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Abstract. Existing products that contain a large amount of design information and 

experience are often used as analogies when designing products, which will 
improve design efficiency. This is a challenge for designers to choose the most 
suitable analogy source from the case library. Function is the core of a product, and 
the similarity between functions often inspires creative ideas. This paper proposes a 
product design method based on functional similarity. An integrated functional 
modeling method is proposed, which combines four basic functional models into a 

unified symbolic model. The symbolic model is expressed in matrices and vectors 
for ease of calculation. A semantic-based method for calculating product functional 
similarity has been proposed. A transformable tire is designed using the proposed 
method in a case study. 
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1 INTRODUCTION 

In design activities, analogical sources can inspire designers to generate high-quality ideas. When 
multiple cases are retrieved, choosing the appropriate one as an analogical source is essential. 
Time and workforce are wasted if we traverse all cases. Meanwhile, it is not easy to ensure the 
generation of high-quality ideas if a random case is chosen to inspire the designer. The functions 

of a technical system are designed based on user needs[18]. A function describes the product's 
purpose and the conversion between energy, materials, and information[12]. Similar functions can 
meet similar user needs. The analogical source has a function that is more similar to the design 
problem; the design solution is closer to user needs. Therefore, this research will focus on 

selecting a case that is most similar in function to the design problem. 
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Functional description is in textual form, which is an abstraction of the principles of function. 
Functional description is composed of semantics and syntax, and the design intention in a specific 
design scenario can be accurately summarized by it[15]. Therefore, the text similarity between 
two functional descriptions can represent the similarity between the two functions. The calculation 

of text similarity is a fundamental research in computer science, which has been widely applied in 
various fields such as natural language processing, text clustering and classification, intelligent 
retrieval, automatic translation, and word meaning analysis [14]. However, a systematic method 
to calculate functional similarity needs to be improved. A modeling method for functional models 
has been proposed to solve the problem mentioned above. The functional models include symbol 
models, matrix models, and vector models. The advantage of the symbolic model is that it can 
represent the four basic functional models and information such as operations, flows, and 

properties in the functions. The advantage of matrix and vector models is that they can divide the 

symbol model into nine units and make the similarity of each unit easy to calculate. Text similarity 
is introduced to calculate the similarity of those text units. The calculation method for property 
values has also been proposed. Therefore, the innovative contribution of this paper is a proposal of 
an integrated model and a functional similarity calculation method based on it. The similarity 
between the two products can be calculated using the proposed method. The selection of analogy 

sources also has methodological support. Finally, a transformable wheel is designed to verify the 
method. 

2 RELATED RESEARCH 

Product design includes four stages: design planning, conceptual design, technical design, and 
detailed design[7]. The systematic design theory proposed by Pahl and Beitz provides a detailed 
description of the four stages mentioned above and explains how the functions are implemented 

step by step [20]. The V-shaped model in systems engineering is also widely used and has two 

arms. One arm represents the top-down decomposition of the functional level, and the other 
represents the bottom-up integration of the physical level [13]. The design space is divided into 
four domains in design order: requirements domain, functional domain, structural domain, and 
process domain. Each adjacent domain is mapped through a Z shape. The independence of 
functional requirements is beneficial for product design [10]. Gero [4] proposed the Function-
Behavior-Structure(F-B-S) model, which uses behavior as a ladder to make the mapping from 
function to structure more reliable. Conversely, physical structure can be abstracted into function 

through behavior. Introducing environmental constraints in the F-B-S model will make it closer to 
reality [19]. The Structure-Behavior-Function (S-B-F) model can be used as a programming 
language to model complex systems[6]. Many ways of functional modeling have received 
widespread attention, and some computer-aided design software has also begun to focus on 
functional modeling[3]. The functional model that describes the purpose of a product is one of the 

most widely used models in design. Building a functional model will help to retrieve available cases 

and inspire analogical design [37]. These design methods all focus on function. People need the 
product's function rather than the product itself. Therefore, function is one of the most critical 
factors designers must consider. 

