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Abstract

Combinational creativity can play a significant role in supporting designers to produce creative ideas during the early stages of new product development. This paper explores conceptual distances in combinational creativity from computational perspectives. A study conducted indicates that different computational measurements show different conceptual distance results. However, the study suggests far-related ideas could lead to outcomes that are more creative than closely-related ones. This paper provides useful insights into exploring future computational design support tools.
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Introduction
Creativity is essential to new product design and development (Sarkar and Chakrabarti, 2011). It is also a natural element of the deign process (Demirkan and Afacan, 2012). Designers from various areas are required to be creative to generate new and useful solutions or ideas (Crilly and Cardoso, 2017). Creative ideas, which are novel, useful and surprising (Han et al., 2019a), often lead to creative and successful designs (Chiu and Shu, 2012). However, it is challenging to produce creative design ideas. 
Combinational creativity is an approach for producing creative ideas through unfamiliar combinations of familiar ideas (Boden, 2004; Boden, 2009). In other words, it generates new ideas through associating ideas that are previously not or indirectly related. Combinational designs, which are originated by combining different ideas, are outcomes of employing combinational creativity in design. Combinational creativity has been claimed to be one of the easiest approaches for humans to produce creative ideas, as it is a natural feature of human associative memory. Also, it is considered the best approach to fully utilise abundant knowledge to generate creative ideas (Yang and Zhang, 2016). However, combining ideas might lead to challenges in terms of the time required to produce and evaluate all the possible combinations, which is called ‘combinational explosion’ (Simonton, 2017).
Recently, a number of studies have explored the use of combinational creativity to support creative idea generation in design. Han et al. (2019b; 2019c) have proposed three driven approaches to combinational creativity: problem-, similarity- and inspiration-driven, and indicated that the problem-driven approach could lead to more creative and novel ideas; Taura et al. (2007) and Nagai et al. (2009) have explored different linguistic interpretation methods of combinational phrases for producing creative ideas. Computationally, several tools and approaches have been explored for supporting designers in creative idea generation. For example, Georgiev et al. (2017) proposed an approach to create new scenes through synthesising existing scenes to support new product design; Han et al. (2018a) developed a tool that produces combinational prompts in image- and text-forms; Chen et al. (2019) came up with an artificial intelligence method to generate synthesised images, by using a generative adversarial network, to stimulate designers’ creative minds. 
Conceptual distances between ideas play an essential role in forming combinational ideas. A recent study by Han et al. (2018b) has provided insights into how design experts understand conceptual distances in combinational creativity, of which far-related ideas are more beneficial than closely-related ones. However, a computational understanding of conceptual distances has not yet been explored in combinational creativity. 
This paper is aimed at exploring conceptual distances from a computational perspective. The following section provides a review of related studies on conceptual distances and combinational creativity. In section 3, a study employing computational conceptual distance measurement tools is conducted to investigate computational conceptual distances in combinational creativity. The results of the study are compared with the ones from Han et al. (2018b), and followed by further analysis as well as discussion in section 4 and conclusions in section 5.

