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Abstract

:

Visualization of geographic data is part of many widely used solutions that aim to communicate the information to the end user. Effective visualizations are those that are tailored to a specific group of users and their tasks, as well as to specific properties of the data. Usability is a key concept for such solutions, and the most effective way to achieve high usability is to incorporate user-centered design (UCD) into the development process. In visualization, data are often coded by colors, so the choice of color schemes and color range is critical to enable the reverse mapping of colors to data. In this paper, we present a method for integrating the principles of UCD into the development process. In doing so, we use a case involving the selection of the most appropriate color scheme and associated parameters for representing temperature values on geographic maps. The method described is suitable for use in UCD-based research related to the visualization of various types of data and is useful for researchers and developers of geovisualizations.
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1. Introduction


The rapid growth of Internet of Things (IoT) networks has led to an increase in sensor data and opened opportunities for many applications [1]. Sensor data are composed of spatial and temporal values that are typically integrated into a Geographic Information System (GIS), which is becoming an increasingly important component of IoT applications. GIS is a computer-based technology that enables the collection, management, analysis, modeling, and presentation of geospatial data for a variety of applications [2]. Data from weather stations, such as temperature, humidity, air pollution, etc., and data from satellites, such as altitude, cloud cover, etc., are used in GIS to explore, understand, describe, and predict various geographic phenomena [3,4]. One of the biggest challenges at GIS today is decision making, especially in the face of huge amounts of data that need to be processed in real time. GIS today must not only be powerful and profitable, but also more compatible with human thinking, easier, and more pleasant to use [5].



Well-represented data enable users to obtain information more effectively and efficiently, and user perception is the key concept [6]. Understanding the user as an important component of successful visualization in GIS can be achieved by integrating the principles of user-centered design (UCD) into the development process. User-centered design is part of a broader scope of human-centered design, covered by the ISO standard [7]. Roose et al. [8] showed how UCD can be used in the development of a web-based geospatial data platform. They strongly advocate an inclusive design that involves users with different expertise, from domain experts who participate in early stages of design to end users who should be involved in the development of a final product. Effective communication between developers and end users is critical in agile software development methods that enable rapid prototyping and product delivery [9]. These methods are also used in geovisualization applications development, where UCD techniques are used to map user tasks to data representations and interactions [10] and further develop the geovisualization approach [11].



Besides UCD, usability [12] is another concept from the Human–Computer Interaction (HCI) field that has to be considered in creating data visualization. According to ISO [13], usability is: “extent to which a system, product or service can be used by specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified context of use”. Usability must be considered in the design of any product that people use, but in certain contexts usability requires special attention. Liberman-Pincu and Bitan [14] explained the importance of usability in medical device design and showed how usability is incorporated into the methodology of the UCD process of an autonomic breathing system. In [15], the authors investigated the relationships between usability and aesthetic features of the products. The results of their study show that users prefer aesthetics before using the product, while users consider both usability and aesthetics important after using the product.



UCD is an iterative process of designing, implementation, and evaluation. These phases are repeated as many times as necessary to reach the final phase where the design solution largely satisfies the user requirements [16]. Evaluation and design are closely related in the UCD process, so some of the usability evaluation methods are typically used in the user requirements specification phase [17]. Usability evaluation methodology includes a wide range of methods, some of which involve end users while others involve HCI experts [18]. One of the most widely used methods that involves end users is usability testing, also called user testing, in which users perform real tasks with a prototype or real system. User behavior is carefully observed, and several variables are measured, such as task completion time, accuracy of execution, navigation behavior, etc.



In GIS research, usability is often considered an important dimension of quality of service [19]. To make the right decision and be sure that the right information reaches the user, the visual representation must provide data that can be accurately read and interpreted by the user. Accurate readings in this context are referred to as usability. Based on user feedback obtained from usability testing, developers can adjust the user interface design and improve the HCI workflow [20]. Quality of service research in GIS leverages and extends quality of service studies, such as usability testing, to support more accurate discovery, evaluation, and presentation of data. Improved system usability motivates users to participate in editing, collaborating, and sharing their local geospatial knowledge [19]. Consequently, the usability of the user interface in geovisualization improves the performance of the service.



Visualization of geographic data plays an important role in decision making but is also part of many widely used solutions aimed at communicating the information to the end user. Examples of widely used GIS visualizations are as follows: Google Maps [21], ArcGIS [22], Data.gov [23], OpenStreetMap [24], as well as meteorological data and forecasts such as Accuweather [25] and DHMZ [26]. Nowadays, various visual representation tools are used in geographic visualization [27]. However, in practice, operational meteorology is still dominated by 2D visualization [28]. Quinan and Meyer [29] address the problem of inconsistent and often ineffective visual coding practices across a variety of visualizations as a common challenge in weather visualization.



In visualization, data are often encoded by colors, so the choice of color schemes and color range is critical to enable the inverse mapping of colors to data [30]. If color schemes are not carefully created and applied to the data, the reader may become frustrated, confused, or even misled [31]. In a network visualization use case, Karim et al. [32] showed that color schemes are related to user effectiveness in terms of time to complete tasks and accuracy of readings. Research on continuous maps [33] discusses that the effectiveness of color coding depends on both data complexity and user tasks. Accordingly, the color schemes are recommended. In [34], different color schemes for land use cases are presented. The authors propose a model for developing new qualitative color schemes. Endo and Nakano [35] propose guidelines for selecting color schemes for the hazard use case. They claim that the problem with visualizing environmental data also lies in the lack of standardization, which often results in maps that cannot be compared. The authors also stress the importance of testing the visibility of maps for different color schemes, considering color blindness as well.



