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Abstract: In this article, the dynamic Taguchi methodology is applied to the design of a barcode scanner. The concurrent engineering process

involves a team of design and manufacturing engineers engaged in both hardware and software aspects of the product. The purpose of this

experimental study is to determine the correlation between the outcomes of the conventional design and Taguchi optimization. The main

contribution of this work in the design of scanners include: (a) application of the Taguchi methodology to yield an optimum design for scanning

and comparing it to the analytical design, and (b) proving the existing opto-mechanical design to be optimum, within the signal processing

capabilities. Experimental design using orthogonal arrays is established, and experiments of scanning on different barcode designs are

conducted. The ideal function of the dynamic methodology is identified and the control and noise factors are chosen for the experimental

design. The signal-to-noise (S/N) ratios and sensitivity are calculated using the equations of dynamic Taguchi methodology. Missing data

in experiments, due to the combination of extreme ranges of design parameters, are treated by the sequential approximation method.

A theoretical optimum unit is assembled and tested as confirmation of the experimental design, based on the response charts for both S/N ratio

and sensitivity. The results of the confirmation experiment show that the performance of the scanner design, based on the criterion of the S/N

ratios, has improved.
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1. Introduction

hi methods have been successfully applied to
ields of product design and optimization. In [1],
ods were applied to optimize the numerical
NC) machining process. The process developed
the standard deviation of machining to 1/10 of
nal. In his paper, Wu [2] presented Taguchi
in ‘robust technology’ research and develop-
ter in Ford body engineering department [3],
methods were applied to optimize the door
nd minimize the closing effort of the auto-
eatherstrip. Taguchi methods in the area of
were used by Gong and Kao [4] to improve the
and repeatability of robot arms. The objective
rticle is to introduce and apply quality eng-
to the designing of scanner products. Quality
ng deals mostly with the method of how to
the ability of a product or process performing
function in a robust way. An ideal function is

an ideally proportional relationship between the input
signal and selected output. Among recent publications,
the robust design technology based on Taguchi meth-
odology was presented in [5]. The new ‘Mahalanobis–
Taguchi’ system in applications of pattern recognition
was introduced in [6,7] with case studies.

The concept of Taguchi methods is based on the
parameter design and the application of the signal-to-
noise (S/N) ratios [5–7]. The parameter design is a key
to achieving low cost and high quality simultaneously.
During the parameter design stage, the control and
noise factors are identified. The control factors refer to
the design parameters that we can control and will be
assigned a two or three levels of design values during
experimental design, while the noise factors refer to the
factors that we cannot control or do not intend to
control. These parameters are organized in a systematic
way using the orthogonal array to conduct the experi-
ment. The results of the experiments are calculated and
compared via the S/N ratios. The S/N ratio is the
measure of mean square deviation from the ideal
function. Higher S/N ratios will promote the robustness
of the design and should be used. The objective of the
methodology that uses the dynamic S/N ratios is to
achieve proportional input and output for appropriate
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applications. In [8,9], Taguchi describes that the
experimental design is used in three aspects of quality
engineering: (1) to perform tuning to the target value,
(2) to perform parameter design, and (3) to perform
tolerance design.
In this article, we present the application of the

Taguchi methods to a scanner product of Symbol
Technology, Inc. A team of engineers and managers as
well as researchers was assembled to work together for
the concurrent engineering product analysis and devel-
opment [10]. Four barcode symbols, used for the
qualification tests of the barcode scanner, were chosen
as targets. Code 1, 2, and 4 are binary codes, while code
3 is delta (see Table 4). The choice of the control and
noise parameters was especially rigorous since it directly
determines the outcome of the experiments. The ideal
function for dynamic S/N ratio was chosen to be the
linear relationship between the actual bar width versus
the bar width measured by the scanner. Orthogonal
arrays of L18 (inner array) and L4 (outer array) types are
used to conduct the experiments using quality engineer-
ing. Data processing and analysis was aided by the
sequential approximation method to treat missing data
in experiments, due to the combination of extreme
ranges of control factors. The results show that the
Taguchi methods can be applied to a complex system
design such as the barcode scanner.

2. Methodology and Theoretical Background

A seven-step procedure has been summarized by
Taguchi [9] to obtain dynamic S/N ratio as the most
effective measure of robustness of the function. The
seven steps are:

1. Identify the ideal function, specifying the input
signal, output response, and their ranges.

2. If necessary, break down the system into several
subsystems or modules, and specify the ideal function
for each subsystem.

3. Predict critical noise factors that sway the actual
function from the ideal, and specify the ranges of
those noises.

4. Select several signal factor levels and a few noise
levels. Usually it is preferable to choose only two
points from the noise space by compounding all the
selected noise factors into one compound noise factor
with two extremes.

5. When the output of the function is not a continuous
variable or it is not easy to measure, select some
continuous design parameter to measure the magni-
tude of both signal and noises (operating window
concept).

