1.4

Lecture 1.   (Chapter 1)
1.1 INTRODUCTION
“The goal of engineering statistics is to provide the concepts and methods needed by an engineer who faces a problem for which his or her background does not serve as a completely adequate guide.”

Definition 1. Engineering statistics is the study of how best to (i) collect data, (ii) summarize or describe the data, and (iii) draw formal inferences and practical conclusions based on the summary.

Example 1.1In heat treating gears, some engineers believe that there is less warpage if they are laid flat in they are laid flat in stacks in the furnace, while others believe that it is better if they are hung on rods. To settle this debate, it was decided to collect runout data for these two methods. The study included 38 laid and 39 hung gears. The ordered runout measurements (from lowest to highest) are given in Table 1.
Table 1.  Thrust face runouts (in 0.0001”) for laid (top row) and hung (bottom row)

5 8 8 9 9 9 9 10 10 10 11 11 11 11 11 11 11 12 12 12 12 13 13 13 13 14 14 14 15 15 15 15 16 17 17 18 19 27

7 8 8 10 10 10 10 11 11 11 12 13 13 15 17 17 17 17 18 19 19 20 21 21 21 22 22 22 23 23 23 23 24 27 27 28 31 36

The authors write that: “In the ‘raw form’ of Table 1, the runout values are hardly understandable. They lack organization; it is not possible to simply look at Table 1and tell what is going on.” Consequently, the authors illustrate how the engineer’s use of statistics provided a clearer and more definitive basis for conclusions. The statistical tools included:

(i) Mean hung runout – mean laid runout = 5.3

(ii) A 90% confidence interval for the true mean difference was computed to be [3.2 , 7.4]

(iii) The estimated probability that the runout of a laid gear falls in the interval [3.0 , 22.2] is 0.95, while the same probability is associated with the interval [0.8 , 35] for a hung gear.
“The example shows how the elements of statistics were helpful in solving an engineer’s problems.”

QUESTION: Do you agree with the authors’ underlined italicized claim above?
ANSWER:      YES _10__    ;    NO__22_     ;    N = _32__    ;    % WHO AGREE_____

QUESTION: Assuming that this survey was conducted in order to estimate the probability that any engineering student would agree with the claim. The above number provides an estimate based on a particular group of students. What actions were used to arrive at this estimated probability?

ANSWER: Let X denote the act of recording the answer of any engineering student. Then in the above study, where N engineering students were asked the question, we would record N answers. Denote these by 
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. If we identify the answer YES with a 1 and the answer NO with a 0, then our next action is to compute the average of the responses:
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The composite action described by (1) includes a total of N+1 individual actions: N data collection actions, and one computation action. An action can also be called an operation, an algorithm, a function, or a variable. Since the action (1) could yield a different number for each collection of N students, it entails an element of randomness. Consequently, (1) is an example of a random variable. In fact, 
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is a collection of N random variables.
1.2 BASIC TERMINOLOGY

1.2.1 Types of Statistical Studies

Definition 2. An observational study is one in which the investigator’s role is passive. Data are recorded, but there is no attempt to manipulate or control various variables.

Definition 3. An experimental study is one in which the investigator’s role is active. Data are still recorded, but process variables are manipulated.

“Most real statistical studies have both observational and experimental features.”

QUESTION: Is this statement by the authors accurate? 

ANSWER: __________________________________________________________________________________

Example 2. (p.6)  In order to study the influence of various factors on the acceptability of pellet weights, three students identified 8 different sets of experimental conditions pertaining to the pelletizing machine. Data were collected at each condition.

QUESTION: Why is an observational study not appropriate for this investigation?

ANSWER: ___________________________________________________________________________________

Definition 4. An enumerative study is one in which there is a particular, well-defined group of objects under study. Data are collected on some or all of these objects, and conclusions are intended to apply only to these objects.
Definition 5. An analytical study is one in which a process or phenomena is investigated at one point in space and time with the hope that the data collected will be representative of system behavior at other places and times under similar conditions
Hence, enumerative and analytical studies exemplify studies that determine the intended breadth of the results. As an example of the former, the authors point to the “testing of critical components for use in the space shuttle. The interest here is in the component actually(s) on hand, and how it (they) can be expected to work.”

