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ABSTRACT 

Das [1,2] studied robust second order rotatable designs (RSORD) and constructed second order rotatable designs with 
correlated errors (SORDWCE) under the auto correlated structure using central composite design. In this paper, a new 
method of construction of RSORD using balanced incomplete block designs (BIBD) is suggested. In this method the 
number of design points required is in some cases less than the number required in Das [1,2] method of construction of 
robust rotatable central composite designs (RRCCD). We may point out here that this RSORD using BIBD has 113 
design points for 7-factors where as the corresponding RRCCD obtained by Rajyalakshmi and Victorbabu [3] needs 
157 design points. Thus the new method leads to a 7-factor RSORD in less number of design points than the corre-
sponding RRCCD. Here we also obtained the variance of the estimated response for the factors 3 ≤ v ≤ 8. 
 
Keywords: Response Surface Designs; Rotatability; Second Order Rotatable Designs (SORD); Robust SORD; 

Robustness; Balanced Incomplete Block Designs 

1. Introduction 

In response surface methodology, rotatability is a natural 
and highly desirable property. This was introduced and 
developed by Box and Hunter [4], assuming the errors to 
be uncorrelated and homoscedastic. Das and Narasim- 
ham [5], constructed second order rotatable designs (SORD) 
through balanced incomplete block designs (BIBD). Pan- 
da and Das [6] studied first order rotatable designs with 
correlated errors. Further, Rajyalakshmi and Victorbabu 
[3] extended the work of Das [1,2] and constructed 
RRCCD for 3 ≤ v ≤ 17. 

In order to study the nature of robust rotatable designs, 
rotatability conditions for second order regression de- 
signs have been derived, assuming the errors to be corre- 
lated. These conditions have been further studied under 
different variance covariance structures of errors. Here 
we derive conditions for rotatability for a general corre- 
lated errors structure and specialize then to the auto- 
correlated structure. 

In this paper, a new method of construction of RSORD 
using BIBD is suggested and also obtained the variance 
of the estimated response for factors 3 ≤v ≤ 8.  

2. Conditions of SORDWCE 

Assuming that the response surface is of second order, 
we adopt the model: 
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where Y is the vector of recorded observations on the 
study variable y, β’s are the vector of regression coeffi-
cients, eu are random errors with correlated errors. 

2.1. Conditions of Rotatability 

The estimated response at x is given by  
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The variance of estimated response at xy
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e Function of SORDWCE 

The estimated response at x is given by 
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The variance function of a SORDWCE is given by 
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As to the even order moments (up to order 4) mere 
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The results are given in Table 1. 
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The results are given in Table 2. 
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Table 1. Variance of the estimated response for the factors 3 ≤ v ≤ 8, when r < 3λ. 
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Table 3. Variance of the timated response for the factors 3 ≤ v ≤ 8 , when r > 3λ. 

 ˆV y  

4, 2,r k

es


ρ 5, 10,v b( 1

ˆV y  

5, 2,r k( 6, 15,v b 1 
N1 = 113, N

 
 = 72, n = 56, m 

 ) 

= 16 

   

 ˆV y  

1, 6, 2, 1r k ) ( 7, 2v b

N1 = 253, N = 140, n = 126, m = 14 

   ) 

m = 17 

 
N1 = 482, N = 257, n = 240, 

–1  0  0  0 

–0.9  0.0825σ2 – 0.165σ2d2 + 0.0949σ2d4  0.0746σ2 – 0.1420σ2d2 + 0.0768σ2d4  0.0345σ2 – 0.0640σ2d2 + 0.0368σ2d4 

.0790σ2d2 + 0.0536σ2d4  0.0254σ2 – 0.0440σ2d2 + 0.0330σ2d4

.0460σ2 2 2 4 2 2 2 2 4

.026

.0673σ2d4`  0.0177σ2 – 0.01 465σ2d4  0.0109σ2 – 0.0050σ2d2 + 0.0349σ2d4 

.0010σ2d2 + 0.0497σ2d4  0.0091σ2 + 0.0017σ2d2 + 0.0383σ2d4 

0.0128σ2 + 0.0072σ2d2 + 0.0530σ2d4  0.0080σ2 + 0.0072σ2d2 + 0.041

–0.2  0.0189σ2 + 0.0157σ2d2 + 0.0756σ2d4  0.0116σ2 + 0.0137σ2d2 + 0.0558σ2d4  0.0072σ2 + 0.0115σ2d2 + 0.0442σ2d4 