6. Conduct testing and obtain data on either the output
or the selected parameter.

7. Calculate an appropriate S/N ratio considering
possible tuning or calibration.

The equations for calculating the dynamic S/N ratios
will be presented in more details in Section 4, when
analyzing the data to obtain S/N ratios.

2.1 Orthogonal Arrays and Experimental Design

Typically for a system, there are many design
parameters – some can be controlled by selecting
design values within a certain range, while others
cannot be controlled. If experiments are to be conducted
according to the factorial design, the size of the
experiment may be prohibitively high when the
number of design variables exceeds five. In this regard,
the orthogonal arrays are employed to conduct the
minimum possible number of experiments [11,12].
In this case study, we choose the L18 array (see Table 10
in the Appendix), which has 18 experiments with eight
control factors including, one two-level control factor,
and seven three-level control factors. The overall
orthogonal array (or the product array) consists of
inner and outer arrays (see Table 10). The inner array
includes all control factors; whereas, the outer array is
composed of noise factors. In this article, a modified L4

outer array (see Table 11) was chosen to include the
compounded noise factors.

2.2 Control Factors and Noise Factors

The L18 inner array in Table 10 has eight control
factors. The chosen control factors1 are listed in Table 1.
These control factors were carefully evaluated and
chosen so as to ensure that we have considered all
applicable and influential factors of this scanner design.
The appropriate choice of performance-based param-
eters will shed physical insights of S/N ratio when data
are analyzed.

Similarly, we identified the noise factors for the
Taguchi experimental design, based on the design of
the barcode scanner system. These noise factors are the
ones that we either cannot control, or do not want to
control. For example, the scanner is designed to be used
in different parts of the world with conditions ranging
from hot and humid to cold or frigid, and under
different lighting situations. These are the expected noise
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1The Taguchi methodology requires that the values of the levels of the chosen
control factors be specified within the operating range of the system. Here,
we use subscripts to denote the individual levels of the control parameters
throughout this article to present a general methodology. In actual research
and product development, the user will have to identify the actual control factors
and establish their range of operation according to their specific application and
engineering expertise. Once the ranges and levels of the control factors are
established, as those in Table 1, experiments can be conducted to apply the
Taguchi methods.



factors under which scanners need to perform successful
scanning. In addition, these noise factors are combined
for experimental convenience. With the objective of
reducing the number of experiments, we adopted the
compounding noise factors in an L4 (see Table 11) outer
array with the following three compound noise factors,
as listed in Table 2.

2.3 Ideal Function and Measurements

In order to employ the dynamic Taguchi method [5],
an ideal function needs to be identified, together with a
reasonable measure that can be correlated to the quality
of the system. The determination of an ideal function
is based on the knowledge of the system and analysis.
For the specific application presented in this article, we
adopted the input as the widths of both the bars (black
stripes of bars) and spaces (white space between bars) of
the barcodes, and the output as the widths measured
during successful scans. The ideal function, as defined
by the Taguchi methods, is a proportional relationship
between the input and the output. The dynamic ideal
function

� ¼ �M ð1Þ

is employed, where � is the measured width (output), M
is the widths of the bars and the stripes of the barcode
(input), and � is the sensitivity. The goal is to promote
the proportional relationship between the input and the
output, so as to render the most robust scanning results

using a set of control factors at chosen levels from the
Taguchi experimental design.

The measurement of the output is expected to capture
the significance of the S/N ratio, which represents the
ratio between the useful signal to wasteful or unwanted
signal. The signals M1,M2, . . . ,Mn represent the input
signal levels, which correspond to the widths of the
measured bars and spaces of the barcodes. The value
of n is determined by the total number of bars and
spaces in the actual barcode used. Various sym-
bologies of the standard barcodes are used. A software
was developed to process the scanned data file
and render the measurable widths for calculating S/N
ratios.

3. Experimental Setup and Data Collection

In this section, we present the apparatus for the
experiments and data collection.

3.1 Preparation of Experiments

For the L18 experiment, we need to assemble and
test 18 scanners, based on the parameters established by
the levels of control factors shown in Table 1. Each
experiment represents one row in the L18 array and
requires one scanner to be constructed according to the
corresponding levels of parameters. The measurement in
each row of the outer array is called a reading. The
configuration of the 18 scanners assembled for the
experiments is specified by the inner array in Table 10.
Each scanner corresponds to the combination of control
factor levels given in the matching line. For example,
according to the L18 inner array, scanner #1 has the
following configuration A1, B1, C1, D1, E1, F1, G1, H1.
In order to reduce the time and the cost of the
experiment, an L4 outer array is used to combine the
noise factors. A layout of the L4 outer array for each
experiment is shown in Tables 11 and 3. The four
category columns in Table 3 (‘Max Forward’, ‘Min
Forward’, ‘Max Reverse’, and ‘Min Reverse’) for each
barcode represent the maximum and minimum values
of barcode width readings in forward and reverse
directions of scanning, respectively.

