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Abstract

In the traditional Axiomatic Design (AD) theory, the mapping from the functional domain to
the physical domain is based on the designers’ own knowledge and experience, and there is no
systematical approach including the design resources provided outside the designers them-
selves’ access. Thus, the raw materials for the design process are largely limited, which
means they can hardly support the designers’ increasingly creative and innovative concep-
tions. To help AD theory better support the design process, this paper proposes a compu-
ter-aided approach for the mapping from the functional domain to the physical domain
within a distributed design resource environment, which consists of numerous design
resources offered on the Internet by the providers widely distributed in different locations,
institutes, and disciplines. To prove the feasibility of this proposed approach, a software pro-
totype is established, and a natural leisure hotel is designed as an implementation case.

In the Axiomatic Design (AD) theory, the design process is represented as three mappings, that is,
the mapping from the customer domain to the functional domain, the mapping from the func-
tional domain to the physical domain, and the mapping from the physical domain to the process
domain. Among these three mappings, the second one is an important turning point which con-
nects the upstream to the downstream of the design process. In this mapping, the designers
should figure out proper design parameters for the functional requirements, and if they fail,
they should go back to decompose the functional requirements into sub-functional requirements,
and then, try to work them out. During this operation, designers should test the results whenever
necessary with the independent axiom and the design matrix to find out the coupled relationships
between the functional requirements and the design parameters, so that the results can be mod-
ified in time to avoid coupled relationships. If there are more than one alternatives obtained,
designers should pick out the optimal one with the least information based on the information
axiom. This to-and-fro process is called zigg-zagging in AD theory. It takes the main portion
of the workload in a design mission. However, in the traditional AD theory, zigg-zagging between
the functional domain and physical domain mainly relies on the designers’ own knowledge and
experience, and there is no systematical approach to help designers complete this work.

On the other hand, in the traditional AD theory, the designers can only use the design
resources within their access. Maybe they can ask for help, but their sociality is also limited.
If the attention can be turned to the Internet, the rich design resources offered by the outside
providers would be found glaring. These design resources distributed in different locations,
institutes, and disciplines. They can be connected and obtained with the help of advanced
computer and Internet technologies. Thus, all these rich design resources actually construct
a distributed design resource environment on the Internet. If this distributed design resource
environment can be introduced into AD theory, the designers can deploy not only their design
resources but also the design resources outside on the Internet.

To achieve the objective, a computer-aided approach is proposed in this study to improve the
AD theory. So, the mapping from the functional domain to the physical domain can be completed
within the distributed design resource environment. To prove the feasibility of this approach, a
software prototype called Axiomatic Design System for Distributed Design Resource
Environment (ADS-DDRE) is established, and a natural leisure hotel is designed as an implemen-
tation case. The whole study consists of three parts, that is, the classification of the design param-
eters, the introduction of the distributed design resource environment, and the implementation. In
the rest of this paper, these three parts of work are shown, and finally, some discussions about this
approach are made, and the whole work and the future study plan are also concluded.

AD theory was first proposed by Suh (2001), and during decades of development, it is now
widespread in the design community. This theory can be applied in many circumstances
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and disciplines. Shortly after AD theory’s establishment, it was
introduced into the design practice of manufacturing facilities
(Suh et al, 1998) and software systems (Suh and Do, 2000).
Since then, a large number of researchers have been attracted to
solve their design problems from multifarious domains with the
help of AD theory. Cheng et al. (2017) developed a novel hetero-
geneous AD method for the anti-vibration optimization of the key
components in a turbo-generator. Rauch et al. (2018) established
a software prototype for the smart shop-floor management based
on the AD theory. Product and software design is only a part of
AD theory’s application, AD theory is also very useful for the
design problems in industrial engineering. Chen et al. (2018) pro-
posed an AD method of logistics provider selection for the omni-
channel environment. Rauch et al. (2019b) presented an AD
method to support flexible and agile manufacturing and assembly
systems for the small- and medium-sized enterprises.
Additionally, AD theory’s application is not limited in the engi-
neering practice, it can also be used in social problem solving.
Palleti et al. (2018) used the principles of AD theory to detect
the vulnerabilities and corresponding potential attacks for critical
infrastructures. Drakaki et al. (2018) addressed the refugee settle-
ment site planning decision-making process by constructing an
intelligent multi-agent system with the help of AD theory.
Recently, AD theory is also actively researched and applied within
the “hot” topics like sustainability and Industry 4.0. Cochran et al.
(2016) offered an extension of AD theory to ensure that leaders,
managers, and engineers can sustain manufacturing systems
throughout the product lifecycle. Gualtieri et al. (2018) designed
a collaborative human-robot workstation using AD theory for
the new context of Industry 4.0. Rauch et al. (2019a) established
a method to construct design guidelines for implementing
Industry 4.0 learning factories using the mapping process of
AD theory. Because of the limitation of the space, here just list
some of the excellent works based on AD theory. More related
works can be found in the review written by Rauch et al. (2016).

These luxuriant works in multifarious domains reemphasize
that AD theory is a successful conclusion of the general rules in
the design activities, and they also illustrate that the possibility
of obtaining well-performed design solutions can be largely pro-
moted if the axioms are observed. However, AD theory still needs
improvement from the comprehensive consideration of engineer-
ing factors and contexts. Suh (1995) took quality into considera-
tion to make AD theory more complete. He et al. (2018)
introduced the consideration of sustainable and clean production
into the construction of functional requirements. Chen et al.
(2016) reconfigured AD theory within a context of knowledge ser-
vice, so that demanders and suppliers could be better matched.
These considerations promote the suitability of AD theory for a
wider practical application; however, they also demand AD theory
to be assisted by more powerful methodologies and technologies.
Deo and Suh (2004) introduced mathematical transforms into the
AD theory to promote the ability of description and analysis.
Thielman and Ge (2006) proposed a systematic methodology to
support AD theory in the evaluation and optimization of
large-scale engineering systems. Li et al. (2019) used extenics to
describe coupled solutions in the results of AD theory. These
works promote AD theory’s ability in description, analysis, and
evaluation of design resources and solutions. However, the most
important and innovative process of AD theory, the mapping
from the functional domain to the physical domain, is still not
accelerated efficiently. It is more and more difficult for this map-
ping to catch up with the increasingly comprehensive engineering
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considerations and the increasingly complicated description, anal-
ysis, and evaluation of design resources and solutions. To resolve
this problem, researchers were attracted into the zigg-zagging
between the functional domain and the physical domain, which
consists of the functional requirement decomposition and the
transformation from the functional requirements to the design
parameters. Cochran et al. (2001) integrated Manufacturing
System Design Decomposition (MSDD) and AD theory, so that
the functional requirement decomposition can be completed by
MSDD. In this way, the cost and production system design deci-
sions become more effective (Cochran et al., 2017). Yuan et al.
(2016) completed the functional requirement decomposition
with a proposed hybrid approach implemented with Systems
Modeling Language (SysML). Nagel et al. (2009) established a
functional modeling tool called FunctionCAD for the interactive
functional requirement decomposition. Chakrabarti and Bligh
(2001) supported the functional requirement decomposition by
using the recursive problem redefinition. These works largely con-
tribute to the functional requirement decomposition, but, as for
the transformation from the functional requirements to the design
parameters, it still needs more focuses.