Artificial intelligence technology is increasingly being applied in product design. Semi-
supervised automatic methods are used to study the literature research on artificial intelligence in 
industrial design. Six intellectual cores were proposed, including (i) supply chain perspectives on 
product design and innovation, (ii) manufacturability and performance of the new product 

development, (iii) intelligent tools and systems for industrial design and engineering, (iv) applied 
intelligence for product and service innovation, (v) industry 4.0 technologies for design and 
manufacturing, and (vi) blockchain-enabled artificial intelligence in industry 4.0 [29]. The 
principles of artificial intelligence algorithms can be applied to the design, manufacturing, testing, 
and assembly processes of physical products. Moreover, it can build a design repository to support 

the entire development process [33]. Artificial intelligence is introduced in the preliminary design 
stage, conceptual design stage, problem definition stage, detailed design stage, and design 
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communication stage [23]. The uncertainty of user needs will make the evaluation process of 
design solutions complex and costly [34]. The introduction of intelligent methods can reduce the 
complexity and cost of the evaluation process [25]. The research in this paper is mainly in the 
conceptual design stage, laying the foundation for intelligent selection of analog sources. The 

combination of artificial intelligence, computer-aided design, and computer-aided engineering can 
achieve the conceptual design of wheels [16]. However, it did not mention how to find similar 
cases to assist in design. Neural network algorithms can decode three-dimensional objects into 
one-dimensional space, which helps evaluate the similarity of objects[9]. How to obtain suitable 
cases from a functional perspective still needs to be studied. If artificial intelligence algorithms can 
be applied to measure function design, it will increase the number of product design results and 
reduce design costs. 

The function is often not entirely new, and case-based reasoning is applying previous design 

experience or cases to solve new problems [24]. Cases with high availability can be accurately 
retrieved, which is helpful for the design process. The meaning of a product is to execute 
functions, and cases with similar functions are more likely to stimulate designers better. Cluster 
analysis is a popular data mining technique, and its application in case retrieval has attracted 
much attention [30]. The entire case library can be transferred to several smaller case libraries, 

where the cases are more similar. Therefore, by comparing with the design objectives, the most 
similar cases can be retrieved[36]. In product design, design cases with similar functions often 
play the role of heuristic design that inspires new ideas [8]. Cosine similarity measurement is 
widely used for screening potential targets from search results [26]. Functional description is in the 
form of text, so it is appropriate to measure functional similarity from the perspective of text.  

Similarity is defined as the commonness between two text snippets. The greater the 
commonness, the higher the similarity [31]. The research focus of semantic similarity calculation is 

to score the degree of similarity between the meanings expressed in two texts [21]. An extended 

similarity measurement framework has been constructed to map features to the field of 
information theory. A single method can achieve similarity calculation, but the stacking method 
can improve computational performance [17]. The goal of semantic similarity calculation is 
database integration, machine translation, semantic search, query expansion, and text 
classification [2]. Patents contain descriptions of functions. Patent similarity measurement is a 
fundamental component of patent analysis, which can effectively obtain technical intelligence, 

detect infringement risks, and evaluate whether it meets innovation standards [32]. A semantic 
analysis method based on entity and semantic relationships is proposed to evaluate patent 
similarity [1]. It will help calculate functional similarity. Similarity calculation has been applied in 
many fields, such as rapid diagnosis of faults in power grids [35]. In life sciences, semantic 
similarity calculation and machine learning methods can be used to retrieve relevant background 
knowledge [11]. Functional similarity calculation is also applied in the field of the software supply 

chain, which can assist designers in finding available code in open-source libraries [27]. The 

similarity of short texts is an essential component of natural language, and the similarity of long 
sentences is also based on it [22]. The functional description is composed mainly of short text, so 
the similarity calculation involved in this research is based on short text. Therefore, there is a lack 
of a functional similarity calculation method for product design. 

3 PROPOSED METHOD 

3.1 Establish the Integrated Functional Model 

There are many types of functional descriptions, and an integrated functional model helps to 
calculate functional similarity. The different conversion forms between input and output flows result 
in different types of functional descriptions, which can be classified into three types[15]: 

• Qualitative functional description 
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This type of functional description mainly expresses the essential changes between the input to 
output flows. This expression form is verb+noun or verb+noun+prep/conj+noun, such as input 
liquid or convert thermal energy into electrical energy. 

• Quantitative functional description 

This type of functional description mainly expresses changes in the properties of the flow. This 
expression form is verb+noun+noun, such as reduce the volume of gas. 

