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A control chart design used in supply chain management system

Jing Sun∗ , Masayuki Matsui

The University of Electro-Communications, 1-5-1 Chofugaoka, Chofu-shi, Tokyo, 182-8585, Japan

(Received December 13 2007, Accepted March 10 2008)

Abstract. This paper presents a design of the x control chart used in supply chain management system to
improve customer satisfaction of supplier. Recently, due to ever increasing competition in supplier markets, it
is demanded to offer the low-cost and high quality product in short due time. Therefore, studying the balance
of quality and the due time and cost has become a new problem to supplier. In short run process, the time
of treating an assignable cause (ACT time) is an important effect to the total cost and due time. To resolve
the above problem, in this research, first a design of the control chart is developed in which the ACT time
was considered. Then, from an economic viewpoint, the mathematical formulations which correspond to the
design are shown. Finally, by numerically consideration, the balance of quality (control limits width) and due
time and the total expectation cost is discussed, and the important relations between the due time, ACT time
and the total expectation cost are investigated.
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1 Introduction

In today’s supplier chain management system shown in Fig. 1, because of increasing competition in
supplier markets, the supplier (or Manufacturer) is demand to offer low cost and high quality products to
maker in short due time.

In this background, it have become more important to study the balance of quality and the due time and
cost. Therefore, in this research, we present a design of the x control chart in view of quality, due time and
cost for supplier to improve customer satisfaction.

Sun, Tsubaki and Matsui[15] have defined and considered the PDCA model with tardiness penalty of the
x control chart based on the case which starts from deciding the control lines.

These days, business environments have become competitive, and the due time of products has shortened.
In short run process, the time of treating the assignable cause (ACT time) is an important effect to the total
cost and due time. However, the ACT time was not considered in Sun, Tsubaki and Matsui[15].

In this research, first the PDCA design of the x control chart is developed in which the ACT time was
considered. Then, from an economic viewpoint, the mathematical formulations which correspond to the design
are shown. Finally, by numerically consideration, the balance of quality (control limits width), due time and
the total expectation cost is discussed, and the important relations between the due time, ACT time and the
total expectation cost are investigated.
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Fig. 1. The supply chain management system

2 Review of the PDCA design of control charts

Recently, to improve supplier quality, there has been an increased interest in IT (information technology)
control charts which are used to monitor online production processes.

On the other hand, the concept of the PDCA (Plan, Do, Check and Act) cycle originally developed by
Walter Shewhart during the 1930’s[12], and implemented and promoted very effectively from the 1950s by W.
Edwards Deming, has consequently played a key role in the field of quality control. After that, ’the Deming
Cycle’ is developed not only as a quality cycle in the quality control field, but also as a management cycle
which has played a key role in all of the management fields[8].

Recently, to clarify the certain points and improve quality more efficiently and effectively, detailed at-
tention has been paid to the PDCA procedure which starts with the check stage for the quality management
activity to allow more efficient use of energy in the industry ([6, 10, 13], etc.).

The classical definitions of the control chart’s CAPD procedures are known. Recently, the evaluation of
the economy of this control chart’s PDCA procedures is connected with “daily management”.

Since Duncan’s pioneering work[4], many studies have been developed to serve different purposes for the
economic model of control charts. From the viewpoint of the production run, Gibra[5], Ladany and Bedi[1],
Jones and Chase[7], Saniga[11] have considered the economic statistical model of the x control chart for the
infinite-length horizon; Crowder[3], Del Castillo and Montgomery[2] have considered models of the control
chart for short run cases.

However, the model from the viewpoint of the PDCA process was not considered.
Therefore, Sun, Tsubaki and Matsui[14] defined the PDCA model of the x control chart; and then Sun,

Tsubaki and Matsui[15] considered the PDCA model of the x control chart with tardiness penalty.
In the short run production process, the ACT time is an important effect to the cost and the due time.

Therefore, the aim of this paper is to present and study the PDCA design in which the ACT time was consid-
ered.