The transformation from the functional requirements to the
design parameters is tightly related to the conceptual design syn-
thesis in other design methodologies; therefore, its acceleration
can be inspired by the efforts of design synthesis automation.
Vermaas and Dorst (2007) used a philosophic method to improve
the model proposed by Gero for the design synthesis. Camelo and
Mulet (2010) developed a multirelational and interactive model to
support the design synthesis process. Welch and Dixon (1994)
developed a model for conceptual design synthesis based on an
explicit behavioral reasoning step. These efforts largely promote
the elaboration and practicability of the conceptual design
model, which means a solid foundation for the design synthesis
automation. On the other hand, a well-formed representation
for the elements and factors of the design process, like functional
requirements, design resources, and design solutions, is also
important for the design synthesis automation. Joskowicz and
Neville (1996) presented a language to describe the behavior of
fixed-axes mechanisms for the design synthesis of mechanisms.
Stone and Wood (2000) ; and Stone et al. (2000) ; proposed a
new design modeling language using function-flow to characterize
the product function. Chen and Xie (2017a, 2017b) developed the
function-flow into an input-output model to represent the func-
tion and support the automation of design synthesis. Hirtz et al.
(2002) proposed a functional chain representation using the ter-
minology of the functional basis for engineering design synthesis.
These efforts focus on the representation of the functional
requirements and design resources, if they can be considered
together comprehensively, the relationships of the design
resources can also be well described. As for the design solutions,
some researchers introduced the graph model for help. Miinzer
et al. (2013) proposed an object-oriented and graph-based repre-
sentation for computational design synthesis. Helms and Shea
(2012) described the computational design synthesis process
with an object-oriented graph grammar. Muenzer and Shea
(2015) proposed a simulation model based on a generated con-
cept model graph. All these efforts, like the input-output and
chain-structured models for the functional requirements, the
graph-based model for the design solutions, can be introduced
into the traditional AD theory to make a foundation for the con-
struction of a computer-aided approach, which can automate the
transformation from the functional requirements to the design
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parameters. Furthermore, the rich design resources offered by the
outside providers should also be seriously considered, while they
are usually not be paid enough attention to in the former
researches about AD theory.

To achieve the automation of the mapping from the functional
domain to the physical domain, the core mission of this study
is to construct a computer-aided approach including a methodol-
ogy and its corresponding algorithm, which can be executed by
computers. Therefore, the main objectives, including design
resources and design parameters, should be modeled as elements
and their divisible attachments and constructible combinations, so
that the mapping can be transformed into an executable process
for a computer. Based on this idea, different design parameters
may have different constructive granularities. Therefore, a classifica-
tion is established in this study to distinguish the design parameters’
constructive granularities, so that the design parameters can be trea-
ted respectively for the establishment of a systematical and
completely-covering methodology and its corresponding algorithm.

Before the introduction of this classification, a simple design
case completed by the traditional AD theory is illustrated step
by step firstly to show the background.

Here take a case simplified from the elevator design proposed by
Xiao and Cheng (2006) as an example. As shown in Figure 1, the
zigg-zagging in the middle of the figure completes the mapping
from the functional domain to the physical domain. The details
of the functional requirements and their corresponding design
parameters are shown in Table 1. Their relationships are shown
as the following design equations with design matrices.

FR1 X 0 07[DP1
FR2 |=|X X o || DP2 |, 1)
FR3 X X X || DP3
[ FR11] "X 0 0 0 ][DP11]
FRI2| |0 X 0 0 DP12 @)
FRI3| | 0 X X 0 DP13 |’
| FR14| [0 X X X || DPl4 |
[ FR21] X 0 0 0 ][DP21]
FR2 | [ X X 0 0 DP22 3)
FR23 |~ | X 0 X 0 DP23 |’
| FR24 | | 0 X 0 X |[DpP24 |
FR121 = [X]DP121, 4)
FR141 X 0 07][DP141
FR142 | =| X X 0 || DP142 |. (5)
FR143 X 0 X || DP143

The above design case shows a situation that although the phys-
ical domain consists of design parameters, these design

https://doi.org/10.1017/50890060419000283 Published online by Cambridge University Press

Bin Chen et al.

parameters are not always the same kind of things, they may
have different essences with different constructive granularities.
For example, in the above case, DP14 is “Coiling block”. It is a
design resource as one of the components of the final design solu-
tion. Meanwhile, DP143 is “Thickness of coiling block” which is not
a design resource like DP14. Actually, it is one of DP14’s features.
Additionally, DP1 is different with both these two design parame-
ters, it is actually a combination of several design resources, includ-
ing “Sling”, “Block and tackle”, “Rope”, and “Coiling block”.
Therefore, the design parameters can be classified into three kinds,
that is, design resources (DRs), design resource features (DR
Features), and design resource combinations (DR Combinations).

Design resource is the key concept in this classification of the
design parameters. Design resources are functional entities,
which are the basic elements of the design solution and the raw
materials for the design missions. As shown in Figure 2, a design
resource is represented by its name, inputs, outputs, and features.

For a design resource, the transformation from its inputs to its
outputs is defined as its function. Like the case shown in Figure 2,
the design resource is a crank slider, and its function is to trans-
form rotary motion into reciprocating motion. A design resource
may have multiple inputs and outputs, and they can be described
as vectors. Here assume a design resource, DR2, has m inputs,
that is, P, (I>Ié2) .., ®fM and n outputs, that is,
DI, D), --->(DD§€)- (In this study, the letter “®” is treated
as the combination of the letters “I” and “O”, which represents
an input/output.) These inputs and outputs can be represented
by the following input vector and output vector, respectively.

1 (1) 52) (m)1T

q)DRz = [CDDRZ’(DDRZ’ ""(I)DRZ] ’ (6)
0 o(1) £0() o) T

(I)DRZ = [Ppry> Ppras -+ Ppral - (7)

Thus, DR2’s function, the transformation from DR2’s inputs
to DR2’s outputs, can be represented as the following Jacobian
matrix:

o(1) o(1) o(1) 7
a(I)DRZ 8CI)DR2 a(DDRZ
1(1) 1(2) I(m)
3(1)1)112 3(I)DRz 3(1)1)?2
—> | 05 aPp PP
ady (1 12 e I
Jor2 = g = aq)lgR)Z 8(I)I§R)2 8@&3 . (8)
acI)DRZ . . :
PPy dPpgy 0Ppgy
1(1) 1(2) I(m)
L 0®pg, IPpy, 3®D§z i

If the integral starting point is set as 0, the effect of DR2’s
function can be described as the following mathematical equation:

0 I
®pry = JoraPpgs - 9

Sometimes, just a design resource feature can achieve a functional
requirement, like DP143, “Thickness of coiling block”, to FR143,
“Bear the wrapping hoop force of the rope”, shown in Figure 1
and Table 1. A design resource feature may be a design resource’s
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Functional domain

I ——

] L 1
[Friz ||[Fri4 | |[Fr22 | |[FR24 |,
[ FRi1 ||| FRI3 ||| FR21 | | FR23 |

| FRI42 |

|FRF4I| |FR!43I

[ FRi121 ]|

Physical domain

P

L

DPl

NN, W

]

|
i

Design resource combination | DP_ || bPI || bP2 |

Design resource [DPST] [EDPIIT] [EDPI2T] [EDPIT] [TDPIAT] [DP21T] P22

Design resource feature - - - -

Fig. 1. Zigg-zagging between the functional domain and the physical domain.