Montello [5] also emphasizes individuality in visualization preferences. Considering usability and aesthetics, choosing a color scheme that is both effective and esthetically pleasing becomes a critical challenge [33]. It is not always possible to tailor visualization to individual user preferences, and in some cases, this may not be the best solution, for example, when results from different sources need to be compared visually. Visualization can and must be tailored to a specific group of users and their tasks [5] and to specific properties of the data [36]. Brewer [36] does not offer a definitive solution for the group of color schemes but suggests creating multiple maps of the same data.



In this paper, we describe how UCD can be integrated into the process of designing geographic data visualizations, such as choosing the right color scheme and configuring its attributes for specific user tasks. As a first step, we created maps based on measurements from ground stations and interpolated them to obtain a smooth image. Such maps are characterized by representing data that are generally smooth, i.e., the transition between pixels that are close to each other is gradual, while the colors and shades are similar. Consequently, the underlying data are more difficult to read. It is a very common type of map that represents natural phenomena such as temperature, humidity, and so on. It is therefore well suited to illustrate the use of UCD in geovisualization. In our work, we have studied different color schemes and their parameters such as the number of colors used in a color scheme and the order of colors.



The remainder of the paper is organized as follows. Section 2 describes the process of map generation and a method for spatiotemporal interpolation. The focus of this section is not on the interpolation method itself, but on the selection of the method suitable for the IoT and further investigation of its impact on the visualization of the results. Section 3 refers to the empirical study based on UCD. Research questions and hypotheses are formulated, and the study design is outlined. Section 4 presents the data analysis and the results obtained in each procedure of the study design. In Section 5, we discuss both the results and the method, and suggest improvements for future UCD-based geovisualization studies. Section 6 concludes the paper.




2. Generating Maps


The main characteristic of environmental data is the simultaneous possession of spatial (location) and temporal (timestamp) components. However, data sampling is discrete and, in most cases, unevenly distributed in space and time. To estimate environmental parameters and prepare data for further analysis, a near-continuous data layer is usually constructed from a discrete dataset collected at sample locations [4]. During the construction of such a layer, the data for the requested timestamp and location may be missing due to an error in the transmission of the data or in the operation of the sensor, or because there are no real measurements at some locations and/or times. Therefore, measurements for the requested timestamp and location should be reconstructed or interpolated. Environmental parameters that are spatially and temporally autocorrelated, e.g., data from nearby locations and times, are more likely to be similar than data that are far apart [3]. Therefore, such data can be interpolated in our analysis based on known measurements in the nearby environment.



The most common interpolation approach in GIS is to apply an exclusively spatial or exclusively temporal interpolation to a limited set of data, fixed in time or in space. Spatio-temporal interpolation, although more complex, is nowadays crucial for managing and analyzing any kind of geographic information, especially for heterogeneous, unevenly distributed data coming from IoT devices [37,38]. There are many approaches to spatio-temporal interpolation, the details of which are out of scope of this paper.



The method used in this paper is the Radial Basis Function (RBF), which was chosen for two reasons. First, deterministic methods in many cases outperform the widely used Kriging method [39], and RBF has been shown to achieve good results, better than Inverse Distance Weighting (IDW) [40]. Second, it is one of the deterministic methods whose characteristics are simplicity of implementation and speed of performance, which is crucial given the huge amount of sensor data that needs to be processed in real time.



In general, interpolation methods tend to find the set of nearest neighbors (according to some distance function) and apply the weighted average of them. RBF is weighted by a radial based function of the distance from the point of interest to the sampled points [41]. The value of interpolation for location     x , y     at timestamp t is given by:


  f   x , y , c t   =   ∑   i = 1  N  φ    d i     w i  + P   x , y , c t    



(1)




where c is the factor that determines the ratio between spatial and temporal components, N is the number of neighbors taken around     x , y , c t    ,   φ    d i      is a radial basis function (Gaussian, Exponential, Trigonometric, etc.),    d i    is the spatio-temporal Euclidean distance between      x i  ,    y i  , c  t i      and     x , y , c t     as one defined for IDW,    w i    are the measured values for      x i  ,    y i  , c  t i     , and P is a polynomial in     x , y , c t    .



The dataset used in this paper includes air temperature from 140 weather stations operated by the Croatian Meteorological and Hydrological Service (DHMZ). The stations measure weather parameters three times a day up to every hour, and all datasets are freely available at DHMZ website [26]. The dataset used to select the optimal interpolation method covers a randomly selected year, from 1 January to 31 December 2018.



To test the accuracy of the interpolation method and to select the optimal parameters for further interpolation, several parameters were varied: the radial-based function for RBF interpolation and the number of spatiotemporal neighbors.



We conducted validation using the leave-out-one cross-validation method (LOOCV) on DHMZ dataset. We calculated Root-Mean-Square Percentage Error (RMSPE), given by the formula:


  R M S P E =       ∑   i = 1  N         O i  −  I i     O i       2   N    * 100  



(2)




where N is the size of dataset,    O i    is the measured value, and    I i    is the interpolated value of i-th element of the dataset.



The best result is achieved using Gauss function (GAU) and six neighbors (RMSPE = 1.66%).



The interpolation is calculated for each grid cell covering the Croatian territory using the methods and parameters chosen in the validation phase and the measured values from the DHMZ weather stations. We used the Discrete Global Grid System (DGGS) [42], a new standard that aims to reference the entire Earth spatially uniquely, more specifically its version Icosahedral Snyder Equal Area aperture 3 Hexagonal Grid, ISEA3H figure on level 12. The interpolation is performed for each cell centroid of the grid to generate temperature layers for specific time points. The example is shown in Figure 1.