• Relationship transformation functional description 

This type of functional description mainly expresses the changes in relationships between 
flows. This expression form is verb+noun+prep/conj+noun, such as absorb dust in the air. 

There are four types of words in functional description: verbs, nouns, prep, and conj. Verbs 
refer to operations in functional description. Nouns refer to the flow and its properties, Preps, and 

cons refer to the relationship between flows and flows, and flows and properties. There are also 
functional relationships between operations and flows, operations and properties, which do not 
require preps or conjs to express. There are four types of functional models, as shown in Table 1. 

 

No. Functional models Explanation 

1 

 

Operation acts on flow B 

2 

 

Under the action of operation, flow A  is 

converted into flow B 

3 

 

Under the action of operation, the properties of 
flow A have changed 

4 

 

Under the action of operation, the relationship 
between flow A and flow B has changed 

 

Table 1: Four types of functional models. 

 

The above four types of functional models include four elements: operation, flow A, flow B, and 
property, as well as five relationships between them, as shown in Table 2. 

It is not easy to calculate the similarity between different types of functional models because 
they involve different elements and relationships. Therefore, this research proposes an integrated 

functional modeling method. Some elements and relationships exist in multiple functional models, 
while others only exist in one. An integrated functional modeling method should take into account 
all situations. The relationship between elements must be taken into consideration. There are four 
elements in the four models, and five combinations of elements have relationships, so an 
integrated model should have nine factors. Elements are represented by text, and relationships are 
represented by presence or absence. Four functional models are merged into one model and 
transformed into a matrix, further transformed into a vector, as shown in Figure 1. 
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category Symbols Explanation 

Elements 

 
Operation 

 
Flow A 

 
Flow B 

 
Property of Flow 

Relationships 

 
The effect of operation on a flow or a property 

 
The relationship between changes in flows 

 
The attribution relationship between a flow and a property 

 
The binary relationship between two flows 

 No relationship 

 
Table 2: Explanation of functional elements and relationships. 

 

 
 

Figure 1: Integrated functional modeling method 
 

In Figure 1, d11 represents flow A, d12 represents the relationship between flow A and flow B, d13 
represents flow B, d21 represents the relationship between flow A and its property, d22 represents 

the relationship between operation and flow A, d23 represents the relationship between operation 
and flow B, d31 represents property, d32 represents the relationship between operation and 
property, and d33 represents operation. Several examples of functional models that transform 
symbols into matrices and vectors are shown in Table 3. 

 

Symbols Matrices 

 

0 0 liquid

0 0 1

0 0 input
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thermal energy into electrical energy

0 1 1

0 0 convert

 
 
 
 
 

 

 

gas 0 0

of 0 0

volume 1 reduce

 
 
 
 
 

 

 

dust in air

0 1 1

0 0 absorb

 
 
 
 
 

 

 
Table 3: Examples of functional models that transform symbols into matrices and vectors. 

 

3.2 Calculate Functional Similarity 

The similarity calculation between two functions can be transformed into the similarity calculation 
between two vectors based on the process in Figure 1. The similarity between two vectors can be 
calculated using the cosine theorem. There are vectors Di=[di1, di2,..., di9] and Dj=[dj1, dj2,..., dj9], 
and their similarity can be calculated by Equation (3.1). 

 

9

1

( , )
( , )

9

ik jk
k

Sim d d
Sim ==


i j
D D

 (3.1) 

Where, Sim(di2,dj2), Sim(di4,dj4), Sim(di5,dj5), Sim(di6,dj6), Sim(di8,dj8) represent the similarity of 
relationships in the functional model, which can be calculated by Equation (3.2). 

 
1,   

( , ) 2,4,6,8
0,   

ik jk
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= =



i f  

i f  
 (3.2) 

The similarity of Sim(di1,dj1), Sim(di3,dj3), and Sim(di9,dj9) is calculated using text similarity. Text 
similarity calculation based on semantic dictionaries is one of the most popular methods. Various 

semantic dictionaries are available, such as Wordnet, Mindnet, Framenet, Chinese Concept 
Dictionary, and Synonym Dictionary. Based on the Synonym Dictionary, the "HIT IR-Lab Tongyici 
Cilin" has been developed, which includes massive words, clear classification, and easy calculation 
[14]. Therefore, it was chosen as the basis for calculating text similarity. The "HIT IR-Lab Tongyici 

Cilin" contains 77456 words, including 12 major categories, 95 medium categories, 1428 
subcategories, 4026 word groups, and 17817 atomic word groups. Each atomic word group has a 
unique semantic code, and different semantic codes represent different synonym entries. These 

classifications adopt a hierarchical tree structure, with increasing levels representing a more 
detailed portrayal of word semantics. The tree structure of "Harbin Institute of Technology Cilin" is 
shown in Figure 2. 

