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CHAPTER 1. INTRODUCTION 
 
1.1 Instances of Catastrophic Failures 

 

 
 
 
Research Questions: 

Q1. Is it possible to predict engineering performances on a reliable basis, i.e., 
failure rates and reliability? 
Q2. Is it possible to design engineered systems reliable and robust under various 
uncertainties? 
Q3. What technologies make it possible to a reliable and robust design under 
uncertainty? 
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1.2 Uncertainty (inferable) or variability (measurable) 
 
1.2.1 Sources of uncertainty or variability 

Ÿ Physical uncertainty or variability: Actual variability (or uncertainty) of physical 
quantities, such as loads, material properties, and dimensions.  This variability 
can be described in terms of probability distributions or stochastic processes. 

 
Figure 1.1: Histogram of Tensile Strength, MPa 

 
Ÿ Statistical uncertainty or variability: This uncertainty arises solely as a result of 

the lack of information.  Data must be collected to build a probabilistic model of 
the physical variability of physical quantities.  The probabilistic model is 
composed of a probability distribution and its parameters.  When the amount of 
data is small, the distribution and parameters are considered to be uncertain. 

Ÿ Model uncertainty or variability: This source of uncertainty occurs as a result of 
simplifying assumptions, unknown boundary conditions, and their interactions 
which are not included in the model.  To minimize this uncertainty, Verification 
and Validation (V&V) is quite important. 
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Uncertainty is ubiquitous! 
 
 

 
Figure 1.2: Model Uncertainty in Fatigue Analysis 

 
 

Homework 1: Sources of uncertainty in a vibration problem 
Let us consider an undamped system with a lumped mass and spring.  The 
motion behavior of the system can be ideally modeled using a second-order 
ordinary differential equation as 

 ( ) ( ) 0; (0) 1.5, (0) 0my t ky t y y¢¢ ¢+ = = - =  

where m and k are the mass and spring coefficient of the system, respectively.  
According to the manufacturer of the system, the mass and spring coefficient are 
believed to be 10 kg and 1000 N/m, respectively.  At time t = 1 second, ten 
experimental tests show a set of y data as (1.1202, 1.2474, 1.3472, 1.1767, 1.3113, 
1.2890, 1.3171, 1.1244, 1.1421, 1.2539).  Answer the following questions: 
 
(1) Please explain why experimentally measured y values are scattered. 
(2) Identify all possible sources of uncertainties involved in this problem. 
(3) Also, provide possible reasons for what causes the difference between 
experimental and analytical y values. 
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1.2.2 Types of uncertainty 
Ÿ Aleatory uncertainty:  

It is an uncertainty with the sufficient size of data, referred to as objective 
uncertainty or irreducible uncertainty. It means the degree of uncertainty is 
irreducible with more relevant data. 

 
Table 1.1: Aleatory Uncertainty (or Objective Uncertainty) 

>> thickness_a = normrnd(1,0.05,100000,5); mean(thickness_a), std(thickness_a) 
 
ans = 
 
    1.0003    1.0001    1.0000    1.0001    1.0001 
 
ans = 
 
    0.0501    0.0499    0.0501    0.0501    0.0500 
 
Ÿ Epistemic uncertainty:  

It is mainly an uncertainty due to the lack of data, referred to as subjective 
uncertainty or reducible uncertainty.  It means the degree of uncertainty is 
reducible with more relevant data. 

 
 

Table 1.2: Epistemic Uncertainty (or Subjective Uncertainty) 
>> thickness_e = normrnd(1,0.05,10,5); mean(thickness_e), std(thickness_e) 
 
ans = 
 
    0.9995    1.0150    1.0217    1.0024    0.9763 
 
ans = 
 
    0.0514    0.0410    0.0375    0.0394    0.0546 
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1.2.3 Probability Theory 
Ÿ Frequentist probability theory – a conventional probability theory 
Ÿ Bayesian probability theory 

 
 
1.3  Reliability, Risk, Availability, Maintainability, Durability, etc. 
 
Ÿ Reliability:  

The ability (or probability) of a system or component to perform its required 
functions under stated conditions for a specified period of time.  Commonly used 
techniques include: Accelerated (life) testing, Weibull analysis, Simulation-based 
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analysis under uncertainty, Product qualification tests, Failure mode and effects 
analysis (FMEA), Fault tree analysis, Root cause analysis, etc. 
 