3. User Study


The research presented in the following aims to answer the question of which color schemes are most appropriate for representing data in geographic maps. The suitability of a map is defined in terms of the accuracy of users’ visual perception of the data presented. Since human perception is generally subjective, we need to evaluate different color schemes and some of their parameters to find out which scheme leads to the most accurate user readings. To ensure high reliability of the obtained data, a large sample of participants is required. Following the usability testing guidelines for quantitative studies [18], we use 90 volunteers with no expertise in the field.



In this study participants were reading data related to temperature. Thus, we can say that the specific objective of the study is to conclude which color scheme leads to the most accurate readings of temperature and could be suggested for presentation of temperature data on geographic maps. However, the study is designed in a more general manner; thus, the method can be exploited for visualizing other types of data as well.



3.1. Research Questions and Hypotheses


In this study, we used several color schemes from ColorBrewer, a free online tool available at [43]. This tool contains 35 color schemes that are perceptually reliable and widely used by mapmakers [31,44]. The color schemes in ColorBrewer are divided into three groups, as presented in Figure 2:




	
Sequential color schemes use ordered shades of color and are therefore generally suitable for representing data that range from low to high values. Lighter shades represent low data values, and gradually darker colors represent higher values.



	
Diverging color schemes use the extreme values at both ends of the data range and represent them with dark colors that have contrasting hues. The middle values of the data range are represented with the lightest hues.



	
Qualitative color schemes do not use gradual shading but contrasting colors to highlight the visual differences between data classes. These schemes are best suited for displaying nominal or categorical data.








For each color scheme in the ColorBrewer tool, the user can select the number of colors or shades to use when creating a map. Figure 3 shows a sequential scheme that ranges from pink to blue-green and contains three to nine color classes in ascending order. Using fewer color classes in a map provides better contrast between classes, while more classes provide more options for displaying and reading the data. In ascending order, lighter hues in sequential schemes and perceptually colder colors in diverging schemes are used to represent lower values, while darker hues and perceptually warmer colors are used to represent higher values. In descending order, the representation is reversed. Exceptions with respect to the order of colors are qualitative color schemes in which the colors are not ordered (see Figure 2).



In addition to the type of color scheme, it is possible that the number of colors in the scheme and the order of the colors may also affect the user’s perception and the accuracy of reading. Therefore, these parameters are also included in the study. Finally, the study aims to answer the following questions:




	Q1.

	
Is there a difference in the accuracy of the readings in relation to different color schemes?




	Q2.

	
Is there a difference in the accuracy of the readings with respect to the number of colors in the color schemes?




	Q3.

	
Is there a difference in the accuracy of the readings with respect to the order of the colors in the color schemes (ascending/descending)?









The answers to these questions should provide deeper insight into the color schemes and specific parameters that are most appropriate for geographic maps representing temperature data.



In accordance with the research questions, we state corresponding hypotheses, H1, H2, and H3, respectively. To address the research question Q1, the null hypothesis and the affirmative hypothesis regarding the color schemes are as follows:



H01. 

There is no difference in the accuracy of the readings on maps with different color schemes.





H1. 

The reading accuracy is related to the color scheme of a map.





To address the research question Q2, the null hypothesis and the affirmative hypothesis regarding the number of colors used to create a map are as follows:



H02. 

There is no difference in the accuracy of readings on maps with different numbers of colors in the color scheme.





H2. 

The accuracy of readings is related to the number of colors in the color scheme.





Finally, to address research question Q3, we consider the sequential and diverging color schemes which apply order of colors, and test the following hypotheses:



H03. 

There is no difference in reading accuracy between ascending and descending order of colors.





H3. 

Reading accuracy is related to the order of colors in a map (ascending/descending).






3.2. Study Design


The hypotheses are tested in the user study using a specially designed questionnaire with maps in different color schemes and with different numbers of colors. When designing a questionnaire for a user study, it is important to be considerate of the users. To obtain reliable results, we need to maintain a high level of user attention, which means that the possibility of user cognitive fatigue must be minimized [45]. A multifactorial design of the questionnaire seems to be the appropriate solution for this study. In this way, a potentially large number of questions normally required to cover all hypotheses is reduced to only 11 questions. Each question represents a map and considers different values of all three parameters: the type of color scheme, the number of colors, and the order—except for maps with qualitative schemes that have no order. The empirical research is carried out in five steps, which are shown in Figure 4:




	
Operationalization of the variables



	
Design of the questionnaire



	
Distribution of the questionnaire and data collection



	
Data preparation



	
Data analysis








Given the multifactorial design of the questionnaire, the data analysis cannot strictly follow the research hypotheses. Instead, the analysis is conducted in several consecutive steps, with the results of the previous step determining the requirements for further analysis, if any. Since all color schemes from the same group (sequential, diverging, and qualitative) share certain similar characteristics; it is interesting to see if there are differences in the accuracy of readings on maps created with color schemes from different groups. Therefore, the first procedure (P1 in Figure 4) addresses the color scheme groups and the number of colors in the multifactorial analysis. This procedure does not cover the order of colors in the color schemes because qualitative color schemes do not use ordered colors (as shown in Figure 2) and we wanted to use all the questions from the questionnaire in the first procedure. Therefore, we test hypotheses H1 and H2 in the first procedure. In the case that the first procedure gives a clear answer (the so-called “dominant group”, which means that we have a color scheme group with a unique number of colors that is significantly better than all other combinations of these two factors), additional analysis can be performed only for the dominant group. Accordingly, a similar analysis is also warranted in the case where the first procedure results in a worse group instead of the best group, as such an analysis could also provide valuable conclusions. This additional analysis is referred to as P2 in the study design (Figure 4). Finally, hypothesis H3 is tested separately by the third procedure (P3). Following the presented study design, we describe the individual steps of the method in the following sections.




