earthquake models as “force”
terms, are likely to be the crucial factor governing the statistical properties of earthquakes. Consistent with this, the
physics of seismic phenomena is concerned both with the friction and fracture features relevant to the description
on the microscopic level, and the application of statistical methods providing for the general event distributions on
the macroscopic level. In terms of the former, the underlying friction laws can become complicated to say the least,
involving not only the velocity and displacement dependencies, but also being contingent on the previous history
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(“prestress” from earlier cycles) and the “state” of the contact surface (interfacial layer). As for the event distributions,
the long-term patterns of seismic activity can broadly be cast in two categories, one referring to periodic or quasiperi-
odic sequences of “characteristic” earthquakes (mainshocks) similar in spatial extent and moment, while the other
encompasses the aperiodic activity patterns, where a wide range of event sizes can be expected. The rationale for the
events obeying some systematic behavior often comes down to two scenarios: either there is a multicomponent fault
with persistent segmentation, or the interaction of several faults may take place, such that the influence of all but one
(master fault) can be neglected. Regarding the aperiodic behavior, the possible scenarios are more diverse. If the
faults are made up of multiple segments which are only partially locked, the transfer of stress and its interplay with
prestress may lead to local events where a single segment or a cluster of segments can take part, as well as the major
events that break out along the entire seismogenic zone. The more likely setup for aperiodic behavior involves spatial
variations (heterogeneity) of the friction laws, as patches of materials with different frictional properties may be em-
bedded within an otherwise homogeneous fault. However, for the analysis pursued in the current paper, it is of
greater importance that the aperiodic sequences of events can be linked to quite different dynamical backgrounds.
Primarily, one may have low-dimensional data sets that are best accounted for by the deterministic chaos, or there
may be some high-dimensional data sets, whose generation can naturally be attributed to stochastic (random) pro-
cesses. One should caution for the instances where it may be difficult to distinguish between the stochastically per-
turbed deterministic chaos and the genuine random processes. Apart from the above opposition, a comparably novel
explanation suggested for the aperiodic behavior, in particular the power-law magnitude-frequency distribution de-
termined by the Gutenberg-Richter law, relies on the concept of self-organized criticality, by which the fault is as-
sumed to consistently operate on a brink of a failure, such that the slow loading enables the system to self-organize
into a dynamical critical state which lacks any characteristic time or length scale.

The paper is organized as follows. In section 2, we provide some background on the considered models, discussing
the phenomena related to the original system and the introduced modifications. In section 3 we formally introduce
the extended model, assuming that one or two system parameters are periodically perturbed. The section proceeds
with the detailed local bifurcation analysis, supported by the phase portraits, power spectra and the calculation of
the maximal Lyapunov exponent, the latter offering evidence for the chaotic behavior in the extended model. In
section 4 we attempt to provide a seismological interpretation of the obtained results. Concluding remarks are given
in section 5, where a brief summary of the results is followed by the discussion on possible implications to the ear-
thquake phenomena, outlining the issues for further research.

2. BACKGROUND ON THE ORIGINAL MODEL AND ITS DERIVATIVES

In the present paper, we build on the Burridge-Knopoff (BK) model [1], which is counted among the canonical models
of the fault dynamics. In the simplest configuration, it comprises a single block which is connected to the rigid loader
plate via a stiff spring and lies on the frictional sliding surface analogous to the fault, see Fig. 1. The dynamics de-
scribed by the usual one-dimensional version is likely to fit best the motion of large earthquakes that span the depth
of the schizosphere and tend to propagate only in one dimension along the fault. The basic model and its various
derivatives have proven capable of capturing the nucleation process accompanied by the low magnitude aseismic
slips localized to the compact “seed” area of the rupture, kinematics of the rupture spreading and the dynamics of
the fracture healing process. Nonetheless, in recent years the BK model has attracted much attention for efficiently
reproducing the statistical properties of sequences of recurring earthquake events [2-5]. For this line of research, one
of the key factors turns out to be the accurate representation of the involved characteristic spatial and temporal
scales. In terms of the dynamics displayed, the focus in the BK model lies with the interplay of the driving and the
friction forces which generates the stick-slip type of motion, paradigmatic for the propagation of earthquakes. In par-
ticular, the earthquake itself corresponds to the “slip” phase, whereas the "stick” stage reflects the interseismic period
of the elastic strain accumulation. For the onset of a slip, the force acting on a block has to overcome the static friction
with the surface. Nonetheless, in order for the model to exhibit a dynamical instability which allows for the fracture
propagation, it is essential that the friction force possesses a frictional weakening property, meaning that the friction
should become weaker as the block slides.