Ÿ Risk:  
A measure of the loss due to potential failures of social, built, and natural 
systems (or components).  Related research topics include: qualitative risk analysis, 
quantitative risk analysis, risk management, etc. 
 

Ÿ Availability: 
The degree to which a system, subsystem, or equipment is in a specified operable 
and committable state at the start of a mission, often described as a ratio of expected 
value of the uptime of a system to the aggregate of the expected values of up and 
down time. 
 

Ÿ Maintainability: 
The degree of the ease with which a product can be maintained in order to: (i) 
correct defects, (ii) meet new requirements, (iii) make future maintenance easier, or 
(iv) cope with a changed environment. 
 

Ÿ Durability: 
The ability to perform over a specified period of time while withstanding potential 
hazards (wear, corrosion, fatigue, etc.). 
 
 

1.4 Introduction to Risk Assessment 
 
1.4.1 Definition 
 
A measure of the loss due to potential failures of social, built, and natural systems 
(or components). 

The loss is the consequence of potential failure (or the adverse consequence) given in 
the form of human fatality, property loss, monetary loss, etc. For a given failure 
event, the loss is believed to be known or predictable in most situations. 
 
The potential failure of social, built, and natural systems (or components) is 
expressed as the probability or frequency of the failure (or hazard) per unit time or 
space. 

 
· Risk by natural systems: Hurricanes, floods, wild fires, etc. 
· Risk by social systems: company bankruptcy, subprime mortgage, etc. 
· Risk by built systems: bridges, space shuttle, nuclear plant, etc. 
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( a ) City Floods due to 
Hurricane Katarina  

( b ) Subprime mortgage ( c ) Interstate 35W 

Figure 1.3: Potential failures and their risk 
 
 

  Risk is everywhere! 
 

 
From an engineering point of view, risk is the sum of the products of the consequences 
and their probabilities of engineered system (or component) failures as 

 
1

n

i i
i

R f c
=

= å  (1) 

 
Example: For instance, according to the U.S. Transportation, 12 million vehicle 
accidents are reported in 2007; 1 in 320 accidents resulted in death.  Assuming average 
loss of US $500,000 per death and US $25,000 of property loss per accident involving 
fatality, calculate both fatality and economic risk values. 
 
 
1.4.2 Approaches for risk prediction 
 

Ÿ Qualitative risk assessment 
It is easier to perform a qualitative risk analysis because it does not require 
gathering data.  This approach uses linguistic scales, such as low, medium, and 
high. A risk assessment matrix is formed which characterizes risk in form of the 
frequency (or likelihood) of the loss versus potential magnitudes (amount) of the 
loss in qualitative scales.  Because this type of analysis does not need to rely on 
actual data and probabilistic treatment of such data, the analysis is far simpler 
and easier to use and understand, but is extremely subjective.  The matrix is then 
used to make policy and risk management decisions in a conceptual design stage. 
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Table 1.3: Qualitative Risk Assessment Matrix 

  Catastrophic Critical Marginal Negligible 
Very frequent > 0.5 H H H I 
Frequent 0.5 - 10-1 H H I L 
Probable 10-1 - 10-2 H H L L 
Occasional 10-2 - 10-4 H H L L 
Improbable 10-4 - 10-6 H I L T 
Rarely < 10-6 I I T T 

H (high risk); I (intermediate risk); L (low risk); T (trivial risk) 
 
 

Ÿ Quantitative risk assessment (0r Probabilistic Risk Analysis) 
The quantitative risk assessment attempts to estimate the risk in form of the 
frequency (or likelihood) of the loss versus potential magnitudes (amount) of the 
loss in quantitative scales.  Risk-relevant data must be involved in estimating the 
frequency of the loss and potential amount of the loss.  Risk-relevant data include 
field data, test data, and other evidences.  So, this approach is clearly the 
preferred approach when risk-relevant data exist to estimate the probability of 
failure and its consequence. 