In-Class Example 1. Suppose that the shuttle has one especially critical component (e.g. an o-ring). The component to be used will be selected from a box of 100 o-rings from a given supplier. The NASA facility has 3 boxes to choose from. Each box has a different production date stamped on it. Explain how both enumerative and analytical studies might be performed in conducting a burst pressure test on a sample of o-rings from a given box.
Definition 6. A population is the entire group of objects about which one wishes to gather information in a statistical study.

QUESTION: What is the population in the above example?

ANSWER: _____________________________________________________________________________

Definition 7. A sample is the group of objects on which one actually gathers data. In the case of an enumerative investigation, the sample is a subset of the population.
Example 2 (continued)(p.8) Several production runs were made for each of the 8 specified pelletizing machine conditions, and each of these produced its own percentage of conforming pellets. These 8 sets of percentages can be referred to as 8 different samples (or numbers).
QUESTION: What is the population associated with these samples?

Authors’ ANSWER: “Also, strictly speaking, there is no concrete population being investigated in an analytical study, it is common to talk in terms of a conceptual population.”

QUESTION: Suppose that for the kth condition, 10 pellets were sampled from 3 production runs. The weight of each pellet was measured. If the weight was within spec. then a 1 was recorded next to the weight. Otherwise a 0 was recorded. What is the composite action that would result in an estimate of the fraction of conforming pellets?
ANSWER: _________________________________________________________________________________
1.2.2 Types of Data

Definition 8. Qualitative or categorical data are values of, basically, nonnumerical characteristics associated with items in a sample. There can be an order associated with it, but aggregation and counting are required to provide any meaningful numerical values from such data.
Definition 9. Quantitative or numerical data are the values of numerical characteristics associated with items in the sample. These are typically either counts of the number of occurrences of a phenomena of interest, or (numerical) measurements of some physical property of the items.

Example pp.8-9. Consider 5 machine parts constituting a sample from 100 crated parts. The parts can be classified (i.e. conforming, reworkable, or scrap). To aid in this classification,, their Rockwell hardness values can be recorded. (These are numerical values), and the number of blemishes can be recorded.  Hence, in this setting, we have one set of qualitative data, and two sets of quantitative data.
QUESTION: What collection of actions are associated with each machine part?
ANSWER: ____________________________________________________________________________

Definition on p.9.  A measured variable is said to be continuous if its possible values are continuous intervals of numbers. It is discrete if it has only isolated possible values.
“…in reality,…,all numerical data are discrete…”

QUESTION: Then why even bring up the notion of a continuous variable?

ANSWER: __________________________________________________________________________________

In-Class Example 2. A certain feedback control system incorporates a proportional controller; that is, a controller whose output is a constant, K, times the error between the command input and the actual output. This controller is an idealized controller in two respects. First, its possible settings are assumed to be continuous. Second, those settings are allowed to take  on arbitrarily large values. In order to get closer to reality, let’s first assume that the values of K are measurable only to the level of 0.01 volts. Then the possible values for K are {0, 0,01, 0,02, …}. Hence, K is, strictly speaking, a discrete variable. 
QUESTION: How is it that every textbook on feedback control treats K as a continuous variable, when in fact, measurements of K can never be truly continuous?

ANSWER: ___________________________________________________________________________________

Example 3.(p.9)  In relation to studying the mass of pellets produced by the pelletizing machine, the students collected a sample of 200 pellets and recorded their mass to the nearest 0.01 gram. They then counted the number of measurements associated with every possible discrete value of the set {0.00, 0.01, …}. The frequencies are plotted as a histogram in Figure 1.3 (p.10). 

