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Statement of Problem

We chose to run an experiment about the pool game since both of us are very interested in that game. It also seemed to us that the complexity of this game could easily fit with the requirements of the experiment that we were asked to run in that class.

Nevertheless, it appeared to us that it was not possible to run an experiment about a whole pool game (for the time frame it implies). So, we decided to focus our study on a cue ball shot, and more precisely a shot that involves three bumpers.

Objective of the Problem

The final objective of the problem is to determine a combination of factors that will lead the pool player to scratch in that three bumpers shot.

Choice of Factors

Considering our knowledge of the game we were able to differentiate the following factors:

· Force of the shot. (2 levels, soft/hard)

· Spin in the cue ball (yes/no)

· Position where the cue ball hits the bumper. (2 different positions. See the figure below)

· Chock. (yes/no)

· Type of cue used (2 types depending on the size of the tip)

The force, the spin, the chock and the cue type are categorical factors because we would not be able to consider a range of values in their level with precision. However the hitting position can be considered as numerical.

We consider to block on the table by choosing 2 different kinds of tables.

Response Variable
The response variable is the “zone”, where the cue ball hits.

We divided the table into different zones as shown in Figure 1. The grading range is –6 to +6 and a 0 is when we scratched. This is actually the run of the experiment that decided this range. (See the Figure in the appendix).

Choice of experimental design 

and design test matrix
Choice of design

Since we have five factors and two blocks in our experiment, the straightforward design is a 2^5 full factorial design run in two blocks.

As the experiment is relatively easy and quick to run, we can come up with a full factorial design with two replicates. This means 2 x 2^5 = 64 runs.

The reason for running it in two replicates is to ensure the significance and reliability of the results that are dependent on the skill of the experimenter.

Design Test Matrix
The design test matrix for a 2^5 full factorial run in two replicates and two blocks is as shown in the next two pages. We used Design-Expert to come up with this design matrix and the run orders.

Design Test Matrix (1)

	Standard Order
	Run Order
	Block
	Force
	Spin
	Hitting Position
	Chock
	Cue Type

	
	
