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ABSTRACT
This study is a comparative study of four varieties of Central Composite Design (namely; FCCD, RCCD, SCCD, and OCCD) using D-, G-, and A- efficiencies under full-factorial design structures (k=2 to 10) and fractional-factorial design structures (k = 5 to 10) with the number of center points, 1 to 8). The results obtained showed varying performances. For full-factorial design structures, as the number of factors was increased, G-efficiencies were greater than the D- and A- efficiencies for k = 2 to 7 in FCCD, RCCD, and OCCD. For k = 8 to 10, D-efficiencies were greater than the G- and A- efficiencies.  A- efficiencies were the lowest, except in SCCD, where it was greater than the D- efficiencies for the number of factors, k = 4 to 8. Also, as the number of center points was increased, it reduced the efficiencies in most cases. In FCCD, the D-, G-, and A- efficiencies decreased all through the number of factors, k = 2 to 10. In RCCD, for k = 2, 3, 4, and 6, the D-, G-, and A- efficiencies decreased,  for k= 5, 7, and 9, the D- and G- efficiencies decreased while the A-efficiencies increased, for k = 8, D- and A- efficiencies decreased while G-efficiency increased, for k=10, the D-efficiencies deceased, A-efficiencies increased while the G-efficiencies appeared to be steady.; in SCCD, for k=2, the D-, G- and A-efficiencies decreased, for k= 3 to 6, the D- and G- efficiencies decreased while A-efficiencies increased, for k=7, the D-and A- efficiencies increased while the G-efficiencies decreased, for k=8 and 9, the G- and  A- increased while the D-efficiencies decreased, for k=10, the D-, G-, and A- efficiencies increased. in OCCD, the D- and A- efficiencies increased while the G-efficiencies decreased for k = 2 to 6; for k=7, the D- and G- efficiencies increased while the A-efficiencies decreased, for k=8, the D- and A- efficiencies gradually increased while the G-efficiencies gradually decreased, for k=9 and 10, the D-, G-, and A- efficiencies increased. For the fractional-factorial design structures, G-efficiencies were greater than the D- and A- efficiencies for k = 5 to 7, but D-efficiencies became greater for k = 8 to 10 in FCCD, RCCD, and OCCD. In SCCD, D-efficiencies were greater than the G- and A- efficiencies for k = 5 and 10, while G-efficiencies were greater from k = 6 to 9. Also, as the number of center points was increased, the D-, G-, and A-efficiencies decreased in FCCD, RCCD, and SCCD for k = 5 to 9. for k = 10, A- and G- efficiencies increased while D-efficiencies decreased; in OCCD the D- and G- efficiencies decreased while the A-efficiencies increased for k = 5 to 8. For k = 9, the D- and A-efficiencies increased while the G-efficiencies decreased, for k = 10, all efficiencies gradually increased. Overall, the study concludes that fractional-factorial design structures performed better than full-factorial design structures, particularly as the number of factors increased from k = 6 to 10). These findings re-emphasized the importance of considering both the number of factors and center points when selecting an experimental design.
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1. INTRODUCTION
Response Surface Methodology (RSM), introduced by Box and Wilson (1951), is a collection of mathematical and statistical techniques useful for the modelling and analysis of problems in which a response of interest is influenced by several variables. The objective of RSM is to optimize the response (see, for example, Montgomery, 2013). RSM has an extensive application in the real-world and its common applications are in Industry, Biological and Clinical Science, Social Science, Food Science, Physical and Engineering Sciences.
The first-order and second-order models are two important models commonly used in RSM (see, for example, Khuri and Mukhopadhyay, 2010). According to Montgomery (2017), the first order designs (also called linear designs or first-degree polynomial models) are experimental designs where the response surface is assumed to be linear in the variables A first-order model can be expressed as,
	   		                                                      (1)                                        
while the approximating function with two variables is a second-order model; expressed as,
                                              (2)
where,
      is the value of the variable, , at the th experimental point;
    ’s are the  unknown parameters; and
    ’s are uncorrelated random experimental errors with mean, 0 and variance, .
The inability of the first-order design to model non-linear relationships and interactions between factors restrict its usefulness in optimization problems, and this is where the second–order designs come in. According to Montgomery (2013), if there is a curvature in the response surface, then a higher degree polynomial should be used since using first-order model may provide inaccurate or incomplete insights. The designs for fitting the Second-Order Response Surface Model (SORSM) include the Central Composite Designs (CCDs), Small Composite Designs (SCDs), Box-Behnken Designs (BBDs), Uniform Shell Designs (USDs), Hoke Designs (HDs), Hybrid Designs (HDs), Notz Designs (NDs), and the Minimum-Run Resolution V Designs (MinRes V). 
The Central Composite Designs (CCDs) are the most commonly employed or used second-order response surface designs (see, Myers, 1971; Verseput, 2000; Montgomery, 2013).

1.1 Central Composite Designs
A Central Composite Design is an experimental design, useful in RSM, for building a second order (quadratic) model for the response variable. A Central Composite Design consists of the followings:
(i) A complete factorial or a fractional factorial portion; where the factor levels are coded to the usual -1, +1 values. This is called the factorial portion of the design. 
(ii) A set of 2k Axial portion (axial runs).
(iii)  One or more center points,  

Generally, the total number of design points in a CCD, for a complete factorial design structure, is simply, , and  for a fractional factorial design structure (see, for example, Khuri and Cornell, 1996).
Varieties of the CCD are known to exist. Nevertheless, four varieties of the CCD shall be evaluated and compared in this study; and they are Face Centered Composite Design (FCCD), Rotatable Central Composite Design (RCCD), Spherical Central Composite Design (SCCD), and Orthogonal Central Composite Design (OCCD).

1.1.1 Face-centered central composite design 
The Face-centered Central Composite Design (FCCD) is a variation of the central composite design with the axial distance, , set at,
												(3) 
The FCCD is sometimes used because it requires only three levels of each factor namely -1, 0, and 1. Face-Centered Central Composite Design (FCCD) places the axial points on the faces of the factorial cube, ensuring that these points are at the same distance from the center as the factorial points. 
1.1.2 Rotatable Central Composite Design 
For a Rotatable Central Composite Design, the axial distance, , is set at,
                                                                                                                   		(4) 
The RCCD is distinguished by its rotatability property, which ensures that the variance of the predicted response is constant at all points equidistant from the center of the design (Box and Wilson, 1951). This feature is particularly useful for achieving uniform precision throughout the experimental region. The placement of axial points further from the center compared to FCCD enhances the design's capability to explore the response surface comprehensively, making RCCD a robust choice for detailed surface analysis (see, Khuri and Mukhopadhyay, 2010).
1.1.3 Orthogonal central composite design
The Orthogonal Central Composite Design (OCCD) plays an important role as a second-order design. A design is said to be orthogonal if the effect of any factor balances out (totals up to zero) across the effects of other factors or if all the off-diagonal elements of the information matrix, are zeros. According to Myers (1971), for example the  experimental design falls into a larger class of designs called orthogonal designs. That is, designs for which can be made diagonal, and thus, the model coefficients are uncorrelated. Myers (1971) added that, in some instances, the class of orthogonal designs plays an important role in the development of schemes for choosing optimum designs in the area of response surface analysis.  As in Khuri and Cornell (1996), the condition for making a CCD orthogonal is by setting the axial distance as,
                                                                                                     		   	   (5) 
where, N is as defined earlier.
1.1.4 Spherical central composite design 
The Spherical Central Composite Design (SCCD) is obtained by setting the axial distance, , at,
											   (6)
In spherical CCDs, all design points occur on the same geometric sphere. Spherical CCDs are not exactly rotatable, but they are near-rotatable (see, Verseput, 2000; Oyejola and Nwanya, 2015).