The formulation of a plausible friction law requires a deeper insight into the physics of an interfacial layer between
the block and the rough surface, given that the interface bears the local pressures approaching the material yield
strength, which renders its properties substantially different from those of the surrounding elastic medium. From the
microscopic point of view, the key ingredient to friction is the notion of asperity micro-contacts, these being the dis-
crete local junctions between the protrusions from the two surfaces brought into contact. The ensemble of asperities
defines the genuine total area of contact which is much smaller than the nominal geometrical one. The onset and
cessation of a slip are closely tied to the dynamics of the population of the asperities: the latter are rapidly detached
just before the slip initiation, whereas the slip arrest promotes their renewal and strengthening. The slip itself is found
to consist of two distinct phases, sharply distinguished by the characteristic time of duration and the slip rate. The
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initial, rapid slip phase, which commences immediately after the breaking of the asperities, is associated with an order
of magnitude larger slip velocity than the proceeding slow slip phase.

These types of data, collected from a large number of experiments conducted under laboratory conditions within the
velocity-step, slide-hold-slide and similar setups, have led to several constitutive friction laws, which have been suc-
cessfully applied to explain for the various aspects of the stable and unstable sliding between the elastic solids. Such
laws include the dependence of the friction strength on the slip velocity, as well as on a single or multiple evolving
state variables which characterize the dynamics of the asperity contacts. In the present paper, we use the Dieterich-
Ruina rate-and-state dependent friction law [1] which reads:

ﬂ:ﬂomn(v +Bln(v%’j

vO0 L

(1)
vo

L

0=1

where u is the friction coefficient and i, presents its value at some reference sliding velocity v, . As for the parameters

involved, A and B characterize the properties of the material, while L is a characteristic slip distance comparable to a
typical asperity length. Finally, v refers to the slip velocity, whereas 8 denotes the time-dependent state variable.
Regarding the second equation, there are two points to be noted: first, 6 has the dimension of time and second, it
increases evenif v=0.
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Figure 1: The Burridge-Knopoff model, represented by a slider-block coupled via a stiff spring to the loader plate.

Modification presented in this paper addresses the issue of the system’s response to an external perturbation, this
aimed at showing that even the small-amplitude influences are sufficient to profoundly change the original behavior,
leading to the onset of chaos. Within this framework, the external perturbations are incorporated implicitly by assum-
ing that they induce small oscillations about the equilibrium values of some of the system parameters. Such persistent
time-dependent perturbations may be attributed to the Earth tides or the reservoir effects . However, note that the
persistence of perturbations should be assessed in relative terms, meaning that even the impact of transient influ-
ences whose oscillation period is much shorter than the time they act on the system may still qualify for the provided
description. In this context, one recalls the dynamical triggering models, which concern the possibility of earthquakes
caused by the passage of seismic waves from the mainshock on some distant fault. In particular, it has been proposed
that the stress pulse emitted by the mainshock may increase another fault's slip speed or enhance triggering by re-
ducing the associated state variable.

One should note that analysis of the sensitivity of dynamical system to external perturbations is not limited to earth-
quake nucleation models, but also is the frequent research topic in other scientific areas [6].

Our numerical simulations of a spring-block model are based on the system of equations coupled with the Dieterich-
Ruina rate- and state-dependent friction law are given by

el ;)

u=v-v,y (2)
1./ = (—1) ku+6+ Alog(vj
M 1)
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where parameter M is the mass of the block, v, stands for the reference (normalizing) velocity, and the spring stiffness

k accounts for the linear elastic properties of the bulk medium. Parameter L corresponds to the characteristic friction
length, and can be interpreted as the sliding distance for the complete renewal of the population of asperity contacts.
The parameters A and B are empirical constants, which depend on the properties of the materials involved. In partic-
ular, the parameter A measures the direct velocity dependence (“direct effect”), while A-Bis a measure of the steady-
state velocity dependence. Note that the friction-related term is the only source of nonlinearity in the model.