Related Work
Conceptual Distance
Conceptual distance is a measurement of the distance between two concepts or two sets of concepts (Gray and Rumpe, 2019). In linguistics, semantic distance is described as a measurement of the degree of semantic association between the meanings of two language units, such as words, concepts, phrases and sentences (Cooper, 2000; Mohammad, 2008). Conceptual distance and semantic distance are often used interchangeably in literature. Therefore, conceptual distance and semantic distance both refer to measuring the distance between two concepts in this paper.
There are two types of semantic distance, which are semantic similarity and semantic relatedness (Budanitsky and Hirst, 2006; Resnik, 1999). Semantic similarity indicates the degree of resemblance between two concepts, which plays a significant role in knowledge processing, objects classifying, and concepts forming (Tversky, 1977). It measures how alike two concepts are (Lofi, 2015). For instance, ''donkey'' is semantically similar to ''horse''. Semantic relatedness refers to the degree to which two terms are associated via various semantic relationships (Salahli, 2009). It quantifies the relatedness of terms concerning other relations, such as functional and hyponymy (Lofi, 2015). For example, ''harness'' is semantically related, but not similar, to ''horse''. Although semantic distance, semantic similarity and semantic relatedness are not identical, they are often used interchangeably in literature. It is challenging for both humans and computers to differentiate the terms (Lofi, 2015; Salahli, 2009). 
In design research, conceptual distance is often discussed within the context of analogy. Analogy is considered a specific form of combinational creativity projecting knowledge from the source domain to the target domain by exploring a shared conceptual space (Boden, 2009; Ward, 2011). Conceptual distance is conventionally considered a function of the degree of surface and structural similarity (Ozkan and Dogan, 2013). Gentner and Smith (2012) described surface similarity as ''likeness based only on similar objects and background context between two domains/situations, without a common relational structure'', and structural similarity as ''likeness based on relations common to both domains or situations (whether or not the objects in the two systems resemble each other)''. Blanchette and Dunbar (2000) defined surface similarity as ''the resemblance between the objects in the source and target and their properties'', and structural similarity as ''the resemblance in the underlying systems of relations between the elements of the sources and the elements of the target''. Surface similarity indicates a close relation, while structural similarity indicates a far relation. A tripartite classification has been proposed by Ward (1998) to identify different conceptual distances, which are ''same conceptual domain'', ''related, though non-identical domains'', and ''wildly discrepant domains''. 
Conceptual distance plays a significant role in the design process, especially idea generation and creativity. Lopez et al. (2011) indicated that distant analogies have the potential in leading to more creative designs, due to more abstractions. However, Chan et al. (2015) suggested that design ideas produced from citing conceptually further sources are less creative than the ones produced from citing closer sources. In the study conducted by Ozkan and Dogan (2013), although expert designers are more likely to construct structural similarity, they prefer close domains in analogical reasoning due to design process-related considerations. Novices establish only surface similarity, but prefer far domains. Fu et al. (2013) claimed that ''close'' and ''far'' are contextual and relative terms. Thereby, it is challenging to come up with a detailed definition of ''close'' and ''far'' for conceptual distances. In this paper, we describe two concepts or ideas are closely-related if they are from the same conceptual domain, while two concepts are far-related if they are from discrepant or non-identical domains from human perspectives. The descriptions are in line with the ones in the study conducted by Han et al. (2018b). For instance, ''sofa'' and ''chair'', which belong to the same conceptual domain, are closely-related. ''Sofa'' and ''soda'' are far-related, as they belong to non-identical domains.
Conceptual Distance in Combinational Creativity
A combinational idea is produced by combining a base idea (the basic idea of the combination) and an additive idea (the additional idea for creating the combination). Therefore, the conceptual distances between a base idea and an additive idea have significant effects on the degree of creativity of the combinational idea formed. Han et al. (2018b) have explored the conceptual distance in combinational creativity from design experts’ perspectives using two studies. They suggested that far-related ideas (base and additive) could lead to outcomes that are more creative, comparing with closely-related ideas. They also indicated that far-related ideas are used more often in producing practical combinational designs. 
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An example of a decision table used (Han et al., 2018b)