1.2 Review of Related Literature
Several scholars have carried out works bothering on the second-order response surface designs and their performance evaluation, especially the central composite design.
Eze and Ngonadi (2018) studied the alphabetic optimality criteria for the 2k central composite design. The various Central Composite Designs (CCDs); namely the Spherical Central Composite Design (SCCD), Rotatable Central Composite Design (RCCD), Orthogonal Central Composite Design (OCCD) and Face Centered Cube Design (FCCD) were compared for factors k =2, 3, 4, 5, and 6 using the D-, G-, and A- optimality criteria. The results suggested that replication affected the different criteria in very different ways because what improved one criterion may be detrimental to a different criterion. The overall results showed that G-optimality criteria performed better than D- and A- optimality criteria in different factor levels and replications.
Chigbu and Ukaegbu (2017) studied the second-order response surface Central Composite Designs, with the partial replicated CCDs being especially in focus. The research findings showed that the optimum performance of the replicated variations of the CCD depended on the axial distance,, and design region, cuboidal or spherical. No particular replicated variation of the CCD was consistently optimal in both design regions and for all the available axial distances utilized in exploring the second-order response surfaces using the CCD. However, replicating the star portion, in most cases, improved the designs’ performances.
Oyejola and Nwanya (2015) compared five varieties of Central Composite Design (SCCD, RCCD, OCCD, Slope-R, and FCC) in Response Surface Methodology (RSM), using the D-, A-, G- and IV- optimality criteria. The results showed that replicating the star points tended to reduce the D and G-optimality criteria of the CCDs (SCCD, RCCD, OCCD, Slope-R, and FCC) in all the factors that were considered, while it was not so for A-optimality criterion. With the IV-optimality criterion, the CCDs were relatively the same both when the center points and axial portion were increased. The FDS plots indicated that the CCDs maintained relatively low and stable Scaled Prediction Variance (SPV) when the star points were replicated with increased center points.
Suphirat and Pradubsri (2024) compared the three types of Central Composite Designs (CCD’s) namely; Central Composite Circumscribed Designs (CCCD), Central Composite Inscribed Design (CCID), and Central Composite Face-Centered Design (CCFD) in Response Surface Methodology (RSM. The results showed that CCCD was superior to CCID and CCFD according to A- and D- optimality criteria, while CCCD and CCID performed better than CCFD based on G-optimality criterion over a set of reduced models for 3, 4, and 5 design factors.
Iwundu (2015) examined the optimal partially replicated cube, star, and center runs in Face centered central composite designs. The cube points were replicated while holding the star points and the center points were not replicated; the star points were replicated while the cube points and star points not replicated; and the venter points were replicated while holding the cube points and the star points fixed. The efficiencies of the designs were assessed using the D and G optimality criteria. The results showed that with the Face centered central composite design, replicating the cube portion twice with fixed star and center points performed better than other variations under the D and G optimality criteria. It was also observed that replicating the cube points was more efficient than replicating the center points, and as such, emphasis should shift from replications of only center points, as non-center points performed better.
Iwundu and Oko (2021) examined the design efficiency and optimal values of Central Composite Designs namely; SCCD, RCCD, OCCD and FCCD in four to six design variables having replicates of the full factorial, replicates of the axial portion, and replicates of the center point using A-, D-, and G- optimality criteria. It concluded that to obtain values and to have a good and efficient design, there was a need to replicate the cube, the axial, and the center points.

1.3 Scope of Study
In this study, four varieties of the Central Composite Design (CCD), Face Centered Composite Design (FCCD), Rotatable Central Composite Design (RCCD), Spherical Central Composite Design (SCCD), and Orthogonal Central Composite Design (OCCD) are evaluated and compared using the D-, G-, and A- efficiencies for factors, k= 2 to 10 for the full-factorial and k=5 to10 for the fractional-factorial with the number of center points = 1 to 8

2. METHODOLOGY
This study adopted the use of the optimality criteria in assessing and comparing the efficiencies of the four varieties of Central Composite Designs considered; namely, Face Centered Composite Design (FCCD), Rotatable Central Composite Design (RCCD), Spherical Central Composite Design (SCCD), and Orthogonal Central Composite Design (OCCD). The optimality criteria such as D-efficiency, G-efficiency, and A-efficiency are commonly used to compare the quality or performances of designs. The choice of a design depends upon the choice of the evaluation criterion; although a design may be best among several designs by one optimality criterion but may perform poorly when evaluated by a different optimality criterion. 

2.1 D-efficiency of a Design
The D-efficiency measure is related to the D-optimality criterion, and it was the first alphabetical optimality criterion established (see, for example, Wald, 1943). D-optimality is a criterion used in the design of experiments to determine the efficiency of an experimental design.
The goal of D-optimality is to either maximize the determinant of the information matrix,, or equivalently minimize the inverse of the information matrix,, where  is the design matrix. Mathematically,
 = or   								(7)                                                                                 
The D-efficiency of a design is then given by,
D-efficiency =                                                                                              			(8)   
                                                 
2.1.1 Determining the D-efficiency of a Design
The D-efficiency for a model with an intercept and k independent variables, say,, resulting to the  dimensional design matrix,
                                	(9)                                                            
is obtained using the following steps:
Step (a): Determine the information matrix, .
Step (b):  Determine the determinant of the information matrix, . That is, determine.
Step (c):  Then, the D-efficiency of the model is obtained as in (8). 

2.2 G-efficiency of a Design
A design is considered to be good if it has low and stable values of Scaled Prediction Variance (SPV) throughout the experimental region. According to Box and Hunter (2005), SPV is defined as,
    							(10)
The G-efficiency of a design is given by,
										(11)
2.2.1 Determining the G-efficiency of a design
The G-efficiency of a design is obtained using the following procedures;
Step (a): Determine the information matrix,.
Step (b): Determine the inverse of the information matrix,; which is expressed as, 
                                                                                                    		(12)      
where,
 is the Adjoint of the information matrix, .
Step (c): Obtain the Scaled Prediction Variance (SPV) at a point, :  For a point, , in the design matrix, , (a row vector of model terms, including intercept), its prediction variance is calculated as,
                                                                                                                 		(13)                
where,
=  					(14)
which is the  row matrix of (9).
Step (d): Identify the Maximum Scaled Prediction Variance (MSPV), , among the evaluated scaled prediction variance for all points in the design space. That is,
						                                                 		(15)
Thus, the G-Efficiency of a design is obtained as in (11).

2.3 A-efficiency of a Design
The A-efficiency criterion, introduced by Chernoff (1953), seeks to minimize the trace of the inverse of the information matrix,  (that is, min ; where is the design matrix; and the trace of a matrix is the sum of the diagonal elements of the matrix.
The A-efficiency of a design is then given as,
A-efficiency =                                                                                           		(16)

2.3.1 Determining the A-efficiency of a design

The A-efficiency of a design is obtained using the following procedures.
Step (a): Firstly, obtain the information matrix,.
Step (b): Determine the inverse of the information matrix.
Step (c): Obtain the matrix, W, given by, 
                                                                                                              			(17)                
Step (d): Determine the Trace of the matrix, W; which according to, see for example, Khuri and Cornell (1996), is given by;
 										(18)                   
Thus, the A-efficiency of a design is obtained as in (16).
    
3. EMPIRICAL COMPUTATIONS AND DISCUSSIONS OF RESULTS
In this section, the D-, G-, and A- efficiencies of the varieties of Central Composite Designs (CCDs) considered in this work, namely; FCCD, RCCD, OCCD, and SCCD are computed.
3.1 Computing the D-Efficiency for the FCCD with Two Factors and One Center Point
The computation of the D-efficiency for the Face Centered Composite Design (FCCD) with two factors (k = 2) and one center point (=1) is as shown step-by-step:
Using the design matrix, in line with (9), the expanded design matrix for the Face Centered Composite Design (FCCD) with two factors (k = 2) and one center point (=1) is obtained as; 
                                                                                          
and the corresponding information matrix,, is obtained as,
                                                                                      
 The determinant of the information matrix therefore is obtained as,
 = 5184                                                    
Hence, the D-efficiency of the FCCD with two factors (k=2) and one center point (=1) becomes,
D-efficiency  = 46.22

3.2 Computing the G-Efficiency for the FCCD with Two Factors and One Center Point
To Compute the G-efficiency for the FCCD with two factors, (k = 2) and one center point, (=1), the information matrix is first obtained, and then the inverse of the information matrix, , obtained as,

               

The Scaled Prediction Variances (SPV) at a point i, for any; using (13), are obtained as:     and 
Then, the maximum Scaled Prediction Variance, = 0.8056.
Hence, the G- efficiency for the FCCD with two factors (k=2) and one center point (=1) becomes,
G-efficiency  .

3.3 Computing the A-Efficiency for the FCCD with Two Factors and One Center Point
To Compute the A-efficiency for the FCCD with two factors (k=2) and one center point (=1), the information matrix  is first obtained, and then the inverse of the information matrix, , is also obtained. Next, the matrix, W, is then obtained as,
      
                                          
Then, the trace of W, .

