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Abstract

:

The development of ubiquitous computing technology and the emergence of XR could provide pedestrian navigation with more options for user interfaces and interactions. In this work, we aim investigate the role of a mixed-reality map interface in urban exploration to enhance pedestrians’ mental satisfaction. We propose a mixed-reality 3D minimap as a part of the navigation interface which pedestrians could refer to and interact during urban exploration. To further explore the different levels of detail of the map interface, we conducted a user study (n = 28, two groups with two tasks). We designed two exploratory activities as experimental tasks with two map modes (a normal one and a simplified one) to discuss the detailed design of the minimap interface. The results indicated that participants showed a positive attitude toward our method. The simplified map mode could result in a lower perceived workload in both tasks while enhancing performance in specific navigation, such as wayfinding. However, we also found that pedestrians’ preference for the level of detail of the minimap interface is dynamic in navigation. Thus, we suggest discussing the different levels of detail further in specific scenarios. Finally, we also summarize some findings observed during user study for inspiring the study of virtual map interface of future mixed-reality navigation for urban exploration in various scenarios.
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1. Introduction


Pedestrian navigation we use in daily life could provide accurate navigation instructions and support various exploratory activities. Well-designed navigation could encourage people to go outside for outdoor exploration [1] and help the local tourism industry and commerce flourish [2,3,4,5]. Nowadays, research on pedestrian navigation has become increasingly popular in different disciplines. With the development of technology, the user interface of pedestrian navigation is constantly evolving [6]. In particular, immersive technology such as augmented and mixed reality can display virtual navigation information on a real-world interface [7,8,9,10]. These technologies have constantly changed how pedestrians learn and interact with location-based information, especially in urban exploratory activities. For instance, some studies and applications have applied augmented reality location-based games and exploratory navigation for entertainment, tourism, and urban exploration [11,12,13,14,15,16,17] to enhance user experience.



However, though mobile augmented and mixed-reality technologies are gradually coming out of the laboratory and into our lives, they have not yet been embedded in practical applications. Moreover, as people have become accustomed to accessing information via mobile devices from the Internet, the interactions between humans and their digital machines have become more diverse and complicated. Therefore, the user-interface design and navigation system’s interaction might affect pedestrians’ experience from different layers. Some research has focused on technology to resolve the challenges in a physical sense, and physiological safety, such as GPS technology, route planning method, and navigation instruction visualization; in contrast, the study of mental satisfaction during navigation is not rich [18]. For example, an increasing number of studies on human–computer interaction (HCI) have started to pay attention to the fundamental usability and preferences of user-interface designs for augmented and mixed-reality navigation [19,20,21,22,23,24]. However, in [6], Cartwright et al. suggested that mobile maps not only need to be efficient but also should be affective and emotionally pleasing to produce a positive user experience.



In recent years, research on exploratory navigation has arisen [14,16,25,26,27]. These studies and technologies are applied in entertainment, tourism, and other location-based services, inspiring HCI research on navigation systems. Compared with the conventional interfaces of navigation applications, augmented reality navigation can reduce the cognitive deviation between the 2D map interface and the locations in the physical world. It can also display point-of-interest information as virtual marks for pedestrians to find [28,29,30]. These advantages assist pedestrians not only in orienting and navigating, but also by helping them to explore the surrounding points of interest. However, although augmented technology provides a good navigation guidance visualization experience, some challenges remain. For instance, sometimes, there is an inability to identify off-screen POIs accurately, so there is a failure to grasp the holistic spatial information. In addition, the improper visualization of the overloaded point-of-interest information might also damage the experience and satisfaction of pedestrians in exploratory navigation. Therefore, HCI researchers must investigate how to comprehensively enhance pedestrian mental satisfaction through a suitable and comfortable navigation interface.



Based on the above challenges, in this work, we propose a mixed-reality 3D minimap as a part of the navigation interface through the mobile head-mounted display to support urban exploratory navigation. We hope the proposed map interface will provide pedestrians with a holistic view of spatial and environmental information and increase interactivity with the virtual contents rather than just displaying the virtual marks through hand-held augmented reality navigation. We devoted ourselves to exploring the role of the virtual 3D map in future mixed-reality navigation, which aims to enhance pedestrians’ mental satisfaction in urban navigation. To further discuss the effect of the level of detail of the minimap interface on pedestrian satisfaction, we designed two levels of detail for map modes: a normal one with complete spatial and environmental information and a simplified one that filters the irrelevant information.



According to the literature review of related works, we found that mental satisfaction in pedestrian navigation is affected by various attributes and should be measured comprehensively. In this work, we utilized three factors to measure the mental satisfaction of pedestrians in exploratory navigation: performance in exploratory navigation, NASA-TLX workload, and user experience. Thus, we investigated which map mode we designed is most suitable and can enhance pedestrians’ mental satisfaction. To better answer this question, we summarize the research questions as follows:




	
RQ1: Which map mode can result in a better performance in exploratory navigation?