3 The design

To improve customer satisfaction of supplier in SCM, this paper presents a PDCA design of the control
chart in view of quality, due time and cost. The PDCA design is set up based on the case which starts from
deciding the control lines of the x chart, in which the ACT time was considered. The procedure (Plan, Do,
Check and Act) of the design is defined as follows:

Definition 1. Assuming the production process is monitored by the x control chart from this point forward.
PLAN is defined as constructing the control lines (center line and upper and lower control limit) for future
management. DO is defined as sampling and plotting on the x control chart for monitoring the process quality
with the decided control lines in the PLAN procedure.

Definition 2. CHECK is defined as judging whether the process is in an in-control state by the result of the
comparison between the point plotted on the x chart and the control limits (upper and lower control limit).
Finally, ACT is defined as correcting the assignable cause for restoring the in-control state.
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Fig. 2. Some of the time variables used in the CAPD model considered the ACT time
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3.1 The assumption and the notation

The assumptions of the design in this research are as follows:
(1) The production run length T is short, and the process is repetitive.
(2) The random variables of in-control interval and out-of-control interval are assumed to be exponen-

tially distributed with the mean λ−1
1 and µ−1

1 .
(3) The quality shift occurs in the middle of an interval between samples[9]

The notation used is as follows:
Cp: expected cost of PLAN per unit time
Cd: expected cost of DO per unit time
Cc: expected cost of CHECK per unit time
Ca: expected cost of ACT per unit time
Ct: expected total cost per unit time
n1: the sample size per each sampling
v1: the sampling interval
T : production run length
Tp: the interval of PLAN
I1: period from Q to S

O1: period from S to C

c0: fixed sampling cost
c1: variable sampling cost
c2: cost of per unit time for checking the point plotted
c3: cost of a false alarm
c4: cost of restoring an in-control state
cβp: cost of per unit time for penalties delay of PLAN
cβd: cost of per unit time for penalties delay of DO
cβc: cost of per unit time for penalties delay of CHECK
cβ1: cost of per unit time for penalties delay of ACT
f : number of samples taken during T − Tp

δ: size of the quality shift in the mean
a: the ACT time
λ−1

1 : mean of the I1 period in the PDCA design
µ−1

1 : mean of the O1 period in the PDCA design
k: control limits width
φ1: the value of Pr0 ≤ T < v1

φ2: the value of PrTp ≤ T < Tp + v1

3.2 The mathematical formulations

The evaluation function of this PDCA design is the expected total cost per unit time as follows:

Ct(CAPD) =
E[cost percycle]
E[cycle(PDCA)]

=
E[cost percycle]

E[min(Tp + I1 + O1 + a, T )]
= Cp + Cd + Cc + Ca (1)

It includes the cost of PLAN, DO, CHECK, ACT. Fig. 1 shows some of the time variables used in the PDCA
design considered ACT time.

At the start of the PDCA model, a sufficient plan of deciding control lines is made in Tp time. Therefore,
it is thought that the PDCA model starts from the in-control state, because the process is managed by these
control lines. Let the process start at the point of Q, and S be the point in time at which the quality charac-
teristic shifts to an out-of-control state as shown in Fig. 1. At the point of C an assignable cause is detected
for the first time by the x control chart. After that the assignable cause is corrected at the point of D. Here,
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the random variables I1 and O1 represent the interval from Q to S and the interval from S to C. If Tp denotes
the time of PLAN and a denotes the time of ACT, then the time from the start of the production process until
removing the assignable cause is equal to Tp + I1 + O1 + a.

