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Abstract: This paper examined the statistical performance of some capability indices such as Cp and Cpk using 
simulation. Statistical software R version 3.1.3 was used in generating data sets on net-volume contents of 35cl coca-cola 

soft drink as well as the analysis. The production specification standard is 350±2.5%∗T (where T is the target value of 

the production). This information was collected from Quality Assurance Department of Nigerian Bottling Company. 

However, the natural variations are part and parcel or considered inherent to any manufacturing industries. A Nigerian 

Bottling Company producer of soft drinks is not free of natural variation. The values of capability indices Cp (1.48) and 

Cpk (1.47) were computed and reported in the capability plot histogram together with confidence interval at the indicated 
level of significant. The quality condition of the production based on the analysis presented and shows satisfactory 

performance of the production. Operating characteristics curves were established and observed that the process have 

better performance for not detecting shift with the associated probability of type II error. 
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INTRODUCTION 

Capability indices are rapidly becoming a standard tool for quality assessment, especially at management level 

around the world of manufacturing industry and other service organizations. The term provides a numerical measure on 

whether a process conforms to the defined manufacturing capability prerequisite. These have been successfully applied to 

many companies to compete with and to lead high-profit market by evaluating the quality and productivity performance. 

For any manufacturing industries to succeed, therefore quality of its products, good service deliveries are some of the 

prime determine factors to be considered. However, quality is multifaceted. Thus, the quality of a product is judged by a 

number of factors such as its performance, reliability, durability, serviceability, aesthetics, features, conformance to 

standards and specifications, and sometimes even the reputation of the manufacturer! [8]. 

 
The science of process capability analysis was first introduced by Dr Joseph M. Juran, in early 1970 with the 

introduction of “Capability ratio” he began as a comparison of the process output distribution with the product tolerances 

[12]. This comparison is made by forming the ratio of the width between the process specification limits to the width of 

the of the natural tolerance limits which is measured by 6-process standard deviation units [16]. Kane [11] described six 

areas of application for capability indices: the prevention of the production of nonconforming products, the continuous 

measure of improvement, communication, prioritization, the identification of directions for improvement, and the 

auditing of the quality systems. Capability indices have extensively studied by several researchers considering wide 

range of applications over a great variety of situations in manufacturing industries and their contributions follows with 

various degrees of completeness. Hoskins et.al, [9] examined the capability indices considering manufacturing of 

semiconductor product. Application to the head of gimbals [18], Jet-turbine engine components parts [10]. However [3] 

assess process capability indices based on the lower confidence bound of 𝐶𝑝𝑘  for asymmetric tolerances. A Matlab 
computer program using a binary search method was used and observed that lower confidence bound estimates the 

minimum process capability, conveying critical information regarding product quality, which is essential to quality 

assurance. Then, [5] discussed theory and practice on process capability indices for quality assurance. The result 

illustrates some advantages of using the index 𝐶𝑝𝑚𝑘  over the indices 𝐶𝑝𝑘  and 𝐶𝑝𝑚  in measuring process capability, 

since 𝐶𝑝𝑚𝑘 always provides a better protection for the customers. Thereafter, [4] studied variables sampling inspection 

scheme for resubmitted lots based on the process capability index 𝐶𝑝𝑘. The results show that developed resubmitted 

sampling plan has a better OC curve than variables single sampling plan at good quality levels and also ensures 

protection against consumer point of view at poor quality level. 
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The process capability indices including,  𝐶𝑝 , and 𝐶𝑝𝑘  provide a quick indication of how a process has 

conformed to its specifications, which are preset by manufacturers and customers. Therefore, [17] indicated the index of 

capability is used for monitoring the accuracy of the manufacturing process. This paper is aim at studying the statistical 

performance of some capability index such as 𝐶𝑝 and 𝐶𝑝𝑘  using simulated data on net-volume content of 35cl coca-cola 

soft drink products produced by Nigerian Bottling Company.           

 

Manufacturing industries are not free of natural variation associated with their production processes. In 
particular, Nigeria Bottling Company, producers of soft drinks is not free of the natural variation. Process capability 

analysis would apply to this company using the said indices and examine the amount of variability present in the 

production, finally we recommend on the way to improve the quality of their products.  

