2 Axiomatic Design

2.1 Introduction

Axiomatic design is a design theory that was created and popularized by Professor
Suh of the Massachusetts Institute of Technology (Suh 1990, 2000). Actually, it is
a general design framework, rather than a design theory. As the word
“framework” indicates, it can be applied to all design activities. It consists of two
axioms. One is the Independence Axiom and the other is the Information Axiom.
A good design should satisfy the two axioms while a bad design does not. It is
well known that the word “axiom” originates from geometry. An axiom cannot be
proved and becomes obsolete when a counterexample is validated. So far, a
counterexample has not been found in axiomatic design. Instead, many useful
design examples with axioms are validated.

Design is the interplay between “what we want to achieve” and “how we
achieve it.” A designer tries to obtain what he/she wants to achieve through
appropriate interplay between both sides. The engineering sequence can be
classified into four domains as illustrated in Figure 2.1. Customer attributes (CAs)
are delineated in the customer domain. In other words, CAs are the customer
needs. CAs are transformed into functional requirements (FRs) in the functional
domain. FRs are defined by engineering words. This is equivalent to “what we
want to achieve.” FRs are satisfied by defining or selecting design parameters
(DPs) in the physical domain. Mostly, this procedure is referred to as the design
process. Production variables (PVs) are determined from DPs in the same manner.
The aspects for the next domain are determined from the relationship between the
two domains, and this process is called mapping. A good design process means an
efficient mapping process.

Design axioms are defined from common principles for engineering activities
as follows:

Axiom 1: The Independence Axiom

Maintain the independence of FRs.
Alternate Statement 1: An optimal design always maintains the
independence of FRs.
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Customer domain Functional domain Physical domain Process domain

Customer needs  Functional requirements Design parameters Process variables

Figure 2.1. Relationship of domains, mapping and design spaces

Alternate Statement 2: In an acceptable design, DPs and FRs are related in
such a way that a specific DP can be adjusted to satisfy its corresponding
FR without affecting other functional requirements.

Axiom 2: The Information Axiom

Minimize the information content of the design.
Alternate Statement: The best design is a functionally uncoupled design
that has minimum information content.

The axioms may look simple. However, they have significant meanings in
engineering. Details of the axioms will be explained later. Axiom 1 is an
expression that design engineers know consciously or subconsciously. When we
design a complex system, the axiom tells us that a DP should be defined to
independently satisfy its corresponding FR. In other words, the FRs of the
functional domain in Figure 2.1 should be independently satisfied by DPs of the
physical domain. Otherwise, the design is not suitable. When multiple designs are
found from Axiom 1, the best one can be chosen based on Axiom 2. That is, the
best design has minimum information content that is usually quantified by the
probability of success. It also corresponds to the engineering intuition that design
engineers usually have in mind. Axiom 2 is related to robust design and it will be
explained later. Although the axioms are expressed simply, real application can be
very difficult.

As explained earlier, axioms are defined in geometry. As in geometry,
theorems and corollaries are derived from axioms (see Appendix 2.A).
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2.2 The Independence Axiom

2.2.1 The Independence Axiom

The Independence Axiom indicates that the aspects in the proceeding domain
should be independently satisfied by the choices carried out in the next domain.
The domains are illustrated in Figure 2.1. The relationship of FR-DP is defined to
be independent. When plural FRs are defined, each DP should satisfy each
corresponding FR. The relationship can be expressed by a design matrix. Using
vector notations for FRs and DPs, the relationship is expressed as the following
design equation:

FR =ADP 2.1)

Matrix A is called a design matrix. The characteristics of matrix A determine if
the Independence Axiom is satisfied. Suppose we have three FRs and DPs.
Matrix A is as follows:

FRi| | An Az Ag | DR

FRS A31 A32 A33 D P3

FR-DP relationships according to matrix A are shown in Table 2.1. If the
design matrix is a diagonal matrix, it is an uncoupled design. Because each DP
can satisfy a corresponding FR, the uncoupled design perfectly satisfies the
Independence Axiom. When the design matrix is triangular as shown in the
second case of Table 2.1, the design is a decoupled design. A decoupled design
satisfies the Independence Axiom if the design sequence is correct. In the second
row of Table 2.1, DP, is first determined for FR, and fixed. FR, is satisfied by

the choice of DP, and the fixed DP,. DP; is determined in the same manner with
the fixed DP, and DP,.

When a design matrix is neither diagonal nor triangular, the design becomes a
coupled design. In a coupled design, no sequences of DPs can satisfy the FRs
independently. Therefore, an uncoupled or a decoupled design satisfies the
Independence Axiom and a coupled design does not. If a design is coupled, an
uncoupled or decoupled design must be found through a new choice of DPs. For
the ith FR or DP, the subscript notation is used in this book. FR; is frequently

expressed by FRI.  With design matrices, multiplication and addition are
permitted; however, other manipulations such as coordinate transformation are not
permitted.

It is noted that constraints (Cs) exist in the design. Constraints are generally
defined from design specifications and they must be satisfied. Constraints can be
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Table 2.1. FR-DP relationship according to the design matrix

Design equation

Design process

Uncoupled
design

Decoupled
design

Coupled
design

[ FR, |

FR,

| FRs |

_FRl_

FR,

FR; |

FRy

FRs

Ay
0

0

Au
Aoy
Ag1

Ao

Ao
As

A
Ao
Aa

o

Ags |

Ags |

As
Ao
Ag

DR, |

DP,

DF; |

_Dﬂ_

DP,

DR
DP,
DP,

DF; |

FR; = A;; xDR,

FR, = Ay, x DR,

FR; = Aj3 x DPy

FR, = A;; xDR,

FR, = Ay x DP, + Ay, x DP,

FR3 = Ag; x DP, + Ag, x DP,
+ Ag; x DRy

FR; = Aj; xDPR, + A, x DR,
+ A3 xDPy

FR, = Ay; x DP, + Ay, x DP,
+ Ays x DP;

FR; = Ay; xDPR, + Ay, x DP,
+ Ag3 x DRy

defined without regard to independence of FRs and coupled by DPs. As illustrated

in Figure 2.1, the constraints can be defined in the DP or PV domains.

The following example shows an application of the Independence Axiom.
Generally, an imperative sentence is used for the expression of an FR and a noun is

used for a DP.

Example 2.1 [Design of a Refrigerator Door] (NSF 1998, Suh 2000)

Figure 2.2 shows two refrigerator doors that we most frequently encounter. Which
one has the better design? To answer the question, the doors are analyzed based
on an axiomatic design viewpoint. Functional requirements are defined as follows:

FR, : Provide access to the items stored in the refrigerator.
FR, : Minimize energy loss.

Solution

Design parameters for the vertically hung door in Figure 2.2a are as follows:

DR, : Vertically hung door

DP, : Thermal insulation material in the door
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(a) Vertically hung door (b) Horizontally hung door
Figure 2.2. Refrigerator doors

The design equation may be stated as

FR X 0| DR
L= ! (2.3)
FR, X X | DP,
where an X indicates a nonzero value, and hence a dependence between an FR and
a DP.
From Equation 2.3, the design is a decoupled one and satisfies the
Independence Axiom. However, when we open the door, energy loss occurs due

to the X in the off-diagonal term. Now, the horizontally hung door in Figure 2.2b
is analyzed.

DP, : Horizontally hung door
DP, : Thermal insulation material in the door

The design equation is made as follows:

{FRl} {x 0}{DP1} 2.4)
FR, 0 X | DP,

When we open the horizontally hung door, cold air remains in the refrigerator
and energy loss can be minimized. Therefore, the horizontally hung door has an
uncoupled design and is a better design than the vertically hung door. Is the
horizontally hung door always better? As far as the functional requirements

defined here are kept, it is correct. Suppose that constraints are proposed for the
amount of stored food or convenience to access items. Then the problem will be
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different. If a refrigerator with a horizontally hung door violates the constraints, it
cannot be accepted regardless of the satisfaction of the Independence Axiom.
When constraints exist, they should be checked first.

Example 2.2 [Design of a Water Faucet] (Suh 2000)
A faucet is designed. The user should be able to control the temperature and the
running rate of water. Since there are many commercialized faucets, they are
evaluated. The functional requirements of a faucet are defined as follows:

FR; : Control the flow of water (Q).

FR, : Control the temperature of water (T).

Solution

Analyzing the product in Figure 2.3a, DPs and the design equation are defined as
follows:

DR, : Angle ¢
DP, : Angle ¢,

Cold water Hot water
| o o |
o
™
Y N
o
[ 1M v

(c) Uncoupled design (b) Uncoupled design

Figure 2.3. Example of a water faucet



Axiomatic Design 23

{FRl(Q)Hx X}{Da(@)} 5
FRo(M ][ X X | DP,(4) |

As shown in Equation 2.5, the design is coupled. Thus, the design is not
acceptable.

Another example is presented in Figure 2.3b. The design is analyzed as
follows:

DR, : Angle ¢

DP, : Angle ¢,
|:FR1(Q):|:|:X 0}{DP1(¢1)} 2.6)
FRy(T)| [0 X | DP;(¢,) '

Because the design matrix is diagonal, the design is uncoupled. Therefore, it
satisfies the Independence Axiom and is acceptable.
One more design is illustrated in Figure 2.3c.

DP, : Displacement Y
DP, : Angle ¢

FRi(Q)| | X 0] DR(Y) 2.7
FR,(T)| |0 X | DP,(¢) '

The design matrix is diagonal; therefore, the design is uncoupled. We have
two uncoupled designs. Which one is better? It is easy to manipulate the one in
Figure 2.3c. This can be explained by the Information Axiom, which will be
introduced later. The design in Figure 2.3c is the best from the viewpoint of the
Information Axiom. Actually, the one in Figure 2.3c is becoming popular. This
conclusion is made based on engineering functional requirements. If aesthetic
aspects are important, different decisions can be made.

When we design a complicated system, a definition of a simple FR-DP
relationship may not be sufficient. Then we can decompose the relationship. As
illustrated in Figure 2.4, a new relationship is defined by a zigzagging process
between the functional and physical domains. The zigzagging process is presented
by the numbers in Figure 2.4. It is noted that DPs are defined according to FRs in
the same level and FRs of the lower level are defined based on the characteristics
of DPs in the upper level. This decomposition process continues until the leaf
(bottom) level is reached. In Figure 2.5, the decomposition process for a lathe is
illustrated (Suh 1999).
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FR - » DP

FR, FR, DP, DP,
FRuit || FRiz [ =+ | FRot || FR2 | - DPyy [[DPgp| «++ | DPy || DP2
(a) Functional domain (b) Physical domain

Figure 2.4. Zigzagging process between domains

Metal removal device

Power Woiktpiece hSpeQd Workptiec% Support Tool
rotation changin support an o
supply source dev?ceg tog holder structure positioner
Tool holder Positioner Support structure
Longitudinal clamp Rotation stop Tool holder

(a) Functional domain

Lathe
Motor Head Gear Tail Bed Carriage
drive stock box stock
Spindle Feed Frame
assembly screw
Clamp Handle Belt Pin Tapered

bore

(b) Physical domain

Figure 2.5. Decomposition process for a lathe using axiomatic design
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2.2.2 Independence

Using FR-DP coordinates, Figure 2.6 presents diagrams of mapping processes
when the numbers of FRs and DPs are 2. Each design can be expressed by a
design equation as follows (Rinderle and Suh 1982):

FR, ] [ 0 | DP,

1] _| A ' | uncoupled design (Figure 2.6a) (2.8)
[FR, | | 0 Ay || DR,
FR, | [ A, [ DP

1] _|An Ae 1| decoupled design (Figure 2.6b) (2.9)
[FR,| | 0 Ay |DP,
(EFR, 1 T 1/ DP,

1| | A A ' | coupled design (Figure 2.6c) (2.10)
LFR2| [Axa Ax || DP;

An uncoupled design is presented in Figure 2.6a. The point A has (FR;) 5 and
(FR,) for (DR) and (DP,),, respectively. The points B, C and D have the
same characteristics. If the design is to be changed from A to C, the path A-D-C
or the path A-B-C can be selected. That is, the uncoupled design is independent
of the design path.

The decoupled design in Figure 2.6b is different. Suppose we want to change
the design from A to C. First, DP, should be changed from (DP,), to (DP,)g .
In this process, DP, is fixed and both FR; and FR, are changed. Second, DP,
is fixed and DP, is changed from (DP,)g to (DR)c. In this process, FR, is
fixed and FR; is changed. Thus, the decoupled design relies upon the design path.
That is, DP, should be determined first and DP, should be determined later.

Now, look at the coupled design in Figure 2.6c. When the design is changed
from A to C, the effect is the same no matter what design parameter is changed.
Suppose DR, is changed first. To satisfy FR;, DP, can be changed from A to C',

and then FR, is also changed. Thus the design should be changed from C' to C"
to satisfy FR,. Then FR, is changed again and DP; should be changed again.

Therefore, the design process is repetitively performed until the design converges.
This can be quite a complicated process. In particular, convergence may be
impossible when the design is highly nonlinear.

Figure 2.7 briefly presents the above relationships. The characteristics of the
design equations can be expressed by «;, a, and @ in Figure 2.7. The ideal

uncoupled design is obtained when «; =a, =0 and & = 90°. As an index for
coupling, the following index R called “reangularity” is defined:

R =sin@ = (1—cos? §)'2 (2.11)
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Figure 2.6. Mapping process from the FR domain to the DP domain for each design
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Figure 2.7. Schematic view of each design according to the coupling characteristics

If the numbers of FRs and DPs are n and each element of the design equation is
Ay, Ris as follows:

1/2

(3 Adhg)?
R= I |1-—

. ST R (2.12)
1l (AD(ZAY)
k=1 k=1

When 6=90", the DP, -axis is orthogonal to the DP, -axis and R = 1.

