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Abstract

:

Under the trend of increasingly informationalized military operations and the increasing maneuverability of combat units, military commanders have put forward higher requirements for the accuracy and promptness of information on battlefield situation maps. Based on the sea battlefield, this paper studies the pros and cons of the color matching of military symbols on sea situation maps. Fifteen colors, where each Hue had five colors, were chosen using the Munsell Color System according to Chroma axis and the Value axis on a span of 2 and 4. By collecting and analyzing the P300 EEG data, reaction time data, and accuracy data of 20 subjects, a better color matching selection of military symbols on pure color (L = 85, a = −10, and b = −23) sea situation maps is put forward, and the conclusions are as follows: (1) the different colors all cause the P300 component in EEG experiment. Among them, the P300 amplitude that is caused by military symbols with lower Chroma is smaller and the latency is shorter, indicating that the user experience and efficiency of low Chroma color symbols will be better than those with high Chroma color symbols. (2) High Value color map military symbols cause higher P300 amplitude and longer latency. According to the results above, this paper puts forward three optimized colors, namely, blue (L = 39, a = 20, and b = −49), green (L = 80, a = −72, and b = 72), and red (L = 20, a = 41, and b = 28). Additionally, three map interfaces were designed to confirm the validity of these colors. By means of applying the NASA-TLX (Task Load Index) scale to evaluate the task load of the confirmation interfaces, it can be concluded that these three optimized colors are preferred by users who are skilled in GIS and interface design. Therefore, the research conclusion of this paper can provide important reference values for military map design, which is helpful in shortening the identification and judgment time during the use of situation maps and it can improve users’ operation performance.
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1. Introduction


Nowadays, traditional human–computer interfaces have been replaced by digital human–computer interfaces in most industrial control rooms. Operators place greater emphasis on the rationality of cognitive processes and the reliability of using such processes [1]. The main elements of a digital interface can be divided into five parts—icon, space, color, layout, and interaction—of which color is a particularly important factor affecting the digital interface.



In the field of color coding, Ahlstrom and Arend explored the influence of color matching on the work performance of the operation interface in the air traffic control (ATC) system, and concluded that increasing the significance of Value contrast in color coding can enhance the display level of information [2]. The research results of Chiang et al. showed that, if map blocks are not distinguished by color coding in a GIS system—in other words, if map images cannot be properly preprocessed—most map interface display results will fail to meet users’ expectations [3]. Li et al. also proposed a method of adjusting the Value and enhancing the color coding to reduce the problem of reduced visibility that is caused by complex visual graphics [4].



In the field of interface color ergonomics, Boulhic studied the monitoring interface of a ship in the engine room and compared the effects of two-color codes on the performance of novices and experts in object search tasks. The results showed that the two-color version of the specific standard increased the mental load and search time of novices, while expert users had more difficulty in identifying the liquid symbols that are represented by the two-color codes than novices [5]. Regarding human observation, Yang applied the color BCDS (Business Color Design System) in order to study the psychological effects of the application of color in the flat style interface, which improved the comfortableness of human–computer interactions [6]. Sun et al. proposed an image-based interface color matching method that is based on the subjective memory and experience of the human brain [7].



Based on user requirements for map interfaces, some scholars have applied design methods in the GIS map interface to improve the efficiency during use. Tian et al. designed a data model of the integrated storage of geographic information data and cartographic data, driving the adaptive design of maps. It was proven that the method of automatic adjustment of GIS map element location and layout not only improved users’ efficiency, but also reduced the physiological and psychological burdens [8]. In addition, Scholz proposed that over-boundary ambiguity and color Value, as well as shade, are the best visual presentation forms for bivariate maps to represent uncertainty [9]. In a study of land usage classification, Akcay et al. analyzed the segmentation forms of different shapes, colors, and densities, which improved the display accuracy of their classification results [10]. Shive et al. used a visual search model to select colors for the icons displayed on maps, which indicated the best selection of colors for icons on a GIS map and offered predictions of the visual search model in order to minimize the time that it takes to search icons. The experimental results showed that the visual search experimental model can provide a reference for icon colors, so as to minimize the search time for icons in a GIS system [11]. In a study of map presentation form, Skopeliti proposed an optimized design scheme by studying the projection, direction, scale, symbols, and other elements of online maps [12].



In the process of map information research, the main experimental methods that were adopted by researchers are the subjective evaluation method and the objective measurement method. Based on the relevant theories of linguistics, Li et al. analyzed the key components of personalized map symbols, such as situational semantics and symbol statement grammar, and proposed design strategies for personalized map symbols [13]. Tian proposed a semantically driven hierarchical map symbol design method in the study of map symbols, and fully explored the values of the conceptual semantic components of map symbols in the field of symbol design. Furthermore, the scholar carried out design improvements and cognitive experiments. The results showed that the cognition efficiency of improved symbols is better and the information transmission rate is relatively stable [14].



Li, Tian, and other researchers mainly used subjective evaluation methods to study GIS interfaces and colors, while there are few cases of objective experiments based on physiological data. Ooms innovatively applied eye tracking technology to the fields of cartography and GIS. By analyzing eye movement indicators, such as fixation times and the duration that users’ eyes focus on an element of the map, users’ search strategies of dynamic and interactive maps were revealed [15]. Additionally, Coltekin evaluated two legend designs of soil landscape maps by means of analyzing the eye movement index of users reading the map, and finally put forward suggestions on the design of such maps [16]. Liu and Chen explored the influence of border design of dot map symbols on users’ cognitive maps through eye movement experiments, when comparing the different cognitive effects of three schemes, and further proposed the border design scheme of dot map symbols on network tourism maps [17].



Additionally, in the study of user cognitive processes, objective physiological experiments also include electroencephalogram (EEG) technology, which includes event-related potential (ERP), functional magnetic resonance imaging (FMRI), functional near infrared imaging (fNIRS), and other such technology. These effective and real-time neuroimaging methods can measure brain activity in the process of early cognitive change, so as to understand the inner cognitive mechanism of users while using digital interfaces. Babiloni et al. achieved more accurate temporal and spatial resolution of EEG technology through continuous improvements of EEG technology [18]. FMRI plays an important role in cognitive science because of its high spatial resolution. Rahm et al. used FMRI technology to study the relationship between working memory load and frontal parietal lobe activation, providing a reference mechanism for the study of decision making-related working memory [19]. ERP is a kind of evoked EEG, which refers to the specific potential that is generated in the brain when a user receives a specific stimulus. It has a high temporal resolution, which can reveal the characteristics of material processing in the early cognitive process. ERP is often used to measure the load of a specific task. Perri used ERP-related technologies to conduct his research when he explored the relationship between visual load and the visual area of the brain [20].



