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ABSTRACT 

Sketches can be classified in different ways, such as personal, shared, persuasive, 

and handover sketches. Depending on each classification, their level of ambiguity also 

varies. Sketches are used in many applications, including conceptual design, eliciting 

user preferences, shape retrieval, and sketch-based modeling. There is a need to quantify 

the uncertainty in sketches in the mapping of sketches to solid models in sketch-based 

modeling, in eliciting user preferences, and in tuning the level of uncertainty in sketches 

at the conceptual design stage. This motivated the formulation of the research question: 

can uncertainty in communication with an engineering design sketch be quantified? To 

answer the research question, three specific aims were developed, namely, (1) determine 

the ranking of the features in a sketch, (2) determine the probability of importance of 

the features in a sketch, and (3) quantify the uncertainty of a sketch using Shannon’s 

normalized entropy. This research develops a framework for quantifying uncertainty in 

communication with an engineering design sketches. The framework is capable of 

identifying and ranking the features in the sketch, determining their probability of 

importance, and finally quantifying the level of uncertainty in the sketch. Ranking the 

features of a sketch is performed by a hierarchical approach, whereas the probability of 

importance is determined by assessing the probability of likeliness using a shape 

matching approach followed by a probability transformation. Quantification of 

uncertainty, on the other hand, was accomplished by normalizing the entropy of the 

sketch with its maximum possible value. Results on uncertainty quantification of several 

engineering design sketches are presented in order to illustrate the use of the framework. 

The framework eliminates the need for expert input in the assessment of uncertainty in 

sketches, and, hence, can be used by design practitioners with limited experience. 
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1. INTRODUCTION 

1.1 Background 

1.1.1 Engineering Design Communication 

Engineering Design Communication (EDC) is defined by Gopsill et al. (Gopsill, 

Mcalpine, & Hicks, 2013) as the communication exercise among engineers in relation 

to the development of a product. Thus, engineering design communication is further 

seen as an activity whose purpose is to mediate the transmission of information and 

knowledge by engineers associated to a product’s development. Furthermore, EDC is 

seen as a fundamental activity in design as it holds the rationale and knowledge 

information, ultimately used to make decisions and establish insights with respect to the 

design of a product. Therefore, the efficiency of the EDC process depends on the 

efficiency of the communication “artifacts” (Dym, 1994) used to enable its realization. 

Thus, these communication “artifacts” are the objects/documentation, which are created 

and developed during the product development phase of the engineering design process 

with the aim of enabling the communication with other stakeholders.  During the 

conceptual engineering design stage sketches are the main “artifacts” of communication 

as they are used as the dominant medium of communication (Eckert, Blackwell, Stacey, 

Earl, & Church, 2012; Henderson, 1991). In meetings and reunions where engineering 

designers exchange and transmit information and knowledge about their ideas and 

insights with respect to the products’ they are developing (Eckert, Stacey, & Earl, 2013). 

1.1.2 Types of Sketches 

Sketches can be cast in four groups, namely, thinking sketches, talking sketches, 

prescriptive sketches, and storing sketches (Ferguson, 1992). Here, the talking sketches 

are used to support group interaction and foster communication among different 

stakeholders during the design process. For many designers, the most fundamental role 

of sketches is for communication (Eckert et al., 2012). Pei et al. (Pei, Campbell, & 

Evans, 2011) developed a taxonomy for sketches; they grouped sketches as personal 



sketches, shared sketches, persuasive sketches, and handover sketches. Personal 

sketches are created specifically for private use for the purposes of externalizing 

thoughts quickly, developing and investigating the appearance and visual impact of the 

idea, and constructing a visual understanding. Shared sketches are used in a design team 

to communicate ideas clearly. They should not only express ideas correctly, they should 

also foster discussion. On the other hand, persuasive sketches are realistic 

representations, which are created by rendering and, hence, have a low level of 

ambiguity. Handover sketches, which are prescriptive sketches used to transmit detailed 

design information with the purpose of constructing 3D models or prototypes. 

1.1.3 Sketches in Conceptual Engineering Design Stage 

Experts in design describe sketches as the language of design cognition and thus 

mention that the performance of the design process could be highly impacted by the 

level of proficiency with which designers are able to manage that language (M. C. Yang 

& Cham, 2007). In the same context, experts also emphasize the importance of visual 

representations in design as “essential” in order to achieve the thorough communication 

of engineering design information between people. The extensive use of sketches in 

engineering design makes them are the most widely used type of visual representation, 

and thus requires designers to have a certain level of skill in their use (Westmoreland, 

Ruocco, & Schmidt, 2011). The importance of sketches is based on their benefits, such 

as reduced production time and minimum amount of resources, often just a pencil and 

a piece of paper. This makes sketches into great exploratory tools during the early 

ideation stages of design (Faas & Yang, 2014). Furthermore, in the conceptual 

engineering design stage, sketches play a key role due to their inherent ambiguity, which 

arises as a result of their vague and/or incomplete information. This inherent ambiguity 

allows sketches to serve as a source of creativity for designers by eliciting the 

development, transformation, and emergence of new design ideas (Atilola, Tomko, & 

Linsey, 2016; Menezes & Lawson, 2006).  It has also been shown that cognitive 

uncertainty in sketches, i.e. ambiguity in sketches, seems to inspire expert designers in 
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developing a larger amount of design ideas during the conceptual design stage (Tseng 

& Ball, 2011). 

1.1.4 Sketches in Eliciting User Preference 

In an attempt to speed up the introduction of new products to the market, recently 

it has become common to elicit feedback from users using provisional design 

representations that are often in the form of sketches (Häggman, Tsai, Elsen, Honda, & 

Yang, 2015). Several factors have been shown to influence a product’s perception on 

user assessment. Two key aspects of user perception have been shown to be fidelity and 

representation mode. In this context, fidelity is defined as the level of realism or detail 

of the design representation. Macomber and Yang (Macomber & Yang, 2011) showed 

that users have ranked high-fidelity sketches the over the low fidelity sketches. Other 

researchers used experiments to show that computer sketches provided sufficient 

information for users to respond reliably (Reid, MacDonald, & Du, 2012). 

1.1.5 Sketch-Based Shape Retrieval 

In areas such as computer science, sketches have been a relevant subject of study 

for quite some time now. Researchers have discovered that computers enhance the 

interaction of people with sketches in ways that are impossible with paper alone 

(Johnson et al., 2008). For example, it has been shown that although a sketch might be 

“rough” i.e. unfinished, ambiguous, or uncertain, algorithms can still be quantified and 

assessed its information content. Therefore, based on the quantification and assessment 

of this information from a sketch, e.g. perceptual information (Qi et al., 2015), the 

information content of a sketch is determined using one of the main visual attributes of 

an object: its shape. As a result, the field of sketch-based shape retrieval (SBSR) has 

grown dramatically (B. Li et al., 2014). SBSR has become an extensive field of research, 

which is categorized according to the method describing the shape of a sketch: contour-

based methods and region-based methods. Contour-based methods are the most widely 

used methods which include contour curvature, shape context, shock graphs, and 

Fourier descriptors (M. Yang, Kpalma, & Ronsin, 2008). Thus, using the information 



content of a sketch based on its shape, tasks such as retrieval of information (e.g. 

information retrieval based on sketch queries instead of written queries), recognition 

(e.g. determining object similarity), and classification (e.g. determining the most 

representative object of a class) are now being developed (M. Yang et al., 2008). These 

studies, in turn, pave the path for the development of novel applications such as sketch-

based 3D shape retrieval (Eitz, Richter, Boubekeur, Hildebrand, & Alexa, 2012) and 

sketch-based 3D shape modeling (Entem, Barthe, Cani, Cordier, & Van de Panne, 2015) 

by using rough 2D hand-drawn sketches. Three-dimensional objects can be recovered 

from 3D object repositories or 3D rendered models can be created without the need of 

parametrized CAD models. Hence, such studies contribute to the understanding and 

management of quantification of information content in sketches. 

1.1.6 Sketch-Based Modeling 

Sketch-based modeling (SBM) is an application of SBSR where 2D hand-drawn 

sketches are used to construct 3D rendered models. Because of its wide applicability, 

SBM has gained enormous attention in various areas such as, (1) engineering design, 

where models of engineering parts are usually described using 2D orthogonal view 

drawings (Xie et al., 2013);  (2) animation, where sketch-based interface animators are 

used to creating complete 3D models using 2D sketches (Zou et al., 2015); and (3) 

complete 3D scenarios based on a small set of 2D sketched objects (Eitz et al., 2012). 

Entem et al. (Entem et al., 2015) were able to create 3D models of various animals by 

using a set of a priori smoothness, structural assumptions, and 2D contour side-view 

sketches of the animals. Olsen et al. (Olsen, Samavati, Sousa, & Jorge, 2009) mentioned 

the need to extend the research efforts of SBM towards the development of sketch-based 

interfaces for modeling (SBIM), as research in cognitive sciences showed that sketching 

was an easy way for humans to communicate meaning. The authors also reported that 

the ultimate goal of research on SBIM should be to successfully develop modeling 

systems that integrate the expressive power and control of Window, Icon, Menu, and 

Pointer based systems with the expeditious and natural interaction of sketching. 

However, it was emphasized that one of the greatest challenges in achieving the ultimate 
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goal of SBIM was the mapping of 2D sketches to 3D models due to the prevalence of 

ambiguity in 2D sketches. 

1.1.7 Elements of a Sketch 

Van de Panne and Sharon (van de Panne & Sharon, 2011) proposed a recognition 

of a sketch based on an assumption that the sketch consists of a core set of possibly 

disconnected features that have a relative location to each other. In essence, this 

approach perceives a sketch as a constellation model comprised of local features, where 

each feature has a geometry model that depicts the relative location to other features and 

an appearance model. It is noted that this approach may benefit from adapting some of 

the Gestalt principles, which may speed up the recognition of the sketches. Recently, 

the Gestalt principles (Lugo, Schmiedeler, Batill, & Carlson, 2015) were used as the 

first step to group elements of a sketch into features, and the following steps were then 

used to objectively quantify the adherence to the principles of proximity, continuity, 

closure, symmetry, parallelism, and similarity. There are cases where the breakdown of 

a sketch into features was aided by decomposition or breaking points strategically 

located at the contour boundary of each feature often characterized by points of 

discontinuity (M Prats, Earl, Garner, & Jowers, 2006). Sketches can also be analyzed 

based on their geometric properties using shape rules, shape grammars, and sub-shapes 

(Miquel Prats, Lim, Jowers, Garner, & Chase, 2009). Shape rules have a potential of 

constructing valuable information not embedded in sketches which could be used in 

generating alternative concepts. Extracting of sub-shapes from sketches provides a 

mechanism for manipulating shapes and generating new shape alternatives. Ranscombe 

et al. (Ranscombe, Hicks, Mullineux, & Singh, 2012) proposed a strategy for 

decomposing sketches into constituent aesthetic features. Using a sketch of a car as an 

example, the authors proposed the following types of aesthetic features: outline, 

daylight opening, muscles, graphics, and explicit detail. It was shown through a series 

of experiments that this decomposition strategy provides a less subjective means of 

reasoning and decision making regarding brand recognition from sketches. 



 

1.1.8 Recognition, Identification, and Classification of Objects 

In computer science, one of the largest areas is that of computer vision where 

researchers have as their main goal to develop machines that can view and recognize 

objects just in the same way as humans. In such way, computer vision has focused its 

efforts in developing solutions that can mimic the way in which humans view and 

recognize objects. Founded by the work done in other areas, such as visual perception 

from psychology, where one of the main aims is to understand how humans recognize 

objects based on their visual capabilities. This has resulted in the development of 

solutions by researchers in the area of computer vision, which are consistent with the 

work done in areas such as visual perception (Tuytelaars & Mikolajczyk, 2007; M. Yang 

et al., 2008). Therefore, the work developed in computer vision is mainly based on the 

use and application of those perceptual characteristics’, which allow persons to 

recognize, identify, and classify objects (Daliri & Torre, 2008). Thus, perceptual 

characteristics’ such as shape, color, texture and brightness of the objects, which are 

commonly referred to as “features” (Hou & Ramani, 2007; C. Li & Ma, 2009) within 

the computer science community. “Features” are employed by researcher’s in computer 

vision in order to develop solutions for the recognition, identification, and classification 

of objects using different quantitative approaches such as IDSC (Ling, Member, & 

Jacobs, 2007), Skeleton Graphs (Xie et al., 2013) based on an objects’ shape,  and Scale-

Invariant Feature Transform (SIFT) (Lowe, 2004) based on an objects’ color 

characteristics. 

1.1.9 Shape Characterization 

The shape of an object contains some basic features that are important in order to 

perform image characterization (Sá Junior & Backes, 2015; Zhang & Lu, 2004). 

Typically, the shape of an object is represented by its external boundaries or contour. 

Since contours are single-closed lines which do not have holes or internal details, these 

lines can be parametrized by using arc lengths (Belongie, Malik, & Puzicha, 2002). In 
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general, a shape descriptor is a set of numbers produced to describe the mathematical 

signature of a given shape. A good descriptor is able to describe mathematically any 

shape feature according to the human perception or according to task-specific 

requirements (M. Yang et al., 2008). Many different shape descriptors have been 

proposed: shape signatures, signature histograms, shape invariants, moments, curvature, 

shape context, shape matrix, and spectral features among others. One common method 

to evaluate the accuracy of these shape descriptors is to compare their performance to 

retrieve similar shapes from a designated database (Hou & Ramani, 2007; Zhang & Lu, 

2004). Among the above-mentioned shape descriptors, histograms have been widely 

used for representing, analyzing and characterizing 2D and 3D shapes. The main 

advantage of using histograms on shape characterization is that they mathematically 

represent probability density distribution of the underlying random variable (Feng, Ip, 

Lai, & Linney, 2008). One desirable characteristic of a shape descriptor is its low 

computation complexity, i.e. its reduced uncertainty related to the factors involved in 

the computational process (Zhang & Lu, 2004). Compactness, simplicity, and 

robustness are additional characteristics that are desirable on shape descriptors to 

correctly represent information content (M. Yang et al., 2008). In general, shape 

representation and description techniques fall into two main classes of methods 

depending on where the shape features are extracted (Daliri & Torre, 2008; M. Yang et 

al., 2008). The first class, which uses only the shape contour information to describe the 

object, is called the contour-based method; the second class, which uses the shape 

interior information to characterize the object, includes the region-based methods. Some 

authors also include a third class referred to as skeleton-based methods, where the 

features are extracted from the internal axis of the shape, which are considered more 

suitable to represent shapes with occlusions and articulations (Sá Junior & Backes, 

2015). 