Table 1. Functional requirements and their corresponding design parameters

FR Elevate the stuff DP Elevator

FR1 Transmit the motion DP1 Transmission

FR2 Drive the mechanism DP2 Driving mechanism

FR3 Brake the mechanism DP3 Brake

FR11 Link the stuff to the rope DP11 Sling

FR12 Direct the rope, saving the labor, and increase the speed DP12 Block and tackle

FR13 Lift the stuff DP13 Rope

FR14 Store the rope, transform the rotation into the translation DP14 Coiling block

FR21 Meet the power requirement of the elevator DP21 AC motor

FR22 Meet the speed requirement of the elevator DP22 Speed reducer

FR23 Control the speed DP23 Speed controller

FR24 Joint the rotating axes, transmit the torque DP24 Coupling

FR121 Save the labor and increase the speed DP121 Multiplying power of the block and tackle
FR141 Improve the life of the rope and the structure of the speed reducer DP141 Diameter of the coiling block
FR142 Meet the storage content of the rope DP142 Length of the coiling block
FR143 Bear the wrapping hoop force of the rope DP143 Thickness of coiling block

own feature, and it may also be a design resource’s input or out-
put’s feature, like DP121, “Multiplying power of the block and
tackle”, shown in Figure 1 and Table 1. Design resource features
are attachments of design resources, so that if the design resources
have already been figured out for the design solution, the design
resource features could directly be determined with the limited
amount of workload naturally. So, in this study, the main point
is establishing a way to find out the appropriate design resources
and combine them into a design resource combination which can
achieve the functional requirements. As for the design resource
features and their corresponding functional requirements, they
are not concerned much here.
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Design resource combination

A design resource combination is constructed by its component
design resources connecting with each other. Here, the connection
among design resources is established based on the match between
two inputs/outputs. Take ®1 and P2 as an example, only if the fol-
lowing three conditions are met simultaneously, can it be deter-
mined that @1 matches @2 as the following equation:

Match

o1 > P2. (10)

Condition 1: ®1 and P2 have the same name.


https://doi.org/10.1017/S0890060419000283

84

Bin Chen et al.

—| Name: Crank slider |

Name: Rotary motion | —  Name: Rotary speed |

H Inputs H Input 1

Features H Feature | —— Value range: [0,1000] |

{ DRI HH Outputs H Output 1

Name: Reciprocating motion | - Unit: rpm |

Name: Stroke |

Feature 1 }{
H Value range: [2.5,50] |

Feature 1 Value range: 50 | H Unit: mm |
Unit: CNY Feature 2 Name: Frequency
' T oy |
Name: Weight H  Value range: [0,20] |
Feature 2 Value range: 5 | - Unit: Hz |
Fig. 2. Design resource and its detailed information. Unit: kg
DRC1
ol (1)
Q" DRI / DR3
DRI 2 1i2) o)
D@ DRI DRI Z ors | PR3 DR3
DRT 03 @ T3
DRI ) DRI
70 i)
FRI \ / DRCT (1) i o1
12 & [TH] DR2 [T DR [T DRCT [
FRI FRI ' DRCI | PR2 DR2 | DR4 DR4 T P FRE L ey
@ 113 T3 DR2 DR DRCT @ 012}
FRI DRCT I 3 / FRI
I Iy DRCT
FRI DRCI |
1) (i
(1) DRS I @ DR I
DR DRS 012) DR6 DR6 2
12 | DRS =2 DRs
DRSS T3 DR6 @ 3
DRS DRs

Fig. 3. Design resource combination consisting of 6 DRs.

Condition 2: @1’s features conclude all ®2’s features.

Condition 3: For every common feature, ®1’s features have
the same name and unit as ®2’s features, and the value range
of ®1’s feature is contained by the value range of ®2’s feature.

Based on the above definition, design resources can be con-
nected together into a design resource combination. Figure 3
shows an example of the design resource combination consisting
of six component design resources, that is, DR1, DR2, DR3, DR4,
DR5, and DR6. The matches among their inputs and outputs are
shown as the following equations:

o9 " i), (11)
o3 "B ol (12)
o9 " ol (13)
o9y "B b, (14)
o9 "B ol (15)
o9 " i) (16)
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o(1) Match

Opp; — q)g%{)& 17)
Match

OO " ol (18)
Match

N (19)

As mentioned before, a design resource’s inputs and outputs
can also be described as an input vector and an output vector.
With this description, the connections among the design
resources can also be represented as transfer matrices.

Here should first introduce the match between twa input/out-
put vectors. For two input/output vectors, 3 and (DER},, only if
the following two conditions are met simultaneously, can it be
determined that ®3, matches CD{)R}, as the following equation:

—O)Match—1_>
Prr, — CDDRy. (20)

—O—) —I)
Condition 1: @5, and @DRy have the same number of vector

elements. SN
Condition 2:,The vector elements of (DBRX match the vector
elements of Q){)Ry one by one in order.
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Now, go back to the connection among DR1, DR2, and DR3

shown in Equations (11)-(13). With th

e definition of the input/

output vector match, it can also be represented by one equation

in the matrix form as follows:

DL 1)
01 0 0 0(2) (DDR3
0 0 o 1 || Por Mkl g | 1)
00 1 0 || PR (Dﬁ?f

agp | L

Use the vector and matrix notation, this above equation can be

simplified as follows:

0 N
(CDR3 Dpp; | Match ol (22)
DRI,DR2 | ——— DR3*
Dy

Here, CBR; pr, represents the transfer matrix of the connec-
tion from DRI and DR2 to DR3. Based on this description, the
other design resource connections can be represented as follows:

0
() Match 77 7
DR4 DR I
Cpr1,pr2 ———>1 — Dppy CBE?,DRZ
(DO
DR2
0 0 0 1
= [ 0 0 1 0 } (23)
o
b Match =7 0 1
DR5 DR3 i DR5
CpR3, DRe — — Ppps, Cprs,pra = |:1 0:|7 (24)
Dy
DR6 gy  Match’ o DR 0 0 1
Core®Pprs — Ppre> Chrs = [1 0 ol (25)

As the design resources in the design resource combination

o) _ 5001)

P = Ppres (30)
0(2) 0(2)

Ppgrer = Ppres (31)
o) _ 500

Pprer = Ppgs- (32)

Therefore, the connection between the functional resource
combination and the functional requirement shown in Figure 3
can be described as the following input/output matches:

1(4) Match 1(1)
Py = Porers (33)

12) Match 12)
Ppry = Pprers (34)

(1) Match 1(3)
Prri — Pprers (35)

1(3) Match 1(4)
Py = Porers (36)

02 Match o(1
q)Dil()Jl - CDFlgl)’ (37)
0 Match - o

(I)DgC),l = DR (38)

Use the vector and matrix representation, the above equations,
Equations (26)-(38), can be concluded as the following two
equations:

r——>

connect with each other, the design resource combination itself
also connect with the functional requirement. This connection
can also be described by the matches among the inputs and out-
puts of the design resource combination and the functional
requirement. Here define the inputs of the upstream design
resources as the inputs of the whole design resource combination,
and the outputs of the downstream design resources as the out-
puts of the whole design resource combination. The situation in

this case is shown as the following equations:

q)ggm = q)giz)lv (26)
PiiRer = Py, 27)
DR = PR, (28)
DR = Py, (29)
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N —_ 1
1~ Match™ 7 ()
CII?RRICICI)FRl = Dppey = —ID—R; > CFI)1§1C1
L Poro
[0 0 0 1
01 0 O
110 00| (39)
00 10
FR1 50 FR1 50 Match o FR1
CprciPorei = CprciPors — Prri> Cora
0 1 0
:[0 ! 1}. (40)

As mentioned before, this study is mainly focused on the design
resource searching and design resource combination constructing,
as for the design resource features and their corresponding func-
tional requirements, they are not concerned much here. To
achieve this main goal, a computer-aided approach is proposed
for the mapping from the functional domain to the physical
domain. This approach takes the rich design resources outside
the designers’ access into consideration and also includes a
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Incomplete design resource connection Complete design resource connection

T O[] 1] s W)
Til) DR ! S R4S DR4S [ W DR2E [T
DRAT PrNE] DRI Ty 137 DR2E
S ENE DR43 .ﬂj iy | DR44 5 | DR21 @ pizs | DR28 o
DRi3 [T Y] (] DR2I L] DR2%
DRI3 S DRt DR S prag
[ DR44 | [ DR45 DR34
‘ v
DR43 f—— .
"""" Y

DR7 |— DRI [DR35]

DR8~|==n{ DRI 2

A
[ DRY DRi3

DR10 }—{ DRI4

= DR50 | [ DR52 |

[DRsI }———>{DR53

Fig. 4. Design resource graph and the incomplete design resource connection.

