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Abstract The research of Dickson [1] and Weber et al. [2]
about the performance evaluation of suppliers pointed out that
quality and delivery are two important assessable items. Chen
and Yung [3] indicated that the significance of delivery would
only increase in the future. Obviously, customers value qual-
ity and delivery. Therefore, a superior quality of product and
rapid manufacturing process are the major factors in obtaining
orders. Much research has been carried out on quality assurance,
but the research on delivery is rare. Thus, this paper uses the
manufacturing process of optical glass as an example to pro-
pose a performance index for a manufacturing time schedule and
related a suite of objective evaluation models used. This evalua-
tion method is very convenient and efficient for management to
monitor the multi-manufacturing performance of each stage of
a manufacturing process for deliveries of high quality.

Keywords Multi-process time schedule analysis chart ·
Objective evaluation model · Performance index
of manufacturing time schedule · Quality and delivery ·
Tolerance interval of manufacturing time schedule

1 Introduction

In Taiwan, the applications of optical glasses are becoming
widespread in products such as: cameras, scanners, fax ma-
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chines, Photostat and overhead projectors, which all need to use
high precision optical glass. The fabrication of optical glass has
shifted from small quantity production to mass production, and
is usually for product glass of the “build to order” (BTO) type.
A condition is that the demand for optical glass is generally un-
stable, and as there are close to one hundred types of optical
glass, the quantities of products are hard to estimate.

Chen et al. [4] pointed out that “faster and better” is a devel-
oping tendency of modern manufacturing industry. The quality
requirement of an optical glass manufacturer has been raised
in accordance with the development of information technol-
ogy. The precision requirements of optical glasses are incessant,
which encourages manufacturers to give consideration to the de-
mands of quality and speed. The manufacturing time for optical
glass must be effectively shortened to meet customer require-
ments. The manufacturing time schedule and quality of optical
glass for a batch of an order must be controlled carefully to truly
promote the competitive predominance at each stage of a re-
ceived order: disconnection, weigh, grind, extrusion molding,
thermal treatment and inspection.

Quality, cost and delivery are three important factors for
a manufacturing schedule. Dickson [1] collected and analyzed
more than 50 papers, concerned with the performance evalua-
tion of suppliers, to produce 23 performance evaluation items
for a supplier. Quality and delivery are the two most important
features demanded by suppliers. Weber et al. [2] used Dick-
son’s research results for reference and also concluded the ex-
treme importance of quality and the considerable importance
of delivery. Obviously, customers value quality and delivery;
thus, quality and delivery are the major factors in obtaining
orders. Chen and Yung [3] pointed out that numerous research
focused on the evaluation methods of quality performance such
as process yield, loss function and index of process capability
that are investigated in many references. Simultaneously, many
statistical experts and quality engineers presented research in
this field, found in Kane [5], Chan et al. [6], Boyles [7, 8],
Pearn et al. [9], Chen [10], Vännman and Delery [11], Chen
and Pearn [12], and Chen et al. [13, 14]. There have been
many studies that focus on evaluation methods for quality per-



346

formance. This research that evaluates the quality was already
very mature, whereas few papers were concerned with deliv-
ery. Chen and Yung [3] conferred on the delivery perform-
ance of a supplier from the standpoint of a customer. Chen et
al. [4] proposed an analytical chart of the delivery perform-
ance of a supplier. Suppliers invest heavily to achieve a high
delivery performance, for example in manpower and machin-
ery equipment. Sometimes, when a supplier receives only a few
orders, they can be delivered on time, although the manufac-
turing efficiency of the supplier is not good. Customers are
concerned with delivery on schedule regardless of the suppli-
er’s problems. Both manufacturing quality and efficiency should
be improved to improve the delivery performance of the sup-
plier. It ought not to put on an additional shift or put more
resources into production to maintain delivery performance. On
the other hand, Pearn and Chen [15] indicate that the quality
has something to do with the manufacturing time schedule. For
example, when required quality condition as the capability, the
scope of its manufacturing time schedule inside this quality re-
quirement for conforming to the standard request, as shown in
Fig. 1. But quality after promoting to go to certain degree, if
the qualities want to promoted, it will need the very big price
in cost.