Among ERP components, P300 is a positive wave in the EEG components, which usually occurs 300ms after a specific stimulus and the amplitude of P300 is widely used in assessing the task loads. The amplitude of P300 is relatively high, usually 5–20 μV, and sometimes up to 40 μV. The amplitude of P300 is believed to be related to the difficulty of the task [21,22,23,24]. Chen et al. chose amplitude, latency, and other components of P300 as the task feature selection criteria [25]. Zhang evaluated and measured the psychological load of pilots before and after stress by comparing the changes of P300 amplitude and latency [26]. Jin et al. conducted an EEG experiment on situational awareness of the fighter digital graphical interface [27]. Moreover, Yeh et al. introduced the ERP method into the study of the color of interfaces, exploring, in-depth, the state of color in the early cognitive process [28].



It can be concluded from the above-mentioned research that EEG technology has been widely applied in a variety of scientific fields and it has obtained accurate and practical research results by virtue of its characteristics of accurate recording, stable data, millisecond resolution of time, event synchronization, and strong neuro-endogenous function.



Throughout most of the GIS map interface design and research methods in the field of cognitive science, there are still few studies that have applied objective EEG measurement methods. EEG experimental methods have higher precision and reliability than other methods, and can they be adapted for GIS and interface-relevant cross research. Hence, EEG technology was chosen in this paper in order to evaluate the color of military symbols in the interface of situation maps.




2. Related Work


2.1. Situation Maps


A situation map usually consists of a digital map base, situational elements, and annotated information. Situational elements mainly include map symbols, queue numbers, bullet points, etc. [29]. Figure 1 shows the FBCB2 system used by the U.S. Army, which contains the common elements of a situation map, and where the blue and red map markers in the figure are military symbols.



For the interface of situation maps, GIS management and the display of military symbols are two basic functions. The main functions of GIS management are map loading, layer management, map operation, map query, and measurement. The type of maps that are loaded by the system are variable, and include, for instance, planar graphs, image maps, joint combat graphs, and utility maps [30]. This paper adopted a map from “Military Map” for research, as shown in Figure 2. “Military Map” is a web application that is designed for visualizing and planning military exercises and missions. This program can both search and add military symbols provided by MIL-STD-2525C.



There are five main types in the “Military Map” application: hybrid, roadmap, roads, satellite, and terrain (Figure 3). Among them, the terrain map model is commonly used in situation maps.



The “Military Map” terrain mode (Figure 4) shows a typical map pattern. Among the different elements in terrain maps, the ocean is an important living environment for human beings. In today’s world, the ocean reflects more realistic and strategic significance [31]. Therefore, a “high seas” map of pure color was used as the interface background of the experiments in this paper, which is conducive to the acquisition of lower noise data in the objective physiological experiments.



In addition to the background map in the interface, another component of the interface of situation maps is that of the map symbols that refer to the military symbols, especially in this paper. The main components of military symbols are described in MIL-STD-2525C [32]. The elements of a military symbol consist of the frame, the padding, and the alphabetic mark, as shown in Figure 5.



Military symbols can be shown with different display options such as planar mode, linear mode, and point mode [32], as shown in Figure 6.



Among the three display options of military symbols, linear display pattern without frames are the most susceptible to the color and background of an interface. Therefore, the linear display manner in MIL-STD-2525C were selected for the experiment.




2.2. Color Heories


There are many ways for people to perceive external information. Relevant experiments show that 80% of the information that people can perceive is obtained by vision. In visual perception, color accounts for a very large factor. In the first 20 s when a person observes an object, color sensation accounts for 80% of the perceived information, and morphological sensation for 20% [33]. Different colors give people different perception depths, resulting in visual perception layers, which is of great significance for the design of an interface with multiple layers that overlap to display information, such as a map interface.



The Munsell Color System (MCS) is one of the most commonly used color systems in the world. MCS arranges different colors into particular cards with a unique number in an orderly manner based on H (Hue), V (Value), and C (Chroma), as shown in Figure 7a. The advantage of MCS system is the same step between two colors and the characteristic of equidistant in visual perception [34].



However, there are more than a billion colors in the computer. MCS colors cannot represent all colors in the digital display equipment, and the separation of colors on CIE1976 chromaticity diagram is not even. HSV (HSB) color system is mostly used in digital design software for its user-centered using habits, which addresses the problems of MCS and provides a more user-friendly method for selecting colors according to H (Hue), S (Saturation), and V (Value), which is the same meaning of B (Brightness) in somewhere else. Therefore, the concept of HSV color system combined with the MCS color arrangement is used in this article because of the similarity of MCS and its convenience in practical application.



In digital interfaces, the color relationship between the target and the background allow users to obtain a visual sense of distance. The correct selection of colors and the reasonable adjustment of the relationship between the target and background are very important for evaluation and testing [35].



At the same time, metamerism is an affecting element in color-based study. The origin colors of an object could be different under the influence of luminance, sensors, lighting devices, and so on, according to Prasad and Wenhe [36]. It reminds that the lighting system and display devices should keep consistent according to the same indexes of color temperature and color space in the experiment.



Additionally, the different standard observer angles, such as two-degree or 10-degree, could cause some differences. Ikeda et al. had discussed the differences between two-degree and 10-degree standard observer angle [37]. Regarding to this problem, Trezona found that the 10-degree standard observer angle had more applying value than two-degree in practical application, such as photography, business, printing, and interface, because 10-degree visual angles were more common in the real daily scenarios [38].




2.3. EEG Technology


EEG was first discovered in 1875 and, in 1964, Grey Walter et al. outlined the components of cognitive ERP, marking the beginning of a new era of ERP research [39]. The components of ERP observed in recent years include, but are not limited to, mismatched negative wave (MMN), motion-related potential, N400, P300, recognition potential (RP), and vision C1/P1/N2.