For the improved insight into the arising phenomena, we adhere to a common practice of converting the initial
system, such as (2), into the non-dimensional one. This is achieved by introducing the scaled variables 6, v/, u”and t’
defined as: 0=A0', v=v,V’, u=Lu’, t=(L/vo)t’. Substituting for the original set of variables 6, v, u and t, the system can
finally be recast in the form:

0 =-v(0+(1+ a)log(v))

u=v—1 3)
v ., {u + (;)(9 + Iog(v))}

where a=(B—A)/A measures the sensitivity of the velocity relaxation, 8 =(kL)/A is the nondimensional spring constant,
and n = (k/M)"(L/ve) is the nondimensional characteristic frequency.

3. RESULTS

The original model (3) can be modified by assuming the time dependence of the parameters a and 8 in the following
way:

6 =—v[9+(+a(t)log v ]

u=v-1 (4)
\} = —)/772 {u + (1j(6 +log v)}
B
where a(t), B(t) are the positive periodic functions of time:

a(ty=a+64sin(wyt)

P(O)= B+ gsin(e 1) )
where 84, 65 wa, and wg present the constant oscillation amlitudes and the angular frequencies (8.<a, 6z<f3). Let us
proceed with the bifurcation analysis of the model (4) if one or two of the underlying parameters are perturbed, while
the remaining ones are held fixed at values admitting the fixed point (Fig. 2).

STABLE FOCUS | UNSTABLE FOCUS &
034 ‘

UNSTABLE FOCUS STABLE FOCUS 7

1

0.49

C

Figure 2: Bifurcations of the system (3) (or (4) if §i=0 is set) under variation of one of the parameters g, # and n. At
each instance, the parameters held constant are awarded values that admit the fixed point,
o= 0.34,3=0.49 andn=0.80

Furhter we exmaine the scenario if only a single parameter, a or 8, undergoes small oscillations, while the other para-
meter is fixed. It turns out that one may observe chaotic behavior irrespective of which of the parameters is perturbed.
The typical phase portraits and the power spectra for the corresponding time series are displayed in Fig. 3 (a-b). The
emergence of chaotic behavior in these two instances is supported by calculating the maximal Lyapunov exponent,
see Fig. 4, which indicates convergence to values above zero.
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Figure 3: The left column shows the projections on the (u,v) plane of the typical orbits of the system (4), whereas the
right column displays the corresponding power spectra obtained for the v(t) time series. Each row illustrates the
system's behavior when the different parameter is periodically perturbed. The perturbation amplitudes are set to:
(a) 6,=0.4, w.=0.42 (b) 6=0.5, ws=0.42 while the equilibrium values of the parameters admit the limit cycle
(a=0.4; 8=0.5,1=0.8)
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Figure 4: Calculation of the maximal Lyapunov exponent for simulated time series of the block’s velocity for §,=0.4
in (a) and 6z=0.5 in (b), respectively. The parameter values correspond to the plots displayed in Figures 4(a) and 4(b).
It is demonstrated that the maximal Lyapunov exponents converge well to A=0.095 in (a) and A=0.336 in (b).

Further we proceed by examining what occurs if both a and 3 exhibit small oscillations. For such a scenario, it turns
out that the fully developed chaos can indeed emerge, with an instance of the typical phase portrait shown in Fig.
5(a). It is interesting that the inference on the onset of chaos holds true even if the equilibrium parameter values are
consistent with the fixed point of the unperturbed system. The conclusions on the character of the observed behavior
rely on the power spectrum for the time series v(t), provided in Fig. 5(b), and are further corroborated by the positive
value of the maximal Lyapunov exponent, as indicated in Fig. 6. Note that the latter value is significantly larger than
in the previous two cases where only a single parameter was perturbed.
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Figure 5: (a) Projection on the (u,v) plane of the typical chaotic orbit of the system (4). The results are obtained for
the perturbation amplitudes 6,=0.29 and 63=0.4, while the other parameters are set so that the unperturbed system
would lie in the fixed point: a=0.29, $=0.5,n=0.8. (b) The power spectrum for the time series v(t).

