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Abstract 

In this work the implementation of an interactive-interface is developed; having qualitative reasoning as a theoretical basis. 
To achieve this, design and visualization techniques of the information are used as well as software engineering. This is done 
in order to demonstrate the difference between apparent brightness vs. real (case study). Qualitative reasoning was proposed 
by Dr. Kenneth D. Forbus in 1996, it emphasizes causal reasoning since it represents a human characteristic to analyze 
physical phenomena; which allows to understand their implications when relating them to the variables associated to: space, 
time and quantity. At the same time, causal reasoning can be used as a tool to visualize scientific phenomena; in order to 
give credit to the hypothesis of the observed or postulated behavior. So, it is an ideal tool to generate: explanations, 
measurements, and interpretations, planning of experiments and by extension, understanding and learning. The case study 
implies the simulation of a physical process based on its mathematical equation (third degree of freedom). This is where the 
contribution to the field of visualization is found with the opening of a point of intersection, between the design of 
interactive interfaces and the computer simulation of physical processes. 
Keywords: qualitative reasoning, causal reasoning, visualization, interactive-interface, distance modulus, knowledge 
representation. 

1. Introduction 

 
Visualization in science begins as a way to conceptually structure space in relation to a white system. In other 
words, to determine the positions of the stars in the celestial vault, the armillary sphere is the instrument allowed 
to represent the conception of the geocentric system, based on Ptolemy's observations in the second century.[1] 
 
As this knowledge evolves, more sophisticated devices are designed in order to accurately describe existing 
systems in nature. Therefore, contemporary artists and scientists are interested in reconstructing phenomena in 
science by tracing various tools of non-linguistic visual logical representation such as diagrammatic or 
conceptual graphics [2],[3],[4]. 
 
Revolutionary findings from the early Modern Age show that the idea of conceptual architectures was already 
beginning to be instrumentalized as a result of empirical and deterministic belief [5]. A sample of the above is 
present in Newton's Principia Mathematica, published in 1687. In which are exemplified, through the use of 
geometric diagrams, the fundamentals of modern physics and astronomy [6-8]. 
 
Within the area of models in science, the visualization or representation of a pictorial mediation plays an 
important role for the understanding of scientific theories, for example: the representation of the model of the 
atom, the double helix of DNA, the explanation of the Continental Drift, the distance modulus (case study), to 
mention a few [5], [7], [8]. 
 
Therefore, the design and implementation of interactive interfaces, as cognitive artifacts, potentiate and amplify 
cognition facilitating the understanding that exists about an abstract phenomenon [10-18] 
 
This cognitive visualization artifact enables the conception of the theoretical notion, because it reconstructs the 
conceptual dimensions of a domain in nature, expanding our capabilities and revealing patterns or relationships 
from certain principles of analysis, design and data science [16-20]. 
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Also, this type of cognition implies the establishment of our logical and causal connections for problem solving 
or decision making in the future. Above, based on the qualitative process theory of Kenneth Dale Forbus (1984) 
because it allows to explain how the understanding of new cognitive structures is done through the use of 
qualitative reasoning, especially causal reasoning. 
 
Therefore, the concept of visualization that will be taken for this research work is the following: 
 
Visualization is the internalization of a pictorial representation, mainly, of commonly abstract or complex data 
or concepts1. 
 
Recently, we are facing acceleration in production processes during the post-industrial stage of the early 21st 
century. For this reason, the models that are used to explain, discover and predict, based on the data of some 
phenomenon in science, have been transformed due to technological progress and the distribution of content in 
the manner of hyperconsumption. That is, since the eighties, the evolution in the control and power of the 
computer has made possible the creation of descriptive graphic mediations or automated images assembling 
exuberant quantities of public databases [21-23]. 
 
These mediations could conceive the response to the emergence of scientific discovery or theoretical innovation, 
since from the 1990s they allow simulating, exploring, discovering and internalizing new meanings of 
knowledge, in the field of scientific visualization through the concepts of interface, navigation and interaction 
[12], [17], [24-28]  
 
As a consequence of this, one of the fundamental premises of this work is to determine how the discipline of 
design systematically brings us closer to the appropriate techniques to understand, direct and locate the 
conceptual dimensions of an abstract domain, even when the level of complexity of the data is too high. 
 
The content of this article is organized as follows: in section two, the relationship between qualitative reasoning 
and visualization is described. Seen as an area «where representations of continuous aspects of the real world, 
whose characteristics imply space, time and quantity are created»; section three describes the methodological 
procedure through the general design process, involving the implementation phase of the interactive-interface, 
complementing it with the nested model for visualization design and analysis; section four presents the analysis 
of the expected results and potential contributions, as well as possible future lines of research in the area of 
representation of scientific knowledge. 
 