 

Statistical Performance of Capability Indices 

 The first process capability index appeared in the literature is 𝐶𝑝 index sometimes called precision index [11]. 

This is defined as the ratio of specification width (USL-LSL) over the process spread (6σ). The specification width 

represents customer and / or product requirements.  

  

 𝐶𝑝 Indicates how well the process fit within the two specification limits and it is calculated by using (1). 

𝐶𝑝 measures the spread of the specification relative to the 6-sigma spread in the process[12].   

 

        𝐶𝑝 =
𝑈𝑆𝐿−𝐿𝑆𝐿

6𝜎
             ………………………………………………………………………………….. … (1)                                                                                                       

 

where σ is the standard deviation of the process, USL and LSL are upper and lower specification limits, respectively.  

 

The six quality conditions corresponding to 𝐶𝑝 values are summarized in Table 1 [20].  

 

Table-1: Quality Conditions and 𝑪𝒑 Values 

Quality Conditions Cp Values   

Super Excellent 

Excellent 

Satisfactory 

Capable 

Inadequate 

Cp≥2.00 

1.67≤Cp<2.00 

1.33≤Cp<1.67 

1.00≤Cp<1.33 

0.67≤Cp<1.00 

  

Source: Tsai and Chen, [20] 

 

Let 𝜇 = 𝐸 𝑋 , 𝑎𝑛𝑑 𝑆 =  𝐿𝑆𝐿,𝑈𝑆𝐿 .  The 𝐶𝑝  process capability index is defined as 𝐶𝑝 =
𝑈𝑆𝐿−𝐿𝑆𝐿

6𝜎
 

 

 In the usual case where σ, and hence 𝐶𝑝, is unknown the index must be estimate based on random sample 

𝑋1 , 𝑋2 , … , 𝑋𝑛   from F. The most common estimate of 𝐶𝑝 is given by 𝐶 𝑝 =
𝑈𝑆𝐿−𝐿𝑆𝐿

6𝜎 
 which simply replaces the unknown 

parameter σ with its unbiased estimate, 

𝜎 =
1

𝑛 − 1
  𝑋𝑖 − 𝜇  

2                  ………………………………………… . . … (2)

𝑛

𝑖=1

 

 𝑤ℎ𝑒𝑟𝑒  𝜇 =
1

𝑛
 𝑋𝑖
𝑛
𝑖=1                    ………………………………………………………….. (3) 

when F is a normal distribution, 𝐶 𝑝 has a distribution that is related to the inverse of a 𝜒2   distribution. Hence, a 100(1-α) 

% confidence interval for Cp based on 𝐶 𝑝  is given by Chou et al.[7] and Marcucci and Beazy [15] as 

 

 𝐶 𝑝 
𝜒2𝛼

2
 ;𝑛−1

𝑛 − 1
 

1
2 

, 𝐶 𝑝 

𝜒2
1−𝛼

2
 ;𝑛−1

𝑛 − 1
 

1
2 

  ……………………………… .… 4  

 

 𝑤ℎ𝑒𝑟𝑒𝜒2
𝛾 ,𝑓

 𝑖𝑠 𝑡ℎ𝑒 𝛾𝑡ℎ  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 𝑜𝑓 𝑎 𝜒2   

 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  with f degrees of freedom. When σ is estimated using within subgroup variation, such as from standard 
control charting procedures, Bissel [1]  provides an adjustment to the degrees of freedom used for the confidence interval 

in Eq. (4). Chan et al., [7]  show that 𝐶 𝑝  has an asymptotic normal distribution 𝑎𝑠 𝑛 → ∞, Bissel [1] uses such a result 

suggests that when the sample size is large, an approximate 100(1 − 𝛼)%  confidence interval for 𝐶𝑝 is given by  
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 𝐶 𝑝 1 −
𝑍

1−
𝛼
2

 2(𝑛 − 1)
 , 𝐶 𝑝 1 +

𝑍
1−
𝛼
2

 2(𝑛 − 1)
          ………………………………(5) 