The essentinal cost is established in the fix cost plus the
fluctuation cost to develop the manufacturing time. Manufac-
turing time is longer when the cost is higher. Therefore, the
cost is related to the manufacturing time schedule. Although the
manufacturing time schedule is quicker and can spare cost, it af-
fects the quality. Therefore, according to the above-mentioned
reasons, the required quality and reasonable cost are consid-
ered in the scope of this research to make the manufacturing
time schedule of various manufacturing procedure in the opti-
mum state. This paper uses the manufacturing process of op-
tical glass as an example to propose a performance index for
a manufacturing time schedule and an associated suite of ob-
jective evaluation models. This evaluation method is convenient
and efficient for management to use to monitor the manufac-
turing performance of each stage of the manufacturing pro-
cess, and to achieve fine delivery performance under the good
quality requirement.

Fig. 1. Relation between
process quality and manu-
facturing time

2 Procedures analysis of optical glass manufacturing

There are several processing steps in each manufacturing pro-
cedure. Usually, the operator will shorten the required timing of
each manufacturing step to reach the condition of required qual-
ity. However, the fundamental production timing that the step
usually needs to be certain, can make the quality of the prod-
uct reach the standard request. Therefore, the length of the whole
manufacturing time schedule is affected by the efficiency of the
manufacturing time schedule of each manufacturing step. Chen
et al. [4] pointed out that when the manufacturing time sched-
ule of each manufacturing procedure is too fast, it causes a loss
because of the lower quality of the product or the increase of
storage requirement. On the other hand, if the delivery to a cus-
tomer is delayed, the supplier could be asked to pay a penalty
and his reputation is affected to a certain degree. Therefore, the
manufacturing time schedule is part of a nominal-the-better qual-
ity property with a bilateral specification. Assuming T represents
the minimum expected schedule, and d is a tolerable error period.
The tolerable interval of the manufacturing time schedule of each
manufacturing procedure is (T −d, T +d). A loss may result in
the tolerable interval, but it is still acceptable. Once the specifi-
cation is located outside of T −d or T +d, it indicates that the
manufacturing time schedule is too slow or too fast resulting in
inducing the retardation of product delivery or the poor quality
of a product, so manufacturers or customers may be subjected to
considerable loss. Firstly, the standard schedule T should be es-
tablished prior to developing a performance index for the manu-
facturing time schedule in accordance with the manufacturing
procedure of optical glass. The manufacturing procedure of op-
tical glass is shown in Fig. 2.

The raw material of a glass plate has to be passed through
the stages of disconnection, grind and weight to meet the re-
quirements of an order. The step of extrusion molding produces
the glass to the requested shape, which is followed by a thermal
treatment. This operation takes from 30 hours to 300 hours that
is determined by the material property and the ratio of inflection.
Finally, the product must pass an examination by ultraviolet rays
to test for poor products, and then packing and delivery for loss.
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Fig. 2. The analysis chart of manufacturing procedure of optical glass

There are numerous factors that can affect the manufacturing
time schedule of optical glass. Furthermore, the complexity of
each manufacturing procedure is different; thus, the processing
time varies. After analyzing the whole procedure of manufactur-
ing optical glass, an analytical chart of the manufacturing flow
path is drawn and on it is listed some important influencing fac-
tors of processing rate. These factors are (a) quantity, (b) material
property and, (c) weight.

If the manufacturing efficacy is too slow, it will seriously af-
fect the delivery. But, if the manufacturing efficacy is too fast, it
will affect the quality of the product. Therefore, each processing
manufacturing step should be reviewed and ascribed a reason-
able manufacturing time schedule Ti , which is a function of these
three main factors. If a, b, and c are the quantity, material prop-
erty, and weight, respectively, then Ti can be defined as follows:

Ti = fi(a, b, c), i = 1, 2, . . . , 7 (1)

The time to finish its work is T , in accordance with the flow path.

T =
7∑

i=1

Ti (2)

The reasonable manufacturing time schedule for each processing
procedure can be easily calculated by summing the times of each

step. The performance index of a manufacturing time schedule
evaluates the performance of each processing manufacturing step
to see if it meets the standard requirement or not. If the per-
formance of each processing manufacturing procedure meets the
demand, then it must be decided how much manpower and time
is needed for delivery. If some of the performances in the manu-
facturing procedure do not meet the requirements, the procedure
should be improved to shorten the manufacturing time schedule
and increase the competitiveness.