Reangularity R is not sufficient to show all the cases of coupling. The fact that
R —1 does not guarantee that ¢; >0 and @, > 0. @; =, =0 means that the
design equation is diagonal and larger diagonal terms make coupling lower.
Therefore, another index called “semangularity” (this means the same angle
quality in Latin) S is defined as follows:

" |A;
s = fj—Al (2.13)

SN
J—l(z Akzj )1/2
k=1
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Table 2.2. Reangularity and semangularity for each design

Uncoupled design Decoupled design Coupled design

Reangularity 1 R=S<1 R-S<l1

Angle between

90° % 0

column vectors (&)

Semangularity 1 S=R«l1 S#R«<1

When the design equation is diagonal, &; =a, =0 and S = 1. Table 2.2 shows
the characteristics of each design for reangularity and semangularity.

Example 2.3 [Reangularity and Semangularity of a Decoupled Design]
Prove that R and S of Equation 2.9 are the same for the decoupled design.

Solution 1
When there

are two functional requirements, R and S are as follows using

Equations 2.12 and 2.13:

, U2
—l1- (AurAiz + A Ay) (2.14a)

(AL +AZ) (AL + AL)

Aul | 1Ayl @.14)

_\/Alzl + A221 \/A122 + A222

In Equation 2.9, A,; =0 and Equation 2.14 becomes

- ) 2 1/2 ) 2 1/2
1— A AL _ Ai1A% _ 1Al 215
2,72 , A2 Tl A2(a2 . a2 T2 o (2.15a)

A (A + Ay) A (A +Az) \/A12 + A5

_| [Aul | A, | _ Al (2.15b)

\/E x/pizerAzzz _\/A&22+A222

Therefore, R and S are the same.
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FR,

DPc, FR,

Figure 2.8. Vector representation of Example 2.3

Solution 2

Solve the problem geometrically. Define ¢; =[A;; 0]" and ¢, =[A, Ayl". If

the two functional requirements are expressed by a vector FR, then
FR = DPc; + DP,c, . This is geometrically represented in Figure 2.8. From

Figure 2.8, R and S are as follows:

ClT 2 _ A A (2.16a)

c
[eullc, | VAL AL + A,

2 2 12
R=sin@=(1-cos?)? = {1—¢:|

cosf =

2 2 AZ
y AL (AL +A3) (2.16b)
2 A2
{ ALAS } 1Ayl
AL (AL + Ag) JAZ + A2,

A A
Al | Al | Bl e
\/A121+02 \/A122+A222 \/A122 +A222

S=cosay COSax, =

Therefore, R and S are the same.

When the design equation is nonlinear with respect to design parameters, A;

of Equation 2.2 may not be constant. Thus, although the uncoupled relationship is
satisfied at a design point, it may not be satisfied at other points. In this case, an
approximation by Taylor expansion can be employed. FR; in Equation 2.2 can be

approximated as follows:
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3 OFR.
FR, = (FR)q +0FR, = (FR)y + 3 °°

j=10DP;

¢DP; (2.17)

where (FR;), is the current functional requirement. Using Equation 2.17, the
design equation at ( DR, DP,, DR;) is defined as follows:

OFR, OFR, OFR,
OFR; oDR oDP, oDP; oDP,
_| oFR, OFR, OFR,
R, |= ADPl ADPZ ADP3 DP; (2.18)

Ry | | oFR, OFR, OFR, oDPy
oDP, oDP, oDP,

As shown in Equation 2.18, the design matrix is a matrix with partial derivatives,
which defines the relationship between increments of FRs and DPs. The effort to
find an uncoupled design is to find a design window where the design matrix is
diagonal. Therefore, although the Independence Axiom is satisfied at a design
point, it is not guaranteed if the design is changed.

Can we consider a design to be uncoupled when the off-diagonal terms are
quite small compared to the diagonal terms? The following equation is an
example:

FR, X x x| DR
FR, [=| x X x| DP, (2.19)
FR; X X X | DP;

where X >>x. The decision can be made based on the tolerance ranges and the
sizes of X and x. Theorem 2.A.8 in Appendix 2.A provides the reason for this.
Theorem 2.A.8 is as follows:

Theorem 2.A.8 [Independence and Design Range]

A design is an uncoupled design when the designer-specified range is
greater than

n [ OFR,
——L |ADP; 2.20
Ei[aopj] ! (2:20)
j=1

in which case the off-diagonal elements of the design matrix can be
neglected from the design consideration.



Axiomatic Design 31

When the magnitude of Equation 2.20 is very small, in other words, when x is
considerably small compared to X in Equation 2.19, Equation 2.19 can be regarded
as an uncoupled design.

Suppose that the current design is FR, = ADP,. The change of the design
parameters is ADP . The change of the functional requirements is AFR and it is
obtained by replacing & with A in Equation 2.18. (AFR;)gia E%ADH and

i

(AFRj)giag IS the change of FR; by the ith diagonal term with respect to the
change of DP,. Generally, the diagonal term is the largest. Therefore, (AFR;)giaq
has the largest impact on the FR; change. If we exclude (AFR;)gi, from AFR,

the remainder is the off-diagonal terms. When the influence from the off-diagonal
terms is very small, we do not need to consider them. This is expressed as

n [ 6FR, _
Z_ aDP ADPJ < (AFRl )allowable y I = 1,..., n (221)
17l i

j=1

where (AFR;)aiowanle 1S the allowable tolerance specified by the designer.

Equation 2.21 means the range where the influence of the off-diagonal terms is
negligible.

Example 2.4 [The Range of DPs to Be Considered as a Decoupled
Design]
Suppose we have the following design:

FR X x|DPR
5h 1 (2.22)
FR, y X DR
where X >>x, X >>y.  The allowable tolerance in Equation 2.22 is
(AFRi)allowablev i =12.

(1) Obtain the range of design parameters with which we can consider the
design as an uncoupled design.

(2) Obtain the range of design parameters with which we can consider the
design as a decoupled design.

Solution

(1) Ranges of ADP, and ADP, that satisfy XADP, <(AFR})aowanie @nd
yADPl < (AFRZ)aIIowable'
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(2) Ranges of ADP, and ADP, that satisfy XADP, <(AFR;).iowabie OF
yADPl < (AFRZ)aIIowable'

2.2.3 Physical Integration

There is a saying that a simple design is a good one. From this statement, we may
guess that a good design makes one DP satisfy multiple FRs. In other words, a
coupled design is better. This aspect is very confusing in axiomatic design.
However, from an axiomatic design viewpoint, this is the case where multiple DPs
make a physical entity. That is, multiple DPs satisfy FRs of the same number.
This is called “physical integration.” Physical integration is desirable because the
information quantity can be reduced. The following example is a typical example
of physical integration.

Example 2.5 [Bottle—can Opener] (NSF 1998, Suh 1999)
Suppose we need a device that can open bottles and cans. Functional requirements
are defined as follows:

FR, : Design a device that can open bottles.
FR, : Design a device that can open cans.

Solution

The device in Figure 2.9 has one physical entity for the bottle opener and can
opener. However, two DPs at both ends independently satisfy the two functional
requirements. Therefore, the design in Figure 2.9 satisfies the Independence
Axiom. If the constraint set includes “both functions should be simultaneously
used,” then a different design should be investigated.

Figure 2.9. Bottle—can opener Figure 2.10. Beverage can
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Example 2.6 [Beverage Can Design] (NSF 1998, Suh 2001)
Consider an aluminum beverage can that contains liquid as illustrated in Figure
2.10. According to an expert working at one aluminum can manufacturer, there
are 12 FRs for the can. Plausible FRs: contain axial and radial pressure, withstand
moderate impact when the can is dropped from a certain height, allow stacking on
top of each other, provide easy access to the liquid in the can, minimize the use of
aluminum, be printable on the surface, and more. However, these 12 FRs are not
satisfied by 12 physical pieces. The can consists of three pieces: the body, the lid
and the tab opener. There must be at least 12 DPs and they are distributed to these
three pieces. Most of the DPs are associated with the geometry of the can: the
thickness of the body, the curvatures at the bottom, the reduced diameter at the top
to reduce the material used to make the top lid, the corrugated geometry of the tab
opener to increase the stiffness, the small extrusion on the lid to attach the tab, etc.
The complexity is reduced when physical integration is utilized while the
independence is maintained. That is, related information quantity is reduced.
Therefore, physical integration does not violate the Independence Axiom. Instead,
it is recommended.

2.3 The Information Axiom

2.3.1 The Calculation of Information Contents Using Probability

Axiomatic design requires satisfaction of the Independence Axiom. Multiple
designs that satisfy the Independence Axiom can be derived. In this case, the best
design should be selected. The best design is the one with minimum information.
How can we quantitatively define the information measure? The definition varies
according to the situation. Generally, the information is related to complexity.
Then how can we measure complexity? We need a rigorous definition for the
information content. The information content can be differently defined according
to the characteristics of the design. The probability of success has been utilized as
an index of the information content.

Suppose p is the probability of satisfying FR; with DB, . Then the

information content is defined as
I; =log,1/p (2.23)

In Equation 2.23, the reciprocal of p is used to make the larger probability have

less information. Also, the logarithm function is utilized to enhance additivity.

The base of the logarithm is 2 to express the information content with the bit unit.
Suppose we have the following uncoupled design:
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FR; A, O 0 | DR
FR,| | 0 0 Ayl DP

Suppose p;, p, and p; are the probabilities of satisfying FR;, FR, and FR;
with DR, DR, and DP;, respectively. The total information I, is

3 3
low = 2 1; = _z|092{ij (2.25)
i=1 i=1 Pi

It is noted that the information content should only be defined based on the
corresponding functional requirement.

Example 2.7 [An Example of Calculating Information Content]
Information content is calculated for the design problem in Figure 2.9. It is
assumed that the probability of satisfying FR; with DR, is 0.9 and the one for

FR, with DP, is 0.85. The total information content is as follows:

Lo = 1 +1, = |og2($) ; Iogz(&j —0.1520 -+ 0.2345 = 0.3865 (bits)

(2.26)

Now the reduction of information due to physical integration is explained with
Example 2.5. Without physical integration, two pieces of the two DPs should be
made. If we keep the amount of material constant, the sizes of each piece should
be smaller. Then the use of each piece is inconvenient and the probability of
success is reduced. The result is that the information content is increased.
Therefore, it is inferred that a tool with physical integration has less information
content. However, not much research has been done on quantifying the reduction
of information content from physical integration. We need more research on this
topic.

Example 2.8 [Manufacture of a Bar with a Specified Tolerance]
Another method to calculate the probability of success is introduced. A bar of 1m

length is to be manufactured. The cases for the tolerance are £0.00001m and
+0.1m. Calculate the information content for both cases.

Solution

If we use the same machine for both cases, the probability of success is smaller
when the tolerance is small. Also, if the given length (nominal length) is longer,
the ratio of the tolerance to the total length is smaller. Thus, the probability of
success is as follows:
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o= f to_lerance (2.27)
nominal length

If we assume that Equation 2.27 is linear, then it becomes as follows:

p=c tqlerance (2.28)
nominal length

where c is a constant.

Calculation of the information content for a decoupled design is somewhat
different. Since independence is satisfied by the sequence of the process, the
probability of success of the later process depends on that of the previous one.
Therefore, it is a conditional probability. Suppose we have the following
decoupled design:

FR X 0| DP
1= ! (2.29)

FR,| |X X |DP,
If p; is the probability that DP, satisfies FR;, then the probability that
DP, satisfies FR, under satisfaction of FR; by DP, is a conditional probability.

Suppose it is p,;. Then the probability of success p that both FR, and FR, are
satisfied is

P=P1P2 (2.30)

The total information content for p is

I=—log, p=-10g,(PPp)=—109; p;—10g, ppy =1, + I, (2.31)

The conditional probability is useful for investigating the characteristics of the
Information Axiom. However, it is rarely applied to real problems because p,; is

not easy to evaluate. Instead, the probability density function is more practical for
application.

2.3.2 Probability Density Function and Information Content

Information content can be calculated by using the probability density function.
Figure 2.11 presents a schematic view of this. The terminologies are as follows:
the design range is the range for the design target, the system range is the operating
range of the designed product and the common range is the common area between
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Target
A
Probability |<W
density N _
function /1 Probability density

Eesign rang function of the system
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v

g —

FR
Variation from the peak value

Figure 2.11. Calculation of the information content using the probability density function

the design range and the system range. The design range is defined by lower and
upper bounds and the system range is defined by a distribution function of the
system performance. A uniform distribution of a system range is illustrated in
Figure 2.12. The design should be directed to increase the common range. The
information content is defined as follows:

Ps = Al A (2.32a)
| =—10g, (Ay / A) (2.32b)

where A, is the system range and A, is the common range.

Example 2.9 [Calculation of the Information Content Using a
Probability Density Function]

A problem is made to demonstrate an example. A person defines two functional
requirements to buy a house as follows:

FR; : Let the price range be from 50,000 dollars to 80,000 dollars.
FR, : Let the commuting time be within 40 minutes.

The person considers a house in city A or city B. Table 2.3 shows the conditions
of both cities. Where should the person buy a house to minimize the information
content?

Solution

The system range is defined from Table 2.3 and the design range is determined
from the functional requirements. It is assumed that all the probability densities
are uniform. Figure 2.12 presents the probability density for the price of the house
in city A. Other items can be illustrated in the same manner. The information
content for city A is as follows:
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Table 2.3. Conditions for each city

city A city B
Price $45,000-$60,000 $70,000-$90,000
Commuting time 35-50 min 20-30 min

In the same manner, the information content for city B is

The information content 1, for city A is 2.18 and that for city B I is 1.0.
Therefore, city B has the optimum house from an axiomatic design viewpoint.

The design should be directed to reduce the information content in Equation
2.25. From Figure 2.11, it is effective to reduce the bias that is the difference
between the averages of the system range and design range. After that, the
standard deviation of the system range should be decreased. Then the common
range is increased and the information content is reduced. This aspect is related to
robust design.