Hence, the A- efficiency of the FCCD with two factors (k =2) and one center point (=1), 
A-efficiency .

3.4 Computing the Efficiencies for the Varieties of the CCDs with Different Numbers of Factors and Center Points
With references to the procedures of computing efficiencies of designs described in Section 2, the following results, summarized in Tables 1 to 15, are obtained for FCCD, RCCD, SCCD, and OCCD for number of factors, k = 2 to 10 for the full-factorial design arrangement; and k = 5 to 10 for the fractional-factorial design structures with the number of center points, = 1 to 8 center points. 
 

	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	9
	46.22
	82.76
	31.17

	
	2
	10
	44.78
	75.23
	33.37

	
	3
	11
	42.84
	74.02
	33.33

	
	4
	12
	40.82
	69.98
	32.43

	
	5
	13
	38..89
	66.31
	31.19

	
	6
	14
	37.08
	63.05
	29.84

	
	7
	15
	35.41
	60.06
	28.49

	
	8
	16
	33.87
	57.34
	27.20

	RCCD
	1
	9
	62.84
	66.67
	30.47

	
	2
	10
	63.48
	95.98
	41.72

	
	3
	11
	61.75
	87.34
	45.94

	
	4
	12
	59.38
	80.00
	47.06

	
	5
	13
	56.89
	73.80
	46.73

	
	6
	14
	54.46
	68.57
	45.70

	
	7
	15
	52.15
	63.97
	44.35

	
	8
	16
	49.99
	60.00
	42.86

	SCCD
	1
	9
	91.17
	66.67
	30.44

	
	2
	10
	73.10
	96.00
	41.67

	
	3
	11
	62.11
	87.27
	45.84

	
	4
	12
	116.92
	80.00
	47.17

	
	5
	13
	103.99
	73.85
	46.73

	
	6
	14
	93.67
	68.57
	45.70

	
	7
	15
	85.21
	64.00
	44.35

	
	8
	16
	78.13
	60.00
	42.86

	OCCD
	1
	9
	46.22
	82.76
	31.17

	
	2
	10
	47.63
	78.31
	35.23

	
	3
	11
	48.57
	74.35
	38.17

	
	4
	12
	43.51
	65.50
	35.36

	
	5
	13
	49.60
	67.72
	41.52

	
	6
	14
	49.84
	64.94
	42.31

	
	7
	15
	49.97
	62.37
	42.74

	
	8
	16
	50.00
	60.00
	42.86


                                  
         Table 1. Summary of the D-, G-, and A- efficiencies for FCCD,
                                                  RCCD, SCCD, and OCCD for k=2


From Table 1, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, G-efficiency was decreasing as the number of center points was increasing while the A-efficiency increases as the number of center points was increased from one to two, and started decreasing as the number of center points was increased from two to eight. 
For the RCCD, D-efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increased from two to eight, G-efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increased from two to eight and the A-efficiency increases as the number of center points was increased from one to four, and started to decrease as the number of center points was increased from four to eight. 
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to three, increased at four, and started to decrease as the number of center points was increased from four to eight, the G-efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increased from two to eight and the A-efficiency increases as the number of center points was increased from one to four, and started to decrease as the number of center points was increased from four to eight. 
For the OCCD, the D-efficiency was increasing as the number of center points was increasing, the A-efficiency was increasing as the number of center points was increasing while the G-efficiency was decreasing as the number of center points was increasing.





 		       Table 2. Summary of the D-, G-, and A- efficiencies of FCCD,
          RCCD, SCCD, and OCCD for k=3

	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	15
	44.71
	83.63
	31.29

	
	2
	16
	42.99
	78.55
	30.68

	
	3
	17
	41.29
	74.02
	29.74

	
	4
	18
	39.66
	69.98
	28.69

	
	5
	19
	38.12
	66.31
	27.60

	
	6
	20
	36.67
	63.05
	26.54

	
	7
	21
	35.32
	60.06
	25.52

	
	8
	22
	34.05
	57.34
	24.55

	RCCD
	1
	15
	66.55
	67.43
	30.85

	
	2
	16
	66.83
	78.42
	41.75

	
	3
	17
	65.49
	73.75
	46.19

	
	4
	18
	63.65
	69.74
	47.80

	
	5
	19
	61.66
	66.05
	48.08

	
	6
	20
	59.65
	62.77
	47.62

	
	7
	21
	57.69
	59.77
	46.77

	
	8
	22
	55.81
	57.05
	45.75

	SCCD
	1
	15
	99.03
	66.67
	32.36

	
	2
	16
	86.62
	94.59
	44.96

	
	3
	17
	78.29
	89.03
	50.28

	
	4
	18
	71.84
	84.08
	52.41

	
	5
	19
	66.56
	79.66
	53.11

	
	6
	20
	98.40
	75.68
	52.83

	
	7
	21
	92.28
	72.07
	52.06

	
	8
	22
	86.92
	68.80
	51.02

	OCCD
	1
	15
	52.04
	87.09
	37.68

	
	2
	16
	53.11
	83.39
	41.05

	
	3
	17
	53.88
	79.37
	43.61

	
	4
	18
	54.43
	76.92
	45.45

	
	5
	19
	54.81
	74.13
	46.75

	
	6
	20
	55.04
	71.48
	47.57

	
	7
	21
	55.18
	69.01
	48.08

	
	8
	22
	55.23
	66.76
	48.26






































From Table 2, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, G-efficiency was decreasing as the number of center points was increasing while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency increases as the number of center points was increased from one to two and started to decrease as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing while the A-efficiency increases as the number of center points was increased from one to five and started decreasing as the number of center points was increasing.
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to five, then increased at center point six and started to decrease as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing while the A-efficiency increases as the number of center points was increased from one to five, and started decreasing as the number of center points was increasing.
for the occd, the d-efficiency was increasing as the number of center points was increasing, the g-efficiency was decreasing as the number of center points was increasing while the a-efficiency was increasing as the number of center points was increasing. 



    		      Table 3. Summary of the D-, G-, and A- efficiencies of FCCD,
         RCCD, SCCD, and OCCD for k=4
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	25
	44.52
	91.02
	25.48

	
	2
	26
	43.30
	87.51
	24.91

	
	3
	27
	42.11
	84.27
	24.28

	
	4
	28
	40.95
	81.30
	23.63

	
	5
	29
	39.83
	78.53
	22.98

	
	6
	30
	38.77
	75.91
	22.34

	
	7
	31
	37.75
	73.46
	21.73

	
	8
	32
	36.78
	71.19
	21.14

	RCCD
	1
	25
	76.73
	60.00
	31.65

	
	2
	26
	77.26
	98.88
	45.40

	
	3
	27
	76.44
	95.24
	52.28

	
	4
	28
	75.14
	91.86
	55.91

	
	5
	29
	73.64
	88.65
	57.74

	
	6
	30
	72.05
	85.71
	58.53

	
	7
	31
	70.45
	82.96
	58.69

	
	8
	32
	68.86
	80.34
	58.43

	SCCD
	1
	25
	96.79
	60.00
	31.58

	
	2
	26
	88.87
	98.90
	45.43

	
	3
	27
	83.29
	95.24
	52.41

	
	4
	28
	78.79
	91.84
	55.91

	
	5
	29
	74.95
	88.67
	57.74

	
	6
	30
	97.30
	85.71
	58.53

	
	7
	31
	93.20
	82.95
	58.69

	
	8
	32
	89.49
	80.36
	58.43

	OCCD
	1
	25
	58.17
	94.46
	41.81

	
	2
	26
	59.28
	91.74
	45.13

	
	3
	27
	60.17
	89.18
	47.85

	
	4
	28
	60.89
	86.76
	50.03

	
	5
	29
	59.53
	83.80
	50.49

	
	6
	30
	61.90
	82.28
	53.06

	
	7
	31
	62.24
	80.26
	54.05

	
	8
	32
	62.50
	78.29
	54.74



























From Table 3, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency increases as the number of center points was increased from one to two, and started decreasing as the number of center points was increased from two to eight, the G-efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increasing while the A-efficiency was increasing as the number of center points was increasing.
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to five, increased at center number six and started to decrease as the number of center points was increasing, the G-efficiency increases as the number of center points was increased from one to two and started to decrease as the number of center point was increasing while the A-efficiency was increasing as the number of center points was increasing.
For the OCCD, the D-efficiency increases as the number of center points was increased from one to four, decreased at center point number five and started to increase as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing while the A-efficiency was increasing as the number of center points was increasing.















