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Introduction

• Designed of experiments (DOE) is used extensively in business and industry to 
improve the quality of products and services, to optimize processes, and to 
reduce costs.

• Applications of DOE to reliability are less common.
• Some reasons for this are that in most business and industrial applications of DOE 

we can assume that the output or response variable is normally distributed.  
There is a well-developed and easily implemented theoretical background that 
facilitates application.

• In reliability experiments the normality assumption isn’t reasonable; lifetimes are 
right-skewed, so the Weibull, gamma and exponential distributions are more 
common.

• Additionally, lifetimes are often censored.

2



• In ordinary DOE, interest is focused on the mean or average response. In life 
testing, the focus is often on quantities other than the mean, such as the 
percentiles. 

• Usually, the low percentiles are of interest. For example, the 10th percentile 
would be that value for which 90% of all items will last at least this long. So, if the 
warranty is set at the 10th percentile, then only 10% of the items will fail during 
the warranty period.

• Life tests often have an accelerating factor; that is, a variable designed to make 
the products fail sooner. Life tests, by their very nature, take time— often a long 
time. 

• In order to complete the experiment in a reasonable amount of time, a variable 
such as temperature (or voltage, vibration, etc.) is used to induce early failures. 
By using varying levels of this accelerating factor, it is possible to extrapolate back 
to the unaccelerated use condition.
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• The reliability of a system is a function of the reliability of the components and 
sub-systems that make it up.

• System designs today are increasingly complex and interconnected. These 
interconnections make the analysis of component-level reliability, paired with 
reliability block diagrams an incomplete solution to assessing complex system 
reliability.  

• In this talk:
• An abbreviated history of DOX
• Present some basic principles and terminology
• Discuss the strategy of experimentation
• Present guidelines for planning, conducting and analyzing experiments –

emphasis on reliability experiments
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Engineering Experiments

• Reduce time to design/develop new 
products & processes

• Improve performance of existing processes
• Improve reliability and performance of 

products
• Achieve product & process robustness
• Evaluation of materials, design 

alternatives, setting component & system 
tolerances, etc.
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Four Eras in the History of DOX
• The agricultural origins, 1908 – 1940s

• Field Trials at Rothamsted (1843 – 1846)
• W.S. Gossett and the t-test (1908)
• R. A. Fisher & his co-workers
• Profound impact on agricultural science
• Factorial designs, ANOVA

• The first industrial era, 1951 – late 1970s
• Box & Wilson, response surfaces
• Applications in the chemical & process industries

• The second industrial era, late 1970s – 1990
• Quality improvement initiatives in many companies
• Taguchi and robust parameter design, process robustness

• The modern era, beginning circa 1990
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William Sealy Gosset (1876-1937)

Gosset's interest in barley cultivation led him to 
speculate that design of experiments should aim, 
not only at improving the average yield, but also at 
breeding varieties whose yield was insensitive 
(robust) to variation in soil and climate.

Gosset was a friend of both Karl Pearson and R.A. 
Fisher, an achievement, for each had a 
monumental ego and a loathing for the other. 

Gosset was a modest man who cut short an 
admirer with the comment that “Fisher would have 
discovered it all anyway.”

http://en.wikipedia.org/wiki/Image:William_Sealy_Gosset.jpg
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R. A. Fisher (1890 – 1962) George E. P. Box (1919 – 2013)
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The Basic Principles of DOX

• Randomization
• Running the trials in an experiment in random order
• Notion of balancing out effects of “lurking” variables

• Replication
• Sample size (improving precision of effect estimation, estimation of 

error or background noise)
• Replication versus repeat measurements? (see Section 1.3)

• Blocking
• Dealing with nuisance factors
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Strategy of Experimentation 

• “Best-guess” experiments
• Used a lot
• More successful than you might suspect, but there are disadvantages…

• One-factor-at-a-time (OFAT) experiments
• Sometimes associated with the “scientific” or “engineering” method
• Devastated by interaction, also very inefficient

• Statistically designed experiments
• Based on Fisher’s factorial concept



• Problem Statement
• Choice of Factors, Levels, Ranges
• Choice of Response(s)
• Choice of Design
• Conducting the Experiment
• Analysis of the Results
• Conclusions, Recommendations

Something we have all taken away from six-sigma is that all work is done in a 
process.  

There is a process for designing a successful experiment.  