Four barcodes with different symbologies are used for
conducting the experiments. The experimental setup is
illustrated in Figure 1. A special fixture was designed
and fabricated to simplify the testing routines and to
make data collection consistent and efficient, as shown
in the zoom-in window at the top of Figure 1. The
sunlight simulator is used in experiments according to
the L4 array to control the intensity of sunlight in the
testing environment. Four barcodes at different pre-
scribed distances from the scanner are installed, together
with an alignment target for calibration. The decoder

Table 1. List of the eight control factors employed in the
design of the barcode scanner: factor A has two levels,
while the remaining seven control factors have three
levels.

Factor Description Levels

A The aperture edge geometry A1 A2 N/A
B Object distance (m) B1 B2 B3

C Cylindrical radius of mirror (mm) C1 C2 C3

D Horizontal aperture size (in.) D1 D2 D3

E Vertical aperture size (in.) E1 E2 E3

F Scan amplitude (�) F1 F2 F3
G Signal amplitude (V) G1 G2 G3

H Bandwidth of filter (kHz) H1 H2 H3

Table 2. List of the compounded noise factors.

Factor Description Level 1 Level 2

X Temperature/humidity Low High
Y Ambient light and

barcode quality
Room
lighting/good

Sunlight/bad

Z Barcode tilting Tilting No tilting

Dynamic Taguchi Methods and Barcode Scanners 71



and the computer-based data acquisition system are
used for data collection and subsequent analysis.

3.2 Experiments and Data Collection

The scanners were placed in an environmental
chamber for 12 h at each environmental noise condition

of temperature and humidity. Temperature and humid-
ity stressing was executed for two extreme storage
temperature and humidity levels, according to the
L4 design. After going through each environmental
condition prescribed by the compound levels, the
scanners were placed on the experimental fixture
(Figure 1) to gather the scanning data immediately.

Table 3. Layout of the four L4 outer arrays used for each of the four barcodes.

Noise Factors Max Forward Min Forward Max Reverse Min Reverse

BARCODE #1 (99 bars and spaces)
No. X Y Z M1 � � � M99 M100 � � � M198 M199 � � � M297 M298 � � � M396

N1 1 1 1 �1,1 � � � �1,99 �1,100 � � � �1,198 �1,199 � � � �1,297 �1,298 � � � �1,396

N2 1 2 2 �2,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �2,396

N3 2 1 2 �3,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �3,396

N4 2 2 1 �4,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �4,396

BARCODE #2 (79 bars and spaces)
No. X Y Z M1 � � � M79 M80 � � � M158 M159 � � � M237 M238 � � � M316

N1 1 1 1 �1,1 � � � �1,79 �1,80 � � � �1,158 �1,159 � � � �1,237 �1,238 � � � �1,316

N2 1 2 2 �2,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �2,316

N3 2 1 2 �3,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �3,316

N4 2 2 1 �4,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �4,316

BARCODE #3 (115 bars and spaces)
No. X Y Z M1 � � � M115 M116 � � � M230 M231 � � � M345 M346 � � � M460

N1 1 1 1 �1,1 � � � �1,115 �1,116 � � � �1,230 �1,231 � � � �1,345 �1,346 � � � �1,460

N2 1 2 2 �2,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �2,460

N3 2 1 2 �3,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �3,460

N4 2 2 1 �4,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �4,460

BARCODE #4 (29 bars and spaces)
No. X Y Z M1 � � � M29 M30 � � � M58 M59 � � � M87 M88 � � � M116

N1 1 1 1 �1,1 � � � �1,29 �1,30 � � � �1,58 �1,59 � � � �1,87 �1,88 � � � �1,116

N2 1 2 2 �2,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �2,116

N3 2 1 2 �3,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �3,116

N4 2 2 1 �4,1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �4,116

Figure 1. Experimental setup for measurement of scanning and data collection.
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The measurements were taken at the ambient
temperature, under both room lighting conditions and
simulated sunlight conditions. Two qualities of barcodes
were used, photographic and photocopied. For each
of the four barcodes and each of the 18 experiments,
measurements were taken, following the combination
of the noise factors prescribed by the L4 outer array.
The entries of L4 were used to assemble the four
product arrays, like the one in Table 10. Because the
dimension of the output arrays were huge, the entries
are not listed individually in the tables. A computer
program was written to handle the product arrays in
analysis.

4. Data Processing and Analysis

The decoding of data files is done by using a custom-
written software based on the decoding algorithm
presented in [13]. The main features of the software
include:

. Decoding of data files acquired during the experi-
ments;

. Returning bar and space widths; and

. Printing maximum and minimum values of a
successful scan.

The software is executed 288 times, corresponding to
the equal number of data files generated by the data
acquisition system. In order to capture the variation of
the process, the minimum and maximum values of the
readings for both directions are treated as distinct input
data. These are denoted as the four category columns
in Table 3. Therefore, the number of inputs for each
barcode is equal to four times the number of bars and
spaces i.e., Max Forward, Min Forward, Max Reverse,
Min Reverse). Because of the large amount of data to be
processed, the software has been developed to expedite
the data processing as well as to minimize the possibility
of processing errors. The decoding output is a matrix
4�Nb, where Nb is the number of bars and spaces of the
specific barcode. Table 4 lists the properties of the four
barcodes used in the experiments.

