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Statistical process control has been successfully used in a variety of industries. In most statistical

process control applications, the quality of a process can be adequately represented by the distribution

of a quality characteristic or of correlated quality characteristics. However, in many applications, the

quality of a process or product may be better characterized by a relationship between the response

variable and one or more explanatory variables; that is, the main topic is on monitoring the profile

that describes such a relationship, instead of on monitoring a single quality characteristic or correlated

quality characteristics. Particularly, most studies focused on the simple linear profiles. An extensive

discussion of research problems on this topic has been provided by Woodall, Spitzner, Montgomery,

and Gupta (2004).

Kang and Albin (2000) proposed two kinds of charting schemes for monitoring the simple linear

profiles in Phase I and Phase II studies. One is a multivariate T
2 chart and the other is the com-

bination of a exponentially weighted moving average chart and a range chart. Kim, Mahmoud, and

Woodall (2003) proposed using a combination of three EWMA charts to respectively detect a shift in

the intercept, slop, and standard deviation jointly in Phase II study. They also suggested using similar

Shewhart-type control charts for monitoring simple linear profiles in Phase I study. Gupta, Mont-

gomery, and Woodall (2006) compared the performance of the control charts proposed by Croarkin

and Varner (1982) and Kim et al. (2003) for monitoring simple linear profiles in Phase II study. They

concluded that Kim et al.’s combined EWMA charts are better than Croarkin and Varner’s charting

scheme. Mahmoud and Woodall (2004) investigated several control charting schemes for monitoring

simple linear profiles in Phase I study. Zou, Zhang, and Wang (2006) proposed a control charting

scheme based on a change point model for monitoring simple linear profiles where the process param-

eters are unknown but can be estimated from the in-control preliminary data. Based on likelihood

ratio statistics, Mahmoud, Parker, Woodall, and Hawkins (2007) proposed a change point method for

monitoring step-shifts in a simple linear profile in Phase I study. Zou, Zhou, Wang, and Tsung (2007)

studied a self-starting control chart for monitoring simple linear profiles when the process parame-

ters are unknown but some in-control preliminary data in Phase I study are available. For monitoring

general linear profiles, Zou, Tsung, and Wang (2007) applied an MEWMA single chart to the transfor-

mations of estimated profile parameters in Phase II study. More studies related to monitoring linear

profiles can be found in the literature. See, for example, Jensen, Hui, and Ghare (1984); Mestek,

Pavlik, and Suchanek (1994); Stover and Brill (1998); Lawless, Mackay, and Robinson (1999).

In many practical applications, the profile cannot be represented adequately by a linear model.

Walker and Wright (2002) and Woodall, Spitzner, Montgomery, and Gupta (2004) studied the vertical

density profile which apparently can not be described by a linear profile. Williams, Woodall, and Birch

Int. Statistical Inst.:  Proc. 58th World Statistical Congress, 2011, Dublin (Session CPS034) p.4675



(2007) proposed three general approaches to the formulation of T
2 statistics based on nonlinear model

approach in Phase I study. Colosimo and Pacella (2007) used principal component analysis to identify

systematic patterns in roundness profiles. Williams, Birch, Woodall, and Ferry (2007) employed data

from DuPont to monitor dose-response profiles utilized in high-throughput screening based on the

nonlinear model approach of Williams, Woodall, and Birch (2007), where a four-parameter logistic

regression model was used to represent the profiles. Jin and Shi (1999) applied dimension-reduction

techniques to study a stamping tonnage profile, which apparently is a nonlinear profile. Lada, Lu,

and Wilson (2002) and Ding, Zeng, and Zhou (2006) used dimension-reduction techniques, including

wavelet and independent component analysis to study a general category of nonlinear profiles. Zou,

Tsung, and Wang (2008) integrated an MEWMA procedure with a generalized likelihood ratio test

(Fan, Zhang, and Zhang (2001)) based on local linear regression of Fan and Gijbels (1996) to monitor

a general smooth regression profile. Qiu, Zou, and Wang (2010) proposed monitoring smooth profiles

which can be described by a nonparametric mixed-effects model to account for the within-profile

correlation.

In this article, a penalized spline regression model (Rupport, Wand, and Carroll (2003)) is

used to represent the complex relationship between a response variable and an explanatory variable.

By treating the penalized spline regression model as a linear mixed model, we can estimate the

parameters of the penalized spline regression model by the method for fitting the linear mixed model.

A Shewhart-type simultaneous confidence band chart for the penalized spline regression model is

proposed to monitor the profiles in the Phase II study. Simulation studies are conducted to evaluate

the performance of the simultaneous confidence band chart. An example used to demonstrate the

applicability of the proposed chart is provided as well.
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Colosimo, B. M., and Pacella, M. (2007). “On the Use of Principal Component Analysis to Identify

Systematic Patterns in Roundness Profiles”. Quality and Reliability Engineering International 23,

pp. 707-725.

Croarkin, C., and Varner, R. (1982). “Measurement Assurance for Dimensional Measurements on

Integrated-Circuit Photomasks”. NBS Technical Note 1164, U. S. Department of Commerce.