–0.1  0.0178σ2 + 0.0232σ2d2 + 0.0769σ2d4  0.0110σ2 + 0.0185σ2d2 + 0.0574σ2d4  0.0068σ2 + 0.0146σ2d2 + 0.0458σ2d4 

0  0.0175σ2 + 0.0281σ2d2 + 0.0761σ2d4  .0214σ2d2 0.0067σ2 + 0.0165σ2d2 + 0.0460σ 4 

0.1  0.0179σ2 + 0.0305σ2d2 + 0.0731σ2d4  0.0110σ2 + 0.0227σ2d2 + 0.0553σ2d4  0.0068σ2 + 0.0172σ2d2 + 0.0446σ2d4 

0.2  0.019σ2 + 0.0306σ2d2 + 0.0679σ2d4  0.0116σ2 + 0.0225σ2d2 + 0.0515σ2d4  0.0073σ2 + 0.0169σ2d2 + 0.0416σ2d4 

0.3  0.0209σ2 + 7σ2d2 + 0.0375σ2d4 

0.4  0.0241σ2 + 0.0257σ2d2 + 0.0524σ2d4  0.0148σ2 + 0.0186σ2d2 + 0.0400σ2d4  0.0092σ2 + 0.0138σ2d2 + 0.0324σ2d4 

0.0289σ2 + 0.0217σ2d  + 0.0432 2 4  0.0178σ2 + 0.0157σ2d  + 0.0330σ2 4  0.0111σ2 + 0.0116σ2d  + 0.0268σ2 4 

0.6  0 4 

0.0496σ2 + 0.012 d2 + 0.0245σ2d4  0.0308σ2 + 0.009 2d2 + 0.0188σ2d4  0.0194σ2 + 0.006 2d2 + 0.0152σ2d4 

–0.8  0.0635σ2 – 0.1193σ2d2 + 0.0816σ2d4  0.0445σ2 – 0

–0.7  0.0461σ2 – 0.0765σ2d2 + 0.0706σ2d4  0.0300σ2 – 0

–0.6  0.0352σ2 – 0.0467σ2d2 + 0.0668σ2d4  0.0223σ2 – 0

–0.5  0.0283σ2 – 0.0248σ2d2 + 0

 

d  + 0.0458σ d   0.0181σ  – 0.0260σ d  + 0.0311σ d  

0σ2d2 + 0.0447σ2d4  0.0137σ2 – 0.0140σ2d2 + 0.0323σ2d4 

20σ2d2 + 0.0

–0.4  0.0238σ2 – 0.0080σ2d2 + 0.0698σ2d4  0.0147σ2 – 0

–0.3  0.0208σ2 + 0.0053σ2d2 + 0.0729σ2d4  6σ2d4 

0.0107σ2 + 0 + 0.0573σ2d4  2d

 0.0288σ2d2 + 0.0608σ2d4  0.0128σ2 + 0.0210σ2d2 + 0.0463σ2d4  0.008σ2 + 0.015

0.5  2 σ d 2 d 2 d

.0366σ2 + 0.0173σ2d2 + 0.0338σ2d 0.0226σ2 + 0.0124σ2d2 + 0.0258σ2d4  0.0142σ2 + 0.0092σ2d2 + 0.0209σ2d4 

0.7  7σ2 1σ 7σ

0.8  0.0752σ2 + 0.0082σ2d2 + 0.0157σ2d4  0.0472σ2 + 0.0059σ2d2 + 0.0120σ2d4  0.0299σ2 + 0.0043σ2d2 + 0.0098σ2d4 

0.9  0.1454σ2 + 0.0040σ2d2 + 0.0075σ2d4  0.0938σ2 + 0.0028σ2d2 + 0.0057σ2d4  0.0605σ2 + 0.0021σ2d2 + 0.0047σ2d4 