4.1 Equations for Analysis using
the Dynamic Taguchi Method

In this article, the ideal function with proportion
formulation between the input and the output, as that in
Equation (1), is employed with the barcode widths as the
input and the scanned widths as the output. In an ideal
situation, the input and the output should be the same
or be directly proportional to each other. The equations
used to calculate the S/N ratios and sensitivity are
presented in the following.

The sum of each input,Yj, with j ranging from 1 to n, is

Yj ¼
Xl

i¼1

�i, j ð2Þ

or in the expanded form

Y1 ¼ �1, 1 þ �2, 1 þ �3, 1 þ � � � þ �l, 1

Y2 ¼ �1, 2 þ �2, 2 þ �3, 2 þ � � � þ �l, 2

..

.

Yn ¼ �1, n þ �2, n þ �3, n þ � � � þ �l, n

8>>><
>>>:

ð3Þ

where �i, j is the measurement from experiments, as
recorded in Table 3, l is the number of compound noises,
and n is the number of inputs. Several ‘S’ values for
various sums are obtained with

ST ¼ �2
1, 1 þ �2

1, 2 þ � � � þ �2
l, n�1 þ �2

l, n ð4Þ

S� ¼
1

rr0
ðM1Y1 þM2Y2 þ � � � þMnYnÞ

2
ð5Þ

SL ¼
1

r
L2
1 þ L2

2 þ � � � þ L2
l

� �
ð6Þ

where, r ¼
Pn

j¼1M
2
j ¼ M2

1 þM2
2 þ � � � þM2

n , r0 ¼ l, Yj

is defined in Equation (2), and Li ¼
Pn

j¼1 �i, jMj.
In addition, we define

S��N ¼ SL � S� ð7Þ

Se ¼ ST � SL ¼ ST � S� � S��N ð8Þ

SN ¼ ST � S� ð9Þ

The variability, which may be used as an indication of
the quality of the product design, are defined as

Ve ¼
Se

r0ðn� 1Þ
ð10Þ

VN ¼
SN

r0n� 1
ð11Þ

Table 4. The four barcodes for measurement and
analysis.

Barcode Format
Number of Bars
and Spaces

1 binary 99
2 binary 79
3 delta 115
4 binary 29
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Thus, the dynamic S/N ratio and sensitivity (the
dynamic �) can be calculated, respectively, as follows

S=N ¼ 10 log
ð1=rr0ÞðS� � VeÞ

VN

� �
ð12Þ

S ¼ 10 log
1

rr0
ðS� � VeÞ

� �
ð13Þ

In this article, we use l¼ 4 and n¼ 396, 316, 460, and
116 for the four barcodes, respectively, based on the
arrangement of the outer array. Equations (2)–(13) are
applied to each barcode separately with different values
of n. A numerical example for the calculation of S/N
ratios and sensitivity is presented in Appendix B for the
illustration of analysis. The results for each barcode are
shown in Table 5.

4.2 Treatment of Missing Data in Experiments:
Sequential Approximation

It is possible that some data in the designed
experiments cannot be obtained because of the combi-
nation of the extreme range of control factors. Under
such circumstances, we need to treat the missing data
using the sequential approximation technique before
the response table and charts for the S/N ratios and
sensitivity can be obtained and plotted. The sequential
approximation method employs successive iteration of
S/N ratios (or sensitivity) with average values based on
the S/N ratios associated with various levels of control
factors. The iteration which updates the estimate of the

S/N ratio or sensitivity continues until the value has
converged. The convergence of such a method is
generally very robust. The algorithm is best illustrated
using an example with experimental data, as presented
in Appendix C.

With the scanner design experiment at hand, we
found that some of the scanners were unable to decode
all or some of the symbols after environmental stressing.
As a result, a total of 17 out of 72 S/N ratios and
sensitivity values are missing. The missing data in Table 5
are indicated by zeros. Based on the data in Table 5,
the algorithm of the sequential approximation is applied
to the analysis of the data. An example of the application
of the sequential approximation technique is illustrated
in Appendix C, using the results of S/N ratios of
barcode #1. After applying the sequential approxima-
tion, the missing data can be replaced by the new values.
Table 6 lists the S/N ratios and sensitivity values of
the individual barcodes, after applying the sequential
approximation technique, as well as the overall values
obtained by averaging the results of all four barcodes.
The final response table of the Taguchi experimental
design, based on the data in Table 6, can be obtained by
employing the Taguchi methodology and averaging
the data for each level of the control factors in Table 6.
The response table of both the S/N ratios and sensitivity
is in Table 7.

5. Results and Discussion

In this section, we analyze and discuss the results of
the experimental design and confirmation run.

Table 5. The S/N ratios and sensitivity, as calculated from the experimental data, for barcode #1 to #4.