3.3. Instruments, Variables, and Measures


For the study, a questionnaire was created in Google forms. The questions are written in the Croatian language. Demographic data are collected in the first group of questions. The second group of questions is used to test the users’ color recognition abilities. Figure 5 shows the three cards used from the Ishihara test [46]. Participants were asked to write the number shown on the card.



The third group of questions in the questionnaire are single point reading questions that refer to the maps showing the temperature in Croatia at a given time. The maps used in these questions were created using the R programming language. The measured temperature values are obtained from weather stations and interpolated as explained in Section 2. The interpolation is performed using the geosptdb package [47]. Color schemes are generated using the RColorBrewer package [48], which uses color schemes defined in the ColorBrewer tool. Finally, the results are visualized on the map using the Leaflet package [49].



The maps for each question are created with a different color scheme and contain different parameters in terms of the number of colors and the order of the scale. Thus, a map for each question represents one type of color scheme (sequential, diverging, or qualitative) with a scale using three, six, or nine colors in ascending or descending order (excluding qualitative schemes). All these parameters are independent variables in the study. Figure 6 shows as an example a map created with a sequential color scheme using three colors in ascending order.



On each map, a participant is asked to read the temperature at a specific location, annotated with a marker. The dependent variable of the study is the error in the participant’s reading with respect to the actual value of the temperature at that location. To avoid cognitive bias of participants, each question refers to a different location and the actual temperature value is different at each location.



The color schemes used to represent the maps in the questionnaire are as follows: YLOrRd and Reds from the sequential group, Spectral from the diverging group, and Set1 from the qualitative group [31]. The selection is shown in Table 1. Since the ColorBrewer tool has twice as many color schemes in the sequential group as in diverging and qualitative groups (see Figure 2), it makes sense to choose two sequential color schemes over one diverging and one qualitative color scheme. From the sequential schemes, we therefore selected YLOrRd from a pool of multi-hued schemes and Reds as a representative of single-hued schemes. The saturation was set to 80% for all maps in the questionnaire.



As for the number of colors, the schemes with three, six, and nine colors are used in the maps. Each type of color scheme is presented with at least one map for each number of colors. The multifactorial design of the questionnaire items is shown in Table 2.



The number of colors used in the study in selected sequential, diverging, and qualitative color schemes is presented in Figure 7.



To illustrate the difference in the order of the colors, Figure 8 shows the Reds color scheme (sequential) in ascending and descending order.





4. Results


The questionnaire was distributed by e-mail to students at the University in Split, Croatia, and their acquaintances, so the study used convenience sampling. In total, 90 volunteers completed the online questionnaire: 80% were female and 20% were male. Most participants were between 18 and 25 years old (76.7%), followed by 26 to 36 years old (21.1%). Participants were mainly students (76.7%) and professionals (11.1%).



When analyzing the responses to three questions on color blindness, we found that two participants failed one question each. To achieve the highest possible reliability of the data, these two participants were excluded from further analysis. Thus, 88 complete datasets were analyzed.



The methods of data analysis follow the questionnaire design, so the multifactorial ANOVA is used. The analysis is performed using the R programming language. The dependent variable, error, is calculated as the difference between the participant’s response and the actual value (participant’s response minus actual value). The value of the error is taken as it is (signed + or −), rather than the absolute value of the error, because we want to know not only the magnitude, but also the direction of the error, especially since we want to test the hypothesis about the order of the colors. For example, if the actual value of the temperature is 23C and the participant’s response is 25C, the error is 2. If the response is 21C, the error is −2. An error of 0 means that the temperature read by the user is the same as the actual temperature at the location.



According to the research design shown in Figure 4, data analysis was performed in three procedures. In all procedures, a ratio variable, the user reading error, is a dependent variable, while the independent variables are different for each procedure.



4.1. Procedure 1: Color Scheme Group, Number of Colors


In the first procedure, we analyze the difference between the color scheme groups as well as between the number of colors in the color schemes. Table 3 shows the header of the first procedure, which brings the details about the questions used and the values of all variables in the analysis.



The first analysis considers two independent categorical variables, the color scheme group, and the number of colors in the color scheme, so the factorial two-way ANOVA is applied.



First, we examine the assumptions for ANOVA, i.e., normality of the data and homogeneity of variance. The Shapiro–Wilk test shows that the data are not normally distributed for each color scheme group (W = 0.8999, p = 2.2 × 10−16 for the sequential; W = 0.87775, p = 1.06 × 10−13 for the diverging; and W = 0.90789, p = 1.189 × 10−11 for the qualitative group). Normality is also not confirmed for the number of colors (W = 0.89177, p = 8.514 × 10−13 for three colors; W = 0.85452, p = 4.714 × 10−15 for six colors; and W = 0.86512, p = 2.2 × 10−16 for nine colors). Levene’s test shows that the variances of the data are not equal (F = 68.964, p = 2.2 × 10−16 for color scheme groups and F = 8.0426, p = 0.0003435 for number of colors). In an additional analysis, the Shapiro–Wilk test and Levene’s test show quite similar results for both log-transformed data and root-transformed data. Log-transformation of data is the transformation of initial data (in this case: color schemes and number of colors variables) by replacing x variable with log(x). The same applies for root-transformation of the data: the variable x is replaced by sqrt(x).



Since normality and homogeneity of variance are not satisfied for either the original or transformed data, the rank-based ANOVA type statistic is applied as an appropriate nonparametric method [50,51]. The ANOVA-type statistic is the modern and robust alternative to rank transformation in factorial ANOVA design [50,52]. The ANOVA-type statistic can be used in data analytic situations in which ANOVA is traditionally used. Data analysis is performed using the R package GFD for nonparametric factorial tests [51]. The method is robust and resistant to unbalanced data [51]. The descriptive statistics of this analysis can be found in Table 4 and Table 5. A more detailed look at the distribution of the results is provided by the spread of error in Figure 9 and Figure 10.



