
ORIGINAL ARTICLE

W.-P. Sung Æ K.-S. Chen Æ M.-H. Shih

Quantity analysis for welding performance in manufacturing processes

Received: 4 October 2002 / Accepted: 21 January 2003 / Published online: 10 March 2004
� Springer-Verlag London Limited 2004

Abstract Welded bond quality is a very important
working aspect for the manufacturing and construction
industries. A product is affected by quality of welding. A
set of evaluation methods for welding operators is pro-
posed in this paper, based on a theoretical analysis, to
assure the quality of product. A new index using a cat-
egorical quantity expression to evaluate the welding
performance is proposed. The mathematical relationship
of welding performance, number of bad welds and the
maximum tolerable number of bad welds are derived.
Then, the best estimators and the deviations of this in-
dex are statistically inferred. Finally, a procedure and
criteria are proposed to evaluate the performance of a
welding operator. This evaluation method can be used in
decision-making for the selection of a welding operator.
Besides, it can also be used as an analytical tool to
evaluate and improve the welding ability of a welding
technician and the welding performance of a welding
operator.

Keywords Index of welding performance Æ Evaluation
procedure Æ Best estimator

1 Introduction

Welded bonding is connected to the boundary of the
material in order to economize the use of material,
keep the rigidity of the steel and maintain a good
appearance of the material in the process of manufac-
turing of boats, cars, motorcycles, machinery equip-
ment and steel structures etc. Presently, automatic
welding machines are generally used for welding in
manufacturing industry. Nevertheless, working condi-
tions preclude their use in some parts of manufacturing
and construction engineering, and so man-made weld-
ing must be used to make the welds. A good welding
skill is required to reach the required standard.
Otherwise, welding defects are induced by improper
operations, bad maintenance and lack of skill of
welding operators. Electric fusion welding is a widely
used welding method that uses welding a rod as an
electrode flux to from a 1,500�C electric arc flux from
the tip of the welding rod and solder. This high tem-
perature causes the welding rod and solder to be melted
together at the weld point. Because of bad welding
techniques, and inappropriate welding procedures and
sequences, flaws occur in the welds, such as: at welding
seams, edges of welds under cut, insufficient fusion,
inadequate depth of welding, welds containing impu-
rities and air bubbles, insufficient cross-section, unsat-
isfactory welding shape, welding overlap and
distortion. These defects bring stress concentration,
lack of strength and residual stress that affect the
quality of the product tremendously. Therefore, the
welding procedure should be checked particularly
carefully to achieve a high quality and safe product.

Control charts of P and Pn [1, 2] are drawn based on
a batch or daily check, to check whether the welding
performance meets the requirement or not. These con-
trol charts use the principle of statistics to put these
inspected values in an exact order to find the reasons
for extraordinary unsatisfactory welds. According to
the variations of the processes of manufacturing and
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construction and the sampling error, the weld defects
can be detected and handled based on the principle
of statistics to maintain the specified quality of the
product. The quality requirement closely links to the
welding performance of the welding operator and
welding techniques of welding technician. Consequently,
the purpose of this research is to develop a set of
evaluation methods for assessing the theoretical weld-
ing performance. This systematic procedure assists
the manufacturer to judge the performance of an
automatic welding operator and select a superior weld-
ing technician.

The proposed evaluation method of performance is
based on Marr [3] who has described a method eval-
uation performance to analyse the efficiency and
effectiveness of welding assignments. Chow et al [4]
proposed that the important service items must be
established to evaluate the service performance. Tucker
[5] discussed the innate character and defects of each
index of the major research methods and their
achievements. The other related researches refer to
references [3, 6, 7, 8, 9, 10]. Charnes et al [11] showed
that a representative of important evaluation items
could be used to choose a suitable analysis method. A
systematic and practical evaluation method for welding
performance contributes to the control and manage-
ment of the quality and performance of a weld.
Therefore, a set of evaluation methods is proposed in
this paper to judge the performance of a welding
operator and a welding technician. There are two parts
in this method: (1) the definition of an index of welding
performance and (2) an evaluation procedure and cri-
teria. This research proposes a new framework of
indices of welding performance with explicit quantity
expressions to calculate this index. It represents the
relationship of welding performance, to the number of
unqualified points of a weld and the maximum toler-
able number of unqualified points of a weld. Then a set
of inspection procedures is proposed to examine the
welding performance of a welding operator and a
welding technician, which is the basis of a procedure
substantial theory.

