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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• Example worked out Replicated Full Factorial 
Design

• 23 Pilot Plant : Response: % Chemical Yield:
• If there are a levels of Factor A , b levels of Factor B, and c levels of 

Factor C a full factorial design is one in all abc combinations are 
tested. When factors are arranged in a factorial design, they are often 
called crossed.

• Model:  
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield Design and data:

• A
• B
• C

FACTORS
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Cubic display: Replicated Experiment

A

B

C

Definition of a factor effect: The change in the mean response when 
the factor is changed from low to high.
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• The effect of a factor is defined to be the change in the response Y for a

change in the level of that factor. This is called a main effect, because it refers 
to the primary factors of interest in the experiment.

• Calculation of Effects: 
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Calculation of Effects:  Graphically A Main effect

Effect of A: Average of all the High A’s 
minus the average of all the Low A’s

low A          high A
60

45

54

52

72

83

68

80

High A Low A Effect A
68 54
72 60
83 52
80 45

Average 75.75 52.75 23A

B
C

Effect of A = EA =(68+72+83+80)/4 – (54+60 +52+45)/4 = 23
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: A Main effect

A

B
C

Effect of A: Average of all the High A’s minus the average of all 
the Low A’s

Effect of A (temperature)  on Yield

50

55

60

65

70

75

80

A LOW A HIGH

FACTOR LEVELS

%
 Y

IE
LD

 (R
ES

PO
N

SE
)

Yield

23
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Calculation of Effects:  Graphically B Main effect

A

B
C

Effect of B: Average of all the High B’s 
minus the average of all the Low B’s

60

45

54

52

72

83

68

80

High B Low B Effect B
68 72
54 60
45 52
80 83

Average 61.75 66.75 -5

high B

low B

Effect of B = EB =(68+54+45+80)/4 – (72+60 +52+83)/4 = -5
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: B Main effect

A

B
C

Effect of B: Average of all the High B’s minus the average 
of all the Low B’s

Effect of B (Concentration %)  on Yield

60

62

64

66

68

B LOW B HIGH

FACTOR LEVELS

%
 Y

IE
LD

 (R
ES

PO
N

SE
)

Yield

-5.0
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Design of Engineering Experiments
Chapter 6– Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Calculation of Effects:  Graphically C Main effect

Effect of C: Average of all the High C’s 
minus the average of all the Low C’s

low C
60

45

54

52

72

83

68

80

high C High C Low C Effect C
45 54
52 60
83 68
80 72

Average 65 63.5 1.5
A

B
C

Effect of C = Ec =(52+54+45+83)/4 – (72+60 +54+68)/4 = 1.5
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: C Main effect

A

B
C

Effect of C: Average of all the High C’s minus the average of 
all the Low C’s

Effect of C (Catalyst Type)  on Yield

62

63

64

65

66

C LOW C HIGH

FACTOR LEVELS

%
 Y

IE
LD

 (R
ES

PO
N

SE
)

Yield

1.5
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Calculation of Effects:  Graphically AB Interaction

Effect of AB: Average of all the positive 
A*B’s plus the average of all the 
negative A*B’s

60

45

54
52

72

83

68

80

+

B

-

AB + AB - Effect AB
- - 60 + - 72

+ + 68 - + 54

- - 52 + - 83

+ + 80 - + 45

Average 65 63.5 1.5
- A +

Effect of AB = EAB =(60+68+52+80)/4 – (72+54 +83+45)/4 = 1.5
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: AB Interaction effect

A

B
C

Effect of AB: Average of all the positive A*B’s plus the 
average of all the negative A*B’s

FACTOR  AB

YIELD B 
LOW 1 (C 
LOW)

YIELD B 
LOW 2 ( C 
HIGH) AVG Low B

YIELD B 
HIGH 1 
( C 
LOW)

YIELD B 
HIGH 2 
( C 
HIGH)

AVG 
High B

AB 
AVERAGE

AB LOW 60 52 56 54 45 49.5 63.5
AB HIGH 72 83 77.5 68 80 74 65

EFFECT 1.5
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: AB Interaction effect

A

B
C

Effect of AB: Average of all the positive A*B’s plus the 
average of all the negative A*B’s

Effect of AB (Temperature XConcentration 
Interaction)  on Yield: 

