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Abstract. Quality assurance is an integrated part of any calibration facility. The calibration facility as
well as its customers are interested in the facility production outgoing quality. In most calibration labs
the inspection of calibrated items is performed according to a suitable sampling inspection policy. Some of
these policies are very good in assuring the quality of the calibration services they offer, but do not provide
a clear assessment of the outgoing quality of the entire production of the facility. This paper has developed
two methods of calculating the average outgoing quality (AOQ) of a calibration lab that uses a multistage
sampling inspection policy. The policy structure is presented first along with the exact procedure of how
to perform it by the inspectors and the methods to calculate the AOQ. The two methods differ from each
another in the type of data required to calculate the AOQ. The first method requires the technicians’
production, the number of items subject to inspections and the number of failing items found. The second
method requires only the number of technicians at each level of the multistage inspection policy. The
verifications of the performances of two methods are accomplished by building a simulation model on an
Excel worksheet. The model simulates the calibration facility with the right parameters, and then compares
the two methods with the actual AOQ. The paper further discusses the advantages and disadvantages of

each method in a broader context of quality assurance.
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1 Introduction

Quality control and quality assurance is an integrated part
of the calibration facility operations. The main objective
of any production facility is to offer the customer defect-
free products if they can, or more practically, produced
items with only few defects. This can be done when the
calibration facility has a means by which they can assess
their average outgoing quality (AOQ), i.e. the percentage
of the items that leaves the system with correct calibration
from amongst all the received items. The assessment of the
correct AOQ is not an easy matter and sometimes it can
be extremely difficult. In the context of this research the
calibration facility is assumed to have an inspection policy
that monitors the performance of every technician without
having to inspect every task performed. The reason for
that is quite obvious, as it is easy to assess the AOQ if
you perform a 100% inspection (in which case you would
know exactly the percentage of defective items).
Jamkhaneh and Gildeh [1] introduced the AOQ and
average total inspected (ATI) for double sampling plan
when that proportion nonconforming items is a fuzzy
number. Farnum [2] derived upper and lower bounds at the
point at which the average outgoing quality limit (AOQL)
of an attributes acceptance sampling plan is achieved.
He developed an accurate closed-form approximation to
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the AOQL using a simple average of these bounds to
approximate the ordinate of the AOQL. Balamurali and
Jun [3] used the renewal theory approach to compute AOQ
and AFT (average fraction inspected) for both long run and
short run production processes. Yu and Yu [4] dealt with
the problem of determining the optimal mixed policy of in-
spection and burn-in, where the AOQ is used as a measure
of inspection and burn-in success. Yang [5] formulated a
class of continuous sampling plans (CSPs) that switch be-
tween full and partial inspection of items in a production
line in terms of discrete renewal processes. The renewal-
theory framework facilitates studying both the long-run
AOQ and the average outgoing quality in a short produc-
tion run of length ¢, AOQ(t). Yang [6] used a sampling
system, MIL-STD-105D, in quality control, which consists
of three sampling plans with different acceptance proba-
bilities in turn for lot inspection. They derived the per-
formance measure, AOQ, of this sampling system from
a renewal process in which AOQ is expressed in terms
of the moments of the stopping times. Yeh et al. [7] ex-
amined a multi-characteristic screening procedure using
multiple screening variables. An extended OMS procedure
using a heuristic algorithm was employed to reach the re-
quired AOQ or conforming rate. Then two optimal mod-
els, namely the individual cut and linear cut approaches,
were proposed to determine the optimal cutoff points of
screening variables by maximizing the selected rate under
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a pre-specified AOQ or conforming rate. Moskowitz and
Tsai [8] developed a double-screening procedure (DSP),
which controls for individual unit misclassification error
and AOQ for QC applications. Assuming conditions of
normality, formulas for calculating the selection ratio and
AOQ were derived for a DSP. Fard and Kim [9] presented
the impact of imperfect inspection on AOQ, sample size,
and operating characteristic (OC) curves for a 2-stage
sampling plan.

The paper will first generally describe the problem and
then detail the multistage inspection policy used, followed
by the solution scheme and the two methods of comput-
ing the AOQ. The two methods are further verified by a
simulation and compared in terms of their closeness to the
actual AOQ and their usefulness.