2. Qualitative reasoning 

Qualitative reasoning is an area «where representations of continuous aspects of the real world are created, 
whose characteristics imply space, time and quantity» [29]. According to Kenneth D. Forbus2 points out that, to 
understand common sense physical reasoning, you must first understand how to qualitatively reason physical 
processes. For this reason, in this work it is important to know what the physical processes are and how could 
someone can reason qualitatively, emphasizing causal reasoning for the development of an interactive-interface 
that allows knowing the brightness and distance relationship of the stars. 

 

1 It is important to mention that the definition of visualization is limited to this approach, due to the conditions of the project. 

So, without a doubt, 'the definition' can be much broader than what is exclusively exposed or presented here. 
2 Kenneth Dale Forbus, Ph.D. in Artificial Intelligence from the Massachusetts Institute of Technology (MIT). He is 

Professor of Computer Science and Professor of Education at Northwestern University. 
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A physical process is a sequence of events that occur over a period of space-time, where the continuous 
parameters of objects cause them to move, collide, flow, bend, heat, cool, stretch or evaporate. Forbus [29] 
contextualizes that reasoning physical processes involves constantly representing quantities that express the 
eventual qualities of a system. That is, qualitative reasoning consists of thinking about how these processes 
occur from the perspective of the changes that occur in their physical properties at different times. 

Therefore, by internalizing the procedural, explanations or conclusions can be drawn. Regarding the conception 
of ‘changes’, the author defines certain conventions (time, space, stories and quantity) to describe and model the 
properties of objects in a given situation. 

So, time is the set of instants assigned to some global order. These moments assigned in a sequential way allow 
to recreate or weave a qualitative model of states of change on a process or physical phenomenon. 

This definition will be very important in this work, because it determines the limitations of space in relation to 
the understanding of physical reasoning. For this reason, the most significant representation that will be taken is 
from Allen (cited in Forbus [29]), which assumes that: 

«[...] time is composed of intervals that may be related in several ways, such as one interval being before, after, 
or equal to another. A novel feature of this representation is that two intervals can meet; that is, the start of one 
interval can be directly after the end of another interval, such that no interval lies between them (i. e., in this 
representation, time is not dense). Instants are represented as “very short” intervals that have zero duration but 
still have distinct beginnings and ends» (Forbus [29]). 

At first glance this definition seems quite complete, but it still leaves out the solution to the problem of the 
framework that the author mentions. For this reason, the notion of stories proposed by Hayes (cited in Forbus 
[28]) is added to this initialization; because the stories not only describe the extensions of the objects, but also 
limit their spatiality through the set of episodes and events that occurred in the physical properties. 

«[...] the history of an object is made up of episodes and events. Episodes and events differ in their temporal 
aspects. Events always last for an instant, while episodes usually occur over an interval of time. Each episode has 
a start and an end, which are events that serve as its boundaries» (Forbus [29]). 

In summary, thanks to this chain of qualitative reasoning states, the processes that alter or affect the physical 
parameters of objects are recognized: these are seen as quantity values extracted from a continuous range of 
reality. 

In the case study, when an interactive-interface is designed, qualitative reasoning theory must be considered. In 
other words, the physical change state processes that have occurred from the continuous properties or the 
mappable attributes of the scientific phenomenon to be visualized must be presented; in this case, with the 
brightness and distance parameters of a star; in such a way that the value of the amount of the brightness 
parameter changes in relation to the value of the distance property and vice versa. 

The use of qualitative reasoning provides the faculty for the co-creation of complex cognitive structures. These 
representations allow reasoning about the changes that occur in the values (quantities) of the continuous 
variables of a physical entity. There are seven qualitative reasoning tasks or classes [29-31], focused on 
procedural activity enabling the understanding of new cognitive structures. Here is a brief explanation of the 
different kinds of reasoning: 

1) Defining activity: deduce what is happening at a certain moment (the here and now). This reasoning is a 
basic operation that also works implicitly in the other tasks within the qualitative dynamics. 
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2)  Pre-diction: defines what will happen to a certain fact or phenomenon in the physical world from 

incomplete, imprecise or abstract information to create its possible descriptions in a certain period. The 
above implies uncertainty in the reasoning and imprecision in the data. Hence the possibility of generating 
different futures [32]. 