Average of all the positive A*B’s plus the average 
of all the negative A*B’s

63

63.5

64

64.5

65

65.5

AB LOW AB HIGH

FACTOR LEVELS

%
 Y

IE
LD

 (R
ES

PO
N

SE
)

AB AVERAGE

1.5
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Calculation of Effects:  Graphically AC Interaction

Effect of AC: Average of all the positive 
A*C’s plus the average of all the 
negative A*C’s

60

45

54
52

72

83

68

80

C
-

+
AC + AC - Effect AC
- - 60 + - 72

+ + 80 - + 45

- - 54 + - 68

+ + 83 - + 52

Average 69.25 59.25 10- A +

Effect of AC = EAC =(60+80+54+83)/4 – (72+45 +68+52)/4 = 10
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

A
B C

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: AC Interaction effect

Effect of AC: Average of all the positive A*C’s plus the 
average of all the negative A*C’s

FACTOR  AC

YIELD C 
LOW 1 (B 

LOW)

YIELD C 
LOW 2 ( B 

HIGH) AVG Low C

YIELD 
C HIGH 

1 ( B 
LOW)

YIELD 
C HIGH 

2 ( B 
HIGH)

AVG 
High C

AC 
AVERAGE

AC LOW 60 54 57 52 45 48.5 59.25
AC HIGH 72 68 70 83 80 81.5 69.25

EFFECT 10
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

A
B C

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: AC Interaction effect

Effect of AC: Average of all the positive A*C’s plus the 
average of all the negative A*C’s

Effect of AC (Temperature X Catalyst Interaction)  on 
Yield: 

Average of all the positive A*C’s plus the average 
of all the negative A*C’s

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

AC LOW AC HIGH

FACTOR LEVELS

%
 Y

IE
LD

 (R
ES

PO
N

SE
)

AC AVERAGE

10

Effect of AC (Temperature X Catalyst Interaction)  on 
Yield

45

50

55

60

65

70

75

80

85

A LOW A HIGH

FACTOR LEVELS

%
 Y

IE
LD

 (R
ES

PO
N

SE
)

YIELD C LOW 1  (B LOW)
YIELD C LOW 2  ( B HIGH)
AVG Low C
YIELD C HIGH 1  ( B LOW)
YIELD C HIGH 2  ( B HIGH)
AVG High C
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Calculation of Effects:  Graphically BC Interaction

Effect of BC: Average of all the positive 
B*C’s plus the average of all the negative 
B*C’s

60

45

54
52

72

83

68

80

C
-

+
+

B

-

BC + BC - Effect BC
- - 60 + - 54

+ + 45 - + 52

- - 72 + - 68

+ + 80 - + 83

Average 64.25 64.25 0

Effect of BC = EBC =(60+45+72+80)/4 – (54+52 +68+83)/4 = 0
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: BC Interaction effect

A

B
C

Effect of BC: Average of all the positive B*C’s plus the average
of all the negative B*C’s

FACTOR  BC

YIELD C 
LOW 1 (A 
LOW)

YIELD C 
LOW 2 ( A 
HIGH) AVG Low C

YIELD 
C HIGH 
1 ( A 
LOW)

YIELD 
C HIGH 
2 ( A 
HIGH)

AVG 
High C

AC 
AVERAGE

BC LOW 60 72 66 52 83 67.5 64.25
BC HIGH 54 68 61 45 80 62.5 64.25

EFFECT 0
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Interpretation of effects: BC Interaction effect

A

B
C

Effect of BC: Average of all the positive B*C’s plus the average
of all the negative B*C’s

Effect of AB (Temperature XConcentration Interaction) 
on Yield: 

Average of all the positive B*C’s plus the average 
of all the negative B*C’s

63
63.2
63.4
63.6
63.8

64
64.2
64.4
64.6
64.8

65

BC LOW BC HIGH

FACTOR LEVELS

%
 Y

IE
LD

 (R
ES

PO
N

SE
)

BC AVERAGE

0.0
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Calculation of Effects:  Graphically ABC Interaction

Effect of ABC: Average of all the 
positive A*B*C’s plus the average of all 
the negative A*B*C’s

60

45

54
52

72

83

68

80

C
-

+
+

B

-

ABC + ABC - Effect ABC
+ - - 72 - - - 60

- + - 54 ++ - 68

+ + + 80 - + + 45

- - + 52 + - + 83

Average 64.5 64 0.5
- A +

Effect of ABC = EABC =(72+54+80+52)/4 – (60+68 +45+83)/4 = 0.5
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Summary: Effects in The 23 Factorial Design 
Geometrical Presentation

etc, etc, ...