4. RELATION TO SEISMOLOGY

Though the studied spring-block model provides a greatly simplified picture of the seismic source, it may still shed
some light on the mechanics of the fault system. Due to simplifying assumptions, the model is not intended to
simulate the behaviour of any real fault, but can highlight the possible mechanisms contributing to the onset of
complex behavior observed in the fault dynamics. In these terms, although the parameter values used in this paper
are exclusively of theoretical character, without looking for the explicit relation with the observed data concerning
the laboratory and natural fault zones, one may attempt to provide a qualitative interpretation of the obtained results.
Our analysis involves three main parameters, namely a, 8 and n. Parametern, representing the nondimensional char-
acteristic frequency, incorporates the dependence on the parameters with constant values for the observed model:
spring stiffness (k), mass of the block (M), critical slip distance (L) and the reference velocity (vo). This is the reason
whyn is held constant during the analysis. On the other hand, parameter a is defined by the ratio of parameters B-A
and A. Parameters A and B stand for the material properties of the rock, which rely upon the rock type and tempera-
ture. These parameters also change during the slip: parameter A reflects the rise of the friction coefficient, when the
block is subjected to a sudden velocity increase. For every successive slip phase, this parameter gains a new value,
accounting for the different nature of the contact between the block and the rough surface. In addition, A enters the
parameter B, defined as the nondimensional spring constant. Parameter B-A is directly connected with the amount of
stress released during the “slip” phase. In our analysis, we first simulate this dependence by assuming that parameters
a and S are periodically time-dependent, without relating to specific rock type and the temperature range. The results
obtained indicate that for small perturbations near the fixed point, the system exhibits rich behavior, implying the
sensitivity of the observed system on the material properties A and B. In other words, a transition to chaos is observed
by simply changing the value of the parameters A and B. In an earthquake analogy to the single block, this suggests
that the potential transitions to chaos are essentially controlled by the ratio of the parameters (B—A) and A, as well as
the critical length L derived from the friction law, but are independent of the elastic feature of the medium surround-
ing the fault, which is idealized by the parameter k.

Tia
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Figure 6: Calculation of the maximal Lyapunov exponent for the simulated time series of the block’s velocity at
6,=0.29 in (a) and §=0.4 in (b), respectively. The other parameter values coincide with those in Fig. 5(a). The maxi-
mal Lyapunov exponent is seen to converge well to A=1.068
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5. CONCLUDING REMARKS

In principle, three dynamical paradigms are identified as likely to give rise to aperiodic behavior in the earthquake
fault dynamics. These include the deterministic chaos, the stochastic processes and the self-organized citicality, none
of which is at the current stage given advantage over the others. What makes the scenario involving deterministic
chaos distinct is that it raises the possibility of the system being sensitive to small perturbations in the intrinsic or the
external conditions. The purpose of this study has been to suggest the mechanisms that one may build into the mi-
nimal model of fault dynamics capable of exhibiting the chaotic behavior. The term ,minimal” alludes to the point
that even the fault with rather simplistic monoblock structure may still generate complex patterns of seismic activity.
The adopted approach lies at variance with most of the models known so far to admit the aperiodic dynamics, given
that they commonly invoke multicomponent faults composed of regions which are only partially locked or refer to
spatially heterogeneous faults having sections with the different frictional laws intermixed. In particular, we have de-
monstrated that certain modifications, reflected in introducing the novel, small magnitude variables into the original
BK monoblock model, may be sufficient to profoundly influence the system dynamics, eventually leading to the onset
of the chaotic regime. In each instance, the observation of chaos is verified by determing the power spectra of the
underlying v(t) time series, this corroborated by calculating the corresponding maximal Lyapunov exponent.

The focus of the present paper has been on the effects of external perturbations, which, due to low amplitude, may
be incorporated implicitly into the model, having them induce small oscillations of the parameters a and 3 about
their equilibrium values. In case of any single perturbed parameter, while the remaining subset is held fixed, one is
unable to find the fully developed chaos. However, we have witnessed the latter once allowing for both a and 8 to
be time-dependent. Note that the fully developed chaos is characterized by the continuous power spectrum of the
appropriate time series and the leading Lyapunov exponent significantly above zero.
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ABSTRACT

Contemporary circus is a complex, interdisciplinary form of performing arts. The new circus was built on the basis of
the traditional one, but it is more complex than it and brings a combination of elements of acrobatics, dance and
drama theater, shadow theater, puppet theater, as well as contemporary visual arts and digital technologies. The
circus spectacle, its architectural concept and its content, have changed over the centuries, following social events
and the cultural framework of the time. Although the spectacle is still adapting and changing, we ask the question,
whether stationary circuses have managed to adapt and transform for the needs of modern society. In this paper,
through a brief history of the circus spectacle and important typological characteristics of the objects, one of the most
significant objects of this spectacle will be analysed.
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1. INTRODUCTION