A
Probability
density Probability density Pesign range
function function — >
of the system

\ ! Commjon range
| L~
)

I
1 3 5 7 9 FR

Figure 2.12. Probability density function of a uniform distribution
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2.3.3 The Calculation of Information Content for a Decoupled
Design

The information content for an uncoupled design is relatively easy to calculate by
using Equation 2.25. Generally, the information content is not calculated for a
coupled design because it violates the Independence Axiom. As mentioned earlier,
the information content for a decoupled design is obtained by using the conditional
probability. However, when the system range is given by the probability density
function, it is not easy to use. Therefore, specific methods have been developed.
There are two methods according to the distribution and the tolerance: the
graphical method and the integration method. When the probability density
function does not have uniform distribution or there are more than two functional
requirements, the graphical method cannot be used. On the other hand, the
integration method can be used in many cases, but it is difficult to use because
multiple integrals should be solved.
Suppose we have the following decoupled design:

FR,]_[x o7 DR 237
FR,| |X X |DP, '

The random variation of a functional requirement (FR;) with respect to the
random variation of a design parameter (DP,) is as follows:

OFR;, OFR;
|:6FR1:|: oDP, DP, |:6DP1:|:|:A11 0 :||:d3p1:| (2.38)
OFR, @ FR, oDP, Ay Ay | DR, .
oDP, 0DP,

The random variation of design parameters is 6DP and n is the number of
design parameters. Suppose the tolerance ranges are —ADP < DP < ADP,
i=1..,n (0<ADPR,). If the target value of the functional requirements is FR,
the success means that oFR resides within the range specified by the designer. In
other words, —AFR; < dFR; <AFR;, i=1..,n (0<AFR;) is satisfied. Suppose
FR" is satisfied by DP”. If we treat the random variation as random variables,
the probability of success (pg) of the decoupled design in Equation 2.38 is as
follows:

D = P(-AFR, < 0FR, < AFR,)- p(—AFR, < 6FR, < AFR, | ~AFR, < &FR, < AFR))
(2.39)
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Let us assume that A; of Equation 2.38 is a positive constant and 6DP; is

statistically independent. SFR, is a statistically dependent random variable with
respect to oFR,. In the DP domain, the condition in Equation 2.39 can be
expressed as

—AFR, < A;6DP, < AFR, (2.40a)
~AFR, < Ay 0DP, + Ay dDP, < AFR, (2.40b)
—ADP, < 5DP, < ADP, (2.40¢)
—ADP, < 3DP, < ADP, (2.40d)

Equation 2.40 can be mapped into the FR domain as follows:

—AFR; < 6FR,; < AFR, (2.41a)
—AFR, < ¢FR, < AFR, (2.41b)
—A;ADP, < 6FR; < A;; ADP, (2.41c)
A
— A,,ADP, < 6FR, —ﬁaFRl < Ay, ADP, (2.41d)
1

If Ay is negative, Equation 2.41 can be different.

The range of ¢DP satisfying Equation 2.40 is the range satisfying Equation
2.39. In the same manner, the range of SFR satisfying Equation 2.41 satisfies
Equation 2.39. This is similar to the feasible region of the optimization theory.
That is, if we obtain the probability density function in the feasible region of
Equation 2.40 or 2.41, then the probability of Equation 2.39 is calculated.

In the graphical method, the area of the feasible region is calculated from
Equation 2.40 or 2.41. It is utilized when the probability density functions of the
FRs or DPs are uniform. Figure 2.13 represents the range satisfying Equation 2.40.
The probability of success and the information content are as follows:

Ps = Ar /Adp (2.42a)
I =-log, p; (2.42b)

where A; is the feasible region, which is the shadowed area in Figure 2.13 and
Ayp s the tolerance for design parameters, which is 4ADP,ADP, in Figure 2.13.
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AFR,

22

/Azf
> (ADP,, ADP,)

5P, = AFR,
/ 1
/, (DR, ,|DP;) SDP;
B —-AFR;

DR = A (~ADP,, — ADP})

/‘PK/TDPZ _ —AFRZA— A215DP1
(0' - AFR, J 22
AZZ

(a) When the probability of success = 1

A
5, = AFR; = Ay DR, 3DP,
A22
_ (ADP,, ADP,)
/ \ o AFRY
| Ay, SDP;
(DPJ.*: DPZ*) /\ AFR
7 / DR, = A -
1
A /T (0 —AFRZJ
A22
5, = ~AFR; A 0DR,

AZ 2

(b) When the probability of success < 1

Figure 2.13. The probability of success of the decoupled design in the DP range
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The graphical method in the FR domain is illustrated in Figure 2.14. In the
functional domain, the system range, the design range and the common range are
defined. In the same manner as Equation 2.32, the probability of success and the
information content are defined as follows:

Ps = A/ A (2.433)
I =-log, p; (2.43h)

where A, is the area of the system range, which is the area of the parallelogram in

Figure 2.14 and the design range is the shadowed area of Figure 2.14. The
common range A, is the common area of the system range and the design range.

This is the same as the feasible region in Equation 2.41. It is noted that the
probability of success for Figure 2.13a is 1, but that for Figure 2.14a is not 1. Itis
somewhat complicated to calculate the shadowed area in Figure 2.13b or the
common area of Figure 2.14b. The probability of success for Figure 2.14b is as
follows:

2

A

An “2L AFR, + A,,ADP, — AFR,

o, = AFRL_ A Ay (2.44)
*  A,ADP 4A,,ADP; - A,,ADP, '

The probability of success can also be calculated by multiple integration. It is
conducted in the DP domain. As mentioned earlier, the probability of success is
evaluated for the feasible region, which is the shadowed area in Figure 2.13.
Suppose pspp and pgpp, are the distribution functions of 6DP, and JDP, ,

respectively. Then the probability density function in the feasible region Q
(probability of success) is

) Psop, Peop, dODP,doDPR (2.45)
0

When the feasible region is such as the one in Figure 2.13a, the integration is
easy. However, if it is such as the one in Figure 2.13b, the integration is somewhat
more difficult. In that case, we employ the unit step function u(x) as follows:

u(x—x")=1 :when x>x"
=0 :when x<x" (2.46)

Figure 2.15 represents the unit step function. Using the unit step function, the
probability distribution can be defined not only in the feasible region but also in
the entire region as follows:
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SFR,

OFR, = ﬁé}:Rl + A, ADP, (AuADP;, Ay ADP, + Ay ADP,)

1 V/
(0, A;,ADP,)

"~ (AFR;,AFR,)

v

(FR,",JFR,") oFR;

-

P

(a) The design range resides within the system range
A
oFR,

(0, A,,ADPR,)
(A ADPy, Ay ADP, + Ay ADP,)

A
OFR, = 2L 5FR, + A,,ADP,
Ay /
\ ~
— (AFR,, AFR,)

(FR|FR,") SFR,

/

Common range

System range

(b) The design range crosses the system range

Figure 2.14. The probability of success of a decoupled design in the FR range
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u(x—x") A

ol 4

Figure 2.15. Unit step function
P1 = Pop, - [U(GDP, — (~ADP,)) —u(sDP, — ADP,)] (2.47a)
P2 = Psop, -[U(9DP, — (~ADP,)) —u(5DP, — ADP, )] (2.47b)

To integrate in the feasible region, the parallelograms in Figure 2.13 are used as
the integration interval. The interval is

(L':ng oop, < PR ZAFRy A DR

AFR, — A, 6DP, ]

All All A22 A22
(2.48)
Since p, and p, are statistically independent, the probability of success is
AFR; - AFR,—A DR
An A
| | p1p,dSDP, déDPR, (2.49)
—AFR, —AFR,-A,6DR
Ay Ay

In some cases, we may not satisfy the target value FR™ exactly with the design
parameters. In this case, the following equations hold:

FR, = ADP, (2.50a)

FR, # FR" (2.50b)
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where DP, =[DP,,DP,,]" and FR is the functional requirement vector made by

the current design parameters. The probability of success by the graphical method
is evaluated by transition of the rectangulars and parallelograms in Figures 2.13

and 2.14, so that DP, =[DP,,DP,,]" becomes the origin. Then Equation 2.40
yields

FR; —AFR, < A;(DP,; + 6DP,)) < FR; + AFR; (2.51a)
FR, — AFR, < A,;(DP, + 6DP,) + A, (DP,, + 6DP,) < FR, + AFR,
(2.51b)
—ADP, < 6DP, < ADP, (2.51c)
—ADP, < 6DP, < ADP, (2.51d)

The probability distributions p; and p,in Equation 2.47 can be directly used.
Using Equations 2.47 and 2.51, the probability of success is calculated as follows:

FRI*AMDPcﬁAFRl FR;*AmDPcrAQzDPchFAFRZ*AQl‘SDPl

Ay Ay
p. P, doDP, déDPR (2.52)
FR; —A;DP, ~AFR; FRy—Ay; DR, —Ay, DR, ,—AFR,—Ay DR,
Ay Az

The advantage of the integration method is that the probability of success can
be calculated for many design parameters. If the number of design parameters is n,
the following multiple integration is utilized:

n n-1
FR; ~2 AuiDPg +AFR, > Ay DP,

FR; — A, DP;; +AFR; i-L i-L
Ay Anmn
| Py...p, dODP, ---doDP,  (2.53)
FRi —AuDPy —AFRy - ~3" A, DPy~AFR, —EAmaDPi
Ay i1 i1
Aﬂn

The integration method can be defined by the distribution function of FR for the
feasible region in Equation 2.41. Calculation of the information content in the FR
domain is more complicated than calculation in the DP domain, because the
distribution of DP is usually given.

The above methods can be applied to designs with FR-DP hierarchy of many
levels. When we have multilevel hierarchy, we can make an entire design matrix
for the FRs and DPs in the lowest level. We can apply the above methods to the
entire design matrix. The information content can be evaluated for a coupled
design. The method is defined by modification of the above methods. However, it
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is very complex and the coupled design is not considered in general design.
Therefore, the information content for the coupled design is not explained here.

Example 2.10 [Calculation of Information Content for a Decoupled

Design-1]
We have the following decoupled design:
FR 3 0| DR,
L= ! (2.54)
FR, 2 5| DP,
* 1 * 3
where Dpl* = 1, FRl* = and the tolerances for design parameters are
DP, 1 FR, 7

ADP, =0.3and ADP, =0.3, and the allowable tolerance isAFR =1.5. ¢DP; has
uniform distribution in the tolerance range.

(1) Calculate the information content in the DP domain by using the graphical
method.

(2) Calculate the information content in the FR domain by using the graphical
method.

(3) Calculate the information content in the DP domain by using the
integration method.

Solution

(1) From Equation 2.40, the feasible region in the DP domain is as follows:

~15<35DP, <15 (2.55a)
~15<25DP, +55DP, <15 (2.55b)
~0.3<dDP, <03 (2.55¢)
~0.3<DP, <0.3 (2.55d)

Equation 2.55 is illustrated in Figure 2.16. From Equation 2.42, the
probability of success and the information content are

_ A 0.6x0.6-0.3x0.12x0.5x2 _
Agy 0.6x0.6

Ps 0.9 (2.56a)

I = log, — = 0.152 (bits) (2.56b)

S

(2) From Equation 2.41, the feasible region in the FR domain is as follows:
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. oDP, 4

i oDP, :—§®P1+0.3

5 (0,0.3) ;

; (0.3,0.18)

\1%,0) (03[0) | oDR

(-03,-0.18) !

! (0,-03) |

| 2 i

oDP, = —ngF‘l -0.3
Figure 2.16. Graphical presentation of Example 2.10(1) in the DP range
-15<FR; £15

~15<6FR, <15

~3x0.3< 8FR, <3x0.3

~5x0.3< OFR, —%éFRl <5x0.3

(2.57a)
(2.57b)
(2.57¢)

(2.57d)

Equation 2.57 is illustrated in Figure 2.17. From Equation 2.43, the

probability of success and the information content are

_ Ay _18x3-0.9x06x05x2 _

A 1.8x3

Ps

I =log, 1 =0.152 (bits)

S
(3) From Equation 2.47,

11
2ADP, 0.6

Psor, = Poop, =

(2.58a)

(2.58b)

(2.59a)
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oFR, 4
éFRZ:%éFRl+1.5 2 —

(0,15
—] 6FR, =0.9
(15.0) [(-0.9.0) ©9.0) 150 g,
6FR, = 0.9 > .
0191 wr _25r 15
] 2 =g

Figure 2.17. Graphical presentation of Example 2.10(2) in the FR range
p; =1.667 x (u(6DP; — (-0.3)) —u(DP, —0.3)), i=12 (2.59b)

From Equation 2.49, the probability of success and the information content

are
15 15-26DP
3 5
=] ] pp,doDP,dSDR =0.9 (2.60a)
1.5 -1.5-26DP,
3 5
1 .
I =log, — =0.152 (bits) (2.60b)
Ps

Example 2.11 [Calculation of Information Content for a Decoupled
Design-2]
DR,

When
DP,,

0.9
} = L J in Equation 2.54, the allowable tolerance for the functional

* * * 3
requirement is FR; —AFR; < FR; < FR; + AFR;. [Eiﬂ} :{7} and AFR; =1.5,
2
i =1,2. The tolerance and distribution are the same as in Example 2.10.
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(1) Calculate the information content in the DP range by using the graphical
method.

(2) Calculate the information content in the FR range by using the graphical
method.

(3) Calculate the information content in the DP domain by using the
integration method.