Different word tree layers have different encoding forms, with each word having an 8-digit 
encoding. The first digit is represented by a capital letter, representing the encoding of the first 
layer. The second digit is represented by a lowercase letter, representing the encoding of the 
second layer. The third and fourth digits are represented by decimal integers, representing the 

encoding of the third layer. The fifth digit is represented by a capital letter, representing the 
encoding of the fourth layer. The sixth and seventh digits are represented by decimal integers, 

representing the encoding of the fifth layer. The eighth digit is represented by "=", "#", and "@", 
representing the specific encoding of word classification. "=" represents "synonymous", and there 
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are synonyms in the dictionary. "#" represents "related"; there are no synonyms in the dictionary, 
but there are related words. "@" represents "closed" or "independent," and there are no synonyms 
or related words in the dictionary [28]. 

 

 

 
Figure 2: The tree structure of "Harbin Institute of Technology Cilin." 

 

Based on "HIT IR-Lab Tongyici Cilin", Sim(di1,dj1), Sim(di3,dj3), and Sim(di9,dj9) can be calculated 
by Equation (3.3)-(3.7)[28]. 

• Two words on the first layer branch of the word tree 

 ( , ) 0.1
ik jk

Sim d d =  (3.3) 

• Two words on the second layer branch of the word tree 

 
1
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• Two words on the third layer branch of the word tree 

 
1

( , ) 1 1 0.8 cos
180ik jk
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   − +
=       
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• Two words on the fourth layer branch of the word tree 

 
1

( , ) 1 1 1 0.9 cos
180ik jk

n m
Sim d d n

n

   − +
=        

   
 (3.6) 

• Two words on the fifth layer branch of the word tree 

 
1

( , ) 1 1 1 1 0.96 cos
180ik jk

n m
Sim d d n

n

   − +
=         

   
 (3.7) 

Where n represents the number of nodes in the branch layer, and m represents the distance 
between branches. Properties can be measured, so their similarity is related to their value. 
Sim(di7,dj7) can be calculated by Equation (3.8). 
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Where Vimax and Vjmax are the maximum values of di7 and dj7 during function execution, Vimin and 
Vjmin are the minimum values. 
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4 CASE STUDY 

Sprayer is a small-scale automatic plant protection machine that can spray pesticides. It has been 
widely used around the world[5]. The general sprayer is shown in Figure 3. 

 

 
 

Figure 3: The general sprayer. 

 

The wheels of the general spray are suitable for walking in flat fields, not in paddy fields. The 
roads in the paddy field are muddy, and the shape of the wheels is often irregular.  The paddy 
sprayer is shown in Figure 4. 

 

 
 

Figure 4: The paddy sprayer. 

 

When the work scene switches between two types of fields, the wheels must be replaced, which 

wastes time. Therefore, a transformable wheel is needed to adapt to both types of fields.  The new 
wheels need to adapt to two different usage environments. The general sprayer in Figure 3 is used 
in dry fields. The undulating height of the road surface is 0-10cm, the friction coefficient of the 
road surface is 0.7-1, and the depth of crops is 12-16cm. The pad sprayer in Figure 4 is used in a 
paddy field. The undulating height of the road surface is 0-20cm, the friction coefficient of the road 

surface is 0.3-1, the water surface height is 4-5cm, and the depth of crops is 12-16cm. In order to 
adapt to both environments, design problems are defined as how to achieve changes in the shape 
of two types of wheels. As shown in Figure 5. 