S/N Ratios Sensitivity

No. Code #1 Code #2 Code #3 Code #4 Code #1 Code #2 Code #3 Code #4

1 60.1036 52.7546 55.8814 43.5728 �0.8832 �1.0859 0.0165 �0.0193
2 59.6634 54.0461 58.0768 47.6134 �0.8939 �0.9985 0.0712 �0.0145
3 63.8781 0 0 0 �0.7365 0 0 0
4 62.9955 54.8130 59.1846 0 �0.7954 �0.9698 0.0928 0
5 58.1536 0 0 40.5698 �0.9637 0 0 �0.1284
6 64.2086 57.2027 59.7733 0 �0.7557 �0.8509 0.1290 0
7 62.833 55.5908 58.7231 43.8158 �0.7928 �0.9159 0.0764 �0.1023
8 0 0 60.4925 46.5472 0 0 0.1207 �0.0522
9 61.026 53.7444 0 41.3056 �0.8459 �1.0004 0 �0.1306

10 61.5397 54.5482 57.5669 46.2400 �0.8292 �0.9648 0.0823 �0.0018
11 62.6732 55.0985 59.2219 52.1289 �0.7976 �0.9594 0.0722 �0.0003
12 60.1978 54.0865 0 43.7371 �0.8765 �0.9891 0 �0.0048
13 63.5798 55.4585 59.8541 50.4009 �0.7721 �0.9377 0.1018 �0.0007
14 59.8591 0 0 42.3823 �0.882 0 0 �0.0495
15 61.7817 54.8911 57.9232 47.6752 �0.8187 �0.9619 0.0660 �0.0158
16 62.0884 0 0 38.2143 �0.7972 0 0 �0.2608
17 61.2429 54.8938 57.8313 44.5048 �0.8515 �0.9560 0.0649 �0.0362
18 64.5725 0 60.8024 0 �0.7505 0 0.1126 0
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5.1 Results and Confirmation Run

The response charts can be plotted, based on the
results of the S/N ratios and sensitivity in Table 7.
Figure 2 plots the S/N ratios of the levels of the eight
control factors, while Figure 3 illustrates the sensitivity.

From the response tables and charts, we find that the
most influential control factor is the signal amplitude
(factor G), while the least influential is the aperture shape
(factor A). The shapes of the response chart reveal that
there are interactions among the control factors. From
the charts, the optimum design configuration is deter-
mined by the levels of the factors with the highest S/N
ratios. Thus, the optimal configuration is found to be
A2B2C3D3E1F1G3H2. Note that the signal amplitude
also has the largest influence on the sensitivity.

Based on this configuration, the optimal unit was
assembled and tested. During the testing of the optimal

unit, the limitation on the performance of the scanner
was observed when using signal amplitude level three
(G3). Therefore, the intermediate signal amplitude
level value was selected as the nominal (which is at G2

level), and the optimal configuration was revised to
A2B2C3D3E1F1G2H2. This optimum unit was chosen
and assembled to perform the confirmation run. In
addition, one nominal unit based on the current barcode
scanner design was also assembled for comparison.
Following the same procedure for experiments, the con-
firmation run was conducted, with results summarized
in Tables 8 and 9.

5.2 Discussion

The experimental results of the confirmation run of
the optimum design agree with the estimated S/N ratios
in general. As shown by the S/N ratios in Tables 8 and 9
of the confirmation run, the predicted and the confirmed
values for both optimal and nominal designs are very
much in agreement. The absolute difference between the
predicted and confirmed values for the optimal config-
uration is 0.0789 dB (see Table 9). The accuracy of
prediction is 99.86%. Similarly, the difference for the
nominal case is 1.631 dB and the accuracy of prediction
97.04%. The accuracy of the results is an indication of
the experimental consistency.

Because each of the four barcodes has different opti-
mal conditions, the optimal unit is a trade-off among
all four optimal designs. The experimental results of S/N
ratios in Table 8 indicate that the optimal scanner unit
performs better for scanning the barcodes #1 and #2,

Table6. S/N ratios and sensitivity values for barcodes (Code #1 to #4), after applying the sequential approximation
technique to replace the missing experimental data.

S/N Ratios Sensitivity

No Code #1 Code #2 Code #3 Code #4 Avg. Code #1 Code #2 Code #3 Code #4 Avg.

1 60.10 52.75 55.88 43.57 53.08 �0.8832 �1.0859 0.01659 �0.01933 �0.4930
2 59.66 54.05 58.08 47.61 54.85 �0.8939 �0.9985 0.07127 �0.01455 �0.4589
3 63.88 55.72 60.24 51.17 57.75 �0.7365 �0.9218 0.11810 �0.02942 �0.3924
4 62.99 54.81 59.18 52.06 57.26 �0.7955 �0.9698 0.09285 �0.00184 �0.4186
5 58.15 53.82 58.14 40.57 52.67 �0.9638 0.9730 0.06687 �0.12850 �0.4997
6 64.21 57.20 59.77 46.27 56.86 �0.7558 �0.8510 0.12906 0.04260 �0.3588
7 62.83 55.59 58.72 43.82 55.24 �0.7928 �0.9159 0.07640 �0.10230 �0.4337
8 62.46 55.17 60.49 46.55 56.17 �0.7932 �0.8552 0.12071 �0.05230 �0.3950
9 61.03 53.74 57.49 41.31 53.39 �0.8460 �1.0005 0.04239 �0.13060 �0.4837