Solution
(1) Equation 2.40 is modified to
FR; — AFR, < A;;(DP, +6DP,) < FR; + AFR, (2.61a)

FR, — AFR, < A,,(DP,; + 6DP,) + Ay, (DP,, + éDP,) < FR; + AFR,

(2.61b)
—ADP, < 6DP; < ADP, (2.61c)
—ADP, < 6DP, < ADP, (2.61d)

Equation 2.61 becomes

3-15<3(0.9+6DP) <3+15 (2.62a)
7-15<2(0.9+6DP,) +5(1.1+ 6DP,) <7+1.5 (2.62b)
-0.3<éDP, <0.3 (2.62c)
-0.3<6DP, <0.3 (2.62d)

Equation 2.62 is illustrated in Figure 2.18. The probability of success and
the information content are

~ 0.6x0.6-(0.18x0.45x0.5+0.15x0.06x0.5)
0.6x0.6

=0.875 (2.632)

S

- |ogzpi — 0,193 (bits) (2.63b)

S

(2) Equation 2.41 is modified to

{FRH}:{B o}{mﬂ{zq (2.642)
FR,| |2 5|DP,| |73

FR; — AFR, < FRy + 6FR; < FR; + AFR, (2.64b)
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A
SDP,
1.2 = 25DP, +56DP,
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(—0.3,0.3)\(\- ) (0.3,0.3)
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»

JDP,

(as s

(-0.3-0.3) 0.3-0.3
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\..{8 = ZéDF?L + 56DP2

Figure 2.18. Graphical presentation of Example 2.11(1) in the DP range

FR, — AFR, < FR, + 6FR, < FR;, + AFR, (2.64c)

—AADP; < 6FR; < A;ADP, (2.64d)
AZl

— A,,ADP, < &FR, —?cSFRl < Ay, ADP, (2.64¢)
1

Equation 2.64 becomes

L12<oFR, <18 (2.654)
18<6FR, <1.2 (2.65b)
~0.9< &FR, <09 (2.65¢)
_15< &FR, —%éFRl <15 (2.65d)

Equation 2.65 is illustrated in Figure 2.19. The probability of success and
the information content are
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Figure 2.19. Graphical presentation of Example 2.10(2) in the FR range

_ A _18x3- (0.45x0.3x0.5+1.35x0.9x0.5)
A, 1.8x3

P -0.875  (2.66a)

| = log, - = 0.193(bits) (2.66h)

S

(3) The integration range is within the parallelogram in Figure 2.18. Therefore,
the information content is calculated as

1.2-26DP;
0.6 5
ps= [ | pp,doDP,dDP, =0.875 (2.67)
~0.4 -1.8-2DP;
5

where p, and p, are the same as those in Equation 2.59.

Example 2.12 [Calculation of Information Content for a Decoupled
Design-3]
The distribution function pspe for Equation 2.54 is as follows:

3

[ ), 2 i =
Peop = CaDP (DP)? + i=12 (2.68)

4(ADP))’
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(1) In Example 2.10, replace the distribution function with Equation 2.68. The
tolerances for the design parameters are the same. Calculate the
probability of success by the integration method.

(2) In Example 2.11, replace the distribution function with Equation 2.68. The
tolerances for the design parameters are the same. Calculate the
probability of success by the integration method.

Solution

(1) When the distribution has Equation 2.68 in Example 2.10, the probability
distribution p; for the ith design parameter is

-3 2
P = oDP,) +
Pi on.33 (6DR;) 1203

:|X[u(éDPi —(-ADP;)) —u(éDP; —(ADP;))]
(2.69)
By substituting Equation 2.69 into Equation 2.59, the probability of

success and the information content are calculated by the following
multiple integrations:

15 15-26DP
3 5
ps= | [ p.p, dSDP,dSDP, =0.978 (2.70a)
1.5 -1.5-25DP;
3 5
1 .
I =log, — = 0.032 (bits) (2.70b)

S

(2) When the distribution is as in Equation 2.68 in Example 2.11, Equations
2.69 and 2.70 are used directly. The probability of success and the
information content are as follows:

1.2-26DP,
0.6 5
Ps= | [ p.p, doDP,doDP, =0.953 (2.719)
~0.4 ~1.8-26DP,
5
I =log, 1/ ps =0.07 (bits) (2.71b)

The example shows various cases for calculating the information content
using the probability density function. A practical example is introduced
in Appendix 2.B.
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2.4 The Application of Axiomatic Design

In most cases, the information content is reduced if the Independence Axiom is
satisfied. Therefore, it seems that the Information Axiom is dependent on the
Independence Axiom and the Information Axiom is not required. However, some
particular cases can exist. Suppose we find an uncoupled design and a coupled
design that satisfy the given functional requirements. In some cases, the
information content of the coupled design may be smaller than that of the
uncoupled design. Then the question arises can the coupled design be better than
the uncoupled one? The answer is “no.” Actually, this indicates that there should
be an uncoupled or a decoupled design that has less information content than the
coupled design. Therefore, the designer should make an effort to find an
uncoupled or decoupled design. The designer may find multiple uncoupled or
decoupled designs. If they are the same in satisfying the Independence Axiom,
one should select the one with the minimum information content. The flow chart
to apply the two axioms is illustrated in Figure 2.20. Appendix 2.B demonstrates a
typical example for the flow of Figure 2.20.

We will investigate how axiomatic design is applied to a practical design.
Generally, it is applied to the following areas:

(1) Creative design.
(2) Analysis of existing designs.
(3) Design improvement.

Suppose that new functional requirements are defined and that there is no
product that satisfies the functional requirements. The designer will try to find a
new design. In this case, a creative designer generally creates a new idea for a new
product. Axiomatic design can be exploited to materialize the design idea. The
idea is analyzed and selection and allocation of parts are determined by the
axiomatic approach. However, the creation of an entirely new idea is very difficult
and rare in machine design. Therefore, considerable improvement of an existing
design is regarded as a creative design.

Generally, a survey of public opinion can be conducted to evaluate an existing
product. However, axiomatic design can be utilized for evaluation from the
viewpoint of designers. In particular, different products for the same goal can be
evaluated. The goals of the product are the functional requirements. We can
select a better product that satisfies the Independence Axiom. If multiple products
satisfy the Independence Axiom in the same manner, we can select the best one
from the Information Axiom.

Finally, axiomatic design can be used to improve the current design. When the
current design is not sufficiently good or an improved design is needed, the
Independence Axiom is used first. The FRs and DPs are defined and satisfaction
of the Independence Axiom is checked with them. If the Independence Axiom is
not satisfied, an improved design should be made to satisfy the Independence
Axiom. When the Independence Axiom is satisfied, the DPs are defined to
minimize the information content.
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Analysis of design

Find designs that satisfy the
Independence Axiom

Is the no. of designs sufficient?

Find the best design with
the Information Axiom

Multiple designs?

|A

Determine the final design ¢

Figure 2.20. Flow chart of the application of axiomatic design

Example 2.13 [An Example of a Creative Design: Refrigerator Design]
(Lee etal. 1994)
The example of the design of a refrigerator is introduced. In a general refrigerator,
food is frozen for long-term preservation and is maintained at a cold temperature
for short-term preservation. The following two functional requirements are
defined:

FR; : Freeze food for long-term preservation.

FR, : Maintain food at a cold temperature for short-term preservation.

To satisfy the two FRs, a refrigerator with two compartments can be designed.
The design parameters are as follows:

DP, : The freezer section
DP, : The chiller section

The design matrix in the first level is diagonal; therefore, it is an uncoupled
design. FR,; can be decomposed by the selection of DP, .
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FR;;: Maintain the temperature of the freezer section in the range of —18°C
+2°C.

FR;, : Maintain a uniform temperature in the freezer section.

FRy5 : Control the relative humidity to 50% in the freezer section.

In the same manner, FR, can be decomposed with respectto DP, .

FR,, : Maintain the temperature of the chiller section in the range of 2°C
-3°C.

FR,, : Maintain a uniform temperature in the chiller section within £0.5°C of

the preset temperature.

The design parameters for the second level are to be determined. The DPs
must be determined to satisfy the independence of the FRs. It is noted that DPs in
the lower level should be determined so as not to violate the independence of the
upper level.

The FRs of the freezer section can be satisfied by (1) a device pumping chilled
air into the freezer section, (2) a device for circulation of air for a uniform
temperature, (3) a monitoring device to independently control the temperature and
humidity. Therefore, the DPs in the second level are defined as follows:

DR, : Sensor/compressor system that activates the compressor when the

temperature of the freezer section is different from the preset one
DR, : Air circulation system that blows the air into the freezer and circulates it

uniformly
DPR,; : Condenser that condenses the moisture in the returned air when the dew

point is exceeded

The design is a decoupled one as follows:

FR,] [X 0 07 DR,
FR, [=|X X 0| DP, (2.72)
FRz| |X 0 X |DPs

For food storage in the chiller section, the temperature should be maintained in
the range of 2°C—3°C. The chiller section also activates the compressor and

circulates the air. Design parameters for the chiller section are

DP,, : Sensor/compressor system that activates the compressor when the

temperature of the chiller section is different from the preset one
DP,, : Air circulation system that blows the air into the chiller section and

circulates it uniformly

The design equation is a decoupled one as follows:
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FR X 0| DP
2| _ 22 (2.73)
The entire design equation decomposed up to the second level is a decoupled
one as follows:

FR,|] [X 0 0 0 O|DP,]
FRy| [X X 0 0 O0|DPy
FRs|=[X 0 X 0 O0|DPg (2.74)
FRy| [0 0 0 X 0| DPy
|FRy | |0 0 0 X X|DPy |

It is noted that the FRs of the lower level still keep the independence of the upper
level in Equation 2.74.

From the design equation in Equation 2.74, one compressor and two fans can
satisfy the FRs. DP; and DP,; are sensor/compressor systems so that the

compressor is activated by the sensors. However, the fans of DP, and DP,, will

not be activated unless the temperature is out of the range of the preset one.
Therefore, the design with one compressor and two fans satisfies the Independence
Axiom. An example is illustrated in Figure 2.21. Other designs can be proposed.
If multiple designs are proposed, we can select one that satisfies the Independence
Axiom and controls the temperature and humidity in a wide range. The new
design and the conventional refrigerator are compared.

New cooling system refrigerator

o 1 Fresging
Capillary F-fan reezing

tube I room
Cold M S
air

Condenser Evaporator. 1 3

R-fan | Refrigerating
: room

Compressor

Two cooling fan types

Figure 2.21. A new design of a refrigerator that satisfies the Independence Axiom
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Conventional refrigerator

Capillary |  Fan Freezing
tube room
Cold 1! 1 — ,
air |
Evaporator
Condenser | .
Damper
J Refrigerating
room
Compressor -

One cooling fan type

Figure 2.22. Conventional refrigerator

The conventional refrigerator consists of one compressor and one fan. As
illustrated in Figure 2.22, a damper is utilized to cool the refrigerating room.
Therefore, the temperature of the refrigerator is not independently controlled.
When the temperature exceeds 3°C, the damper is opened. However FR,, is not

satisfied unless the compressor and the fan of the freezer section are activated.

According to Corollary 2.3 of Appendix 2.A, if we can satisfy the FRs with
one fan, the design in Figure 2.21 may not be the best. If we can find another
design that satisfies the Independence Axiom, we have to apply the Information
Axiom to select the best one.

Example 2.14 [An Example of Analysis of Existing Designs: Liquid
Crystal Display Holder] (NSF 1998, Suh 2000)

The liquid crystal display (LCD) is a projection display system. Three LCD panels
project the red, green and blue images of a TV signal. The configuration of an
LCD projector is illustrated in Figure 2.23. To display an exact color image by an
LCD projection system, the three panels should be aligned with respect to the blue
image within a tolerance value.

To align the pixels, the projector uses a device that can control the rotation and
translation of the LCD panels. The pixels of one of the three panels are set as a
reference, and the remaining two panels are properly aligned. Each LCD panel is
attached to an adjusting mechanism, which is called an “LCD holder.” For
alignment of the pixels, at least two LCD holders should have three degrees of
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Figure 2.23. Schematic view of an LCD projector

freedom (translation along the X and Y axes and rotation with respect to the Z axis).
Two products manufactured by Sanyo and Sharp will be compared.
Based on the Independence Axiom, we will select the better one.

Solution
The FR and DP of the highest level are stated as follows:

FR : Align the pixels of the LCD panels.
DP : The LCD holder that can align the pixels of the LCD panels

To align the pixels of all the LCD panels, the functional requirement is
decomposed as follows:

FR; : Translate along the X axis = T(X).

FR,: Translate along the Y axis = T(Y).

FR; : Rotate with respect to the Z axis = R(Z).

The LCD projector uses three panels, and one is used as a reference one.
Therefore, holders with three degrees of freedom are needed for the two panels.

Sanyo Holder

Figure 2.24 shows the Sanyo holder. The holder is composed of three mechanisms
and is attached to each panel of Figure 2.23. All of them are lead screw structures.
If a screw moves, the attached plane moves accordingly. plate A is fixed to the
side frame. The LCD panel is attached to plate C. The three lead screws are
design parameters.

DR, : The lead screw for conjunction of plate B and screw 1
DP, : The lead screw for conjunction of plate C and screw 2
DP; : The lead screw for conjunction of plate B and screw 3
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Figure 2.24. The Sanyo LCD holder mechanism

If plate B is rotated, the LCD panel moves along the T(X) and R(Z) axes. Plate C
and the LCD panel move with plate B. If screw 1 is rotated, the LCD panel moves
in T(X) and R(Z). Therefore, DP, affects FR; and FR;. DP, is composed of
screw 2 and plate C. If screw 2 is rotated, plate C and the LCD panel move in the
Y direction. Since the rotation of screw 2 changes the position of the LCD panel in
the T(X) axis, DP, only affects FR,. DP; has the same function as DP,. The
rotation of screw 3 moves the LCD panel in the T(X) and R(Z) axes and DP;

affects FR, and FR;. The design equation is

T(X)] [X 0 X|DR
T(Y)|=/0 X 0]|DPR (2.75)
R@Z)| |X 0 X|DR

Because the design matrix in Equation 2.75 is coupled, it violates the
Independence Axiom.