1.1.10 Shannon’s Information Theory 

In engineering design, communication is a socio-technical process, which, in order 

to be achieved combines the technical aspects of information transmission with the 



socio-technical aspects of design (Maier, Eckert, & Clarkson, 2005), thus enabling 

design communication. Design communication is a fundamental activity of the design 

process, which enables the communication of design information among the different 

stakeholders during the design process. Hence, given its importance, researchers in 

design communication have done studies on the following topics. (1) Determining the 

amount of information in different types of design representations, i.e. sketches versus 

physical prototypes, in order to determine their level of interpretability (Hannah, Joshi, 

& Summers, 2012). (2) Determining the level of recognition of sketches by designers 

based on their stroke predictability i.e. the certainty of a sketch’s embodying strokes 

(Burns, 2006). (3) Determining the level of complexity of a design solution based on 

the ambiguity of the design information used to produce it (Khan & Angeles, 2007). 

Furthermore, researchers such as Crilly et al. (Crilly, Maier, & Clarkson, 2008)  have 

used Shannon’s definition of a message to detail the communication process between 

products and their users. Where products are seen as information sources, which 

produce messages that are later encoded into a signal, and transmitted across a channel, 

and users are seen as receivers who decode the signals and the messages contained in 

the products. In such way, design information has been defined as a message transmitter, 

which is later decoded and interpreted by different stakeholders during the design 

process (Eckert et al., 2012; Khan & Angeles, 2007). Hence, this has allowed to see that 

design information in design communication, e.g. sketches, physical prototypes, among 

others, is akin to the transmitters of a message as defined by Shannon.  

1.2  Motivations 

Pei et al. (Pei et al., 2011) categorized sketches as personal, shared, persuasive, and 

handover sketches. Although these sketches were classified according to their purpose, 

they have different levels of ambiguity or uncertainty associated to them. Thus, it can 

be deduced that personal sketches have a very high level of ambiguity followed by 

shared ambiguity. On the other hand, persuasive sketches have a low level of ambiguity 

followed by handover sketches, which have the lowest ambiguity. The shared sketches 

have application in the conceptual design stage, and the persuasive sketches have 
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application in eliciting user preferences, sketch-based shape retrieval, and sketch-based 

modeling. 

The motivations of this dissertation are: 

1. In sketch-based modeling, the challenge is the mapping of 2D sketches to 3D 

models due to the prevalence of ambiguity in 2D sketches (Olsen et al., 2009). 

There is a need to quantify the uncertainty in order to facilitate the conversion 

of 2D sketches to 3D models.  

2. In eliciting user preference, the choices made by the users have been shown to 

be impacted by the level of fidelity of sketches (Macomber & Yang, 2011). 

There is a need to quantify the uncertainty in order to manage the fidelity in 

sketches.  

3. In sketches in the conceptual design stage, it has been shown that uncertainty is 

essential for the creative process (Eckert et al., 2012). There is a need to quantify 

uncertainty so that it can be tuned for the benefit of the creative process at 

various stages.  

4. In engineering design, retrieval methods are fundamental to enable the use and 

application of design knowledge during the design of complex systems. There 

is a need to develop retrieval methods that capture, represent, and retrieve design 

knowledge based on different levels of experience of designers (Wang, Johnson, 

& Bracewell, 2012). 

5. In sketch teaching, there is a need by students to have tools to gage the correct 

level of ambiguity in their sketches. In order to improve and speed their 

understanding of how to transition between their design concepts and CAD 

models (Booth, Taborda, Ramani, & Reid, 2016). 

6. In engineering design communication, one of the major challenges is the 

breakdown of communication, which affects the development of design projects 

(Gopsill et al., 2013). Hence, there is a need to introduce tools and methods that 

allow analyzing design communication content in order to improve engineering 



design communication and the development of design projects (Gopsill, 

Mcalpine, & Hicks, 2015). 

1.3 Goal 

The goal of the present work is to improve the communication with sketches during 

a products’ development phase. 

1.4 Research Question 

The aforementioned reasons serve as a motivation for the formulation of the 

research question: can uncertainty in communication with an engineering design sketch 

be quantified? 

1.5 Specific Aims 

To answer the research question, three specific aims were developed, namely, (1) 

determine the ranking of the features in a sketch, (2) determine the probability of 

importance of the features in a sketch, and (3) quantify the uncertainty of a sketch using 

Shannon’s entropy. 

1.6 Scope of Work 

To rank the features in a sketch, a form of functional analysis and the concept of 

the constellation of parts were applied to identify the features from a sketch.. To perform 

the ranking of the features in a sketch, the total pleiotropy for each feature of the sketch 

was determined through the application of the service characteristic assessment matrix. 

To determine the probability of importance of the features of a sketch, the IDSC 

approach was applied to evaluate a proposed probability of likeliness. In order to 

calculate the probability of importance the “probability of likeliness space” was mapped 

to the “probability of importance space” based on a set of mapping rules. Where the 

mapping rules were developed following a set of rules based on the ranking of features, 

and the principles of Shannon’s information theory. To determine the uncertainty in the 

communication with an engineering design sketch, the entropy of the sketch was 

obtained using Shannon’s communication theory, and the normalized value of the 
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entropy for a sketch. Where, using the probability of importance as an input, the 

uncertainty quantification was determined. Hence, the steps for ranking of features, the 

probability of importance, and quantification of uncertainty were used. To construct the 

framework for the quantification of the uncertainty in the communication with a sketch, 

anchored to Shannon’s information theory. 

 

 

  



2 METHODOLOGY 

2.1  Introduction 

The methodology section details the development of the methodology for the 

quantification of uncertainty in the communication with engineering design sketches.  

Therefore, this section elaborates on the development of the three specific aims. 1) 

Ranking of the features, where the features of a sketch are identified, and ranked. 2) 

Probability of importance, where the features likeliness is assessed based on their shape, 

and based on a linear transformation its probabilistic values are determined. 3) 

Quantification of uncertainty, where the level of uncertainty in the communication of 

an engineering design sketch is determined based on an application of Shannon’s 

entropy measure.  

2.2 Ranking of the Features 

2.2.1 Extracting Features Using Functionality 

 The features in a sketch can be identified by extracting it from a sketch based on 

its functionality in relation to the full engineering design sketch (Froimovich, Rivlin, & 

Shimshoni, 2002). Thus, in order to extract the features of a sketch based on their 

functionality, the functional knowledge of the machine (Efimov-Soini & Chechurin, 

2016) the sketch intends to represent and/or be interpreted as, needs to be determined. 

Therefore, this means having knowledge of the machine the sketch intends to represent 

with respect to the following. The actions/activities i.e. functions required to be carried-

out by the components of the machine, in order to enable the machines’ 

purpose/functional objective. Such as, supplying the energy it needs to do mechanical 

work e.g. internal combustion engine, allowing the flow of energy to other components 

of the machine e.g. gear, allowing to direct or guide the machines’ operation e.g. control 

system, and allowing the machine to execute certain actions e.g. actuator(s) (Pailhès, 

Sallaou, Nadeau, & Fadel, 2011). Thus, this functional knowledge of the machine 

enables the extraction of the features of a sketch, as it allows to distinguish the 



 Texas Tech University, Ricardo Cruz-Lozano, May 2017 

13 
 

components of a machine based on their functions, as this knowledge can be associated 

to the features of a sketch allowing to distinguish them as well. 

2.2.2 Extracting Features Using Spatial Location 

A feature in a sketch can be constructed or identified based on its constituent spatial 

location with respect to its visible position to the other features in a sketch i.e. based on 

the constellation of its constituents (van de Panne & Sharon, 2011). Therefore, to extract 

the features of a sketch using spatial location, initially the knowledge on the position of 

the components that construct the machine the sketch intends to represent would be 

determined. This is done by considering their visible location in the machine, with 

respect to their position to the other components in the machine, and their perceptual 

relationships based on classical gestalt principles. Such as, proximity which states that 

elements close to each other are grouped together. Continuity, which states that elements 

are grouped together when there is a smooth change from one to another. Closure, which 

states that the atomistic elements, i.e. curves and lines that form a closed figure tend to 

be grouped together. Symmetry, which states that elements that are symmetric with 

respect to each other based on an axis of reference, i.e. axis of  symmetry should be 

grouped together (Lugo et al., 2015; Qi et al., 2015). Thus, the spatial location 

knowledge of the components that construct the machine, can be achieved using spatial 

location, as it allows to distinguish the components of a machine based on their spatial 

location, and hence this can be associated to the features of a sketch allowing their 

distinction also.   

2.2.3 Extracting Features Using Relevance 

A feature in a sketch can be identified based on its relevance in relation to the full 

engineering design sketch i.e. the level of significance of the feature of a sketch with 

respect to the other features of the sketch based on certain criteria(s) such as 

functionality, spatial location, perceptual relationships, functionality-spatial location, 

functionality - perceptual relationships, functionality - spatial location - perceptual 

relationships (Kumar & Minz, 2014; Lugo, Schmiedeler, Batill, & Carlson, 2016). Thus, 



in order to extract the features of a sketch using relevance, the functional, and spatial 

location knowledge (Spain & Perona, 2010), as well as the perceptual relationships of 

the components that construct a machine based on their level of significance towards 

the achievement of the machines’ intended purpose could be used. In such way, that the 

extraction of the features of a sketch using relevance could be determined by associating 

the level of significance of the components of the machine to the features of the sketch 

that has the intention to represent the machine. Hence, the features in a sketch can be 

identified, as shown in Fig. 2-1, based using these three approaches.  

 
 

Fig. 2-1 Constructing or Identifying the Features in a Sketch 
 

2.2.4 Ranking Features of a Sketch 

The ranking of the features of a sketch is a major focus in determining the 

uncertainty in communication with a sketch. Therefore, in order to determine the 

uncertainty in the communication with a sketch, the concepts associated to the relevance 

of the features of a sketch are explored. The concept of nested hierarchy states that the 

hierarchy of the embodying components of a product can be determined by quantifying 

their pleiotropy score, based on the impact these components have towards the 

completion of the particular service characteristics of a product (Murmann & Frenken, 

2006). This gives rise to the concept of design hierarchy, which arises from the merger 

of the concept of dominant design and the concept of nested hierarchy. Thus, design 

Sketch,	S

Features,	sj

S =	[s1,…,	sn]
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hierarchy allows to determine and prioritize the embodying components of a product 

based on the relevance i.e. importance of each component towards the completion of a 

products’ particular functions, which are also referred to as service characteristics 

(Huenteler, Ossenbrink, Schmidt, & Hoffmann, 2016). In such way, using visual 

significance hierarchy for unique design elements on externally visible design attributes 

such as those contained in a sketch, researchers have been able to formulate a hierarchy 

of importance  (Hyun, Lee, & Kim, 2015). 

Hence, after the features of a sketch have been identified, they are ranked. The 

features of a sketch will be ranked based on the completion of the objective function of 

the sketch, and using the main service characteristics i.e. energy, control, and interface, 

and the refined service characteristics of the sketch. Where the energy characteristics 

are defined as the characteristics responsible for supplying the energy required by the 

system to achieve its objective function. The control characteristics are defined as the 

characteristics responsible for controlling the performance of the system. The interface 

characteristics are defined as the characteristics that describe the interaction between 

the system and the environment as well as among the components of the system. The 

refined service characteristics are defined as the specific, i.e. singular service 

characteristics associated to each of the main service characteristics. Therefore, for 

example, to refine the energy characteristic of an aircraft, the source of energy the 

aircraft employs to achieve its objective function “flight” will be identified.  

Therefore, the objective function “flight” would be refined as lift, and thrust for the 

main service characteristics of energy and control. Thus, after the main and refined 

service characteristics for the features of the sketch are defined, the features can be 

assigned to the service characteristics they satisfy as shown in Table 2-1.  



Table 2-1 Assigning features to the service characteristics 

 

The second step in ranking the features is the construction of the service 

characteristics assessment matrix. This is performed by listing all the refined service 

characteristics in one column and each of the identified features in the preceding 

columns (see Table 2-2). The matrix then can be used to assess if the identified features 

in each column have an impact on each refined service characteristic. If the feature is 

determined to have an impact on the service characteristic, the intersection cell between 

both should be filled with an “X” mark. On the other hand, if a feature does not have an 

impact, the corresponding cell in the table will be filled with a “0”. The X’s of each 

feature in the table are finally added to provide the pleiotropy score of each feature. The 

pleiotropy score is the parameter that is used for ranking the features. The ranking of 

the feature was designated by the variable i. The procedure of using a hand-drawn or 

digitalized sketch as input to determine the features and their ranking is depicted in Fig. 

2-2. It should be noted that features, other than the single first feature, can have the same 

rank. The number of features with a rank i were designated by the value ki. For example, 

if the pleiotropy results in two features having rank 2, then i = 2 and k2 = 2. 

Service 
Characteristics Features 

Energy 
Characteristic 

Feature # 1 
Feature # 2 
Feature # n 

Control 
Characteristic 

Feature # 1 
Feature # 2 
Feature # n 

Interface 
Characteristic 

Feature # 1 
Feature # 2 
Feature # n 
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Table 2-2 Functional service characteristics assessment (FSCA) matrix 

 

 
Fig. 2-2 Ranking features in a sketch 

 

2.3 Probability of Importance 

2.3.1 Probability of Likeliness of Features 

In order to determine the likeliness of the identified features of a sketch a 

“standard” artifact, and its embodying “standard” components need to be defined. A 

“standard” artifact is what an engineering design sketch aspires to represent, or as what 

an engineering design sketch is intended to be interpreted as (Arbelaez et al., 2012). A 

“standard” artifact is the canonical representation of an artifact which allows its 

Service Characteristic Sketch Feature 
# 1 

Feature 
# 2 … Feature 

# N Main Refined 

Energy 
Characteristics 

Characteristic #1 1 0 1 … 0 
Characteristic #2 1 0 0 … 0 

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ 
Characteristic #n 1 0 0 … 0 

Control 
Characteristics 

Characteristic #1 1 1 0 … 0 
Characteristic #2 1 1 0 … 0 

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ 
Characteristic #n 1 1 0 … 0 

Interface 
Characteristics 

Characteristic #1 1 1 0 … 1 
Characteristic #2 1 0 0 … 1 

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ 
Characteristic #n 1 0 1 … 1 

Pleiotropy q q1 q2 … qN 
Feature Rank - i1 i2 … iN 

	

Ranks

Features,	sj

S =	[s1,…,	sn]

1

2



identification by persons based on a typical viewing perspective of its contour shape 

e.g. side view of the silhouette of an automobile (Richter, Kuhne, & Schuster, 2001). 

The “standard” components of a “standard” artifact are its visible components, which 

are selected for their correspondence based on their spatial location, functionality, and 

relevance i.e. with respect to their rank and service characteristics to the identified 

features of the engineering design sketch being assessed (Qi et al., 2015). By performing 

this approach on the “standard” artifact,  

(1) the number of the extracted visible component of the “standard” artifact will be 

equal to the number of features of the sketch previously extracted, and 

(2) the rank of features of the sketch will be matched to an equal number of 

extracted components of the “standard” artifact. 

 Hence, the probability of likeliness (Li) is the probability the ith feature in a sketch 

matches the corresponding ith feature (or visible component) in a “standard” artifact. In 

such way, the probability of likeliness (Li) has a value range of 0% ≤ 𝐿& ≤ 100%. 