2 Description of the calibration facility
operation

Test measurement and diagnostic equipment (TMDE) ar-
rives at the laboratory, booked in the system, gets cali-
brated by a technician and then dispatched to the user.
The calibration assures the quality of measurement of the
device, but that is done only when the calibration is per-
formed correctly. Therefore, the facility must have a policy
by which the item is assured the right calibration. This
assurance is necessary, because the user has no way of
checking the correctness of the calibration performed on
the item (otherwise he would have calibrated it himself).
Therefore, in order to assure the quality the items must
be inspected for correct calibration. If the inspector finds
any problem with it, the item is returned back to the
technician to repeat the calibration, otherwise the item
is dispatched to the user.

The inspection of the items can be performed in many
ways ranging from the 100% inspection to sampling in-
spection. Laboratories usually adopt one of the many in-
spection policies available in the literature. Some inspec-
tion policy gives the management more control over some
aspect of the quality than another policy, but the most
important quality parameter, however, is the AOQ of the
lab production.

Since 100% inspection is very costly for medium to
large calibration facility, the other practical alternative is
to adopt a sampling inspection policy. The objective of
the lab is then focused on finding the portion of the defec-
tive items that have left the facility and already with the
customers. The action would then be to correct the pro-
duction directly so that the number of defective items is
reduced right from the lab, not through the inspection. In
other words the inspection must be used as an indication
of the bad quality not as a correction to it.

In a short term, the assessed AOQ will become a char-
acteristic of the lab and it will remain as such until a real
change on the process or the methods of the calibration is
performed. The AOQ will also be the monitor for the facil-
ity performance as a whole as well as the first warning to
the management of any newly developed bad production
streak that can occur suddenly for various reasons.
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3 Inspection policy

The inspection policy under consideration is designed to
inspect only a portion of the entire production. The out-
come of the inspection is then used to draw some con-
clusions that will assess certain production decisions. The
policy is designed to select the inspection based on the
likelihood of the item failures. This is accomplished by in-
creasing the inspection rate for those technicians who are
more likely to produce defective items. The inspection rate
is gradually increased or decreased based on the current
performance of the technician. The policy is a four-stage
policy that starts with the technician at level four (for new
technicians who have just qualified, the starting point is
at level 0). At level four, 6.25% of all the technician pro-
duction is inspected. If no defect is found, he will stay at
the level, otherwise he goes into various states that either
brings him back to his current level or move him down one
stage. At stage three, 12.5% of the production is inspected,
and the same is done as the previous stage. At stage two
the inspection rate is 25% and at stage 1 the inspection
rate is 50%. At stage zero the inspection rate is 100% and
if there is any failure found in his first 18 jobs the techni-
cian is withdrawn from calibration work and given further
training or re-assigned. The detailed inspection policy is
shown in Figure 1. Once this inspection policy is applied
the system will have an average outgoing quality level as-
sociated with it. The determination of this AOQ level is
the problem that will be treated in this paper.

4 AOQ problem and solutions

AOQ problem can be stated as: given a specific inspection
plan and a number of technicians, each of them is able to
produce a number of items in the time interval chosen by
the inspection policy. Find the average outgoing quality
of the calibration facility.

The solution will start by developing the analytical so-
lution of the methods that will be used to assess the AOQ
of the calibration lab. The developed formulae will be ver-
ified by comparing them with the actual AOQ of the pro-
duction facility. The comparison will be performed using
a simulation model constructed in an Excel worksheet.

Notation:

Level of the technician which indicates the sam-
pling rate for the technician (levels go from 0—4).
Number of technicians.

Failure rate of technician j.

Production of technician j.

Production of technician i at level L.

Total production that is subject to inspection.
Average production of technicians at level L.
Average production of technicians.

Failures from technician i (actual).

Inspection rate % for each level.
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Multilevel inspection policy

Begin here

Level 4

State 4%

State 4R

Inspect 6.25% of all certified
production by technician.

Inspect 6.25% of all certified
production by technician.

Inspect the next four items
certified by technician.

If a defect is found,
shift to State 4R.

When 14 consecutive items
pass inspection, shift to Level 4.

If the next four items
pass inspection, shift to State 4*.

If a defect is found,
shift to State 3R.

If a defect is found before four items
pass inspection, shift to State 3R.

Level 3

State 3*

State 3R

Inspect 12.5% of all certified
production by technician.

Inspect 12.5% of all certified
production by technician.

Inspect the next four items
certified by technician.

When 18 consecutive items pass
inspection, shift to Level 4.

When 14 consecutive items pass
inspection, shift to Level 4.

If the next four items pass
inspection, shift to State 3*.

If a defect is found,
shift to State 3R.

If a defect is found,
shift to State 2R.

If a defect is found before four items
pass inspection, shift to State 2R.

Level 2

State 2%

State 2R

Inspect 25% of all certified
production by technician.