The mathematical formulations correspond to this design are shown as follows:

Cp =Cp(s) + Cp(p)

={[(c0 + c1n1)/v1]E[Tps1] + cβpφ1}/E[cycle] (2)

Cd =Cd(s) + Cd(p)

={[(c0 + c1n1)/v1]E[Tds1] + cβdφ2}/E[cycle] (3)

Cc =Cc(c) + Cc(e) + Cc(p)

={(c2/v1)(E[cycle]− E[Tps1]) + (c3/v1)αE[min(I1, T − Tp)]
+cβcE[(T − Tp − I1)+ − (T − Tp − I1 −O1)+]}/E[cycle] (4)

Ca =Ca(a) + Ca(p)

={c4E[(T − Tp − I1 −O1)+ − (T − Tp − I1 −O1 − a)+]
+cβaPr{Tp + I1 + O1 ≤ T < Tp + I1 + O1 + a}}/E[cycle] (5)

The elements of costs of CHECK, ACT, PLAN and DO are shown as follows:

Table 1. The elements of costs of PLAN, DO, CHECK and ACT

Procedure Element

PLAN (Cp)
Cp(s) cost of PLAN
Ca(p) cost of the penalty for delaying the PLAN

DO (Cd)
Cd(s) cost of DO
Cd(p) cost of the penalty for delaying the DO

CHECK (Cc)
Cc(c) cost of CHECK
Cc(e) cost of type I error
Cc(p) cost of the penalty for delaying the CHECK

ACT (Ca)
Ca(a) cost of ACT
Ca(p) cost of the penalty for delaying the ACT

If it is assumed that both the random variable I1, O1 are independent and exponentially distributed with
mean λ−1

1 , µ−1
1 , then combining equations (1), (2), (3), (4), (5), the expected total cost per unit time of the

PDCA design considered the ACT time is shown as follows:
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Ct = {((c0 + c1n1)/v1)[Tφ1 + Tp(1− φ1)] + cβpφ1 + [(c0 + c1n1)/v1][
1

λ1 − µ1

{
µ1

λ1

(
e−λ1(T−Tp−a) − 1

)
− λ1

µ1

(
e−µ1(T−Tp−a) − 1

)}
+ Tp + a−

(Tφ1 + Tp(1− φ1))] + cβdφ2 + (c2/v1)
[

1
λ1 − µ1

{
µ1

λ1

(
e−λ1(T−Tp−a) − 1

)
−

λ1

µ1

(
e−µ1(T−Tp−a) − 1

)}
+ Tp + a− (Tφ1 + Tp(1− φ1))

]
+

(c3/v1)α
1
λ1

(
1− e−λ1(T−Tp)

)
+ cβc

[
1
µ1

+
1

λ1 − µ1

(
e−λ1(T−Tp)−

λ1

µ1
e−µ1(T−Tp)

)]
+ c4

[
a +

1
λ1 − µ1

(
λ1

µ1
e−µ1(T−Tp) (1− eµ1a)−

µ1

λ1
e−λ1(T−Tp)

(
1− eλ1a

))]
+ cβa

[
λ1µ1

λ1 − µ1

(
− 1

µ1
e−µ1(T−Tp) (1− eµ1a) +

1
λ1

e−λ1(T−Tp)
(
1− eλ1a

))]}
/

[
1

λ1 − µ1

{
µ1

λ1

(
eλ1(T−Tp−a) − 1

)
−

λ1

µ1

(
e−µ1(T−Tp−a) − 1

)}
+ Tp + a

]
(6)

In this paper, the statistical hypothesis is that the mean equals a standard value. When Φ(Z) =
e−Z2/2/

√
2π is the standard normal density, α (the type I error probability) and Po (power) of the x con-

trol chart are given by[2],

α = 2
∫ ∞

ki

Φ(Z)dZ, (7)

Po =
∫ −k−δi

√
ni

−∞
Φ(Z)dZ +

∫ ∞

−k−δi
√

ni

Φ(Z)dZ. (8)

Where δ is the size of the quality shift in the mean, and k is control limits width. We assume that the out-
of-control period O1 is an exponential random variable with the mean µ−1

1 . In this paper we use Ladany and
Bedi’s assumption (1976) that the shift occurs in the middle of an interval between samples and setµ−1

1 as
follows:

µ−1
1 = v1(1/P0 − 1) + v2/2 = v1(1/P0 − 1/2) (9)