Where a Li of 0% means the ith feature in a sketch and the corresponding “standard” 

component of a “standard” artifact do not match at all, and a Li of 100% means the ith 

feature in a sketch and the corresponding “standard” component in a “standard” artifact 

fully match. Thus, in order to determine the probability of likeliness for the features of 

a sketch, images of the identified features of a sketch and of “standard” components 

where used and compared in the following manner.  

Among several image attributes that can be used in the comparison, the proposed 

methodology focuses on the shape (contour) similarity measurement between the 

identified sketch features and the images of the “standard” components. Several shape-

matching methods are available to determine the similarity between two images. Among 

them, the Inner-Distance Shape Context (IDSC) proposed by Ling and Jacobs (Ling et 

al., 2007) was selected and applied to the proposed methodology. IDSC is based on 

histogram shape descriptors (Belongie et al., 2002) which use the concept of inner-

distance, i.e. the length of the shortest path between landmark points within a shape’s 
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profile, in order to create a mathematical signature of an object. Given a point, xl, on the 

contour of the first shape and a point, yj, on the contour of the second shape, the cost of 

matching of these two points, clj, is defined using a Chi-Square test statistic (Belongie 

et al., 2002; Ling et al., 2007):  

𝑐)* =
1
2

ℎ) 𝑟 − ℎ* 𝑟
0

ℎ) 𝑟 + ℎ* 𝑟

2

345

, (  1  ) 

where r are the bins uniformly divided into log-polar spatial coordinates, hl(r) and hj(r) 

denote the Rth-bin normalized histogram at xl and yj, respectively.  

In order to solve the matching problem and determine the pairwise correspondence 

of points xl and yj, a Dynamic Programming (DP) optimization procedure was used 

(Gorman, Mitchell, & Kuhl, 1988). In summary, DP finds the pairwise of corresponding 

points xl, yj that minimizes the summation of the cost of matching of these points. 

Considering that the indexes of the points of shape yj which correspond to the points of 

the shape xl are the elements π(l) of the vector π, the average cost of matching 𝐶 𝜋  of 

the correspondent points xl, yπ(l) can be defined as, 

𝐶 𝜋 =
𝑐 𝑥), 𝑦: )

;<=
>45

𝑁@A
, (  2  ) 

where Ncp is the number of pairwise corresponding points. In fact, Eq. (  2  )  provides 

a probability number that measures the dissimilarity between two shapes with limits 

ranging from 0 (for identical shapes) to 1 (for extremely different shapes). Feng et al. 

(Feng et al., 2008) used a similar concept to define a discrepancy factor to compute the 

cost of matching between 3D shapes. Then, the complement of the average cost of 

matching, 1-𝐶 𝜋 , is a probability number which accounts for the similarity, or the 

probability of likeliness (Li) between the two shapes and is given by, 

𝐿& ≡ 1 − 𝐶 𝜋 = 1 −
𝑐 𝑥&, 𝑦:C

;<=
&45

𝑁@A
, (  3  ) 



in which the value of the probability of likeliness is ultimately contained. Hence, after 

the Li values for each of the features of a sketch have been determined, and thus the 

“probability of likeliness space” has been established, the probability of importance (pi) 

values for the features of a sketch can be determined next. 

2.3.2 Probability of Importance of Features 

Communication of ideas is a fundamental activity of the design process. Sketches 

are essentially communication tools to exchange information among the different 

stakeholders during the design process. Communication itself is a complex cognitive 

process in which the information exchanged is supposed to embed a meaning (Juergen 

Kluever, 2011), which depends purely on subjective aspects. Nevertheless, apart from 

any semantic aspect of information, Shannon (Shannon, 1948) defined it 

mathematically as a quantifiable entity transmitted from a source to a destination, which 

both can assume different possible states, each state with a probability of occurrence 

(Lombardi, Holik, & Vanni, 2016). Considering the communication of a message 

between a source and a destination, Shannon’s theory can also be interpreted as the 

quantification of the amount of exchanged information by identifying the degree to 

which the message is unexpected to the destination (Juergen Kluever, 2011; Jurgen 

Kluever & Kluever, 2007). Taking the assumption that a message can be composed by 

part messages, Kluever and co-worker (Juergen Kluever, 2011; Jurgen Kluever & 

Kluever, 2007) defined two message vectors 

𝑿 = 𝑥5, 𝑥5,⋯ , 𝑥n	
𝒀 = 𝑦5, 𝑦5,⋯ , 𝑦n	

 (  4  ) 

in which xj and yj are the parts of the expected and observed messages, respectively. 

Furthermore, the more a message is unexpected (i.e., improbable) to the destination, the 

greater is the difference between the parts of the expected and observed message and 

the resulting “subjective” probability is defined as (Juergen Kluever, 2011; Jurgen 

Kluever & Kluever, 2007)  
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𝑝* = 1 − 𝑥j − 𝑦j . (  5  ) 

The similarity between Eq. (  3  ) and Eq. (  5  ) formed the motivation of defining 

the probability of importance. The probability of importance (pi) is the key factor 

driving the level of uncertainty in a sketch, as it not only reflects the hierarchical 

importance of each of the composing features of a sketch, furthermore linking each 

feature’s hierarchical importance to their level of importance. The probability of 

importance (pi) is the probability the ith feature of a sketch, given its rank, will correctly 

represent, or correctly be interpreted as, the corresponding ith “standard” component of 

a “standard” artifact. Where, the value of the probability of importance (pi) of the ith 

feature, is driven by the feature’s rank, and is associated to the feature’s probability of 

likeliness (Li). Therefore, in order to determine the probability of importance (pi), it is 

necessary initially to determine the probability of likeliness (Li) of each of the features 

in a sketch by comparing their “likeness” (Jupp & Gero, 2004). Hence, based on the 

established “probability of likeliness space”, the probability of importance (pi) values 

for the features of a sketch can be determined. This is done by mapping the “probability 

of likeliness space” into the “probability of importance space”. Where the mapping 

follows a set of rules based on the ranking of features and the principles of Shannon’s 

information theory. 

The rules presented below consider a sketch that has N total number of features 

ranked based on their importance from i = 1 to n, having ki (number of features in each 

rank) and where i = 1 is given to the most important feature: 

1. There will only be one most important feature in a sketch, i.e., 

𝑘5 = 1 (  6  ) 

2. The summation of the probability of importance (pi) of all the features is given 

by Shannon (Shannon, 1948): 

𝑘&𝑝&

M

&45

= 1. (  7  ) 



3. The probability of importance (pi) of the most important feature in a sketch 

cannot be less than 1/N, this is associated to the maximum entropy principle of 

Shannon’s entropy  (Klir, 2006),  and will have a maximum value of 1, i.e., 

1
𝑁 ≤ 𝑝5 ≤ 1. (  8  ) 

4. The probability of importance (pi) of each of the ith ranked feature(s), where 2 ≤

𝑖 ≤ 𝑛 − 1, is given by:  

1 − 𝑘*𝑝*&P5
*45

𝑁 − 𝑘*&P5
*45

≤ 𝑝& ≤ 1 − 𝑘*𝑝*

&P5

*45

. (  9  ) 

5. The probability of importance (pn) of each of the nth ranked feature(s) is given 

by: 

𝑝M =
5P QCACRST

CUT
QR

. (  10  ) 

6. Probability of likeliness space, 0 ≤ Li ≤ 1, of the ith ranked feature (𝑖 =

1, 2, … , 𝑛 − 1) shall be mapped to the probability of importance space, 𝑝)C ≤

𝑝& ≤ 𝑝XC, defined in Rule 3 and Rule 4, of the same feature according to a linear 

transformation given by: 

𝑝& = 𝑝XC − 𝑝)C 𝐿& + 𝑝)C. (  11  ) 

For example, the mapping function for the most important feature (i = 1) will be, 

𝑝5 =
𝑁 − 1
𝑁 𝐿5 +

1
𝑁 (  12  ) 

Where, in this case we can further see the relationship of the mapping function to 

the equiprobability principle, i.e. pi … pn = 1 / N where the pi’s for all the features of a 

sketch would be equal. As the𝑝)C    for the case of the highest ranked feature i.e. k1 = 1 

will always be 𝑝)C = 1 / N. Furthermore, also emphasizing that the constrained 

probability space gets narrower as you go down the ranking.  
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Thus, using as input the features and their corresponding rankings, the probabilities 

of importance (pi) of the features of a sketch can be determined. As Fig. 2-3 depicts, 

where the process began with the identified features of a sketch i.e. blue shapes, is 

followed by the determination of the “standard” components of the artifact, which then 

are compared to the identified features of a sketch using the IDSC to obtain the (Li = 1 

– cost) values of the features. Finalizing, at this stage with the determination of the pi = 

pj values for the features of a sketch based on the mapping the “probability of likeliness 

space” into the “probability of importance space”. 

 
Fig. 2-3 Determining the probability of importance (pi) 

 
Finally, in order to proceed to determine the uncertainty in a sketch, the coherence 

of the values of the probability of importance (pi) obtained for the features of a sketch 

should be validated by verifying the consistency of the determined pi values. Hence, this 

would be done by verifying that the pi values for the features with a higher rank will 

always have a higher value than the preceding lower ranked feature of a sketch i.e. p1 > 

p2 >…> pn where n = rank of the nth feature. Having the limiting case p1 = p2 =… = pn 

when all the features in the sketch are equiprobable. Ascertaining that the sum of all the 

probabilities of importance is always unity. 

Search

Lj º 1	– cost	=	1	– f(sj,	rj)

pj

Instance,	rj

R =	[r1,…,	rn]

j	=	1,n



Hence, this would validate the probability of importance results obtained for the 

features of a sketch and the process could continue with the determination of the 

uncertainty in the communication with the engineering design sketch. 

2.4 Uncertainty in a Sketch 

2.4.1 Entropy of a Sketch 

Based on the discussion relating to the motivation of defining the probability of 

importance (Hou & Ramani, 2007; Juergen Kluever, 2011; Jurgen Kluever & Kluever, 

2007), the amount of information (or new content) of a sketch can be expressed as (Baez, 

Fritz, & Leinster, 2011; Shannon, 1948)  

𝐻 = − 𝑘&𝑝&𝑙𝑜𝑔0𝑝&
]

^45
. (  13  ) 

In Eq. (  13  ) the value of the entropy has the following boundary conditions. The 

minimum entropy, Hmin = 0 bits, for a sketch is obtained when the probability of 

importance of its highest ranked feature is p1 = 1, and the probabilities of importance 

for its remaining features are pi = 0. The maximum entropy, Hmax bits, for a sketch is 

obtained when the probabilities of importance of all the features are equal, i.e., pi = 1/N, 

i = 1, … N, in the particular case where the occurrence of the correct representation or 

interpretation of all the features of a sketch are the same i.e. equiprobable (Sommaruga, 

2009)  

 

𝐻max = −
1
𝑁 log0

1
𝑁

;

^45
= −

𝑁
𝑁 log0

1
𝑁 = log0(𝑁) (  14  ) 

The value of the maximum entropy, Hmax bits, for a sketch increases as the number 

of features N in the sketch increases, i.e. Hmax = log2 (N) increases as N increases. In 

such way, for example Hmax for a sketch with three identified features i.e. N = 3 would 

be Hmax = log2 (3) = 1.585 bits, and for a sketch with N = 4 would be Hmax = log2 (4) = 

2 bits, and therefore (Hmax for N = 3) < (Hmax for N = 4). 
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2.4.2 Uncertainty of a Sketch 

The uncertainty of a sketch (u) is the subjective uncertainty measure that a given 

sketch will potentially not be interpreted as intended in relation to the “standard” artifact 

(Juergen Kluever, 2011). In such way, the determination of the (u) uncertainty in the 

sketch is driven by the information-centered value of the entropy measured as the bits 

of information contained in the sketch (Arndt, 2001), based on the pi values of its 

identified features. Using Eq. (  13  ) and Eq. (  14  ) and using the normalized value of 

the entropy (Klir, 2006) uncertainty in a sketch is given by (Hou & Ramani, 2007; 

Masisi, Nelwamondo, & Marwala, 2008):  

𝑢 =
𝐻
𝐻max

 (  15  ) 

where (u) has the range of 0 ≤ 𝑢 ≤ 1. 

Thus, Eq. (  15  ) is the quantification of the uncertainty of communication with a 

sketch (Cruz-Lozano, Alemayehu, Ekwaro-Osire, & Endeshaw, 2017; Ekwaro-Osire, 

Cruz-Lozano, Endeshaw, & Dias, 2016). Where, when u = H / Hmax = 0 / Hmax =  0, it 

means no uncertainty in a sketch, and when u = H / Hmax = Hmax / Hmax = 1, it means 

total uncertainty in a sketch (Wellmann, 2013).  Therefore, using the probability of 

importance as an input, the uncertainty quantification can be performed as shown in Fig. 

2-4. 

 
Fig. 2-4 Uncertainty quantification  

2.4.3 Framework for the quantification of uncertainty 

The framework for the quantification of the uncertainty in the communication with 

a sketch, anchored to Shannon’s information theory is shown in Fig. 2-5. Thus, Fig. 2-5 

shows (a) Ranking of features, where the features (sj) of a sketch (S) are initially 

H	=	-å pj log2 pj u	=	H	/	Hmax

Sketch,	S

u



extracted and identified using the knowledge on the functionality, spatial location, and 

relevance of the machine the sketch intends to represent. Followed by the ranking of the 

features of a sketch using the FSCA matrix constructed based on the determined service 

characteristics of the features of a sketch, and depicted in Fig. 2-5 by the green arrows 

flowing from left to right on the (a) Ranking of Features section. Thus, after the ranking 

of the features are determined, the (b) Probability of Importance is carried out. Where 

the search of the instances (rj) which will become the “standard” components against 

which the identified features of a sketch will be compared in order to determine the 

features (Lj) values, is done after the features of a sketch have been identified as depicted 

by the blue arrow outgoing from the Sketch (S) in (a) into Search at (b). Therefore, after 

the “standard” components and the identified features of a sketch have been determined, 

their corresponding images are compared as depicted by the middle blue arrow going 

from (a) into (b) using the IDSC to obtain (Lj) as depicted by the green outlined arrows 

in (b). Thus, after the (Lj) values for the features of the sketch have been determined 

their probability of importance (pj) values are determined using the mapping of 

probability space from Lj into pj as depicted by the bottom blue arrow going from (a) 

Ranks into (b) pj. Hence, finally the uncertainty (u) in the communication with a sketch 

is determined in (c) Uncertainty of Sketch, based on the entropy (H) of the sketch 

determined based on the pj values of the features of a sketch as depicted by the outgoing 

arrow going from section (b) to section (c) of Fig. 2-5, and by the value of (Hmax), as 

depicted by the green arrows flowing from left to right in section (c). 
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Fig. 2-5 Framework for the quantification of uncertainty in the communication with a sketch 

 

  

Search

Lj º 1	– cost	=	1	– f(sj,	rj)

pj

H	=	-å pj log2 pj u	=	H	/	Hmax

Sketch,	S

u

(b)	Probability	of	Importance

Sketch,	S

Ranks

Features,	sj

S =	[s1,…,	sn]

(a)	Ranking	of	Features

(c)	Uncertainty	of	Sketch

Instance,	rj

R =	[r1,…,	rn]

1

2
j	=	1,n



3 RESULTS AND DISCUSSIONS 

3.1 Introduction 

In this section, the results obtained based on the application of the proposed 

framework (see Fig. 2-5) for the quantification of the uncertainty in the communication 

with a sketch. Four different sketches, namely, a helicopter, a bicycle, a microscope, 

and a snowmobile, were used to demonstrate the application of the framework. For each 

sketch, the following results are presented on (1) the ranking of the features, (2) 

calculating the probabilities of likeliness and the probabilities of importance, and finally 

(3) calculating their uncertainties. 

