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Risk assessment by quantifying and
prioritizing 5S activities for
semiconductor manufacturing

Yung-Chia Chang1, Kuei-Hu Chang2 and Chuan-Yung Chen1

Abstract
5S practice follows structured 5S activities from structurize, systematize, sanitize, standardize, and self-discipline to deal
with scene management in shop floor control, and it is regarded as the most troublesome aspect with respect to envi-
ronmental safety and health for a semiconductor manufacturing fabrication. The improved action items for 5S activities
can amount to thousands from messy paper filing to untightened chemical piping. However, there is no clear key perfor-
mance indicator to evaluate how good (safe) the fab is and how to be good (safe) for 5S practice. Failure modes and
effects analysis is an effective and efficient way to deal with risk assessment for 5S activities and to prioritize the action
requests from the improved result of continuous improvement. However, when failure modes and effects analysis is
applied to the risk assessment of 5S audit, the conventional risk priority number lacks of all comprehensive information
and misleads to a bias for not considering weights of severity (S), occurrence (O), and detectability (D). In order to
improve the method of risk priority number evaluation, this article combining 2-tuple fuzzy linguistic representation
model and weighted geometric averaging operators to quantify 5S audit findings is proposed to eliminate the bias from
different 5S auditors. This is the first approach for the numerous 5S action items to be quantified and prioritized with
resource constraints to sustain 5S practice robust. A case study in a fab was demonstrated to show how the model was
implemented to approve its validity.

Keywords
2-tuple fuzzy linguistic representation model, 5S practice, failure modes and effects analysis, risk assessment, semicon-
ductor fabrication, weighted geometric averaging
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Introduction

5S practice has long been implemented to establish and
maintain quality environment in an organization
worldwide from service to industry.1,2 5S practice is a
baseline leading to total quality management (TQM)3–7

and safety.8 An enterprise may adopt 5S principles to
achieve higher productivity and quality standards as
move toward TQM.7 TQM is a manufacturing pro-
gram aimed at continuously improving quality and to
improve firm performance.9,10 When a semiconductor
manufacturing fabrication is audited, 5S practice is one
of the topics on the audit checklist. ISO/TS 16949:2002
is an International Organization for Standardization
(ISO) technical specification that represents a compre-
hensive quality management system for continual
improvement with emphasis on defect prevention, the
reduction of variation, and waste for the global auto-
motive industry.11

Many international semiconductor manufacturing
companies (e.g. Intel Corporation, Samsung
Electronics, STMicroelectronics) have affiliated and
registered the certification of ISO/TS 16949 to become
world-class semiconductor manufacturers. Taking the
ISO/TS 16949:20026 standard as a reference, the
clauses of 6.4.1 (personal safety to achieve product
quality) and 6.4.2 (cleanliness of premises) are clearly
stated in the sub-checkpoints of clause 6.4 (work
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environment) that is completely associated with 5S prac-
tice. To more precisely explain the association of 5S prac-
tice with ISO/TS 16949, a fab must minimize potential
risks to employees and achieve safety through controls as
well as keep premises in adequate state of neatness,
order, and cleanliness in semiconductor manufacturing.
The checkpoints for 5S practice can be thousands of
items that include, but not limited to, defined responsibil-
ities for order and cleanliness, appropriate disposal, stor-
age conditions, clean intact transport and operating
equipment, and hygiene standards and requirements.
Hence, the performance indicators to measure the effec-
tiveness of 5S practice are difficult to define and evaluate
because the audit results of 5S practice are usually sub-
jective and linguistic ones with adjective propositions and
statements. A mapping table between audit topics and
ISO/TS 16949 clauses is shown in Table 1. It is noted
that the listed audit topics are selected as an assessment
dedicated to a fab audit only.

However, 5S practice is not easily to cope with thou-
sands of action items in line with each S of the 5S activ-
ities due to resource constraints when implementing 5S
practice. For one problem, there is no structured key
performance indicator (KPI) to examine such qualita-
tive action items, indicating how good (safe) the fab is
as a result of implementing 5S practice. And for the
other, the action items can measure up to be thousands
on how to be good (safe) with resource constraints in
line with different viewpoints of 5S auditors. In indus-
trial practice of 5S audit for semiconductor manufac-
turing, 5S auditors bring a blank paper to record and

evaluate whatever and whenever they have audited.
Then the auditees will take corrective actions per the
audit result. However, there is currently no systematic
method to do 5S audit and how to allocate the right
resource for corrective actions per audit result.
Housekeeping at home is same as the 5S practice at a
fab. Both have the same identity that there are many
activities to do and prioritize. At home, the floor is reg-
ularly cleaned, clothes are highly organized, or maga-
zines are specifically structurized. And at a fab,
equipment is periodically cleaned, tools are well orga-
nized, or files are finely structurized. The action
requests are endless, depending on how the current sit-
uation is and how to be good with resource constraints
for 5S practice. Therefore, it is more realistic to priori-
tize 5S action items for practitioners to better allocate
the right resource first in practice.

Failure modes and effects analysis (FMEA) is a
widely used risk assessment and risk control tool.12

Today, FMEA has been adopted in many places, such
as the semiconductor industry,13 oil refinery turn-
around,14 thin film transistor liquid crystal display,15–17

automobile,3 and aerospace industry. FMEA is a com-
prehensive failure analysis for analysis of failure modes
within a system for classification by the severity and
occurrence of the failures for semiconductor manufac-
turing.18 It is an effective and efficient way to deal with
the risk assessment on 5S audit and to prioritize the
action request per the audit result. However, the action
request is differently perceived by one auditor to
another. The 2-tuple fuzzy linguistic representation

Table 1. Mapping table between audit topics and the ISO/TS 16949 clauses.