The results of the rank-based ANOVA-type statistics [53] are shown in Table 6. There are statistically significant differences in the means of the errors by each factor, color scheme group, and number of colors, but also by the interaction of these factors, with extremely low p-values in all tests (p << 0.001). The p-values are rounded to three decimal places in the table, as will be the case in the other tables of results later in the paper.



Following these results, a post hoc analysis is performed to determine which color scheme groups, which number of colors, and which combination of factors are significant. For non-parametric methods with more than two groups, Dunn’s test [54] is used.



4.1.1. Color Scheme Group


The first post hoc test is performed for the color scheme group. According to the results of Dunn’s test (Table 7), there is a statistically significant difference between the groups for all pairs of color scheme groups (p < 0.05). Considering the above descriptive statistics (Table 4) and spread of error (Figure 9), which shows that the sequential group has the lowest error in user readings; this result means that sequential color schemes are significantly better than diverging and qualitative color schemes. Similar considerations lead to the conclusion that qualitative color schemes perform significantly less accurately compared to sequential and diverging color schemes.



To show the magnitude of the difference between color scheme groups, the Cohen’d ratio (the standardized mean difference) is calculated [55]. The effect size is medium to high between diverging and qualitative and between qualitative and sequential color schemes, while the effect size between diverging and sequential color schemes is low (Table 7). This result shows that the qualitative color schemes are significantly inferior to the other color schemes, and this result has a practical significance.



These results partially confirm the H1 hypothesis; as at this point in the study, we found that the highest accuracy of user readings is achieved for maps with sequential color schemes and the lowest accuracy of user readings is achieved for maps with qualitative color schemes. Further analysis is needed to clarify which color scheme from these color scheme groups is related to user reading accuracy and to fully confirm the H1 hypothesis. This analysis will be performed later in a separate procedure (Procedure 2).




4.1.2. Number of Colors


The second post hoc test is performed for the number of colors and the results are presented in Table 8. Dunn’s test shows a significant difference between the accuracy of user readings in maps with three and nine colors (p = 0.009) as well as in maps with six and nine colors (p = 0.013).



According to the descriptive statistics (Table 5) and spread of error (Figure 10), maps with three and six colors obtain lower error in user readings than maps with nine colors. Thus, the result of the post hoc test means that maps with nine colors obtained the significantly worst score in user readings. The effect size for this difference is small (Table 8). Since there is no significant difference between maps with three and six colors, there is no indication of which number of colors is best to choose. The findings in this analysis confirm the H2 hypothesis that accuracy of user readings is related to the number of colors in the color scheme.




4.1.3. Interaction of Color Scheme Group and the Number of Colors


In two previous post hoc tests, the data were analyzed individually with respect to the color scheme group and the number of colors. Since each map belongs to a specific color scheme group and is created with a specific number of colors, the interaction of these variables must be considered as a factor that can be associated with the accuracy of the user readings.



Figure 11 shows interaction plots for the two-way interaction between color scheme group and number of colors. The mean error in user readings is calculated with respect to this interaction and the results of the Kruskal–Wallis rank sum test are shown.



As shown in Figure 11, sequential color schemes achieve almost the same results regardless of the number of colors (low error: −0.360 for three colors, −0.427 for six colors, and −0.357 for nine colors). For qualitative color schemes, on the other hand, the results vary depending on the number of colors (from a mean of −0.176 for six colors to a mean of −5.92 for nine colors).



Table 9 shows the results of the post hoc test for interaction. Looking for a combination that is significantly different from all others, we can find only one combination, namely a qualitative color scheme with nine colors. According to the interaction plot (Figure 11), this is the combination with the highest error, i.e., the lowest accuracy.



Considering each color scheme group individually, the interaction results (Figure 11 along with Table 9) can be interpreted as follows:




	
For maps using qualitative color schemes, the reading accuracy is significantly better for six colors than for any other number of colors.



	
For maps using sequential color schemes, the reading accuracy is not significantly different for a different number of colors.



	
For maps using diverging color schemes, the reading accuracy of the values for three colors is significantly better than for the other colors.








However, compared to all combinations of color scheme groups and number of colors, neither of these two significant combinations is better than all other combinations. Therefore, we can conclude that the interaction analysis does not give the best combination of color scheme group and number of colors, while the worst combination is the qualitative scheme with nine colors.



In summary, Procedure 1 has shown that sequential color schemes achieve the lowest error, i.e., the highest accuracy in user reading, and that this result is invariant to the number of colors used in particular maps. Thus, we can conclude that the sequential color scheme group is the dominant group, and that further analysis can be performed to find out whether the accuracy of user readings is related to a particular sequential color scheme (Procedure 2) and to the order of colors in sequential maps (Procedure 3).





4.2. Procedure 2: Color Scheme


To keep the analysis clean and avoid the influence of covariates, we selected the items of the questionnaire with two sequential color schemes controlled by the number of colors and their order. Table 10 shows the parameters of the maps used.



Descriptive statistics of the error obtained in these two maps is given in Table 11.



As shown in Procedure 1, normality and homogeneity of variance are not satisfied; thus, we apply a non-parametric method for two groups. The result of Wilcoxon rank sum test shows that the difference in error between the YLOrRd and Reds color schemes is not statistically significant (W = 4413, p = 0.1063). Thus, the H1 hypothesis is not confirmed at the level of color schemes, and it remains confirmed only at the level of color scheme group.