3.2 Ranking of the Features  

3.2.1 Bicycle 

A sketch of a bicycle was constructed as shown Fig. 3-1. This sketch was analyzed 

and several observations were made. The bicycle was described as a two-wheeled 

steerable machine that was pedaled by a rider and thus achieving movement through 

propulsion (“Bicycle,” 2016). The sketch had four main components. A mounting 

system composed of a saddle and a bicycle frame, whose main function is to hold the 

components of the bicycle, as well as to allow the rider to maintain a position to operate 

the bicycle. A steering system composed of a handlebar, a fork, and a front wheel, whose 

main function was to allow the rider to control and guide the bicycle. The rider 

interacted with the handlebar and the front wheel interfaced with the terrain. A power 

system, which is composed of a drive-train, and whose main function is to supply the 

power necessary to propel the bicycle. A rear wheel system whose main function is to 

make effective use of the power supplied by the drive-train to enable the displacement 

of the bicycle. The features of the sketch of a bicycle (see Fig. 3-1) were extracted (see 

Table 3-1), and then identified based on their configuration. Thus, using the 

aforementioned information on the configuration of the components of a bicycle, the 

features of the sketch were identified as: (a) mounting system constituting of a frame 

and a saddle, (b) steering system constituting of a handlebar, fork, and front wheel, (c) 
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power system constituting of pedals, crank(s), chain-wheel, and sprocket(s), and (d) rear 

wheel system constituting of a rear wheel. The four features are shown in Fig. 3-2.  

	

Fig. 3-1 Sketch of a bicycle 
 

Table 3-1 Extracted features of the sketch of a bicycle based on a bicycles’ service 
characteristics 

 

 

Service 
Characteristics Features 

Energy 
Characteristic 

Rear Wheel System 
Power System 

Steering system 

Control 
Characteristic 

Rear Wheel System 
Power System 

Steering system 

Interface 
Characteristic 

Rear Wheel System 
Power System 

Steering System 
Mounting System 

	



	
Fig. 3-2 Identified features of the sketch of a bicycle: (a) mounting system, (b) steering 

system, (c) power system, and (d) rear wheel system 
 

Next, the identified features were assessed based on the functionality of a bicycle, 

using the main service characteristics in conjunction with the refined service 

characteristics: steering, propulsion, interface terrain, interface connector, and interface 

rider through the use of the Functional Service Characteristics Assessment Matrix 

(FSCA) (Huenteler et al., 2016) shown in Table 3-2. Hence, this was followed by the 

ranking of the features of the sketch in descending order using the pleiotropy scores 

obtained from the FSCA. Yielding the following ranking for the features of the sketch: 

the rear wheel system was ranked #1, the power system was ranked #2, the steering 

system was ranked #3, and the mounting system was ranked #4. Hence, in the sketch of 

a bicycle, the rear wheel system is the highest ranking feature, which implies that the 

rear wheel system may play the most important role recognition or interpretation of the 

sketch as that of a bicycle.  

In determining the ranking of the four features of the sketch of a bicycle, the main 

challenge during the ranking process arose due to the low level of refinement of the 

service characteristics.  In particular, the energy service characteristics and the control 

service characteristics each had only two refined service characteristics defined, 

namely, propulsion and steering. Thus, this made the ranking based on the pleiotropy 
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score of the features challenging, as it made it difficult to score the features in 

distinguishable ways, as in most cases they shared the same service characteristics.  

Table 3-2 Functional Service Characteristics Assessment Matrix for the sketch of a bicycle 

 

The ranking results for the features of the sketch of a bicycle are sound as they were 

developed following the procedure established to rank the features of a sketch based on 

their identification and ranking. This is validated, as the identification of the features in 

the sketch of a bicycle was carried out adequately, as each of the features of the sketch 

of a bicycle were distinctively identified based on their position and location within the 

complete sketch, and with respect to the other features. As evidenced in Fig. 3-2, where 

the features of the sketch are well distinguished, and thus can be clearly identified as 

follows. The mounting system is the feature horizontally oriented, located in the middle 

section of the sketch, and which has the steering system positioned towards its front-

end, the rear wheel system positioned towards its rear-end, and the power system 

positioned on its lower mid-section. The rear wheel system, is the feature located 

towards the left-hand side of the sketch, positioned towards the rear end of the mounting 

system. The steering system, is the feature located towards the right-hand side of the 

sketch of a bicycle, positioned on the front end of the mounting system. The power 

system, is the feature horizontally oriented, located on the lower part of the sketch, 

positioned in the mid-section of the mounting system.  

Function: Transport Person Sketch Features 
Service 

Characteristic Bicycle 
Mounting 

System 
(a) 

Steering 
System 

(b) 

Power 
System 

(c) 

Rear Wheel 
System  

(d) Main Refined 
Energy 
Characteristics 

Steering 1 0 1 0 0 
Propulsion 1 0 0 1 1 

Control 
Characteristics 

Steering 1 0 1 0 0 
Propulsion 1 0 0 1 1 

Interface 
Characteristics 

Terrain 1 0 1 0 1 
Connector 1 1 0 1 1 
Rider 1 1 1 1 0 

Pleiotropy 7 2 4 4 4 
Tie Priority Factor - - 3.5 - 4.5 
Feature Rank - 4 3 2 1 

	



Thus, in addition to the features been correctly identified, the ranking results for 

the features of the sketch of a bicycle showed to also be adequate in their ranking, as 

the pleiotropy scores used to rank the features, were determined consistently following 

the process detailed by the ranking procedure. As they were determined using the 

refined service characteristics: propulsion, steering, terrain, connector, and rider, based 

on the overall functional purpose of a bicycle. Thus, next to further show the coherence 

of the results for the ranking of the features of the sketch of a bicycle, we expand the 

discussion on certain relevant aspects. The sketch of a bicycle showed to have features 

with a very even contribution towards its overall functionality objective, as three out of 

its four features i.e. the rear wheel system, the power system, and the steering system 

had an equal pleiotropy score of four. Therefore, in the case of the sketch of a bicycle, 

an extra scoring parameter i.e. the priority factor was used to obtain the following 

ranking of the features: rear wheel system ranked #1, power system rank #2, steering 

system ranked #3, and mounting system rank #4. Where, the priority factor, showed to 

be consistent with the ranking procedure, as it was determined based on the assessment 

of the relevance of each feature based on its spatial location (van de Panne & Sharon, 

2011), and of its relevance towards the realization of the overall functionality objective 

of the sketch. Thus, for the ranking of the features of the sketch of a bicycle the use of 

the priority factor, showed to be adequate, and thus allowed to obtain well-grounded 

ranking results. Hence, this demonstrates the soundness of the results obtained for the 

ranking of the features of a sketch of a bicycle. 

3.2.2 Helicopter 

The sketch of a helicopter was constructed as shown in Fig. 3-3. A helicopter was 

identified as a type of aircraft horizontally power-driven by propellers or rotors, which 

can as a result, take off and land vertically, move in any direction, or remain stationary 

in the air, also referred to as hover (“Helicopter,” 2017). Thus, helicopters are 

distinguished from other types of aircraft, as they do not use wings to obtain their lift, 

but rather they obtain their lift by the rotation of overhead blades, i.e. a rotor.  Whereas 

there is  a wide variety of helicopters with different visual appearance, in general they 
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share the following main components: main rotor system, tail rotor system, cabin or 

cockpit, landing gear, power plant consisting of engine and transmission, and airframe 

(Department of Transportation & Federal Aviation Administration, 2000). Each of those 

main components have a specific function in enabling the helicopter to fly. Rotor: its 

function is to create the lift and thrust power that allows a helicopter to lift its cargo 

(passengers or goods) and to fly forward. Tail: its function is to create thrust to control 

a helicopter’s direction as well as to counteract the torque effect generated by the rotor. 

Cockpit: its function is to provide the space that allows the cargo to be transported. 

Landing Gear: its function is to support the weight of a helicopter in its non-flying 

stages, i.e. taking off and landing, and thus avoid its damage. The features are extracted 

from sketch Fig. 3-3 and presented in  

Table 3-3. Thus, yielding the identification of the following distinguishable 

features in the sketch of a helicopter: (a) landing gear, (b) tail, (c) cockpit, and (d) rotor 

as shown in Fig. 3-4.  

 

Fig. 3-3 Sketch of a helicopter 
 

Table 3-3 Extracted features of the sketch of a helicopter based on a helicopters’ service 
characteristics 

 

Service 
Characteristics Features 

Energy 
Characteristic 

Rotor 
Tail 

Control 
Characteristic 

Rotor 
Tail 

Interface 
Characteristic 

Rotor 
Tail  

Landing Gear 
Cockpit 

	



 

Fig. 3-4 Identified features of the sketch of a helicopter: (a) landing gear, (b) tail, (c) cockpit, 
and (d) rotor 

 
Therefore, after the features that constitute the sketch of a helicopter were identified 

they were ranked based on the following service characteristic refinement. The energy 

characteristic was refined as hover, lift, and thrust; the control was refined as hover 

control, lift control, and thrust control; and the interface was refined as interface air, 

interface cargo, interface connector, and interface ground contact. Thus, this allowed to 

construct the service characteristics assessment matrix for the sketch of a helicopter, 

and to determine the pleiotropy score of each of the features of the sketch of a helicopter 

as shown in Table 3-4. 

Table 3-4 Functional Service Characteristics Assessment Matrix for the sketch of helicopter 

 

Function: Transport Cargo Sketch Features 
Service 

Characteristic Helicopter 
Landing 

Gear 
 (a) 

 
Tail 
(b) 

 
Cockpit 

(c) 

 
Rotor 

(d) Main Refined 

Energy 
Characteristics 

Hover 1 0 0 0 1 
Thrust 1 0 1 0 1 
Lift 1 0 0 0 1 

Control 
Characteristics 

Hover 1 0 1 0 1 
Thrust 1 0 1 0 1 
Lift 1 0 1 0 1 

Interface 
Characteristics 

Cargo 1 0 0 1 0 
Air 1 0 1 0 1 
Terrain 1 0 0 0 0 
Connector 1 1 0 1 0 

Pleiotropy 10 1 5 2 7 
Feature Rank - 4 2 3 1 
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Therefore, Table 3-4 shows that the overall pleiotropy score of the sketch of a 

helicopter has a value of ten and that the pleiotropy scores of the rotor, tail, cockpit, and 

landing gear are seven, five, two, and one respectively. Hence, the ranking of the 

features of the sketch of a helicopter is the following: the rotor was ranked #1, the tail 

was rank #2, the cockpit was ranked #3, and the landing gear was ranked #4. Therefore, 

in the sketch of a helicopter, the rotor has the highest rank with a pleiotropy score 

significantly higher than that of the other features of the sketch of a helicopter, which 

points out the fact that the rotor may play the most important role as the identifier of the 

sketch of a helicopter. 

The results obtained for the ranking of the features of the sketch of a helicopter 

show a visible dominance of certain features, specifically in the cases of the rotor, and 

the tail, which have very high pleiotropy scores of seven, and five respectively. In 

contrast to the pleiotropy scores of two, and one for the cockpit, and the landing gear 

respectively. In addition, the results of the FSCA in Table 3-4 allow observing that the 

pleiotropy scores for the features of a sketch of a helicopter have a substantial 

dominance in certain service characteristics categories. In this case, this was evident in 

the energy service characteristics where the rotor showed a pleiotropy score of three, 

compared to a score of one for the tail, and zero for the landing gear, and the cockpit 

features. Where, also an evident differentiation of the features of the sketch of a 

helicopter was noticed based on its service characteristics, as only certain features had 

an effect on certain service characteristics e.g. only the rotor, and the tail features had 

pleiotropy scores for the energy and control characteristics of the sketch of a helicopter. 

Thus, this made the ranking of the features of the sketch of a helicopter less challenging, 

and additionally highlighted the fact that the sketch of a helicopter has very distinctive 

features. Hence, the results obtained for the ranking of the features of a sketch of a 

helicopter, allowed to have a broader understanding on the significance of certain 

features for the sketch from an initial functional assessment perspective. 



3.2.3 Microscope 

The sketch of a microscope was constructed as Fig. 3-5 shows. The sketch was 

analyzed and relevant aspects associated to its construction were observed. A 

microscope is generally described as a device that produces enlarged images of small 

objects, thus enhancing an observers’ view of minute structures at a scale convenient 

for examination and analysis (“Microscope,” 2010). The sketch of a microscope had 

five main components. The optical system composed of an eyepiece, a body tube, and 

objective(s), whose overall function is to allow the observer to magnify, and thus 

analyze the objects his observing at different levels of visual detail. The illumination 

system composed of a mirror, whose main function is to transmit light towards the 

object of analysis to allow its viewing. The fixation system composed of a stage, whose 

functional purpose is to hold the objects being analyzed at a given position. The 

mounting system composed by the base of a microscope, whose objective function is to 

support and help fix the position of the microscope to a working surface e.g. a laboratory 

table. The positioning system composed of the microscope arm, and the focusing 

knob(s), whose functional goal is to allow the observer to control the level of visual 

resolution and sharpness of the objects his analyzing. Therefore, the features of the 

sketch of a microscope Fig. 3-5, where initially extracted as it can be seen in Table 3-5, 

and then identified based on their position and location. The following features were 

identified in the sketch: (a) fixation system consisting of a stage, (b) mounting system 

consisting of a microscope base, (c) the optical system consisting of an eyepiece, a body 

tube, and objectives, (d) illumination system consisting of a mirror, and (e) positioning 

system consisting of a microscope arm, and focusing knob. Thus, the resulting five 

identified features can be seen next in Fig. 3-6.  
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Fig. 3-5 Sketch of a microscope 
 

Table 3-5 Extracted features of the sketch of a microscope based on a microscopes’ service 
characteristics 

 
 

Service 
Characteristics Features 

Energy 
Characteristic 

Optical System 
Positioning System 
Illumination System 

Fixation System 
Mounting System 

Control 
Characteristic 

Optical System 
Positioning System 
Illumination System 

Fixation System 
Mounting System 

Interface 
Characteristic 

Optical System 
Positioning System 
Illumination System 

Fixation System 
Mounting System 

	



 

Fig. 3-6 Identified features of the sketch of a microscope: (a) fixation system, (b) mounting system, 
(c) optical system, (d) illumination system, and (e) positioning system 

 
After the features of the sketch were identified, they were assessed using the service 

characteristics in conjunction with the refined service characteristics: fixation of 

specimen, illumination, focus of objective(s), visualization of the specimen, 

stabilization of microscope, interface specimen, interface observer, interface light, and 

interface connector by using the FSCA matrix presented in Table 3-6.  

