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1Evolutions in Mechanical Engineering

Introduction
The need for safety is at the top of human existential needs. It is also a dominant criterion 

in engineering design, production and operations. Regardless of all the other properties of 
engineering objects concerning their purposes, functionality and efficiency, the decisive goal 
of engineering is to provide the required safety in expected missions in environments as they 
are. Objects in the engineering of many different components are planned, designed and 
fabricated under unreliable workmanship often from materials of uncertain properties and 
dimensions and commonly operating in uncertain environments exposed to random loadings 
and possibly improper management and maintenance. For all these reasons and probably for 
more others, the safety of engineering objects depends on random circumstances.

Uncertain Character of Safety
States of engineering objects in service may be commonly identified by their status as 

intact i, operational o, failed f, transient t and collapsed c. In probabilistic system analysis, the 
states are considered as random events [1-8] defined by their probabilities of occurrences as 
follows:

Probability of intact mode p(Si).

Probability of operation p(So) of No operational modes p(Eo)

Probability of failure p(Sf) of Nf failure modes p(Ef)

Probability of transition p(St) of Nt transient modes p(Et)

Probability of system collapse p(Sc).

The probabilistic System Safety analysis (SS) operates with system reliability and system 
failure:

( ) ( ) ( )i oR p p= +S S S                 (1)

( ) ( ) ( )c fF p p= +S S S                   (2)

where 1
( ) N

jj
p p

=
=∑S =1 for complete systems of all N events.

Subsequently, the Integral System Safety (ISS) [9] upholds the event-oriented system 
analysis [10] of engineering objects in services including the redundancy and robustness 
expressing the uncertainties of operation and failure states [11]. System redundancy implies 
sufficient residual operational capacity after some component failure. Robustness is perceived 
as the strength or sturdiness concerning vulnerabilities due to uneven distributions of 
strengths and weaknesses of different failure modes. The uncertainty of a complete system 
S of N events generally can be expressed by Shannon’s entropy [12-17] accounting for 
probabilities of all N events as follows:

1
( ) log

N

N j j
j

H p p
=

= −∑S                          (3)
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The unit of entropy (3) is one “bit” when the logarithm is of base 
two and means the uncertainty of a system of two equally probable 
events like a flipping of an ideal coin. The entropy HN(S) (3) is equal 
to zero (no uncertainty) when one of the probabilities is equal to 
one and all other are equal to zero. The entropy (3) is maximal (full 
uncertainty) when all events are equally probable and it amounts to 
log N. The system redundancy expresses the system uncertainty of 
being operational and can be presented by the conditional entropy 
of the system So of No operational states with respect to the system 
S [11] as shown:

( ) ( / )o
o

N
RED H=S S S                            (4)

The system robustness expresses the system uncertainty 
of ability to respond uniformly to all failures presented by the 
conditional entropy of the system Sf of Nf failure states relative to 
the system S [11] as:

( ) ( / )f
f

N
ROB H=S S S                               (5)

The additional knowledge of system partitioning into groups 
of states of interests provides a more detailed system profile with 
more subsystems of modes ( )1 2 1 2, , , , , , ,o f

i o o o f f f
n n

′ = ⋅⋅⋅ ⋅ ⋅ ⋅S S S S S S S S . The 
general safety relation [9-11] relates the system reliability (1), 
system uncertainty (2), redundancy (4) and robustness (5) to the 
entropy of the whole system S and the system operational profile 
S’ as:

( ) ( ) ( ) ( ) ( / ) ( ) ( )N N NR RED F ROB H H H′ ′⋅ + ⋅ = = −S S S S S S S S          (6)

The concept of integral system safety is an engineering and 
computational framework for more precise definitions of conditions 
for evolution of engineering object on the way to safety (Figure 1).

Conditions for Evolution of Engineering Object on 
the Way to Safety

A. The system uncertainty is increasing by number N of 
system states indicating system complexity.

B. The operation analysis imposes that the system reliability 
R(S) is to be as great as possible, which implies:

i. Maximal probability of intact mode p(Si).

ii. Maximally attainable probabilities of No operational 
modes p(So) in damaged conditions.

C. The failure analysis imposes that the failure probability 
F(S)=1-R(S) must be low, which implies:

i. Minimal probability of system collapse p(Sc).

ii. Minimally attainable probabilities of Nf failure modes 
p(Sf).

D. The following requirements are important concerning to 
system redundancy and robustness:

i. The efficient redundancy RED(S) (1) of the system 
represents the maximal resiliency that also implies the most 
uniform distribution of the highest attainable probabilities of most 
important alternative operational modes in damaged states. It also 
implies maximally attainable number No of operational modes of N 
possible.

ii. The efficient robustness ROB(S) (2) of the system 
represents the minimal vulnerability that implies the most uniform 
distribution of least attainable probabilities of most unfavourable 
failure modes. It also implies maximal attainable number Nf=N-No 
of failure modes concerning to number N of system states.

The ISS approach enables the definitions of favourable system 
properties, system configuration evaluation, optimization and 
decision making in engineering (Figure 1). However, it may impose 
conflicting conditions on the Reliability, Redundancy and Robustness 
denoted 3R, requiring multi criterial approach to efficient system 
performance selection. The design and optimization based on ISS 
enable system evaluation and selection by adequate distributions 
of component reliabilities [18-24].

Figure 1: System state probability distributions and definition of favourable system properties.
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Conclusion
In uncertain circumstances, there is no absolute safety. 