The circus is a space where miracles happen, where seemingly everything is impossible and unreal, and where emo-
tions full of excitement and laughter are awakened. In addition to representing an artistic form of performance, cir-
cuses are also representatives of cultural objects. Stationary circuses have been built throughout history, and their
future is uncertain. Architecture is often neglected in the numerous literature of the circus spectacle, but the buildings
that were builtin the past for the needs of this art stand firm today. This type of architecture is now being transformed
and adapted to the modern age and new technologies in various ways. The circus facility should have a circular stage,
for performing acrobatics, and a grandstand around it, arranged in a circle on all sides to accommodate the audience.
This is the main difference in relation to other cultural objects, where the stage spaces are mostly rectangular and
located at one end, and not in the central part of the hall. To perform circus disciplines, the space should have width,
depth and appropriate height. [1] That is why, throughout history, unique facilities have been built in Europe for this
type of artistic spectacle. In this paper, we will present the development trajectory of circus facilities and its transfor-
mation.
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2. BRIEF HISTORICAL OVERVIEW OF CIRCUS DEVELOPMENT

Circus (lat. circus - circle) belongs to the type of performing arts, because as a rule it serves to present diverse content
[2]. We also use the word "circus" for the name of the special facility in which such performances take place. The
foundation of circus art is based on the demonstration of the unusual and funny. In the past, the circus was associated
with traveling troops, often families who had and were able to show unusual things, but often also deformed people,
bizarre skills and, unfortunately, various types of cruelty to animals. Characteristic points of the modern circus include:
demonstration of tricks, representation of special abilities, pantomimes, jokes, performances with risk (physical
strength, acrobatics, wire walking), as well as acts with trained animals.

The circus building is mostly cylindrical in shape with a high dome and inside there is a stage space with stands for
spectators. In circuses, the space of the stage always has the same dimension - 13 m, and it is the same everywhere in
the world (given by a request from the 19th century). The explanation for this dimension is the professional minimum
for maintaining acrobatics, and acrobatics with horses and other animals are especially emphasized.

The beginnings of the circus date back to before the new era, but the traditional type of circus (as we know it today)
appeared only at the end of the 18th century in London, when Philip Astley built a round hall. They began to hold
performances that consisted of exercises on horses and some acrobatics. Several other spaces organized in this way
were created in a short period of time, but the plays were copied as in Astley's. [3]

In the eighteenth century, only free surfaces were taken, which were gradually closed with grandstands and domes.
The reason for that is simpler charging of tickets for the spectacle, but also prevention of natural disasters that affect
their maintenance. The circus was something new, but the use of wood as a material was simple and similar to other
buildings in this century.

Figure 1: Philip Astley's First Riding Space (Astley's Amphitheater) 1770

By the end of the 19th century, the idea of a circus had spread throughout Europe. The first circus made of solid
material was built by Astley, in Paris, where he presented somewhat more diverse performances, but most of them
were attractions on horses. Later Astley's inheritors, the Italians Franconi, built a new circus in which they had a more
diverse program, with ideas of mimicry and wild animal fights with humans and dogs. [4]

Circus facilities in Russia were initially built of wood during the wars, and the fires themselves mostly killed everyone,
but that was no reason for them to be forgotten. New and massive facilities were built in the same places in a short
period of time, and over time there were more of them that were built in accordance with the new times and up-to-
date technologies. [5]

In the nineteenth century, circus buildings required more attention. The splendor of the time influenced the objects
of this purpose to switch to more durable materials and that their exteriors contribute to the beauty of the larger
cities in which they were created. As circus performances were more popular on the European continent, the role of
architecture was to attract more visitors. The buildings were massive but also more attractive, larger in size and richly
decorated.
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Figure 2: The National Circus des Champs-Elysées (Cirque National des Champs-Elysées) in 1841

In the twentieth century, there are great and sudden changes, caused by wars and political regimes. [6] Stationary
circus facilities, after the Second World War, were increasingly built in countries with socialist regimes, and circuses
became less popular in capitalist countries. The style of construction has changed. At the beginning of the century,
massive circus objects were represented in the western part of Europe. Later, in socialist countries, transparent glass
facades with quite complex geometries of roof constructions became popular.