3) Post-diction: explains how a state of affairs or a specific situation could have happened. Post-diction 
demands more than prediction, due to the potential to postulate objects and the difficulty in chaining facts 
back with incomplete information. If you have the knowledge required for said situation and a control of 
the dynamics or mechanics, you will know which objects of that state vanish and appear within a fragment 
of conceptual frameworks, despite the existence of many other options that could be presented to solve this 
task. This reasoning has two phases: a set of possible explanations and a construction of explanations (the 
best one is chosen from these) as shown in Table 1. This theory is also known as abductive logic [33]. 

Table 1 Abductive Logic Example 

Events Possible explanations 

The subway does not go more than 40 minutes 
between one station and another. 

• There was a march in the city 

• There are a lot of people on the subway. 

Both the lights and the car's engine go out. • There is no electricity. 

• There was a short circuit. 

Source: own elaboration. 

4) Skeptical analysis: determines the consistency of a description about a physical phenomenon, for example: 
evaluating the perpetual motion of a machine. This type of reasoning is essential when obtaining 
inconsistent information and incipient theories that seek to explain fragments of the abstract world. For 
example, a possible inconsistency of the visualization, in the case study, is determined with the lack of 
representation of the cosmic dust or with the incipient resolution at the figurative level to represent the 
stars without solar winds or nuclear reactions by fusion. 

5) Quantitative interpretation: it infers with respect to a partial description of a situation and some 
observations of its behavior: what other peculiarities exist and what else could happen. This could involve 
statistical models. 

6) Experimental planning: plans actions based on the knowledge of what is observed and manipulated to 
give way to more information about the phenomenon. 

7) Causal reasoning (cause-effect): calculates the description of a behavior attributed by changes in the 
values of continuous parameters. This type of reasoning is a tool for assigning credit to hypotheses of 
observed or postulated behavior. Therefore, causal reasoning is essential to generate explanations, 
measurements, interpretations and planning of experiments in order to achieve understanding. This implies 
the dependence or independence of variables in a physical phenomenon. 
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2.1 Conceptual design of space quantity 

Bozzo and Fenves [34] present the conceptual design of space quantity based on the qualitative reasoning of 
Forbus [29] as a methodology for a theoretical framework centered on space and the description of the reasoning 
about the behavior of structural systems subject to loads. This framework includes the topographic and 
geometric representation of a structure. 
 
This means that, «in order to reason about structural systems, it is more important to represent changes in space 
than changes in time» [34]. In other words, to reason the structural behavior of a system is to calculate the 
relationships between the magnitudes of its parameters (if its relation is greater, equal or less or if: it increases, 
decreases or stays the same). 
 
Also, there are two approximations to represent the topology of a structure. In the first, the connections between 
the components are represented. In the second, the components between the connections are represented. Both 
describe the same topological information. One can be expressed in terms of the other [34] as shown in Figure 1. 

 

 
Figure 1. Topology of the same structure. Taken from Capra [35]. 

 
Figure 2, indicates thirteen qualitative directions that describe the orientation of a vector in space, as well as the 
axis of a component. The thirteen orientations define the minimum number of qualitative directions to represent 
any vector. Removing the redundant orientations does not reduce the expressiveness of the geometric description, 
but it increases the efficiency of inference. 

 
Figure 2.  Thirteen orientations of a vector in space. Taken from Bozzo [34]. 

 
With this representation, the qualitative orientation for a vector has three parameters, one for each of the 
direction cosines. As with other qualitative parameters, the parameter relationships associate the absolute value 
of the direction cosines for two vectors [34]. 
 
So, the elements in a space quantity are determined by the comparisons necessary to establish certain types of 
facts, as if the processes were active. Since there is only a finite number of elements in a reasonable quantitative 
space, then there is only a finite number of distinguishable values. 
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Consequently, the value of a parameter is described in terms of its space quantity. The space quantity is an 
abstraction of values of said parameter over a set of intervals that are relevant to the partial order of the problem 
[30],[34]. 
 

2.2 Case study 

The geometry of a structure is represented by its mappable attributes or qualities, for example: length and 
orientation. The length is defined through a simple space quantified or qualified by the real numbers and the 
orientation through its axes through the connections or relationships between the components. 
 
These relationships are associated from the lengths of the different physical parameters. This is the case of how 
far vector 1 is from vector 2, or how much star A shines, with respect to star B. The above allows the 
relationship of space with the celestial object to be through its orientation and longitude away from a point of 
reference (the Sun). 
 