Audit scope Audit topic ISO/TS 16949 clauses

Management responsibility Production indices review 5.4, 5.5, 5.6, 6.1, 8.4, 8.5
SPC/yield improvements
Safety review

Manufacturing execution system Process flow/route update/change management 4.2, 7.1, 7.5, 8.1, 8.2, 8.5
Equipment constraints/release management

Facility control Environment control 6.3, 6.4, 8.4, 8.5
Facility engineering change

Production line management 5S practice (6.4.1 and 6.4.2 in 6.4) 6.4, 7.1, 7.5, 8.1, 8.3
Customer property (e.g. wafer mask)

Equipment control Equipment release/monitor management 7.1, 7.2, 7.3, 8.2, 8.3, 8.4, 8.5
Gauge calibration
PM plan, execution, and verification
PM employee training and certification

Process planning and control Customer special request 7.1, 7.2, 7.5, 8.2, 8.4, 8.5
Automotive product control
FMEA and control plan

Corrective action Major event correction and prevention 7.1, 8.5.2, 8.5.3
Continuous improvements

Process control SPC management 7.5, 8.2, 8.3, 8.4, 8.5
Recipe management
Recovery management

Product performance and management Defect monitor management 8.2, 8.3, 8.4, 8.5
Nonconforming control management

FMEA: failure modes and effects analysis; ISO: International Organization for Standardization; PM: preventive maintenance; SPC: statistical process

control.
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model is proposed to combine numerical and linguistic
information without loss of information in the trans-
formation processes to normalize the conventional risk
priority number (RPN). Then weighted geometric aver-
aging (WGA) is implemented to provide and generalize
a parameterized class of geometric mean type aggrega-
tion operators that have the ability to model linguisti-
cally expressed aggregation instructions. This study
proposed a novel method combining the 2-tuple fuzzy
linguistic representation model and the WGA opera-
tors to quantify 5S action items, so that the numerous
5S action items could be prioritized with resource con-
straints to sustain 5S practice robustness.

The organization of this article is categorized into five
sections. In section ‘‘Introduction,’’ the motivation for
quantifying and prioritizing 5S activities for semiconduc-
tor manufacturing is introduced. Section ‘‘Material and
methods’’ reviews 5S practice in a semiconductor manu-
facturing fabrication, introduces FMEA, and induces
the theory of computation for the 2-tuple fuzzy linguistic
representation model and WGA. A novel method com-
bining the 2-tuple fuzzy linguistic representation model
and the WGA operator is proposed in section ‘‘Proposed
method.’’ A case study in a fab was demonstrated
how the model was implemented to approve its validity
in section ‘‘Case study.’’ The final section draws
conclusions.

Material and methods

5S practice in a semiconductor manufacturing
fabrication

5S practice was proposed as a philosophy or way and
as a technique or tool by Osada19 and Hirano.20 It fol-
lows structured 5S activities from structurize, systema-
tize, sanitize, standardize, and self-discipline,5,21,22 with
meaning and typical examples for each S of 5S are as
shown in Table 2.5,21 5S practice has been successfully
implemented in any size of companies, and 5S is posi-
tively related to operational performance measures,
especially those referring to quality and productivity in
a large-scale plant.23 Since a fab is built with thousands
of process equipments and facilities, it is much more
difficult to implement 5S practice in a much wider lay-
out and more complex infrastructure. When imple-
menting 5S practice, a fab follows a general guideline.
First, commitment from top managers is made to
ensure that 5S practice is executed smoothly. Second, a

steering committee plans and conducts how to imple-
ment 5S practice, including training and promotion.
Third, 5S audit is conducted to evaluate how good the
fab is and how to be good in line with 5S standard. In
this step, an auditor evaluates the qualitative result of
audited items, and the result varies from one auditor to
another according to his or her perception. Finally,
action items are made as a result of the 5S audit for
further continuous improvements.

FMEA in a semiconductor manufacturing fabrication

FMEA has long been an established reliability engi-
neering application wieldy using in design, safety, testa-
bility, and related functions within a system for action
classification by using occurrence (O) and detectability
(D) in line with severity (S) criteria from the RPN of
the failures.24–26 Failure modes having a high RPN are
assumed to be more important and given a higher prior-
ity than those having a lower RPN. It was initially
designed by Department of Defense (USA) and
described in US armed forces military procedures docu-
ment MIL-P-162927 and revised in 1980 as MIL-STD-
1629A.28 It was further implemented for semiconductor
manufacturing as a clear guideline.18 Before identifying
failure modes (5S audit findings), the value of the RPN
should be computed to realize its effect analysis. The
value of RPN is a product of three individual compo-
nent ratings: severity (S), occurrence (O), and detect-
ability (D). A brief explanation is as below. The ranking
criteria for S, O, and D for environmental safety and
health (ES&H) severity in semiconductor manufactur-
ing are clearly defined as shown in Tables 3–5.18 Each
score of S, O, and D for all of their scores is weighted
from 1 being the best to 10 being the worst.

� Severity (S): should a failure (5S audit finding)
occur, what effect would that failure has on quality
and safety?

� Occurrence (O): how likely is it for the failure to
occur?

� Detectability (D): should it occur, what mechanisms
detect the failure?

Since the RPN is used to identify items that require
action and assign a priority to allocate resource to
them, all critical or significant failures or findings
should have required actions associated with them.

Table 2. Meaning with typical examples for each S of 5S.5,21

Japanese English equivalents Meaning Typical examples

Seiri Structurize Organization Throwaway/return things not needed
Seiton Systematize Neatness Clearly designate name and place for everything
Seiso Sanitize Cleaning Assign individual cleaning responsibility
Seiketsu Standardize Standardization Keep transparency
Shitsuke Self-discipline Discipline Keep self-check with discipline

1876 Proc IMechE Part B: J Engineering Manufacture 227(12)
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Required actions should be focused on quality and
safety and directed toward alleviating the cause of fail-
ure (5S audit finding) or eliminating the failure mode.