4.3. Procedure 3: Order of Colors


Using the same rationale about the dominant group, we conduct an order-related analysis only for sequential group. The analysis of the order is controlled by the color scheme and the number of colors. The parameters of the corresponding questionnaire items are listed in Table 12.



The descriptive statistics of the error in two maps made with Reds color scheme with nine colors in ascending and descending order or colors is given in Table 13.



Descriptive statistics of error in two maps made with Reds color scheme with nine colors in ascending and descending order or colors is given in Table 13.



The result of the Wilcoxon rank sum test is W = 4310 with p = 0.1897, which means that there is no statistically significant difference in error of user readings between maps with ascending and descending order of colors. Thus, the null-hypothesis H03 is confirmed.





5. Discussion


We can summarize the results for visualizing temperature on geographic maps as follows. Sequential color schemes significantly outperformed other schemes in user reading of temperature values. Qualitative color schemes are significantly inferior to the other color schemes, with the worst combination being the qualitative scheme with nine colors. Further examination of the color schemes in the best performing group, the sequential group, revealed no significantly better color scheme among the two observed (YLOrRd/Reds). It also appears that the user’s reading accuracy is not related to the number of colors used in the color schemes (3/6/9) nor to the order of the colors on the respective maps (ascending/descending). The results are consistent with related studies showing that sequential color schemes best represent sequential data [56,57].



In this discussion, we also consider the method performed and suggest improvements for future UCD-based geovisualization studies. The number of participants in the study and their level of expertise (novice) are consistent with the guidelines for usability testing in quantitative studies [18]. The methodology performed is in line with related evaluation studies in the field of geoinformation services [58]. In data analysis, the rank-based ANOVA statistics are applied as an alternative to parametric ANOVA. The theoretical and simulation results prove the high accuracy of the method [59,60].



However, the method has some design and procedural limitations that need to be addressed here. Considering the instruments used in the study, it is noticeable that sequential color schemes are used more frequently than qualitative and diverging color schemes. Color schemes were selected based on recommendations for ordered data [31] and with the intention of covering both multi-hued and single-hued color schemes. However, because we used a relatively small number of questions (the reasons for this are explained in Section 3.2), the data available for further analysis seem to cover only a relatively small number of maps in terms of color schemes (Procedure 2) and the order of colors in sequential maps (Procedure 3), as shown in respective descriptive statistics reports (Table 11 and Table 13). This limitation could be overcome by increasing the number of questions while attempting to keep participants’ cognitive fatigue low and the reliability of their readings high.



Furthermore, Procedures 2 and 3 are performed on the maps with nine colors, which scored significantly lower than maps with three and six colors in the Procedure 1 (although equal to other numbers of colors when considered in interaction with the color schemes, as shown in Table 9). This can also be considered as a limitation of the study. The questionnaire was designed before the study was conducted, and we had no opportunity to obtain additional data. For future studies, we may recommend a different study design in which the questionnaire could be constructed in multiple phases, with questions in subsequent phases building on the results of the previous phases. Such a design would require a much larger number of participants, as a new sample would be needed for each phase. In addition to sample size, future studies should also consider a larger pool of geovisualization users to ensure randomization of age and gender in the sample. Both requirements could be met by crowdsourcing rather than convenience sampling.




6. Conclusions


The research of UCD in geovisualization brings and extends upon GIS-related studies. In modern GISs, which place high demands on human–computer interaction and geovisualization, user experience is an important component of quality of service, along with software and data quality. Usability of product and readability of data are closely related to the accuracy of data representation. As user requirements are constantly changing, UCD can serve as a method to improve usability and communication of scientific and geographic data.



The study shows a use case of how UCD can be exploited for color mapping related to temperature. The method described is suitable for application in UCD-based research related to visualization of various types of data on maps and GISs. The multifactorial design as applied in this study is very efficient in terms of balancing the cognitive load of the participants and the number of questions required to test all hypotheses.



In future work, we will address the limitations of the study and extend our research. We intend to improve the research design and use it to consider other aspects such as different ways of data representation and multiple data readings on the same map.
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Figure 1. Blue dots represent weather stations. The values from weather stations are interpolated at each centroid of the hexagons. The color, from yellow to red, represents temperature values. 
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Figure 2. ColorBrewer color schemes: sequential, qualitative, and diverging, respectively [44]. 
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Figure 3. A multi-hued sequential scheme with 3–9 color classes [31]. 
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Figure 4. Experimental research design. 
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Figure 5. The cards used in the questionnaire for the color blindness test [39]. 
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Figure 6. A map used in the questionnaire: YLOrRd color scheme with three colors in ascending order. The user is asked to read the temperature at the marked location (Ivanić-Grad, Croatia). 
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Figure 7. The range of colors in YLOrRd, Spectral, and Set1 color schemes with three, six, and nine colors’ classes. 
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Figure 8. The order of colors for Reds color scheme. 
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Figure 9. Spread of error according to the color scheme group. 
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Figure 10. Spread of error according to the number of colors. 
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Figure 11. Interaction plot of the error means for different color scheme groups and numbers of colors. 
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Table 1. Color schemes used to represent maps in the questionnaire.
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	Sequential group
	YlOrRd Reds
	 [image: Applsci 12 08754 i001]



	Diverging group
	Spectral
	 [image: Applsci 12 08754 i002]



	Qualitative group
	Set1
	 [image: Applsci 12 08754 i003]
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Table 2. The number of questionnaire items per factor.
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	3 Colors
	6 Colors
	9 Colors





	Sequential group
	+
	+
	+++



	Diverging group
	+
	+
	+



	Qualitative group
	+
	+
	+
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Table 3. Header of the first procedure.
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	Procedure 1
	Color Scheme Group, Number of Colors