Engineering objects evolved arduously on the long and challenging 
way to safety subjected to continuous balancing with harsh service 
conditions, high efficiency, affordable costs and levels of socially 
acceptable safety. Following the long-lasting deterministic concept 
in engineering, the way to safety was paved by empirical safety 
assessments and codified factors evolving slowly and painstakingly 
with a relentless accumulation of practical experiences. The more 
recent probabilistic system safety concepts lead to the evolution 
of engineering objects by maximization of system reliability 
and minimization of failure probability based on statistics and 
probability theory. The recent concept of integral system opens 
the avenue to evolution of engineering objects by balancing the 
uncertainties of operations and failures based on the information 
theory. It enables multi-criteria decision-making for complex 
engineering system ordering, optimal member selection, system 
reliability, redundancy, and robustness optimization as well as 
compromise solutions. The evolution in this direction may lead 
to safer, more resilient and less vulnerable objects with increased 
survival rates. The stay on the way to the safety of engineering 
objects relies as always on the continuous advances in engineering 
knowledge, understanding environments, planning and design 
skills, good workmanship, high-quality materials, responsible 
management, operations and maintenance.

References
1. Barlow RB, Proschan F (1965) Mathematical theory of reliability. Wiley, 

New York, USA.

2. Gnedenko BV, Belyayev Yu K, Solovyev AD (1969) Mathematical methods 
of reliability theory. In: Birnbaum ZW, Lukacs (Eds.), Academic Press, 
New York, USA.

3. Kapur KC, Lamberson LR (1977) Reliability in engineering design. Wiley, 
New York, USA, p. 608.

4. Rao SS (1992) Reliability based design. McGraw-Hill, New York, USA.

5. Gnedenko B, Ushakov I (1995) Probabilistic reliability engineering, In: 
Falk J (Ed.), Wiley, New York, USA.

6. Kececioglu D (1991) Reliability engineering handbook, Prentice Hall, 
New Jersey, USA.

7. Ditlevsen O, Madsen HO (1996) Structural reliability methods, Wiley, 
New York, USA.

8. Cornell CA (1969) A probability-based structural code. ACI Journal 
66(12): 974-985.

9. Ziha K (2021) Uncertainty of integral system safety in engineering. 
ASME J Risk Uncertainty Part B 8(2): 11.

10. Ziha K (2000) Event oriented system analysis. Probabilistic Eng Mech 
15(3): 261-275.

11. Ziha K (2000) Redundancy and robustness of systems of events. 
Probabilistic Eng Mech 15(4): 347-357. 

12. Hartley RV (1928) Transmission of information. Bell Systems Tech J 7: 
535-563.

13. Wiener N (1948) Cybernetic or control and communication. (2nd edn), 
The MIT Press, Massachusetts, USA.

14. Shannon CE (1948) The mathematical theory of communication. The 
Bell System Technical Journal 27(3): 379-423.

15. Khinchin AY (1957) Mathematical foundations of information theory, 
Dover Publications, New York, USA.

16. Renyi A (1970) Probability theory, North-Holland, Amsterdam, 
Netherlands.

17. Aczel J, Daroczy Z (1975) On measures of information and their 
characterization, (1st edn), Acad Press, New York, USA.

18. Ziha K (2003) Event-oriented analysis of fail-safe objects. Transactions 
of Famena 27(1): 11-22.

19. Ziha K (2003) Redundancy based design by event oriented analysis. 
Transactions of Famena 27(2): 11-22.

20. Hoshiya M, Yamamoto K (2002) Redundancy index of lifeline systems. J 
Eng Mech ASCE 128(9).

21. Hoshiya M, Yamamoto K, Ohno H (2004) Redundancy index of lifelines 
for mitigation measures against seismic risk. Probabilistic Engineering 
Mechanics 19(3): 205-210.

22. Blagojevic B, Žiha K (2012) Probabilistic indicators of structural 
redundancy in mechanics. World Journal of Mechanics 2(5): 229-238.

23. Blagojevic B, Žiha K (2012) Robustness criteria for safety enhancement 
of ship’s structural components. Brodogradnja 63(1): 11-17.

24. Blagojevic B, Žiha K (2012) Robust structural design based on event-
oriented system analysis. Journal of Shipbuilding Engineering Research 
1(1): 1-7.

https://www.concrete.org/publications/internationalconcreteabstractsportal/m/details/id/7446
https://www.concrete.org/publications/internationalconcreteabstractsportal/m/details/id/7446
https://ascelibrary.org/doi/10.1115/1.4051939
https://ascelibrary.org/doi/10.1115/1.4051939
https://www.sciencedirect.com/science/article/abs/pii/S0266892099000259
https://www.sciencedirect.com/science/article/abs/pii/S0266892099000259
https://www.sciencedirect.com/science/article/abs/pii/S0266892099000363
https://www.sciencedirect.com/science/article/abs/pii/S0266892099000363
https://monoskop.org/images/a/a6/Hartley_Ralph_VL_1928_Transmission_of_Information.pdf
https://monoskop.org/images/a/a6/Hartley_Ralph_VL_1928_Transmission_of_Information.pdf
https://www.scirp.org/pdf/WJM20120500006_74382560.pdf
https://www.scirp.org/pdf/WJM20120500006_74382560.pdf
https://hrcak.srce.hr/file/117253
https://hrcak.srce.hr/file/117253
http://repozitorij.fsb.hr/5208/
http://repozitorij.fsb.hr/5208/
http://repozitorij.fsb.hr/5208/

	Influence of Abrasive Water Jet Turning Operating Parameters on Surface Roughness of ABS and PLA 3D 
	References