2 Index of welding performance and measurement

Currently, welding bond is the most effective method
and satisfactory method to connect material, but the
quality of welding is affected by the welding operator
and welding technician, which influences the quality of
the product. An explicit quantitative expression to
evaluate the performance of a welding operator and a
technician based on an unsatisfactory welding ratio is
described in this paper. The merit of this ratio is that it
expresses a relative relationship that avoids the devia-
tions induced by various numbers of inspections. In
accordance with the definition of the unsatisfactory
welding ratio, a lower unsatisfactory welding ratio
indicates a better welding performance and vice versa.

The unsatisfactory welding ratio (p) is the ratio of the
number of unqualified welds and number inspections.
The definition of this ratio shows as follows:

p ¼ NU
NI

ð1Þ

Where:
NU number of unqualified welding;
NI number of inspections.

Generally, the unsatisfactory welding ratio belongs to
a quality property of an attribute. Therefore, a Bernoulli
distribution is applied to describe the welding perfor-
mance of a welding operator and welding techniques.
For example, let X=1 represents a poor performance of
a welding operator and techniques. And when, X=0 the
performance of a welding operator and welding tech-
niques approaches perfect. Therefore, the random vari-
able obeys the Bernoulli distribution of parameter of p.
That is Pr(X=1)=p and Pr(X=0)=1)p.

As a result, the lower the unsatisfactory welding ratio
the better is the welding performance and the reliability
of the welding operator and technicians. To reduce the
unsatisfactory welding ratio, the upper limit of the
unsatisfactory welding ratio, which is the minimum
requirement of manufacturing, is required of the welding
operators and welding technicians.

The upper limit of the unsatisfactory welding ratio
should be established to evaluate the welding perfor-
mance of the welding operator and welding technicians.
According to the lower limit of welding performance,
required by manufacturing, the index of welding per-
formance can be defined for convenient usage, as fol-
lows:

Spi ¼
P0i � Pi

P0i
; i ¼ 1; 2; � � � ; k ð2Þ

Where:
P0i the upper limit of the unsatisfactory welding ratio,

for the i production line by manufacturing;
Pi is the required unsatisfactory welding ratio for

welding operator on the i production line.

From Eq. 2, when the unsatisfactory welding ratio is
less than the lower limit of welding performance
(Pi<P0i), then Spi>0 and the smaller is the unsatisfac-
tory welding ratio the larger is the index of welding
performance. When the unsatisfactory welding ratio is
larger than the upper limit of welding performance
(Pi>P0i), then, Spi<0. Therefore, when the index of
welding performance is larger than 0, it shows that the
welding performance meets the requirement. Contrarily,
when the index of welding performance is less than 0, it
indicates that the welding performance does not reach
the specific requirement. The maximum value of welding
performance is 1 and the associated unsatisfactory
welding ratio is 0. The welding performance is perfect in
this circumstance.
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3 Estimator for index of welding performance

According to various numbers of inspections for different
production lines, the population of unsatisfactory weld-
ing ratio is an unknown parameter and it can be esti-
mated from sampling. The unsatisfactory welding ratio
Pi of a welding operator i for each production line should
be obtained to evaluate the index of welding perfor-
mance. In accordance with various numbers of inspec-
tions for each batch from the different production lines,
the random variable Xijh represents hth inspection of the
jth batch of ith welding operator. Where i=1, 2,..., k, that
is, there are k production lines; j=1, 2,...,m, that is, there
are m suites for each inspection; h=1, 2..., nij, that is, the
number of inspections nij of jth batch of ith welding
operator. Let Xijh=1, represent that hth inspection of jth
batch of the ith welding operator fails. When, Xijh=0, it
means that the quality of the hth inspection of the jth
batch of the ith welding operator is superior. The random
variable Xijh obeys the Bernoulli distribution with the
parameter Pi. Consequently, the mean value �pi ¼ Di

ni
,

evaluated from the sampling of the unsatisfactory weld-

ing ratio is used to estimate Pi. Where ni ¼
Pm

j¼1
nij indi-

cates the total number of inspections of m batches of

samples for the ith welding operator. Di ¼
Pm

j¼1
Dij ex-

presses the total number of unqualified inspections of m

batches of samples for the ith welding operator. p̂ij ¼ Dij

nij

represents the total unsatisfactory welding ratio of the jth
batches of samples for the ith welding operator.
According to the above-mentionedmethod, the inspected
samples for themth batches of samples for the ith welding
operator are put in order, as listed in Table 1.

Thus, the natural estimator of Spi, which is shown as
follows, can be derived based on Table 1.

Ŝpi ¼
p0i � �pi

p0i
; i ¼ 1; 2; � � � ; k ð3Þ

The average unsatisfactory welding ratio p�i is the
uniformly minimum variance of the unbiased estimator
(UMVUE) for pi under the assumption of Bernoulli

distribution. UMVUE, is the minimum variation of all
the unbiased estimators.