(D 1) @ [T
FRI > iy o) Ty DR
2 DRI DRI i) s o2
FRI | & FRI { [E] DR1 [H] DRSS DRS |\, [E] DR§ DRE
D 5] DRI DRI DRS D [E]
FRI DRY ‘l
‘l [T [ i) T i)
Iy DRI2 i DRIZ iy DRIT ERI
DRI2 [7H] DRI3 02 DRIT o) [E] ~
) [E] DRi12 DRI2 74 D 5] DRI13 p7) TRIZ ) 1| PRI7 4 DRIz [ 4 e | FRI
DRI 3) DRIZ DT [T i 3)
DRI2 DRIT ERi
—
== Improvement
[ [T] [ [ 1)
:| 45;":: I DR2 I D DR2 | ¢!}RJ | DR4 | @ DRS
4 1
| v
D [ D [ h 4 D [
FRI > Iil) iy DRS ity DRE
] DRI DRI [[E] o | RS E]
FRI FRI { [E] DR1 o) X prs | DRS DR [E] DRS DRE
D 5] DRI DRI D [E] DRE [E]
FRI DR DR ‘l
"' [ o] i| o1y
¢ 1) DRI 45 Ii1) 1) CP 1) DRIT Fitl
DRI2 [E] DRi3 DRI3 DRI 73] [H]
i DRI2 | @ ;s 74 T | PRI3 o) / 7| DRI7 | @ s [ D gy | FRI
> DRIZ 3} DRI DRI DRIT (7] > (]
DRI2 DRI7 [T ERI
I [ I [
| ’l $m¢m| DR10 | gDm:m] 'l @mcul DR14 | @mn
™ | D 1i1) DR3| @ Of1) D 1) DR6| @ 1)
L | DRI DR} DRG DR

Fig. 5. Constructing the final design resource combination by adding assistant design resources into the design resource chain.
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2. Set all the DRs and DR connections in the
DR Graph as unvisited.

NO

DR Graph, is there any starting

DR Graph, is there any ending
DR?
YES
4. Find out all the starting and ending DRs.
i
5. Set one of the unvisited starting DRs as the 1" DR
of the current DR Chain.

L.

consider changing the FR, and then try again.”

8. Output “There is no DR Chain found, please

Set the last DR of the current DR Chain as visited.

7. Output the current DR
Chain as a result.

Remove the last DR from
the current DR Chain.

7. Is there
any other unvisited
starting DR?

DR of the current DR Chain, does
It have any unvisited successor DR
connection?

YES

NO

12. Pick one of the unvisited successor DR connections.

~|DR of the current DR Chain.
Set the last DR of the current DR Chain as visited.

Set it as visited and set its corresponding successor as the last

21. Does the

YES

11. Remove the last DR
from the current DR Chain.

length of the current DR Chain exceed the
limiation, /,,,?

13. 1s the last
DR of the current DR Chain
an ending DR2

15. Output the current DR Chain as
YES |aresult.

Set the last DR of the current DR
Chain as unvisited and remove it from
NO the current DR Chain.

YES

NO
current DR Chain

14. For
the last DR of the
current DR Chain, does it have any
unvisited successor DR connection
towards its unvisited

17. For the last DR of the
current DR Chain, set all its
successor DR connections as
unvisited.

Set the last DR of the current
DR Chain as unvisited.

18. Remove the
—last DR from the 05
current DR Chain.

Fig. 6. Flow diagram of the design resource chain generating algorithm.

computer algorithm to help complete the mechanical and repeti-
tive works of design resource searching and design resource com-
bination exhausting. This approach can improve AD theory’s
support for the designers, and alleviate the contradiction between
the designers’ increasingly innovative design conception and the
limitation of their access to the rich design resources and the
powerful computing capacity.

This proposed approach obtains access to the outside design
resources via the advanced Internet. The design resources can
be published on the Internet by their providers distributed in dif-
ferent locations, institutes, and disciplines. These design resources
on the Internet actually construct a distributed design resource
environment, and the proposed approach plays the role of a
bridge connecting this environment and the designers. To achieve
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this, the distributed design resource environment is firstly mod-
eled as a design resource graph, so that its design resources can
be searched and combined by a computer algorithm based on
the functional requirement.

Design resource graph

Design resource graph is a data model of the distributed design
resource environment. It records the design resources and their
connections as shown in Figure 4. However, the connections in
the design resource graph are not necessarily complete. In this
design resource graph, the connection from DR43 to DR44 is
incomplete because the third input of DR44 is not matched by
any output of DR43. This flexible and slack constructive
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Table 2. Operating steps of the design resource chain generating algorithm and the corresponding changes of the generated design resource chain

Step Current DR chain Description

1 (4] In the beginning, the current DR Chain is empty.

2 DR1 Set one of the starting DRs as the 1st DR of the current DR Chain.

3 DR1>DR4 Find DR1’s successors, and set one of them as the 2nd DR of the current DR Chain.

4 DR1>DR4>DR7 Find DR4’s successors, and set one of them as the 3rd DR of the current DR Chain.

5 DR1>DR4>DR7>DR11 DR7 has only one successor, so set this successor as the 4th DR of the current DR Chain.
6 DR1>DR4>DR7>DR11>DR15 DR11 has only one successor, so set this successor as the 5th DR of the current DR Chain.
7 DR1>DR4>DR7>DR11>DR15>DR12 DR15 has only one successor, so set this successor as the 6th DR of the current DR Chain.
8 DR1>DR4>DR7>DR11>DR15>DR12>DR13 DR12 has only one successor, so set this successor as the 7th DR of the current DR Chain.
9 DR1>DR4>DR7>DR11>DR15>DR12 The length of the current DR Chain exceeds the limitation (6 DRs), so remove the last DR.
10 DR1>DR4>DR7>DR11>DR15 DR12 has no other successor, so remove it.

11 DR1>DR4>DR7>DR11 DR15 has no other successor, so remove it.

12 DR1>DR4>DR7 DR11 has no other successor, so remove it.

13 DR1>DR4 DR7 has no other successor, so remove it.

14 DR1>DR4>DR8 DR4 has another successor, so set this successor as the 3rd DR of the current DR Chain.
15 DR1>DR4>DR8>DR12 DR8 has only one successor, so set this successor as the 4th DR of the current DR Chain.
16 DR1>DR4>DR8>DR12>DR13 DR12 has only one successor, so set this successor as the 5th DR of the current DR Chain.
17 DR1>DR4>DR8>DR12>DR13>DR16 Find DR13’s successors, and set one of them as the 6th DR of the current DR Chain.

18 DR1>DR4>DR8>DR12>DR13 DR16 has no successor, so remove it.

19 DR1>DR4>DR8>DR12>DR13>DR17 DR13 has another successor, so set this successor as the 6th DR of the current DR Chain.
20 DR1>DR4>DR8>DR12>DR13 DR17 is the ending DR, so output the current DR Chain as a result, and then, remove the last DR.
21 DR1>DR4>DR8>DR12 DR13 has no other successor, so remove it.