	
	A
	B
	C
	D
	E

	5
	1
	Block 1
	Soft
	Yes
	-1
	No
	Type 1

	13
	2
	Block 1
	Soft
	Yes
	+1
	No
	Type 1

	31
	3
	Block 1
	Hard
	Yes
	+1
	Yes
	Type 1

	27
	4
	Block 1
	Hard
	No
	+1
	Yes
	Type 1

	53
	5
	Block 1
	Soft
	Yes
	-1
	Yes
	Type 2

	17
	6
	Block 1
	Soft
	No
	-1
	Yes
	Type 1

	55
	7
	Block 1
	Hard
	Yes
	-1
	Yes
	Type 2

	51
	8
	Block 1
	Hard
	No
	-1
	Yes
	Type 2

	45
	9
	Block 1
	Soft
	Yes
	+1
	No
	Type 2

	47
	10
	Block 1
	Hard
	Yes
	+1
	No
	Type 2

	15
	11
	Block 1
	Hard
	Yes
	+1
	No
	Type 1

	37
	12
	Block 1
	Soft
	Yes
	-1
	No
	Type 2

	3
	13
	Block 1
	Hard
	No
	-1
	No
	Type 1

	11
	14
	Block 1
	Hard
	No
	+1
	No
	Type 1

	1
	15
	Block 1
	Soft
	No
	-1
	No
	Type 1

	29
	16
	Block 1
	Soft
	Yes
	+1
	Yes
	Type 1

	7
	17
	Block 1
	Hard
	Yes
	-1
	No
	Type 1

	61
	18
	Block 1
	Soft
	Yes
	+1
	Yes
	Type 2

	57
	19
	Block 1
	Soft
	No
	+1
	Yes
	Type 2

	43
	20
	Block 1
	Hard
	No
	+1
	No
	Type 2

	9
	21
	Block 1
	Soft
	No
	+1
	No
	Type 1

	25
	22
	Block 1
	Soft
	No
	+1
	Yes
	Type 1

	21
	23
	Block 1
	Soft
	Yes
	-1
	Yes
	Type 1

	49
	24
	Block 1
	Soft
	No
	-1
	Yes
	Type 2

	39
	25
	Block 1
	Hard
	Yes
	-1
	No
	Type 2

	19
	26
	Block 1
	Hard
	No
	-1
	Yes
	Type 1

	35
	27
	Block 1
	Hard
	No
	-1
	No
	Type 2

	59
	28
	Block 1
	Hard
	No
	+1
	Yes
	Type 2

	33
	29
	Block 1
	Soft
	No
	-1
	No
	Type 2

	41
	30
	Block 1
	Soft
	No
	+1
	No
	Type 2

	63
	31
	Block 1
	Hard
	Yes
	+1
	Yes
	Type 2

	23
	32
	Block 1
	Hard
	Yes
	-1
	Yes
	Type 1


Design Test Matrix (2)

	36
	33
	Block 2
	Hard
	No
	-1
	No
	Type 2

	32
	34
	Block 2
	Hard
	Yes
	+1
	Yes
	Type 1

	52
	35
	Block 2
	Hard
	No
	-1
	Yes
	Type 2

	22
	36
	Block 2
	Soft
	Yes
	-1
	Yes
	Type 1

	62
	37
	Block 2
	Soft
	Yes
	+1
	Yes
	Type 2

	64
	38
	Block 2
	Hard
	Yes
	+1
	Yes
	Type 2

	10
	39
	Block 2
	Soft
	No
	+1
	No
	Type 1

	50
	40
	Block 2
	Soft
	No
	-1
	Yes
	Type 2

	2
	41
	Block 2
	Soft
	No
	-1
	No
	Type 1

	20
	42
	Block 2
	Hard
	No
	-1
	Yes
	Type 1

	56
	43
	Block 2
	Hard
	Yes
	-1
	Yes
	Type 2

	24
	44
	Block 2
	Hard
	Yes
	-1
	Yes
	Type 1

	58
	45
	Block 2
	Soft
	No
	+1
	Yes
	Type 2

	44
	46
	Block 2
	Hard
	No
	+1
	No
	Type 2

	40
	47
	Block 2
	Hard
	Yes
	-1
	No
	Type 2

	12
	48
	Block 2
	Hard
	No
	+1
	No
	Type 1

	26
	49
	Block 2
	Soft
	No
	+1
	Yes
	Type 1

	28
	50
	Block 2
	Hard
	No
	+1
	Yes
	Type 1

	48
	51
	Block 2
	Hard
	Yes
	+1
	No
	Type 2

	8
	52
	Block 2
	Hard
	Yes
	-1
	No
	Type 1

	18
	53
	Block 2
	Soft
	No
	-1
	Yes
	Type 1

	14
	54
	Block 2
	Soft
	Yes
	+1
	No
	Type 1

	46
	55
	Block 2
	Soft
	Yes
	+1
	No
	Type 2

	16
	56
	Block 2
	Hard
	Yes
	+1
	No
	Type 1

	34
	57
	Block 2
	Soft
	No
	-1
	No
	Type 2

	38
	58
	Block 2
	Soft
	Yes
	-1
	No
	Type 2

	54
	59
	Block 2
	Soft
	Yes
	-1
	Yes
	Type 2

	4
	60
	Block 2
	Hard
	No
	-1
	No
	Type 1

	30
	61
	Block 2
	Soft
	Yes
	+1
	Yes
	Type 1

	42
	62
	Block 2
	Soft
	No
	+1
	No
	Type 2

	60
	63
	Block 2
	Hard
	No
	+1
	Yes
	Type 2

	6
	64
	Block 2
	Soft
	Yes
	-1
	No
	Type 1


Performing the Experiment

Description of the process

The experiment was conducted by the same person in one day.

The hitting positions and the response zones were marked with chock on the tables.

The cue ball was then placed on the black dot as shown in Figure 1 and the cue was selected and chocked or not according to the test matrix. When not chocked it was actually cleaned out with a wet cloth.

One of the experimenters hit the ball and the other one testified the hitting position and the response zone. 

If the hitting position was not correct, the run was cancelled and performed again right away.

Here are the criteria to testify the proper level of force:

· Soft: The ball does not hit any other bumper after having hit the response zone.

· Hard: The ball must be able to hit two more bumpers after having hit the response zone.

As far as the spin level was concerned, that was all left to the experimenter’s appreciation.