     	          


 Table 4. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD,
  SCCD, and OCCD for k=5 (full-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	43
	44.84
	94.68
	18.55

	
	2
	44
	44.09
	94.38
	18.27

	
	3
	45
	43.34
	93.79
	17.97

	
	4
	46
	42.60
	92.96
	17.67

	
	5
	47
	41.88
	91.07
	17.36

	
	6
	48
	41.17
	89.17
	17.06

	
	7
	49
	40.48
	87.35
	16.76

	
	8
	50
	39.81
	85.61
	16.46

	RCCD
	1
	43
	85.37
	54.86
	31.47

	
	2
	44
	86.00
	84.71
	45.29

	
	3
	45
	85.64
	83.04
	53.34

	
	4
	46
	84.90
	81.33
	58.32

	
	5
	47
	83.96
	79.67
	61.49

	
	6
	48
	99.38
	70.00
	73.68

	
	7
	49
	119.37
	62.43
	84.92

	
	8
	50
	144.53
	56.74
	92.63

	SCCD
	1
	43
	93.75
	48.84
	28.39

	
	2
	44
	88.64
	95.45
	42.61

	
	3
	45
	85.02
	102.48
	50.93

	
	4
	46
	82.04
	100.26
	55.93

	
	5
	47
	79.44
	98.12
	59.07

	
	6
	48
	96.02
	96.08
	61.08

	
	7
	49
	93.38
	94.12
	62.31

	
	8
	50
	90.93
	92.24
	63.03

	OCCD
	1
	43
	63.06
	90.44
	42.74

	
	2
	44
	64.29
	90.75
	46.12

	
	3
	45
	65.36
	90.09
	49.11

	
	4
	46
	66.29
	88.76
	51.71

	
	5
	47
	65.43
	87.43
	52.91

	
	6
	48
	67.80
	85.09
	55.87

	
	7
	49
	68.41
	82.94
	57.49

	
	8
	50
	68.94
	80.77
	58.84

























From Table 4, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing, while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency increases as the number of center points was increased from one to two, decreased from center point number two to center point number five, and started to increase as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing.
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to five, increased at center point number six and started to decrease as the number of center points was increasing, the G-efficiency decreases as the number of center points was increased from one to three and started to decrease as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing. 
For the OCCD, the D-efficiency was increasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing.


















                      


Table 5. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD,
              SCCD, and OCCD for k=6 (full-factorial Design Structures)
                                
             
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	77
	44.84
	71.83
	12.31

	
	2
	78
	44.43
	71.92
	12.20

	
	3
	79
	44.02
	71.87
	12.09

	
	4
	80
	43.60
	71.70
	11.97

	
	5
	81
	43.18
	71.43
	11.85

	
	6
	82
	42.76
	71.08
	11.73

	
	7
	83
	42.35
	70.69
	11.61

	
	8
	84
	41.94
	70.26
	11.49

	SCCD
	1
	77
	91.01
	36.36
	23.46

	
	2
	78
	87.65
	71.79
	37.07

	
	3
	79
	85.30
	106.33
	45.80

	
	4
	80
	83.37
	107.20
	51.73

	
	5
	81
	96.29
	105.88
	55.91

	
	6
	82
	94.50
	104.59
	58.93

	
	7
	83
	92.85
	103.33
	61.16

	
	8
	84
	91.31
	102.10
	62.79

	RCCD
	1
	77
	93.91
	63.94
	9.20

	
	2
	78
	94.06
	64.29
	9.17

	
	3
	79
	93.83
	64.07
	9.13

	
	4
	80
	93.39
	63.64
	9.07

	
	5
	81
	92.84
	63.09
	9.00

	
	6
	82
	92.22
	62.49
	8.93

	
	7
	83
	91.54
	61.86
	8.85

	
	8
	84
	90.83
	61.23
	8.77

	OCCD
	1
	77
	65.95
	69.58
	40.20

	
	2
	78
	67.23
	70.39
	43.49

	
	3
	79
	68.40
	70.64
	46.53

	
	4
	80
	69.46
	70.46
	49.35

	
	5
	81
	68.90
	77.95
	49.52

	
	6
	82
	71.33
	69.32
	54.27

	
	7
	83
	72.15
	68.49
	56.41

	
	8
	84
	72.90
	67.55
	58.33




























From Table 5, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing while the A-efficiency was decreasing as the number of center points was increasing.
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to four, increased at center point five, and started to decrease as the number of center points was increasing, the G-efficiency increases as the number of center points was increased from one to four and started to decrease as the number of center point was increasing, while the A-efficiency was increasing as the number of center points was increasing.
For the RCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing, while the A-efficiency was decreasing as the number of center points was increasing.
For the OCCD, the D-efficiency was increasing as the number of center points was increasing, the G-efficiency increases as the number of center points was increased from one to five and started to decrease as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing.



















                        Table 6. Summary of the D-, G-, and A-efficiencies of FCCD, RCCD,
               SCCD, and OCCD for k=7 (full-factorial Design Structures)
                             	

	Design
	Center
point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	143
	44.29
	50.21
	7.58

	
	2
	144
	44.09
	50.40
	7.55

	
	3
	145
	43.88
	50.51
	7.51

	
	4
	146
	43.67
	50.56
	7.47

	
	5
	147
	43.45
	50.56
	7.43

	
	6
	148
	43.24
	50.53
	7.39

	
	7
	149
	43.02
	50.46
	7.35

	
	8
	150
	42.80
	50.37
	7.31

	SCCD
	1
	143
	88.82
	25.17
	17.73

	
	2
	144
	86.52
	50.00
	29.52

	
	3
	145
	84.96
	74.48
	37.82

	
	4
	146
	83.71
	98.63
	43.93

	
	5
	147
	82.62
	111.11
	48.57

	
	6
	148
	92.79
	110.36
	52.19

	
	7
	149
	91.77
	109.62
	55.05

	
	8
	150
	90.83
	108.89
	57.36

	OCCD
	1
	143
	66.86
	49.35
	6.27

	
	2
	144
	65.30
	49.96
	6.26

	
	3
	145
	69.25
	50.55
	6.25

	
	4
	146
	70.34
	50.78
	6.23

	
	5
	147
	71.35
	50.84
	6.21

	
	6
	148
	74.84
	50.77
	6.18

	
	7
	149
	73.21
	50.58
	6.50

	
	8
	150
	74.07
	50.32
	6.12

	RCCD
	1
	143
	100.81
	44.62
	34.88

	
	2
	144
	100.61
	44.88
	36.62

	
	3
	145
	100.33
	45.00
	40.63

	
	4
	146
	100.01
	45.01
	43.34

	
	5
	147
	99.65
	44.96
	45.92

	
	6
	148
	99.26
	44.86
	48.38

	
	7
	149
	98.85
	44.73
	50.70

	
	8
	150
	98.43
	44.57
	52.89








From Table 6, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency increases as the number of center points was increased from one to five, and started to decrease as the number of center points was increasing, while the A-efficiency was decreasing as the number of center points was increasing. 
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to five, increased at center point six and started to decrease as the number of center points was increasing, the G-efficiency increases as the number of center points was increased from one to five and started to decrease as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing.
For the OCCD, the D-efficiency decreases as the number of center points was increased from one to two, and started to increase as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing, while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency increases as the number of center points was increased from one to four, and started to decrease as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing.