Montgomery, D. C. (2020), Design and Analysis of Experiments, 10th edition, 
Wiley, Hoboken, NJ. 
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Problem Statement

• It is always critical to have a clear and unambiguous statement of the 
objectives/purpose of the experiment

• Designing an experiment is a team activity
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Choice of Factors, Levels and Ranges

• Need input from the entire team – no one person usually knows 
everything

• There are usually several types of factors to consider
• Design factors – these will be varied in the experiment
• Acceleration factors – temperature, humidity, vibration, voltage, etc.
• Nuisance factors – blocking
• Uncontrollable (noise) factors
• Allowed –to-vary measurable factors (covariates)
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Choice of Response(s)

• Typically, this is the time to failure, but there are variations (cycles, 
miles to failure, etc.)

• Censoring – usually right censoring, but there are other possibilities
• Right-censored data can be type I (time censored) when the test stops based 

on a maximum time duration 
• Type II (failure-censoring) when the test stops because a desired number of 

failures have occurred.

• Degradation testing – another variation 
• Steps 1, 2, and 3 are pre-experimental planning – this is critical to 

success.
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Choice of Design

• Often a reliability experiment will involve using an optimal design.
• Classical DOE texts focus on “standard” designs, which are usually D or I 

optimal if the response is normally distributed, because the information 
matrix does not involve unknown parameters.

• The standard optimality criteria involve some function of this matrix which 
contains only functions of the design factor levels

• This is not the case for distributions commonly involved in reliability 
experiments 

• Randomization restrictions are very common and should be accounted for
• Software can provide help in construction of designs
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Choice of Design
• The JMP software implements most SAS functions of quality and reliability data analysis with 

more user-friendly interfaces and sophisticated graphical tools.
• Newer  versions of JMP have a new function, ALT Designs, in its DOE suite. ALT Designs is capable 

of finding optimal experimental designs.
• D-optimal for minimizing the determinant of variance-covariance matrix of regression coefficients 

and I-optimal for minimizing the prediction variance of mean failure time or failure percentile 
quantity at the use condition for up to two stress variables with interaction. 

• Because the ALT planning is a nonlinear experimental design due to the typically nonlinear 
physical acceleration model and the anticipated censoring at the end of the testing period, the 
optimal test plan is model and model parameter dependent.

• Those assumed model parameter values are also called planned values. JMP can design locally 
optimal test plans with the acceleration model and planned values, as well as average optimal 
plans with some prior distributions given to model parameters.

• This approach is called Bayesian optimal design in JMP
• JMP and SAS can also find Bayesian optimal designs for distributions that are members of the 

exponential family (normal, exponential, gamma, binomial, Poisson).  This can be useful for 
designing many reliability experiments
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Conducting the Experiment

• The advice that I always give is “if you want the experiment run 
correctly, do it yourself.”

• This is not always possible, and it is one reason that you need a team 
involved in the planning of the experiment.

• Some team members will need to be available to monitor the 
experiment while it is being conducted.
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Analysis of the Results

• Useful techniques include lifetime regression models (exponential and Weibull)
• The Cox proportional hazard model
• Nonlinear mixed models, useful for restricted randomization designs
• Homogeneous and nonhomogeneous Poisson process models (experiments on repairable 

systems)
• Transformations
• Model analysis with exponential family members
• Model adequacy checking is important.  Sometime ordinary residuals are not the most 

appropriate diagnostic – example, deviance or Pearson residuals in GLMs.
• Example – the worsted yarn experiment
• This is a 33factorial experiment conducted to investigate the effects of three factors, x1 = length, x2 

= amplitude, and x3 = load on the number of cycles to effective failure, y, of worsted yarn.
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• The original authors analyzed these data using a linear model 
approach. After a Box–Cox analysis suggests a log transformation, the 
final model in terms of the original response (cycles to failure) is

• We analyze the data from this experiment using the generalized linear 
model with the gamma response distribution and the log link. The 
fitted model is
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Planning, Conducting & Analyzing an Experiment

• Get statistical thinking involved early
• Your non-statistical knowledge is crucial to success
• Pre-experimental planning (steps 1-3) vital
• Think and experiment sequentially (use the KISS principle)
• There are many challenging problems in this area – experimental 

designs for repairable systems, dealing with randomization 
restrictions, finding optimal or near-optimal designs, to name 
just a few

• See Coleman & Montgomery (1993) Technometrics paper
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