22 DR1>DR4>DR8 DR12 has no other successor, so remove it.

23 DR1>DR4 DR8 has no other successor, so remove it.

24 DR1 DR4 has no other successor, so remove it.

25 DR1>DR5 DR1 has another successor, so set this successor as the 2nd DR of the current DR Chain.
26 DR1>DR5>DR8 DR5 has only one successor, so set this successor as the 3rd DR of the current DR Chain.
27 DR1>DR5>DR8>DR12 DR8 has only one successor, so set this successor as the 4th DR of the current DR Chain.
28 DR1>DR5>DR8>DR12>DR13 DR12 has only one successor, so set this successor as the 5th DR of the current DR Chain.
29 DR1>DR5>DR8>DR12>DR13>DR16 Find DR13’s successors, and set one of them as the 6th DR of the current DR Chain.

30 DR1>DR5>DR8>DR12>DR13 DR16 has no successor, so remove it.

31 DR1>DR5>DR8>DR12>DR13>DR17 DR13 has another successor, so set this successor as the 6th DR of the current DR Chain.
32 DR1>DR5>DR8>DR12>DR13 DR17 is the ending DR, so output the current DR Chain as a result, and then, remove the last DR.
33 DR1>DR5>DR8>DR12 DR13 has no other successor, so remove it.

34 DR1>DR5>DR8 DR12 has no other successor, so remove it.

35 DR1>DR5 DR8 has no other successor, so remove it.

36 DR1 DR5 has no other successor, so remove it.

37 7] DR1 has no other successor, so remove it.

38 DR3 Set another starting DR as the 1st DR of the current DR Chain and repeat the above process.

The design resource graph is shown in Figure 4. DR1 and DR3 are the starting design resources, and DR17 is the ending design resource. The limitation of the generated design resource
chain’s length is 6 DRs.

configuration of design resource graph is suitable for the two-step  graph with a computer algorithm which is proposed in the Design
construction of a design resource combination. In the first step, a  resource chain generating algorithm section. This chain is com-
chain of design resources is searched out from the design resource  pletely connected with the functional requirement via its starting
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Fig. 7. Illustration of the operating steps of the design resource chain generating algorithm.
A systematical transformation from FR to DP
within the distributed design resource environment
Analysis of the T = -
— > Design resource feature |———
current DPs L g f
Design resource graph (Distributed
design resource environment)
Design resource chain v
i ; N DP
generating algorithm v :I
| Design resource  |—————
Design resource graph (Distributed
design resource environment)
Assistant design =
resources v buf:mrdmd
L] Design resource chain \\5 Inputs
generating algorithm
| Design resource Chain |———
! Design resource Combination |
Fig. 8. Systematical transformation from the functional requirements to the design parameters.
design resource as the upstream design resource and the ending Assume the chain signed in Figure 4, that Iis,

design resource as the downstream design resource. Meanwhile,
the connections among its component design resources are not
necessarily complete, so that there is the possibility of adding
assistant design resources into this chain and improving it into
a non-chain-shaped design resource combination in the second
step. Therefore, the structures of constructed design resource
combinations are not limited as chains, which flourishes the
diversity of the construction’s results.
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DR1-DR5-DR8—DR12—-DR13—-DR17, is obtained in the
first step, and its detailed input/output matching situation is
shown in Figure 5. In this chain, there are three unmatched design
resource inputs, that is, the first input of DRS5, the first input of
DRS, and the second input of DR17. This design resource chain
cannot achieve the functional requirement unless these inputs are
all matched. Therefore, six assistant design resources are found
out from the design resource graph, and added into the design
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Fig. 9. Computer-aided approach for the mapping from the functional domain to the physical domain.
Table 3. Detailed information of FRO
Functional requirement Input and output vectors Inputs and outputs
Name Features
Name Value range Unit
X Sunlight Illumination intensity [60,000, 100,000] Ix
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
Energy density [800.0, 1200.0] W/m?
o X'F(,f()] River flow Flow velocity [0.8, 2.0] m/s
Xero
X Flow rate [0.65, 1.87] m3/s
N 0
Xiro = | X2 el Daily garbage Water content [15.0, 85.0] %
FRO i —
FRO Particle diameter [0.5, 800.0] mm
I
XF(F?O X|(4) Mai . 3
RO aize straw Density [800.0, 1400.0] kg/m
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
Caloricity [3700.0, 5000.0] kcal
X2 Organic food Null
Y0 _ 10 o(1) . .
Xrro = [Xero ] Xrro Natural leisure services Null

resource chain, so that the three inputs are matched, and the final
non-chain-shaped design resource combination is formed.

As mentioned in the Design resource graph section, a computer
algorithm is proposed in this study to generate design resource
chains from the design resource graph. These chains’ starting
and ending design resources should completely connect with
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the functional requirement, which means only some of the design
resources in the design resource graph can play the role of the
starting and ending design resources. Therefore, the following
two criteria are proposed to determine whether a design resource
can serve as the starting or ending design resource of the gener-
ated design resource chain (DR Chain).

DR Chain Criterion 1

For a design resource, if all its inputs can be matched by
the inputs of the functional requirement, it can be determined
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Inputs

Hame Edit features
Sun light Edit
River flow Edit
Daily garbage __EE__E N
Maize straw Edit
Organic food Ea.it

| Add input I l Delete input |

Outputs

Edit features
Edit

Hame

Natural leisure services

| Add output [ |1'Ielete output |

||

I Hext

Cancel ]

Fig. 10. Inputting FRO into ADS-DDRE.

as a starting design resource of the generated design resource
chain.

DR Chain Criterion 2

For a design resource, if all the functional requirement’s out-
puts can be matched by its outputs, it can be determined as an
ending design resource of the generated design resource chain.

During the design resource chain generating algorithm, all the
starting and ending design resources should be found out first,
and then, the next work is about figuring out design-resource-
formed paths bridging any pair of starting and ending design
resources. This process can be described as the following steps:

Step 1. In the beginning, the generated design resource chain
is empty. Add one of the starting design resources into the gener-
ated design resource chain as the 1st design resource.

- o

L=

DPO for FRO

Component DRs
Humber

Design parameters

Successors

| No DP found for this FR click here to decompose this FR |

[ HNext

|| Cancel |

Fig. 12. No proper design parameter is found for FRO.

Step 2. Find out all the successors of the 1st design resource,
and add one of them into the generated design resource chain
as the 2nd design resource.

Step 3. Keep on finding the successors of the generated design
resource chain’s last design resource, so that the chain keeps grow-
ing longer.

Step 4. Interrupt the design resource chain’s growth when one
of the following three situations occurs.

(1)
2)
3)

The length of the generated design resource chain exceeds the
limitation which is set to avoid overlong design resource chains.
The generated design resource chain’s last design resource has
No SUCCESSOr.

The generated design resource chain’s last design resource is
an ending design resource.

Among these three situations, only the last one indicates that a
proper design resource chain is found successfully. So, the gener-
ated design resource chain should be outputted as a result.

Step 5. After the interrupt mentioned in Step 4, the generated
design resource chain’s last design resource should be removed. If
the generated design resource chain’s new last design resource has

o 10 features
Hame Yalue range Unit
» Illumination intensity (60000, 100000] 1x
Color temperature (s000. 0, 7000.0) K
Frequency [510.0,530.0) Hz
Energy density (800.0, 1200.0] W/m2

| Add feature | | Delete feature |

| 0K

||

Cancel | !
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Fig. 11. Editing the features of FR0’s inputs and outputs.
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Table 4. Detailed information of FRO1 and FR02
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Functional requirement

Input and output vectors

Inputs and outputs

Name Features
Name Value range Unit
x4 Sunlight Illumination intensity (60,000, 100,000] x
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
Energy density [800.0, 1200.0] W/m?
X'F%())l X'Fg()n River flow Flow velocity [0.8, 2.0] m/s
. X2 Flow rate [0.65, 1.87] m3/s
o = || 248 i Daily garbage Water content [15.0, 85.0] %
FRo1 Xﬁgn Particle diameter [0.5, 800.0] mm
Xeor X'F(é(),l Maize straw Density [800.0, 1400.0] kg/m®
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
Caloricity [3700.0, 5000.0] kcal
X'F(Fft),l Organic food Null
X—,E’R; = XS] xou Natural residence Null
b8 Sunlight Illumination intensity [60,000, 100,000] x
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
Energy density [800.0, 1200.0] W/m?
X X2, River flow Flow velocity [0.8, 2.0] m/s
. XQ Flow rate [0.65, 1.87] m3/s
Aoz = | X8 X9, Daily garbage Water content [15.0, 85.0] %
FRO2 X}:fgij)z Particle diameter [0.5, 800.0] mm
Xevoo x4, Maize straw Density [800.0, 1400.0] kg/m*
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
Caloricity [3700.0, 5000.0] kcal
X'F(é’()n Organic food Null
;E:) = [Xgéé)z X?Fgé)z Natural diet Null

another successor, keep lengthen the chain toward another direc-
tion, and if not, this new last design resource should also be
removed.