The interactive-interface translates the set of vectors into a space quantity by assigning the values of the 
magnitudes of these objects based on a mathematical equation in three systems composed of: 1) apparent 
brightness, 2) absolute brightness, and 3) distance. Expressing the qualitative behavior of the relationship that 
joins this difference in magnitudes equivalent to a logarithmic scale of distance. 
 
In summary, the qualitative process theory is used in several research areas such as: 1) the industrial one where 
the process of monitoring and diagnosis of physical processes is carried out, 2) the design of intelligent tutoring 
systems and learning environments, 3) cognitive modeling, among others [29-31], [34]. So, the theory is open 
and flexible to be integrated or adapted to other research areas; involving broader or more precise information. 
 

3. Methodology: analysis and design 

The project consists of a theoretical-empirical investigation for the design and implementation of a playful 
interactive-interface that allows visualizing the causal relationships of the different parts of the equation of the 
distance modulus phenomenon. 
 
That is, it interacts in a didactic way with a set of instructions to relate the apparent brightness, absolute 
brightness and the distance of a single star or stars cluster; the above in order to facilitate the understanding of 
this complex cognitive structure from the domain of astronomy. 

3.1 Nested model for visualization design and analysis 

 
The literature suggests various techniques and tools that formalize the work in the design process based on its 
objectives giving clarity towards the implementation stage. 
 

As a result of this, the model that best adapts to the needs for the construction of the interactive application 
is the one proposed by Munzner [17]. Which recommends working under a framework for the analysis and 
design of visualization based on the questions: what data or information is going to be abstracted, why is it 
going to be abstracted and how is it going to be abstracted in terms of design decisions, such as what shown in 
Figure 3. 
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Figure 3.  Frame for the analysis and design of visualization. (Emiliano Ramírez-Laureano). 

 

3.1.1 Validation phases 

According to Munzner [16], for the construction of the cognitive artifact, this model establishes the nesting of 
four validation phases (domain, data or task abstraction, visual coding and algorithm) that divide the 
complexities of the problem into cascading levels as observed in Figure 4. 
 

 
 

Figure 4.  Nested model. (Emiliano Ramírez-Laureano). 
 
At the first level, knowledge of the situation is defined, and the particular application of the domain and the 
semantics provided by the attributes are considered in detail. At the second level, domain-specific problems are 
mapped in useful ways to structure the information. At the third level, the design is built that specifies the 
language focus that will visually encode the interaction. And at the fourth level, algorithm is implemented with 
instructions to instantiate and automate the encoding process. 
 
The following article reports the methodology developed in the first and second phases; reaching the third 
through a prototype. Both the state of the art of qualitative reasoning and the definition of the scientific 
phenomenon to be visualized (distance modulus), determine the initial conditions of the domain or the physical 
situation in which the problem to be solved is found. 
 
This initial situation considers the objective of solving how brightness is related to the distance of a star and how, 
it is understood by kids from seven to ten years old. Here, the actions, tasks or goals that the user, the system and 
the interface are going to perform in the visualization phase are defined from the theoretical basis of qualitative 
reasoning. 
 
The interactive-interface translates the causal reasoning of the brightness and distance relationship of a star by 
means of the change in the value of its properties. That is, if the visual simulation increases, stays the same or 
decreases, because they physically depend on the inverse square law. In other words, the further a star moves 
away, its luminosity will begin to decrease. 
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The visualization phase is a flexible and iterative phase. So, if there is a need to iterate towards a previous level 
to validate the result of the design process, it can be done considering that the information obtained from the 
present or previous block will serve as input or reference towards the next level, immediate or accessed. This can 
be done: 1) from top to bottom (upstream), or 2) from bottom to top (downstream). 
 
In the case study, the visualization is constructed from the problem (top down) and not from the technique 
(bottom up) to qualitatively represent a scientific phenomenon, which explains the relationship between stellar 
distance and luminosity. 
 
For this reason, the properties must be mapped with the real values about the phenomenon (apparent brightness, 
absolute brightness and distance). These values are presented from a set of ordinal relationships that take the 
next step in the figurative resolution of the interactive-interface. 
 
So, the emphasis on the representation of the luminous flux of a star is programmed in relation to the optimizable 
capacity of the hardware resources to calculate and run instructions. Where the operator increases or decreases 
the alpha value of an object in an RGBA color system (red, green, blue, alpha). That is, continuous scaling is 
performed from zero to two hundred and fifty-five (0, 255) in relation to the apparent luminosity. 
 
As a consequence of this, the graphic concepts of spatial relationships and schema images are considered for 
syllogisms expressed in the design of Euler diagrams [1]. Since the attributes or mappable properties of these 
celestial objects could be represented as solid, transparent spheres, in superposition or opacity as shown in 
Figure 5. 
 