The 2-tuple fuzzy linguistic representation model

The 2-tuple fuzzy linguistic representation model was
first proposed by Herrera and Martı́nez,29,30 and it was
developed by a procedure for combining numerical and
linguistic information without loss of information in

the transformation processes between numerical and
linguistic information. This model can bridge FMEA
to more effectively resolve the problem of measurement
scales without loss of information and to more con-
cisely prioritize the assessment of potential failure
modes.31 With the same algorithm, the combination of
FMEA and the 2-tuple fuzzy linguistic representation
model can provide risk ranking for 5S action items with
resource constraints.

A 2-tuple linguistic is based on symbolic transforma-
tion that adopts 2-tuple sets (Si,ai) to define linguistic
evaluation information, where Si 2 S and S is a term
set of linguistic evaluation. It is a predefined odd set of
ordinary lexicographic order. To illustrate the 2-tuple
fuzzy representation model, the terms associated with
their definitions are explained as follows.29,30 The col-
lective sets with aggregating linguistic information are
taken as a basis for experts’ evaluation.

Definition 1. Let S= fs1, s2, . . . , sng be a linguistic term,
where n52 and Si be the ith term.

Definition 2. Let A= fa1, a2, . . . , aqg be a set of a lin-
guistic terms to be aggregated for q52 and aj be the
jth index.

Definition 3. Let E= fe1, e2, . . . , emg be a set of expert
evaluations for m52 and ek be the weighted evaluation
by the kth expert.

The evaluation expert ek selects an element Si with
respect to aj from the linguistic set S, where Pk

ij 2 S,
i=1, 2, . . . , n, and j=1, 2, . . . , q.

To assure the consistency of the evaluation, the lin-
guistic term S satisfies

1. S is an ordinary lexicographic order. If i5j, then
Si5Sj.

2. A 2-tuple negation operator ‘‘neg’’ over 2-tuples is
computed as neg(Si)=Sg�i, where g+1 is the car-
dinality of S, S= fS1,S2, . . . ,Sng.

Table 3. Severity ranking criteria.18

Rank Severity level Description

10 Catastrophic I A failure results in the major
injury or death of personnel.

7–9 Critical II A failure results in minor injury
to personnel, personnel
exposure to harmful chemicals
or radiation, a fire or a release
of chemicals into the
environment.

4–6 Major III A failure results in a low-level
exposure to personnel or
activates facility alarm system.

1–3 Minor IV A failure results in minor system
damage but does not cause
injury to personnel, allow any
kind of exposure to operational
or service personnel or allow
any release of chemicals into
environment.

Table 4. Occurrence ranking criteria.18

Rank Description

10 A high probability of occurrence during the item
operating time interval (i.e. once a week). High
probability is defined as a single FM probability . 0.20
of the overall probability of failure during the item
operating interval.

7–9 A moderate probability of occurrence during the item
operating time interval (i.e. once every 2 weeks).
Probable is defined as a single FM probability . 0.10
but \ 0.20 of the overall probability of failure during
the item operating time interval.

4–6 An occasional probability of occurrence during the
item operating time interval (i.e. once a month).
Occasional is defined as a single FM probability . 0.01
but \ 0.10 of the overall probability of failure during
the item operating time interval.

2–3 A remote probability of occurrence during the item
operating time interval (i.e. once every 2 months).
Remote is defined as a single FM probability . 0.001
but \ 0.01 of the overall probability of failure during
the item operating time interval.

1 An unlikely probability of occurrence during the item
operating time interval. Unlikely is defined as a single
FM probability \ 0.001 of the overall probability of
failure during the item operating time interval.

FM: failure mode.

Table 5. Detectability ranking criteria.18

Rank Description

10 Very low (or zero) probability that the defect will be
detected. Verification and/or controls will not or
cannot detect the existence of a deficiency or defect.

8–9 Low probability that the defect will be detected.
Verification and/or controls not likely to detect the
existence of a deficiency or defect.

5–7 Moderate probability that the defect will be detected.
Verification and/or controls are likely to detect the
existence of a deficiency or defect.

3–4 High probability that the defect will be detected.
Verification and/or controls have a good chance of
detecting the existence of a deficiency or defect.

1–2 Very high probability that the defect will be detected.
Verification and/or controls will almost certainly detect
the existence of a deficiency or defect.

Chang et al. 1877
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3. A maximization and a minimization operators are
defined as max (Si,Sj)=Si and min(Si,Sj)=Sj,
respectively, where Si5Sj.

After the symbolic translation is analyzed, the
2-tuple linguistic term with associated operators is pre-
sented for further computational techniques to operate
with the 2-tuples without information loss.

Definition 4. The symbolic translation of a linguistic term
set Si 2 S that can be transformed to linguistic term by
the function u to obtain as follows32

u : S! S3 ½�0:5, 0:5)
u Sið Þ= Si, uð Þ, Si 2 S ð1Þ

Definition 5. Let S= fS0,S1, . . . ,Sgg be a linguistic term
set and b 2 ½0, g� be a value expressing the result of a
symbolic aggregation operation, such that 2-tuple rep-
resents the equivalent information to b is obtained
from the following function D32

D : 0, g½ � ! S3 �0:5, 0:5½ Þ ð2Þ

D(b)= (Si,a), with
si, i= round(b)

a=b� i,a 2 ½�0:5, 0:5)

�

where round is the rounding operation, Si has the clo-
sest index label to a, and b is the value of the symbolic
translation.