                              Table 7. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD,
   	                   SCCD, and OCCD for k=8 (full-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	273
	43.29
	33.02
	4.42

	
	2
	274
	43.20
	33.17
	4.41

	
	3
	275
	43.11
	33.29
	4.40

	
	4
	276
	43.01
	33.38
	4.39

	
	5
	277
	42.92
	33.44
	4.38

	
	6
	278
	42.81
	33.49
	4.37

	
	7
	279
	42.71
	33.52
	4.36

	
	8
	280
	42.61
	33.54
	4.35

	SCCD
	1
	273
	78.94
	16.48
	12.49

	
	2
	274
	85.79
	32.85
	21.71

	
	3
	275
	84.71
	49.09
	28.76

	
	4
	276
	83.87
	65.22
	34.31

	
	5
	277
	83.15
	81.23
	38.78

	
	6
	278
	82.52
	97.12
	42.44

	
	7
	279
	81.94
	112.90
	45.49

	
	8
	280
	81.41
	112.81
	48.03

	RCCD
	1
	273
	105.20
	29.86
	3.95

	
	2
	274
	104.98
	29.93
	3.95

	
	3
	275
	104.75
	29.97
	3.94

	
	4
	276
	104.52
	29.99
	3.94

	
	5
	277
	104.27
	30.00
	3.93

	
	6
	278
	104.02
	30.00
	3.93

	
	7
	279
	103.77
	30.00
	3.92

	
	8
	280
	103.51
	30.00
	3.91

	OCCD
	1
	273
	66.30
	32.81
	28.10

	
	2
	274
	67.42
	33.32
	30.49

	
	3
	275
	68.48
	33.71
	32.85

	
	4
	276
	69.49
	33.97
	35.18

	
	5
	277
	70.46
	34.15
	37.47

	
	6
	278
	71.38
	34.25
	39.70

	
	7
	279
	72.26
	34.29
	41.87

	
	8
	280
	73.11
	34.29
	43.98



























From Table 7, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing, while the A-efficiency was decreasing as the number of center points was increasing.
For the SCCD, D-efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing.
For the RCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency slightly increases and remained stable from center number five as the number of center points was increasing, while the A-efficiency was decreasing as the number of center points was increasing.
For the OCCD, the D-efficiency was increasing as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing, while the A-efficiency was increasing as the number of center points was increasing.

















              Table 8. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD,
   	     SCCD, and OCCD for k=9 (full-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	531
	49.82
	10.56
	2.44

	
	2
	532
	49.66
	10.79
	2.44

	
	3
	533
	49.52
	11.31
	2.44

	
	4
	534
	49.37
	11.57
	2.44

	
	5
	535
	49.23
	10.75
	2.43

	
	6
	536
	49.09
	10.47
	2.43

	
	7
	537
	48.96
	11.02
	2.43

	
	8
	538
	48.83
	10.74
	2.42

	SCCD
	1
	531
	89.65
	10.36
	8.14

	
	2
	532
	88.34
	20.68
	14.66

	
	3
	533
	87.52
	30.96
	19.97

	
	4
	534
	94.62
	41.20
	24.38

	
	5
	535
	94.06
	51.40
	28.11

	
	6
	536
	93.56
	61.57
	31.28

	
	7
	537
	93.12
	71.69
	34.02

	
	8
	538
	92.72
	81.78
	36.39

	RCCD
	1
	531
	124.94
	117.16
	80.84

	
	2
	532
	124.64
	116.95
	81.27

	
	3
	533
	124.35
	116.75
	81.70

	
	4
	534
	124.05
	116.54
	82.01

	
	5
	535
	123.76
	116.33
	82.40

	
	6
	536
	123.47
	116.13
	82.71

	
	7
	537
	123.18
	115.92
	83.04

	
	8
	538
	123.13
	115.71
	83.30

	OCCD
	1
	531
	75.19
	52.38
	20.82

	
	2
	532
	73.78
	57.92
	22.58

	
	3
	533
	78.90
	63.73
	24.35

	
	4
	534
	77.53
	69.80
	26.13

	
	5
	535
	83.04
	76.13
	27.91

	
	6
	536
	81.71
	82.72
	29.67

	
	7
	537
	80.45
	89.56
	31.44

	
	8
	538
	79.26
	96.65
	33.19


























From Table 8, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing.  it is noticed that it was stable from center point one to center point four and also from center point five to center point seven; while the A-efficiency was decreasing as the number of center points was increasing.
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to three, increased at center point four and started to decrease as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
 For the RCCD, the D-efficiency was decreasing as the number of center points was increasing, for the G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing. 
For the OCCD, the D-efficiency decreases as the number of center points was increased from one to two, increased at center point three and decreased at center point four, increased again at center point five and started to decrease as the number of center points was increasing. The G-efficiency was increasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.



  	         Table 9. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD,
      		 SCCD, and OCCD for k=10 (full-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	1045
	40.75
	12.68
	1.37

	
	2
	1046
	40.75
	12.73
	1.37

	
	3
	1047
	40.74
	12.78
	1.37

	
	4
	1048
	40.73
	12.82
	1.37

	
	5
	1049
	40.72
	12.86
	1.37

	
	6
	1050
	40.71
	12.89
	1.37

	
	7
	1051
	40.70
	12.92
	1.36

	
	8
	1052
	40.69
	12.95
	1.36

	SCCD
	1
	1045
	73.35
	6.32
	5.27

	
	2
	1046
	74.05
	12.62
	9.73

	
	3
	1047
	74.44
	13.68
	13.55

	
	4
	1048
	74.69
	13.67
	16.86

	
	5
	1049
	74.88
	13.66
	19.75

	
	6
	1050
	75.01
	13.65
	22.29

	
	7
	1051
	75.11
	13.64
	24.55

	
	8
	1052
	75.20
	13.62
	26.57

	RCCD
	1
	1045
	108.63
	11.94
	89.19

	
	2
	1046
	108.54
	11.94
	89.30

	
	3
	1047
	108.46
	11.94
	89.41

	
	4
	1048
	108.37
	11.94
	89.52

	
	5
	1049
	108.29
	11.94
	89.63

	
	6
	1050
	108.21
	11.94
	89.73

	
	7
	1051
	108.12
	11.94
	89.82

	
	8
	1052
	108.04
	11.94
	89.92

	OCCD
	1
	1045
	62.96
	12.73
	15.13

	
	2
	1046
	63.79
	12.90
	16.38

	
	3
	1047
	64.60
	13.05
	17.66

	
	4
	1048
	65.37
	13.17
	18.95

	
	5
	1049
	66.12
	13.26
	20.26

	
	6
	1050
	66.85
	13.34
	21.58

	
	7
	1051
	67.55
	13.40
	22.91

	
	8
	1052
	68.25
	13.45
	24.26































From Table 9, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing, while the A-efficiency was decreasing as the number of center points was increasing. it is noticed that it remained stable from center point one to center point six and from center point seven to center point eight.
For the SCCD, the D-efficiency was increasing as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the RCCD, the D-efficiency was increasing as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing; while the A-efficiency remains stable at 11.94, indicating the highest consistency across design sizes.
For the OCCD, the D-efficiency was increasing as the number of center points was increasing, the G-efficiency was increasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.


                    Table 10. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD, SCCD,
               and OCCD for k=5 (fractional-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	27
	49.82
	80.59
	25.17

	
	2
	28
	47.75
	77.73
	24.43

	
	3
	29
	45.85
	75.06
	23.74

	
	4
	30
	44.11
	72.56
	23.03

	
	5
	31
	42.49
	70.23
	22.36

	
	6
	32
	41.00
	68.04
	21.73

	
	7
	33
	39.61
	65.57
	21.14

	
	8
	34
	38.31
	64.04
	20.59

	RCCD
	1
	27
	87.86
	88.19
	40.51

	
	2
	28
	82.44
	85.21
	49.67

	
	3
	29
	78.23
	82.33
	54.04

	
	4
	30
	74.67
	79.62
	56.00

	
	5
	31
	71.55
	77.07
	56.45

	
	6
	32
	68.74
	74.68
	56.57

	
	7
	33
	66.19
	72.42
	55.82

	
	8
	34
	63.85
	70.30
	55.15

	SCCD
	1
	27
	99.08
	77.78
	37.04

	
	2
	28
	92.44
	87.64
	50.00

	
	3
	29
	87.54
	84.62
	55.28

	
	4
	30
	83.47
	81.80
	58.33

	
	5
	31
	79.93
	79.16
	59.42

	
	6
	32
	76.76
	76.69
	59.66

	
	7
	33
	73.89
	74.36
	58.92

	
	8
	34
	71.26
	72.17
	58.27

	OCCD
	1
	27
	68.78
	84.02
	48.61

	
	2
	28
	63.56
	81.59
	50.34

	
	3
	29
	73.48
	79.30
	51.72

	
	4
	30
	68.50
	77.14
	52.63

	
	5
	31
	64.08
	75.11
	53.34

	
	6
	32
	74.90
	73.18
	53.79

	
	7
	33
	70.50
	71.35
	53.93

	
	8
	34
	66.54
	69.62
	54.18




From Table 10, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency increases as the number of center points was increased from one to six, and started to decrease as the number of center points was increasing.            
For the SCCD, D-efficiency was decreasing as the number of center points was increasing, the G-efficiency increases as the number of center points was increased from one to two and started to decrease as the number of center points was increasing; while the A-efficiency increases as the number of center points was increased from one to six and started to decrease as the number of center points was increasing.
For the OCCD, the D-efficiency decreases as the number of center points was increased from one to two, then increased at center point three, deceased up till center point five, increased again at center point six and started to decrease as the number of center points was increasing. The G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.