Figure 3: Metropolitan Circus in Bucharest (Circul Metropolitan Bucuresti) 1960.

In the twenty-first century, there is no construction of new circus facilities. For the circus performance, buildings
mostly from the twentieth century are used. The reconstructions are aimed at preserving these giants and creating
security due to various extraordinary circumstances.

# - CTAUMOHAPHK 0BjeKTH - MOHTCXKHK 0BjeKTH

Diagram 1: Prevalence of circus facilities in Europe in the 21st century
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3. TYPOLOGICAL CLASSIFICATION OF CIRCUS ARCHITECTURAL SPACE

The basic elements of a stationary circus determine its classification. What is typical for circus facilities is the main
arena (with stage and stands) and auxiliary space where all the accompanying elements are located (wardrobe and
all premises for artists, auxiliary stage space, animal cages, etc.). Therefore, it is primarily possible to make a simple
division of plans of circus facilities:

- compact solutions, where all parts form one whole, primarily this refers to the ground floor of the building;

- two-part solutions with a clear division into the main stage part and auxiliary accompanying space. [7,8].

3.1. Typological classification according to geometric shapes of objects

Circus buildings are characterized by different geometric shapes. Some projects are typical and thanks to them, sev-
eral buildings were built on that principle. [9,10] The most common shape of the base is a circle or octagon, and the
roof structures of the dome or rectilinear surface, mostly hyperbolic paraboloids and their sections.

3.2. Typological classification of internal organization of space

The circus consists of a stage in the middle and around the stands, and further there are auxiliary rooms, halls and
places for storing equipment and animals. The space of the podium can be variable, ie. there can be more platform
for performances and the diameter is always 13m. [11,12]
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Diagram 2: Typological classification of circus objects represented in the eastern part of Europe

one center stage central and side stage variable stage platforms stage montage

Diagram 3: Typological classification of stage spaces

4. CASE STUDY - GREAT MOSCOW CIRCUS ON VERNADSKY AVENUE

In the 1950s, Moscow became a center of international and domestic tourism, and the city needed new cultural facil-
ities, including a circus. There was already a circus building on Tsvetnoy Boulevard [13] in Moscow, but there was a
need for another one. The circus on Vernadsky Avenue was built under the direction of architect Jefim Petrovi¢ Vulih,
and was opened in 1971. This circus is considered one of the largest stationary circuses in the world (the third larg-
est).The capacity of the stands is such that it can accommodate 3,400 spectators in 23 rows, and the height of the
amphitheater is 36 meters.
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The shape of the building consists of a cylindrical base and a roof structure formed by hyperbolic paraboloids. The
dome attracts special attention, both during the day with its clown hat appearance and at night in differently lit colors.
The space of the main hall, as with most circuses, has the shape of an inverted fringed cone, the lowest part begins
with a stage of 13 meters and ends with the largest diameter of 25 meters, ie. with an area of almost 2000m2. [14]
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Figure 4: Circus layout

This giant has not had any major changes in its 45 years. As there are a large number of circuses in Russia, the Ministry
of Culture manages to renew 2 to 3 circuses a year. For the circus on Vernadsky Avenue, only the emergency elements
have been renovated, such as the leaking roof, offices, ballet halls and the space where the animals are kept. Only a
few years ago, controversies began about how it is time for a major reconstruction of the entire circus and the area
around it.

Foyer
Stage space
® Grandstond
® Space for actors
Auxiliary stage space
® Administrative premises

® Costume and props workshops

@ Stcbles and cages for animals
® Spaces for animal movement

® Technical rooms

Figure 5: Room representation

Animal spaces, administration and technical rooms are located in the auxiliary building and connected by a warm
connection with the stage. The basic division of the space for animals consists of accommodation and exercise rooms,
and between them is a training stage of the same dimensions, 13 m in diameter, and this part of building is directly
connected to the main stage. However, in the time of the development of technology, the Internet and visual, sound
and other effects, he brought the circus into a period of adaptation and improvement. [15,16] For security reasons,
about 200 cameras have been set up throughout the circus. A novelty in this circus is the appearance of a screen 34
m long in a circle inside the dome (it extends 360 °). His role is to accompany each performance with a visual repre-
sentation and to distract attention when changing spectacular acts. It is located above the stands and its height is
3m. There are also independent, smaller screens showing circus events and news during breaks and before the show
begins. In this way, the scene managed to modernize and adapt to the current time. One of the interesting facts about
the Great Moscow Circus is that there is still room for a live orchestra that still works on that principle, as in the theater,
creating music and the necessary effects for some performances.