Definition 6. Let S= fS0,S1, . . . ,Sgg be a linguistic term
set and (Si,a) be a 2-tuple. The negation function is
D�1 from a 2-tuple, and it returns its equivalent numer-
ical value b 2 ½0, g�,32 that is

D�1 : S3 ½�0:5, 0:5)! ½0, g�
D�1(si,a)= i+ai =b ð3Þ

Definition 7. Let X= f(r1,a1), (r2,a2), . . . , (rn,an)g be a
set of 2-tuples and W=(w1,w2, . . . ,wn),wi 2 ½0, 1� be
their associated weights. The 2-tuple weighted arith-
metic mean X

e

w is calculated as follows32

X
e

w ri,aið Þ,wi½ �=D

PI
i=1

D�1 ri,aið Þ � wi

PI
i=1

wi

0
BBB@

1
CCCA

=D

PI
i=1

D�1bi � wi

PI
i=1

wi

0
BBB@

1
CCCA ð4Þ

Definition 8. Let X= (r1,a1), (r2,a2), . . . , (rn,an)f g be a
set of 2-tuples and W= f(r

1
,aw1), . . . , (rn,awn)g

be their associated linguistic weights. The 2-tuple lin-
guistic weighted arithmetic mean X

e

lw is calculated as
follows32

X
e

lw=D

Pn
i=1

D�1 ri,aið Þ � D�1 wi,awi
ð Þ

Pn
i=1

D�1 wi,awi
ð Þ

0
BB@

1
CCA

=D

Pn
i=1

bi � bwi

Pn
i=1

bwi

0
BB@

1
CCA ð5Þ

The 2-tuple weighted arithmetic mean and the 2-
tuple linguistic weighted arithmetic mean can compute
the mean of a set of linguistic values without any loss
of information.

Suppose that (si,ai) and (sj,aj) are random two 2-
tuples, the assumptions will be made according to an
ordinary lexicographic order as follows

If i. j, then (si,ai) ‘‘.’’ (sj,aj). The symbol ‘‘.’’ means
‘‘better than.’’
If i= j, then

1. If ai . aj, then (si,ai) ‘‘.’’ (sj,aj). The symbol ‘‘.’’
means ‘‘bigger.’’

2. If ai =aj, then (si,ai) ‘‘=’’ (sj,aj). The symbol
‘‘=’’ means ‘‘equal to,’’ which represents (si,ai)
and (sj,aj) share the same information.

3. If ai \ aj, then (si,ai) ‘‘\ ’’ (sj,aj). The symbol
‘‘\’’ means ‘‘worse than.’’

WGA operators

Before WGA operators will be discussed, geometric
averaging (GA) is introduced and its definition for GA
is explained and expressed as below.33,34

Definition 9. A GA operator of dimension n is a mapping
GA: f : R+n ! R+

f(a1, a2, . . . , an)=
Yn
j=1

aj

 !1
n

ð6Þ

then f is called the GA operator.

Definition 10. A WGA operator of dimension n is a map-
ping WGA35,36f : R+n ! R+

f(a1, a2, . . . , an)=
Yn
j=1

a
wj

j ð7Þ

which is associated with an exponential weighting vec-
tor w=(w1,w2, . . .wn)

T of the aj, with wj 2 0, 1½ �,
14j4n, and

Pn
j=1 wj =1,then f is called the WGA

operator.

Proposed method

As reviewed in section ‘‘Material and methods,’’ thou-
sands of 5S checkpoints must be examined in order to

1878 Proc IMechE Part B: J Engineering Manufacture 227(12)
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take remedial and corrective actions for continual
improvements. A method to quantify and prioritize 5S
activities for semiconductor manufacturing was pro-
posed and constructed as shown in Figure 1. It com-
bined 2-tuple method and WGA operators in FMEA
for 5S audit in a fab.

Criteria of evaluation for S, O, and D

Before action requests will be quantified and prioritized
for 5S activities, the S, O, and D for failure modes
(findings) are defined with their quantified rules. These
rules are dedicated for 5S findings in semiconductor
manufacturing. With the identity of subjective, linguis-
tic, and qualitative characteristics for the 5S audit find-
ings, the ranking criteria for S, O, and D of failure
modes (findings) are used as references per audit result
of 5S practice.

Severity (S). It is necessary that many chemicals are used
in semiconductor manufacturing, and most of them are
dangerous: toxic, poisonous, corrosive, or volatile. Any
accident or incident could cause a catastrophic result,
such as human injury, fatal death, and even ecological
disaster. In addition to those findings associated with
safety, those involved with wafer yield are regarded as
a decisive determinant due to wafers being the only
product in semiconductor manufacturing. Hence, those
findings related to the ES&H as well as wafer yield are
emphasized more in the evaluation on the score of
severity in this study. The available resources should be

allocated to those with higher S scores. For example, it
is scored as 10 for severity with a finding related to the
death of personnel. Table 6 illustrates the ranking cri-
teria of 5S S score.

Occurrence (O). In the audit process of shop floor, an
audit team usually consists of 3–8 auditors accompa-
nied by an escort that is teamed up with experienced
auditees from equipment, facility, and manufacturing
departments of the auditee fab. All of these auditors
have their preferences, concerns, and attentions on
whatever or whenever they have been auditing. Thus,
the auditors are altogether guided in the same audit
path to focus on the same scope as a result of yielding
similar findings. In the evaluation table for ranking O,
the total count of finding(s) and recurrence or repeti-
tion per the same finding of 5S audit are two factors to
determine the O score. For instance, the score is evalu-
ated as 4 if the same findings have been found by the
different auditors twice. The ranking criteria of 5S O
score are described in Table 7.

Detectability (D). Similar to the mechanisms in place (if
any) to detect a failure if it were to occur, the behavior
to detect findings is possibly subjective with respect to
5S findings. Thus, the quantified rule ranks the D score
in accordance with the extent of effort to detect. Taking
a pod (wafer container) as an example, the D score is 10
if auditors easily detect without any effort that a pod is
put on the ground, resulting in negative quality con-
cerns. Table 8 states the ranking criteria of 5S D score.

Figure 1. Proposed method for quantifying and prioritizing 5S activities.
GRPN: generalized risk priority number; WGA: weighted geometric averaging.