1 0  0  0 
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B2  2  3  5 

  3  4  6 

B4  4  5  7 

B5  5  6  1 

B6  6  7  2 

B7  7  1  3 

B3

 
The design (denoted by d0) is displayed here for rea y 
ference (column being runs). 

 
d0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

d
re

x1 0 1 0 1 0 1 0 1 0 –1 0 –1 0 –1 0 –1 0 0 0 0 
x2 0 1 0 1 0 –1 0 –1 0 1 0 1 0 –1 0 –1 0 1 0 1 
x3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 

x4 0 1 0 –1 0 1 0 –1 0 1 0 –1 0 1 0 –1 0 0 0 0 

x5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 –1 

x6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

x 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 

 
d0 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

x1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0 

x2 0 1 0 1 0 –1 0 –1 0 –1 0 0 0 0 0 0 0 0

x 0 0 0 1 0 1 0 1

0 0 0 1 0 –1 0 –1

0 0 0 0 0 0 0 0

0 0 0 0 –1 0 1 0 –1

0 0 0 0 0 0 0 0 0 0

–1 0 

3 0 –1 0 –1 0 1 0 1 0 –1

x4 0 0 0 0 0 0 0 0 0 0 

x5 0 1 0 –1 0 1 0 –1 0 1 

x6 0 0 0 0 0 0 0 0 0 

x7 0 0 0 0 0 0 0 0 

–1 1 

0 1 

–1 0 

0 1 

0 0 

 
d0 41 42 43 44 45 46 47 48 4 59 0 51 52 53 54 55 56 57 58 59 

x1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

x2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

x3 0 –1 0 –1 0 –1 0 –1 0 0 0 0 0 0 0 0 0 0 0 

  1 0 –1 0 –1 0 1 0 1 0 1 0 1 0 –

  0 0 0 0 0 0 1 0 1 0 –1 –1 0 1 

  0 1 0 –1 0 0 0 0 0 0 0 0 0 0 

  0 0 0 0 0 0 1 0 –1 0 1 0 –1 0 1 

x4 0 1 0 1 0 

x5 0 0 0 0 0 

x6 0 1 0 –1 0 

x7 0 0 0 0 

 
  2 3 64 65 66 67 68 69 70 71 72 7 7 7 7 7d0 60 61 6 6  3 4 5 6 7 78 

x1 0 0  0 0 0 1 0 1 0 1 0 1 0 –1 0 –1 0 –1 0

x2 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

x3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

     0 0 0 0 0 0 0 

  1  0 1 0 1 0 –1 0 –1 0 1 0 1 0 –1 

      1 0 –1 0 1 0 –1 0 1 0 –1 0 1 

x7 –1 0 1 0 –1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 

x4 –1 0 –1 0 –1 0 0 0 0 0 0 0 

x5 1 0 – 0 –1 

x6 0 0 0 0 0 0
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d0 79  1  3 4 91 92 93 94 95 96 97 80 8 82 8 8 85 86 87 88 89 90

x1 0  0 0 0 0 0 0 0 0 0 0 0 0 0 –1 0 0 0 0 

x2 0     1 0 1 0 1 0 –1 0 –1 0 –1 0 –1 0 

     0 0 0 0 0 0 0 0 0 0 0 0 0 0 

     0 0 0 0 0 0 0 0 0 0 0 0 0 0 

x5 0 –1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 1 0

x3 0 0 0 0 0

x4 0 0 0 0 0

x6 0 –1 0 1 0 1 0 –1 0 –1 0 1 0 1 0 –1 0 –1 0 

x7 0 0 0 1 0 –1 0 1 0 –1 0 1 0 –1 0 1 0 –1 0 

 
98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 d0 

x1 1 0  0 1  0 –1 0 –1 0 1 0 1  0 –1 –1 0 

x2 0 0 0 

1 0 0 –1  0 1 0 –1 0 

0 0 0 

x5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 0 0  0 0 

1 0 –  0 –1  0 –1 0  

0 0 0 0 0 0 0 0 0 0 0 0 0 

x3 1 0 –1 0 1  –1 0 

x4 0 0 0 0 0 0 0 0 0 0 0 0 0 

x6 0 0 0 0 0  0 0 0 0 0 0 0 

x7 1 0 1 0 1  1 0 –1 0 
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