Step 6. Keep on doing Step 3-5, so that the generated design
resource chain could be lengthened and shortened in turn, and
finally, it becomes empty again.

Step 7. If there are still other starting design resources in the
design resource graph, add one of them into the generated design
resource chain as the 1st design resource and repeat Step 2-6.

Step 8. Keep on doing Step 7, until there is no other starting
design resource rest.

These algorithm steps are concluded into a flow diagram
shown in Figure 6.

To illustrate the above algorithm in detailed case, here take the
design resource graph shown in Figure 4 as an example. Assume
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that DR1 and DR3 are the starting design resources, and DR17 is
the ending design resource. Set the limitation of the generated
design resource chain’s length as 6 DRs. The operating steps of
the algorithm and the corresponding changes of the generated
design resource chain are shown in Table 2, and the operating
steps are also shown in Figure 7 for a visual representation.

With the above proposed design parameter classification, design
resource graph, design resource chain generating algorithm, and
design resource combination construction, a systematical trans-
formation from the functional requirements to the design param-
eters is formed within the distributed design resource
environment as shown in Figure 8.
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Table 5. Detailed information of FRO11, FR012, FR013, FR021, and FR022
Functional requirement Input and output vectors Inputs and outputs
Name Features
Name Value range Unit
X Sunlight Illumination intensity [60,000, 100,000] x
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
Energy density [800.0, 1200.0] W/m?
A X'F(Rgn River flow Flow velocity [0.8, 2.0] m/s
. XE(EEE Flow rate [0.65, 1.87] m3/s
o = || 288k D Daily garbage Water content [15.0, 85.0] %
FRO11 X:F(ét)m Particle diameter [0.5, 800.0] mm
XF(R())M X'F(égu Maize straw Density [800.0, 1400.0] kg/m®
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
Caloricity [3700.0, 5000.0] kcal
X'F(Sg,u Organic food Null
% = X3, X2 Natural illumination lllumination intensity [30, 300] Ix
Color temperature [3500.0, 5000.0] K
DAL Sunlight Illumination intensity [60,000, 100,000] Ix
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
Energy density [800.0, 1200.0] W/m?
X'F(,%m Al River flow Flow velocity [0.8, 2.0] m/s
XQ Flow rate [0.65, 1.87] m3/s
Xieorz = | X&), Dl Daily garbage Water content [15.0, 85.0] %
FrO12 X:F(ét)nz Particle diameter [0.5, 800.0] mm
XF(R()HZ X'F(égu Maize straw Density [800.0, 1400.0] kg/m®
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
Caloricity [3700.0, 5000.0] kcal
X}L(S(),u Organic food Null
% = [XER%)H] X%é)n Heating Thermal power [30, 45] w
xa . Sunlight Illumination intensity [60,000, 100,000] Ix
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
) Energy density [800.0, 1200.0] W/m?
. XE(EEE xa . River flow Flow velocity [0.8, 2.0] m/s
FRO13 Xieos = | X&) . Flow rate [0.65, 1.87] m?/s
X:Fiiéu X'F%B Daily garbage Water content [15.0, 85.0] %
Xerons Particle diameter [0.5, 800.0] mm
X Maize straw Density [800.0, 1400.0] kg/m?
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
(Continued)
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Table 5. (Continued.)

Bin Chen et al.

Functional requirement

Input and output vectors

Inputs and outputs

Name Features
Name Value range Unit
Caloricity [3700.0, 5000.0] kcal
S Organic food Null
% = [X,?R%)B] X,?R%)13 Municipal electricity Voltage 220 v
Frequency 60 Hz
Phase number 3 Null
X Sunlight Illumination intensity [60,000, 100,000] Ix
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
Energy density [800.0, 1200.0] W/m?
e X2, River flow Flow velocity [0.8, 2.0] m/s
X2 Flow rate [0.65, 1.87] m3/s
Xpoz = | XS0 X Daily garbage Water content [15.0, 85.0] %
FrO21 Xl:fg())nl Particle diameter [0.5, 800.0] mm
Kevoar X Maize straw Density [800.0, 1400.0] kg/m?
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
Caloricity [3700.0, 5000.0] kcal
X,':%n Organic food Null
;g; = [X?é(l,)ﬂ] X?éé)n Fuel gas Heating capacity [20.0, 25.0] MJ/m?
X Sunlight Illumination intensity [60,000, 100,000] x
Color temperature [5000.0, 7000.0] K
Frequency [510.0, 530.0] Hz
Energy density [800.0, 1200.0] W/m?
X'F%()m X River flow Flow velocity [0.8, 2.0] mis
. Xlr(éézz Flow rate [0.65, 1.87] m°/s
X = | X8, Al Daily garbage Water content [15.0, 85.0] %
FRO22 X:Fg;zz Particle diameter [0.5, 800.0] mm
Kooz X'F(él))zz Maize straw Density [800.0, 1400.0] kg/m?
Ash content [1.0, 10.0] %
Water content [2.0, 15.0] %
Caloricity [3700.0, 5000.0] kcal
X9, Organic food Null
X0 = X0 1 PO Healthy diet Null

As shown in Figure 8, for a functional requirement, there are
three possibilities for the process of finding its proper design
parameter. Firstly, current design parameters (design resource
combinations or design resources) can be analyzed, if there is
any design resource feature can achieve this functional require-
ment, this design resource feature is the proper design parameter.
If there is no proper design resource feature found, the design
resource chain generating algorithm should be executed by the
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computer within the design resource graph, so that the design
resource or design resource combination can be generated to
achieve the functional requirement. At this time, this design
resource or design resource combination is the proper design
parameter. But, if there is still no proper design resource or design
resource combination found, the zigg-zagging should be kept on,
which means this functional requirement should be decomposed
just as mentioned in the traditional AD theory. The whole process


https://doi.org/10.1017/S0890060419000283

Artificial Intelligence for Engineering Design, Analysis and Manufacturing

FROIL  FRO12 |FROI3 |FRO21 |FROZ2 |

P alternative 1 Inr alternative 2}

FROLl |FROlz | FROIS | FRO21 | FROZZ |

IF alternative 2

Successors
Solar tracker
Condenser

Optical fiber

Optical fiber

Concave lens

Concave lens

Diffuse reflector

Diffuse reflector

Hatural illumination

(FRO11" s sutput)

Successors
Solar tracker
Condenser

rst

Reflecting mirror assembly

Reflecting mirror
asseably

Diffuse reflector

Diffuse reflector

linunl illumination
11's om)

Fig. 13. Alternative design parameters for FRO11.