10 61.54 54.55 57.57 46.24 54.97 �0.8293 �0.9648 0.08240 �0.00188 �0.4284
11 62.67 55.10 59.22 52.13 57.28 �0.7976 �0.9594 0.07221 �0.00034 �0.4213
12 60.20 54.09 57.73 43.74 53.94 �0.8766 �0.9891 0.04980 �0.00488 �0.4552
13 63.58 55.46 59.85 50.40 57.32 �0.7721 �0.9377 0.10186 0.00079 �0.4018
14 59.86 55.94 58.26 42.38 54.11 �0.8821 �0.9116 0.08909 �0.04950 �0.4385
15 61.78 54.89 57.92 47.67 55.57 �0.8187 �0.9620 0.06606 �0.01590 �0.4326
16 62.09 55.36 57.75 38.21 53.35 �0.7973 �0.8973 0.07270 �0.26080 �0.4707
17 61.24 54.89 57.83 44.50 54.62 �0.8516 �0.9560 0.06491 �0.03620 �0.4447
18 64.57 54.04 60.80 46.41 56.46 �0.7505 �0.8959 0.11261 �0.09140 �0.4063

Table 7. Response table for the S/N ratios and sensitivity.

S/N Ratios Sensitivity

No. Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

A 55.25 55.29 n/a �0.4371 �0.4333 n/a
B 55.31 55.63 54.87 �0.4415 �0.4250 �0.4390
C 55.21 54.95 55.66 �0.4410 �0.4430 �0.4215
D 55.20 55.08 55.54 �0.4490 �0.4426 �0.4140
E 55.50 55.19 55.12 �0.4253 �0.4385 �0.4418
F 55.33 55.17 55.31 �0.4247 �0.4391 �0.4417
G 53.42 55.35 57.04 �0.4735 �0.4262 �0.4059
H 54.82 55.51 55.49 �0.4425 �0.4325 �0.4305
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Figure 3. Response chart for the sensi-
tivity.

Figure 2. Response chart for the S/N
ratios.

Table 9. Comparison between the optimal and nominal units.

Optimal Nominal

A2B2C3D3E1F1G2H2 A2B2C2D2E3F2G2H2

Predicted Confirmed � Avg. Design Improvement Predicted Confirmed �

S/N 56.92 56.84 �0.0789 55.27 1.566 55.21 56.84 1.631

Table 8. Confirmation run: the S/N ratios for the nominal and optimal designs.

Code #1 Code #2 Code #3 Code #4 Average Predicted

Nom. Opt. Nom. Opt. Nom. Opt. Nom. Opt. Nom. Opt. Nom. Opt.

63.44 64.54 55.95 57.51 59.59 59.41 48.37 45.89 56.84 56.84 55.21 56.92
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poorer for barcode #4, and nearly the same for barcode
#3. The results are obtained by conducting range test
on both the optimal and nominal scanner units. The
experimental results, as shown in Table 9, give an
overall S/N ratio of 56.84 – a good agreement with
the predicted value of 56.92. This suggests that the
confirmation experiment, under the designated levels, is
consistent with the prediction of the L18 experiments.
Furthermore, the results of the confirmation run show
that the performance, based on the S/N ratios, is
improved for barcodes #1 and #2, but deteriorated
for barcode #4. The results also suggest that barcodes
of different optimal conditions may favor one type of
scanner instead of the other.

In addition, we discovered that signal amplitude
level three (G3) did not result in successful scans on
barcode #4, although it worked for the other three
barcodes. Subsequent analysis shows that the threshold
value employed in the software decoding, which was not
included as a control parameter in the L18 experiments,
was probably too low to decode the signal under
magnified signal amplitude level three during the
experiments. At the time of the experimental design,
the software parameter of the threshold of signal
processing for decoding was not an option for control
factor. It is concluded from this research study that such
a parameter has to be included in future designs of
experiments, in addition to the chosen parameters of
hardware design. Furthermore, one other reason why
the optimal unit makes only incremental improvements
to the barcode scanner design is because the existing
scanner design has already been optimized opto-
mechanically and performs very well. This observation
was validated by the small variability values in Ve,
obtained in the data analysis. Hence, improvement can
only be made incrementally on this barcode scanner
design, and sometimes a trade-off of performance on
different barcode designs may be required, as presented
in the preceding analysis.

6. Conclusions

In this article, we apply the dynamic Taguchi
methodology to the design of the barcode scanner, and
conduct the experimental design using the L18 ortho-
gonal array. The S/N ratios are calculated using the
equations of the dynamic S/N ratios. Missing data,
due to the combination of extreme ranges of control
factors, are treated by the sequential approximation
method. A theoretical optimum unit was assembled, and
the confirmation run conducted. The results show very
good agreement between the theoretical and experi-
mental results.