Table 3-6 Functional Service Characteristics Assessment Matrix for the sketch of microscope 

 

Hence, resulting in the following ranking of the features of the sketch of a 

microscope: the optical system was ranked #1, the positioning system was ranked #2, 

Function: Observation of Specimen Sketch Features 
Service 

Characteristic Microscope 
Fixation 
System 

(a) 

Mounting  
System 

(b) 

Optical 
System 

(c) 

Illumination 
System 

(d) 

Positioning 
System 

 (e) Main Refined 

Energy 
Characteristics 

Fixation of Specimen 1 1 0 0 0 0 
Illumination 1 0 0 0 1 0 
Focus of Objective(s) 1 0 0 0 0 1 
Visualization of Specimen 1 0 0 1 0 0 
Stabilization of Microscope  1 0 1 0 0 0 

Control 
Characteristics 

Fixation of Specimen 1 0 0 0 0 0 
Illumination 1 0 0 1 1 1 
Focus of Objective(s) 1 0 0 1 0 1 
Visualization of Specimen 1 0 0 1 0 1 
Stabilization of Microscope 1 0 1 0 0 0 

Interface 
Characteristics 

Specimen 1 1 0 0 1 0 
Observer 1 0 0 1 1 1 
Light 1 1 0 1 0 0 
Connector 1 1 1 1 1 1 

Pleiotropy 14 4 3 7 5 6 
Feature Rank - 4 5 1 3 2 
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the illumination system was ranked #3, the fixation system was ranked #4, and the 

mounting system was ranked #5. Hence, this allowed to identify the optical system 

feature, as the most important identifying feature of the sketch of a microscope. 

In the case of the ranking of the five features of the sketch of a microscope, the 

main challenge arose due to the high level of complexity of the sketch, based on its high 

number of identified features i.e. five. These aspects made the ranking procedure a 

highly elaborate process, as the pleiotropy scores for the features of a microscope did 

not demonstrate any dominance in any specific service characteristic category. Thus, 

this reflected on the results obtained based on the FSCA matrix for the sketch of a 

microscope, which showed a scattered pattern of the pleiotropy scores of the features 

throughout the entire set of service characteristics. Therefore, despite having a high 

number of service characteristics to assess the features of the sketch of a microscope. 

The difference in the pleiotropy scores between the preceding and seceding features in 

the sketch of a microscope show a very fine difference of only one pleiotropy point. 

Hence, this made the ranking of the features of the sketch of a microscope very complex, 

as the sketch had a high number of identified features, and a lack of features with 

significant difference i.e. >1, in their pleiotropy scores with respect to other features.  

The resulting rank for the features of the sketch of a microscope are sound as in 

their development the established ranking procedure for the features of a sketch based 

on their identification and ranking was followed accordingly. The soundness of the 

ranking results for the features of the sketch of a microscope is supported by the 

adequacy of the identification of the features in the sketch, as each of the features of the 

sketch was identified in a distinctive manner based on their position and location within 

the context of the sketch. This can be better understood by observing Fig. 3-6, where 

the features of the sketch of a microscope are distinguished from the others, and thus 

can adequately be identified in the following manner. The mounting system, is the 

feature oriented horizontally located at the bottom of the sketch, with the illumination 

system positioned towards it upper left-hand side, and the positioning system at its 



highest point. The positioning system, is the features located in the mid-section of the 

sketch, inclined towards the right-hand side of the sketch, positioned on top of the 

mounting system, and below the right-hand side of the optical system, with the fixation 

system positioned towards its bottom left-hand side. The fixation system, is the feature 

located on the lower mid-section of the sketch, inclined towards the left-hand side of 

the sketch, and positioned at the bottom left-hand side of the positioning system. The 

illumination system, is the feature located on the lower section of the sketch, 

horizontally oriented, and positioned on the upper left-hand side of the mounting 

system.  

The ranking of the features of the sketch of a microscope are further proven to be 

sound, as the pleiotropy scores used to rank the features, were determined adequately 

using the refined service characteristics: fixation of specimen, illumination, focus of 

objective(s), visualization of the specimen, stabilization of microscope, interface 

specimen, interface observer, interface light, and interface connector, determined based 

on a microscopes’ overall functional purpose. Thus, next to further demonstrate the 

soundness of the results obtained for the ranking of the features of the sketch of a 

microscope, we highlight certain relevant aspects associated to the consistency of the 

values for certain features. The result of the optical system, as the highest ranked feature 

of the sketch of a microscope with a pleiotropy score of seven, proves its validity as it 

is the feature with the highest contribution to the overall objective functionality of the 

sketch of a microscope. Further supported by the dominancy shown by the optical 

system in the pleiotropy score associated to the interface characteristics where it had a 

75% contribution, in contrast to the only 50% contribution of the positioning system, 

the second highest ranked feature. In addition, the ranking results for the sketch of a 

microscope show their soundness in the mounting system, which was the lowest ranked 

feature of the sketch of a microscope with a pleiotropy score of only three. This being 

coherent as it only has a single pleiotropy point on each main service characteristic 

category. Hence, these facts proof the validity of the ranking results obtained for the 

sketch of a microscope, as they have proven their consistency and coherence in the 
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application of the procedure established to rank the features of a sketch based on their 

identification and quantitative ranking. 

3.2.4 Snowmobile 

The sketch of a snowmobile was constructed as shown in Fig. 3-7. A  snowmobile 

was defined as a motorized vehicle mainly driven on terrains and surfaces where usually 

snow is present (“Snowmobile,” 2008). As a result, snowmobiles commonly distinguish 

themselves from other type of ground vehicles due to the distinctiveness of their 

components, as well as due to their constant presence of these distinctive components 

in all its classes. Thus, snowmobiles are composed by the following main components: 

a sliding system composed of one or two skis and a handlebar, an engine-driven single 

or double continuous track, and a main body system composed of a body, a seat, and an 

engine. Where each of these main components have the following functional intentions 

to enable the snowmobile to transport its users and their goods. The sliding system, 

whose purpose is to allow the snowmobile to slide through the terrain, and to enable the 

user to control and guide the snowmobile. The main body system, whose purpose is to 

house and protect the fuel tank and the engine, and to provide the seating for the driver 

of the snowmobile. The track(s) whose purpose is to provide the propulsion energy 

needed by the snowmobile to achieve its displacement. In such way, the features of the 

sketch of a snowmobile Fig. 3-7 were ranked in a manner consistent to that detailed in 

section 2.2.2. Thus, using the service characteristics defined based on the functionality 

of a snowmobile, the features of the sketch of a snowmobile were extracted as shown in 

Table 3-7, and then identified as: (a) propulsion system, (b) sliding system, and (c) main 

body system as shown in Fig. 3-8.  



 

Fig. 3-7 Sketch of a snowmobile 
 

Table 3-7 Extracted features of the sketch of a snowmobile based on a snowmobiles’ service 
characteristics 

 

 
Fig. 3-8 Identified features of the sketch of a snowmobile: (a) propulsion system, (b) sliding 

system, and (c) main body system 
 

Service 
Characteristics Features 

Energy 
Characteristic 

Sliding System 
Propulsion System 

Control 
Characteristic 

Sliding System 
Propulsion System 

Interface 
Characteristic 

Sliding System 
Propulsion System 
Main Body System 

	

(a)

(b)

(c)

(b)



 Texas Tech University, Ricardo Cruz-Lozano, May 2017 

43 
 

This then followed by the ranking of the features of the sketch of a snowmobile 

using the FSCA, yielding the following ranking for the sketch of a snowmobile: the 

sliding system was ranked #1, the propulsion system was ranked #2, and the main body 

system was ranked #3 as shown in Table 3-8. Hence, this allowed establishing the 

sliding system feature of the sketch of a snowmobile as its highest ranking feature, 

signaling the main role of the sliding system feature as the carrier of the communication 

of the sketch as that of a snowmobile. 

Table 3-8 Functional Service Characteristics Assessment Matrix for the sketch of 
snowmobile 

 

In determining the ranking of the three features for the sketch of a snowmobile, the 

highlighting aspect was the uniformity of the distribution of the pleiotropy scores of the 

features. This made the ranking procedure challenging, as although the sketch of a 

snowmobile had only three identified features. The results for the ranking of the features 

of the sketch do not show a significant difference in their pleiotropy scores throughout 

the range of features. This was associated to the low level of refinement of certain main 

service characteristics, in this case, energy and control, which only had two refined 

service characteristics: propulsion and steering. Therefore, this made the ranking 

procedure for the features of the sketch of a snowmobile challenging due to the reduced 

number of service characteristics available to assess the features of the sketch. 

Function: Transport of 
Persons/Goods Sketch Features 

Service 
Characteristic Snowmobile 

Propulsion 
System  

(a) 

Sliding 
System 

(b) 

Main Body 
System 

(c) Main Refined 
Energy 
Characteristics 

Propulsion 1 1 0 0 
Steering 1 0 1 0 

Control 
Characteristics 

Propulsion 1 1 0 0 
Steering 1 0 1 0 

Interface 
Characteristics 

Rider 1 0 1 1 
Terrain 1 1 1 0 
Connector 1 0 0 1 

Pleiotropy 7 3 4 2 
Feature Rank - 2 1 3 

	



The results obtained for the ranking of the features of the sketch of a snowmobile 

are valid as they demonstrate a consistent application of the procedure established to 

rank the features of a sketch based on their identification and ranking. The identification 

of the features in the sketch was done consistently, as the features of the sketch of a 

snowmobile were identified based on their position and location with respect to the 

complete sketch, as well as with respect to the other features in the sketch. This 

statement is supported by the information presented in Fig. 3-8, where each of the 

features of the sketch of a snowmobile is well distinguished from the other features in 

the sketch, and thus can be clearly identified in the following way. The propulsion 

system is the feature located towards the left-hand side of the sketch, in the rear end of 

the snowmobile, below the main body system. The sliding system feature is the feature 

located towards the right-hand side of the sketch, in the front end of the snowmobile 

placed below the main body system feature. The main body system is the feature with 

a horizontal orientation, with its front end located towards its right-hand side, and its 

rear end located towards its left-hand side, positioned above the propulsion and sliding 

system features. 

The ranking of the features was also done consistently as the pleiotropy scores used 

to rank the features, were determined adequately using the refined service 

characteristics: propulsion, steering, rider, terrain, and connector, determined based on 

a snowmobiles overall functional objective. Thus, next to further demonstrate the 

validity of the results obtained for the ranking of the features of the sketch of a 

snowmobile, relevant aspects associated to the consistency of the values for certain 

features are discussed. Therefore, we begin the discussion with the sliding system, 

which was the highest ranked feature of the sketch of a snowmobile with a pleiotropy 

score of four. In this case, the result demonstrates to be valid, as the sliding system of 

the sketch had the highest contribution to the overall objective functionality of the 

sketch of a snowmobile. This is further supported by the consistency shown in the 

pleiotropy score of the sliding system, as it was determined based on the analysis of the 

service characteristics that compose its score. Where we can see that the sliding system 
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has an overall contribution on all main service characteristics categories, furthermore 

having a 66% of contribution in the interface characteristic. In contrast, with the main 

body system, which was the lowest ranked feature of the sketch of a snowmobile with 

a pleiotropy score of only two. Where the consistency of its lowest rank is evidenced by 

its lack of contribution on the energy and control service characteristics, and its partial 

contribution to the realization of the interface characteristics of the sketch of a 

snowmobile. Hence, these proofs validate the ranking results obtained for the sketch of 

a snowmobile, as they demonstrate the consistency in the application of the procedure 

established to rank the features of a sketch based on their identification and quantitative 

ranking. 

3.2.5 Discussion of Overall Results on Ranking of the Features 

The ranking of the features of a sketch, allowed to establish a hierarchy of the 

features that compose a sketch based on the importance of the feature towards the 

completion of the overall functional objective of the machine that the sketch is visually 

embodying. As it can be observed from the sketch of a bicycle and the sketch of a 

helicopter, the most important feature is directly associated with the source of energy of 

the machine it is embodying. In the case of the bicycle, the rear wheel system, which 

through its rotational movement enables the displacement of the bicycle, and in the case 

of the helicopter, the rotor which enables the lift and thrust of the helicopter, which 

allows it to displace the air. Furthermore, if the case of the sketch of a microscope is 

neglected, the other three cases represent machines with the same function i.e. transport 

people/goods, and thus 66% of the case studies with the same function have highest 

ranked features with analogous service characteristics as well. Thus, this could 

demonstrate a strong relationship between the ranking of the features and their 

pleiotropy scores with respect to specific types of service characteristics, for example 

energy in the case of the helicopter, bicycle, and snowmobile. Lastly, we highlight an 

aspect associated to the control and interface characteristics for the sketch of a 

microscope, where the result of its highest ranked feature i.e. the optical system seems 

to have a very strong relationship with respect to those two-specific kind of service 



characteristics e.g. control and interface characteristics. Hence, the analysis of the 

overall of the ranking of the features, seem to point out towards the possibility in the 

future of establishing a simplified ranking scheme in the case where the ranking 

assessment is done on sets of machines with analogous functions. 

3.3 Probability of Importance 

3.3.1 Bicycle 

The probability of importance (pi) values of the features of the sketch of a bicycle 

shown in Fig. 3-1, were determined based on the initially identified features of the 

sketch of a bicycle shown in Fig. 3-2, and the use of “standard” bicycles such as the 

ones shown in Fig. 3-9. Therefore, using the identified features of the sketch of a 

bicycle, and “standard” bicycles, the “standard” components of a bicycle were identified 

as shown in Fig. 3-10. Followed by their comparison against the identified features of a 

sketch of a bicycle as depicted in Fig. 3-11 in order to calculate the probability of 

likeliness (Li) of each of the features of the sketch, using the Inner Distance Shape 

Context (IDSC) (Ling et al., 2007). Based on the actual probability of likeliness of the 

shape of the features of the sketch and the overall matching cost C(p) of the IDSC 

algorithm. Yielding the results shown in Table 3-9 for the Li’s in the case of the sketch 

of a bicycle. 