FROL1 | FROIZ | FROI3 | FRO2Y

DF alternative 4 | DF alternative §

Componant DRs

I alternative |

FROIL | FROIZ |PROI3 | PROZ1

ive 5

Component DRs

IE Suscessors

Straw boiler Heating supply unit

DP alternative 4 | DP ol
D2 ddternative 1| BF alternative 2 3P dtwrmative 3|

Crushing machine

Heating supply unit Heating supply netwerk

Successors
Crushing machine

Organio degradation tank

Organiec degradation tank

Heating supply network Heating (FROIZ s sutput)

Filter

Filter

Biogas digester

Biogas digester

Biogas coabustion chanber

I:ﬁm:reulutin

Heating supply unit

Heating supply wnit

Heating supply network

Heating supply network

Heating (FROIZ' 5 output)

DF alternative 4 | DP alternative §

DF alternative 3

Lmu 'mg FRO1Z [mz: |m|

Successors

Neterlock

Raterlock Water turbine

Fater tubine AC alternator

Potential transformer, Flow
speed controller

AC alternator

Potential transformer  |Air conditioner
Air conditioner Heating (FEO12Z' s output)
Flow speed controller  |Waterlock

[mu FROIZ m:s 1 |[

FROIL | FRO1Z [mns |m1 |m

1| 0P alternati

[T altermati

P &l

0 drenative s

z|oe a ive 3|

DF alternative 1 | DF alternative 2 | P alternative Si
ive 5

Successors

Condenzer

Solar panel

Solar panel

Inverter, Light intensity
sontroller

Trvrerter

Air conditioner

Air condi tioner

Heating (FRO1Z' s output)

Light intensity

controller

Condenser

IF al ive 4 OF al

Ceaponent DRs

IR Sucoessors

Crushing machine

Crushing machine Organic degradation tank

Organic degradation tank [Filter

Filter Biogas digester

Biogas digester Biogas conbustion chasber

ﬂm‘;“m'i“ Stesn turbine

Stews turbine AC alternator

i o Potential £,
|Potential transformer  |Air conditioner

Air conditioner Heating (FROIZ s output)

Fig. 14. Alternative design parameters for FRO12.

https://doi.org/10.1017/50890060419000283 Published online by Cambridge University Press

95


https://doi.org/10.1017/S0890060419000283

96 Bin Chen et al.

FEO1L |FRO1z | FROIS FRozi | Fmogz

P al ive 1| DP alternative 2 DF ol ives|

Ceaponent DRs

| FROIL |FEO12 | FROI3  pRZ1 | FROZZ |

IF al ive 1| DF ol ive 2 |IF al ive 3

[FRoul [FRoiz | FEOIS pmo21 | Fmoze |

0P ol ive 1 [DP ol ive 2 [IF ol ive 3
Coaponent DRs

Succezzors

Successors

Barrage Waterlock Condenser Crushing nachine Organic degradation tank
¥aterlock Fater turbine Selar panel Organic degradation tank Filter
Water turbine AC alternater Iwrg:ﬁ, Light intensity Filter Biogas digester
v cond e s S - =

IC dtarsator :ol:al::‘trh-d?::mw. Flow R Maiciil duEiaty |i“‘“ digester Biogas coabustion chamber

Menteiod deetricl (FEDIS s output) Biogss conbustion P
Potantial transformer del AoErbaLey Light intensity sl nm e

(FROIF 5 output) t"ﬁ“m“ ¥ Condenser =
Flow spesd controller  Faterlock e St tarhine o _.1_“:.:1“ Py

e ectrici
AC alternator (FROIT 5 output)

< >

|FRO11 | FRO12 | FROI3 | FROZ1 | FRo2Z | |FRO11 | FRO12 | FROI3 | FROZ1 | FRO2Z |

DP alternative 1 lnr alternative 2 DP alternative ! DP alternative 2

Component DRs

Successors Successors

third input) Crushing machine " = = Straw gasification furnace

Crushing machine Organic degradation tank %:::,E“iﬁ“ﬁm Fuel gas (FROZ1 s output)
Organic degradation tank |Filter

Filter Biogas digester

Biogas digester Fuel gas (FROZ1' s output)

Fig. 16. Alternative design parameters for FR021.

now can be concluded as a computer-aided approach for the

mapping from the functional domain to the physical domain as Level 3: |:F R11i| = |:

shown in Figure 9. FR12
During the zigg-zagging, the design equations in all the levels

should be written down, and the design matrices should be

checked with the independence axiom, so that the coupled rela-

X 0 (| DP11
0 X ([ DP12

}, FR21 = [X]DP21, (43)

tionship between functional requirements and design parameters Level 4: FRI1L| _ | X 0 || DPI11 FR121
can be avoided. Here, in this case, if this mapping meets the inde- | FR112 0 X ||DP112 | | FR122
pendence axiom, its design equations should be as follows: [ X 0 i| |:DP121:|
= . (44)
Level 1: FR = [X]DP, (41) 0 X][DP122
Now, this mapping is a feasible mapping. Additionally, if there
is more than one mapping obtained, the alternatives should be
Level 2: [FRI] - [X 0 ] [DP] i|, (42) tested by the information axiom, so that the optimal one can be
FR2 0 X ]| DP2 picked out.
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Fig. 17. Alternative design parameters for FR022.

To prove the feasibility of this proposed computer-aided
approach, a software prototype called the ADS-DDRE is estab-
lished. ADS-DDRE’s root database is set on several central ser-
vers, and its client part can be configured on personal computers.
Design resource providers distributed in different locations, insti-
tutes, and disciplines can publish their design resources on the
Internet by the client part, and the design resources’ data is stored
in the root database as a design resource graph. Designers can
visit the root database through the client part, and complete the
data processing work, including design resource searching, design
resource chain generating, and design resource combination con-
structing, within the design resource graph by the proposed design
resource chain generating algorithm. Next, a natural leisure hotel is
designed by ADS-DDRE as an example.

This natural leisure hotel is aimed to take full advantages of the
natural resources, like the sunlight, the river flow, the daily gar-
bage, the maize straw, and the organic food, to supply natural

leisure services for the customers. This functional requirement
can be expressed as FRO shown in Table 3.

After figure out the functional requirement, FRO, the designers
should start ADS-DDRE’s client part and input FRO as shown in
Figure 10. Then, the features of FRO’s inputs and output should be
edited as shown in Figure 11. Click the “Next” button to start
searching for FRO’s design parameter. However, no proper design
resource or design resource combination is found, as shown in
Figure 12.

Therefore, concretize “natural leisure services” into “natural
residence” and “natural diet”, so that FRO can be decomposed
into FRO1 and FR02 as shown in Table 4.

Now, input FRO1 and FR02 into ADS-DDRE and try to find
their design parameters. However, there is still no result. So, the
zigg-zagging should go on, FROl and FRO02 should be further
decomposed. As for FRO1, to make the customers feel comforta-
ble in the residence, this hotel should supply natural illumination,
heating, and municipal electricity. So, FRO1 can be decomposed
into FRO11, FRO12, and FRO13. As for FRO2, the customers
need a healthy diet, which comes from a professional kitchen
with enough fuel gas supplement. Thus, FR02 can be decomposed
into FR021 and FR022. The detailed information of FRO11,
FRO12, FRO13, FR021, and FR022 is shown in Table 5.

Input these five functional requirements into ADS-DDRE and
begin to search the corresponding design parameters. This time,
some alternatives can be found for each functional requirement
as shown in Figures 13-17.

Based on the tables shown in Figures 13-17, the design
parameter alternatives for FRO11, FR012, FRO13, FR021, and
FR022 can be described by the intuitionistic diagrams shown in
Figures 18-22.

There are many design parameter alternatives found by
ADS-DDRE for the functional requirements, that is, two for
FRO11, five for FR012, three for FR013, two for FR021, and one
for FR022. Therefore, the final design parameter for this design
case should be one of the combinations of these five groups of
design parameter alternatives, which meets the independence
axiom and information axiom the most.