3 Performance index of manufacturing time schedule

Making manufacturing time schedules of each manufacturing
procedure can meet the request. Therefore, according to the
definition of lower specific limit (LSL) and upper specific limit
(USL) on Fig. 1, the manufacturing time schedule of each manu-
facturing procedure can be defined as follows. Assuming Xi is
the actual processing time of the ith processing manufacturing
procedure, the complexity of each manufacturing flow path is
different, thus a demand of tolerable interval (LSLi , USLi) of
manufacturing time schedule is obtainable. Where LSLi = Ti −
di and USLi = Ti + di . In order to conveniently evaluate the
performance of the manufacturing time schedule, let a random
variable Yi = (Xi − Ti)/di be a conversion value of the manu-
facturing time schedule. The tolerable interval of manufacturing
time schedule of each process in the manufacturing procedure
can be converted to (LSLi , USLi )=(-1,1). Similarly, the minimum
target schedule, inducing loss, can be converted to Ti = 0, and
the tolerable error schedule can be converted to di = 1. Table 1
shows a comparison table of Xi and Yi before and after trans-
formation, using four processing steps as an example.

As shown in Table 1, where Y1 = 1.25 > 1.00, indicates that
the manufacturing efficiency is too slow: delivery can be se-
riously affected. Manpower and work overtime need to be in-
troduced to catch up with production scheduled progress. The
manufacturing process of this procedure should be reviewed
and modified. Y2 = −1.00, indicates that the manufacturing ef-
ficiency is too high so the quality of product might be affected.
The manufacturing process of this procedure should be reviewed.
If this manufacturing process does not affect the quality of prod-
uct, it shows that the manufacturing capability of this worksta-
tion can be increased. This workstation is not only satisfactory,
but can attract premium wages. Both Y3 and Y4 approach 0,
which reveals that the average manufacturing time schedule is

Table 1. A comparison table of Xi and Yi before and after transformation
for using four processing steps as example

Processing
steps Ti di LSLi USLi Xi Yi

1 40 4 36 44 45 1.25
2 45 2 43 47 43 −1.00
3 60 10 50 70 59 −0.10
4 85 5 80 90 86 0.20
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satisfactory and can produce the required quality of the product
and the delivery. The efficiency of the manufacturing time sched-
ule of each workstation can be examined in accordance with the
value of Yi , which can be consulted for evaluation and improve-
ment of the manufacturing time schedule.

Pearn et al. [9] proposed an index to reflect process yield
and loss in a manufacturing process. This index is modified and
a new index is improved to evaluate the performance of a manu-
facturing time schedule based on the above-mentioned concepts.
The index for the performance of a manufacturing time schedule
is defined as follows:

MTIi = 1−|µYi |√
σ2

Yi
+µ2

Yi

, (3)

where µYi and σYi are the mean value and standard deviation,
respectively.

When MTIi ≥ c, then

1−|µYi |√
σ2

Yi
+µ2

Yi

≥ c

⇒ 1−|µYi | ≥ c
√

σ2
Yi

+µ2
Yi

≥ c|µYi |
⇒ (1+ c)|µYi | ≤ 1

⇒ |µYi | ≤ 1/(1+ c) .

When the value of MTIi becomes larger, the absolute value of
µYi approaches 0. This indicates that the average manufacturing
time schedule is well situated and meets both the quality of the
product and delivery. Let pi be the ratio of finished work in the
tolerable interval (LSLi , USLi) of the actual processing time of
the ith processing procedure, then

pi = P (LSLi ≤ Xi ≤ USLi)

= P (−1 ≤ Yi ≤ 1)

= P

(−1−µYi

σYi

≤ Z ≤ 1−µYi

σYi

)

= Φ

(
1−µYi

σYi

)
−Φ

(
−1+µYi

σYi

)

≥ 2Φ

(
1−|µYi |

σYi

)
−1

≥ 2Φ

⎛

⎝ 1−|µYi |√
σ2

Yi
+µ2

Yi

⎞

⎠−1

= 2Φ(MTIi)−1 , (4)

where Φ(x) is a cumulative function of the standard normal
distribution.

The larger the index of MTIi , the higher is the ratio of fin-
ished work in the tolerable interval pi . The relationship between
the index value of MTIi and the lower limit value of pi is shown
in Table 2.