Based upon the results of the experiments, we show
that the Taguchi methodology yields a similar optimum

design as the analytical one, and prove that the existing
opto-mechanical design is optimum, within the signal
processing capabilities. However, limitation of the
methodology as applied to the design of the barcode
scanner is found in one standard barcode, though two
other barcodes show improved scanning performance as
predicted by the S/N ratios. All control factors
considered are parameters related to hardware, while
the scanning data processing is done in software. In the
future application of Taguchi methods to this type of
application, the critical software parameters pertaining
to signal processing may need to be included.
Nevertheless, the analysis of Taguchi Methods on this
barcode scanner design reveals that the existing design
has very good quality, as evident by the small variability
values obtained.

This collaborative project also enjoys a team of
concurrent engineering from design to manufacturing,
as well as hardware and software engineers, who worked
on the application of the Taguchi methods to the design
of scanners.
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Appendices

A. The L18 (2137) and L4 (23) Orthogonal Arrays

The inner array L18 and the outer array L4 employed
in this paper are tabulated in Tables 10 and 11. The
choice and arrangement of the control factors and noise
factors are presented in Section 2.2.

B. Example for the Calculation of
S/N Ratios and Sensitivity

Using the experimental data in Table 12, we illustrate
with a numerical example, the calculation of the
S/N ratios and sensitivity. First of all, we have
r0¼ l¼ 4 and n¼ 396 for barcode #1. The calculation
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in this appendix follows Equations (2)–(13). We first
obtain

r ¼ 0:00492 þ 0:01262 þ � � � þ 0:00492 ¼ 0:02562

Y1 ¼ 0:0064þ 0:0064þ 0:0068þ 0:0061 ¼ 0:0256

..

.

Y396 ¼ 0:0057þ 0:0066þ 0:0064þ 0:0061 ¼ 0:0249

8>><
>>:

The terms of the linear equations are calculated

L1¼0:0064�0:0049þ ��� þ0:0057�0:0049¼0:023336

..

.

L4¼0:0061�0:0049þ ��� þ0:0061�0:0049¼0:023100

8>><
>>:

The various S values and variability are

ST ¼ 0:00492 þ 0:01262 þ � � � þ 0:00492 ¼ 0:08489

ð f ¼ 1584Þ

S� ¼
1

0:256� 4
ð0:0049� 0:0256þ � � � þ 0:0049

� 0:0249Þ2

¼ 0:083626 ð f ¼ 1Þ

SL ¼
0:02332 þ 0:02292 þ 0:02322 þ 0:2312

0:0256

¼ 0:083626 ð f ¼ 4Þ

S��N ¼ 0:0836260314� 0:0836260000 ¼ 3:141� 10�6

ð f ¼ 3Þ

Se ¼ 0:08489� 0:08363� 3:140883� 10�6 ¼ 0:001257

ð f ¼ 1580Þ

SN ¼ 0:08489� 0:08363 ¼ 0:00126 ð f ¼ 1583Þ

Ve ¼
0:001257

4ð396� 1Þ
¼ 7:96� 10�7

VN ¼
0:00126

4� 396� 1
¼ 7:96� 10�7

The parameter ‘f ’ in the above equations denotes the
degree of freedom of the data in each applicable

Table 10. Product array having the L18 inner orthogonal array with eight control factors attached to the left side. The first
factor, A , is two-level and the remaining seven control factors, B to H, three-level. M is the input, N is the compounded
noise, � is the measured output and n is the number of inputs.

Inner Array M1
� � �

Mn

No. A B C D E F G H N1 N2 N3 N4 � � � N1 N2 N3 N4

1 1 1 1 1 1 1 1 1 �1,1 �2,1 �3,1 �4,1 � � � �1,n �2,n �3,n �4,n

2 1 1 2 2 2 2 2 2 � � � � � � � � � � � � � � � � � � � � � � � � � � �

3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2

10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1 � � � � � � � � � � � � � � � � � � � � � � � � � � �

Table 11. L4 outer orthogonal array with three compound
noise factors, each having two levels. This L4 array
is used to render compound noise factors in experi-
ments.

No. X Y Z

1 1 1 1
2 1 2 2
3 2 1 2
4 2 2 1
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calculation. Therefore, the dynamic S/N ratio and the
sensitivity (dynamic �) are

� ¼ 10 log
ð1=0:02562� 4Þð0:083626� 7:96� 10�7Þ

7:96� 10�7

� �

¼ 60:10

S ¼ 10 log
1

0:02562� 4
ð0:083626� 7:96� 10�7Þ

� �

¼ �0:8832

C. Example of Treating Missing Data:
Sequential Approximation

In this section, the sequential approximation method
will be illustrated using the example of the results of
experiments on the barcode #1.