Inspect 25% of all certified
production by technician.

Inspect the next four items
certified by technician.

When 18 consecutive items pass
inspection, shift to Level 3.

When 14 consecutive items pass
inspection, shift to Level 3.

If the next four items pass
inspection, shift to State 2*.

If a defect is found,
shift to State 2R.

If a defect is found,
shift to State 1R.

If a defect is found before four items
pass inspection, shift to State 1R.

Level 1

State 1%

State 1R

Inspect 50% of all certified
production by technician.

Inspect 50% of all certified
production by technician.

Inspect the next four items
certified by technician.

When 18 consecutive items pass
inspection, shift to Level 2.

When 14 consecutive items pass
inspection, shift to Level 2.

If the next four items pass
inspection, shift to State 2*.

If a defect is found,
shift to State 1R.

If a defect is found,
shift to 100% Level.

If a defect is found before four items
pass inspection, shift to 100% Level.

Inspect 100% of all certified production by the technician.
When 18 consecutive items pass inspection, shift to Level 1.

Fig. 1. Multistage inspection policy.

Sj: Inspection rate % of each technician based on his the QVI based AOQ method and the Technician based
current level. AOQ method.
Ej: Expected failures.
E: Total expected failures.
M: Failure rate of the facility. 4.1 QVI based AOQ method
ZL: iumber Of. technicians at leYel L. . Based on the definitions of the notations, the total
j verage failure rate of class j where j = 0,1,...,4. duction is:
Vi QVI (Quality Verification Inspection) for tech- ProcQuction 1s:
nician j (inspection to verify device calibration T — Z p.
quality). — I
Qr:  Total QVI at level L. =
Q: Total QVI. The inspection rate % at level j is:
AOQa: The actual average outgoing quality. 100
AOQg: The average outgoing quality computed from S; = 5 for j=1 to L.
the QVIL.
AOQI: The actual average outgoing quality computed Therefore, the total QVI is (the double square brackets

from levels only.
AOQ: Reported average outgoing quality.

indicate that the value enclosed is rounded up to the next
integer):

Two methods will be presented to calculate the AOQ of
the calibration facility that is using the above-mentioned
inspection method. The two methods will be called as
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The total expected failures are:

Therefore, the failure rate of the facility is:

E
M=—.
Q
and the AOQq is given by:
T-Q)M
40Qq = 09375~ T =DM

T

The reason for using 0.9375 instead of one is that the best
technician will still have 6.25% of his work inspected leav-
ing him with 93.75% uninspected, which can be rounded
to 95% if we take 80% of the 6.25%, i.e. 5% as the actual
inspection rate for the best technicians. Hence the AOQq
will then be calculated by:

AOQq = 0.95 — w

4.2 Technician based AOQ method

The failure rates of all technicians are assumed to be less
than or equal to 20%. This is the basic requirement of a
technician qualification. Any technician who has a failure
rate of more than 20% must not join the production. Based
on this fact, since there are five levels, we may assume that
the failure rate of all technicians can be classified to five
classes of failure rates that are equally spaced.

The classes would then be:

— From 16% to 20% for those in level 0 with an average
failure rate of 18%, thus Ag = 0.18.

— From 12% to 16% for those in level 1 with an average
failure rate of 14%, thus A; = 0.14.

— From 8% to 12% for those in level 2 with an average
failure rate of 10%, thus A, = 0.10.

— From 4% to 8% for those in level 3 with an average
failure rate of 6%, thus A3 = 0.06.

— From 0% to 4% for those in level 4 with an average
failure rate of 2%, thus A4 = 0.02.

Therefore, any technician at level 4 would be assumed to
have a failure rate of 0.02 no matter what his actual failure
rate is. So do all the technicians at other levels, each of
them would be assumed to have the average failure rate of
the class corresponds to his level. The logic behind relies
on the following assumptions:

1) Tt is very likely that the technician with a higher
level will have a lower class, and very unlikely to be
otherwise. The inspection process will likely spot the
discrepancies and the technician level will be quickly
adjusted.
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2) Technicians’ failure rates are uniformly distributed
over the classes (because there is no known bias that
makes them otherwise).

3) Technicians’ failure rates within the class are also uni-
formly distributed for the same reason and therefore
the average is a good representative of each technician
failure rate.