In their first study, three design experts participated and evaluated two-hundred practical designs originated using combinational creativity. The combinational designs were decomposed into base and additive ideas according to the descriptions of the designs, respectively. In addition to base and additive ideas, names and images of the designs were also provided to give design experts more comprehensive information. Information from the two-hundred designs were constructed into a decision table, as shown in Figure 1. The table was then employed by the three design experts respectively for identifying the conceptual distances, whether far-related or closely-related, between the base ideas and the additive ideas. For the first study concerned, far-related ideas are employed more often, comparing with closely-related ones, for producing practical combinational designs. The designs originated using far-related ideas are called far-related combinational designs, and the ones produced using closely-related ideas are called closely-related combinational designs.   
The degree of creativity of combinational designs produced using far-related and closely-related ideas are explored in the second study. Ten designs in total, five far-related and five closely-related combinational designs, were selected randomly from the two-hundred practical designs for exploring which distance could lead to outcomes that are more creative. The designs selected had consensus agreements from the three design experts in the first study, being fully agreed as either far-related or closely-related combinational designs. Another two expert designers assessed the degree of creativity of the ten designs by using the CPSS (Creative Product Semantic Scale) questionnaire (Chulvi et al., 2012). Only the names, images, and descriptions of the ten designs were provided to the expert designers for assessment. For the second study concerned, the combinational designs produced by combining conceptually far-related ideas are more creative than the ones generated by employing closely-related ideas.

Computational Conceptual Distance in Combinational Creativity
The research conducted by Han et al. (2018b) has provided initial insights into how conceptual distances between ideas affects combinational creativity from a human perspective. It has indicated how to select appropriate base and additive ideas to produce combinational ideas based on conceptual distances. Theoretically, these findings could be implemented into the combinational based computational tools illustrated in the introduction section for improving the tools’ effectiveness and efficiency. Using the Combinator (Han et al., 2018a) as an example, the tool can be programmed to have a higher rate of retrieving ideas which are far-related rather than closely-related for producing combinational prompts. However, the findings might not be applicable in computational tools, as software might be coded to have different assessment and ‘understanding’ of conceptual distances.
Study Methods
In order to investigate conceptual distance in combinational creativity from a computational perspective, we have conducted a study utilising computational conceptual distance measurement tools. The distance measured by computational tools is regarded as computational conceptual distance in this paper. The same two-hundred combinational designs from the previous study conducted by Han et al. (2018b) are used in this paper to provide a comparison between the conceptual distances measured by expert designers and computational approaches. Also, the base and additive ideas used for originating the combinational designs had been identified in the previous study. The combinational designs were selected from the winners of international design competitions, such as Red Dot, by means by purposive sampling. The selected designs are all considered to be creative, as design competitions are generally creativity-oriented (Wang and Chan, 2010). 
In this study, we have selected two computational conceptual distance measurement tools: ConceptNet (Speer et al., 2017) and WS4J (WordNet Similarity for Java). ConceptNet is a knowledge graph database connecting words and phrases with labelled and weighted edges (Speer et al., 2017). It contains knowledge from, for example, crowdsourcing and expert-created resources. ConceptNet is employed to help computers understand the meanings behind the words which people use. It can calculate the relatedness value of a particular pair of terms. This function is used in the study to measure conceptual distances computationally. WS4J is an online tool for several published semantic relatedness and similarity algorithms such as LESK (Leacock and Chodorow, 1998), WUP (Wu and Palmer, 1994), LCH (Leacock and Chodorow, 1998). WUP and LCH algorithms are used in the study to measure conceptual distances, respectively. WUP measures relatedness by calculating the depths of the two synsets in WordNet taxonomies as well as the depth of lexical conceptual structure (Wu and Palmer, 1994). LCH measures similarity based on the length of the shortest path between two synsets (Leacock and Chodorow, 1998).
Results
The conceptual distances between the base and additive ideas of the two-hundred combinational designs are measured using the WUP and LCH algorithms of the WS4J as well as ConceptNet, respectively. The measurement results of using ConceptNet, WUP and LCH are shown in Figure 2, 3, and 4, respectively. In the figures, the x-axes represent the distance values and the y-axes indicate the numbers of designs. For instance, there are 36 designs which are originated using base and additive ideas that are within the (0.04, 0.08] distance value range measured by ConceptNet, as shown in Figure 2. However, some of the distances between two ideas or words (phrases) could not be measured by the computational approaches, as the words are not contained in the databases employed by the approaches for conceptual distance measurements. These designs are regarded as invalid designs in this study. As a result, the ConceptNet measurement involves 196 valid designs, and both the WUP and LCH measurements include 193 valid designs. 
The distance values of ConceptNet measurement range from -1 to 1, indicating very far to very close distances. The values of WUP measurement range from 0 (very far distance) to 1 (very close distance). The values of LCH measurement range from 0 to infinity, while a larger value shows a closer distance. Due to the different distance value ranges of the three measurements, all the three distance values axes are divided into 20 bins for providing a direct comprehension. As shown in the figures, the ConceptNet measurement and LCH measurement have indicated a similar trend that the majority of combinational designs belong to the lower distance value range. In comparison, the WUP measurement has demonstrated a more even distribution, with more designs belonging to the higher distance value range. However, it is challenging to identify whether a combinational is originated using far-related or closely-related ideas according to the distance values measured by the computational tools. Further analysis is conducted and illustrated in the next section.
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Conceptual distances measured by ConceptNet
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Conceptual distances measured by WUP
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Conceptual distances measured by LCH