Sources of nuisance variation (assumptions)
· The major source in our experiment is the reliability of the experimenter that actually performs the shot.

· The reading of the response variable was not continuous; the table was split in “zones”, so this leads to a relative precision in the sense that “response zone=+4”, for instance, corresponds to a certain range of slightly different values for the actual response variable. (See the Figure in the appendix)

Statistical analysis of the data

The output table is attached in the appendix.

The following figure represents the half normal probability plot of the effect estimates from the experiment. The main effects A, B and C seem to be large and significant. No interactions appeared to be significant.
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We were expecting in that experiment, an interaction between the force and the spin factors. However the half normal plot, which is a direct reflection of the results of the experiment, shows us that no main effects interaction is significant.

That means that, either the experiment is not designed to emphasize this interaction or that this effect is effectively not significant. 

ANOVA table for the selected factorial model


Analysis of variance table [Partial sum of squares]




Sum of
                      Mean                   F


Source
Squares              DF                 Square                Value
               Prob > F

Block                     2.64
 1
    2.64


Model                    632.30
3
 210.77
100.35
< 0.0001


A
                            147.02
1
147.02
70.00
< 0.0001

B
                            70.14
1
70.14
33.39
< 0.0001

C
                           415.14
1
415.14
197.65
< 0.0001

Residual                123.92
59
2.10

Cor Total              758.86
63

We can see that the selected effects on the previous plot are effectively significant as shown in the anova table.



Coefficient

Standard
95% CI
95% CI

Factor
Estimate
DF
Error
Low
High
VIF

 Intercept                
0.047
1
0.18
-0.32
0.41


 Block                     
0.20
1

 Block 2
-0.20


 A-Force
-1.52
1
0.18
-1.88
-1.15
1.00

 B-Spin
-1.05
1
0.18
-1.41
-0.68
1.00

 C-Hitting Position
2.55
1
0.18
2.18
2.91
1.00





Std. Dev.
1.45

R-Squared
0.8361

Mean
0.047

Adj R-Squared
0.8278

C.V.
3091.77

Pred R-Squared
0.8072


PRESS
145.82

Adeq Precision
26.229


The value of R-Squared tells us that 83.61% of the experiment variability is explained by the model.

As seen before in the half normal probability plot, only three main factors (A, B and C) are significant in our experiment. That  means that the previous 2^5 full factorial experiment can be projected into a 2^3 full factorial experiment with 8 replicates (2 replicates x 2^2 = 8 replicates) .

However, we get exactly the same ANOVA table since we were already dealing with a full factorial… We were not losing any piece of information in the analysis.

Model Adequacy checking
 

The following figure shows that the assumption of the normal distribution of the residuals is verified.
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The plot satisfies the “fat pencil” test.

The following two figures show that there is neither particular pattern in the plot of the residuals vs predicted values nor in the plot of residuals vs run order.
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The following figures are the plots of the residuals vs effects.

We can see that the residuals are fairly spreadover and the variance is constant.
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Analysis of the main effects graphs
To come up with a conclusion, we decided to fix the force at the low level.

Here are the plots of the response zones vs hitting position at the two possible spin levels.
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By the analysis of the two previous graphs, we can come up with this relevant piece of information that, if our objective response is zero (which means that we scratch), at the low level of force, without spin, the desired hitting position is –1 ; with spin the desired hitting position is –0.1.

Those values of the hitting position make sense if we consider a continuous scale of values drawn on the table from –1 to +1 as shown in the figure.

Conclusions and Recommendations

· The statistical analysis of the data clearly indicates that the following factors significantly affect the shot.

Factor A - Force of the shot

Factor B - Spin of the ball

Factor C – Hitting position on the table

· The interaction between the force and the spin that we expected was not emphasized by the experiment.

· The model satisfies the normality, independency and constant variance assumptions.

· To fulfill our objective that was to scratch in a 3 bumpers shot from the black point of the table as the starting position, at the low level of force (just to be more stylish!):

· Without spin, you have to hit the position –1.

· With spin, you have to hit the position –0.1. That means, “basically”, the middle of the range of the hitting position values.

· If we had to give a piece of advice to someone who wishes to conduct a similar experiment, the attention should be devoted to the way to measure the spin effect more accurately.

Appendix

The pool table and its defined positions
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The output matrix (1)



The output matrix (2)
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