The total production of all technicians is again:
c
T=>P.
j=1

This leads to the QVIs (number of items subjected to
inspection) at level L is:

_ 100 Z P

The average production per technician at level L is:

Z PLz

nr

Xp =

The average production per technician at various levels,
in general, can safely be assumed to equal (i.e. X1 = Xo =
X3 = X4). This is due to the fact that in most calibration
labs it is a primary objective to distribute work evenly be-
tween technicians. Therefore, the following formula holds
at all time:

X=X1=Xo=X3=X,4.
@1, can thus be rewritten as:
Qr =S Xr.
This gives the total QVTI as:
4 4 4
= Z Qr = Z (SpnrXrp) = Z (Spnr).
L=1 L=1 I—1

This makes the total number of failures as:

4

4
FE = Z SLTLLXLAL = XZSLnLAL~

L=1 L=1

The general failure rate of the facility is thus:

v B Xi (Spnidr)
Q ZL 1 (Senr)
This leads to:
AOQl = T-oM _z? )M
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Techl | Tech2 | Tech3 | Tech4 | Tech5 | Tech6 | Tech7 | Tech8 | Tech9 | Techl0| Totals
Level (L) Given 3 3 0 4 2 2 2 1 4 1
Failr Rate Tecs (Ri) |Given 0.061 0.063 0.192 0.006 0.109 0.118 0.116 0.121 0.022 0.138
Production (P) Given 120.0 150 180 200 250 160 80.0 140 240 160 1680
Failures ( Fr Not R) R* P 7 9 35 1 27 19 9 17 5 22 152
Failures ( F) Rounded 8.0 10 35 2 28 19 10.0 17 6 23 158
Inspec Rate % (S) 100/(2~L) 12.5 12.5 100 6.25 25 25 25.0 50 6.25 50
QVvl (V1) P*S/100 15.0 18.75 180 12.5 62.5 40 20.0 70 15 80 513.8
QVl (V) Rounded 15.0 19 180 13 63 40 20.0 70 15 80 515
Expctd Failures (E fr) [R*V 1 1 35 0 7 5 2 8 0 11 70
Expctd Failures (E) |Rounded 1.0 2 35 1 7 5 3.0 9 1 12 76
Failre Rate Facilty (M)|E/V 0.14757
nL
Num of Tech Level 0 |NO 0 0 1 0 0 0 0 0 0 0 1
Num of Tech Level 1 |N1 0 0 0 0 0 0 0 1 0 1 2
Num of Tech Level 2 |N2 0 0 0 0 1 1 1 0 0 0 3
Num of Tech Level 3 |N3 1 1 0 0 0 0 0 0 0 0 2
Num of Tech Level 4 |N4 0 0 0 1 0 0 0 0 1 0 2
C 9
Level FR (NL*Pi) 2PLi
LO FR (a0) 0.1800 0.0 0.0 180.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 180.0
L1FR (al) 0.1400 0.0 0.0 0.0 0.0 0.0 0.0 0.0 140.0 0.0 160.0 300.0
L2 FR (a2) 0.1000 0.0 0.0 0.0 0.0 250.0 160.0 80.0 0.0 0.0 0.0 490.0
L3 FR (a3) 0.0600 120.0 150.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 270.0
L4 FR (a4) 0.0200 0.0 0.0 0.0 200.0 0.0 0.0 0.0 0.0 240.0 0.0 440.0
1680.0
al*nL*(1-r)*3PLi Levels SL NL SI*NL AL |SL*NL*AL
a0*n0*ZP0i 0.0 0 1 1 1 0.1800 0.18
al*nl1*3P1i 42.0 1 0.5 2 1 0.1400 0.14
a2*n2*3P2i 110.3 2 0.25 3 0.75 0.1000 0.075
a3*n3*IP3i 28.4 3 0.125 2 0.25 0.0600 0.015
ad*n4*3P4i 16.5 4 0.0625 2 0.125 | 0.0200 | 0.0025
197.1 2.125 0.2325
Fig. 2. Simulation results.
Since the total production based on the above argument AOQ Actual 0.9094
can be rewritten as T'= C'X, we have: AOQ W QVI 0.8477
AOQW levels only 0.8664

(CX = XSjy (Sunn)) M

AOQL = 0.95 — L
005 la o M1 (Senr)
C
=0.95— 4 (S, nLAL) %71
L=1 >i—1(Seng) C

5 Method validation

In order to validate the use of the two methods developed,
they must be verified against an actual production system
with known technician failure rates. A simulation is per-
formed to compare the two method’s performance with
the preset failure rates.

Fig. 3. Computed values of the AOQ from the simulation.

5.1 Simulation

The simulation is constructed in an Excel worksheet
shown in Figure 2. All the parameters and the intermedi-
ate steps are shown in the order of the simulation.