A A

B B

C C

A y y
B y y
C y y

+ −

+ −

+ −

= −

= −

= −

Thank you for Computers!!

Analysis instantly One just 
needs to know how to input 
correctly and interrupt 
results
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Summary of Effects:  So Which ones are important??
• I.e Distinguishable from random Noise??

Effect  Ex Value
A 23
B -5
C 1.5

AB 1.5
AC 10
BC 0

ABC 0.5

60

45

54
52

72

83

68

80

C
-

+
+

B

-

- A +
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Summary of Effects:  So Which ones are important??
• Experiment was replicated so calculate Sample polled variance as:
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Summary of Effects:  So Which ones are important??
• Look at Confidence intervals ( If 0 is in interval then effect is not significant.)

• Ho : µE1= µE2 = µE3 =  ….. = 0

Data
72 60
54 68
80 45
52 83

Grand Mean: 64.25
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Summary of Effects:  So Which ones are important??
• Look at Confidence intervals ( If 0 is in interval then effect is not significant.)
• Calculate SE and a t value 
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Summary of Effects:  So Which ones are important??
• Look at Confidence intervals ( If 0 is in interval then effect is not significant.)
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Mathematical model
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Fitted Mathematical model Use only A, B, and AC effects in Model!
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Design of Engineering Experiments
Chapter 6 – Full Factorial Example

• 23 Pilot Plant : Response: % Chemical Yield
• Mathematical model

Residuals



Full Factorial Example  Steve 
Brainerd

30

Factorial  Example
• If there are a levels of Factor A , b levels of Factor B, and c levels 

of factor C a Full Factorial design is one in all abc combinations 
are tested. 
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design 

Expert Example
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design 

Expert Example
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design 

Expert Example: Half Normal Plot: Tells you which 
factors have a significant effect on yield! Only A, B ,and 
AC are significant
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design 

Expert Example: Normal Plot: Tells you which factors have a 
significant effect on yield! With impact direction. Only A, B ,and 
AC are significant
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: ANOVA Table Only A, B ,and AC are significant
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: ANOVA Table Only A, B ,and AC are significant

So Why is C also used in the modeled 
equation if it is not significant? 

There is a rule called the hierarchy 
principle!
See page 203
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: ANOVA Table Models

So Why are there 2 
equations listed? 
Why isn’t it just one 
equation with all 
terms?

See page 203
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: ANOVA Table Only A, B ,and AC are significant

Change all Factors 
to Quantitative
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: ANOVA Table Use A, B ,C, and AC in Model

Change all Factors 
to Quantitative

Final Model:
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: Residuals Plot and run sequence: What do these plots 
tell us??
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: Model Graphics: Interaction Plot Only A, B , C, and AC 
used
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: Model Graphics: Interaction Plot Model  Contour: 
Catalyst Average Only A, B ,C, and AC  used in Model
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Factorial Designs
• 23 Pilot Plant : Response: % Chemical Yield Design Expert 

Example: Model Graphics: Interaction Plot Model  3D Surface: 
Catalyst Average Only A, B ,C, and AC  used in Model
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Factorial Design: Design Expert
Model terms: 3FI = factor interaction

• Only A, B ,and AC are significant  So Change Model>> Modified
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Factorial Design: Design Expert
Model terms: 3FI = factor interaction

• Only A, B ,and AC are significant Change Model>>
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Factorial Design: Design Expert
Model terms: 3FI = factor interaction

• Only A, B ,and AC  used in Model
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Factorial Design: Design Expert
View: Modeled data on cube layout

•Model  Cube:  Only A, B ,and AC  used in Model
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Factorial Design: Design Expert
View:

•Model  Contour: Catalyst Average Only A, B ,and AC  used in Model
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Factorial Design: Design Expert
View:

•Model  3D Surface Catalyst Average : Only A, B ,and AC  used in 
Model
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