With this product, repeated adjustment should be conducted to align the pixels.
For example, when the angle should be changed, DP, can be changed. However,

DP, changes the position of the LCD panel in the X direction and an undesirable
error occurs. Because we do not have a DP that only affects FR;, a repeated

process with trial and error is needed. If erratic behavior occurs in a part, a
difficult adjustment process occurs.
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Sharp Holder

The Sharp holder also has three mechanisms as illustrated in Figure 2.25. One is a
simple lead screw and the other two have a guideway and a guide boss. Plate A is
fixed to the side frame. The LCD panel is attached to plate C. The following three
DPs are defined:

DP, : The lead screw for conjunction of plate B and screw 1

DP,: The lead screw for conjunction of plate C, plate D, boss 1, boss 2 and

screw 2
DP; : The lead screw for conjunction of plate B, plate E, boss 2 and screw 3

If screw 1 is rotated, plate B moves in the X direction. Since the LCD panel is
attached to plate C, it moves with plate B in the X direction. Thus, DP, only

affects FR,. Rotating screw 2 moves plate D in the X direction and the wall of the

guideway in plate D pushes boss 1. As a result, plate C moves along the Y axis
because the vertical groove in plate B guides the movement of boss 1 in the Y
direction. Therefore, rotating screw 2 moves the LCD panel in the Y direction and
DP, only affects FR,.

Screw 3 moves plate E in the X direction and the guideway of plate E pushes
boss 2. Since boss 1 does not have directional constraints, plate C rotates with

Plate A
Boss 2

==
Plate B

Plate C Boss 1

—
Plate D & E

n_
% __ 124717
_ —
LCD
Bottom Side

Figure 2.25. The Sharp LCD holder mechanism
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respect to boss 2. Rotating screw 3 is projected into the X and Y directions.
Therefore, DP; affects FR, and FR;. The design equation is in Equation 2.76.

TX)| |Au 0 As| DR
TY)|=| 0 A, 0 |DP (2.76)
RZ)| | 0 0 AgylDPR

The design matrix is triangular, so it is a decoupled design. If the adjustment
process proceeds as the design matrix indicates, the Independence Axiom is
satisfied. After the LCD panel is aligned by DP; in the R(Z) axis, DP, and DP,

should be adjusted.

In the above method, existing designs can be analyzed or compared by using
the Independence Axiom. In this case, it is easy because the Independence Axiom
is violated by one design. However, when both designs satisfy the Independence
Axiom, they can be compared by reangularity (R) and semangularity (S), or by the
information content.

Example 2.15 [An Example of Design Improvement: Parking Mode of
an Automatic Transmission] (NSF 1998, Suh 2000)

An automobile automatic transmission has a parking mode. The parking mode
locks the transmission mechanism when the vehicle is unattended. Thus, it
prevents the vehicle from moving on its own. When an automobile is parked on a
hill, drivers complain that unlocking is difficult. Also, excessive vibration can
occur during the unlocking process. The current design is illustrated in Figure
2.26. Analyze the current design and develop an improved design.

Solution

First, the current design should be analyzed. In Figure 2.26, the pawl is locked in
the sprocket by the shift-linkage and the vehicle is in parking mode. The sprocket
is attached to the automatic transmission. If the shift-linkage is changed to the
parking mode, the detent spring activates the hydraulic system and spring A
attached to the cam is pushed. The shift-linkage develops the spring force in
spring A, the cam is pushed in as illustrated in Figure 2.26, the surface shape
moves the pawl to the engagement position and the sprocket is locked by the pawl.
The vehicle is then in the parking mode.

While the car is in motion, the pawl cannot be engaged with the sprocket. If
the car speed is over 4.8km/hour, an impact load occurs between the pawl and the

sprocket, and the impact load prevents engagement. When the impact load is
greater than the spring force, the parking mode does not function.

When the car is parked on a hill, the automobile weight exerts a torque on the
sprocket and the torque is transmitted to the cam by the tooth shape and the pawl.
Therefore, to disengage the parking mode, we need more force than the friction
force between the cam and the pawl. If the cam is pulled out, the pawl is released
by the tension spring.
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Figure 2.26. Schematic drawing of a parking mechanism

Figure 2.27 is the free body diagram of the forces acting on the pawl. Fg is
the reaction force between the pawl and the sprocket. F. is the reaction force
between the pawl and the cam, Fs is the spring force, F; is the force acting on the
pawl by the pin and x is the friction coefficient between the pawl and the cam.
As the slope of the tooth profile in the pawl increases, Fg, Fc and uFc increase
in order. Fg is constant while the cam is engaged.

The functional requirements of the system are as follows:

FR; : Engage the pawl in the locked position.
FR, : Disengage the pawl from the locked position.
FR5 : Prevent accidental engagement.

_Force exerted by

‘/ sprocket = Fg

44— Pawl
Fr #,.J
fare '
Fc Fs

Figure 2.27. Free body diagram of the pawl
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FR, : Keep the pawl in the engaged position.
FRs : Carry the load transmitted by the vehicle.

The current design has the following design parameters:

DR, : The tapered section of the cam profile
DP, : Tension spring
DP; : The tooth profile of the sprocket and the pawl/spring A/shift-linkage/

tension spring
DP, : The flat surface of the cam

DP; : The flat surface of the pawl/cam

The design equation is

[FR,| [X 0 0 X X|DP]
FR,| |X X 0 0 X|DP,
FR; =0 X X 0 0| DP, (2.77)
FR,| |0 X 0 X X|DP,
[FRs| [X X 0 X X |DP]|

Therefore, the current design is coupled. The reason is that the vehicle weight
transmitted by the automatic transmission is sustained by the pawl and the cam.
As the slope of the hill increases, the normal and friction forces on the cam
increase and disengagement of the parking mode becomes more difficult.

Newly Proposed Design

A newly proposed design is presented in Figure 2.28. The sprocket of the new
design has a different tooth profile. The tapered section near the outer edge of the
tooth is to prevent accidental engagement of the pawl, and the flat surface of the
tooth profile of the pawl transmits the vehicle weight. The tapered section of the
pawl prevents accidental engagement when the vehicle speed is lower than 4.8
km/hour. The vertical position of the pin in the pawl is the same as the one for the
flat surface of the tooth profile of the pawl. Therefore, Fg and F, of Figure 2.28
are of the same height and the force between the pawl and the cam is eliminated.
The pin is in charge of the vehicle weight and the weight is not transmitted to the
cam. Fy is almost the same as Fp.

The FRs are the same as before and DPs are as follows:

DP, : The tapered section of the cam profile
DP, : Tension spring
DP; : Tooth profiles of the sprocket wheel and the tapered section of the

pawl/spring A/shift linkage system
DP, : The flat surface of the cam
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Figure 2.28. Newly proposed design

DP; : The flat surfaces of pawl/sprocket and pin

The design equation is as follows:

The design is a decoupled one.
From the characteristics of DP;, FR; is decomposed as follows:

FR3, : Control the force that pushes the pawl into sprockets.
FR3, : Generate the reaction force if the sprocket is turning.

The corresponding DPs are
DP;, : Spring A/linkage
DP;, : Tooth profile of the sprocket

The related design matrix is triangular.
FRs and DP; are decomposed as follows:

FRs; : Transmit the force from the sprocket to the pawl.
FRs, : Carry the load transmitted.

63

[FR,| [X 0 0 0 O|DP]
FR,| |X X 0 0 0]|DP,
FR;|=|0 X X 0 O0|DP, (2.78)
FR,| |[X 0 0 X 0|DP
(FRs| [0 0 0 0 X |DP]|
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DP; : Nearly vertical surface of the pawl and the sprocket tooth profile
DP;, : Pin located collinearly with the force vector acting on the vertical
surface the pawl

To minimize the reaction force between the cam and the pawl, the reaction
force between the sprocket and the pawl should be close to the horizontal line. For
this, DPy; is nearly vertical. The small slope between the pawl and the sprocket is

used to minimize the reaction of the pawl. The design equation is diagonal. An
improved design is found by using the Independence Axiom. A better idea may be
created with application of the Independence Axiom.

2.5 Software Design Using the Axiomatic Approach

2.5.1 Software Design

The importance of software is being recognized in all engineering fields. Software
is a technology or a methodology to manipulate computers. Software engineering
is a method or a tool to develop reliable software with minimum cost. Generally,
engineering software developers lack understanding in software engineering.
Engineers tend to develop software based on their own methods and experiences,
which is neither systematic nor efficient. Moreover, documentation is not
sufficient during software development. Therefore, further development is needed
for maintenance, modification, extension, etc.

In software engineering, these problems are solved by two approaches. First,
many resources are invested in the early stages. Independent modules are defined
and software is designed based on the modules. Thus later work can be
considerably reduced. Second, new systematic languages such as the object
oriented language can be utilized. Thus the work of the developers can be reduced.
However, although developers use such methods, they still have classical problems
such as debugging, maintenance, modification and extension. The most important
reason is that physically independent modules can be functionally coupled during
the execution of software.

As mentioned earlier, the axiomatic approach is a method to maintain the
independence between functional requirements. It can be applied to software
engineering. In this section, the axiomatic approach is applied to software
development to overcome the intrinsic limits of conventional software engineering.

2.5.2 Conventional Languages and Axiomatic Design

In software engineering, partitioning is frequently used to manage complexity.
That is, a large program is divided into manageable smaller modules. However, if
a small module is not independent or the interactions are not clearly defined,
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complexity cannot be controlled. Modulation enables easy maintenance and
modification.

From the axiomatic viewpoint, CAs, FRs, DPs and PVs are redefined for
software development as follows:

CAs: Customer requirements or attributes that the software should satisfy
FRs: Functional requirements that software should satisfy in engineering
terminology
DPs: (1) Input data when an algorithm is developed
(2) Signal from the hardware where software is loaded
(3) Program code
PVs: Subroutine, machine language, compiler

The process for software development will be explained based on the above
definitions. The development of a software system for libraries is selected as an
example (Kim et al. 1991, Suh 2000).

Step 1.  Definition of FRs for the software system
The functional requirements of the highest level are defined based on the
customer needs. A functional requirement is a function that the software
system intends to carry out. As mentioned earlier, it starts with a verb
because it executes a process with input.
The functional requirements are as follows:

FR, : Generate the call number and keyword database for new incoming

books.
FR,: Provide a list of books that corresponds to subject keywords of a

search query.

Step 2. Mapping between the domains to maintain the independence of FRs
Design parameters are defined in the physical domain. Design parameters
determine how to achieve the functional requirements. In software design,
design parameters correspond to input data and result data from program
execution.

The design parameters of the highest level are as follows:

DP, : A classification system based on the content of the book
DP, : A search system based on the set of subject keywords

The FRs and DPs satisfy the Independence Axiom as a decoupled design
because the design matrix is triangular as in Equation 2.79.

FR,]_[Ay 0 DR 279
FRZ A21 A22 DPZ .
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Step 3.

An element of the design matrix A; can be an operation or a calling

function. In this case, the functional requirements can be satisfied by the
modules in Equation 2.80,

FR, =M,DP,
(2.80)
where M, and M, are modules defined as follows:
My =Ay
DR, (2.81)

M, = A21F+A22
2

A module is regarded as an algorithm. It can be a logical operation or a
function representing an independent system.

Decomposition of FRs and DPs

It was mentioned earlier that the FRs and DPs are decomposed up to the
lowest level. The DPs of the current level are references for the FRs of the
next level. Therefore, the functional requirements of the lower level FR;

are defined based on DP; of the upper level. The decomposition is carried

out by a zigzagging process.
FR; of Step 1 is decomposed into FRy; and FR;, as follows:

FR;; : Assign a call number to a new book.

-

-

-

J

o

---1-t->
FR -
«- DP
---4-1->
FRy FR; Pl DP; DP,
A : A&
FR11 FRi, FRa | ---1» DPy; DPy; § DPy; | DP,, |
«-
FRizt | | FRiz I S DP121E DplzzE
Functional domain Physical domain

J

Figure 2.29. Hierarchical structure of a software system for libraries
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Figure 2.30. Unit junctions

FR;, : Generate subject keywords for the new book.
DPR,; : Information on the title page of the book
DP;, : The table of contents of the book

FR, can also be decomposed and decomposition is continued to the lowest

level. The result of the decomposition is illustrated in Figure 2.29.

Step 4. Definition of modules
After decomposition, the modules are defined for all FRs and DPs. Each
module can be independently coded. The entire flow can be schematically
drawn by junctions and modules. Figure 2.30 presents unit junctions.
There are three junctions as follows:

Summation junction (®): This is for an uncoupled design. An FR of the
upper level is satisfied by summation of results from the modules of
the lower level.

Control junction (©): In Figure 2.30, the results of the left hand side

|
M1 M?

IS .

My, Mz,

[~

M121 M122

Figure 2.31. Module junction structure diagram of Figure 2.29
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Figure 2.32. System flow of Figure 2.29

modules are utilized to control the module of the right hand side. This
represents a decoupled design.

Feedback junction (®): This is for a coupled design. In Figure 2.30, the
results of the right hand side return to the left hand side as feedback.
Thus, many repetitions are needed. When there are many feedback
junctions, the program is not manageable.

With the junctions, the hierarchical structure of FRs and DPs can be
represented by a tree structure. This is called a module junction structure
diagram. The example in Figure 2.29 is modified to that in Figure 2.31.
The module junction structure diagram can be modified to the flow of the
network type. Figure 2.32 shows the flow induced from Figure 2.31.

this section, the application of axiomatic design is explained for the

development of software using conventional languages.

Customer 7 Software
needs 1 Code with system product
Define FRs architecture
2 6 /
Establish interfaces
Map to DPs
3 5
Decompose Identify classes
4
Define
modules

Identify leaves
(Full design matrix)

Figure 2.33. The axiomatic approach for objected oriented programming (\V-model)
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2.5.3 Object Oriented Programming and Axiomatic Design

Since the 1980s, the object oriented paradigm has received much attention in
software engineering. It is a new approach compared to process oriented
languages such as C, Pascal, Fortran, etc. The object oriented language, which is
popular these days, is appropriate for graphic user interface (GUI). The object
oriented technology provides methods to use existing programs. Common libraries
are prepared and specialized by customization. Also, a large program is divided
into independent objects and objects have relations by well defined interfaces.