	Questions:
	all



	Color scheme groups:
	sequential, qualitative, diverging



	Number of colors:
	3, 6, 9



	Order:
	ascending, descending, none



	Color schemes:
	YLOrRd, Reds, Spectral, Set1










[image: Table] 





Table 4. Descriptive statistics of the error for the color scheme group.
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	Color Scheme Group
	Nr of Samples
	Mean
	Standard Deviation





	Sequential
	440
	−0.37
	2.04



	Diverging
	264
	−0.82
	2.48



	Qualitative
	264
	−2.60
	4.02
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Table 5. Descriptive statistics of the error for the number of colors.
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	Number of Colors
	Nr of Samples
	Mean
	Standard Deviation





	3
	264
	−0.60
	2.46



	6
	264
	−0.76
	2.53



	9
	440
	−1.61
	3.40
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Table 6. The results of the ANOVA-type statistics.
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	Test Statistic
	df1
	df2
	p





	Color scheme groups
	56.370 *
	1.826
	488.704
	0.000



	Number of colors
	42.461 *
	1.970
	488.704
	0.000



	Interaction (Color scheme groups: number of colors)
	45.533 *
	3.315
	488.704
	0.000







* Statistically significant values with p < 0.05.
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Table 7. The results of the post hoc test for color scheme group, with additional information—effect size (Cohen’s d).
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	Comparison
	Z
	p
	Cohen’s d





	Diverging—Qualitative
	4.879 *
	0.000
	0.534



	Diverging—Sequential
	−2.256 *
	0.024
	0.201



	Qualitative—Sequential
	−7.711 *
	0.000
	0.758







* Statistically significant values with p < 0.05.
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Table 8. The results of the post hoc test and effect size (Cohen’s d) for number of colors.
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	Comparison
	Z
	p
	Cohen’s d





	3–6
	0.214
	0.831
	0.064



	3–9
	2.951 *
	0.009
	0.328



	6–9
	2.712 *
	0.013
	0.274







* Statistically significant values with p < 0.05.
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Table 9. The results of the post hoc test for interaction of color scheme group and the number of colors. The first number in each cell is the value of Z and the second number is the respective p-value.
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	Diverging

(3 Colors)
	Qualitative

(3 Colors)
	Sequential

(3 Colors)
	Diverging

(6 Colors)
	Qualitative

(6 Colors)
	Sequential

(6 Colors)
	Diverging

(9 Colors)
	Qualitative

(9 Colors)





	Qualitative

(3 colors)
	8.208 *

0.000
	
	
	
	
	
	
	



	Sequential

(3 colors)
	3.619 *

0.004
	−4.590 *

0.000
	
	
	
	
	
	



	Diverging

(6 colors)
	7.610 *

0.000
	−0.598

1.000
	3.991 *

0.001
	
	
	
	
	



	Qualitative

(6 colors)
	0.827

1.000
	−7.382 *

0.000
	−2.792

0.058
	−6.783 *

0.000
	
	
	
	



	Sequential

(6 colors)
	3.760 *

0.000
	−4.449 *

0.000
	0.141

0.888
	−3.850 *

0.002
	2.933 *

0.040
	
	
	



	Diverging

(9 colors)
	5.679 *

0.000
	−2.529

0.103
	2.061

0.315
	−1.931

0.375
	4.853 *

0.000
	1.920

0.329
	
	



	Qualitative

(9 colors)
	12.704 *

0.000
	4.496 *

0.000
	9.086 *

0.000
	5.095 *

0.000
	11.878 *

0.000
	8.945 *

0.000
	7.025 *

0.000
	



	Sequential

(9 colors)
	3.652 *

0.004
	−6.401 *

0.000
	−0.780

1.000
	−5.668 *

0.000
	2.639

0.083
	−0.952

1.000
	−3.304 *

0.012
	−11.908 *

0.000







* Statistically significant values with p < 0.05.
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Table 10. Header of the second procedure.
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	Procedure 2:
	Color Scheme





	Questions:
	2 questions



	Color scheme groups:
	sequential



	Number of colors:
	9



	Order:
	ascending



	Color schemes:
	YLOrRd, Reds
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Table 11. Descriptive statistics of error for sequential color schemes.
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	Color Scheme
	Nr of Samples
	Mean
	Standard Deviation





	Reds
	88
	−0.209
	1.84



	YlOrRd
	88
	−0.367
	1.81
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Table 12. Header of the third procedure.
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	Procedure 3
	Order of Colors





	Questions:
	2 questions



	Color scheme groups:
	sequential



	Number of colors:
	9



	Order:
	ascending, descending



	Color schemes:
	Reds
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Table 13. Descriptive statistics of error in two maps used in Procedure 3.
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	Color Scheme
	Nr of Samples
	Mean
	Standard Deviation





	ascending
	88
	−0.209
	1.84



	descending
	88
	−0.496
	2.19
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file13.png
YIOrRed Spectral Setl
3 6 9 3 6 9 3 6 9
0°C 0°C 0°C l0°C 0°C 0°C 0°C 0°C 0°C
5°C $5°C 5°C - 95°C 5°C 5°C 5°C 5°C 9°C
10 °C 10°C 10°C 10°C 10 °C 10 °C 10 °C 10 °C 10 °C
15°C 15°C 15°C 15°C 15°C 15°C 15°C 15°C 15°C






media/file12.jpg
YiOrRed Spectral St

3 6 ) 3 6 B & 6 s
o'c oc owc o o oc| ltoe o o]
s sc lsc s5°C 5% sc| it sc sc 57|
e floc Boc| oc poc gooc| foc 10c  [l0°c]
15°C e[| e fhisc [hsc| B 15 s






media/file18.jpg
Number of colors





media/file9.png





media/file14.jpg
Reds

Increasing D_ecregzsing
B0 0°C
5°C 5°C

10 °C 10 °C
1586 -15°C






media/file20.jpg
-1

2

Means
&

Nr of colors. .