In a study of MMN, Clifford et al. proposed a visual mismatching negative wave (vMMN) when investigating the changes of brain in the process of color perception, providing possible evidence for the classification and coding of color pre-attention [40]. Oxner et al. proposed that changes in the layout of an interface would cause changes in MMN, P2-N2, and P300 [41]. However, MMN is mainly caused by hearing, and the classical MMN differential wave can be obtained in the classical Oddball paradigm. Wiens S. et al. proposed that there was no correlation between working memory capacity and visual load and MMN [42]. Based on this, Male et al. wanted to prove the real vMMN through experiments, and finally came to the conclusion that the real vMMN was an unstable phenomenon, which is also dependent on the experimental parameters that are to be determined [43].



N400 is a component that is related to language processing, in particular, the extraction of semantic information from long-term memory. However, with the deepening of research, it has been shown that N400 is not only related to semantic processing, but can still be induced when faces, pictures, and other nonverbal stimuli appear [44]. Liu et al. studied and obtained the cumulative priming effect of early visual information on target sound through the analysis of N400 components [45]. Rama et al. studied the language system of infants and found that the priming effect of N400 was significant in 2-year-olds, which was similar to that of infants with richer vocabulary at 18 months [46]. Proverbio used N400 to study the visual information processing of human gestures, and concluded that visual information and language input have similar processing patterns [47].



In the research works of P300, Niu et al. verified, through experiments, that the latency and amplitude of P300 increase as the difficulty of the task increases, indicating that the amplitude of P300 is related to the level of working memory [22]. From the perspective of linguistics, Morrison and Taler verified that there was also a correlation between the amplitude of the P300 component and the language processing load: the larger the load, the higher the amplitude of P300 [48]. Ting Han et al. also found a similar relationship in their research related to memory [49]. When exploring interfacial visual motor stimulation, Berti et al. used the P300 component for analysis, and concluded that parietal lobe and occipital lobe electrodes were highly correlated with visual stimulation [50]. Liu et al. also found a difference in color judgment between the left and right visual fields when using P300 [51]. In addition, Fermin M et al. also used the P300 component to explore the influence of color on different words in the early cognitive process [52].



When considering the above-mentioned different effects of the different EEG components in various types of studies, it is evident that P300 plays an important role in the study of color stimulation and cognitive performance. Therefore, the P300 component was selected for the evaluation and analysis of the experimental indicators in this paper.





3. Methodology


3.1. Equipment and Subjects


This paper aimed to explore the relationship between the different colors of military symbols on maps and the influence of visual search through ERP and behavior experiments. By analyzing the ERP P300 component’s amplitude and latency, combining the behavioral data of accuracy and reaction time, an optimal color scheme for military symbols on situation maps is put forward.



The hardware of the experimental equipment used in this experiment is that of the EEGO MyLab EEG system produced by ANT company with 32 channels. The stimuli were placed on a screen that was 21.5 inches in physical size and it had a resolution of 1920 × 1080 pixels.



The software used in experiments were E-Prime 2.0, ASA, and SPSS. E-Prime 2.0 was used to present the stimuli and collect the behavioral data from experiments. Meanwhile, ASA was used to collect and analyze the EEG data, and SPSS was used to analyze the behavioral data collected.



The subjects of this experiment were students of the Southeast University, including 10 males and 10 females [53]. All of the subjects are skilled in geo-information and familiar with map interface design, ensuring the effectiveness and representativeness of the experiment. The age of all the subjects ranged from 22 to 27, with an average age of 24.75, and the standard deviation of subjects’ age was 1.089. None of the 20 subjects were color blind or weak, and all were right-handed. None of the subjects had a history of mental illness or brain trauma.




3.2. Experiment Materials


For collecting low-noise EEG waves, the experiment task in EEG experiment should be designed as not too difficult and recognizing symbols directions is the main task. Therefore, symbols in the experiment task should have directions. However, the sea surface and subsurface objects in MIL-STD-2525C do not have clear directions, so ground objects symbols were selected as substitutions to achieve the research purpose.



According to the U.S. military standard MIL-STD-2525C, the initial experimental materials were established, as shown in Figure 8.



In the experiment, three basic colors of LED display screen were selected from the HSV. They were blue (H = 240°, S = 100%, and V = 100%), green (H = 120°, S = 100%, and V = 100%), and red (H = 0°, S = 100%, and V = 100%), and they were named as “blue 2”, “green 2”, and “red 2”, respectively. Subsequently, by reference of MCS color arrangement concept of equidistant Chroma and Value span, four colors were chosen randomly at the percentage changes of Saturation and Value on the basis of three basic colors before. There were 15 colors in total (3 + 3 × 4). All of the colors had been taken into calculation of color difference (ΔE), and the smallest ΔE is 13.928, larger than ΔE minimum identification value 3.3 [54,55], making sure that there was enough distinctiveness for subjects to distinguish them. Figure 9a shows the color names and HSV values. As Lab color system has a more accurate transferability [56,57,58], all of the selected HSV format colors were converted into Lab format in this stage. Figure 9b shows the colors Lab value.



The terrain map of “Military Map” was used as the background of the experiment. In this type of map, the color of the ocean does not change with the change of depth. This experiment was conducted to obtain the searching time for military symbols, and eliminating the interference factors, such as small pieces of land on the map, is of great significance. Therefore, the background graph chosen for this experiment was designed to be a pure color—that is, blue for the ocean area of the terrain map. The standard topographic map was placed in the Illustrator software, using the straw tool to absorb the color of the ocean part and to fill the area of 1920 × 1080 pixels to make the experimental background. The Lab mode color value of blue used in background was L = 85, a = −10, and b = −23, and Figure 10 shows the background.



According to the suggestions in MIL-STD-1472, the size of the military symbols that are shown on the display can be calculated based on the following equation:


L = (VA) × (D)/(57.3) × (60),



(1)




where VA is the perspective divided into units by arc, D is the visual distance in inches, and L is the object size in inches. Table 1 shows the reference data of the calculated size of the military symbols.