Ŝpi is the unbiased estimator of Spi (that is E Ŝpi
� �

¼ Spi. Actually, Ŝpi is a function of the adequate com-
plete statistic p�i. Therefore, Ŝpi is the best estimator of
Spi. Thus, the variation of the best estimator Ŝpi can be
derived as follows:

Var Ŝpi
� �

¼
1� Spi
� �

1� p0i 1� Spi
� �� �

nip0i
ð4Þ

4 Test of the index of welding performance

When the index of welding performance Ŝpi is larger,
then the value of Pi is smaller. That is, a lower unsat-
isfactory welding ratio shows a better performance of
the welding operator. Assuming the required perfor-
mance for ith welding operator, it must be greater than
Ci (0<Ci<1). The hypothesis testing from reference
[12], is shown as follows:

H0: Spi £ Ci; (welding performance is poor)
Ha: Spi>Ci; (welding performance is fine)

Assuming the significance level is a, then the testing
rule (rejecting region) is ŜpijŜpi>C0i

� �
. Where C0i is the

critical value, which can be determined by the following
equation.

P Ŝpi>C0ijSpi ¼ Ci
� �

¼ a ð5Þ

According to E Ŝpi
� �

¼ Spi and Var Ŝpi
� �

¼
1�Spið Þ 1�p0i 1�Spið Þ½ �

nip0i
, thus let

Z ¼
ffiffiffiffiffiffiffiffiffi
nip0i
p

Ŝpi � Ci
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Cið Þ 1� p0i 1� Cið Þ½ �

p ð6Þ

In accordance with the central limit theorem, the
random variable Z approaches a standard normal dis-
tribution when the sample size is large enough. Equa-
tion 4 can then be expressed as follows:

P Z>
ffiffiffiffiffiffiffiffiffi
nip0i
p

C0i � Cið Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Cið Þ 1� p0i 1� Cið Þ½ �

p

 !

¼ a ð7Þ

Table 1 The inspected samples
for mth batches of samples for
the ith welding operator

Inspected
samples (j)

Number of
Sample (nij)

Total unqualified

welded bond Dij ¼
Pnij

h¼1
Xijh

The total unsatisfactory
welding ratio p̂ij ¼ Dij

nij

1 ni1 Di1 p̂i1 ¼ Di1
ni1

2 ni2 Di2 p̂i2 ¼ Di2
ni2..

. ..
. ..

. ..
.

j nij Dij p̂ij ¼ Dij

nij..
. ..

. ..
. ..

.

m nim Dim p̂im ¼ Dim
nim

S ni ¼
Pm

j¼1
nij Di ¼

Pm

j¼1
Dij �pi ¼ Di

ni
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According to Eq. 6, the value of C0i can be expressed
as follows:

C0i ¼ Ci þ Za

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Cið Þ 1� p0i 1� Cið Þ½ �

nip0i

s

: ð8Þ

Where: Za is upper ath quantile of a standard normal
distribution, that is P(Z>Za)=a.

In order to conveniently apply this in practice, a set of
test of procedures is developed as follows:

1. Determine the value of Ci, that is, the basic required
performance of the welding operator and welding
technicians. Determine the significance level a, gen-
erally a is equal to 0.05 or 0.01.

2. Determine m suites of sample size and calculate the
total number of sample sizes ni ¼

Pm
j¼1 nij.

3. Calculate the estimation of the index in accordance
with number of sample size ni and assuming Ŝpi ¼ Vi.

4. According to Eq. 7, the critical values are calculated
based on a=0.05 and a=0.01 assuming a=0.05 the
C0i=CSi or a=0.01 the C0i=CLi.

5. Judge whether the welding performance meet the
requirement or not. Methods of judgment are indi-
cated as follows:

a) If CSi £ Vi<CLi, the welding performance attains
the requirement of significance level; if CLi<Vi,
the welding performance reaches the strictest
requirement of significance level.

b) If Vi<CSi, the welding performance does not
achieve the required welding performance.

5 Case study

The index of welding performance provides a number
to test whether the welding performance of welding
operators and welding technicians reach the required
technical standard. To illustrate the above-mentioned
evaluation method for welding operators and welding
technicians, a realistic case study is used to make
description of this evaluation procedure. There are

three different production lines in an automobile-
manufacturing factory. The welding operators of each
production line are operated and maintained by vari-
ous units of technicians. In order to establish the
maintenance and quality control capability of
these three units, the quality of welds is sampling by
selective examinations by the production management
unit. Table 2 is the welding inspection record for the
three different production lines.

Step 1: The basic requirement of welding performance
for the production management unit of the
automobile manufacturing factory is Ci=0.40.
Then, the significance level of a for a=0.05 and
a=0.01, respectively.