   	        Table 11. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD, SCCD,
         	         	             and OCCD for k=6 (fractional-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	46
	48.44
	72.20
	18.97

	
	2
	47
	47.21
	68.79
	18.61

	
	3
	48
	46.05
	68.40
	18.27

	
	4
	49
	44.96
	67.96
	17.95

	
	5
	50
	43.92
	64.36
	17.64

	
	6
	51
	42.93
	64.32
	17.34

	
	7
	52
	41.98
	62.62
	17.00

	
	8
	53
	41.08
	62.82
	16.72

	RCCD
	1
	46
	83.87
	64.05
	34.00

	
	2
	47
	94.40
	96.49
	47.93

	
	3
	48
	91.08
	94.44
	55.16

	
	4
	49
	88.28
	92.48
	59.52

	
	5
	50
	85.79
	90.59
	61.96

	
	6
	51
	83.54
	88.78
	63.38

	
	7
	52
	81.45
	87.04
	64.13

	
	8
	53
	79.51
	85.37
	64.47

	SCCD
	1
	46
	96.48
	62.22
	33.63

	
	2
	47
	92.07
	96.95
	48.31

	
	3
	48
	88.82
	94.89
	55.68

	
	4
	49
	86.08
	92.91
	60.14

	
	5
	50
	83.65
	91.01
	62.68

	
	6
	51
	81.45
	89.19
	64.16

	
	7
	52
	79.41
	87.45
	64.97

	
	8
	53
	91.37
	85.76
	65.33

	OCCD
	1
	46
	75.11
	94.65
	50.59

	
	2
	47
	71.13
	92.93
	52.93

	
	3
	48
	67.56
	91.27
	55.16

	
	4
	49
	75.81
	89.68
	56.63

	
	5
	50
	72.32
	88.14
	58.06

	
	6
	51
	69.12
	86.65
	59.17

	
	7
	52
	78.02
	85.22
	60.09

	
	8
	53
	74.82
	83.84
	60.79




From Table 11, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing, the G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency was decreasing as the number of center points was increasing. The G-efficiency increases as the number of center points was increased from one to two and started to decrease as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to seven and started to increase as the number of center points was increasing. The G-efficiency increases as the number of center points was increased from one to two and started to decrease as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the OCCD, the D-efficiency decreases as the number of center points was increased from one to three, increased at center point four and decreased up to center point six, increased again at center point seven, and started to decrease as the number of center points was increasing. The G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.

     	    Table 12. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD, SCCD,
           	          and OCCD for k=7 (fractional-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	79
	51.12
	50.41
	12.87

	
	2
	80
	50.36
	49.52
	12.75

	
	3
	81
	49.63
	51.67
	12.63

	
	4
	82
	48.93
	49.28
	12.60

	
	5
	83
	48.24
	48.65
	12.36

	
	6
	84
	47.59
	47.34
	12.21

	
	7
	85
	46.95
	47.07
	12.10

	
	8
	86
	46.33
	47.12
	11.96

	RCCD
	1
	79
	93.46
	55.70
	32.78

	
	2
	80
	103.16
	100.00
	46.15

	
	3
	81
	100.84
	103.84
	54.43

	
	4
	82
	98.87
	102.59
	59.89

	
	5
	83
	97.10
	101.36
	63.64

	
	6
	84
	95.48
	100.16
	66.27

	
	7
	85
	93.97
	98.98
	68.16

	
	8
	86
	92.54
	97.83
	69.50

	SCCD
	1
	79
	87.02
	45.57
	28.13

	
	2
	80
	95.80
	90.00
	42.86

	
	3
	81
	93.56
	103.19
	51.57

	
	4
	82
	91.68
	101.94
	57.27

	
	5
	83
	90.01
	100.71
	61.13

	
	6
	84
	88.49
	99.51
	63.83

	
	7
	85
	87.08
	98.34
	65.75

	
	8
	86
	85.75
	97.19
	67.11

	OCCD
	1
	79
	73.00
	103.10
	48.42

	
	2
	80
	79.87
	102.00
	51.35

	
	3
	81
	75.17
	100.90
	53.60

	
	4
	82
	74.39
	99.87
	55.81

	
	5
	83
	81.77
	98.83
	57.80

	
	6
	84
	79.18
	97.82
	59.57

	
	7
	85
	76.76
	96.84
	61.15

	
	8
	86
	74.49
	95.87
	62.54





From Table 12, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing. The G-efficiency decreases as the number of center points was increased from one to two, increased at center point three and started to decrease as the number of center points was increasing; while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D- efficiency increases as the number of center points increases from one to two, and started to decrease as the number of center points was increasing. The G-efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the SCCD, the D- efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increasing. The G-efficiency increases as the number of center points was increased from one to two, and started to decrease as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the OCCD, the D-efficiency increases as the number of center points was increased from one to two, decreased up to center point four, increased again at center point five, and started to decrease as the number of center points was increasing. The G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
















                Table 13. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD, SCCD,
          and OCCD for k=8 (fractional-factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	145
	92.39
	33.82
	14.72

	
	2
	146
	91.09
	33.96
	14.57

	
	3
	147
	89.83
	34.24
	14.39

	
	4
	148
	88.61
	34.00
	14.25

	
	5
	149
	87.42
	32.30
	14.08

	
	6
	150
	86.28
	32.96
	13.95

	
	7
	151
	85.16
	33.68
	13.79

	
	8
	152
	84.07
	32.85
	13.70

	RCCD
	1
	145
	182.08
	99.19
	87.98

	
	2
	146
	197.98
	110.50
	99.60

	
	3
	147
	194.61
	109.81
	108.12

	
	4
	148
	191.49
	109.11
	114.50

	
	5
	149
	188.55
	108.41
	119.33

	
	6
	150
	185.77
	107.71
	123.02

	
	7
	151
	183.11
	107.01
	125.80

	
	8
	152
	180.57
	106.32
	127.95

	SCCD
	1
	145
	91.77
	31,03
	21.40

	
	2
	146
	89.25
	61.64
	34.54

	
	3
	147
	87.50
	91.84
	43.43

	
	4
	148
	86.07
	108.11
	49.76

	
	5
	149
	84.83
	107.38
	54.43

	
	6
	150
	83.69
	106.67
	57.98

	
	7
	151
	82.65
	105.96
	60.74

	
	8
	152
	81.66
	105.26
	62.92

	OCCD
	1
	145
	136.82
	108.80
	78.18

	
	2
	146
	132.37
	108.16
	82.66

	
	3
	147
	142.05
	107.52
	86.84

	
	4
	148
	137.77
	106.88
	90.73

	
	5
	149
	133.75
	106.26
	94.30

	
	6
	150
	143.98
	105.64
	97.59

	
	7
	151
	140.03
	105.03
	100.63

	
	8
	152
	136.31
	104.43
	103.40



From Table 13, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing. The G-efficiency increases as the number of center points increases from one to three, decreased up to center point six, increased at center point seven and started to decrease as the number of center points was increasing; while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D- efficiency increases as the number of center points was increased from one to two and started to decrease as the center point was increasing. The G-efficiencies increases as the number of center points was increased from one to two and started to decrease as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing. 
For the SCCD, the D-efficiency was decreasing as the number of center points was increasing. The G-efficiency increases as the number of center points was increased from one to four and started to decrease as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing. 
For the OCCD, the D-efficiency decreases as the number of center points was increased from one to two, increased at center point three, decreased up to center point five, increased at center point six and started to decrease as the number of center points was increasing. The G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing. 