 
Fig. 3-9 Standard bicycle components - (a) used for the propulsion system and steering system, (b) 

used for the power system and mounting system 
 

(a)	 (b)	
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Fig. 3-10 Identification of components of a “standard” that correspond to features of the 

sketch of a bicycle 
 

 
Fig. 3-11 Determining Li for the features of the sketch of a bicycle 

 
Table 3-9 Probability of likeliness (Li) of the ranked features of the sketch of a bicycle 

 

 
Therefore, once the values for each of the features of the sketch of a bicycle were 

determined, their pi’s were determined, using the transformation in probability space 

calculation which began with the most important feature of the sketch of a bicycle; the 

1st Phase

2nd Phase

3rd Phase

4th Phase

L1		,	k1 =	1

L2 ,	k2 =	1

L3 ,	k3 =	1

L4 ,	k4 =	1

Feature of Sketch Probability of 
Likeliness (Li) 

# Ranked 
Features (ki) 

(d) Rear Wheel System 95.98% 1 

(c) Power System 71.55% 1 

(b) Steering System 81.16% 1 

(a) Mounting System 79.72% 1 

 



mounting system k1 = 1 using Eq. (  6  ). Followed by the process of determining the 

limit values for p1 for the rear wheel system by applying Eq. (  8  ), for the sketch of a 

bicycle where the number of identified features was determined to be N = 4. Yielding 

the probability limit values of p1,	𝑝)T = 0.25 and 𝑝XT = 1, as it can be seen in 

0.2500 ≤ 𝑝5 ≤ 1. (  16  ) 

Thus, next the value of p1 for the rear wheel system was determined by 

transforming the probability of likeliness Li = L1 = 95.98% of the rear wheel system into 

p1. Therefore, in order to transform this probability of likeliness L1 into p1 Eq. (  11  ) 

was used, and its development for the sketch of a bicycle can be seen next in 

𝑝5 = 𝑝XT − 𝑝)T 𝐿5 + 𝑝)T 

= 1 − 0.2500 0.9598 + 0.2500 

= 0.9699 = 96.99%. 

 

(  17  ) 

So, as it can be seen this resulted in p1 = 96.99% for the rear wheel system. Thus, 

after p1 was determined, the limit values 𝑝)k and 𝑝Xk for p2 of the power system were 

determined based on the application of Eq. (  9  ), and whose results for the power system 

can be seen in 

1 − 0.9699
4 − 1

≤ 𝑝0 ≤ 1 − 0.9699  

											0.0100 ≤ 𝑝0 ≤ 0.0301. 

 

(  18  ) 

Thus, Eq.  (  18  ) shows that the limit values for p2 of the power system are p>k =

0.0100 and pok = 0.0301. After the limit values for p2 of the power system have been 

established, Eq. (  10  ) was applied with the purpose of determining the maximum value 

of the probability of importance in the case where repeated features with the same 

ranking exist e.g. k3 = 2. At this point, we notice that in the present case study there is 

only a single feature at each ranking level i.e., the 𝑘M
pq value for the sketch of a bicycle 

is always equal to 1. Therefore, all the maximum values of pi’s will be the same as those 
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of the 𝑝XC’s that were determined using Eq. (  9  ) for each feature in the sketch of a 

bicycle. Thus, despite the fact that the use of Eq. (  10  ) does not underlie any effect on 

the present result of the case study, next its application is presented in 

𝑘&𝑝&

MP5

&45

= 𝑘5𝑝5

0P5

&45

= 1 ∗ 0.9699
5

&45

= 0.9699, (  19  ) 

 

𝑝0 =
1 − 𝑘&𝑝&MP5

&45

𝑘0
=
1 − 0.9699

1 = 0.0301. (  20  ) 

As it can be seen this results in a value of p2 = 0.0301. Thus, now that the usage of 

Eq. (  10  ) has been clarified; the process of determining p2 for the power system feature 

can continue. Next, the application of Eq. (  11  ) can be seen in 

𝑝0 = 𝑝Xk − 𝑝)k 𝐿0 + 𝑝)k 

= 0.0301 − 0.0100 0.7155 + 0.0100 

= 0.0243 = 2.43%. 

 

(  21  ) 

At this point, the probability of importance for the rear wheel p1 = 96.99%, and the 

power system p2 = 2.43% have been determined. Therefore, the case study moved 

forward to determine the probability of importance p3 of the steering system. Where, to 

determine p3, the same process as for p2 is followed. 

Hence, Eq. (  9  ) was applied to determine the limit values 𝑝)t and 𝑝Xt for  p3 of 

the steering system, whose results can be seen in  

1 − 0.9942
4 − 2

≤ 𝑝u ≤ 1 − 0.9942  

											0.0029 ≤ 𝑝u ≤ 0.0058 

 

(  22  ) 

where 𝑝)t = 0.0029 and 𝑝Xt = 0.0058. 



Now, to determine p3 for the steering system, Eq. (  10  ) was not be applied due to 

the condition of singular features in each ranking as it was explained before, therefore 

Eq. (  11  ) was directly applied for the determination of p3 for the steering system, as it 

can be seen in 

𝑝u = 𝑝Xt − 𝑝)t 𝐿u + 𝑝)t 

= 0.0058 − 0.0029 0.8116 + 0.0029 

= 0.0052 = 0.52%. 

 

  (  23  ) 

Thus, the probability of importance for the steering system is p3 = 0.52%.  

Finally, as the probabilities of importance for 3 (p1, p2, and p3) out of the 4 features 

in the sketch of a bicycle had been determined. The final probability of importance p4 

of the mounting system was determined by applying Eq. (  7  ), which is the summation 

of the total probability of importance space whose development and result are shown in  

𝑘&𝑝&

M

&45

= 𝑘5𝑝5 +	𝑘0𝑝0 +	𝑘u𝑝u +	𝑘v𝑝v = 1 

										= 1 ∗ 0.9698 + 1 ∗ 0.0243 + 1 ∗ 0.0052
+(1 ∗ 𝑝v)

 

										= 0.9993 + 𝑝v = 1, 

 

 

(  24  ) 

∴ 

𝑝v = 1 − 0.9993 = 0.0007 = 0.07%. 

 

(  25  ) 

As it can be seen, the probability of importance for the mounting system feature is 

p4 = 0.07%. Thus, in Table 3-10, the probabilities of importance for all the features of 

the sketch of a bicycle have been determined. Therefore, the aim of determination of 

the probability of importance for the features of the sketch of a bicycle has been 

accomplished. 
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Table 3-10 Probability of importance (pi) of the ranked features of the sketch of a bicycle 

 

The rear wheel system feature of the sketch of a bicycle was the feature with the 

highest likeliness value L1 = 95.98% of all the features of the sketch. In this case, the 

rear wheel system feature mimics almost perfectly the rear wheel system component of 

a “standard bicycle”. This initial value for the rear wheel system, contrasts with the 

likeliness value of L2 = 71.55% for the power system feature, which despite also being 

good shows a significant decrease in the level of matching compared to L1 with a 

difference of more than 24%. On the other hand, the probability of likeliness for the 

other two remaining features: the steering system L3 = 81.16%, and the mounting system 

L4 = 79.72%, showed the high level of matching of these features of the sketch of a 

bicycle with their corresponding counterpart components of a “standard” bicycle. 

Therefore, these Li values for the features of the sketch of a bicycle yielded the following 

corresponding pi results based on the probability of space transformation. The feature 

with the lowest probability of importance was the mounting system p4 = 0.07%, and 

thus its value was consistent with the hierarchy of the pi values for the features of a 

sketch, as p1 > p2 > p3 > p4 i.e. 96.99% > 2.43% > 0.52% > 0.07%. Conversely, but also 

in agreement with the hierarchy of the pi values for the features of the sketch of a bicycle, 

we can see that the rear wheel system had the highest pi value with p1 = 96.99%. 

Furthermore, these pi values allow us to have a very clear idea on the level of importance 

of the features, within the context of the complete sketch, and with respect to the other 

features. Thus, for example, from the perspective of the complete sketch of a bicycle, 

we can clearly see that the rear wheel system is not just an important feature for the 

Feature of Sketch Probability of 
Importance (pi) 

(d) Rear Wheel System 96.99% 

(c) Power System 2.43% 

(b) Steering System 0.52% 

(a) Mounting System 0.07% 

	



sketch of the bicycle; it is a crucial feature in the communication of the sketch of a 

bicycle as evidenced by its pi value. Also, allowing to see the significant hierarchical 

dominance that it has with respect to the other features of the sketch, where for example, 

with respect to the mounting system p4 = 0.07% it has a higher pi value by more than 

96.5%. Hence, as it can be seen the results of the probability of importance for the 

features of the sketch of a bicycle are valid and allowed us to have a clearer idea of their 

actual importance in the context of the sketch.  

3.3.2 Helicopter 

The probability of importance, pi, of each of the composing features of the sketch 

of a helicopter, the “probability of importance” in the proposed framework was 

developed in the same manner as in the initial case study of the sketch of a bicycle. 

Thus, each of the identified features of the sketch of a helicopter in Fig. 3-3, were 

compared to corresponding images of “standard” components of helicopters determined 

from the helicopter components shown in Fig. 3-12, using images of the same size and 

orientation as shown in Fig. 3-13. Then, using the IDSC and based on the overall 

matching cost C(π) of each pair of corresponding images i.e. the initial identified 

features of the sketch and the later defined components from “standard” helicopter 

artifacts. The values for the probability of likeliness Li for each of the features of the 

sketch of a helicopter were determined as shown in Fig. 3-14, and the results are shown 

in Table 3-11.  

 
Fig. 3-12 Standard helicopter components - (a) used for the rotor, (b) used for the tail, (c) used for 

the cockpit and landing gear 

(a)	 (b)	 (c)	
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Fig. 3-13 Identification of components of a “standard” that correspond to features of the sketch of 

a helicopter 
 

 

Fig. 3-14 Determining Li for the features of the sketch of a helicopter 
 

Table 3-11 Probability of likeliness (Li) of the ranked features of the sketch of a helicopter 
 

 

Next, the process is continued by doing the transformation of the probability space, 

and thus determining the probability of importance (pi) for each of the features of the 

Feature of Sketch Probability of 
Likeliness (Li) 

# Ranked 
Features (ki) 

(d) Rotor 76.67% 1 

(b) Tail 64.84% 1 

(c) Cockpit 69.17% 1 

(a) Landing Gear 69.92% 1 

 



sketch of a helicopter. Thus, based on the use of Eq. (  6  ), the rotor is the only feature 

in the first rank, k1 = 1, and based on Eq. (  8  ), the limits of the probability of importance 

of the rotor feature, p1, of the sketch of a helicopter were determined as seen in 

0.2500 ≤ 𝑝5 ≤ 1. (  26  ) 

Thus, next based on the use of Eq. (  11  ) the value of  p1 was determined to be 

82.50%, and the boundary values for the probability of importance, p2, for the tail 

feature were determined based on Eq. (  9  ), as shown in 

0.0583 ≤ 𝑝0 ≤ 0.01750. (  27  ) 

Hence, next Eq. (  11  ) was used again to determine the probability of importance 

of the tail feature p2 = 13.39%, and based on Eq. (  9  ) the boundary values for the 

probability of importance, p3, for the cockpit feature were obtained as demonstrated in 

0.0411 ≤ 𝑝u ≤ 0.0205. (  28  ) 

Finally, using one more time Eq. (  11  ) the value of p3 was determined to be 3.47%, 

and the probability of importance of the landing gear (p4) based on the use of Eq. (  10  

) was determined to be 0.64%. Hence, the results for the probability of importance for 

the features of the sketch of a helicopter shown in Table 3-12 demonstrate that the rotor 

of the sketch of the helicopter has the highest probability of importance with a value of 

82.50%, while the landing gear has the lowest probability of importance value with 

0.64%. 

Table 3-12 Probability of importance (pi) of the ranked features of the sketch of a helicopter 

 

Feature of Sketch Probability of 
Importance (pi) 

(d) Rotor 82.50% 

(b) Tail 13.39% 

(c) Cockpit 3.47% 

(a) Landing Gear 0.64% 
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The rotor feature of the sketch of a helicopter was the feature with the highest 

likeliness value L1 = 76.67% of all the features of the sketch. While the tail feature of 

the sketch of a helicopter was the feature with the lowest likeliness value L2 = 64.84%.  

Thus, this indicates the features in the sketch of a helicopter have a moderately good 

level of match with respect to the components of a “standard” helicopter. In addition, 

this likeliness values allowed us to assess the consistency in the way the features of the 

sketch were drawn, as the range of difference between the Li values for the features was 

not significant, as it was close to only 10%. Moving forward, we were able to assess 

that the pi values obtained for the sketch of a helicopter were consistent with the 

hierarchy of the pi values for the features of a sketch as p1 > p2 > p3 > p4 i.e. 82.50% > 

13.39% > 3.47% > 0.64%. Furthermore, allowing us to notice how certain features do 

not have a significant hierarchical dominance with respect to others. Such as in the case 

of p2 and p3, where their probability of importance values only differs by 9.92%, which 

points out to the fact that the tail and cockpit features of the sketch of the helicopter 

have very similar levels of importance within the context of the communication of the 

overall, as well as with respect to each other. In addition, to finding a close similarity 

between the pi values for the tail and cockpit features, we also observed a close similarity 

in the values of the feature with the lowest probability of importance the landing gear 

p4 = 0.64% and the cockpit feature p3 = 3.47% with a difference of only 2.83%. Thus, 

demonstrating the decreased level of hierarchical dominance among the features of the 

sketch of a helicopter. Hence, in the case of the features of the sketch of a helicopter we 

can see that their pi values are consistent, and furthermore, that its features do not have 

a highly significant hierarchical dominance, as evidenced in the case of p2, p3, and p4. 

3.3.3 Microscope 

The probabilities of importance for each of the ranked features of the sketch of a 

microscope were determined in the same manner as in the previously presented case 

studies. Therefore, standard images of the actual components as shown in Fig. 3-15, 

which correspond to the features identified in the sketch of a microscope were selected 

as shown in Fig. 3-16. Followed by the one to one comparison procedure of each 



component’s image to their corresponding feature in the sketch of a microscope in order 

to determine the probability of likeliness (Li) of each of the features of the sketch of a 

microscope using the IDSC. Then, the IDSC values obtained from the comparisons 

between the identified features of the sketch and the afterwards established components 

from “standard” microscope artifacts, were used to determine the probability of 

likeliness (Li) based on the overall matching cost C(p) of the IDSC algorithm as shown 

in Fig. 3-17. The results obtained for the Li’s in the case of the results of the sketch of a 

microscope can be seen in Table 3-13. 

 
Fig. 3-15 A “standard” microscope 

 

 
Fig. 3-16 Identification of components of a “standard” that correspond to features of the sketch of 

a microscope 
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Fig. 3-17 Determining Li for the features of the sketch of a microscope 

 

Table 3-13 Probability of likeliness (Li) of the ranked features of the sketch of a microscope 
 

 

Hence, after the values for each of the features of the sketch of a microscope were 

determined, their pi’s were then calculated. Therefore, just as in the previous case 

studies the transformation in probability space began with the most important feature of 

the sketch of a microscope i.e. the optical system, where k1 = 1, and where the limit 

values for the probability of importance: Lower	limit	 = 𝑝)C = 𝑝)T = 0.2000 and 

Upper	limit = 𝑝XC = 𝑝XT = 1	 for the optical system, based on N = 5 for the sketch of 

a microscope are shown in 

0.2000 ≤ 𝑝5 ≤ 1 (  29  ) 

This was followed by the transformation of L1 into p1, whose outcome and detail 

can be seen in  

Sketch	of	a	Microscope Image	of	“Standard”	
Microscope

Cost	of	Matching	 C(π)

%& = 0.7103

Initial	Objects

Extracted	
Feature/Component

Extracted	
Shape	Contours

Feature of Sketch Probability of 
Likeliness (Li) 

# Ranked 
Features (ki) 

(c) Optical System 71.34% 1 

(e) Positioning System 71.03% 1 

(d) Illumination System 76.22% 1 

(a) Fixation System 71.33% 1 

(b) Mounting System 67.52% 1 

 



𝑝5 = 𝑝XT − 𝑝)T 𝐿5 + 𝑝)T 

= 1 − 0.2000 0.7134 + 0.2000 

= 0.7707 = 77.07%. 

