
Solutions to Exercises for 
Statistics 2 for Chemical Engineering

Week 4

 1. a)  Choose Special -> Experimental Design -> Create Design -> Multilevel Factorial. Do not forget to increase the number of levels for all independent factors (called experimental factors in Statgraphics) to 5.

b) We minimally need 6 terms:


	constant
	1

	main effects A, B  and C
	3

	interactions AB and AC
	2

	total
	6



By right-clicking in the window we may choose the correct options:
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By choosing the option Worksheet we directly see which 6 of the 5*5*5=125 possible runs have computed to be a D-optimal design:

	
[image: image3.wmf]run   Factor_A Factor_B Factor_C Var_1        

---   -------- -------- -------- ------------ 

  1   -1.0     -1.0     -1.0     ____________ 

  5   1.0      -1.0     -1.0     ____________ 

 21   -1.0     1.0      -1.0     ____________ 

 25   1.0      1.0      -1.0     ____________ 

101   -1.0     -1.0     1.0      ____________ 

105   1.0      -1.0     1.0      ____________ 


	
[image: image4.wmf]Plot of Factor_C vs Factor_A and Factor_B
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By choosing the icon Save Results (to the right of the Graphics icon) we may transfer the design points to the data worksheet. Choosing the menu Plot -> Scatterplots -> XYZ plot we obtain the above picture of the computed design. The above plot has been obtained by improving the plot through conveniently chosen Pane (left) and Graphics (right) options:
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We see that the design is asymmetrical: there are 4 points on the bottom of the cube and two in front on top. This reflects the asymmetry of the model (the interaction BC in missing).

2. a) -
b) We minimally need 7 terms:

	constant
	1

	main effects A, B  
	2

	interaction AB 
	1

	quadratic effect A, B
	2

	cubic effect A
	1

	total
	7



c) The runs 1, 14, 27, 97, 175, 189 and 253 were selected.
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We see that the design points are on the boundary of the experimental region. There is a slight asymmetry because on the diagonal there is gap near pH = 6.9. This is probably  caused by the fact that there is a cubic term in pH, but not in modifier.

d) The runs 1, 14, 27, 158, 203 and 253 were selected.
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We now have a symmetric model and see a more or less symmetric distribution of design points on the boundary of the experimental region.

e) The numbers refer to the design for which D-efficiency is highest. Changes in the choice of the algorithm may heavily influence G-optimality of the selected D-optimal design.


	Number of runs
	D-efficiency
	A-efficiency
	G-efficiency

	7
	19.60 %
	5.78 %
	74.01 %

	8
	19.96 %
	6.18 %
	75.68 %

	9
	20.25 %
	5.94 %
	85.68%

	10
	20.23 %
	6.85 %
	87.23 %

	11
	19.96 %
	6.67 %
	85.37 %

	12
	19.87 %
	6.48 %
	80.28 %

	13
	19.85 %
	6.13 %
	78.92 %

	14
	19.89 %
	6.11 %
	85.19 %
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f) and g) Like indicated in the paper, we see that it is not worthwhile to put extra effort in executing more than 9 or 10 experiments. However, the differences are small. Note that there is no scale on the horizontal axis of the graphs in the paper, which makes it hard to draw conclusions. The results on G-efficiency of our designs do not coincide (in particular, for 12 runs).

3. a)

	
[image: image10.wmf]Quadratic Model Fitting Results for elongation

-----------------------------------------------------------------------------

                                       Standard          T

Parameter               Estimate         Error       Statistic        P-Value

-----------------------------------------------------------------------------

A:Comp_A                    11.7       0.483764

B:Comp_B                     9.4       0.483764

C:Comp_C                    16.4       0.483764

AB                          18.5        1.93506        9.56044         0.0000

AC                          11.4         2.0901        5.45428         0.0004

BC                         -12.2        2.36995       -5.14779         0.0006

-----------------------------------------------------------------------------

R-squared = 96.8283 percent

R-squared (adjusted for d.f.) = 95.0663 percent

Standard Error of Est. = 0.684146

Mean absolute error = 0.476667

Durbin-Watson statistic = 2.59199

Lag 1 residual autocorrelation = -0.401632

The StatAdvisor

---------------

   This pane displays the equation of the fitted quadratic model.  The

equation of the fitted model is

elongation = 11.7*Comp_A + 9.4*Comp_B + 16.4*Comp_C +

18.5*Comp_A*Comp_B + 11.4*Comp_A*Comp_C - 12.2*Comp_B*Comp_C




The ANOVA table below indicates that the model is adequate:

	
[image: image11.wmf]ANOVA for elongation

--------------------------------------------------------------------------------

Source                Sum of Squares     Df    Mean Square    F-Ratio    P-Value

--------------------------------------------------------------------------------

Quadratic Model              128.604      5        25.7207      54.95     0.0000

Total error                   4.2125      9       0.468056

--------------------------------------------------------------------------------

Total (corr.)                132.816     14




The residual plots also indicate that there no violations of model assumptions:
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[image: image13.wmf]Residual Plot for elongation
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b) There is synergistic interaction between A and B, A and C. There is antagonistic interaction between B and C.

c) 

	
[image: image14.wmf]Estimated Response Surface
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The grey area indicates where yarn elongation is maximal. Because of the difficult shape of this area, it may be sensible to do further experimentation in this restricted region to find optimal settings.

	
[image: image15.wmf]Optimize Response

-----------------

Goal: maximize elongation

Optimum value = 17.3844

Factor               Low              High             Optimum

-----------------------------------------------------------------------

Comp_A               0.0              1.0              0.29384         

Comp_B               0.0              1.0              7.55246E-9      

Comp_C               0.0              1.0              0.70616         




4. a) 

	
[image: image16.wmf]ANOVA for gasoline

--------------------------------------------------------------------------------

Source                Sum of Squares     Df    Mean Square    F-Ratio    P-Value

--------------------------------------------------------------------------------

Linear Model                 3.92461      2         1.9623       6.36     0.0573

Lack-of-fit                  0.79468      7       0.113526       0.37     0.8825

Pure error                     1.235      4        0.30875

--------------------------------------------------------------------------------

Total (corr.)                5.95429     13




There seems to be no lack-of-fit.

	
[image: image17.wmf]Linear Model Fitting Results for gasoline

-----------------------------------------------------------------------------

                                       Standard          T

Parameter               Estimate         Error       Statistic        P-Value

-----------------------------------------------------------------------------

A:mix1                   24.9305       0.249768

B:mix2                   24.3505       0.249768

C:mix3                   23.1905       0.249768

-----------------------------------------------------------------------------

R-squared = 65.9123 percent

R-squared (adjusted for d.f.) = 59.7145 percent

Standard Error of Est. = 0.429554

Mean absolute error = 0.342383

Durbin-Watson statistic = 1.9429

Lag 1 residual autocorrelation = -0.0670871

The StatAdvisor

---------------

   This pane displays the equation of the fitted linear model.  The

equation of the fitted model is

gasoline = 24.9305*mix1 + 24.3505*mix2 + 23.1905*mix3




b) 

	
[image: image18.wmf]Quadratic Model Fitting Results for gasoline

-----------------------------------------------------------------------------

                                       Standard          T

Parameter               Estimate         Error       Statistic        P-Value

-----------------------------------------------------------------------------

A:mix1                   24.7443       0.322472

B:mix2                    24.311       0.322472

C:mix3                   23.1776       0.322472

AB                       1.51364         1.8168       0.833135         0.4289

AC                       1.11364         1.8168       0.612968         0.5569

BC                      -1.08636         1.8168      -0.597952         0.5664

-----------------------------------------------------------------------------

R-squared = 70.9131 percent

R-squared (adjusted for d.f.) = 52.7338 percent

Standard Error of Est. = 0.465284

Mean absolute error = 0.303898

Durbin-Watson statistic = 1.78761

Lag 1 residual autocorrelation = 0.0402004

The StatAdvisor

---------------

   This pane displays the equation of the fitted quadratic model.  The

equation of the fitted model is

gasoline = 24.7443*mix1 + 24.311*mix2 + 23.1776*mix3 +

1.51364*mix1*mix2 + 1.11364*mix1*mix3 - 1.08636*mix2*mix3




This model is not an improvement. First of all, there was no lack-of-fit in the linear model. Secondly, the interaction terms are all not significant. A more formal way of testing would be to compare sums of squares, but this is not covered in this course.

c) For prediction, it is better to use the quadratic model, since it is slightly more precise. For explanation, a linear model suffices.

d) 

	
[image: image19.wmf]Optimize Response

-----------------

Goal: maximize gasoline

Optimum value = 24.9371

Factor               Low              High             Optimum

-----------------------------------------------------------------------

mix1                 0.0              1.0              0.642991        

mix2                 0.0              1.0              0.357009        

mix3                 0.0              1.0              5.49861E-8      




	
[image: image20.wmf]Contours of Estimated Response Surface
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