4.1. Variable stage platform

This unique engineering mechanism was designed by Andrej Vladimirovi¢ Platov and does not exist in any other
circus in the world. The idea was to build not only something big, but also unusual. This is how the idea of making the
stage space transformable arose, which is achieved by using mobile platforms or "manege", as the Russians call them.
The circus is unique in its arena, because it is possible to change five different platforms: ice, light, water, illusion and
platform for horses. In the basement of the building there is a space where there are mechanical assemblies, which
enable stage changes and allow the variable to take place in a very short time (5 minutes). During the shift, clowns
remain on the stage to make the transition look even shorter. [17]
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Figure 6: Platform change, 1972-1975, from the family archive of Dimitrij Vozdvizenski (junior)

The most complex in its construction is the water platform. It is, in fact, a pool with windows, lighting and fountains.
It is always raised empty and only when the installation is completed, the filling of 350 tons of water from a special
tank begins. After the act is finished, all that water flows through the complex filter system back into the same tank,
and only when all the water is collected can it be replaced with another platform. Maintenance of the water arena is
the most expensive and takes the most time: it is necessary to regularly maintain and renew the filtration system,
electronics, pipelines, and the water stage itself, ie the pool. The light podium consists of a transparent plastic circle
on a pedestal with lighting, which is mounted on a fixed part of the stage.

The stage for performances with horses is a standard type of stage, which does not require special maintenance. The
only thing you need to take care of is that the surface layer is in order, since it is expensive Vietnamese rubber. This
coating must be completely flat so that people and animals are not injured. Freezing water on the ice platform is
based on the principle of an ordinary refrigerator: at the bottom there is a system of tubes with coolant, which cools
and freezes ordinary water. When the performance on ice is over, the playground returns to its place, and its surface
is polished with certain machines. The play "Around the World in 130 Minutes" uses ice, water and a platform for
horses. The final act in this play is considered the culmination of which the engineers are responsible: a twenty-meter
fountain with a special design of light and sound. This state-of-the-art stage technology is less and less used in circus
performances, in order to avoid possible damage. Like the whole circus, these machines and their systems require
reconstruction, which is planned in the near future. The problem is that those factories that made parts, also for this
mechanism, closed a long time ago, but specific modern workshops could certainly embark on this endeavor. [18]

Figure 7: Water podium

5. CONCLUSION

Considering the complex structure, specifics of architecture and applied technology, the Moscow circus, we revealed
the spatial framework (at least one small part) needed for this type of artistic event. Going through the contents of
this facility, many more questions and dilemmas arise - from the attitude towards animals, safety measures, self-sus-
tainability of the facility, which require extensive research.

The circus spectacle was most interesting when it first appeared, in the 18th and 19th centuries. As a novelty and
something never seen before, the plays attracted more attention than today. In modern times, we are surrounded by
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a large number of different cultural and entertainment forms of programs, and therefore the popularity of all these
events is present in all fields.

Visiting circus troupes on Belgrade stages shows us that less demanding (in terms of stage equipment) circus-theater
pieces can take place in more modestly equipped spaces, and even street ones (when the street scene becomes sce-
nic). New circuses have stopped being built, but the question is whether the circus could have achieved such popu-
larity if the performances had not taken place in specially built facilities.

REFERENCES

[1] ,Circus and Performance Spaces”, Proceedings of International Conference ,UpSideDown - Circus and
Space”, Miunster (Germany), 28 - 30 June, (2017), https://www.unimuenster.de/Kulturpoetik/en/zirkuswissen-
schaft/konferenz/UpSideDown2017.html

[2] A.J.Shner and R.E. Slavsky, ,Circus Art” in Little Encyclopedia, Soviet Encyclopedia, Moscow (Russia), pp. 15-18,
(1973)

[3] D.Jando, ,Histoire mondiale du cirque”, Jean-Pieere Delarge, Paris (France), p.82, (1977)