Due to the above advantages, object oriented programming (OOP) is frequently
utilized in software development. The V-model has been proposed to exploit the
axiomatic approach in object oriented programming (Do 2000). In the V-model, a
designer defines the functional requirements of the software and establishes
independent modules from zigzagging decomposition. Each module is modified to
a class of the object oriented programming and coded. The process consists of two
steps: construction of the full design matrix with the top-down approach and

o] [ e [
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Operation list
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(methods)

Figure 2.34. The full design matrix using object oriented programming
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Figure 2.35. The class diagram for the full design matrix in Figure 2.34

coding the program with the bottom-up approach. The process is illustrated in
Figure 2.33. The top-down approach up to Step 4 is the same as the steps
explained in the previous section. Thus, this section describes the steps after Step
4.
Step 5. ldentification of objects, attributes and operations
The full design matrix is constructed after the decomposition process. It
shows all FRs and DPs. An example of the full design matrix is presented
in Figure 2.34. Rows of Figure 2.34 are FRs and the columns are
DPs. ”X” means an algorithm of a logical relation between an FR and a
DP. The logical relation includes not only operators such as ”+” and ”*”
but also control statements such as "if,” "for,” etc. In Figure 2.34, a
rectangle with thick lines is an object. The object is composed of attributes
in columns (DPs) and the methods of the operations list within the
rectangle. The method of the object is the module. Therefore, an object
executes a method with attributes and satisfies the functional requirement.
Step 6. Establishment of interfaces between objects
An object is expressed by a class and a class is a template that defines the
format of the object. Classes share attributes that are the data structures
and behaviors. In this step, the relationships between classes are set up.
They are generalization, aggregation and association. Figure 2.35 presents
a class diagram according to the design matrix of Figure 2.34. We can see
the data and their functions in Figure 2.35 and the class diagram shows the
relations of classes. The design process is shown by the aforementioned
flow. Thus, software development easily proceeds with these.
Step 7. Coding with system architecture
Coding is the programming process based on the classes and their
relationships. The flow chart of the design matrix helps with the coding.
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2.6 Discussion

As explained earlier, the two axioms are independent of each other. Thus, we have
to apply them separately. Generally, the Independence Axiom should be satisfied
first. In many cases, the design is terminated only with the application of the
Independence Axiom. When both of the axioms are utilized, the flow in Figure
2.20 is recommended.

When we apply the Independence Axiom, the ideal design should be kept in
mind. The numbers of FRs and DPs are the same in an ideal design. The design
matrix should be a square diagonal or triangular one. If the numbers are different,
the design is coupled. When the number of DPs is smaller, new DPs should be
added. In a redundant design where the number of DPs is larger, the number
should be reduced or some specific DPs should be fixed.

Suppose we have the following redundant design:

DP,
FR,] [X X 0
= DP, (2.82)
FR,| |0 X X
DP,

First, we can fix DP,. Then the design becomes an uncoupled one. That is,

redundant parameters are fixed to make the design uncoupled or decoupled with
the rest of the parameters.

The Information Axiom is utilized to quantitatively evaluate a design that
satisfies the Independence Axiom. It is especially useful when multiple designs
are compared. When multiple designs, which satisfy the Independence Axiom, are
found, the one with the minimum information content is selected as the final
design.

Basically, the axiomatic design can be exploited in creating a new design or
evaluating existing designs. It is quite useful in the conceptual design of new
products. Although the history of the method is relatively short, the usefulness has
been verified through many examples. There are some common responses from
application designers. First, they tend to easily agree with the axioms and think
that they can use them right away. However, they have difficulties in testing the
axioms with their existing products. In most cases, they tend to look at the designs
with previous concepts, not from an axiomatic viewpoint. Many designers tend to
stop applying axiomatic design at this stage. However, if the designers overcome
this stage, they realize the usefulness of axiomatic design. It is important not to
consider the existing products when the functional requirements are defined.
Instead, designers should think about the functional requirements in a solution
neutral environment. In recent research, axiomatic design is utilized in detailed
designs. Later examples will demonstrate how axiomatic design is applied to the
detailed design process of structures.
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2.7 Exercises

21

2.2

2.3

24

2.5

2.6

Analyze the design of a CD player with the Independence Axiom.
Analyze the design of a cellular phone with the Independence Axiom.

Find a product that uses the idea of physical integration and analyze it with
the Independence Axiom.

To design an automobile fuel tank, the following functional requirements
are defined.

FR; : Provide in-flow of gasoline into the tank.
FR, : Provide a means of stopping the pump when the tank is full.
FR;: Prevent gasoline from surging back out through the inlet tube as a

result of the vapor pressure of the gasoline when the gasoline level is
higher than the end of the pipe.
FR, : Control vapor pressure of the gasoline.

Design a fuel tank that satisfies above four FRs. The new tank should cost
less than the current one.

We have a design with the following FR-DP relation:

The detailed relationships are
fy = X2 + XXy + X2
fy = X + X2 + XpXg + X2
(1) Atx=(1.0,1.0, 1.0), obtain the approximated design matrix.

(2) Obtain a condition so that the design is uncoupled in a specific design
window.

Calculate the reangularity and semangularity of the design matrices and
discuss the characteristics.
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We have two designs as follows:

. FR; 3 1| DR
Design 1 =

FR, 2 4| DP,

. FR, 3 0| DR,
Design 2 =

FR, 8 5| DP,

(1) Draw an FR-DP graph for each design and explain the order of the
design process.

(2) Calculate the reangularity and semangularity of each design and
compare the results.

Suppose we have the following FR-DP relation:

FR,] [5 01 02]DP
FR,|=|03 7 04|DP,
FR,| |05 0.7 4 |DP,

When DP, = DP, = DP; =1, the manufacturing tolerances are ADP,
ADP, and ADP;.

(1) In Equation 2.21, (AFR})aiowanie 1S 0.5.  Write inequality equations
composed of ADPR,, ADP, and ADP;for the condition that the above

design is an uncoupled one.
(2) Designer specified tolerances are 4.8<FR; <58, 7.3<FR, <8.0

and 5.1< FR; <6.3. Similarly as in (1), write the condition for the
above design to be an uncoupled one.

We have the following designs:

. FR, 3 0|| DR
Design 1 =

FR, 0 4| DP,

. FR, 3 0| DR
Design 2 =

FR, 2 4| DP,
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. FR; 3 1| DR
Design 3 =
FR, 2 4| DP,

(1) Which one satisfies the Independence Axiom?

(2) Among the ones that satisfy the Independence Axiom, select the best
one in the context of independence by comparing R and S.

(3) For the designs satisfying the Independence Axiom, ADP, =0.1 and

AFR; =05, i=1, 2. Calculate the information content at the design
point that satisfies the functional requirements.

(&) When DPs have uniform distribution in the DP range, calculate the
information content by the graphical method and compare them.

(b) Calculate the information content in the same manner as (a) in the
FR range.

(c) Distributions of the design parameters are as follows:

3 3

—_— 2 P —
4(ADP,)? (DP)” + 4(ADP))

Distribution of DR, Poop, =~

ﬁéDPZ + L when
2

Distribution of DP, pgpp, = T
2

oDP, + L when 6DP, >0

a:)Pz < 0 y and pmpz = ADP
2

-1
(ADP,)?
Calculate the information content by the integration method and
compare the information contents.

We have a decoupled design and one element of the design matrix is
expressed by an unknown x. The value of x is 0.5, 1 or 2 in the following
design equation:

O0<FRy<2| |1 0] 0<DP, <1
0<FR,<2| [1 x||0<DP, <1

For each x, calculate the following:

(1) The probability of success.

(2) Tolerances to have 100% of the probability of success. Any method
can be used for the evaluation of the probability of success. Discuss
the trend according to x.

Make up a problem for buying a laptop computer in the same way as in the
house buying problem and solve it.
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We have the following designs:
. FR, 100 0 | DR
Design 1 =
FR, 0 100| DP,
. FR, 1 0| DR
Design 2 =
FR,| |1 1| DP,
The targets of FRs are 10 and 20, respectively. The allowable tolerances

are -9.5<FR; <10.5 and -19.5< FR, < 20.5, and the tolerance of each
DPis +2.0.

(1) Calculate R and S. Which one is better from the viewpoint of
independence?

(2) When functional requirements are satisfied, calculate the information
content by the graphical method and select the better one.

(3) Discuss the results.

If the off-diagonal terms are small in a decoupled design, it can be
considered as an uncoupled design. Explain this with Equation 2.21 and R.

Expand the graphical method for a decoupled design to a coupled design.
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2.A Corollaries and Theorems

Corollary 2.A.1 [Decoupling of Coupled Designs]

Decouple or separate parts or aspects of a solution if FRs are coupled or
become independent in the designs proposed.

Corollary 2.A.2 [Minimization of FRs]

Minimize the number of FRs and constraints.

Corollary 2.A.3 [Integration of Physical Parts]

Integrate design features in a single physical part if FRs can be
independently satisfied in the proposed solution.

Corollary 2.A.4 [Use of Standardization]

Use standardized or interchangeable parts if the use of these parts is
consistent with FRs and constraints.

Corollary 2.A.5 [Use of Symmetry]

Use symmetrical shapes and/or components if they are consistent with FRs
and constraints.

Corollary 2.A.6 [Largest Design Ranges]

Specify the largest allowable design range in stating FRs.

Corollary 2.A.7 [Uncoupled Design with Less Information]

Seek an uncoupled design that requires less information than coupled
designs in satisfying a set of FRs.

Corollary 2.A.8 [Effective Reangularity of a Scalar]

The effective reangularity R for a scalar coupling “matrix” or element is
unity.
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Theorem 2.A.1 [Coupling Due to an Insufficient Number of DPs]

When the number of DPs is less than the number of FRs, either a coupled
design results or the FRs cannot be satisfied.

Theorem 2.A.2 [Decoupling of a Coupled Design]

When a design is coupled because of a larger number of FRs than DPs (i.e.,
m>n), it may be decoupled by the addition of new DPs so as to make the
number of FRs and DPs equal to each other if a subset of the design matrix
containing nxn elements constitutes a triangular matrix.

Theorem 2.A.3 [Redundant Design]

When there are more DPs than FRs, the design is either a redundant design
or a coupled design.

Theorem 2.A.4 [Ideal Design]

In an ideal design, the number of DPs is equal to the number of FRs and
the FRs are always maintained independently of each other.

Theorem 2.A.5 [Need for a New Design]

When a given set of FRs is changed by the addition of a new FR, by
substitution of one of the FRs with a new one, or by selection of a
completely different set of FRs, the design solution given by the original
DPs cannot satisfy the new set of FRs. Consequently, a new design
solution must be sought.

Theorem 2.A.6 [Path Independence of an Uncoupled Design]

The information content of an uncoupled design is independent of the
sequence by which the DPs are changed to satisfy the given set of FRs.

Theorem 2.A.7 [Path Dependency of Coupled and Decoupled Design]

The information contents of coupled and decoupled designs depend on the
sequence by which the DPs are changed to satisfy the given set of FRs.
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Theorem 2.A.8 [Independence and Design Range]

A design is an uncoupled design when the designer-specified range is
greater than

3| OFRy ADP,
j=

in which case the off-diagonal elements of the design matrix can be
neglected from the design consideration.

Theorem 2.A.9 [Design for Manufacturability]

For a product to be manufacturable with reliability and robustness, the
design matrix for the product A (which relates the FR vector for the
product to the DP vector of the product), times the design matrix for the
manufacturing process B (which relates the DP vector to the PV vector of
the manufacturing process), must yield either a diagonal or a triangular
matrix. Consequently, when either A or B represents a coupled design, the
independence of FRs and robust design cannot be achieved. When they are
full triangular matrices, either both of them must be upper triangular or
both must be lower triangular for the manufacturing process to satisfy
independence of functional requirements.

Theorem 2.A.10 [Modularity of Independence Measures]

Suppose that a design matrix A can be partitioned into square submatrices
that are nonzero only along the main diagonal. Then the reangularity and
semangularity for A are equal to the product of their corresponding
measures for each of the nonzero submatrices.

Theorem 2.A.11 [Invariance]

Reangularity and semangularity for a design matrix A are invariant under
alternative orderings of the FR and DP variables, as long as the orderings
preserve the association of each FR with its corresponding DP.

Theorem 2.A.12 [Sum of Information]

The sum of information for a set of events is also information, provided
that proper conditional probabilities are used when the events are not
statistically independent.
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Theorem 2.A.13 [Information Content of the Total System]

If each DP is probabilistically independent of other DPs, the information
content of the total system is the sum of the information of all individual
events associated with the set of FRs that must be satisfied.

Theorem 2.A.14 [Information Content of Coupled Versus Uncoupled Designs]

When the state of FRs is changed from one state to another in the
functional domain, the information required for the change is greater for a
coupled design than for an uncoupled design.

Theorem 2.A.15 [Design—Manufacturing Interface]

When the manufacturing system compromises the independence of the FRs
of the product, either the design of the product must be modified or a new
manufacturing process must be designed and/or used to maintain the
independence of the FRs of the products.

Theorem 2.A.16 [Equality of Information Content]

All information contents that are relevant to the design task are equally
important regardless of their physical origin, and no weighting factor
should be applied to them.

Theorem 2.A.17 [Design in the Absence of Complete Information]

Design can proceed even in the absence of complete information only in
the case of a decoupled design if the missing information is related to the
off-diagonal elements.

Theorem 2.A.18 [Existence of an Uncoupled or Decoupled Design]

There always exists an uncoupled or decoupled design that has less
information than a coupled design.