 
Risk Value  = Probability of powertrain system failure ´ Consequence (1) 

+ Probability of steering system failure ´ Consequence (2)  
+ Probability of central controller failure ´ Consequence (3) 
+ Probability of air-conditioning failure ´ Consequence (4) 
+ Probability of airbag sensor failure ´ Consequence (5) 
…. 
+ Probability of tire failure ´ Consequence (n) 

 
 
1.5 Introduction to Engineering Design 
 
Four important factors for success of a product: 

Ÿ Performance, price, and quality from the customer’s perspective 
Ÿ Time needed to bring product to the market (Time-to-market) 
Ÿ Cost of product development 
Ÿ Cost to manufacture the product 

 
1.5.1 Product Development Process (PDP) 
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Figure 1.4 Product Development Process (PDP) 
 
 

Duration of each program phase depends on product complexity, technology maturity, 
and specific requirements.  
 
1.5.2 Product Design 
 

Ÿ Concept generation 
- Define subsystems 
- Find existing concepts (patent survey; Triz) 
- Generate new concepts (Pugh chart) 
- Eliminate poor ideas (Pugh chart) 
- Prepare design proposals 

 
Ÿ System Design 
- Need for subsystems – modular concept (product family design) 
- Define the characteristics of subsystems 
- Allocate system design 
- Provide interfacing 

 
Ÿ Detail Design 
- Define the characteristics of components 
- Providing interfacing 
- Design for manufacturing 
- Design for assembly 
- Design for maintenance 
- Design optimization 
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Homework 2: Reliability engineering problem 
Read the following article carefully. 
http://webcache.googleusercontent.com/search?q=cache:http://www.squaretra
de.com/htm/pdf/cell_phone_comparison_study_nov_10.pdf 

Generally, smartphone manufacturers conduct product qualification tests with 
five samples before shipping the phones to customers. The phone manufacturer 
begins to ship the phones when the five phones pass the test.  The qualification 
test involves structural, functional, environmental, and accelerated life tests. 
Discuss why the qualification tests cannot guarantee defect-free products and 
how this difficulty can be taken care of. Assume that the phone manufacturer 
cannot increase sample size because of its limited resources. 

Homework 3: Product Development Process 

Review the videos for your understanding of product development process. 
 

1. Customer needs for product specification 
http://www.youtube.com/watch?feature=player_detailpage&v=FA9Yzunsrlc 

 
2. Concept generations 
- https://www.youtube.com/watch?v=7KVbRWFlvtY 

 
3. Detail design (w/ suspension arm) 

http://www.youtube.com/watch?v=OHVXvv5GAcI 
http://www.youtube.com/watch?NR=1&feature=endscreen&v=qrhbOeJaaxg 
 

4. Discussion 
Study “embodiment design” and “modular design” and report each with 250 
words at minimum in English. 
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1.6 Probabilistic Description of Engineering Performances 
 
1.6.1 Description of engineering performance: 
 

Probabilistic  performance  
 = Y(X, t); X is a vector of uncertainty that affects system performance 

 
Probability (Y(X, t) £ YU) = Reliability 
 = Probability of safety (=success) 

 = 1 – Probability of failure 
 

Probability (YL £ Y(X, t) £ YU) = Robustness 
 
1.6.2 Challenges in probabilistic engineering analysis and design: 
 
One of the primary challenges is “how to collect system performance data under 
uncertainty?” 
 