Step 2: The sample size of welding bond inspections for
various items of spot tests is between 100 and
250. The total numbers of tests are shown in the
following table:

Step 3: Calculate the estimated value of Ŝpi, shown in
the following table:

Step 4: Calculate the critical value based on a=0.05
and a=0.01.

Table 2 The welding inspection
record of A,B,C units of
production lines of automobile
manufacturing factory

The welding inspection
record of A unit

The welding inspection
record of B unit

The welding inspection
record of C unit

Number of
inspection

Number of
unqualified

Number of
inspection

Number of
unqualified

Number of
inspection

Number of
unqualified

100 2 150 2 200 9
150 4 100 3 120 8
200 2 150 5 150 5
150 1 200 6 250 10
120 3 120 4 100 5
100 3 120 3 130 7
250 4 115 2 100 6
200 3 250 8 150 9
150 1 210 7 200 11
120 2 150 3 155 8

A unit B unit C unit

total numbers of welding test 1540 1565 1565

The welding
inspection
record of A unit

The welding
inspection
record of B unit

The welding
inspection
record of C unit

Ŝpi ¼ Vi 0.6753 0.0405 0.0032

The welding
inspection record
of A unit

The welding
inspection record
of B unit

The welding
inspection record
of C unit

CSi 0.486884 0.451443 0.400017
CLi 0.486873 0.450068 0.400017
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Step 5: According to the computation data, the weld-
ing performance for the A unit is CLi<Vi, thus
the welding performance reaches the strictest
requirement; the welding performance for B
unit is CSi £ Vi<CLi, thus, so welding perfor-
mance attains requirement; the welding per-
formance for C unit is Vi<CSi, so, the welding
performance does not achieve the requirement.
The maintenance and quality control capability
for the welding operators of the C unit is
insufficient; the technological process should be
reviewed or technological re-education to im-
prove the work performance should be under-
taken.

6 Conclusion

An outline of this proposed evaluation method uses
statistical inference to develop a test procedure and
provide an index of welding performance. The
advantages of this index are that it can directly
calculate and be easily applied to real work. This
evaluation method combines theoretical analysis with
reality. A suite of a five-step evaluation procedure is
proposed to deal with these test problems in accor-
dance with calculation of the proposed evaluation
index. This quantification method explicitly appraises
the welding performance and judges whether the
welding performance meets the production and
engineering quality requirement or not.

Statistical inference derives the best estimator. The
benefit of this method is that it provides a convenient
evaluation procedure for a manufacturing and con-
struction engineering unit to evaluate the welding tech-
nology and maintenance capability of welding

technicians and operators. In addition, this evaluation
procedure helps manufacturing industry to examine the
performance of welding operators as well as offering
welding technicians an analytical approach to improve
welding procedures and quality control capability.

References

1. National Earthquake Engineering Research Center (1999) The
investigation of 921 Chi-Chi earthquake damages. NEERC,
Taiwan ROC

2. Sinotech Engineering Consultants, Ltd (1999) 921 Chi-Chi
earthquake brief report. Sinotech Engineering Consultants,
Ltd, Taiwan ROC

3. Watabe M (1995) Lessons learnt from Hanshin-Awaji devas-
tating earthquake. Conf Architecture Damage Hanshin-Awaji
Earthquake, Taipei, Taiwan ROC, 1-1-1-49

4. Marr NE (1991) Do managers really know that service their
customers require? Int J Phys Distrib Log 12:353–361

5. Chow G, Heaver TD, Henriksson LE (1994) Logistics perfor-
mance: definition and measurement. Int J Phys Distrib Log
Meas 24:17–28

6. Tucker FG (1994) Creative customer service management. Int
J Phys Distrib Log Meas 24:32–40

7. Lalonde BJ, Zinszer PH (1976) Customer service: meaning and
measurement. National Council of Physical Distribution
Management, Chicago, IL, USA

8. Clarke RL, Gourdin KN (1991) Measuring the efficiency of the
logistics process. J Bus Log 12:17–33

9. Kleinsorge IK, Schary PB, Tanner R (1991) The shipper-carrier
partnership: a new tool for performance evaluation. J Bus Log
12:35–57

10. Holcomb MC (1994) Customer service measurement: a meth-
odology for increasing customer value through utilization of
the Taguchi strategy. J Bus Log 15:29–51

11. Taguchi G, Wu Y (1980) Introduction to off-line quality con-
trol. Central Japan Quality Control Association, Nagoya,
Japan

12. Charnes A, Cooper WW, Rhodes E (1981) Evaluating
program and managerial efficiency: an application of data
envelopment analysis to program follow through. Manage Sci
27:668–697

711