Theorem 2.A.19 [Robustness of Design]

An uncoupled design and a decoupled design are more robust than a
coupled design in the sense that it is easier to reduce the information
content of designs that satisfy the Independence Axiom.
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Theorem 2.A.20 [Design Range and Coupling]

If the design ranges of uncoupled or decoupled designs are tightened, they
may become coupled designs. Conversely, if the design ranges of some
coupled designs are relaxed, the designs may become either uncoupled or
decoupled.

Theorem 2.A.21 [Robust Design when the System Has a Nonuniform pdf]

If the probability distribution function (pdf) of the FR in the design range is
nonuniform, the probability of success is equal to one when the system
range is inside the design range.

Theorem 2.A.22 [Comparative Robustness of a Decoupled Design]

Given the maximum design ranges for a given set of FRs, decoupled
designs cannot be as robust as uncoupled designs in that the allowable
tolerances for DPs of a decoupled design are less than those of an
uncoupled design.

Theorem 2.A.23 [Decreasing Robustness of a Decoupled Design]

The allowable tolerance and thus the robustness of a decoupled design with
a full triangular matrix diminish with an increase in the number of
functional requirements.

Theorem 2.A.24 [Optimum Scheduling]

Before a schedule for robot motion or factory scheduling can be optimized,
the design of the tasks must be made to satisfy the Independence Axiom by
adding decouplers to eliminate coupling. The decouplers may be in the
form of a queue or of separate hardware or buffer.

Theorem 2.A.25 [*“Push’ System vs. “Pull’ System]

When identical parts are processed through a system, a “push” system can
be designed with the use of decouplers to maximize productivity, whereas
when irregular parts requiring different operations are processed, a “pull”
system is the most effective.
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Theorem 2.A.26 [Conversion of a System with Infinite Time-Dependent
Combinatorial Complexity to a System with Periodic
Complexity]

Uncertainty associated with a design (or a system) can be reduced
significantly by changing the design from one of serial combinatorial
complexity to one of periodic complexity.
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2.B Axiomatic Design of a Beam Adjuster for a Laser
Marker

2.B.1 Problem Description

A laser marker is a machine that engraves characters or logos on the surface of
semiconductors.  Figure 2.B.1 shows a laser marker and Figure 2.B.2 is a
schematic presentation of the inside. This is the beam scanning type YAG laser. It
engraves the characters with a laser and high speed mirrors as we write with a pen.
The YAG laser is a solid-state laser that uses crystals of yttrium, aluminum and
garnet. As illustrated in Figure 2.B.1, the laser marker consists of a beam
generating part and a scanning head.

In the beam generator, the laser beam is produced and reflected by the mirrors
as illustrated in Figure 2.B.2. One laser beam is divided into two beams by an
optical device. The optical device is a mirror that reflects 50% of the beam and
passes the rest (see Figure 2.B.2). It is efficient in that two semiconductors are
marked with one generator. This type is called a dual laser marker and is widely
used in the field of semiconductor surface marking. In the scanning head, there are
other mirrors controlled by high-speed motors. The fixed beam from the beam
generator can be redirected by these mirrors to mark certain logos. If the beam
direction is determined by the beam generator, the mirrors and motors in the
scanning head make the detailed marks, and the motors are controlled by a
computer program.

Before the real marking process is conducted, many test processes are needed
for trial and error. If we use the YAG laser in this process, the surfaces of the

Beam generator

Scanning head

Figure 2.B.1. A beam scanning type laser marker
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Figure 2.B.2. Schematic view of the inside of a laser marker

semiconductors are damaged. Therefore, a low-cost simulation is carried out by a
diode laser as illustrated in Figure 2.B.2. The diode laser sheds a weak light beam
and the simulation can be easily carried out.

The simulation process is as follows:

(1) Test plates are placed at the marking positions in Figure 2.B.2. The YAG
laser is turned on. The mirrors in the beam generator are positioned so as
to make the beam go through the scanning head and mark points on the

O ° O O YAG laser point

® Diode laser point

(a) Before alignment

@ @ O YAG laser point

® Diode laser point

(b) After alignment

Figure 2.B.3. The process of beam alignment
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plates. The points are starting points of the marking process and illustrated
as hollow points as shown in Figure 2.B.3.

The YAG laser is turned off. The diode laser is turned on. The solid points
in Figure 2.B.3a are the final destinations of the diode laser.

The adjuster of the diode laser is utilized to make two identical points as
illustrated in Figure 2.B.3b. If the two points match, the angles and the
final destinations from the YAG and diode lasers are considered identical.
Now, we are sure that the two lasers have the same routes.

The marking is simulated with the diode laser. That is, the motors in the
scanning head are simulated by a computer program. The program is the
one specifically developed for the marking process. As mentioned earlier,
the marking result is visible.

If the results are validated, the test is terminated.

Many problems occur in the adjuster of the diode laser. Currently, screws are
used for the adjustment. Precise adjustment is difficult to obtain, since tolerances
and human errors are involved. Thus, the adjustment is a long process.

2.B.2 Axiomatic Analysis of an Existing Design

Since the laser marking machine has already been commercialized, there is an

existing

design for the diode beam adjuster. Therefore, it is necessary to define the

functional requirements and corresponding design parameters to evaluate the

existing

device. The relationship between FRs and DPs can be expressed by a

design matrix. The FRs of the existing device is defined as follows:

FR,
FR,
FR,
FR,
FR,

: Align the vertical position of the diode laser beam.

: Align the vertical angle of the diode laser beam.

: Align the horizontal position of the diode laser beam.
: Align the horizontal angle of the diode laser beam.

: Fix the beam alignment.

Figure 2.B.4 illustrates each functional requirement. The two beams from the
YAG and diode lasers should be properly matched. First, the horizontal and
vertical destinations of the diode laser should be the same as those of the YAG
laser (FR;, FR;). Second, the angles of the beams must be the same (FR,, FR,).

Figure 2.B.5 illustrates the existing product. DPs corresponding to FRs are

i \.x - \ o) - .

Origin FRy FR, FR; FR,

Figure 2.B.4. The functional requirements in order
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DP,

DP;

Figure 2.B.5. The existing design

DR, : Vertically moving component

DP, : Supporting block
DP; : Fixing screw

The design matrix is a coupled one as follows:

FR, |

FR,
FR,
FR,

FRs |

o o o X X

o X X o o

X O o o o

[DP,
DP, (2.B.1)
DP,

The design in Equation 2.B.1 is a coupled design because the number of DPs is
less than the number of FRs. When we move the solid points in Figure 2.B.3a
(DR,), the vertical angle also varies because FR; and FR, are coupled by DP,.

In a similar manner, when we move the horizontal position (DP,) the aligned

angle can vary.

If a design is coupled in the way of Equation 2.B.1, it can be

decoupled by adding new DPs to make the numbers of FRs and DPs equal.
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2.B.3 The Development of a New Beam Adjuster

New Design Using the Independence Axiom
A new design is created with new design parameters to satisfy the Independence
Axiom. If we make a new design considering FR; and FR,, which are for the

vertical position and angle, it can be expanded to FR; and FR,, which are for the
horizontal position and angle. The design matrix for FR; and FR, is stated in
Equation 2.B.2,

Egj - K }[DPl] (2B.2)

We can think of a design that has independent design parameters for the
vertical position and angle. As a result, two designs are made. The first one is
illustrated in Figure 2.B.6. The fastener at the back (DPR) controls the vertical
position and the front one (DP,) controls the vertical angle. After the position is

fixed, the fastener is tightened by a screw. The design matrix for Figure 2.B.6 is
decoupled as follows:

FR, | [X o7 DR 283
FR,| |X X|DP, o

We can have multiple designs satisfying the Independence Axiom. Another
design is created as illustrated in Figure 2.B.7. Two screws are used at the front
and the back. This design is different from Figure 2.B.6 in that the position and
angle can be controlled very slowly by using the screws. This design is also a
decoupled design as follows:

FR,| [X 0] DR (284
FR,| |X X|DP, o

11

DP, DP;

Figure 2.B.6. Design 1 Figure 2.B.7. Design 2
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The above two designs show a method to make a decoupled design by defining
new design parameters. The method can be expanded for other DPs.

Figure 2.B.8 is the expansion of Figure 2.B.7. Five FRs are the same as before
and DPs for Figure 2.B.8 are as follows:

DP, : Upper rear screw

DP, : Upper front screw

DP; : Side rear screw

DP, : Side front screw

DP; : Fixing screw

DP; and DP, are similar to the aforementioned DP, and DP,. We can think of
two designs in Figure 2.B.6 and Figure 2.B.7. DP; and DP, of Figure 2.B.8 are

selected in the same manner as in Figure 2.B.7. The expanded design is also a
decoupled design as

FR,] [X 0 0 0 O0|DPR]
FR,| [X X 0 0 0|DPR
FR;|=|0 0 X 0 0|DP, (2.B.5)
FR,| [0 0 X X 0|DP,
FR;| |0 0 0 0 X |DPs

Therefore, the new designs satisfy the Independence Axiom. Using various new
ideas, we can create other designs that satisfy the Independence Axiom.

~ DP,

DP,

DP,

Figure 2.B.8. Final design
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Selection of the Final Design Using the Information Axiom

The Information Axiom is utilized to select the best design out of multiple designs
satisfying the Independence Axiom. The probability of success is considered as
the information content. The relationship between the FRs and DPs should be
expressed by explicit functions to evaluate the information content. The two
designs in Figure 2.B.9 are compared for the information content.

In model #1 of Figure 2.B.9, the movement of the DP is the same as the
movement of the beam. Therefore, the slope (m) in Figure 2.B.10 is 1. On the
other hand, the beam moves as much as a pitch when the screw rotates once in
model #2. The relationship is

2zartand = p (2.B.6)

where r is the radius of the screw, & is the angle of the screw and p is the pitch.
When the radius is 1.5 mm and the pitch is 1 mm, the slope is 0.106 as shown

in Figure 2.B.10. Considering the environmental and geometrical aspects of a

certain existing design, the design matrices of the two designs are as follows:

FR 1 O] DP

Model #1: | _ * |= ! (2.B.7)
FR,| |-4 4| DP,
FR 1 0| DP

Model #2: | *{=-1 ! (2.B.8)
FR,| 3z|-4 4|DP,

Suppose that the target FR™ =[0 0]" is satisfied by DP" =[0 0]". The

information content can be calculated when the target is achieved. The
information content is calculated by the graphical method using Equation 2.40 or
2.41. Assume that AFR; =0.2mm and AFR, =0.3rad. The tolerance of the

design parameter is the tolerance when it is controlled by hand. Suppose

Model #1 Model #2

Figure 2.B.9. Design parameters for comparison of the information content
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FR ) Model #1
(distance
mm
m=1
Model #2
m=1/3n

DP (distance) mm

Figure 2.B.10. Slope of DP with respect to FR

ADP, =1mm, i =1,2 have uniform distributions. The probability of success can

vary according to the assumptions. In this case, the selection of a design is more
important than the amount of the probability of success. Therefore, the above
assumptions are valid for the selection.

The graphical method can be used in the same fashion as shown in Figure 2.13
or Figure 2.14. We use the integration method here. Using the unit step function
in Figure 2.15, the probability distribution for each model is as

b, :%[u((DPi —(~ADP))—u(dDP, —(ADR))], =12 (2.B.9)

Substituting Equations 2.B.7-2.B.9 into Equation 2.49, the probabilities of
success p;; and p,, and the information contents 1, and 1, are

Model #1: p;; =0.015, 1, =6.059 (bits)
Model #2: p,, =0.582, 1, =0.781(bits)

Therefore, model #2 is better than model #1. It is the same for the design of DP;
and DP,. In conclusion, the design in Figure 2.B.8 is determined as the final
design.

2.B.4 Summary

The flow of Figure 2.20 is applied to this problem as an example. Multiple
designs are created based on the Independence Axiom and the final design is
selected by the Information Axiom. As a result, an excellent design is made to
overcome the weakness of the existing design (Shin and Park 2004).
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2.C The Development of a Design System for a TV
Glass Bulb

2.C.1 Problem Description

A glass bulb is the output device of a TV. It is an element of a TV tube and the
tube is sometimes called a “brown tube.” A tube consists of a shadow mask, an
electron gun, a band and a glass bulb. The glass bulb is composed of the panel
(front glass) and the funnel (rear glass). Figure 2.C.1 presents the shape of the
glass bulb.

In conventional design, the information flow of product design is carried via
drawings. It is also inefficient in that the design processes are performed in
heterogeneous systems. To improve the process, a design software system is
developed based on the axiomatic approach to improve the design process and to
strengthen the information flow.

2.C.2 The Conventional Design Process for a Glass Bulb

The conventional design process is illustrated in Figure 2.C.2. The process is
defined by functional requirements as follows:

FR; : Construct the basic information of the product.
FR,: Establish the product shape.

;\\\ Body section radii(x/y/size)

S [ \ \ Seal edge line
,’Zﬂeight‘, / ! NN !\ (Major axis)

| C o T = 7 M i
Top °:J°“nd N F Mold match line
Face curvature . . height Body
. Skirt radius NN
Center face thickness Referencel  “~.
L F height Inside blend radius pigt |~ TR N\
‘ 4

Top of round line
~ \ Reference line }Yoke

RE { -+-& Mold match line Nicel?;:tal
\ r/lold match

. J line height Neck seal
N 11/ _+ Seal edge line diameter
|

N A S Contact start point
N (Z height from seal edge)
’ o Yoke section radii(x/y/size)
+— a " |
Seal edge thickness ~diameter
—|

|
Top of round
diameter

NN — Neck seal line
Skirt height 4 (Major axis)  Reference ,|

Inside blend radius center distance [MAJ]

Section view
Section view (outside)

(a) Panel (b) Funnel

Figure 2.C.1. Shape of the glass bulb
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| Product request: basic data offered |

| Rough drawing using CAD software |

»
»

| Three-dimensional shape generation |

| Strength analysis |

| Drawing generation |

Figure 2.C.2. The conventional design process of the glass bulb

FR;: Verify the characteristics of the product.
FR,: Generate the product drawing.