Analysis and Discussion
A computational definition or description of conceptually far-related and closely-related distances is required. In this study, the mean value of the computational distance measurement is used as a demarcation point. We propose that distance values which are lower than the mean value indicate far-related distances, and the ones higher or equal to the mean value imply closely-related distances. In other words, a combinational design is considered a far-related design when the computationally measured conceptual distance between the base idea and the additive idea is lower than the mean distance, and vice versa. 
The mean values, alternatively the demarcation points, of the distance values measured by ConceptNet, WUP and LCH are 0.11, 0.56 and 1.47, respectively. Based on the descriptions of far-related and closely-related distances above, ConceptNet, WUP and LCH have measured 123, 84 and 94 far-related designs, as well as 73, 109, and 99 closely-related designs, respectively. The computational measurements of the conceptual distances are compared with the expert designers’ measurement, as shown in Table 1. The ConceptNet measurement has shown a similar result to the expert designers, of which a greater number of designs are originated using far-related ideas. However, more closely-related designs are identified using the WUP measurement, and a similar number of far-related and closely-related designs are identified using the LCH measurement.

Numbers of far-related and closely-related combinational designs – Expert Designers, ConceptNet, WUP and LCH
	
	Expert Designers
	ConceptNet
	WUP
	LCH

	Far-Related Designs
	144
	123
	84
	94

	Closely-related Designs
	56
	73
	109
	99

	Invalid Designs
	0
	4
	7
	7




In addition to the analysis of the numbers of far-related and closely-related combinational designs above, we have conducted another assessment to analyse the degrees of creativity of far-related and closely-related combinational designs to provide further insights. The same ten combinational designs used in the previous study by Han et al. (2018b) are employed in this creativity assessment. As illustrated in section 2.2, five designs were considered far-related and the other five were considered closely-related by the three design experts in consensus agreements in the previous study. This assessment compares expert designers’ measurement results and computational measurement results, as well as indicates which distance could lead to combinational designs that are more creative. 
As shown in Table 2, the ConceptNet measurement has produced results in agreement with the expert designers. The LCH measurement results have shown similar results to the expert designers, of which LCH indicates Design 7 is a closely-related design while the expert designers had a different perception. In terms of the WUP measurement, the measurement results of Design 2 and Design 7 are different from the expert designers. Comparing the results of the three computational measurements, both WUP and LCH have indicated a different result against ConceptNet on Design 7. This could be caused by the different distance measurement algorithms used by the computational approaches, as well as the different databases employed. Besides, WUP has suggested a different measurement result on Design 2 in comparison with ConceptNet and LCH. However, all the conceptual distance values of the three computational measurements are close to their corresponding demarcation points, respectively. This implies that the conceptual distances of Design 2 calculated by the three computational measurements are neither far-related nor closely-related to some extent. Thereby, the descriptions of closely-related and far-related distances could be complemented with an additional moderately-related distance. Further studies are needed to suggest the demarcation points between far-related and moderately-related distances, as well as moderately-related and closely-related distances.
The mean creativity scores of far-related and closely-related designs measured by different approaches are compared in Table 3. The mean creativity scores are calculated based on the creativity scores of the ten designs in Table 2 which were assessed by the two expert designers in the previous study. Cohen’s d is introduced as effect sizes to indicate the strength of the differences between the mean creativity scores of each measurement. As shown in the table, the mean creativity values of the far-related designs are higher than the closely-related ones with large effect sizes, in terms of expert designers’ measurements. With regard to computational measurements, both the ConceptNet and LCH measurements have implied that far-related designs possess higher mean creativity scores than closely-related ones with large effect sizes. The LCH measurement has also indicated that far-related designs are more creative than closely-related designs, but with a moderate effect size. Thereby, the creativity assessment has indicated that far-related combinational designs are more creative than closely-related ones, for the selected combinational designs concerned.