The AOQ of the actual and those given by the two
methods are shown in Figure 3.

The results of 30 runs are shown in Figure 4 along
with the average values of the actual and the two methods
computed from the 30 runs.

5.2 Comparison
The two methods are compared in the above simulation

with the actual value of the AOQ. Both are found to be
very effective and they do not differ from the actual value
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A Q L A Q L
1 0.909 0.848 0.866 Avg 0898 0.860 0.868
2 0.868 0.892 0.862
3 0913 0.855 0.871 Value Val/A  Er%
4 0.880 0.862 0.870 Q-A  -0.0372 -0.04148 4.1
5 0941 0828 0.874 LA -0.0297 -0.03312 33
6 0.893 0.854 0.864
7 0.937 0.844 0.889
8 0.890 0.856 0.866
: 0889 0865 0864 A simulation of 30 runs
10 0.900 0.846 0.864 .
" 0870 0881 0566 from which the average of
0 0'911 0.845 0.873 the actual (A), the method
3 0'883 0'850 0'866 that uses the QVI(Q) and

' ' ' the method that uses the
14 0.857 0.894 0.866 .
s 090 0819 0565 technician levels only.

' ' ' The two methods are
16 0.909 0.857 0.861

compared to the actual
17 0.894 0.854 0.868
value and the error
18 0.868 0.876 0.877
percentages are
19 0.899 0.856 0.867
computed.

20 0.888 0.865 0.869
21 0909 0.859 0.863
22 0933 0861 0.864
23 0.878 0.890 0.867
24 0914 0.853 0.872
25 0.897 0.857 0.867
26 0.885 0.865 0.866
27 0920 0.853 0.871
28 0.886 0.869 0.863
29 0.902 0.859 0.866
30 0.881 0.867 0.866

Fig. 4. 30 simulated runs of the AOQ.

by more than 5% in most cases. Method 1 is used when
there is a need to utilize the outcome of the QVIs and
the number of failures. Method 2 is useful when there is a
need to quickly find the AOQ without waiting for the out-
come of the inspections to be complete. Method 2 can be
evaluated in a matter of seconds because it requires only
the number of technicians at each level. These numbers
may not change quickly, and consequently the calculation
of AOQ would be performed with the change of a number
or two. It can also be said that the AOQ is unchanged as
long as there is no change in the number of technicians at
each level (although there might be changes in individual
technician’s levels).

6 Discussion

The impact of knowing the calibration facility’s AOQ on
the system performance is considered to be an efficiency
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driver. Knowing the value is not so much the goal, what
is more important is the method by which this value is ar-
rived at. The method of assessing the AOQ of the system
is the primary objective and for that matter the develop-
ment of this method depends entirely on the inspection
policy used in the system.

The impacts on the system are as follows:

e Completion of the feedback cycle to establish a full pro-
duction controlled loop which allows for the addition
of some corrective measure continuously.

e Knowledge of the size of the defective items that leave
the system.

e May allow for the establishment of quality control
chart that alert the facility when the quality is
drastically declining.

e Depending on the method, it may allow for tracing
back the source generating more defective items than
normal.

e Help the engineers and top management to de-
velop quality improvement policy and monitor their
progress.

e Stop any developed defective items streak that may
happen due to various reasons (for instance a newly
assigned operator or a newly bought instrument).

Although the inspection and AOQ as a detection oriented
approach will not directly improve the production qual-
ity and indeed, current emphasis in quality management
has been on process and/or design oriented approaches
(e.g. SPC, QFD, Poka Yoke), the use of the multistage in-
spection policy and AOQ may indirectly result in quality
improvement through economic and psychological pres-
sures of non-acceptance or failures [10]. They may also
be used together with other prevention oriented QC/QA
techniques, e.g. SPC.

7 Conclusions

In conclusion, the two methods developed to calculate
the AOQ and, in particular, the technician based AOQ
method (Method 2) are quite useful and they can provide
the quality assurance inspectors, the lab internal manage-
ment and the facility top management with an excellent
assessment of the lab AOQ. It also helps the QA personnel
to quickly react to any sudden decrease in service quality
before a large number of bad items leave the facility. This
advantage is of particular interest to the customers since
it assures them that only a small number of un-calibrated
items may really be allowed to reach them.

It is likely that the proposed multistage inspection pol-
icy and the use of AOQ can indirectly result in quality
improvement through better motivation and psychologi-
cal pressures. They can also be used together with other
prevention oriented techniques and play a significant role
in practical quality management.
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