 

where 𝑍𝛾  is the 𝛾𝑡ℎ  percentile of a standard normal distribution, Li et al [14] provide tables of approximate lower 

confidence limits for 𝐶𝑝 when the sample range is used to estimate σ. Sample size determination formulas for confidence 

intervals for 𝐶𝑝 are given by Franklin [21]. The process capability ratio 𝐶𝑝 does not take into account where the process 

mean is located relative to specifications [16]. 𝐶𝑝 Focus on the dispersion of the process and this gives no indication of 

the actual process performance. Kane [11] introduced the index 𝐶𝑝𝑘 to overcome this problem. The index 𝐶𝑝𝑘 is used to 

provide an indication of the variability associated with a process or takes both magnitude of process variance and the 

process departure from the midpoint m into consideration.  
 

 In the case where µ and σ are unknown 𝐶𝑝𝑘 must be estimated based on a sample 𝑋1 , 𝑋2 , … , 𝑋𝑛   from F. A 

common estimator for 𝐶𝑝𝑘 is given by  

𝐶 𝑝𝑘 = 𝑚𝑖𝑛  
𝑈𝑆𝐿−𝜇 

3𝜎 
,
𝜇 −𝐿𝑆𝐿

3𝜎 
                                 …………………………………… .… (6)   

 

where 𝜇  and  𝜎   are defines  in Eq. (2) and (3), respectively. The corresponding estimates of 𝐶𝑝𝑢 𝑎𝑛𝑑 𝐶𝑝𝑙  defined as 

follows:  𝐶 𝑝𝑢 =
𝑈𝑆𝐿−𝜇 

3𝜎 
 and  𝐶 𝑝𝑙 =

𝜇 −𝐿𝑆𝐿

3𝜎 
  respectively. When F is a normal distribution with mean 𝜇 and variance 𝜎2, the 

expectation of 𝐶 𝑝𝑘 is given by Chou and Owen [6] as 

 

𝐸 𝐶 𝑝𝑘 = 𝐶11  𝐶𝑝 −
2

3 𝑛
 𝜙 3 𝑛 𝐶𝑝 − 𝐶𝑝𝑘  −  𝐶𝑝 − 𝐶𝑝𝑘  2𝜙  3 𝑛 𝐶𝑝 − 𝐶𝑝𝑘  − 1          …………………… (7) 

 

where 𝜙(𝑥)  is the probability densities function for standard normal distribution. Zhang et al., [19] obtained an 

approximate expression for the variance of 𝐶 𝑝𝑘 and proposed the approximate 100(1-α) % lower confidence bound 

which is based on the normal approximation. Bissel [1]  suggests that when the sample size is large the interval  

 

 𝐶 𝑝𝑘  1 − 𝑍1−
𝛼

2
 

1

9𝑛𝐶 2𝑝𝑘
+

1

2(𝑛−1)
 

1
2 

  , 𝐶 𝑝𝑘  1 + 𝑍1−
𝛼

2
 

1

9𝑛𝐶 2𝑝𝑘
+

1

2(𝑛−1)
 

1
2 

                  ………………..… (8) 

 

 If the process has a target value, Kane [11] suggests replacing µ in Eq. (6) with the target value T to assess the 

capability of the process. When 𝜇 = 𝑚, 𝐶𝑝𝑘 = 𝐶𝑝 and the indices are equivalent. However, if 𝜇 ≠ 𝑚, then 𝐶𝑝𝑘 ≤ 𝐶𝑝. 

 

METHODOLOGY 
 This paper aimed at studying the statistical performance of some capability indices from simulated data. Quality 
control or assurance becomes very necessary in keeping track of production process in manufacturing industries. For this 

reason, Nigerian Bottling Company, producers of soft drink was considered for this study. The specific product that 

would be considered in this paper is 35cl coca-cola soft drink, and the parameter under consideration is the net-volume 

content or simply the content of the bottle. Upon visiting the factory, we were able to met and discussed with the quality 

assurance manager in the Quality assurance department of the company. From the discussion, we learned the production 

specification requirements of their products as follows. The tolerance band permitted is  2.5%∗T (where T is the target 

value of production). In this paper, 35cl coca-cola soft drink products is of paramount important for assessing the 
performance of some capability indices and also help to provides the direction of improvement. The production 

specification target of 35cl is under consideration for this study, and this is converted to 350ml for convenience.  