Creativity scores and conceptual distances of the ten designs selected
	Design Number
	Creativity Score
	Conceptual Distance – Expert Designers
	Conceptual Distance – ConceptNet (Value)
	Conceptual Distance – WUP (Value)
	Conceptual Distance – LCH (Value)

	1
	87
	Close
	Close (0.39)
	Close (0.75)
	Close (2.08)

	2
	109.5
	Far
	Far (0.09)
	Close (0.57)
	Far (1.39)

	3
	79.5
	Close
	Close (0.40)
	Close (0.87)
	Close (2.30)

	4
	68.5
	Close
	Close (0.36)
	Close (0.82)
	Close (2.08)

	5
	91
	Far
	Far (0.07)
	Far (0.22)
	Far (0.98)

	6
	77.5
	Close
	Close (0.48)
	Close (0.70)
	Close (1.74)

	7
	103.5
	Far
	Far (-0.02)
	Close (0.63)
	Close (1.61)

	8
	71.5
	Close
	Close (0.15)
	Close (0.64)
	Close (1.49)

	9
	80.5
	Far
	Far (-0.03)
	Far (0.48)
	Far (1.20)

	10
	101.5
	Far
	Far (-0.02)
	Far (0.18)
	Far (0.74)



Mean creativity scores of far-related and closely-related combinational designs and effect sizes (Cohen's d) – Expert Designers, ConceptNet, WUP and LCH
SD: Standard Deviation
(Cohen's d value and strength: 0.20: Small, 0.50: Moderate, 0.80: Large)

	
	Expert Designers
	ConceptNet
	WUP
	LCH

	Far-Related Designs (SD)
	97.2 (10.26)
	97.2 (10.26)
	91.00 (8.57)
	95.63 (10.92)

	Closely-related Designs (SD)
	76.8 (6.46)
	76.8 (6.46)
	85.29 (14.57)
	81.25 (11.57)

	Effect Sizes
	2.38 - Large
	2.38 - Large
	0.48 - Moderate
	1.28 - Large




Conclusions

To conclude, this paper has explored conceptual distances in combinational creativity from a computational perspective in the context of product design. The study conducted in the paper indicates that different computational measurements have yielded different results, of which the ConceptNet measurement has shown a more similar outcome to the expert designers comparing with WUP and LCH. This might be a result of the different algorithms and databases used by the computational measurements. In addition, it also suggests an introduction of an additional moderately-related distance to provide a better description of computational conceptual distances. However, further exploration is needed to produce more knowledge about this. For the study concerned, all the three computational measurements and the expert designers’ measurement have indicated that far-related ideas could lead to combinational designs that are more creative comparing with closely-related ideas, albeit with a limited number of design samples. This paper has added to the understanding of combinational creativity in computational contexts. It could benefit design researchers in exploring and developing better computational design support tools which employ combinational creativity or the concept of ‘combination’. A further study, which involves more design samples and more computational conceptual distance measurement tools, is planned to provide additional insights.
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