 

(  30  ) 

Where based on the probability of likeliness L1 = 71.34% of the optical system of 

the sketch of a microscope, a value of p1 = 77.07% was determined for the probability 

of importance for the optical system.  

Thus, after p1 was determined, the limit values  𝑝)k and 𝑝Xk for p2 of the positioning 

system, where obtained and are shown in 

1 − 0.7707
5 − 1

≤ 𝑝0 ≤ 1 − 0.7707  

											0.0573 ≤ 𝑝0 ≤ 0.2293. 

 

(  31  ) 

Therefore, after the limit values for p2 of the positioning system were determined, 

the value of p2 was calculated as shown in 

𝑝0 = 𝑝Xk − 𝑝)k 𝐿0 + 𝑝)k 

= 0.2293 − 0.0573 0.7103 + 0.0573 

= 0.1795 = 17.95%. 

 

(  32  ) 

Hence, at this point the probability of importance for the optical system p1 = 

77.07%, and the positioning system p2 = 17.95% had been determined. Therefore, next, 

the case study was resumed and the probability of importance p3 of the illumination 

system was determined using the same process as for p2. Thus, the limit values 𝑝)t and 

𝑝Xt for p3 of the illumination system are shown in 

1 − 0.9502
5 − 2

≤ 𝑝u ≤ 1 − 0.9502  

											0.0166 ≤ 𝑝u ≤ 0.0498. 

 

(  33  ) 

and the transformation process to determine p3 is shown in 
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𝑝u = 𝑝Xt − 𝑝)t 𝐿u + 𝑝)t 

= 0.0498 − 0.0166 0.7622 + 0.0166 

= 0.0419 = 4.19%. 

 

(  34  ) 

Resulting in the probability of importance for the illumination system p3 = 4.19%, 

which was followed by the calculation of the probability of importance p4, of the 

fixation system of the sketch of a microscope shown in 

1 − 0.9921
5 − 3

≤ 𝑝v ≤ 1 − 0.9921  

											0.0039 ≤ 𝑝v ≤ 0.0079. 

 

(  35  ) 

𝑝v = 𝑝X� − 𝑝)� 𝐿v + 𝑝)� 

= 0.0079 − 0.0039 0.7133 + 0.0039 

= 0.0068 = 0.68%. 

 

(  36  ) 

Therefore, p4 was calculated as p4 = 0.68%, and thus at this point the probabilities 

of importance for four out of the five features i.e. p1, p2, p3, and p4 in the sketch of a 

microscope had been determined. Hence, to determine the value of p5 the probability of 

importance of the mounting system of the sketch of the microscope. The summation of 

the total probability of importance space was used, and can be seen in  

𝑘&𝑝&

M

&45

= 𝑘5𝑝5 +	𝑘0𝑝0 +	𝑘u𝑝u +	𝑘v𝑝v +	𝑘�𝑝� = 1 

										= 1 ∗ 0.7707 + 1 ∗ 0.1795 + 1 ∗ 0.0419
+ 1 ∗ 0.0068 + (1 ∗ 𝑝�)

 

										= 0.9989 + 𝑝� = 1, 

 

 

(  37  ) 

∴ 

𝑝� = 1 − 0.9989 = 0.0011 = 0.11%. 

 

(  38  ) 



where a value of p5 = 0.11% was obtained for the mounting system of the sketch of a 

microscope. Thus, at this stage, the probabilities of importance for all the features of the 

sketch of a microscope have been determined, whose values are shown in Table 3-14. 

Table 3-14 Probability of importance (pi) of the ranked features of the sketch of a microscope 
 

 

The illumination system feature of the microscope was the feature with the highest 

value of likeliness L3 = 76.22% of all the features of the sketch of a microscope, and 

thus was the feature closer to have a match with the component of a “standard” 

microscope.  In addition, the probability of likeliness for the remaining four features 

was above 60%, and thus indicated a moderately good match with the corresponding 

features in the “standard” artifact. Here, it is important to highlight certain interesting 

facts. First, the illumination system was not the highest ranked feature of the sketch of 

a microscope, and second the difference in the range of likeliness values for the 

remaining features i.e. L1, L2, L4, and L5 is no more than 3.82%. These facts, while they 

do not affect the consistency of the hierarchy of the pi values as p1 > p2 > p3 > p4 > p5 

i.e. 77.07% > 17.95% > 4.19% > 0.68% > 0.11% we highlight them, because as we can 

see they influenced the values of the pi’s. As it can be observed for the optical system 

feature where p1 = 77.07%, which while been a significant value for p1, is not that much 

significant such as for example p1 = 95%. On the other hand, the relative similarity 

between the Li values for L1, L2, L4, and L5 had an effect on the values of p2 through p5 

as the difference in their range of values in certain cases e.g. between the fixation system 

p4 = 0.68% and the mounting system p5 = 0.11% is of only 0.57%. Thus, this signals the 

Feature of Sketch Probability of 
Importance (pi) 

(c) Optical System 77.07% 

(e) Positioning System 17.95% 

(d) Illumination System 4.19% 

(a) Fixation System 0.68% 

(b) Mounting System 0.11% 
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lack of significant hierarchical dominance among the features of the sketch of the 

microscope as its pi’s in certain cases are extremely similar. Hence, in the case of the 

features of the sketch of a microscope we can validate the consistency of its probability 

of importance values, and also see how the likeliness values based on which they were 

determined have an effect on their pi values. 

3.3.4 Snowmobile 

Finally, the calculation of the probabilities of importance, 𝑝&, for the ranked 

features of the sketch of a snowmobile were determined in the same manner as in the 

previously presented case study scenarios. Thus, standard images of the actual 

components that correspond to the features identified in the sketch of a snowmobile 

were determined as shown in Fig. 3-18. Enabling the one to one comparison of each 

feature in the sketch of a snowmobile to their corresponding component of a 

snowmobile image as shown on Fig. 3-19. Thus, Fig. 3-20, briefly describes the process 

developed to determine the probability of likeliness (Li) of each of the features of the 

sketch of a snowmobile. Where initially, the features of the sketch were extracted and 

ranked, followed by the establishment of an image of their corresponding component 

on a “standard” artifact, and then they were compared using the IDSC. Hence, based on 

the overall matching cost C(p) of the IDSC algorithm, the Li values in the case of the 

features of the sketch of a snowmobile were obtained, and can be seen in Table 3-15. 

 
Fig. 3-18 A “standard” snowmobile 

 



 
Fig. 3-19 Identification of components of a “standard” that correspond to features of the 

sketch of a snowmobile 
 

 
Fig. 3-20 Determining Li for the features of the sketch of a snowmobile 

 
Table 3-15 Probability of likeliness (Li) of the ranked features of the sketch of a snowmobile 

 

 

Hence, the values of the pi’s for each of the features of the sketch of a snowmobile 

were determined using the transformation in probability space. Starting with the most 

important feature of the sketch of a snowmobile i.e. the sliding system, where k1 = 1, 

and where the limit values for the probability of importance: Lower	limit	 = 𝑝)C =

𝑝)T = 0.3333 and Upper	limit = 𝑝XC = 𝑝XT = 1	 for the sliding system, based on a N = 

3 for the number of identified features for the sketch of a snowmobile as shown in 

Feature of Sketch Probability of 
Likeliness (Li) 

# Ranked 
Features (ki) 

(b) Sliding System 92.08% 1 

(a) Propulsion System 62.81% 1 

(c) Main Body System 61.94% 1 
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0.3333 ≤ 𝑝5 ≤ 1. (  39  ) 

Thus, the transformation of L1 into p1, whose outcome is shown in 

𝑝5 = 𝑝XT − 𝑝)T 𝐿5 + 𝑝)T 

= 1 − 0.3333 0.9208 + 0.3333 

= 0.9469 = 94.69%. 

 

(  40  ) 

Where based on the probability of likeliness L1 = 92.08% a probability of 

importance p1 = 94.96% was obtained for the sliding system of the sketch of a 

snowmobile. 

Thus, after p1 had been determined, the limit values 𝑝)k and 𝑝Xk for p2 of the 

propulsion system, where determined as shown in  

1 − 0.9469
3 − 1

≤ 𝑝0 ≤ 1 − 0.9469  

											0.0265 ≤ 𝑝0 ≤ 0.0531. 

 

(  41  ) 

Therefore, after the limit values for p2 of the propulsion system were determined, 

the value of p2 was determined based on the transformation result in 

𝑝0 = 𝑝Xk − 𝑝)k 𝐿0 + 𝑝)k 

= 0.0531 − 0.0265 0.6281 + 0.0265 

= 0.0432 = 4.32%. 

 

(  42  ) 

Finally, given the characteristics of the present case study, where the sketch only 

has three identified features, and as the probabilities of importance for two out of the 

three total identified features in the sketch has been determined. The value of p3 the 

probability of importance of the main body system of the sketch of the snowmobile was 

determined based on the principle established by Eq. (  7  ), and whose detail and result 

for the present case are presented in  



𝑘&𝑝&

M

&45

= 𝑘5𝑝5 +	𝑘0𝑝0 +	𝑘u𝑝u = 1 

										= 1 ∗ 0.9469 + 1 ∗ 0.0432 + (1 ∗ 𝑝u) = 1 

										= 0.9901 + 𝑝u = 1, 

 

 

(  43  ) 

∴ 

𝑝u 										= 1 − 0.9901 = 0.0099 = 0.99%. 

 

(  44  ) 

Hence, at this point the probabilities of importance for all the features of the sketch 

of a snowmobile have been determined, which are shown in Table 3-16. 

Table 3-16 Probabilities of importance (pi) of the ranked features of the sketch of a snowmobile 

 

The results for the probability of importance for the sketch of a snowmobile, 

evidence the dominance of (b) the sliding system feature over (a) the propulsion and (c) 

the main body system features of the sketch of a snowmobile. Furthermore, the analysis 

of the Li values for the features of the sketch of a snowmobile, allowed to notice that 

certain features of the sketch of a snowmobile have very similar likeliness values such 

as in the case of (a) the propulsion system, and (c) the main body system which have a 

difference between their likeliness values of only 0.87%. 

 The sliding system feature of the snowmobile was the feature with the highest 

value L1 = 94.69% of all the features of the sketch of a snowmobile. Thus, the sliding 

system was the feature of the snowmobile, which was closer to matching a sliding 

system of a “standard” snowmobile. The probability of likeliness for the other two 

remaining features were above 60% indicating that there was also a relative good match 

Feature of Sketch Probability of 
Importance (pi) 

(b) Sliding System 94.69% 
(a) Propulsion System 4.32% 
(c) Main Body System 0.99% 
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with the corresponding features in the “standard” artifact. The feature of the sketch of a 

snowmobile with the lowest probability of importance was the main body system p3 = 

3.55%, and thus its value is consistent with the hierarchy of the pi values for the features 

of the sketch of a snowmobile as p1 > p2 > p3 i.e. 94.69% > 4.32% > 0.99%. On the 

other hand, the sliding system of the snowmobile was the feature with the highest 

probability of importance p1 = 94.69%, which is also consistent with the values that p1 

features should have based on their highest ranking. Furthermore, it can also be noticed 

that the value of p1 = 94.69% for the sliding system is high which is consistent with p1 

values for high quality sketches. Finally, it can be noticed that the summation of the pi 

values of the sketch of a snowmobile add up to 1. Thus, further confirming that each of 

the pi values of the snowmobile correspond to each of the ranked features of the sketch. 

Hence, being able to ultimately validate the soundness of the results obtained for the 

probabilities of importance for the features of the sketch of a snowmobile. 

3.3.5 Discussion of Overall Results on Probability of Importance 

In Table 3-17, the maximum and minimum values for the probabilities of 

importance for the features are related to its number of identified features (N) and the 

probability of likeliness. As well as, on how the values of the probability of importance 

play a role in determining the uncertainty in the communication with a sketch.  

Table 3-17 Probability of importance (pi) for highest and lowest ranked features for each 
sketch 

 

Hence, we start by comparing the results of the sketch with the highest number of 

identified features i.e. the sketch of a microscope with five identified features vs. the 

sketch with the smallest number of identified features i.e. the sketch of a snowmobile 

with three identified features. Thus, in this case the first thing that stands out is the 

Sketch Number of Identified 
Features (N) 

Highest Ranked 
Feature 

Probability of 
Importance (pi) 

Lowest Ranked 
Feature 

Probability of 
Importance (pi) 

Bicycle 4 Rear Wheel System 96.99% Mounting System 0.07% 
Helicopter 4 Rotor 82.50% Landing Gear 0.64% 
Microscope 5 Optical System 80.89% Mounting System 0.11% 
Snowmobile 3 Sliding System 94.69% Main Body System 0.99% 

	



closeness of their extreme probability of importance values for both cases i.e. for the 

highest ranked features as well as for the lowest ranked. In the case of the highest ranked 

features only having a difference of 3.82 %, and in the case of the lowest ranked features 

having a difference of only 3.44 %. A fact which could point out at this stage of the 

uncertainty quantification framework to the possibility of having sketches with similar 

levels of uncertainty, despite having sketches with significantly different number of 

identified features i.e. 5 >> 3, which by default has a direct effect on the magnitude of 

the entropy value (Klir, 2006). Thus, this contrasts with the first case where despite 

having sketches with different number of features, both sketches could possibly have 

similar levels of uncertainty based on the similarity of their extreme probability of 

importance values. Which further contrasts with the case of the sketch of a helicopter 

and the sketch of a bicycle, where although both sketches have the same number of 

identified features i.e. four identified features. It can be observed, that based on the high 

difference between their extreme values, where the difference is 14.49 %. The 

uncertainty level for each of these sketches could be significantly different, despite the 

fact that both sketches have the same level of maximum entropy. Hence, the overall 

discussion of the results of the probabilities of importance for the features of the sketch 

highlights the relative level of impact that the probability of likeliness of the features 

has in determining the uncertainty in the communication with a sketch. 

3.4 Uncertainty in a Sketch 

3.4.1 Bicycle 

The uncertainty in the sketch of a bicycle was determined, starting with the 

calculation of the total entropy of the sketch of a bicycle using Eq. (  13  ), followed by 

the determination of the uncertainty of the sketch using Eq. (  15  ). Next, the calculation 

of the uncertainty of the sketch of a bicycle is presented. 