Chang et al. 1879
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Procedure for generalized RPN by 2-tuple and WGA

Now that the S, O, and D can be numericalized based
on the predefined rule as Tables 5–7, a generalized
RPN (GRPN) can be transformed to a specific number
based on conventional RPN calculation (S3O3D).
However, the conventional RPN lacks of all compre-
hensive information and misleads to bias for not con-
sidering weights for each S, O, and D. This GRPN
methodology can be compensated by the 2-tuple
method and WGA operators to resolve this problem as
follows. In the following, a stepwise (Steps 1–4) proce-
dure was proposed to be further followed for quantify-
ing and prioritizing 5S activities, and each of the RPN
score is revisited and computed to yield GRPN by the
2-tuple method and WGA operators. According to the
RPN, all scores can be ranked in descendent order and
available resource should be allocated based on
GRPNs with higher numbers, meaning that the 5S
findings with higher GRPNs require action request
first.

Step 1: record of 5S findings. At this step, an actual one-
shoot audit for 5S practice was conducted by different
auditors. Each of these auditors would be distributed
with a blank paper to record whatever and whenever
they had been auditing during the auditing. To prevent
the failure modes (findings) from diversity and variety,
the escort team was built to guide the audited route for
more focused checkpoints in such a large fabrication.
By doing so, the result of failure modes (findings)
would be more objective and aligned. For example, all
of these auditors were brought to lithography area by
the escort team, and they would record whether the
usage of photo resist (PR) was complied with the PR
management, for example, the expiry date of the chemi-
cal, first-in-first-out inventory, and cleanliness of PR
cabinet.

Table 6. Ranking criteria of 5S severity.

Rank Criteria of evaluation
(linguistic statement)

Quantified rule (impact on
safety and quality)

10 Completely
unacceptable

Noncompliance with
government regulation, death
of personnel, or a batch of
scrapped wafers

9 Catastrophic Out of control on any human
or ecological hazards
associated with
manufacturing or a batch of
scrapped wafers

8 Disastrous Failure to follow safety
procedures endangering the
public at large or scrapped
wafers

7 Terrible Significant loss of function on
safety and quality

6 Critical Failure to follow safety
procedures potentially
endangering workers or
potentially scrapped wafers

5 Serious Noticeable impact to safety
and quality but can be
recovered by continuous
improvement

4 Minor Little impact to personnel
injury or wafer quality

3 Very minor A very minor impact
to affect safety and
wafers

2 Negligible A trivia finding unworthy to
correct due to resource
constraints

1 No impact Barely impact

Table 7. Ranking criteria of 5S occurrence.

Rank Criteria of
evaluation (total
count of finding(s)
per audit)

Quantified rule (recurrence or
repetition of the same finding)

10 Frequent: five
times of findings

The same findings have been
found by the different auditors.

9 The same findings have been
found by the same auditor.

8 Probable: four
times of findings

The same findings have been
found by the different auditors.

7 The same findings have been
found by the same auditor.

6 Occasional: three
times of findings

The same findings have been
found by the different auditors.

5 The same findings have been
found by the same auditor.

4 Remote: twice of
findings

The same findings have been
found by the different auditors.

3 The same findings have been
found by the same auditor.

2 Improbable: once
of finding

The same finding has been found
once.

1 Never: none of
occurrence

The finding has never been
found regardless of the amount
of auditors.

Table 8. Ranking criteria of 5S detectability.

Rank Criteria of evaluation
(subjective viewpoint)

Quantified rule (the
extent of efforts to
detect)

10 Completely certain Without any efforts at all
9 Fairly certain With very little efforts
8 Almost certain With somewhat little

effort
7 Almost somewhat certain With little efforts
6 Moderately certain With further very little

efforts
5 Very moderate certain With further somewhat

little efforts
4 Low certain With further little efforts
3 Very low certain With further somewhat

much efforts
2 Potentially certain With further much

efforts
1 Completely certain With all efforts to make
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Step 2: computation of GRPN by 2-tuple method with
WGA. Once all findings were listed and recorded, all
RPNs with possibly different values at the same finding
would be calculated by the 2-tuple method from different
auditors with their weighted values (by WGA operators)
for S, O, and D to obtain a GRPN in the one-shoot
audit. Taking a finding on wafer mask management by
three auditors as an example, these auditors evaluate the
overall status for wafer masks and record all scores of S,
O, and D. Then each S, O, and D will be calculated by
the 2-tuple method to induce a new value for each.
Before computing the new value by WGA, each of S, O,
and D will be assigned a weight ranging from 0.1 to 0.8,
depending on how significant the S, O, and D are to the
fab. Finally, each new value of S, O, and D will be com-
puted by WGA to obtain a GRPN for the finding.

Step 3: classification of GRPN. As the 2-tuple method with
WGA operators is suggested, each of the conventional
RPNs on the same finding should be normalized and
generalized by different evaluation from the auditors.
The aggregated GRPN was quantified to yield, and it
was subsequently classified to its class. While each
GRPN possesses a different meaning and action
request, it can be further classified into five categories.
As a semiconductor manufacturing fabrication has the
identity with high usage of explosive chemicals, extra
purity of clean room environment, and extensive capi-
tal of process equipments, the ranges between classes
are not the same, nor the cutline to each class. It is
noted that the frequency distribution for each class is

intentionally defined, and its cutline is different from
one fab to another, depending on how good the fab is
on 5S practice. The frequency distribution for each
class is preliminarily fitted to a start-up fab from past
5S audit results of the case fab (mentioned in the next
section) in which corrective actions are necessarily
revisited for continuous improvements. The classifica-
tion of GRPN is defined as shown in Table 9. In prac-
tice, even a small score of GRPN could endanger
safety and affect quality. The cutline to each class is
plotted as shown in Figure 2.