The missing data is at experiment eight, where the
S/N ratio is recorded as ‘0’ in Table 13. The average
of the remaining 17 nonzero S/N ratios, ���, is calculated
as follows:

��� ¼
1

17
ð60:10þ 59:66þ � � � þ 61:24þ 64:57Þ

¼ 61:79 dB ð14Þ

As the initial value for the first iteration in applying
the sequential approximation method, the value of ���
obtained in Equation (14) will be applied to replace the
missing data. Using the new value, ���¼ 61.79 for the
eighth data, the S/N ratios for each level of the control
factors are calculated and tabulated in the response
table, as shown in Table 14.

In order to continue the iteration to the next estimate
of the S/N ratio for the missing data, we find the
difference between the high and low S/N ratios
associated with the eight factors, A–H, and order them
based on the magnitude of the difference/gap. This is
listed in Table 15. Next, we pick half of the factors with
the largest gap or difference (G, C, E, B, in this case).
These four factors have a larger influence on the out-
come of the sequential approximation. The estimate of
the missing data for the next iteration will be adopted
as the difference between the sum of the four control
factors2 corresponding to the specific levels of the
control factors of eighth data entry,3 and three times
the grand average, T . That is, the estimate of the S/N
ratio for the next iteration is

�8 ¼ G3 þ C2 þ E2 þ B3 � 3T

Table 12. L4 outer arrays with data from the first experiment (the first row of the L18 array) of the barcode #1.

Barcode #1 (99 bars and spaces)

Max Forward Min Forward Max Reverse Min Reverse

No. M11 � � � M99 M100 � � � M198 M199 � � � M297 M298 � � � M396

N1 0.0064 � � � 0.0062 0.0060 � � � 0.0059 0.0049 � � � 0.0060 0.0047 � � � 0.0057
N2 0.0064 � � � 0.0067 0.0059 � � � 0.0058 0.0049 � � � 0.0085 0.0046 � � � 0.0066
N3 0.0068 � � � 0.0063 0.0063 � � � 0.0057 0.0049 � � � 0.0070 0.0047 � � � 0.0064
N4 0.0061 � � � 0.0063 0.0056 � � � 0.0057 0.0047 � � � 0.0067 0.0046 � � � 0.0061

Table 13. The list of the 18 S/N ratios of barcode #1 from experiments (see the first data column of Table 5). The entry of
‘0’ S/N ratio in the eighth experiment indicates a missing S/N value corresponding to the missing experimental data.

No. 1 2 3 4 5 6 7 8 9

S/N 60.10 59.66 63.88 63.00 58.15 64.21 62.83 0 61.03

No. 10 11 12 13 14 15 16 17 18

S/N 61.54 62.67 60.20 63.58 59.86 61.78 62.09 61.24 64.57

Table 14. Response table obtained after the first
iteration.

Factor Level 1 Level 2 Level 3

A 61.63 61.95 n/a
B 62.19 61.76 62.26
C 61.64 60.56 62.61
D 61.64 61.50 62.23
E 62.38 61.42 61.57
F 61.85 61.61 61.90
G 60.24 61.88 63.25
H 61.32 62.21 61.83
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3According to the L18 array in Table 10, the eighth data entry has the following
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where the grand average of the 18 S/N ratios from
Table 13, with the eighth S/N values replaced by the new
value ���¼61.79, is

T ¼
1

N

XN
i¼1

�i

with N¼ 18 for L18 orthogonal array employed in this
experimental design.
Substituting numerical values into Equations (15) and

(16), we obtain

T ¼
1

18
ð60:10þ 59:66þ �� � þ 61:79þ �� � þ 61:24þ 64:57Þ

¼ 61:79dB

�8 ¼ 63:25þ 60:56þ 61:42þ 62:26� 3� 61:79

¼ 62:12

The new value of �8¼ 62.12 will be adopted for the next
iteration. The same iteration procedure will be repeated

until convergence is reached; that is, when the S/N ratio
do not change much with further iteration. Repeating
this iterative process until convergence is reached, the
S/N ratio, �8 , can be obtained to replace the missing
data entry, as listed in Table 16.

If more than one experimental data are missing (for
example, the S/N ratios of barcode #2 in Table 5), the
same procedure that was illustrated in the example
above can be employed on all missing data entries. Once
a data entry has converged, the iteration for that
particular data can be stopped, while proceeding with
the remaining data entries until they all converge.

Table 15. High–low S/N ratios for the eight control
factors.

Factor

High Low

Level S/N ratio Level S/N ratio Gap

G 3 63.25 1 60.24 3.01
C 3 62.61 2 60.56 2.05
E 1 62.38 2 61.42 0.96
B 3 62.26 1 61.34 0.92
H 2 62.21 1 61.32 0.89
D 3 62.23 2 61.50 0.73
A 2 61.95 1 61.63 0.32
F 3 61.90 2 61.61 0.29

Table 16. Results after seven iterations. The S/N ratio for
the missing experiment converges to the final value
of 62.46.

Iteration S/N ratio Convergence (%)

1 62.12 0.5448
2 62.29 0.2709
3 62.38 0.1350
4 62.42 0.0674
5 62.44 0.0337
6 62.45 0.0168
7 62.46 0.0084
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