According to Table 1 and the documents in MIL-STD-1472, it is recommended to choose a larger size with 40 arc. This experiment was satisfied with this condition. In the experiment, the subjects’ eyes were 600 mm away from the screen; 600 mm was converted to 24.62 in; and, by calculating the formula, the minimum length of the military symbols was determined to be 6.86 mm. The military symbol materials used in this experiment were all scaled according to the shortest side length of 7 mm, in accordance with MIL-STD-1472, which ensured that the subjects could clearly see the materials, as well as met the reasonable display size of symbols on the map.




3.3. Experimental Process


The subjects sat in a laboratory with soft light and noise isolation after washing and drying their hair. The lighting equipment are fluorescent lamps whose color temperature are all 6500K, which are consistent with the CIE D65 lighting criteria. After a subject had put on the clean electrode cap, conductive paste was injected into the gap between the electrode and the scalp. After all of the electrodes were energized, the stimuli were presented on a 21.5-in LED screen in front of the subject, the height of which was level with the subject’s eyes. The subjects remained in a comfortable seated position with their eyes focused on the center of the screen, approximately 600 mm away from the screen. The stimuli appeared in the center of the screen with the observer angle of around 10-degree, and the display screen had been calibrated by “Datacolor Spyder 5 Elite” to make sure the color temperature is 6500K and the color space is 100% sRGB, which assured that the visual experiment standard conformed to the CIE D65 standard [59]. Figure 11 describes the experimental scene.



Before the formal experiment, the experimental contents and process were explained to the subject, and the criteria for judging the arrowheads were also explained. The interface of the stimuli was designed to show one of two states: one with directional arrow(s), where the orientation is only up and down; the other without any directional arrows. If the subject did not observe the arrowhead, they responded by pressing the space bar. In contrast, if they did observe an arrowhead, they had to quickly determine the direction of the arrowhead and press either the “A” key, representing up, or the “Z” key, representing down. During the practice period, the subject was informed regarding whether their reactions were correct or not, and ten practice experiments were conducted for training. After the subject fully understood the experimental task, they entered the formal experiment.



The experiment was designed using and presented by E-Prime 2.0. The experiment consisted of three different color series, namely, blue, green, and red. Taking the blue series as an example, it contained five kinds of blue selected from the MCS according to different Chroma and Value, which were divided into blue 1, blue 2, blue 3, blue 4, and blue 5. Each color contained 30 picture stimulations and there was a total of 3 × 5 × 30 = 450 trials of the 15 colors in the whole experiment. In other words, each subject had to complete 450 trials, and 450 trials were divided into three rounds of experiments with 150 trials in each round.



The experimental materials with different colors of red, green, and blue Hues appeared alternately and randomly in order to avoid the learning effect generated in the experiment. Namely, the red, green, and blue stimuli all appeared in every 150 trials, among which, 50 trials occurred randomly for each Hue. For each round of the experiment, the system suspended the playing of the stimuli, so that the subjects could have a sufficient period of time to relax and rest. Avoiding excessive fatigue or psychological boredom can ensure the objective validity of the experimental data. The entire experiment took about 40 min. (including rest) for each subject.



The P300 component is always evoked through classic Oddball experiment paradigm or other paradigms, such as learning-recognition paradigm, cue-prompt paradigm, and so on, because it is a complex EEG component that is related with most cognition process. This article adopted improved learning-recognition paradigm, and recognition targets had been displayed to subjects to learn and memorize before the formal experiment.



Figure 12 shows the experimental process of a single trial. Each trial consisted of three steps. Step 1: the screen presented a cross fixation point in the center of a blue background with the same Lab mode color value (i.e., 85, −10, −23). This screen lasted for 500 ms, reminding the subject to look toward the central area of the screen. Step 2: a stimulating screen appeared in the middle of the screen, the background color of which was of the same Lab mode color value as Step 1 (i.e., 85, −10, −23). The size of the short side a single military symbol was 7 mm. The subjects made corresponding choices on the keyboard according to the military symbols that they observed. In other words, they pressed A when observing one or more military symbols with an up arrow, while pressing Z for down arrows and Space for no arrows. Step 3: after pressing the button, an empty blue (i.e., 85, −10, −23) screen interface with a duration of 500 ms appeared to help the subjects eliminate temporary visual retention. The reason for choosing the blue screen was to avoid excessive contrast between the stimuli screen and the transition screen, which may affect the physiological adjustment of the subject’s eyes.




3.4. Hypothesis


According to the study of the P300 component in ERP by Wei et al. [39], together with the important theory proposed by Kutas et al., there is a solid correlation between the P300 component and the amount of human mental resources occupied. That is to say, the amplitude of the P300 component is positively correlated with the mental resources occupied in operation [21]. In other words, the greater the absolute value of the amplitude of P300, the more human mental resources occupied by the event, which means the greater the task load for human beings. On the contrary, the smaller the value of P300, the less mental resources occupied, and the lower the operation load, the more relaxed users feel [23]. Niu et al. further verified this in an ERP study of icon memory under time pressure: the amplitude of P300 increases with the increase of task difficulty and the latency of P300 is negatively correlated with task difficulty [24].



Based on the theoretical support above, in this experiment, with stimuli of different colors, the collected P300 amplitude and latency should be presented with alienation. Two indicators can reflect the mental resource usage brought by the different colors of the symbols, identifying load differences in the task. By analyzing P300, combining the accuracy and reaction time in the behavioral data, it is expected that the relationship between the merits and demerits of the colors of military symbols used for the interface of maps can be obtained. The following experimental results are expected in this paper:




	
Military symbols that induce P300 with a large amplitude and a long latency occupy more cognitive resources, while P300 with a small amplitude and a short latency occupy less cognitive resources.



	
Military symbols with high Value have poor color recognition, and their performance are lower than the average level. Military symbols with low Chroma and medium Value are more recognizable and have better performance.










4. Results and Data Analysis


4.1. Behavioral Data


The behavioral data refers to the two indicators of accuracy and reaction time. Accuracy refers to the proportion of the correct number of buttons in relation to the total number of stimuli. In other words, accuracy = “the correct number of keys”/“the total number of stimuli”. Reaction time refers to the time between the moment the subject sees a stimulus and the moment they respond by pressing a button. In this experiment, the unresponsive data of the subjects were regarded as invalid data, and the accuracy and reaction time data in E-Prime were exported. After processing and analyzing the experimental data with Excel and SPSS software, the mean accuracy and the mean reaction time values of the 15 colors in 3 × 5 groups were calculated, and the results show that the lowest accuracy of the 15 colors was 96.4% in blue 1, while the highest was 99.3% in green 2, and the average accuracy was around 98%, as shown in Figure 13.