The FRs are mapped into design parameters in the physical domain.

DP, : A set of basic data

DP, : The three-dimensional shape structure for the panel and the funnel
DP; : Loading conditions for the panel and the funnel

DP, : A set of drawing data

The relationship between FRs and DPs is

FR,] [X 0 0 XJDR
FR,| |[X X 0 X |DP,

2.C.1
FRy| [X X X X | DP @C.)
FR,| |X X 0 X|DP,

FR, is enabled by the basic data and drawings given by a customer. In the
same manner, FR, is enabled by the basic data, the three-dimensional shape data

and drawings. Therefore, FR, and FR, are coupled in the conventional design
process.
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2.C.3 Automatic Design Software for Product Design

The FRs are redefined based on the axiomatic approach.

FR; : Construct the database for a new product.
FR,: Establish the product shape.

FR;: Verify the characteristics of the product.
FR,: Generate the product drawing.

The corresponding DPs are

DP, : A set of data for the new product

DP, : The three-dimensional shape structure for the panel and the funnel
DP; : Loading conditions for the panel and the funnel

DP, : A set of accessory drawing data

The design matrix is a decoupled one as follows:

FR,(] [X 0 0 O]DR
FRy| _|X X 0 0|DP, 262)
FR;| [X X X 0]DPR
FR,| |X X 0 X|DP,

If DR, and DP, are determined FR; can be accomplished by using a
commercial structural analysis program. Thus, FR; can be achieved by an

independent module (M3). Other functional requirements can be decomposed
based on the selected DP.

FR; is decomposed as follows:

FRy; : Assign an ID number to a new product.
FR;, : Construct a set of data for a new product.

FR, and FR, are decomposed as follows:

FR,, : Check the curvature (panel: flatness, funnel: axis profile).
FR,, : Calculate the three-dimensional shape.
FR,3 : Consider the manufacturability.

FR,1: Represent the shape of the product.
FR,, : Display the accessory of the drawing.

The selected design parameters and the design matrix are as follows:
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DP;; : Representative code of the new product
DR, : A set of specific data for the new product

FR X 0 | DR
10| _ 11 (2.C.3)
FRy, X X | DR,
Since the ID number of a new product is used before making the specific

product data, the design matrix in Equation 2.C.3 is a decoupled one. The design
parameters for FR,;, FR,, and FR,; and the design matrix are as follows:

DP,; : Inside/outside curvature of the product
DP,, : The characteristic geometric equation of the product
DP,; : A set of data for the mold

FR,] [X 0 07 DPy
FRy | | X X X | DPy

DP,; for FR,4 is not specific; therefore, it should be decomposed.
The design parameters for FR,; and FR,, are as follows:

DP,; : A set of data for product design
DP,, : A set of data for the accessory

The design matrix is
FR X 0| DP
a | _ 41 (2.C.5)
FR,, 0 X | DP,
FR,; can be decomposed as follows:

FR,3; : Check the useful screen dimension for the panel.
FR,3, : Consider the ejectability.
FR,35 : Examine the deflection angle of a scanning line for the funnel.

The corresponding design parameters are as follows:

DP,;, : Distance of the blending circle center position
DP,s3, : Angle of the side wall
DP,,; : Inside curvature of the yoke part
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Figure 2.C.3. Module junction structure diagram of the design system for the TV glass
bulb

The design matrix is

FR,31 X 0 0| DPyy
FRy33 0 0 X | DPys

The lower level of FR,, is a uncoupled design; therefore, the lower level of FR,

is a decoupled design.

Figure 2.C.3 presents the module junction structure diagram. Figure 2.C.4
shows the information flow for the design. The dotted lines in Figure 2.C.4 do not
represent the flow for feedback. This means a design change when the analysis
results are not satisfactory.

Maa1
Mgy
My '@' My, = C = My '@' Ma; Mz, = S = M; S
Ma,
| Mass |
L e e e e e e = = = e = = |
M, My =——— ), > M, >

Figure 2.C.4. Information flow from Figure 2.C.3
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2.C.4 Software Development

Different modules should be integrated to make an automatic software system for
product design. It is recommended that a shared library be used to reduce the size
of the execution file. The functions of the software system are explained.

User Interface

The user interface is developed by using X-window (MOTIF), which is a standard
graphics tool of UNIX (Heller 1994). The user interface provides various menu
systems and graphic displays. An example is illustrated in Figure 2.C.5.

Database

A commercial database management system is utilized to handle enormous data
(Oracle Co. 1990). The transaction commands such as insert, delete, update and
inquire, which are offered by the database management system, are utilized. Input
data or design variables are given by the designer and stored in the database. The
design variables can be viewed from the database contents such as tables and
records. Various graphs can help the designer in decision making. The designer
can find the mismatch of data from the graphs. The program can automate the
manual process of the conventional design. In a conventional design, a rough final
drawing is needed for the decision making process.

Three-Dimensional Shape Generation and Display
A solid modeller is used for the three-dimensional shape display. The shape of the
glass bulb consists of several free curved surfaces in the three-dimensional space.

Figure 2.C.5. Menu display of the developed software system
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Figure 2.C.6. Display of the three-dimensional shape

An in-house program called BULB-3D is employed for shape generation (Park et
al. 1995). BULB-3D uses geometrical interrelations and some specific numerical
algorithms. From the design variables, this module constructs the geometry of the
glass bulb. To confirm the shape of the glass bulb, the designer may want to see
the shape. The displays with the wire frame and surface modelling are obtained by
a commercial graphics library and special display hardware. The Starbase

Figure 2.C.7. Display of the results from strength analysis
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graphics library is used for this purpose (Hewlett—Packard Co. 1993). An example
is illustrated in Figure 2.C.6.

Strength Analysis

After the three-dimensional shape is constructed, strength analysis is performed. A
special mesh generation routine is used to generate an input file for strength
analysis. The failure criterion uses the maximum normal stress theory. If the
result of the strength analysis is not acceptable, an iterative process with the three-
dimensional shape generation module is carried out. This process is shown as the
dotted line in Figure 2.C.4. A commercial software system called ANSYS is
employed for the strength analysis (ANSYS Inc. 1993). Results of the strength
analysis are shown in Figure 2.C.7.

Drawing Generation

When all the activities are finished, the results are drawn. A commercial CAD
(computer-aided design) system called Unigraphics is used (Electronic Data
Systems Co. 1993). An example of the final drawing is illustrated in Figure 2.C.8.

2.C.5 Summary

The axiomatic design framework is applied to software development with a
conventional language. The conventional design of the TV glass bulb is analyzed

WA%| od=n R A | S - Wi | W e L1 | e | st Wi [ Cugenpiars M L i

Figure 2.C.8. An example of the final drawing
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and improved by the axiomatic approach. The approach uses the general methods
defined in the axiomatic design, such as the zigzagging process, module junctions
and system architecture for the flow. The software is designed based on the
improved design process at the early stage of software development. It is noted
that the flow of the software execution is the same as the design process.
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2.D The Development of a Design System for the EPS
Cushioning Package of a Monitor

2.D.1 Problem Description

A monitor is packed by cushioning materials because it may become damaged
during transportation (Yi and Park 2005). The cushioning part of a monitor is
mostly made of expanded polystyrene (EPS). Although it is lightweight, the usage
of EPS considerably increases the volume of the packing box. Therefore,
industries are trying to minimize the volume while maintaining the strength.

Currently, the cushioning package of monitors is designed based on past
experience, not with a systematic approach. When a design is finished, the
strength is validated by drop tests that are very expensive. If the design is not
satisfied, an iterative process with trial and error is carried out. In recent years,
software for computer simulated drop tests is used in the conceptual design stage.
It is well known that flexible use of the software is quite difficult due to the tedious
modelling procedure and tricky analysis skills required. Therefore, we need a
software system that automatically analyzes and designs the cushioning package of
monitors.

A software system is developed to construct the finite element (FE) model, to
perform the simulation of the drop test and to automatically design the cushioning
part. The FE model is automatically made by a commercial software LS/INGRID
and the drop test is simulated by a software system LS/DYNA3D (Livermore
Software Technology Co. 1998, 1999). The design process is established based on
the axiomatic approach and the software system is designed accordingly. The
Independence Axiom is utilized for the sequence of the design process and
software design.

2.D.2 The Development of an Automatic Design System for the
EPS Cushioning Package

The V-model and the steps introduced in Section 2.5.3 are utilized. An automatic
design system is developed for conceptual and detailed designs. First, the
conventional design method is investigated. Customer attributes (CAs) are defined
by interviewing practical designers.

Definition of FRs for the System and Decomposition (Steps 1, 2 and 3)

The design process for an EPS cushioning package is analyzed from an axiomatic
viewpoint. As a result, FRs, DPs and their relationships for the top level are
defined as shown in Table 2.D.1. The design process is a decoupled one because
the design matrix is triangular. Thus, the software design should be carried out
according to the sequence that the design matrix indicates. As mentioned earlier,
the decomposition is continued up to the minimum unit of the algorithms, that is,
the minimum unit of methods.
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Table 2.D.1. Top level FRs of the design system for the EPS cushioning package of a
monitor

FR, DM DP,

1 Set up the options X O O O O Option data

2 Const_ruct the data set for modelling XX 00O Data for modelling and
and simulation drop test

3 Gengratg an FEM_ model of the XX X 00 De5|gn \_/arlables _of
cushioning material cushioning material

4 Recommend a good design value X X X X O DYNAS3D input deck
through simulation analysis

5 Manage the design data X X X X X Datamanager

Table 2.D.2. Decomposition of FR,

FRZ.X DPZ.x
Construct the data set for modelling and DM Data for modelling and
simulation drop test
1 Construct modelling data for monitor X O O Modelling data for monitor
Construct modelling data for cushioning Modelling data for
2 - O X O C .
material cushioning material
3 Construct condition data for drop test O O X Dropping condition
Table 2.D.3. Decomposition of FR,;9,5 at the leaf level
FRo1203.x DP21223 ¢
Translate the files for nodes and DMz1223 Files for nodes and elements
elements into the DYNA format files
1 Read the files X O O O Filenames
2 Calculate the adding quantity X X 0 O Numbers of nodes and
elements
3 Save the files in DYNA format X X X O DYNA format
4 Save the offset-number of nodes O X O X Offset number of nodes

As shown in Table 2.D.1, FR, is “construct the data set for modelling and
simulation.” DP, is input data such as modelling of the monitor and input data for
analysis. From DP,, the detailed operations of FR, are defined. That is, various
data constructions should be made for the modelling data, analysis data and
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material data. Therefore, FR, is decomposed as shown in Table 2.D.2. The

decomposition continues until the leaf level is reached. An example of the bottom
level is shown in Table 2.D.3. The flow of the software system is the same as that
of the design process except for the options of the software system and data
management.

Definition of Modules and Identification of Objects (Steps 4 and 5)

The entire full design matrix is established from the zigzagging process of the
decomposition. The full design matrix is exploited for definition of software
modules and objects. For example, Figure 2.D.1 illustrates the design matrix for
FR;. The rectangular matrices with thick lines represent independent sub-

matrices. Each FR is defined as a module and each module is defined in the
functional domain, while each object is defined in the physical domain. Therefore,
the design matrix shows the relationship between the functional domain and the
physical domain.

The developed software modules consist of the main module, the data
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Figure 2.D.1. Design matrix of FR4
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management module, the module for modeling, the module for the drop test
analysis and the module for automatic analysis and design. The main module
controls the graphic user interface for input and the overall design process. The
data management module has the function of managing the data for the system. It
handles the interface with external systems, the files for material properties and the
database for standard orthogonal arrays. The module for modelling generates the
input data for analysis, which are shape sizes and the input file for LS/INGRID
that automatically generates meshes for the finite element analysis. The module
for the drop test generates an input file for the analysis system LS/DYNA3D and
executes the system. The module for analysis and design performs the analysis,
analyzes the results and proposes a new design.

Each module is defined as an object. An object consists of the functions in the
row of the design matrix and the attributes of the column. For example, FR; in

Figure 2.D.1 is defined by object A, which includes object B for inner shapes and
object C for external shapes. Object B is composed of four objects for four
positions from the user input and one object for common data. In the same manner,
object C has five objects.

Establishment of Interfaces and Coding (Steps 6 and 7)

Classes are defined by the set of objects as illustrated in Figure 2.D.2. The classes
in the low levels are not presented in Figure 2.D.2. The class “PackDesign” is
defined from the relation of the four classes. The class “Option” has a function of
input for initial definition. It is automatically executed when the system starts.
The class “BasicModel” handles the data for the monitor and material properties

CPackDesign

int designStep;

FileSave();
COption CBasicModel CCushionModel ClterationAnal
Dirlnfo optionDir; | DesignVarinfo bModel; || cushioninfo cushion; iterationInfo opt;

Figure 2.D.2. Class diagram of the “PackDesign” software system
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Figure 2.D.3. The output screen of the “PackDesign”

and the class “CushionModel” handles the shapes of the cushioning materials.
They receive data from a user, perform coordinate transformation and generate the
input file for the finite element analysis. Finally, the class “IterationAnal” selects
an orthogonal array, performs the drop tests according to the orthogonal array and
analyzes the results. If the aforementioned basic model is varied, derived classes
can be made by inheritance from the classes “BasicModel” and “CushionModel.”

Using the above process, a software system is coded. The overall menus are
illustrated in Figure 2.D.3. The left hand side is for input and the right hand side is
for displaying results. The execution of the system is classified into two modes.
One is analysis with given parameters and the other is a design process for
multiple analyses with changing variables.

2.D.3 Summary

The axiomatic approach for software design is demonstrated. Software is
developed based on the V-model which is related to the object oriented
programming concept. The developed software can be easily used by new
engineers. The design results are stored in the database and exploited for later use.
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