The function of transforming the state of two wheels is defined as changing the angle of the 
metal sheet. This is the verb+noun+noun form of functional description. The proposed method can 
be used to visualize it more clearly. Its functional symbol model has been established, as shown in 

Figure 6. The symbol model clearly shows the relationship between operation, flow, and property 
in the function. To facilitate the calculation of the similarity between new functions and existing 

cases, the proposed method should be applied to transform the symbol model into the matrix 

http://www.cad-journal.net/


 

 

Computer-Aided Design & Applications, 22(3), 2025, 414-429 

© 2025 U-turn Press LLC, http://www.cad-journal.net 
 

422 

model. The matrix model of the design problem can be obtained according to the proposed 
method, as shown in Figure 7. 

 

 
 

Figure 5: Changes in two types of wheels. 
 

 

 
Figure 6: Symbol model of design problem 

metal sheet 0 0

of 0 0

angle 1 change

 
 
 
 
 

 
 

Figure 7: Matrix model of design problem. 

 

Figures 6 and 7 show the functional symbol model and matrix model of the design problem, and its 
vector model is Dd=[metal sheet, 0, 0, of, 0, 0, angle, 1, change]. Table 4 shows the solar panel of 

the Mars rover as a case to calculate its functional similarity with the design problem. 

 

The solar panel Symbol model Matrix model 

 
 

battery panel 0 0

of 0 0

area 1 change

 
 
 
 
 

 

 

Table 4: Symbol model and matrix model of the solar panel. 
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The vector model of the solar panels is Dc5=[fan leaf, 0, 0, of, 0, 0, angle, 1, change]. So, their 
functional similarity calculation can be converted into the similarity between vectors Dd and Dc5. 
According to Equations (3.1)-(3.8), the similarity can be calculated. As shown in Equation (4.1). 

 
== = =

9

5
1

d c5

( , )
7.27

( , ) 0.808
9 9

dk jc k
k

Sim d d
Sim D D

 (4.1) 

In addition to the solar panel, there are four cases were retrieved from the library. The similarity 
between any case that can establish an integrated functional model and the design problem can be 
calculated. The sources of these cases are worth studying. The cases can be from papers, patents, 

shopping websites, or companies. Another work being done by the authors of this paper is to 
establish a cases library where cases are represented by symbol, matrix, and vector models. The 

mentioned cases were selected from the unfinished case library. The selection of cases was not 
mentioned in detail. The main innovative contribution of this paper is to illustrate how functional 
similarity calculation is implemented. Based on the proposed method, the functional and matrix 
models of the four cases can be established, and the functional similarity between these cases and 

the design problem can be calculated, as shown in Table 5. 

The similarity calculation between other cases and design problems can also be calculated. The 
fifth case is used as an analogical source because it has the highest functional similarity to the 
design problem. Analogy design is the process of applying case structures to design problems. It is 
not easy to directly map between structures. It is necessary to convert the structural model of the 
case into a behavioral model and then convert the behavioral model into the design problem. The 
above process is shown in Figure 8. 

 

No. Cases Symbol models Matrix models Similarities 

1 

 
 

ruler 0 0

of 0 0

length 1 change

 
 
 
 
 

 0.801 

2 

 
 

platform 0 0

of 0 0

height 1 adjust

 
 
 
 
 

 0.704 

3 

 
 

thermal mechanical toenergy energy

0 1 1

0 0 convert

 
 
 
 
 
 

 0.111 

4 

 

 

fan leaf 0 0

of 0 0

angle 1 change

 
 
 
 
 

 0.881 

 

Table 5: Symbol models, matrix models, and similarities of cases. 
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Figure 8: Analogy design process. 

 

Using the electric fan light as the analogy source, a total of five results are generated, as shown in 
Table 6.  

 

No. Design results Explanation of design results 

1 

 

Six tire teeth rotate along a fixed axis driven 
by a gear mechanism, and the angle between 
the tire teeth and the wheel hub changes. 

2 

 

Eight supporting teeth rotate along a fixed 
axis driven by the gear mechanism, and the 
supporting teeth can be higher or lower than 
the tire's surface. 

3 

 

The tire's surface is divided into four parts, 
each of which rotates along a fixed axis driven 
by the gear mechanism and cylinder. 

4 

 

The distance between two base wheels 
changes driven by gears and racks, and the 
height of the middle tire's surface also 

changes. 

5 

 

The gear mechanism drives the angle change 

between the intermediate wheel and the base 
wheel, changing the contact between the tire 
and the ground. 

 
Table 6: The five results of analogical design. 