The 15 colors were classified into red, green, and blue series, and reaction time data were sorted, as shown in Figure 14. In the blue series, the reaction time of blue 1 was the longest, with an average of 1712 ms, while that of blue 5 was the shortest, with an average of 1044 ms. Among the green series, the reaction time of green 1 was the longest, with an average of 1444 ms, while that of the green 5 was the shortest, with an average of 948 ms. In the red series, the reaction time of the red 1 was the longest, with an average of 1025 ms, while that of red 4 was the shortest, with an average of 836 ms.




4.2. EEG Data


Before the numerical processing of EEG data, the ophthalmic artifacts were first identified and then removed by the filtering function of the ASA software, and then the original EEG waves that were obtained in the target search experiment were segmented. The target stimuli (i.e., the images) were taken as the baseline for segmentation, beginning from 200 ms before presentation of the stimuli to 600 ms after presentation. Subsequently, the EEG waves of each subject were superimposed and averaged. After that, the EEG waves of all subjects were averaged and sorted into the 15 different colors.



4.2.1. Blue Series


Firstly, the amplitude of P300 was analyzed, and the absolute values of the average amplitude of each color in the blue series followed the order of: blue 4 (4.237 μV) > blue 2 (3.618 μV) > blue 5 (3.483 μV) > blue 1 (3.417 μV) > blue 3 (3.196 μV).



P300 generally occurs in the parietal lobe. In this study, P3, P4, CP1, CP2, Pz, and POz were chosen based on the selection of electrodes in the experimental study of P300 conducted by our predecessors [24,41,42] and the significance of the amplitude of each electrode in the EEG.



Subsequently, a repeated ANOVA of 5 (blue: blue 1, blue 2, blue 3, blue 4, and blue 5) × 6 (electrode: P3, P4, Pz, CP1, CP2, and POz) was conducted for P300 amplitude. It can be seen that the main effect of the color blue is significant, F = 3.592, p = 0.007 < 0.05, and the main effect of the electrode is significant, F = 43.969, p = 0.000 < 0.05, while the interaction between the two is not significant, F = 0.269, p = 0.999.



The six electrodes can be divided into the left side (i.e., P3 and CP1), the middle side (i.e., Pz and POz), and the right side (i.e., P4 and CP2). A repeated ANOVA of 5 (blue: blue 1, blue2, blue3, blue4, and blue 5) × 3 (brain area: left, middle, and right) was conducted, and it is clear that the main effect of the color blue is significant, F = 3.700, p = 0.006, the main effect of the brain area is significant, F = 5.116, p = 0.007, while there is no significant interaction between the two, F = 0.272, p = 0.975.



A paired t-test of the different groups of blue subjects in the different brain areas showed that, in the left-brain area, the subjects showed significant differences in the brain wave amplitude of the blue symbols. The paired t-test of the left-brain area showed that the effect of the P3 electrode was significant; thus, the P3 electrode could be used as the key electrode. According to the amplitude map on the P3 electrode, it can be found that there is no significant difference in the time of P300 in the five different blue colors, as shown in Figure 15.



Latency analysis was carried out on the blue group. In the target search experiment, P300 latency has the following relationship: blue 3 (0.301 s) > blue 4 (0.293 s) > blue 2 (0.283 s) > blue 1 (0.279 s) > blue 5 (0.27 s).



A multiple factor repeated ANOVA of 5 (blue: blue 1, blue 2, blue 3, blue 4, and blue 5) × 6 (electrode: P3, P4, Pz, CP1, CP2, and POz) was conducted for the latency. It can be seen that the main effect of the color blue is not significant, F = 1.377, p = 0.242, while the main effect of the electrode is significant, F = 7.721, p = 0.000 < 0.05, and the interaction effect of the two is not significant, F = 0.824, p = 0.684.




4.2.2. Green Series


Firstly, the absolute value of the average amplitude of each color was analyzed according to the P300 amplitude. The mean amplitude of each color followed the order of: green 5 (4.609 μV) > green 1 (3.367 μV) > green 2 (3.200 μV) > green 3 (2.495 μV) > green 4 (2.656 μV).



A repeated ANOVA of 5 (green: green 1, green 2, green 3, green 4, and green 5) × 6 (electrode: P3, P4, Pz, POz, CP1, and CP2) for the amplitude was carried out. It can be seen that the main effect of the color green is significant, F = 3.374, p = 0.010 < 0.05, and the main effect of the electrode is significant, F = 12.119, p = 0.000 < 0.05, while the interaction between the two is not significant, F = 0.465, p = 0.978.



A paired t-test of the different green targets in the different brain areas showed that, in the left- and middle-brain areas, the subjects showed significant differences in the brain wave amplitude of the green target and greater differences in the left-brain areas. Subsequently, a paired t-test of the CP1 and P3 electrodes was conducted, and it can be concluded that the P300 amplitude that is caused by the green targets has the largest difference on the P3 electrode; thus, the P3 electrode can be taken as the key electrode, as shown in Figure 16.



According to the amplitude map of the P3 electrode, the time of P300 that appeared in five kinds of green has some differences. Among them, a big difference can be observed between green 3 and green 1 and, thus, the change of the latency of green 3 and green 1 was focused on.



The latency of the different green colors was analyzed. In the target search experiment of the green symbols, the P300 latency has the following relationship: green 2 (0.371 s) > green 5 (0.362 s) > green 1 (0.358 s) > green 4 (0.354 s) > green 3 (0.354 s).



A repeated ANOVA was carried out for 5 (green: green 1, green 2, green 3, green 4, and green 5) × 6 (electrode: P3, P4, Pz, P7, P8, and POz) for the P300 latency. It can be seen that the main effect of the color green is not significant, F = 1.539, p = 0.191, while the main effect of the electrode is significant, F = 5.287, p = 0.000 < 0.05, and the interaction between the two is not significant, F = 0.944, p = 0.532.