There are 60 (2 x5 x 3 x2x1=60) design parameter alterna-
tive combinations here in total. First, figure out their design
matrices and test them with independence axiom.

The design equations of the 60 design parameter alternative
combinations are shown in Table 6. There are 12 design
parameter alternative combinations go through the independence
axiom test, so all of them are decoupled.

To select the optimal one from the 12 design parameter alter-
native combinations, their component design resource number
should be figured out, as shown in Table 7.

DP alternative 1 for FR011
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reflector

FROI1's output
Natural illumination

'
| Condenser

| Concave lens }—T

DP alternative 2 for FRO11
Diffuse

FROI1's output
Natural illumination

FRO11's I" input Solar
Sun light tracker _— reflector
Reflecting mirror |

assembly

Fig. 18. Design parameter alternatives for FRO11.
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DP alternative 1 for FR012
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Fig. 19. Design parameter alternatives for FR012.

DP alternative I for FR0OI3
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Fig. 20. Design parameter alternatives for FR013.

Here, the design parameter alternative combination, C32, con-
sists of the least design resources, which means it contains the
least information. Based on the information axiom, here should
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take C32 as the optimal design scheme as shown in Figure 23.
In this design solution, there are five design parameters in total,
that is, DP011 for FRO11, DP012 for FRO12, DP013 for FRO13,


https://doi.org/10.1017/S0890060419000283

Artificial Intelligence for Engineering Design, Analysis and Manufacturing

99

DP alternative 1 for FR021
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Fig. 21. Design parameter alternatives for FR021.

DPO021 for FR021, and DP022 for FR022. Among them, DP021
and DP022 are design resources, and DP011, DP012, and
DP013 are design resource combinations.

Compared with other AD methods, this proposed approach has
two unique advantages:

(1) This approach is constructed on a classification of design
parameters proposed in this study. In the former researches,
the classification of design parameters is not paid enough
attention to. With a good classification, the constructive gran-
ularities of the design parameters can be distinguished, so that
their constructing process can be subtly analyzed, decom-
posed, and finally computerized into an executable algorithm.
Furthermore, this classification can also be introduced into
the software design (the three kinds may correspond to soft-
ware packages, modules, and features), healthcare system
design, manufacturing system design, and other design mis-
sions not limited in the domain of product design. In the
future works, this part of work will be carried on to contrib-
ute to AD theory.

(2) This approach automates the transformation from the func-
tional requirement to the design parameters. In the former
AD methods, there are mature tools for the decomposition
of the functional requirement; however, the transformation
from the functional requirement to the design parameters
still largely relies on the designers’ own knowledge, experi-
ence, and inspiration. The data model of distributed design
resource environment, design resource graph, is proposed to
offer a running space for a proposed computer-executable
algorithm, which takes the data processing workload of
design parameter obtaining.

(3) This approach introduces the distributed design resource
environment into the AD theory. In the former AD methods,
all the raw materials for the design mission are assumed

DP alternative 1 for FR022

FR022's 5" intput FR022's output
Healthy diet

Organic food

Fig. 22. Design parameter alternatives for FR022.
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accessible for the designers, which means a limitation of
design resources is premised considering the designers’ own
knowledge, experience, sociality, and capability. In this
approach, all the raw materials for the design mission are
assumed coming from the distributed design resource envi-
ronment, which consists of numerous design resources
from different locations, institutes, and disciplines. So, the
contradiction between the designers’ increasingly innovative
design conception and the limitation of their access to rich
design resources and powerful computing capacity can be
alleviated.

This approach also has limitations which still need further

work.

(1)

2)

This approach may lead to a combinatorial explosion in the
possibilities. The diversity of the design solution comes
from two places in this study. First, the design resources
used to construct the design solution come from the distrib-
uted design resource environment, which means their quan-
tity is very large. Second, there may be many different
combining structures consisting of the same group of design
resources. Furthermore, as the quantity of the design
resources increases, the quantity of the possible structures
also grows increasingly faster. Indeed, diversity is positive
for the promotion of the design innovation but that should
be supported by the fitting data processing capability of the
computing strategy. Therefore, in the future works, the con-
current multiprocess computing strategy will be considered
as an improvement for the current algorithm because its com-
puting resource scale can also be expanded as the increasingly
growing distributed design resource environment.

This approach still lacks an evaluating system for the design
parameters. As mentioned above, with the distributed design
resource environment, the quantity of alternative design
parameters for a functional requirement may be very large.
Thus, there should be an evaluating system to help the
designers investigate the alternatives. In the future work, an
evaluating system will be considered established to rank the
design parameters based on their performances according
to the design constraints, like price, weight, size, environ-
mental protecting capability, using comfort, etc.

In this paper, a computer-aided approach is proposed to improve
the AD theory with the distributed design resource environment.
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Table 6. Design equations of the design parameter alternative combinations

Bin Chen et al.
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“DPA” is short for “Design parameter alternative”.
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Table 7. Design resource number of the 12 design parameter alternative combinations

Bin Chen et al.

DPA Combination FRO11 FRO12 FRO13 FRO21 FRO22 DR number
C1 DPA1 DPA1 DPA1 DPA1 DPA1 19
C2 DPA1 DPA1 DPA1 DPA2 DPA1 16
C6 DPA1 DPA1 DPA3 DPA2 DPA1 17
Cc8 DPA1 DPA2 DPA1 DPA2 DPA1 20
C18 DPA1 DPA3 DPA3 DPA2 DPA1 21
C26 DPA1 DPA5 DPA1 DPA2 DPA1 22
C31 DPA2 DPA1 DPA1 DPA1 DPA1 18
C32 DPA2 DPA1l DPA1l DPA2 DPA1l 15
C36 DPA2 DPA1 DPA3 DPA2 DPA1 16
C38 DPA2 DPA2 DPA1 DPA2 DPA1 19
C48 DPA2 DPA3 DPA3 DPA2 DPA1 20
C56 DPA2 DPA5 DPAl DPA2 DPA1 21
- DPO11 for FROII
’, ST - [
FRo11's I Hpat Solar tracker Diffuse reflector : FROI{ 2 tm.!pm.
Sun light Natural illumination
Condenser | Reflecting mirror assembly |
DPO12 for FRO12
To 4 r - T
FRMZ‘ 34_' input o Sn:ﬂw Heuting swoply st Heating s:t_i_l:ip.‘[l | FROI2's .w.rrpm
Maize straw boiler network Heating
DP013 for FROI3
Water Potential FR013's output
FROI3's 2 input oy Farertoei] turbine transformer Municipal electricity
River flow i = =
Flow speed controller
DP021 for FR02I
FRO21's 4™ input [Siraw gasification furnace | FR021's output
Maize straw ' £ ] Fuel gas
DP022 for FR022
FRO22's 5" intput 1 FRO22's output
4 = Chef team £
Organic food Healthy diet

Fig. 23. Final design solution.

It is aimed to help designers with the mapping from the func-
tional domain to the physical domain. A classification is proposed
to distinguish the constructive granularities of the design param-
eters into three levels, that is, design resource, design resource fea-
ture, and design resource combination. Therefore, a systematical
transformation from the functional requirement to the design
parameter is constructed with a computer-executable algorithm,
which searches and combines the design resources in the design
resource graph (a data model proposed for the distributed design
resource environment). This systematical transformation is
embedded into the zigg-zagging, so that a computer-aided
approach is formed for the mapping from the functional domain
to the physical domain. Finally, to prove the feasibility of this pro-
posed approach, a software prototype called ADS-DDRE is estab-
lished, and a natural leisure hotel is designed as an
implementation case.
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