[4] E.Domingues Michelatto, A. Aguiar and A. de Padua Carrieri, ,Brasilian canvas circuses. A field in constant mo-
tion and symbolic transformation”, Brazilian Journal of Management / Revista de Administracao da UFSM., 2019,
Vol. 12, Issue 2, pp.233-254, https://doi.org/10.5902/19834659, (2019)

[5] F.G.Bardian, ,Soviet circus on five continents”, Iskusstvo, Moscow (Russia), pp. 70-73, (1977)

[6] T.Markschiess-Van and J.N. Bernhard. ,Artisten und zirkus plakate”, Edition Leipzig, Leipzig (Germany), pp. 42,
(1976)

[71 S.G.Zmuel and B.A. Mihanko, ,Architectural typology of buildings and structures: Textbook for universities”, Ar-
chitectura-S, Moscow (Russia), pp. 151-154, (2004)

[8] M.Cairoli, ,The architectural acoustic design for a circus: The case study of Rigas Cirks”, Applied Acoustics, Febru-
ary 2021, p.173, https://doi.org/10.1016/j.apacoust.2020.107726, (2021)

[9] https://synthart.livejournal.com/188077.html

[10] G.Arrighi, ,Synthesising circus aesthetics and science: Australian circus and variety theatre at the turn of the
twentieth century”, Early Popular Visual Culture, July 2018, 16(3), pp. 235-253,
https://doi.org/10.1080/17460654.2019.1569843, (2018)

[11] http://niv.ru/doc/dictionary/brockhaus- efron/articles/214/cirk.htm

[12] S.Quintana, M. Fernandez and M. Machimbarrena, “The Circus-Theater of Albacete: Acoustic characterization
and analysis of its double stage configuration”, Applied Acoustics, February 2022, p.189,
https://doi.org/10.1016/j.apacoust.2021.108574, (2022)

[13] O.Buri¢, ,Adria ide dalje: od Artistickog preduzecéa do akcionarskog drustva: 1948-1998.%, Cigoja, Belgrade
(Serbia), pp. 14, (1999)

[14] http://architektonika.ru/2007/06/27/zdanie cirka na vernadskom prospekte v_moskve 1971 god.html

[15] M.Yu. Sorvina, ,Circus in Russian films (1910-1989): the influence of the expressive means of the circus on the
cinema”, PhD Thesis, State Institute of Art Studies of Moscow (Russia), (2010)

[16] D.Efremov, ,The Circus Buildings of the Former USSR: An Exceptional Landmark of International Modernism”,
Historic Environment: Policy & Practice; Jun-Sep 2020, Vol. 11 Issue 2/3, pp. 410-412,
https://doi.org/10.1080/17567505.2020.1760007, (2020)

[17] https://zateevo.ru/?section=page&alias=cirk _manezhi

[18] http://xn--tvkultua-cch.xn--u-4tb/a%D1%80ticle/show/a%D1%80ticle id/146284/

FMCE Kraljevo 41









Engineering
TODRAY

VOL.1/NO. 1 /2022

CONTENTS

Vladimir Djordjevi¢, Vladimir Stojanovi¢, Dragan Prsi¢, LjubiSa Duboniji¢, Marcelo Menezes Morato

OBSERVER-BASED FAULT ESTIMATION IN STEER-BY-WIRE VEHICLE 7

Goran Pavlovi¢, Boris Jerman, Mile Savkovi¢, Nebojsa Zdravkovi¢, Goran Markovic¢

METAHEURISTIC APPLICATIONS IN MECHANICAL AND STRUCTURAL DESIGN 19

Srdan Kosti¢, Nebojsa Vasovi¢, Jelena Trivan

SENSITIVITY OF A SIMPLE EARTHQUAKE NUCLEATION MODEL TO SMALL 27
PARAMETER PERTURBATION: CONDITIONS FOR THE OCCURRENCE OF
DETERMINISTIC CHAOS

Marija Divac, Sara Milosevi¢, Katarina Jevti¢-Novakovi¢, Olga Tim¢enko

SPACES AND TECHNOLOGIES OF THE CIRCUS SPECTACLE 35



	ET_2022_Vol_1_No_1.pdf
	ET_2022_Vol_1_No_1_1_v2.pdf
	ET_2022_Vol_1_No_1_2_v2.pdf
	ET_2022_Vol_1_No_1_3_v2.pdf
	ET_2022_Vol_1_No_1_4_v2.pdf
	Blank Page
	Blank Page

	Blank Page