3

-8 J

=i g |
Sequential Diverging Qualitative

Color scheme group






media/file23.png





media/file5.png





media/file15.png
Reds

Increasing Decreasing

- 0°C 0 °C
5°C -+ Tt O
10 °C 10 °C
15 °C -15 °C






media/file19.png
S aEmnF-—-——a | b-====4 SO T T T T T i B B

L e —— o o o

5 0 S- 0l- Sli-
(D.) Jou3

Number of colors





media/file2.jpg
YIOrRd o ———
YIOrBr e ———
YIGnBu e ———
YiGn e ———
Reds T
RdPu
Purples
PURd
PuBuGH
PuBu
ORd
Oranges
Greys.
Greens
GnBu
BuPu
BuGn
Blues

Set3
‘Set2 N ——
Set! EENNEENE—— .

Pastel2

Pastell

Paired  NENN  EEEN  EEE  maS  EEN -
'Diark2 I T — )

Accent I— ) ——
Speciral IEE—— C —
RAYIGn I = - -
RAYIBu N ~ e—
RAGy - -
RdBu I — -

PUOT I N — .
PRGn I —— ]
PIYG I ——— -
BrBC M .





nav.xhtml


  applsci-12-08754


  
    		
      applsci-12-08754
    


  




  





media/file11.png
r'"';\
-+ | |
i |

— »

- ._JJ [

Friull vene

“\ - ':I,
) Pordenone

Ravenna

Citta.di San

Marino
@ (" .
Pesaro
220 2
Perugia
Umbria
S, Terni ™
6 A .
Viterbo

w LT
/. LIuina,

darrh
i"'u arche

LAguila®™ 4

2ia 7

) { o

1" ‘I
Karnten J i .
~ SN R gy ‘
Villach 9——"c"~ " Maribor
e~ \Klagenfurt { gy "
(~— ;\:-". oy -
| — -

o S,
Py
-

v\‘ ..J"J‘V‘
Slovenija

~Ancona
e o

-

. Teramoy
Pescara

Abr

Wit

5 '3 d‘liétn

A *

ouniarnicug

o
Zalaegerszeg s

Ka pésva'r

Pécs

Kecsliemét

‘l

" o

C’yﬁdm‘ua

Temperatura

\,\ 02.01. 00:00:00 h

Szeké;:ird

- 0°C
5°C
10 °C
15 °C

|
,‘1“1')_. godUHO o IperbaHiik
oBu Cag
~— Cpemcka
o g - Mutpoenua) Maxveso
Penybauka — b’obo; T @
Cpncka / X Wabay Beorpaa
Republika Tuzla | Cumepepeso
Srpska :
’ ( S : \‘v, \
Zer;ltca ‘ e aniit Cpbuja

|
Bosna i Hercegovina

Mostar V
o

Crna Gora /
UpHa lopa ¢ ;

@
Podgorica

Kparxjeeéu ‘

Yavax

LeHmpanHa

f
Cpbuja

Hosw Nazapt
= A

\

BN

=

2 { ~
P Kosova:/
. Peje ; A i
oy Kosovo, Gt
Gjakove Ferizaj

Prizren—" N\

A "
o LaZio" s & Shkodéro = _, . .. Cko
AN Leaflet | ® OpenStreetMap contributors, CC-BY-SA

.
w. L Mitrovice
0 tgvce .

a

1






media/file6.jpg





media/file1.png
N A
N S
o\ = NJ ’

S50
&

LLHETE

by
o{/e

-

A
~

\A‘ » |
L
b “ :
b
Secr /

@2 obs
2

/ .
% <
- N N ,\\,m %]
7 = g
./(. .ﬁ ._\.! - 3
15 2 I Siad
3 . . v Hun
] ; o=
{ <y ~hif SRENRES
oA 3
{ T A
£
£ = I
33 ;
=% s
255
ey
&
l\.Pn
=
2

Llp-éa fopa |
By
Po

trnatbnra s






media/file10.jpg





media/file7.png
-
1
1
1
I
1
1
1
I
1
I
1
1
I
1
I
1
1
1
I
1
1
1
1
1
1
I
1
I
1
1
1
1
I
1

7

No

No

Yes
Yes
Yes

i
I
I
I
Lo
I'e
Ty

g
“a

(1]
1

0

r





media/file24.png





media/file16.jpg
A TR 1

Diverging Qualiative
Color scheme group.

Sequential





media/file3.png
YIOrRd
YIOrBr
YIGnBu
YIGn
Reds
RdPu
Purples
PuRd
PuBuGn
PuBu
OrRd
Oranges
Greys
Greens [N s
GnBu I [ |
BuPu . | ] ]
BuGn D | | ]
Blues I | ]

Set3 I
Set/ NS EEE @3& |
Set! NN s [
Pastel?
Pastel1
Paired = [ ] = | — A
Dark? I [ ]
Accent | e [ ]

Spectral I
RAYIGn [N
RdYIBu N
RAGy I
RABu N
PuOr I R
PRGn I
PiYG I
BrBG I N R






media/file17.png
el e e

|||||||||||||| Cn T = I =

...... e o ab @

Diverging Qualitative

Sequential

Color scheme group





media/file4.jpg





media/file25.png





media/file0.jpg





media/file21.png
D_
-1
-2
b
c N
E -31 \
= \
L
b
-4 N
b
b
51 Nr of colors -
- 3 Mx
_ - 8 R
© — 9
-7
Sequential Diverging Qualitative

Color scheme group