Table 2. MTIi and corresponding to the lower limit value of pi

MTIi pi MTIi pi MTIi pi MTIi pi

0.0 0.0000 1.0 0.6827 2.0 0.9545 3.0 0.9973
0.1 0.0797 1.1 0.7287 2.1 0.9643 3.1 0.9981
0.2 0.1585 1.2 0.7699 2.2 0.9722 3.2 0.9986
0.3 0.2358 1.3 0.8064 2.3 0.9786 3.3 0.9990
0.4 0.3108 1.4 0.8385 2.4 0.9836 3.4 0.9993
0.5 0.3829 1.5 0.8664 2.5 0.9876 3.5 0.9995
0.6 0.4515 1.6 0.8904 2.6 0.9907 3.6 0.9997
0.7 0.5161 1.7 0.9109 2.7 0.9931 3.7 0.9998
0.8 0.5763 1.8 0.9281 2.8 0.9949 3.8 0.9999
0.9 0.6319 1.9 0.9426 2.9 0.9963 3.9 0.9999

4 Analysis chart of the performance
of multi-manufacturing time schedule

This research uses the methods of Vännman [11] and Chen et
al. [4] for proposing an analysis chart for the performance eval-
uation of the manufacturing time schedule in order to accurately
evaluate the performance of the manufacturing time schedule
of each processing procedure. Firstly, the relationship between
the index value of performance of manufacturing time sched-
ule MTIi and the ratio of finished work in the tolerable interval
pi should be considered when establishing the required value of
performance index of the manufacturing time schedule in accor-
dance with the staged target or working methods of the company.
Table 3 illustrates different performance index values of manu-
facturing time schedule and the relevant job conditions and sug-
gestions. The value of t1 and t2 involves industrial background,
condition of competitors, manufacturer expectations, etc. to de-
cide (t1 < t2).

µYi is the abscissa and σYi is the ordinate, and the contour
lines of MTIi are drawn. The position of µYi in the abscissa
shows the speed of the manufacturing time schedule (shift de-
gree) and the position of σYi in the ordinate reveals the stability
degree of the manufacturing time schedule. The lower position of
σYi indicates that the degree of stability is high. After the variable
transformation of Yi = (Xi − Ti)/di , the target value becomes 0
and the upper and lower limit specification converts to 1 and
−1. In this figure, block black lines from top to bottom repre-
sent the contour lines of MTIi = t1 and MTIi = t2, respectively.
The contour lines enclose three manufacturing time schedule
performance blocks that form “the analysis chart of evaluation
index of operation performance.” The larger the area enclosed
in the contour line says that the largest value of MTIi is larger;
it indicates that the manufacturing time schedule is more mod-
erate than the ratios of finished work in the tolerable interval
pi . Hence, the performance coordinate of (µYi , σYi ) created by
the average value and standard deviation of all the procedures of
the manufacturing processes can be drawn on the analysis chart
of multi-manufacturing time schedule performance. The condi-
tion of each manufacturing process can be easily and accurately
understood from this figure to judge whether the manufacturing
time schedule meets the demand or not. Unsatisfactory work-
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The performance index
Performance block Condition of the value of manufacturing Suggestions

performance time schedule

I Good MTIi > t2 Reward
II Fair t1 ≤ MTIi ≤ t2 Maintain/review
III Poor MTIi < t1 Improve/review

Table 3. The required performance index value of
manufacturing time schedule and suggestions

stations should be reviewed to improve the manufacturing time
schedule performance.

5 Case study

In this section, an optical glass manufacturer is used as an
example to illustrate the use of the analysis chart of multi-
manufacturing time schedule performance. Many factors influ-
ence optical glass manufacturing. The required time of each pro-
cess is different as a result of various complexities. The manufac-
turing flow path drawing is shown in Fig. 2. The main manufac-
turing procedure of optical glass can be classified as (1) discon-
nection, (2) grind, (3) weight, (4) extrusion molding, (5) thermal
treatment, (6) inspection and (7) packing. The reasonable time
for each manufacturing step Ti is the tolerable interval of the
required manufacturing time schedule, listed in Table 4, in accor-
dance with (a) quantity (b) material property and (c) weight. The
average value µXi , standard deviation σXi , after transformation
of average value µYi and standard deviation σYi of the actual pro-
cess step are recorded quarterly in Table 4.

According to the above-mentioned information, the contour
lines of µYi and σYi are drawn in Figs. 3 and 4.