                Table 14. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD, SCCD,
          and OCCD for k=9 (fractional-factorial Design structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	275
	52.57
	20.52
	4.62

	
	2
	276
	52.32
	19.82
	4.61

	
	3
	277
	52.08
	21.34
	4.60

	
	4
	278
	51.83
	20.49
	4.58

	
	5
	279
	51.60
	20.71
	4.58

	
	6
	280
	51.36
	20.92
	4.56

	
	7
	281
	51.14
	20.91
	4.54

	
	8
	282
	50.91
	20.11
	4.53

	RCCD
	1
	275
	115.23
	113.82
	65.83

	
	2
	276
	114.78
	113.45
	67.89

	
	3
	277
	124.16
	113.07
	69.70

	
	4
	278
	123.53
	112.69
	71.26

	
	5
	279
	122.92
	112.31
	72.63

	
	6
	280
	122.32
	111.93
	73.84

	
	7
	281
	121.74
	111.55
	74.89

	
	8
	282
	121.17
	111.17
	75.81

	SCCD
	1
	275
	94.09
	20.00
	14.76

	
	2
	276
	100.79
	39.86
	25.12

	
	3
	277
	99.68
	59.57
	32.84

	
	4
	278
	98.79
	79.14
	38.77

	
	5
	279
	98.03
	98.17
	43.45

	
	6
	280
	97.35
	110.90
	47.22

	
	7
	281
	96.73
	110.51
	50.31

	
	8
	282
	96.15
	110.11
	52.88

	OCCD
	1
	275
	79.36
	101.97
	34.00

	
	2
	276
	84.64
	111.73
	36.33

	
	3
	277
	82.97
	111.37
	38.61

	
	4
	278
	81.40
	111.02
	40.82

	
	5
	279
	87.02
	110.66
	42.96

	
	6
	280
	85.48
	110.31
	45.04

	
	7
	281
	84.02
	109.97
	47.04

	
	8
	282
	89.98
	109.62
	48.96



From Table 14, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing. The G-efficiency decreases as the number of center points was increased from one to two, and started to decrease as the number center points was increasing; while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency decreases as the number of center points was increased from one to two, increased at center point three and started to decrease as the number of center points was increasing. The G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the SCCD, the D-efficiency increases as the number of center points was increased from one to two and started to decrease as the number of center points was increasing. The G-efficiency was increasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the OCCD, the D-efficiency increases as the number of center points was increased from one to two, decreased from center point three to center point four, increased at center point five and decreased up to center point seven, after which it increased again at center point eight as the number of center points was increasing. The G-efficiency increases as the number of center points was increased from one to two and started to decrease as the number center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.








                    
Table 15. Summary of the D-, G-, and A- efficiencies of FCCD, RCCD, SCCD,
                            and OCCD for k=10 (Fractional-Factorial Design Structures)
	Design
	Center point
	No. of Runs
	D-efficiency
	G-efficiency
	A-efficiency

	FCCD
	1
	277
	113.41
	11.39
	4.17

	
	2
	278
	112.90
	12.10
	4.16

	
	3
	279
	112.40
	11.17
	4.15

	
	4
	280
	111.91
	11.77
	4.13

	
	5
	281
	111.42
	11.90
	4.12

	
	6
	282
	110.95
	12.70
	4.10

	
	7
	283
	110.48
	12.06
	4.10

	
	8
	284
	110.02
	12.00
	4.09

	RCCD
	1
	277
	282.61
	114.89
	126.59

	
	2
	278
	281.43
	114.69
	127.21

	
	3
	279
	280.27
	114.49
	127.84

	
	4
	280
	279.12
	114.28
	128.40

	
	5
	281
	277.98
	114.08
	128.89

	
	6
	282
	276.86
	113.88
	129.38

	
	7
	283
	275.75
	113.67
	129.80

	
	8
	284
	274.65
	113.47
	130.14

	SCCD
	1
	277
	211.64
	12.38
	15.60

	
	2
	278
	208.57
	24.72
	27.67

	
	3
	279
	222.15
	37.01
	37.33

	
	4
	280
	220.35
	49.25
	45.18

	
	5
	281
	218.78
	61.45
	51.67

	
	6
	282
	217.38
	73.61
	57.13

	
	7
	283
	216.08
	85.71
	61.75

	
	8
	284
	214.86
	97.78
	65.70

	OCCD
	1
	277
	185.96
	68.91
	41.32

	
	2
	278
	182.57
	75.48
	44.19

	
	3
	279
	179.37
	82.34
	47.05

	
	4
	280
	189.69
	89.47
	49.87

	
	5
	281
	186.58
	96.88
	52.66

	
	6
	282
	197.36
	104.56
	55.41

	
	7
	283
	194.49
	112.49
	58.10

	
	8
	284
	191.57
	112.30
	60.96



From Table 15, the following observations were noticed: For the FCCD, the D-efficiency was decreasing as the number of center points was increasing. The G-efficiency increases as the number of center points was increased from one to two and started to increase as the number of center points was increasing; while the A-efficiency was decreasing as the number of center points was increasing.
For the RCCD, the D-efficiency was decreasing as the number of center points was increasing. The G-efficiency was decreasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the SCCD, the D-efficiency decreases as the number of center points was increased from one to two, increased at center point three, and started to decrease as the number of center points was increasing. The G-efficiency was increasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.
For the OCCD, the D-efficiency decreases as the number of center points was increased from one to three, increased at center point four, decreased at center point five, increased at center point six and started to decrease as the number center point was increasing. The G-efficiency was increasing as the number of center points was increasing; while the A-efficiency was increasing as the number of center points was increasing.

4. SUMMARY
The summary on the efficiencies of the varieties of the CCDs with full-factorial arrangement and fractional-factorial, as well as the comparison on the efficiencies of the varieties of the CCDs under full-factorial versus fractional-factorial design structures are presented here.
4.1 On the Efficiencies of the Varieties of the CCDs with Full-Factorial Design Structures
For the FCCD: as the number of factors, k, was increased, from 2 to 7, the G-efficiencies were greater than the D-efficiencies, and followed by the A-efficiencies; while as the number of factors, k, was increased from 8 to 10, the D-efficiencies were greater than the G-efficiencies, and followed by the A-efficiencies. Also, all through the number of factors, k=2 to 10, as the number of center points was increased from 1 to 8, the D- G- and A-efficiencies were decreasing. 
For the RCCD: as the number of factors, k, was increased from 2 to 4, the G-efficiencies were greater than the D-efficiencies, and followed by the A-efficiencies, but for the number of factors, k =5, 7, and 10, the D-efficiencies were greater than the A-efficiencies, and followed by the G-efficiencies; while for the number of factors, k = 6, 8 and 9, the D-efficiencies were greater than the G-efficiencies, and followed by the A-efficiencies. Also, for the number of factors, k=2,3,4, and 6, as the number of center points was increased from 1 to 8, the D-, G- and A- efficiencies were decreasing, but for, k =5, the D- and A-efficiencies were increasing while the G-efficiency was decreasing; and for the number of factors, k = 7 and 9, the D- and G-efficiencies were decreasing while the A-efficiencies were increasing; for the number of factor, k =8, the D- and A-efficiencies were decreasing while the G-efficiencies were increasing; and finally, for the number of factor k=10, the D-efficiencies were decreasing, the A-efficiencies were increasing, while the G-efficiencies appeared to be steady. 
For the SCCD: for the number of factors, k = 2, 3, and 9, the D-efficiencies were greater than the G-efficiencies, and followed by the A-efficiencies; while as the number of factors, k, was increased from 4 to 8, the G-efficiencies were greater than the A-efficiencies and followed by the D-efficiencies. Also, for the number of factors, k = 2, as the number of center points was increased from 1 to 8, the D-, G- and A- efficiencies were decreasing, but there was an undulatory trend as the D- and G-efficiencies was decreasing, for the number of factors k =3 to 6, the D- and G-efficiencies were decreasing but in an undulatory trend too, while the A-efficiencies were steadily increasing; for the number of factors, k =7, the D-efficiencies were increasing but in an undulatory trend, the G-efficiencies were decreasing but in an undulatory trend too, while the A-efficiencies were steadily increasing; for the number of factors, k =8 and 9, the D-efficiencies were gradually decreasing while the A- and G-efficiencies were increasing. Finally, for the number of factors, k =10, the D-, G- and A-efficiencies were gradually increasing.
For the OCCD: as the number of factors, k, was increased, from 2 to 6, the G-efficiencies were greater than the D-efficiencies and followed by the A-efficiencies, except for the number of factors, k=6 where there was no much significant difference between the G- and D-efficiencies; for the number of factors, k =7 and 9, the D-efficiencies were greater than the G-efficiencies and followed by the A-efficiencies; while for the number of factors, k =8 and 10, the D-efficiencies were greater than the A-efficiencies and followed by the G-efficiencies. Also, for the number of factors, k= 2 to 6, as the number of center points was increased from 1 to 8, the D- and A- efficiencies were gradually increasing, while the G-efficiencies were decreasing; for the number of factors, k =7, the D- and G-efficiencies were gradually increasing, while the A-efficiencies were gradually decreasing, for the number of factors, k=8, the D- and A-efficiencies were gradually increasing while the G-efficiencies were gradually decreasing. Finally, for the number of factors, k= 9 and 10, the D-, G- and A-efficiencies were increasing.