4.2.3. Red Series


Firstly, based on the analysis of the P300 amplitude, the mean amplitude of each color in the red series followed the order of: red (2.813 μV) > red 1 (2.698 μV) > red 5 (2.674 μV) > red 2 (2.557 μV) > red 3 (2.488 μV).



A repeated ANOVA of 5 (red: red 1, red 2, red 3, red 4, and red 5) × 6 (electrode: P3, P4, Pz, CP1, CP2, and POz) for the P300 amplitude was conducted. It can be seen that the main effect of the color red is not significant, F = 1.431, p = 0.224, while the main effect of the electrode is significant, F = 44.397, p = 0.000 < 0.05, and the interaction between the two is not significant, F = 0.373, p = 0.989.



A paired t-test of the different red targets in the different brain areas showed that, in the middle brain areas, the subjects showed significant differences in the brain wave amplitude of the red symbols. Subsequently, a paired t-test of the POz and Pz electrodes was conducted, and it can be concluded that the P300 amplitude caused by the red target has the largest difference on the Pz electrode; thus, the Pz can be taken as the key electrode, as shown in Figure 17.



For the red group, the latency of P300 followed the order of: red 1 (0.358 s) > red 2 (0.357 s) > red 3 (0.356 s) > red 5 (0.347 s) > red 4 (0.345 s) in the target search experiment.



A repeated ANOVA was conducted of 5 (red: red 1, red 2, red 3, red 4, and red 5) × 6 (electrode: P3, P4, Pz, P7, P8, and POz) for the P300 latency. It can be seen that the main effect of the red color is not significant, F = 1.142, p = 0.337, while the main effect of the electrode is significant, F = 4.907, p = 0.000 < 0.05, and the interaction between the two is not significant, F = 1.180, p = 0.271.






5. Discussion


5.1. Behavior Experiment


According to the histogram of the accuracy of the 15 colors, there are no significant differences among the different colors, and the values are all greater than 96%—i.e., close to 1—indicating that the task is of low difficulty, which was not able to directly reflect the relationship between the merits and disadvantages of the colors of the different military symbols. Thus, the reference value of accuracy data is poor.



As can be seen from Figure 14, in the blue series, blue 1 had the longest reaction time in the cognitive experiment, which differed considerably from the other four blue colors. Blue 2, blue 3, blue 4, and blue 5 showed little difference in reaction time, among which blue 5 showed the lowest reaction time, which indicated that blue 5 had the best performance in the blue series. In the green series, green 1 had the longest reaction time, followed by green 2. There were no significant differences in the response times between green 3, green 4, and green 5, among which green 5 showed the lowest reaction time and best performance within the green series. In the red series, red 1 had the longest reaction time in the cognitive experiment, while the red 2, red 3, red 4, and red 5 had little differences in reaction times, among which red 4 and red 5 had the lowest reaction times and the best performance.



Comparing the three colors with the serial number 1 (i.e., blue 1, green 1, and red 1), they are all high value colors in the MCS, and they all had a longer reaction time compared to the other colors of the same Hue. In the study of Chen et al. on the processing speed of color information, a similar result was found; that is, the value of the color affected the cognitive processes of the users, and the time point of this influence was later than the Hue of the color itself [60]. It can be seen that, in sea situation maps, the use performance of high value colors is poor, as is the readability; thus, high value color symbols should be avoided as much as possible in the design of a map.



It is also worth noting that the average reaction time of the blue series was longer than that of the green series, and the average reaction time of the green series was longer than that of the red series. The potential reasons are as follows: (1) the experimental background is the sea surface map, which is a pure blue color itself, so the difference between the blue military symbols and background in the experiment is not obvious enough, resulting in the long reaction time of the subjects in the behavioral experiment. It is suggested that colors with less difference between the target and the background should be avoided when using colors in the interface of a map. (2) The reaction time of the red series is significantly lower than that of the other two colors, which is related to the fact that the longer red wavelength is more likely to attract visual attention. In addition, in people’s daily lives, the potential awareness of red has a warning effect [52], which may eventually lead to a red target being able to easily arouse users’ stronger perceptions and reactions. It is suggested that, when designing colors for the interface of a map, under certain circumstances, such as to indicate dangerous objects, a red color is preferred. At the same time, the usage criteria of colors, such as red and blue, may be specific and different worldwide. Red color is used to represent enemy units in America while being used to symbolize the own side in China and Russia. When applying such colors, it is suggested that designers should take all rules and situations into consideration carefully.




5.2. P300


In the EEG experiment, P300 was selected as a typical component for analysis, which is often used for analysis in fields, such as neuro-cognition and neuro-design. For example, in a group of experiments on the influence of color on cognition, Hasan et al. applied and analyzed the classical P300 components [61]. In this paper, P300 was selected in accordance with the mainstream evaluation methods in the field. According to the suggestions of many researchers [62,63,64], the average amplitude of P300 increases with the increase of attention resources, which was the general basis for the evaluation and selection of the best color in this experiment.



The five different blue colors all caused P300 potentials, mainly in the right hemisphere of the brain. The paired t-test showed that the amplitude of the P3 electrode had a significant influence on the other electrodes. In the EEG study of color matching tasks that was conducted by Shou and Ding, the P3 electrode was also chosen for research further due to its amplitude change, and it was finally concluded that the observed reduction of the P3 amplitude was related to the semantic conflict in the color matching process [65], which was significantly consistent with the P3 electrode obtained in this paper. In this experiment, the amplitude and latency of the five different kinds of blue did not show any abnormal differences, while the main effects were obvious, which can explain how much visual attention space is occupied by different colors. As can be seen from the amplitude, blue 3 occupies the least cognitive resources, followed by blue 1, while blue 4 occupies more cognitive resources.



The five different green colors all generated P300 potential components, being mainly distributed in the left-brain area. The waveforms that were caused by the five green colors were similar, with no obvious abnormalities, while the main effects were obvious, indicating how much visual attention space is occupied by different colors. Among them, the P300 amplitude of the green 4 group is small and the latency is short, indicating that green 4 color has a relatively small mental load and has a better advantage. However, the P300 produced by green 1 and green 5 has a large amplitude and long latency, which takes up a lot of mental resources, and is not recommended when it comes to color matching in the interface of a map.