Engineering analysts and designers want to precisely predict the probability of system 
performance while designing engineered systems (or components), prior to 
manufacturing them.  However, it is extremely difficult to predict system performance 
before producing and testing the systems (or components). To predict the probability1 of 
a system (or component) performance, numerous testing (or warranty) data must be 
collected after releasing the system to the market.  
 
 
Other challenges include: 
 

Ÿ Uncertain factors in manufacturing and operational processes. 
Ÿ Fidelity in techniques to predict system performance and reliability (or 

probability of safety). 
Ÿ Effective design and management of engineered systems under uncertainty. 
Ÿ Precise estimation of the consequence of potential failures. 

 

Data = Money, Time, Know-how 
 

Table 1.4: Challenge in predicting the probability of system performance 

“The designer must predict system performance prior to making design 
decisions, and data cannot be obtained from physical tests of the system prior to 
construction of the system.” by George A.  Hazelrigg, an NSF program manager. 

“It appears the new emission technology may have affected engine performance 

                                                           
1 Probability is the likelihood or chance that something is the case or will happen. 
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and quality, as customer satisfaction with both factors dropped significantly in 
2005  …  This is a common pattern whenever new technologies are introduced in 
an industry, and the assumption is that the scores for these engines will improve 
over time,” by Etchelle, senior manager of commercial vehicle research at J.D. 
Power and Associates. 

 
 
1.6.3 System performance data under uncertainty (Example: Automotive Industries): 

Ÿ Reliability & Owner Satisfaction Data from ConsumerReports.org  

http://www.consumerreports.org/cro/cars/used-cars/reliability/best-worst-in-
car-reliability-1005/overview/index.htm  

- Overall, Asian models still dominate in reliability, accounting for 34 of the 
39 models in the Most reliable new car list. Thirty-one are Japanese and 
three are South Korean. 

- Despite Toyota's problems, the automaker still ranks third overall in 
reliability, behind only Honda and Subaru, with 17 models in the best list. 
Honda has seven with a smaller model lineup. 

- Only four domestic models made the Most reliable list: the Ford Fusion, 
Mercury Milan, Pontiac Vibe, and the two-wheel-drive Ford F-150 with 
the V6 engine. U.S. makes, however, account for almost half the models--
20 of 44--on the Least reliable list. There are 13 from GM, 6 from Chrysler, 
and 1 from Ford. 

- European makes account for 17 models on the Least reliable list. This 
includes six each from Mercedes-Benz and Volkswagen/Audi. 

 
Ÿ Initial Quality Study (IQS) (with 90 days of ownership) from J.D. Power and 

Associates 
http://www.jdpower.com/press-releases/pressrelease.aspx?id=2007088 

 
Ÿ National Highway Traffic Safety Administration (NHTSA):  

http://www.nhtsa.gov/ 
 

Ÿ Top Safety Picks from Insurance Institute for Highway Safety (IIHS):  
http://www.iihs.org/ratings/default.aspx 

 
Ÿ Warranty data 

 
Ÿ Testing and measurement data 

Use material test, reliability test, life test, measured tolerance data, etc.  They can 
be found in Standard references disclosed by DOD, NIST, and other professional 
societies (ASME, IEEE, etc.) and companies. 
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Ÿ Customer data from survey, clinic testing, and user-generated contents 

 Figure 1.5: IQS from J.D. Power and Associates 
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446.779: Probabilistic Engineering Analysis and Design Professor Youn, Byeng Dong 

2017 Copyright ã reserved by Mechanical and Aerospace Engineering, Seoul National University 18 
 

1.6.4 Key elements for probabilistic description of engineering performances 
(Probability of Failure or inversely Reliability) 

Ÿ Variability in manufacturing tolerances, use conditions, etc. 
Ÿ Uncertainty (or variability) and bias in modeling and test results 
Ÿ Complexity in engineering mechanics (test-based, model-based, sensor-based, 

or hybrid-based) 
Ÿ Uncertainty propagation (or probabilistic engineering analysis) 

 
 
  