4 Numerical experiments

In this section, for improving customer satisfaction of supplier, first we study the relations between the
due time and ACT time and the total expectation cost, then we investigate the balance of control limits width
(k) and due time (T ) and the total expectation cost (Ct) by numerically analyzing the above design. Where,
c0 = 1, c1 = 0.1, c2 = 10, c3 = 50, c4 = 25, cβa = cβp = cβd = 200, cβc = 2400, n1 = 4, v1 = 0.0316,
Tp = 1, φ1 = 0.01, φ2 = 0.001, λ1 = 1. The parameters are based on a real situation. We evaluate a wide
range of possible values. Because the result is approximated, we show the results of the above case as an
example.

4.1 The balance of k, T and Ct

Fig. 3 shows the balance of the quality (control limits width) and due time and the total expectation cost
of the above case, which is useful for setting the optimal due time and control limits width to the supplier.

From Fig. 3, it can be understood that this tables are divided into two areas by the changed control limits
width: in the colorlessness area, the expected total cost per unit time (Ct) increases with the increase of due

MSEM email for contribution: submit@msem.org.uk



International Journal of Management Science and Engineering Management, Vol. 3 (2008) No. 3, pp. 211-219 217

time (T ); in the blue area, the expected total cost per unit time (Ct) decreases with the increase of due time
(T ).

From Fig. 3 and Fig. 4, it can be noted that the expected total cost per unit time (Ct) increases with the
increase of control limits width (k). This is because that the cost of defective goods increases by the increase
of control limits width.

From Fig. 4, it also can be understand that a longer due time should be set when the high quality is
demanded, while a shorter due time should be set when the low quality is demanded from an economic aspect.

In addition, to clarify it more, we also show the Fig. 5 which is the same as the case of Fig. 3.

Fig. 3. The balance of k, T and Ct

Fig. 4. The relation between k and Ct (T = 2, T =
5). Fig. 5. The relation between T , k and Ct.
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Fig. 6. The balance of a, T and Ct

4.2 The relation between t, a and ct

Fig. 6 shows the relation between the due time and ACT time and the total expectation cost, which is
useful for setting the optimal due time and ACT time to the supplier.

Fig. 7. The relation between a and Ct (T = 2, T =
10). Fig. 8. The relation between T , a and Ct

From Fig. 6, it can be understood that this tables are divided into two areas by the changed ACT time: in
the colorlessness area, the expected total cost per unit time (Ct) increases with the increase of due time (T );
in the blue area, the expected total cost per unit time (Ct) decreases with the increase of due time (T ).
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From Fig. 6 and Fig. 7, it can be noted that the expected total cost per unit time (Ct) increases with the
increase of Act time (a). This is because that the cost of defective goods increases by the increase of ACT
time. Also it can be understood that a longer due time should be set when the ACT time is long, while a shorter
due time should be set when the ACT time is short from an economic aspect.

In addition, to clarify it more, we also show the Fig. 8 which is the same as the case of Fig. 6.

5 Conclusions

In this research, from an economic viewpoint, we present a design of the x control chart used in supply
chain management system in order to improve customer satisfaction of supplier.

Because of competition in supplier markets, studying the balance of quality and the due time and cost
has become a new problem to supplier. To resolve this problem, we showed the mathematical formulations
which correspond to this design; moreover, by numerically consideration, we studied the balance of quality
(control limits width) and due time and the total expectation cost; and discussed the relations between the due
time, ACT time and the total expectation cost.

When due time is short and penalty cost for the delay is larger, some comments are drawn as follows,
which would become useful references for setting the optimal due time and control limits width to the supplier.

(1) The expected total cost per unit time (Ct) increases with the increase of control limits width (k).
(2) A longer due time should be set when the high quality is demanded from an economic aspect.
(3) The expected total cost per unit time (Ct) increases with the increase of Act time (a).
(4) A longer due time should be set when the ACT time is long, from an economic aspect.
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