The five different red colors all evoked P300 potential components, mainly located in the medial-brain area. In the paired t-test, the P300 component amplitude that was caused by the red group was mostly significant on the Pz electrode. Yeh et al. proposed that color combination target stimulation has significant effects on the central C3 and CZ and the parietal P3, Pz, and P4 electrodes [28], which is consistent with the significant electrodes shown in this paper. Among them, red 3 has the smallest amplitude, which shows that it takes up less cognitive resources and is an optimal choice. However, the amplitude and latency of red 1 are both lower than the average level of the group; thus, red 1 is not recommended for designing symbols for use in the interface of a map.



However, the findings above on P300 should be treated with caution due to some problems with this measurement method. For example, the imprecision of EEG waveform analysis and the small differences caused by the average difficulty of tasks will lead to errors in P300 component analysis [66]. In addition, Wicke et al. found that ERP may change with the change of brightness of a stimulus. The higher the brightness, the shorter the latency, and the brightness difference that is generated by the screen luminescence principle has a potential impact on the experiment [67].



In addition, the optimal color sequence derived from the behavioral data does not necessarily conform to the recommendations resulting from the EEG results. Ecker used EEG to study colors and concluded that the results related to ERP indicators could not be explained by basic differences in behavioral performance [68]. This is potentially related to the semantic differences that are brought by different colors. The material in this experiment was based on military symbols in the battlefield environment. Green, blue, and red are given different semantics by different subjects with different personal experiences, resulting in individual differences. Gan et al. used ERP technology to study whether different colors have an impact on moral-related words. The results showed that, when people judge immoral words, green words take longer than red or blue words. Thus, it is inferred that the metaphorical connection between green and moral information results in different information processing times presented by ERP in comparison to the experimental results of behavioral analysis [69]. Therefore, this paper proposes a sorting method that takes the data of EEG as the main reference index and the behavioral data as the secondary reference index in order to select the best color.




5.3. Color Sorting and Selecting Method


From the perspective of color matching optimization and cognitive theory, the optimization relationship of the experimental data under each color matching method is as follows: the smaller the amplitude of P300, the better the color; the shorter the latency of P300, the better the color; the shorter the reaction time, the better the color; and, the higher the accuracy, the better the color. The 15 colors were divided into three groups according to Hue, and the five colors in each group were ranked from good to bad according to four different indexes of the experimental data.



Figure 18 shows the ranking of the four indexes of the blue colors. The arrangement from left to right indicates the relationship from good to bad. In the process of optimizing, the ranking of two indexes of P300 were firstly averaged, such as blue 5, which ranks third in P300 amplitude with “fair” and first in P300 latency with “best”; thus, the blue 5 P300 component ranking is “good”. The rest can be carried out in the same manner. It is established that the ranks of blue 1 and blue 5 are parallel with the grade “good”. By comparing the reaction times of blue 1 and blue 5, it can be observed that blue 5 has a better performance. As a result, blue 5 is given optimization from the blue series. Figure 19 shows the optimizing process.



Figure 20 shows the ranking of the four indexes of the green colors. With the same method used in the blue series, it is determined that green 3 and green 4 have the same grade, which is between “best” and “good”. Furthermore, the ranking of green 4 in the reaction time is better than that of green 3; thus, green 4 is selected as the best in the green series. Figure 21 shows the optimizing process.



Figure 22 shows the ranking of the four indexes of the green colors. With the same method used above, it is concluded that red 3 ranks “good”, while red 5 ranks between “fair” and “good”, which means that red 3 is better than red 5 in the P300 averaged index. In accordance with the principle of EEG research priority, which no longer uses sorting of behavioral data, red 3 is selected as the best in the red series. The optimizing process is shown in Figure 23.



To sum up, blue 5 is selected as the optimal color in the blue series, with a Lab value of L = 39, a = 20, and b = −49. In the green series, green 4 is selected as the optimal color, with a Lab value of L = 80, a = −72, and b = 72. In the red series, red 3 is selected as the optimal color, with a Lab value of L = 20, a = 41, and b = 28.





6. Verification Experiment Based on the NASA-TLX Scale


The NASA-TLX scale is often used to evaluate the physiological and mental burdens of users when they are doing a specific task, thus reflecting the difficulty and load of said task [70]. It consists of six dimensions, namely, mental demand (MD), physiological demand (PD), time demand (TD), effort level (EL), performance level (PL), and frustration level (FL). After the users have completed a task, they fill in this scale according to their own subjective feelings according to the six dimensions. The scale bar on the left side represents low task load, while the right side of the bar represents high task load. According to the research requirements, scoring methods, such as seven levels, order 9 levels, or 100 points can be set. The smaller the value, the lower the user load it represents; the larger the value, the higher the user load it represents.



The subjects of this verification experiment were postgraduates or undergraduates of the Southeast University, including 15 males and 15 females. All of the subjects were aged between 22 and 27, with an average age of 24.3. The standard deviation of the subjects’ age was 1.135. No subjects were color blind or weak, all were right-handed, and all were expert users familiar with GIS systems.



Applying the selected blue 5, green 4, and red 3 to the color design of the interface of a map of military symbols, three map interfaces with different military symbols were drawn while using the Illustrator software. The blue one was then taken as an example, as shown in Figure 24.



In the verification experiment, 30 subjects were required to complete two tasks. In first task, subjects were required to identify the direction of the different military symbols in the white dotted line box on the map. In second task, after identification, the subjects were required to report the number of military symbols in eight directions: up, down, left, right, upper right, lower right, upper left, and lower left. After the completion of the task, the scale was completed by the subjects to evaluate and give feedback on the six dimensions in the NASA-TLX scale. Figure 25 shows the form of the scale.



Upon completion of the task, all of the subjects filled in the NASA-TLX scale questionnaire. In the verification experiment, a total of 30 scale questionnaires were sent out and all 30 were returned completed; thus, the completion rate of each scale was 100%, all of which were valid questionnaires. Figure 26 shows the results after importing the 30 groups of data into the SPSS software for analysis and for drawing the box plot.



In the interface of the map with military symbols of the blue 5 color, the users’ score of the six dimensions is around 20, and the abnormal data are marked in the form of scattered points in the figure, as can be seen from Figure 26. The median of each dimension is lower than 20, belonging to the low task difficulty range, indicating that users are satisfied with the blue 5 color for the military symbols. Therefore, it can be confirmed that blue 5 has low subjective task load, and this color has great reference value.