Step 4: prioritization on 5S findings. Based on the class for
action request as Table 9, a set of corresponding sug-
gestions would be made to prioritize the action items
per the audit result. Practitioners should follow the pre-
defined classes from GRPN and accordingly adjust
resources to those with a higher GRPN. However, the
cutline should be periodically refined based on day-to-
day operation in line with safety and quality.

Case study

A real-world case of a 300-mm semiconductor fabrica-
tion in Taiwan was demonstrated on how conventional
RPN is calculated in section ‘‘Conventional RPN.’’
Then section ‘‘GRPN by 2-tuple method with WGA’’
step wisely applies the 2-tuple method and WGA to
yield a GRPN. The comparison between conventional
RPN and GRPN will be discussed to show how the dis-
crepancy occurs and misleads to incorrect actions to

Table 9. Classification of GRPN.

GRPN Classification Corrective action Frequency distribution (%)

0–2.00 In specification No action 5
2.01–5.00 Remark Further clarification 48
5.01–6.00 Minor defect Modified action 22
6.01–7.00 Major defect Remedial action 20
7.01–10.00 Nonconformity Immediate action 6

GRPN: generalized risk priority number.

Figure 2. Plotted cutline to each class.
GRPN: generalized risk priority number.
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take for 5S findings in section ‘‘ Comparison between
conventional RPN and GRPN.’’ Three expert 5S audi-
tors (Auditors A, B, and C) with extensive audit experi-
ence were asked to record and evaluate the findings.
The partial layout similar to the case semiconductor
fabrication line is shown in Figure 3.37 This case com-
pany operates many fabrications worldwide and has
been certified by QS9000, ISO/TS 16949, ISO 14001,
and Occupational Health and Safety Assessment Series
(OHSAS) and other management certifications. The
three auditors were guided by an escort team to the
clean room for the 5S audit. Each of three auditors was
distributed with a blank dust-free paper to record what-
ever and whenever they had been auditoring in the shop
floor in a whole afternoon. They wrote and rated the S,
O, and D for all failure modes (findings). During the 5S
audit, three of the auditors were walking the same route
at the same time to ensure the audited checkpoints were
consistent to construct the same list of findings. Twenty
failure modes (findings) with their weights of S, O, and
D had been recorded per the audit as shown in Table
10. This raw data will be computed to obtain a conven-
tional RPN and GRPN in the next two subsections.

Conventional RPN

As the conventional RPN is the product of S, O, and
D, it is not difficult to yield the score for each finding.
Base on S, O, and D for each finding, all the RPN
scores from the three expert auditors were averaged to
gain a mean number of RPN. The high conventional
RPN of a finding implies that the action request is
given more effort to it. Therefore, one can subsequently
allocate limited resource according to the RPN rank-
ing. The conventional RPN scores associated with their
rankings are tabulated in Table 11.

GRPN by 2-tuple method with WGA

As the conventional RPN lacks of all information
needed without interactive influence among all the
RPN values with respect to S, O, and D, it is justified
by the proposed method. The conventional RPN was
computed based on the 2-tuple method as well as
WGA and then converted to GRPN. A comprehensive
GRPN list for the findings is generated as shown in
Table 12. It is intentionally distributed that the weights

Figure 3. A sample semiconductor fabrication line.37
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assigned by the three auditors are different, and the
weights for S, O, and D are 0.7, 0.1, and 0.2, respec-
tively. The reason to assign S with the highest weight of
0.7 is involved with safety and product quality that are
evaluated as the upmost concern by the state-of-art fab
as a determinant. And the weight of 0.1 for O is valued
as the lowest since it is merely the audit repetitive 5S
findings from past 5S audit experiences. Lastly, the
remaining weight of D is 0.2 explains that D is based on
a 5S assessment of the probability that the failure mode
of 5S findings will be detected, given the controls that
are in the workplace. However, the weights for S, O,
and D are subject to be justified according to the audi-
tors’ experiences, preferences, and concerns and a fab’s
current implementation situation of 5S practice. The
more the auditors there are, the more accurate the
GRPN is. As it can be seen, each finding can be easily
prioritized by the value of GRPN. A practitioner can
allocate limited resource to those findings with a higher
GRPN. Table 13 lists the findings associated with their
class defined on Table 10.

Comparison between conventional RPN and GRPN

The GRPN is better than RPN. That is because RPN
can be viewed as special cases of GRPN. Therefore,
using GRPN in assessing system risk, not the tradi-
tional RPN method, is more suitable. When the S, O,
and D are assigned equal weight, the risk ranking order
that is obtained by the RPN method and GRPN is the
same. If the S, O, and D weight are not equal, the
GRPN method can reduce the occurrence of duplicated
RPN numbers. For example, if the severity of the fail-
ure mode effect weighted is 0.5, its probability of occur-
rence weighted is 0.3, and the probability of the failure
being detected weighted is 0.2. As shown in Table 13,
six can be formed from nine different combinations of
S, O, and D.

As the ranks of the conventional RPN and GRPN
are used to prioritize 5S activities and allocate resource,
they now can be further compared to how the GRPN
applied by the proposed method is different from the
conventional RPN. Based on the scores of the conven-
tional RPN and GRPN, the rankings for both can be

Table 10. Twenty failure modes (findings) per the audit.