Ding, Y., Zeng, L., and Zhou, S. (2006). “Phase I Analysis for Monitoring Nonlinear Profiles in

Manufacturing Processes”. Journal of Quality Technology 38, pp. 199-216.

Fan, J., and Gijbels, I. (1996). Local Polynomial Modeling and Its Applications. London: Chapman

& Hall.

Fan, J., Zhang, C., and Zhang, J. (2001). “Generalized Likelihood Ratio Statistics and Wilks Phe-

nomenon”. The Annals of Statistics 29, pp. 153-193.

Gupta, S., Montgomery, D. C., and Woodall, W. H. (2006). “Performance Evaluation of Two Meth-

ods for Online Monitoring of Linear Calibration Profiles”. International Journal of Production

Research 44, pp. 1927-1942.

Jesen, D. R., Hui, Y. V., and Ghare, P. M. (1984). “Monitoring an Input-Output Model for Production.

I: The Control Charts”. Management Science 30, pp. 1197-1206.

Jin, J., and Shi, J. (1999). “Feature-Preserving Data Compression of Stamping Tonnage Information

Using Wavelet”. Technometrics 41, pp. 327-339.

Kang, L., and Albin, S. L. (2000). “On-Line Monitoring When the Process Yields a Linear Profile”.

Journal of Quality Technology 32, pp. 418-426.

Int. Statistical Inst.:  Proc. 58th World Statistical Congress, 2011, Dublin (Session CPS034) p.4676



Kim, K., Mahmoud, M. A., and Woodall, W. H. (2003). “On the Monitoring of Linear Profiles”.

Journal of Quality Technology 35, pp. 317-328.

Lada, E. K., Lu, J.-C., and Wilson, J. R. (2002). “A Wavelet-Based Procedure for Process Fault

Detection”. IEEE Transactions on Semiconductor Manufacturing 15, pp. 79-90.

Lawless, J. F., Mackay, R. J., and Robinson, J. A. (1999). “Analysis of Variation Transmission in

Manufacturing Process, Part I”. Journal of Quality Technology 31, pp.131-142.

Mahmoud, M. A., Parker, P. A., Woodall, W. H., and Hawkins, D. M. (2007). “A Change Point

Method for Linear Profile Data”. Quality and Reliability Engineering International 23, pp. 247-

268.

Mahmoud, M. A., and Woodall, W. H. (2004). “Phase I Monitoring of Linear Profiles with Calibration

Application”. Technometrics 46, pp. 380-391.

Mestek, O., Pavlik, J., and Suchanek, M. (1994). “Multivariate Control Charts: Control Charts for

Calibration Curves”. Journal of Analytical Chemistry 350, pp. 344-351.

Qiu, P., Zou, C., and Wang, Z. (2010). “Nonparametric Profile Monitoring by Mixed Effects Model-

ing”. Technometrics 52, pp. 265-293.

Rupport, D., Wand, M. P., and Carroll, R. J. (2003) Semiparametric Regression. Cambridge Series in

Statistical and Probabilistic Mathematics. Cambridge University Press.

Stover, F. S., and Brill, R. V. (1998). “Statistical Quality Control Applied to Ionchromatography

Calibrations”. Journal of Chromatography A 804, pp. 37-43.

Walker E., and Wright, S. (2002). “Comparing Curves Using Additive Models”. Journal of Quality

Technology 34, pp. 118-129.

Williams, J. D., Woodall, W. H., and Birch, J. B. (2007). “Statistical Monitoring of Nonlinear Product

and Process Quality Profiles”. Quality and Reliability Engineering International 23, pp. 925-941.

Williams, J. D., Birch, J. B., Woodall, W. H., and Ferry, N. M. (2007). “Statistical Monitoring of Het-

eroscedastic Dose-Response Profiles From High-Throughput Screening”. Journal of Agricultural,

Biological, and Environmental Statistics 12, pp. 216-235.

Woodall, W. H., Spitzner, D. J., Montgomery, D. C., and Gupta, S. (2004). “Using Control Charts to

Monitor Process and Product Quality Profiles”. Journal of Quality Technology 36, pp. 309-320.

Zou, C., Tsung, F., and Wang, Z. (2007). “Monitoring General Linear Profiles Using Multivariate

Exponentially Weighted Moving Average Schemes”. Technometrics 49, pp. 395-408.

Zou, C., Tsung, F., and Wang, Z. (2008). “Monitoring Profiles Based on Nonparametric Regression

Methods”. Technometrics 50, pp. 512-526.

Zou, C., Zhang, Y., and Wang, Z. (2006). “Control Chart Based on Change-Point Model for Moni-

toring Linear Profiles”. IIE Transactions 38, pp. 1093-1103.

Zou, C., Zhou, C., Wang, X., and Tsung, F. (2007). “A Self-Starting Control Chart for Linear

Profiles”. Journal of Quality Technology 39, pp. 364-375.

Int. Statistical Inst.:  Proc. 58th World Statistical Congress, 2011, Dublin (Session CPS034) p.4677