 

 

Process Capability Analysis

for content[1:500, ]

340 345 350 355 360

LSL USLTarget

Number of obs = 2000

Center = 349.9731

StdDev = 1.972882

Target = 350

LSL = 341.25

USL = 358.75

Cp     = 1.48

Cp_l  = 1.47

Cp_u = 1.48

Cp_k = 1.47

Cpm  = 1.48

Exp<LSL 0%

Exp>USL 0%

Obs<LSL 0%

Obs>USL 0%
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Fig. 1:  Process Capability Analysis Histogram for Net-Volume Content of 35cl Coca-Cola Soft Drinks Using 

Simulation 

  

 The graph shown in Fig. 1, is a histogram of data values, with vertical dotted lines for the upper and lower 

specification limits. The target is a vertical dashed line and its value provided with the reported confidence intervals 

computed at the level specified.  

  

 The Cp and Cpk are based on the short term variability of process over a given length of time. Depicted from 

Fig. 1, the Cp= 1.48, Cp_l= 1.47, Cp_u =1.48 and Cp_k = 1.47 respectively. Refer to the table 1 shown the Quality 
conditions and the corresponding Cp values. However, the results indicates that Cp and Cp_k measures are both greater 

than one, then the processes have the potential to meet specifications as long as the mean is probability centered. 

Fundamentally, the process is in control and the distribution is well within the specification limit, hence the difference 

between the upper specification limit (USL) and the lower specification limit (LSL) is greater than 6σ tolerance band in 

case of Cp. Similarly, Cpk is a process capability index that assesses how close the process mean is from the 

specification limit. The difference between USL and LSL from mean is greater than 3σ, show the process is in control 

and the distribution is well within the specification limits. More so, the Cpk is greater than 1, and then the process mean 

is sufficiently far from the specification limit. Finally, we re-investigate the performance by increasing the sample using 

simulation and observed that the more increase in the sample the better the capability indices. 

 

 
Fig. 2: Show the 𝑿 -Chart for Net-Volume Content of 35cl Coca-Cola Soft Drinks Using Simulation 

 

 Fig. 2 and Fig. 3, show the 𝑋 -Chart for net-volume content of 35cl coca-cola soft drink using simulation. The 
main goal of control chart is to monitor a process and see whether is in control or not. A process is declared to be in 

control, if all points charted lie randomly within the control limits. The 𝑋 -Charts are prerequisite of process capability 

analysis, when the process is not out-of-control. We observed that 𝑋 -Charts in both cases are statistically in-control even 

though very few points show run violation and only one observation having to be beyond the upper control limits. 

However, the process is still in-control with insignificant number of default to the production. 

 

 
Fig. 3: Show the 𝑿 -Chart for Net-Volume Content of 35cl Coca-Cola Soft Drinks Using Simulation 

 

xbar Chart
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Fig. 4: Show the Operating Characteristics Curve (OC Curves) for Net-Volume Content of 35cl Coca-Cola Soft 

 

Drinks Using Simulation 
Fig. 4, provide information about the probability of not detecting a shift in the process using operating 

characteristics curves (OC Curves). This is referring to as the type II error, the probability of erroneously accepting a 

process as being in control. We observed from OC curves, the process have better performance in detecting shift from 𝑋 -
Chart. 

 

CONCLUSION 

Data handling software version R.3.1.3 was used for simulation of net-volume content of 35cl coca-cola soft 

drinks. However, the same software was used throughout the analysis in this paper and visualized the performance of Cp 

and Cpk indices respectively. These indices gives effective information about the process summary in a succinctly 

manner. At the same time, Cp, Cp_l, Cp_u and Cpk form a group complementary measures that comprises a unit less 
systems. Perhaps greater value of these indices indicates how well the process is capable to prevent production of non-

conforming products, and they provide a strategy for monitoring and continuous improvement scheme.  
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