Item Audit findings SA SB SC OA OB OC DA DB DC

1 Vendors were seen not wearing ground strap when
changing components and maintaining probe cards.

6 7 7 1 1 1 6 7 9

2 Front side painting of hand washer faded away. 3 2 2 1 2 1 1 2 1
3 Wall surface was peeling. 3 4 5 1 2 1 4 2 6
4 Personnel whose hairs were outside between cap

and forehead.
5 2 3 2 2 4 7 6 9

5 Fab personnel were running at wafer testing area. 8 6 7 1 2 1 8 8 8
6 The spots of PR were found on the floor in front of

the PR cabinets.
8 9 9 3 3 3 6 7 9

7 Chemicals used by lab on sample bottles for
hydrogen ion concentration monitor were expired
appeared on labels.

9 8 8 1 1 1 8 6 8

8 Visual inspection holding shelf had one lot in holding
since 5/21, exceeding 2 weeks hold time
specification.

7 8 8 2 1 1 1 3 2

9 Flow meters for process gases did not show upper
and lower limits.

8 7 9 2 1 2 2 1 1

10 Engineers carried with old frayed clean room bags
inducing particle source.

6 8 7 2 4 1 2 2 4

11 Copy paper (not dust-free paper) was found in
clean room.

6 4 6 1 1 1 2 3 4

12 Many particles were found in microscope
workstation where the wafer was loaded.

8 7 7 1 2 1 6 9 8

13 Laser printers were used in clean room. 7 8 8 4 3 3 9 9 9
14 There was no training and certification record of

the 5S auditors.
8 6 7 2 2 4 1 1 1

15 Wafer cassette was placed at the table edge, which
looked easy to drop.

8 7 5 1 1 1 9 7 8

16 Layout definition was not completed at some areas,
such as fire extinguisher and chemical waste can.

5 7 7 1 1 2 2 4 5

17 Some emergency showers were not clearly visible. 6 8 9 1 4 2 6 8 8
18 PR bottles in the storage were not organized. 6 3 5 1 2 2 2 1 1
19 Photo area had an extension cord strung across

walkway, which was a safety hazard.
8 8 9 1 1 1 7 7 6

20 Some probe cards were temporarily stored on a
cart.

7 7 6 2 2 3 6 7 8

PR: photo resist.
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Table 11. Conventional RPN list for the findings.

Item Audit findings S O D RPN

1 Vendors were seen not wearing ground strap when changing components and
maintaining probe cards.

7 1 7 49

2 Front side painting of hand washer faded away. 2 1 1 2
3 Wall surface was peeling. 4 1 4 16
4 Personnel whose hairs were outside between cap and forehead. 3 3 7 63
5 Fab personnel were running at wafer testing area. 7 1 8 56
6 The spots of PR were found on the floor in front of the PR cabinets. 9 3 7 189
7 Chemicals used by lab on sample bottles for hydrogen ion concentration

monitor were expired appeared on labels.
8 1 7 56

8 Visual inspection holding shelf had one lot in holding since 5/21, exceeding 2
weeks hold time specification.

8 1 2 16

9 Flow meters for process gases did not show upper and lower limits. 8 2 1 16
10 Engineers carried with old frayed clean room bags inducing particle source. 7 2 3 42
11 Copy paper (not dust-free paper) was found in clean room. 5 1 3 15
12 Many particles were found in microscope workstation where the wafer was

loaded.
7 1 8 56

13 Laser printers were used in clean room. 8 3 9 216
14 There was no training and certification record of the 5S auditors. 7 3 1 21
15 Wafer cassette was placed at the table edge, which looked easy to drop. 7 1 8 56
16 Layout definition was not completed at some areas, such as fire extinguisher

and chemical waste can.
6 1 4 24

17 Some emergency showers were not clearly visible. 8 2 7 112
18 PR bottles in the storage were not organized. 5 2 1 10
19 Photo area had an extension cord strung across walkway, which was a safety

hazard.
8 1 7 56

20 Some probe cards were temporarily stored on a cart. 7 2 7 98

PR: photo resist; RPN: risk priority number.

Table 12. Comprehensive GRPN list for the findings.

Item Audit findings S O D GRPN

1 Vendors were seen not wearing ground strap when changing
components and maintaining probe cards.

(S7, 20.33) (S1, 0) (S7, 0.33) 5.62

2 Front side painting of hand washer faded away. (S2, 0.33) (S1, 0.33) (S1, 0.33) 1.97
3 Wall surface was peeling. (S4, 0) (S1, 0.33) (S4, 0) 3.58
4 Personnel whose hairs were outside between cap and forehead. (S3, 0.33) (S3, 20.33) (S7, 0.33) 3.82
5 Fab personnel were running at wafer testing area. (S7, 0) (S1, 0.33) (S8, 0) 6.09
6 The spots of PR were found on the floor in front of the PR

cabinets.
(S9, 20.33) (S3, 0) (S7, 0.33) 7.54

7 Chemicals used by lab on sample bottles for hydrogen ion
concentration monitor were expired appeared on labels.

(S8, 0.33) (S1, 0) (S7, 0.33) 6.57

8 Visual inspection holding shelf had one lot in holding since 5/21,
exceeding 2 weeks hold time specification.

(S8, 20.33) (S1, 0.33) (S2, 0) 4.92

9 Flow meters for process gases did not show upper and lower
limits.

(S8, 0) (S2, 20.33) (S1, 0.33) 4.78

10 Engineers carried with old frayed clean room bags inducing
particle source.

(S7, 0) (S2, 0.33) (S3, 20.33) 5.17

11 Copy paper (not dust-free paper) was found in clean room. (S5, 0.33) (S1, 0) (S3, 0) 4.02
12 Many particles were found in microscope workstation where the

wafer was loaded.
(S7, 0.33) (S1, 0.33) (S8, 20.33) 6.24

13 Laser printers were used in clean room. (S8, 20.33) (S3, 0.33) (S9, 0) 7.28
14 There was no training and certification record of the 5S auditors. (S7, 0) (S3, 20.33) (S1, 0) 4.31
15 Wafer cassette was placed at the table edge, which looked easy

to drop.
(S7, 20.33) (S1, 0) (S8, 0) 5.72

16 Layout definition was not completed at some areas, such as fire
extinguisher and chemical waste can.

(S6, 0.33) (S1, 0.33) (S4, 20.33) 4.86

17 Some emergency showers were not clearly visible. (S8, 20.33) (S2, 0.33) (S7, 0.33) 6.75
18 PR bottles in the storage were not organized. (S5, 20.33) (S2, 20.33) (S1, 0.33) 3.28
19 Photo area had an extension cord strung across walkway, which

was a safety hazard.
(S8, 0.33) (S1, 0) (S7, 20.33) 6.45

20 Some probe cards were temporarily stored on a cart. (S7, 20.33) (S2, 0.33) (S7, 0) 6.06

PR: photo resist; GRPN: generalized risk priority number.
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compared as shown in Table 14 to approve GRPN is
more reliable than the conventional RPN. For example,
the corrective action can be mistaken by the conven-
tional RPN with a rank of 14, instead of GRPN with a
rank of 4, in the item 4 ‘‘Personnel whose hair was

outside between cap and forehead.’’ A typical 28-nm
process wafer is made by over 1500 workstations/
machines in manufacturing process in the clean room
of a fab. Clean room condition (Class 100) is necessary
for this extra-pure manufacturing process to ensure