Similarly, in the interface of the map with military symbols of then the green 4 color, the users’ score of the six dimensions is around 30, and the abnormal data are marked in the form of scattered points in the figure. The median and quarters of each dimension are between 20 and 40, belonging to the medium–low task difficulty range, indicating that users are relatively satisfied with the green 4 color for the military symbols. Therefore, it can be confirmed that green 4 has medium–low subjective task load, and this color has medium reference value.



Finally, in the interface of the map with military symbols of the red 3 color, the users’ score of the six dimensions is around 20, and the abnormal data are marked in the form of scattered points in the figure. The median of each dimension is lower than 20, belonging to the low task difficulty range, which indicated that users are satisfied with the red 3 color for the military symbols. Therefore, it can be confirmed that red 3 has low subjective task load, and this color has great reference value.




7. Conclusions


This paper studied the color matching relationship between the background and military symbols of sea situation maps. With the participation of 20 subjects, based on the analysis of the amplitude and latency of the P300 component in the EEG experimental data and the comprehensive evaluation of the fusion behavior data, joined with a valid verification experiment, the following conclusions are drawn:



(1) The P300 components in EEG are induced by different colors of military symbols, among which the P300 amplitude is smaller and the latency is shorter when the color Chroma is lower; thus, the user experience and efficiency of lower Chroma colors are better than those of high Chroma. The P300 component changes that are caused by the three different color Hues are significantly reflected on the P3 and Pz electrodes located in the parietal lobe.



(2) The amplitude of the P300 wave caused by map military symbols with high-Value colors is higher, and latency is longer, indicating a poor performance. Based on EEG data, together with behavioral data, the optimal color values of blue, green, and red Hues are given, as follows: blue of L = 39, a = 20, and b = −49; green of L = 80, a = −72, and b = 72; and, red of L = 20, a = 41, and b = 28.



(3) The conclusion above was used to design three test interfaces. The verification experiment, evaluated by the NASA-TLX scale, showed that the above-mentioned optimal three colors have less task load, which proves that they have an application value in maps.




8. Future Work


There are still some shortcomings in this study: for example: (1) the selection of colors has some limitations. When considering the complexity of the task of the EEG experiment, only several of the typical colors from the MCS were used. Therefore, more colors could be selected for future research. (2) A greater variety of military symbols could be used, thus increasing the task difficulty and further improving the differentiation between the experimental results of different colors. Only directional military symbols were selected; other dimensions were not considered, such as line size and style, which could be extended in the future. (3) Most of the subjects were graduate students, lacking expert user comments on the interface of the situation maps. (4) When using ERP technology to evaluate the colors of the military symbols used in maps, blue, green, and red Hue colors cause different EEG components. In particular, red Hues not only cause the P300 component, but also obvious N200 components appear in the experiment. Thus, it is suggested that the specific components produced by different colors should be further studied by subsequent researchers in relevant studies.
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Figure 1. The FBCB2 situation map interface. 
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Figure 2. The “Military Map” interface. 
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Figure 3. The five types of maps in “Military Map” (The first line: Hybrid, Roadmap; The second line: Road, Satellite, Terrain). 
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Figure 4. Twelve types of terrain map (The first line: countryside, city, mountain (low altitude); The second line: mountain (high altitude), plateau, desert; The third line: estuary, offshore, high seas; The fourth line: mountain (mid altitude), snow mountain, rough plateau). 
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Figure 5. Components of a military tactical symbol [32]. 
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Figure 6. Military symbol display options [32]. 
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Figure 7. Different Color Systems (Source: (a). www.haiwa.me/index.php/2017/03/16/color-pattern-learning/ (b). https://www.zcool.com.cn/article/ZMTEzMDk3Ng==.html). 
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Figure 8. The initial experimental materials [28]. 
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Figure 9. The colors used in the experiment (The first line of (a,b): blue 1, blue 2, blue 3, blue 4, blue 5; The second line of (a,b): green 1, green 2, green 3, green 4, green 5; The third line of (a,b): red 1, red 2, red 3, red 4, red 5). 
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Figure 10. The experimental background extracted from the terrain map. 
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Figure 11. The electroencephalogram (EEG) experimental scene. 
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Figure 12. Experimental process. 
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Figure 13. Mean accuracy of the 15 colors in the behavior experiment. 
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Figure 14. Average reaction time of the subjects in the blue behavior experiment. 
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Figure 15. Comparison of the five different blues in terms of the P300 amplitude in the P3 electrode. 
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Figure 16. Comparison of the five different greens in terms of the P300 amplitude in the P3 electrode. 
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Figure 17. Comparison of the five different reds in terms of the P300 amplitude in the Pz electrode. 
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Figure 18. Color ranking of the blue series with four indexes. 
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Figure 19. Blue optimization process. 
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Figure 20. Color ranking of the green series with four indexes. 
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Figure 21. Green optimization process. 
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Figure 22. Color ranking of the red series with four indexes. 
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Figure 23. Red optimization process. 
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Figure 24. Task interface in the verification experiment. 
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Figure 25. Content of the questionnaire according to NASA-TLX scale [70]. 
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Figure 26. Box plot of the NASA-TLX results. MD, mental demand; PD, physiological demand; TD, time demand; EL, effort level; PL, performance level; FL, frustration level. 
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Table 1. Reference for the size of military symbols.
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	D
	VA= 20 arc
	VA= 30 arc
	VA= 40 arc





	15
	0.087 in. (2.21 mm)
	0.131 in. (3.33 mm)
	0.175 in. (4.45 mm)



	20
	0.116 in. (2.95 mm)
	0.175 in. (4.45 mm)
	0.233 in. (5.92 mm)



	25
	0.145 in. (3.68 mm)
	0.218 in. (5.54 mm)
	0.291 in. (7.40 mm)



	30
	0.175 in. (4.45 mm)
	0.262 in. (6.65 mm)
	0.349 in. (8.87 mm)



	35
	0.204 in. (5.18 mm)
	0.305 in. (7.76 mm)
	0.407 in. (10.34 mm)



	40
	0.233 in. (5.92 mm)
	0.349 in. (8.87 mm)
	0.465 in. (11.82 mm)











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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