“…about 28.5% (57 out of 200) of the pellets did not meet the design specifications. 
QUESTION: As your supervisor, in your presentation of this number, I might pose the following strategy to reduce waste. It would appear that if we relax our spec from [6.2, 7.0] to [5.9, 7.1], then we can reduce waste from ~29% down to ~20%. This would represent a 30+% reduction in waste. After all, we have only increased our in-spec region by 0.4 grams, or about (0.4/6.6)  ~6%, and we get a huge savings. YOUR RESPONSE?
QUESTION: What is the composite action that resulted in the numerical value of 0 in the leftmost bin of Figure 1.3?

ANSWER: __________________________________________________________________________________

Definitions 10-12. Multivariate data arises when observations are made on more than one characteristic of each sampled item. If only two characteristics are considered, we say the data is bivariate, and if only one characteristic is considered, we say the data is univariate.

In-Class Example 3. In order to get a handle on the positioning accuracy of a robot arm, the arm is given a trajectory that includes a sequence of 50 prescribed positions to move to. At each prescribed position the actual position is recorded, and then the position error is computed. The result is a table of 50 position error values.
QUESTION: Is this data univariate?

ANSWER: _________________________________________________________________________________
QUESTION: What is a better way of investigating the positioning error characteristics of the arm?

ANSWER: _________________________________________________________________________________
1.2.3 Types of Data Structure
Definitions 13 & 14. A complete factorial study is one in which several process variables (and settings of each) are identified as being of interest, and data are collected under each possible combination of settings of the process variables. The process variables are called factors, and the settings of each variable are called the levels of the factor. If not all possible combinations are not studied, then it is termed a fractional factorial study.
Section 2 Exercise 2.3: “What kind of information can be derived from a single sample of n bivariate data points (x,y) that can’t be derived from two separate samples of, respectively, n univariate  data points of x and of y?”
QUESTION: How would you reformulate this question in the context of simple mathematics (i.e. no data or statistical context)?
ANSWER: _____________________________________________________________________________________

QUESTION: In relation to the robot arm position error investigation, how would you construct a factorial study to investigate the influence of the initial position on the error for a specified final position?
ANSWER: _____________________________________________________________________________________

In-Class Example 1.4 Suppose that you are assigned to investigate the performance of two brands of polishing pads on their ability to achieve a smooth surface. All test specimens will have the same initial surface roughness. Each specimen will be polished for 30 seconds and will utilize a new polishing pad. Two pressure levels will be investigated, and 15 specimens will be tested for each pressure. Identify the following:
Number of factors: ____    ; Number of levels: ___   Number of random variables: ___________________________
MEASUREMENT: ITS IMPORTANCE AND DIFFICULTY
Definition 15. A measurement or measuring method is called valid if it usefully or appropriately represents the feature of an object or system that is of engineering importance.

Definition 16. A measurement system is called precise if it produces small variation in repeated measurement of the same object. 

Definition 17. A measurement system is called accurate (or sometimes, unbiased) if on the average it produces the true of correct value of the quantity being measured. 
See Figure 1.6 for various combinations of precision and accuracy.

QUESTION: How would your boss respond if you said that your new method of measuring strain is extremely accurate, but not very precise?

ANSWER: __________________________________________________________________________________

1.3 MATHEMATICAL MODELS, REALITY & DATA ANALYSIS
Definition 18. A mathematical model is a description of salient features of a real world system or phenomena in terms of symbols, equations, numbers, and the like.

Example on p.21: Estimation of the earth’s gravitational constant, g.
QUESTIONS:

· Is the measurement system valid? __________________________________________________
· Is it precise? ___________________________________________________________________
· Is it accurate? ________________________________________________________________
The variables of primary importance are time and distance. It is claimed that the time between successive measured positions of the bob is 1/60 second, which corresponds to the period of the positive peak in 60 cycle AC voltage.
The time at which the mth position is recorded is taken to be 
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, as shown in Figure 1.8. This presumes that the voltage period is exactly 1/60 second. There will ALWAYS be some element of variation in the true period. Suppose that the kth period is actually 
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The rightmost term in (2) is the error in time at the mth position. No matter how small the individual errors in this sum are, the total error will have variability that will go to ∞ as 
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It is well known that the force of attraction between two masses is inversely proportional to the square of their separation distance, right? It follows that if the experiment were conducted in the stratosphere, the parameter, g, would not be it’s value of 9.8 m/s2. From fitting the model 
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to the (t,d) data plotted in Figure 1.8, the estimated value of g is 
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QUESTION: In addition to not knowing exactly what the true value of g is, due to the altitude at which the experiment was conducted, what are some measurement variables that influence the accuracy of this estimate?
QUESTION: Assuming that, in fact, the true value of g is 9.8 m/s2, how would you construct a simulation to evaluate the quantitative influence of measurement errors?
Definition 19. Probability is the mathematical theory intended to describe situations and phenomena that one would colloquially describe as involving chance.
SUMMARY OF CHAPTER 1: The intent of this chapter is to “lay the foundation for all that follows.” As such, it included motivation for engineering statistics, basic terminology related to data and statistical studies, the importance of the measurement system, and the relation between mathematical models and the real world.
My personal critique:

While some interesting examples were presented, I feel that, overall, the chapter has some fundamental ‘issues’:

1. Not only are the far too many definitions (19), but they are very often vague. By formalizing common sense ideas and introducing statistical jargon, I feel the subject falls more into the realm of a foreign language. 

2. Some of the examples suggest that the studies were well-conducted, when in fact, such studies are fraught with problems.

3. There seems to be no unifying ‘theme’; simply a very general overview of concepts related to data measurement and analysis. This wouldn’t be bad if the intent were the same, and not an attempt to lay the foundation for all that follows. Taken as a foundation, I feel that all structures built upon it will be shaky, at best. 

Chapters 2,3, and 4 contain 10, 10 and 9 formal definitions, respectively. It is not until Chapter 5 that the authors embark on the notion of probability and random variables in any rigorous fashion. That chapter includes 18 formal definitions. Moreover, it represents a quantum jump in the level of mathematical formalisms. 

The authors claim that “a fast-paced introduction to applied engineering statistics can be made by covering most of Chapters 1 through 9”, and that a more “leisurely” course can be made by skipping certain topics, and “leaving the rest of the book for self-study as a working engineer finds need of the material.”
Most engineers with an undergraduate degree have had, at most, on introductory course in statistics. To expect them to feel comfortable applying such introductory and idealized material to real world problems is unrealistic. It is even more unrealistic to speculate that, with such a ‘cook book’ introduction, they will be able to independently pursue advanced concepts. Most importantly, those engineers who DO apply the introductory tools to real world situations are VERY liable to arrive at erroneous conclusions that could be costly, in terms of corporate costs and personal costs. 
Science and technology are in the midst of dramatic changes on a number of fronts:

· The boundaries of engineering disciplines are becoming very fuzzy (e.g. the interplay between mechanical, electrical, and materials engineering in areas such as IC chip fabrication and robotics).
· The need for addressing more complex systems that include aesthetics, social, psychological, environmental and economic elements is rapidly increasing in a global market.

· Spatial scales are shrinking (e.g. from macro, to micro, to nano, to angstrom levels).

· Computational power is increasing to the point that engineers need not rely on idealized models, but can conduct numerical studies to investigate the behavior of complex systems that defy such models.

All of the noted changes that are taking place have one element in common; namely the element of uncertainty. Hence, undergraduate engineers would do well to have a firm foundation in the underpinnings of uncertainty, which are probability and random variables. With these in hand, they WILL be able to independently learn advanced concepts, as the need arises (as it is certain to if the engineer is willing to acknowledge it). 
Hence, rather than following the book’s philosophy to the subject, I will USE the book as an auxiliary tool in relation to the approach that I will take; namely, to provide you with a firm foundation that will not only be immediately useful in practice, but will, in my opinion, better position you to interact with other disciplines, address new problems as they arise, and allow you to more readily learn advanced concepts independently.
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