Table 13. Combinations of S, O, and D that yield an RPN of 6.

S O D Arithmetic average method Geometric average method

1 1 6 0.18 0.36
1 2 3 0.18 1.53
1 3 2 0.18 1.60
1 6 1 0.18 1.71
2 1 3 0.18 1.76
2 3 1 0.18 1.97
3 1 2 0.18 1.99
3 2 1 0.18 2.13
6 1 1 0.18 2.45

Table 14. Comparison between conventional RPN and GRPN for the findings.

Item Audit findings Class Corrective action Rank (RPN) Rank (GRPN)

1 Vendors were seen not wearing ground strap
when changing components and maintaining
probe cards.

Minor defect Modified action 10 11

2 Front side painting of hand washer faded away. In specification No action 1 1
3 Wall surface was peeling. Remark Further clarification 7 3
4 Personnel whose hairs were outside between

cap and forehead.
Remark Further clarification 14 4

5 Fab personnel were running at wafer testing
area.

Major defect Remedial action 15 14

6 The spots of PR were found on the floor in front
of the PR cabinets.

Nonconformity Immediate action 19 20

7 Chemical used by lab on sample bottles for ion
concentration monitor were expired appeared
on labels.

Major defect Remedial action 13 17

8 Visual inspection holding shelf had one lot in
holding since 5/21, exceeding 2 weeks hold time
specification.

Remark Further clarification 4 9

9 Flow meters for process gases did not show
upper and lower limits.

Remark Further clarification 6 7

10 Engineers carried with old frayed clean room
bags inducing particle source.

Minor defect Modified action 9 10

11 Copy paper (not dust-free paper) was found in
clean room.

Remark Further clarification 3 5

12 Many particles were found in microscope
workstation where the wafer was loaded.

Major defect Remedial action 16 15

13 Laser printers were used in clean room. Nonconformity Immediate action 20 19
14 There was no training and certification record of

the 5S auditors.
Remark Further clarification 5 6

15 Wafer cassette was placed at the table edge,
which looked easy to drop.

Minor defect Modified action 11 12

16 Layout definition was not completed at some
areas, such as fire extinguisher and chemical
waste can.

Remark Further clarification 8 8

17 Some emergency showers were not clearly
visible.

Major defect Remedial action 18 18

18 PR bottles in the storage were not organized. Remark Further clarification 2 2
19 Photo area had an extension cord strung across

walkway, which was a safety hazard.
Major defect Remedial action 12 16

20 Some probe cards were temporarily stored on a
cart.

Major defect Remedial action 17 13

PR: photo resist; RPN: risk priority number; GRPN: generalized risk priority number.
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that the wafer and its mask (customer’s property) are
not additionally contaminated in such a complex pro-
cess. It is noted that a Class 100 clean room is designed
to never allow more than 100 particles (0.5mm diameter
or larger) per cubic foot of air while human hair is
about 100mm. Thus, the conventional RPN is misinter-
preted to a fab, and the rank is comparatively low
regardless that human hair can possibly drop on the
wafer surface and result in a decisive contamination
source to kill product yield. However, the proposed
GRPN can detect the severity from its value and allo-
cate the right resource to the right place at the first time
for a corrective action request. Another example is in
the item 7 ‘‘Chemicals used by the lab have sample bot-
tles for hydrogen ion concentration monitor expired as
shown on the labels.’’ Although chemicals are highly
utilized in a fab, not all of them endanger safety. The
usual means of expressing the hydrogen ion concentra-
tion is pH, which is defined as the negative logarithm
of the hydrogen ion concentration, to measure acidity
or alkalinity. Thus, the expired chemical of hydrogen
ion concentration at most misinterprets the value of
acidity or alkalinity that is comparably less dangerous
than those toxic, corrosive, flammable, and/or explo-
sive chemicals such as hydrogen fluoride (HF), hydro-
chloric acid (HCL), or sulfuric acid (H2SO4). It
implicates that the resource should be allocated to those
chemicals with significant impact on safety since there
are a large number of chemicals used by the fab where
they should be more focused to examine. Thus, the
rank by the GRPN is more practical than the one by
the conventional RPN.

Conclusion

5S practice is a baseline leading to TQM. 5S audit is to
review and examine how good the fabrication is and
how to be good. A semiconductor manufacturing fabri-
cation has the identity with high usage of explosive che-
micals, extra purity of clean room environment, and
extensive capital of process equipments with a complex
layout. It is essential to quantify and prioritize 5S activ-
ities, so that the right resource at the right time the first
time can be allocated to 5S audit findings from thou-
sands of corrective actions per 5S audit result. The con-
ventional computation of RPN is unable to consider all
comprehensive information and lead to bias for not
considering weights for each S, O, and D. A novel
method of FMEA and 2-tuple method as well as WGA
operators was proposed to apply for 5S audit in a fabri-
cation. A real-world case was drawn to demonstrate its
feasibility based on the proposed method. Practitioners
can step wisely follow this methodology to quantify
and prioritize 5S activities with resource constraints for
semiconductor manufacturing.
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