 
Figure 5. Spatial relationships and schema images. Taken from Allwein and Barwise [2]. 

 
Where Bs, represents the brightness property translated into the value of the quantity of the alpha parameter for 
both magnitudes (apparent vs. absolute), Cs the mass of the star with a single unit and as another object or thing 
in the space of the two-dimensional surface. 
 
With respect to distance, the position of the stars is vectorized to move the space according to three dimensions 
(X, Y, Z) from its properties of: 1) right ascension, 2) declination, and 3) radius (RA, DEC, R). 
 

 
Figure 6. In order to avoid the overlapping of all stars as shown in (a), the distance of the stars is normalized 

from parsecs to pixels (1: 100) as shown in (b). 
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3.2 Techniques and tools for the design process 

The following techniques and tools formalize the work in the design process, providing clarity, from the 
definition of the objectives to the stage of development and implementation of the interactive-interface. 
 

3.2.1 Conceptual cognitive map 

It consists of visualizing the process of mental construction of the sense of the user to accomplish the task 
through a set of ideas in nodes related or associated with causes and effects. Also, this technique is ideal for 
planning decision making when the problem of space is complex or abstract. 
 
So, when it comes to making a map between several people, this model is an ideal tool for group consensus since 
it allows connecting different points of view [36]. Next, said mental tour of the activity is presented through the 
accumulation of actions or possible navigation events: 
 

A. Select a star: 
a. Modify its Distance: 

i. Increase Distance, 
ii. Decrease Distance; 

b. Modify its Apparent Magnitude: 
i. Increase Apparent Brightness, 

ii. Decrease Apparent Brightness; 
c. Modify its Absolute Magnitude: 

i. Increase Absolute Brightness, 
ii. Decreae Absolute Brightness;  

d. Select another star; 
e. Add more stars to the selection; 
f. Click outside the area to deselect; 
g. Explore the space by rotating the camera. 

 
 

B. Know the real brightness of all the stars 
 

C.  Explore space 
 

3.2.2 Journey map 

It consists of the schematic visualization of people's experiences when interacting with a product or service, so 
that each moment can be individually evaluated and improved. This representation must be honest with the 
experience. Therefore, it should include moments of indecision, confusion, frustration, as well as delight and 
closure [35]. 
 
In the case study, the goal is for seven to ten years old girls and boys to understand the difference between 
absolute brightness vs. apparent brightness. In this way, the question must be answered: what actions or 
interactions should the user do with the interface to achieve this goal? Figure 7, presents version 1.1 to know this 
path of actions or navigation events considering the previous conceptual cognitive model. 
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Figure 7. Actions of the user, system and interface. Abbreviations: ˜, negative affect; +, positive affect; *, satisfaction affect.  Source: own elaboration. 
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3.2.3 Prototype 

It is the tangible creation of artifacts in resolution levels (sketches, wireframes, mockups, animations, interactive or coded) 
for the development and testing of ideas within design teams with clients and users [36]. 
 
Figure 8, shows the screen of what the interactive-interface would translate through its visual elements or components, if the 
first action taken by the user is to enter the home screen as a reference to the journey map. The above, trying to maintain an 
aesthetic structure or attractive appearance, with a clean and hierarchical composition that allows guiding the person to 
fulfill the stated objective. 
 

 
 

Figure 8. View of the interactive application on a 3D space. Source: own elaboration. 
 

4. Conclusions 

 
The results of this work can be transferred to other scientific areas, since mathematics can be extrapolated to model 
phenomena. 
 
Analysis and design at the highest level of abstraction can be used for the design and analysis of another interactive interface. 
The experience of this project allows us to glimpse the possibility of being able to work in a generic environment, which 
would provide us with a degree of breadth in the use of domains. 
 
The causality will be expressed in the action-interaction stimulated by the user to press a button on the screen that affects the 
change of magnitudes and the magnitudes themselves. As if it were a network or a set of connections between its 
components. 
 
Finally, in this work it is stated that despite the fact that abstract representations make it difficult to adapt new cognitive 
structures. The visualization of phenomena in astronomy encourages qualitative reasoning. Furthermore, the design of 
interactive interfaces facilitates the conceptual reconstruction of a phenomenon in science. 
 
Currently, the first prototype has been developed, which can be seen in the following Online Resource 1 
(https://www.dropbox.com/s/qbft9gra9eool27/video_1.mp4?dl=0); where a video with the basic interactions of the 
interactive-interface is shown. 
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