4.2 On the Efficiencies of the Varieties of the CCDs under Fractional-Factorial Design Structures
For the FCCD: as the number of factors, k, was increased, from 5 to 6, the G-efficiencies were greater than the D-efficiencies and followed by the A-efficiencies; for the number of factors, k= 7, there was no much significant difference between the G- and D-efficiencies, but they were greater than the A-efficiencies; while as the number of factors, k, was increased from 8 to 10, the D-efficiencies were greater than the G-efficiencies, and followed by the A-efficiencies. Also, as the number of center points was increased from 1 to 8, the D-, G- and A-efficiencies were decreasing.
For the RCCD: as the number of factors, k, was increased from 5 to 7, the G-efficiencies were greater than the D-efficiencies and followed by the A-efficiencies; for the number of factors, k= 8 and 10, the D-efficiencies were greater than the A-efficiencies, and followed by the G-efficiencies; while for the number of factors, k= 9, the D-efficiencies were greater than the G-efficiencies and followed by the A-efficiencies. Also, for the number of factors, k= 5 to 9 as the number of center points was increased from 1 to 8, the D- and G-efficiencies were decreasing but the A-efficiencies were increasing while; for the number of factors, k= 10, the A- and G-efficiencies were increasing while the D-efficiencies were decreasing.
For the SCCD: as the number of factors, k, was increased, for the number of factors, k= 5 and 10, the D-efficiencies were greater than the G-efficiencies; and followed by the A-efficiencies; while for k = 6 to 9, the G-efficiencies were greater than the D-efficiencies, and followed by the A-efficiencies. Also, for the number of factors, k = 5 to 9, as the number of center points was increased from 1 to 8, the D- and G-efficiencies were decreasing and the A-efficiencies were increasing; while for the number of factors, k= 10, the G- and A-efficiencies were increasing but the D-efficiencies were decreasing. 
For the OCCD: as the number of factors, k, was increased, for the number of factors, k= 5, 6, 7, and 9, the G-efficiencies were greater than the D-efficiencies, and followed by the A-efficiencies; while for the number of factors, k= 8 and 10, the D-efficiencies were greater than the G-efficiencies, and followed by the A-efficiencies. Also, for the number of factors, k= 5 to 8, as the number of center points was increased from 1 to 8, the D-efficiencies were decreasing in an undulatory trend, the G-efficiencies were also decreasing but the A-efficiencies were gradually increasing, for the factor, k= 9, the D- and A-efficiencies were increasing, but the G-efficiencies were decreasing. Finally, for the number of factors, k=10, the D-, G- and A-efficiencies were gradually increasing.

4.3 	A Comparison Between the Efficiencies of the Varieties of the CCDs under Full-Factorial and Fractional-Factorial Design Structures.
It was observed that for the number of factors, k = 5, the D-, G- and A-efficiencies for the full-factorial were greater than those of the fractional-factorial, except for the OCCD, where the D-efficiencies for the fractional-factorial were greater than those of the full-factorial; for the RCCD, where the G-efficiencies for the fractional-factorial were greater than those of the full-factorial; and for the FCCD, where the A-efficiencies for the fractional-factorial were greater than those of the full-factorial.
With the number of factors, k = 6, the D-, G- and A- efficiencies for the fractional-factorial were greater than those of the full-factorial, except for the FCCD, where the D-efficiencies for the full-factorial were greater than those of the fractional-factorial; for the FCCD and SCCD where the G-efficiencies for the full-factorial were greater than those of the fractional-factorial; and for the RCCD where the A-efficiencies for the full-factorial were greater than those of the fractional-factorial.
With the number of factors, k =7, the D-, G- and A-efficiencies for the fractional-factorial were greater than those of the full-factorial except for the FCCD and RCCD, where only the G-efficiencies for the full-factorial were greater than those of the fractional-factorial.
With the number of factors, k = 8, 9, and 10, the D-, G- and A- efficiencies for the fractional-factorial were greater than those of the full-factorial, except for the RCCD; with the number of factors, k = 9, the D-, G-, and A-efficiencies for the full-factorial were greater than those of the fractional-factorial; and with FCCD, for the number of factors, k = 10, where only the G-efficiencies for the full-factorial were greater than the those of the fractional-factorial. 
 
5. CONCLUSION
The results obtained on the comparisons of the four varieties of Central Composite Design via their D-, G-, and A- efficiencies under the full-factorial design structure and fractional-factorial design structure across different number of factors (k = 2 to 10) and number of center points (= 1 to 8) varied. For the full-factorial design structures, the G-efficiencies were greater than the D- and A-efficiencies for the numbers of factors, k = 2 to 7), especially in FCCD, RCCD, and OCCD; while the D-efficiencies were greater than the G- and A- efficiencies as the number of factors, k, was increased from k = 8 to 10 mostly in the FCCD, RCCD, and OCCD. A-efficiencies were generally the lowest except in SCCD, where the A-efficiencies were greater than the D-efficiencies for the number of factors, k = 4 to 8. Also, as the number of center points was increased, from 1 to 8, the D-, G-, and A- efficiencies decreased in FCCD all through the number of factors, k = 2 to 10. In RCCD, for the number of factors k = 2, 3, 4, and 6, the D-, G-, and A- efficiencies decreased, and for the number of factors, k = 7 and 9, the D- and G-efficiencies decreased; while the A-efficiencies increased. For the number of factors, k =8, the D- and A-efficiencies decreased while the G-efficiencies increased. And finally, for the number of factor k=10, the D-efficiencies decreased, the A-efficiencies increased, while the G-efficiencies appeared to be steady, in SCCD, for the number of factors, k = 2,  the D-, G-, and A- efficiencies decreased but  the D- and G-efficiencies decreased in an undulatory trend, for the number of factors k =3 to 6, the D- and G-efficiencies decreased but in an undulatory trend too, while the A-efficiencies steadily increased; for the number of factors, k =7, the D- efficiencies increased ,the G-efficiencies decreased but in an undulatory trend, while the A-efficiencies steadily increased; for the number of factors, k =8 and 9, the D-efficiencies gradually decreased while the A- and G-efficiencies increased. Finally, for the number of factors, k =10, the D-, G- and A-efficiencies gradually increased, in OCCD, for the number of factors, k= 2 to 6, the D- and A- efficiencies gradually increased, while the G-efficiencies decreased; for the number of factors, k =7, the D- and G-efficiencies gradually increased, while the A-efficiencies gradually decreased; for the number of factors, k = 8, the D- and A- efficiencies gradually increased while the G-efficiencies gradually decreased. Finally, for the number of factors, k= 9 and 10, the D-, G-, and A- efficiencies increased. 
For the fractional-factorial design structures, as the number of factors, k was increased from 5 to 7, the G-efficiencies were greater than the D- and A- efficiencies. However, for k = 8 to 10, the D-efficiencies became greater than the G- and A- efficiencies, especially in FCCD, RCCD, and OCCD; while in SCCD, for the number of factors, k = 5 and 10, the D-efficiencies were greater than the G- and A-efficiencies, but G-efficiencies were greater than the D- and A-efficiencies from k = 6 to 9. Also as the number of center points was increased from 1 to 8, the D-, G-and  A-efficiencies decreased  in FCCD, RCCD and SCCD, for the number of factors, k = 5 to 9, the D- and G-efficiencies decreased while the A-efficiencies increased; for k = 10, the A-and G- efficiencies increased while the D-efficiencies decreased, in OCCD, the D- and G- efficiencies decreased while the A-efficiencies gradually increased for k = 5 to 8;  for k = 9, the D- and A-efficiencies increased while the  G-efficiencies decreased, finally for k = 10, the D-, G- and A- efficiencies gradually increased. Generally, comparing of the four varieties of the CCD used in this work, using the D-, G- and A-efficiencies under full-factorial design structures versus fractional-factorial design structures, the fractional-factorial design structures demonstrated superior performance more than the full-factorial design structures particularly as the number of factors increased from k = 6 to 10. These findings re-emphasized the importance of considering both the number of factors and the number of center points when selecting an experimental design.
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