The process was started with the application of Eq. (  13  ), which uses as inputs 

the probability of importance values of the features of the sketch of a bicycle, and whose 

detail  and result can be seen next in 
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𝐻 = − 𝑘&𝑝&𝑙𝑜𝑔0 𝑝&

M

&45

 

= − 1 ∗ 𝑝5𝑙𝑜𝑔0 𝑝5 +		1 ∗ 𝑝0𝑙𝑜𝑔0 𝑝0
+1 ∗ 𝑝u𝑙𝑜𝑔0 𝑝u + 1 ∗ 𝑝v𝑙𝑜𝑔0 𝑝v

 

= − 0.9699𝑙𝑜𝑔0 0.9699 + 0.0243𝑙𝑜𝑔0 0.0243
+	0.0052𝑙𝑜𝑔0(0.0052) + 0.0007𝑙𝑜𝑔0 0.0007

 

= − −0.0428 − 0.1303 − 0.0395 − 0.0064	  

= 0.2190	𝑏𝑖𝑡𝑠. 

 

 

 

(  45  ) 

Next, after the total entropy H has been calculated using Eq. (  13  ), the 

quantification of uncertainty for the sketch of a bicycle continues with the application 

of Eq. (  15  ). 

𝑢 =
𝐻

𝑙𝑜𝑔0(𝑁)
=
0.2190	𝑏𝑖𝑡𝑠
𝑙𝑜𝑔0(4)

=
0.2190	𝑏𝑖𝑡𝑠
2	𝑏𝑖𝑡𝑠 = 0.1095. (  46  ) 

Hence, as it can be observed in Eq. (  46  ) the uncertainty for the sketch of a bicycle 

is u = 0.1095 = 10.95%. Indicating that the uncertainty in the communication with the 

sketch of a bicycle used in the present case study is very low, based on the range of the 

normalized entropy i.e. 0 ≤ 𝑢 ≤ 1. 

Hence, it can be observed that the uncertainty level of the sketch of a bicycle is 

significantly low i.e. just above 10%. This is consistent with the predictions and 

statements made based on the results for the probabilities of importance of its features. 

As its values for the probability of importance for the features of the sketch of a bicycle 

where very extreme pointing out to a sketch who would likely have a low level of 

quantified uncertainty.  



3.4.2 Helicopter 

In order to quantify the uncertainty associated with the sketch, first, the entropy, H, 

of the helicopter was determined to be 0.8320 bits based on Eq. (  13  ) as can be seen 

in  

𝐻 = − 𝑘&𝑝&𝑙𝑜𝑔0 𝑝&

M

&45

 

= − 1 ∗ 𝑝5𝑙𝑜𝑔0 𝑝5 + 1 ∗	𝑝0𝑙𝑜𝑔0 𝑝0
+1 ∗ 𝑝u𝑙𝑜𝑔0 𝑝u + 1 ∗ 𝑝v𝑙𝑜𝑔0 𝑝v

 

= − 0.8250𝑙𝑜𝑔0 0.8250 + 0.1339𝑙𝑜𝑔0 0.1339
+	0.0347𝑙𝑜𝑔0(0.0347) + 0.0064𝑙𝑜𝑔0 0.0064

 

= − 	−0.2290 − 0.3884 − 0.1683 − 0.0466  

= 0.8320	𝑏𝑖𝑡𝑠. 

 

 

 

(  47  ) 

and the uncertainty of the sketch, u, was quantified to be 41.61% based on Eq. (  15  ) 

using Shannon’s normalized entropy as shown in  

𝑢 =
𝐻

𝑙𝑜𝑔0(𝑁)
=
0.832	𝑏𝑖𝑡𝑠
𝑙𝑜𝑔0(4)

=
0.8320	𝑏𝑖𝑡𝑠
2	𝑏𝑖𝑡𝑠 = 0.4161. (  48  ) 

Thus, this indicates that there is a 41.61% chance for the sketch of a helicopter of 

not being interpreted as a helicopter.  

Hence, the resulting level of uncertainty for the sketch of a helicopter is low to 

moderate i.e. 40-60%. As its value is consistent with what was expected based on the 

analysis of the resulting values of the probability of importance of its features, and as 

the values for the probability of importance of the features of the sketch had a decreased 

level of dominance. 

3.4.3 Microscope 

The level of uncertainty in the communication of the design intent of a sketch, 

based on the case study of a sketch of a microscope is presented next. Hence, the 
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calculations developed to determine the uncertainty of the sketch of a microscope are 

presented and detailed in  

𝐻 = − 𝑘&𝑝&𝑙𝑜𝑔0 𝑝&

M

&45

 

= − 1 ∗ 𝑝5𝑙𝑜𝑔0 𝑝5 +		1 ∗ 𝑝0𝑙𝑜𝑔0 𝑝0 + 1 ∗ 𝑝u𝑙𝑜𝑔0 𝑝u
+1 ∗ 𝑝v𝑙𝑜𝑔0 𝑝v + 1 ∗ 𝑝�𝑙𝑜𝑔0 𝑝�

 

= −
0.7707𝑙𝑜𝑔0 0.7707 + 0.1795𝑙𝑜𝑔0 0.1795
+	0.0419𝑙𝑜𝑔0 0.0419 + 0.0068𝑙𝑜𝑔0 0.0068

+0.0011𝑙𝑜𝑔0 0.0011
 

= − 	−0.2896 − 0.4448 − 0.1918 − 0.0490 − 0.0108  

= 0.9859	𝑏𝑖𝑡𝑠. 

 

 

 

 

(  49  ) 

Therefore, as it was just mentioned Eq. (  49  ) details the application to calculate 

the total entropy of the sketch H, which uses as inputs the probability of importance 

values of the features of the sketch of a microscope i.e. p1, p2, p3, p4, and p5. 

Thus, after the total entropy H has been determined the quantification of 

uncertainty for the sketch of a microscope is 

𝑢 =
𝐻

𝑙𝑜𝑔0(𝑁)
=
0.9859	𝑏𝑖𝑡𝑠
𝑙𝑜𝑔0(5)

=
0.9859	𝑏𝑖𝑡𝑠
2.3219	𝑏𝑖𝑡𝑠 = 0.4246. (  50  ) 

Hence, the uncertainty for the sketch of a microscope is u = 0.4246 = 42.46%. 

The resulting value for the uncertainty of the sketch of a microscope is low to 

moderate i.e. between 40 – 60%, and thus indicates that the sketch of a microscope has 

a moderate level of interpretability. Hence, the level of uncertainty in the sketch of a 

microscope could be used as a decision parameter in the following scenarios. Based on 

its current level of uncertainty designers may want to use the sketch to communicate 

with other designers in conceptual design stages where concepts are still being refined.  



3.4.4 Snowmobile 

The calculation of the entropy of the sketch of a snowmobile using Eq. (  13  ), 

which uses as inputs the probability of importance values of the features of the sketch 

of a snowmobile i.e. p1, p2, and p3, is 

𝐻 = − 𝑘&𝑝&𝑙𝑜𝑔0 𝑝&

M

&45

 

= −[1 ∗ 𝑝5𝑙𝑜𝑔0 𝑝5 +		1 ∗ 𝑝0𝑙𝑜𝑔0 𝑝0 + 1 ∗ 𝑝u𝑙𝑜𝑔0 𝑝u ] 

= − 0.9469𝑙𝑜𝑔0 0.9469 + 0.0432𝑙𝑜𝑔0 0.0432
+	0.0099𝑙𝑜𝑔0 0.0099

 

= − 	−0.0745 − 0.1958 − 0.0659  

= 0.3363	𝑏𝑖𝑡𝑠. 

 

 

 

(  51  ) 

Using Eq. (  14  ) it can easily be shown that the maximum entropy of the sketch of 

a snowmobile is Hmax = 1.5850 bits. Since the calculated entropy, H = 0.3363 bits is less 

than a one quarter of the maximum entropy, it can be observed that the amount of 

information in the sketch is adequate in representing the “standard.” 

Using Eq. (  14  ) and Eq. (  15  ), the uncertainty in the sketch of a snowmobile is 

quantified as  

𝑢 =
𝐻
𝐻max

=
0.3363	𝑏𝑖𝑡𝑠
𝑙𝑜𝑔0(3)

=
0.3363	𝑏𝑖𝑡𝑠
1.5850	𝑏𝑖𝑡𝑠 = 0.2122. (  52  ) 

Therefore, the uncertainty in the communication for the sketch of a snowmobile 

was determined to be u = 0.2122 = 21.22%.  

The uncertainty in a sketch (see Fig. 3-7), u = 21.22%, is the subjective uncertainty 

measure that this sketch will potentially not be interpreted as the “standard” snowmobile 

(see Fig. 3-18). This result demonstrates that the quality of the sketch is high as regard 

to it representing a snowmobile. In addition, it should be noted that calculated 
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uncertainty is in the range 0% – 25% typical for sketches that have a low potential of 

not be interpreted as the their respective “standard.” 

Where, the further improvement of the sliding system feature could bring the 

greatest benefit in reducing the uncertainty in the sketch. As it is a major driver in the 

uncertainty of the sketch due to its relevance, which is reflected on its pi value. Hence, 

the resulting subjective uncertainty in the sketch of the snowmobile, allowed to establish 

the interpretability of the sketch, and also envision sound possibilities towards the 

management and change of its current uncertainty level. 

3.4.5 Discussion of Overall Results on Uncertainty in a Sketch 

Next, a discussion of the results obtained for the uncertainty of the sketch for the 

case study scenarios of the sketch of a helicopter, the sketch of a bicycle, the sketch of 

a microscope, and the sketch of a snowmobile is detailed. Table 3-18 shows the levels 

of uncertainty for each of the case study scenarios developed in the “Results and 

Discussion” section, and as it can be observed, the uncertainty ranges from 10.95% for 

the sketch of a bicycle to 52.75% for the sketch of a snowmobile.  

Table 3-18 Uncertainty level (u) for each sketch analyzed 

 
 

In the case of the sketches of a helicopter, and of a bicycle, which has the same 

number of identified features N = 4, it can be observed that the difference between their 

calculated uncertainties is 30.66%. Hence, this supports the statement made in the 

discussion of results section for the results of the probability of importance, with respect 

to the possibility of having a large difference between the values of the uncertainty for 

the sketches with the same number of identified features. In addition, based on the 

Sketch Uncertainty  
Level (u) 

Helicopter 41.61 % 
Bicycle 10.95 % 
Microscope 42.46 % 
Snowmobile 21.22 % 

	



results obtained for the uncertainty of the sketches with different number of features i.e. 

the sketch of the microscope and the sketch of a snowmobile, the statement made on the 

discussion of the results for the probability of importance is also supported, as the 

difference in the uncertainty of both sketches is only 10.29%. Thus, these findings could 

point out to a possible future exploration of how the probability of importance could be 

further analyzed to establish an even more accurate quantification of the uncertainty. 

The uncertainty results for the case study scenarios also allowed analyzing the direct 

effect that different levels of uncertainty can have in the communication with a sketch. 

Such as in the case of the sketch of a snowmobile, where the level of uncertainty in the 

communication of the design intent of the sketch is moderate, and hence could be used 

in two distinct ways to either improve its design intent communication, or to promote 

the creation of new concepts. Therefore, with the purpose of highlighting these aspects, 

which were evidenced during the analysis of the results of the level of uncertainty in the 

different case study scenarios Fig. 3-21 was developed. Thus, based on the case of the 

sketch of a bicycle we demonstrate how the level of uncertainty of a sketch relates to 

the modification of certain of its embodying features. Therefore, as it can be seen  Fig. 

3-21shows the complete sketch of a bicycle, and then shows case (a), case (b), and case 

(c) respectively. Where case (a) shows, the uncertainty associated to the complete sketch 

of a bicycle as 10.95%. Case (b) shows the uncertainty associated to the sketch of a 

bicycle missing part of its lowest ranked feature i.e. the saddle of the mounting system 

feature of the sketch of a bicycle as 10.95%. Case (c) shows the uncertainty associated 

to the sketch of a bicycle where the highest ranked feature of the bicycle i.e. the power 

system has been modified by eliminating part of it, thus having a level of uncertainty of 

60.08%. In such way, Fig. 3-21 illustrates the effect that modifying specific features of 

a sketch has on its uncertainty level e.g. based on their level of significance and their 

level of completeness. Hence, this ultimately allows to see how based on the level of 

uncertainty in the communication with a sketch, decisions could be made with respect 

to how sketches could be modified depending on their intended use at different design 

phases. Such as in the case of the final stages of conceptual design, where sketches could 



 Texas Tech University, Ricardo Cruz-Lozano, May 2017 

73 
 

be modified to either reduce or increase the uncertainty in their communication. Thus, 

enabling designers to have sketches that would improve the communication of their 

design concepts to other stakeholders, or to have sketches that would promote the 

creativity in designers to generate a wider range of concepts. 

 
Fig. 3-21 Sketch of a bicycle with different levels of uncertainty: (a) complete sketch of a 

bicycle, (b) sketch with missing part of lowest ranked feature, (c) sketch with missing part of 
highest ranked feature 

 
  

(a)	Uncertainty	=	10.95% (c)	Uncertainty	=	60.08%(b)	Uncertainty	=	10.95%

Complete	Sketch	of	a	Bicycle



4 CONCLUSIONS 

The goal of this research is to improve the communication with sketches during a 

products’ development phase. This dissertation provides answers to the following 

research questions: (1) How are the features in a sketch ranked? (2) What is the 

probability of importance of features in a sketch? (3) What is the level of uncertainty 

in a sketch? Three approaches were introduced for extracting features of a sketch, 

namely, functionality, spatial location, and relevance. These approaches were 

successfully applied to four different sketches, namely, bicycle, helicopter, 

microscope, and snowmobile. The ranking of the identified features of a sketch, 

through the quantification of the relevance of the identified features towards the 

completion of the overall functional objective of the artifact the sketch intends to 

visually embody, based on the sketches’ service characteristics. A procedure to 

systematically determine the probability of importance of the features of a sketch 

was established and presented based on two principal procedures. The determination 

of the likelihood of the identified features based on a perceptually relevant 

parameter. The determination of the probability of importance of the features of a 

sketch, through a probabilistic transformation that satisfies the principles of 

Shannon’s entropy based on the number of identified features (N), and the 

probability of likeliness of the identified features of a sketch.  A procedure to 

determine the level of uncertainty in the communication with a sketch based on two 

main aspects. The determination of the entropy of a sketch based on the probability 

of importance values of its embodying features. The application of the maximum 

entropy principle to determine a normalized measure of the uncertainty level in the 

communication with an engineering design sketch.  The results obtained were 

demonstrated to be valid, as their adequacy was demonstrated, and thus validate the 

affirmative answers to the research questions established in this dissertation work.  
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5 CONTRIBUTION 

This dissertation made three main contributions to improving the communication 

with sketches during a products’ development phase. The first contribution was 

developing a methodology to rank features in sketch. The second contribution was 

developing procedure to calculate the probability of importance of the features in a 

sketch. The third contribution was developing procedure to quantify the uncertainty of 

a sketch using Shannon’s entropy.   
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