 

In the unfolding state of the second design result, the contact surface between the supporting 
teeth and the ground is small. The supporting teeth must be made of high-performance materials, 
increasing manufacturing costs. In the unfolding state of the third design result, the wheel 

movement becomes step by step. It only makes contact with the ground four times in one 
rotation, which can cause significant vertical undulations in the vehicle and damage farmland and 
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equipment. The structure of the fourth design result is complex and requires high machining 
accuracy. The gear rack structure may lead to a sizeable axial size. The fifth design result requires 
rotating the intermediate wheel along its axis, which has a larger size and a more complex 
transmission method. To evaluate the results, we invited three designers with engineering 

experience to measure the operability, manufacturability, complexity, and economy of the five 
results and existing products. Compare each indicator with each other and select the important 
one, as shown in Table 7. 

 

Indicators Operability Manufacturability Complexity Economy 

Operability Operability Operability Operability Operability 

Manufacturability  Manufacturability Manufacturability Manufacturability 

Complexity   Complexity Economy 

Economy    Economy 

 
Table 7: Comparisons for the importance of indicators. 

 

The number of times these indicators appear in Table 7 represents their importance, and the 
weights of these indicators can be calculated. Table 8 shows the specific explanations and weights 

of these indicators. Table 9 shows the standards for measuring scores of these indicators.  

 

Indicators Weight 

Operability 0.4 

Manufacturability 0.3 

Complexity 0.1 

Economy 0.2 

 

Table 8: Weight of indicators. 

 

Score Operability Manufacturability Complexity Economy 

1 very weak very weak very strong very weak 

3 weak weak strong weak 

6 strong strong weak strong 

9 very strong very strong very weak very strong 

 

Table 9: Measurement score. 
 

The reviewers measure the product based on the above rules. The measurement results are shown 
in Figure 9. 

The weight can be included in Equation (4.2). 

 = + + +0.4 0.3 0.1 0.2V OP MA CO EC  (4.2) 

Where V represents the final score of the product, OP represents the score of operability, MA 
represents the score of manufacturability, CO represents the score of complexity, and EC 
represents the score of economy. 
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Figure 9: The measurement results. 
 

According to the scores in Figure. 8 and Equation (4.2), the final scores for the existing product 

and five results can be calculated as 3.54, 7.60, 6.30, 5.10, 3.67, and 3.88. Obviously, result 1 in 
is the optimal choice, and its specific structure is shown in Figure 10. 
 

 
 

Figure 10: The final design result. 

 

5 CONCLUSIONS 

Cases that have similar functions to design problems can inspire creative ideas. In this research, A 
product design method based on functional similarity is proposed to assist designers in selecting 
suitable analogical sources. An integrated functional modeling method has been proposed, where 
different functions can be represented by symbol matrix and vector models. A similarity calculation 
method for each element in the above functional model has been proposed. A transformable tire is 

designed to verify the effectiveness of the proposed method. The proposed method can quickly find 
the optimal analogy source, improve design efficiency, and reduce dependence on designer 
experience. 

Classic design methods include systematic design, axiomatic design, quality function 
deployment, and theory of invention problem-solving. These design methods are very effective in 
product functional planning, architecture implementation, requirement analysis, and contradiction 
resolution. This paper's transformable wheels design is based on these design methods. The 

introduction of the methods proposed in this paper can further improve these methods, especially 

in the functional design stage. This is a crucial and challenging step in the design process of finding 
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suitable analogs. The introduction of functional similarity calculation has solved this problem and 
provided methodological support for designers. 

The integrated functional model proposed in this paper includes operations, flows, and 
properties. Mechanical products contain these factors. The example applied in the paper is a 

mechanical wheel. Its function is more easily expressed using the mentioned factors. So, the 
proposed method in this paper is more suitable for mechanical products with apparent functional 
factors. Some other products, such as handicrafts and software, sometimes have functions that 
are not easily expressed using these factors. Therefore, they are currently not suitable for the 
proposed method. Anyway, the proposed method also has certain limitations. It has mainly made 
efforts in similarity calculation. It relies on case libraries, and the modeling process has a certain 
degree of subjectivity. The functional model of nonmechanical products still needs to be studied. 

Future research will focus on case library construction and automated modeling software 

development suitable for various product types. 
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