According to the target of working mission and the condi-
tions of competitors, the optical glass manufacturer concludes so
that t1 = 3 and t2 = 4. The contour lines of MTI = 3 and MTI = 4
are dawn in the analysis chart of the optical glass manufactur-
ing time schedule. The contour lines enclose three manufacturing
time schedule performance blocks II, III, and I. Figure 3 is used
to assess the performance of the manufacturing time schedule of
the seven main processing steps of optical glass manufacturing.
The manufacturing time schedule performance of these steps is
as follows:

Step 1: The coordinate point is located outside the contour line of
MTI = 3, and µY1 = 0.50. This indicates that the average
manufacturing time schedule tends to be slow. The rea-

Process
Step Flow path Ti LSLi USLi di µXi σXi µYi σYi

1 Disconnection 3 1.50 4.50 1.50 3.75 0.29 0.50 0.19
2 Grind 3 1.50 4.50 1.50 3.15 0.46 0.10 0.30
3 Weight 3 1.50 4.50 1.50 3.00 0.33 0.00 0.22
4 Extrusion molding 4 2.00 6.00 2.00 4.04 0.55 0.02 0.27
5 Thermal treatment 8 4.00 12.0 4.00 7.96 0.16 −0.01 0.04
6 Inspection 1 0.50 1.50 0.50 0.72 0.08 −0.72 0.16
7 Packing 1 0.50 1.50 0.50 1.40 0.05 0.80 0.01

Table 4. The recorded data for seven main pro-
cess steps

Fig. 3. The analysis chart of manufacturing time schedule capability

Fig. 4. The analysis chart of optical glass manufacturing time schedule

sons should be found. The manufacturing time schedule
T = 0 is used as an objective.

Step 2: The coordinate point is located outside the contour line
of MTI = 3, the variation of manufacturing time sched-
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ule σY2 = 0.30 tends to be large. It reveals that the
speed of manufacturing time schedule is unstable. The
manufacturing process should be reviewed and improved
immediately.

Step 3: The coordinate point is located inside the contour line of
MTI = 4, and µY3 = 0.0 shows that the average manu-
facturing time schedule is very satisfactory. The rapid
manufacturing time schedule achieves the required qual-
ity of production process, it represents that the perform-
ance of the manufacturing time schedule reaches the re-
quired specification. The manufacturing time schedule is
equal to the target value T . It is a certificated process and
should be maintained. The workers should be rewarded.

Step 4: The coordinate point is located between contour lines of
MTI = 3 and MTI = 4, the average manufacturing time
schedule is almost the same value as in Step 3. Although
this step is a qualified process, the variation of this pro-
cess is larger than in Step 3. Thus, it should be investi-
gated and improved.

Step 5: The coordinate point is located inside the contour line
of MTI = 4, and µY5 is close to target value, which in-
dicates that the average manufacturing time schedule is
very rapid. This step is a certificated process. Figure 3
shows that the variation of this process is very small and
the time of manufacturing process is nearly situated on
T = 0. This shows that not only does the process capa-
bility meet the requirement but it also exceeds the re-
quirement. So, a lower cost process to replace the current
production process or specification for the available pro-
cess should be considered and discussed.

Step 6: The situation of this step is located outside the contour
line of MTI = 3. The manufacturing time schedule is
much less than target value T . Although this step is a su-
perior process, a new process should be found to lower
the cost of the process.

Step 7: The condition of this step is analogous to Step 1. The
coordinate point is located outside the contour line of
MTI1 = 3, and µYi = 0.80 shows that the average manu-
facturing time schedule tends to be slow. Consequently,
the reasons should be found and manufacturing time
schedule T = 0 should be used as an improvable target.

A survey of the above-mentioned points shows Step 1, 2
and 7 need improvement. The manufacturing time schedule of
Step 7 deviates from the target value and the variation of pro-
cess is very large, which means that the management of this
step has a problem. These processes may be a choke point of
the whole process. Consider adding manpower, purchasing ad-
ditional equipment, improving the schedule or adopting con-
tract work to solve the defects. Although the performance of
the manufacturing time schedule is fair, the deviation is large
and should be improved. Figure 3 shows that the performance
of Step 3 and 5 are satisfactory and the performance should
be continuously maintained. The performance of Step 6 is very

good, but resources such as labor or facilities should be ex-
amined to see if the cost could be reduced to improve the
performance.

6 Conclusions

A performance index of a manufacturing time schedule proposed
by this paper is a convenient and effective analytical tool for
an optical glass manufacturer to objectively measure the quality
and the delivery of the product. This paper uses Vännman’s [11]
and Chen et al. [4] method as basis to plot the coordinate that
is generated by the actual average value of manufacturing time
schedule and standard deviation on “the analysis chart of multi-
manufacturing time schedule performance.” Managements can
judge and supervise the actual multi-manufacturing time sched-
ule performance from this chart to achieve a high quality prod-
uct. In addition, managements can immediately recognize the
problems that may exist in a manufacturing process and use this
information for improving the manufacturing process.
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