	
RQ2: Which map mode can result in a lower perceived workload in exploratory navigation?



	
RQ3: Which map mode can result in a better user experience in exploratory navigation?








The contributions of this work can be summarized as follows:



(1) Based on the related works, we proposed a 3D minimap interface for mobile mixed-reality navigation to assist with exploratory navigation. We designed two map modes for the experiment to discuss the suitable levels of detail of the interface. We found that participants showed a positive attitude toward our map interface. The simplified map mode could result in a lower perceived workload in exploratory navigation and enhance performance in the specific navigation task. However, we also found that because of the complexity of pedestrians’ motivations and needs, the preference for level of detail is dynamic in exploratory navigation.



(2) Based on our study, we suggested that researchers in this area should investigate the different levels of detail of the map interface in more specific scenarios. In addition, the other factors affecting mental satisfaction should be explored and studied more comprehensively. We also summarized some findings for the future map interface of mobile mixed-reality navigation in urban exploration. In brief, we suggest further discussing the miniature size, levels of spatial information detail, and map view of the 3D minimap interface in the future. Furthermore, further research should also focus on the detailed interaction between pedestrian and virtual information presented by the map interface.



The organization of this article can be described as follows: First, we introduce the background and intentions of this work. Then, we summarize two aspects of related work in this field to find the challenges and opportunities for study in the present and future. Then, we will describe our method and introduce the experiment. In the following section, we present the quantitative and qualitative data as results from the user study and discuss the results, limitations, and future work. Finally, we summarize this work.




2. Related Work


2.1. Mental Satisfaction in Pedestrian Navigation


Research on pedestrian navigation has a long history. Pedestrians always rely on map services to acquire information about their surroundings. In [18], Fang et al. categorized pedestrian needs into three layers based on the perspective of Maslow’s theory [31,32,33]: physical sense, physiological safety, and mental satisfaction. Some studies contributed to the physical sense ability, such as the visual display method of navigation, and some works focused on accurate route planning and security to provide reliable navigation from the perspective of the physiological safety layer. However, the study of mental satisfaction has been ignored in some cases. Some research focused on satisfaction during navigation; for instance, there are studies utilizing NASA-TLX [34] and user experience questionnaires [35] to measure perceived workload in pedestrian navigation tasks [36,37,38].



However, pedestrian navigation is a complex process, beyond the effect of environmental factors, the pedestrian is affected by many aspects of the navigation system. Among these aspects, the human–machine interface of navigation is one of the necessary aspects that should never be ignored [18]. From silent paper maps to mobile digital maps, the navigation interface influences user behavior in practical cases. Therefore, to enhance pedestrian satisfaction, researchers should also pay attention to user interface design in navigation. Mental satisfaction might be affected by the map interface in wayfinding tasks. For example, in some cases, the navigation performance of pedestrians will be affected by failure to reach a location and missing some points of interest. Some studies on spatial knowledge and information acquisition [39,40,41,42] emphasize the importance of mobile map design. In [43], Montello, D.R. summarized that the spatial knowledge of places develops in a sequence of three stages or elements: landmark knowledge, route knowledge, and survey knowledge. Survey knowledge means knowledge of two-dimensional layouts and includes the simultaneous interrelations of locations. Spatial knowledge during navigation could help pedestrians establish a cognitive map to perform orientation and navigation confidently.



Allen [40,44] categorized wayfinding tasks into three general types based on their purposes: travel between two familiar places, which is labeled a commute; travel into unfamiliar territory to learn about the surrounding environment, which is labeled as exploration; and travel from a familiar place of origin to an unfamiliar destination, which is labeled a quest. He suggested that different types of wayfinding tasks should be distinguished from each other, and that the means used to accomplish wayfinding tasks should be analyzed in terms of their constituent cognitive abilities. In urban exploration, all three wayfinding tasks involve different motivations and needs. For example, if a person lives in an urban area, when he or she wants to explore a familiar or unfamiliar street in that urban area, he or she might perform all three navigation tasks mentioned above. However, mainstream navigation systems usually focus on providing the shortest route for pedestrians from one place to another place. Accurate instructions of this kind displayed on the navigation interface might occupy the attention of pedestrians so that they cannot form a comprehensive understanding of the real world, which might damage the user experience as well. Moreover, sometimes pedestrians do not need accurate route planning and navigation, which may lead to losing enjoyment and even missing some serendipity along the way, and they may view a rough direction with roaming and detours as their preference. Therefore, sometimes it is necessary to provide pedestrians with a holistic view of the spatial distribution of an urban exploration area and respectfully provide a dynamic map interface to assist pedestrians to explore more points of interest.




2.2. Novel Interface to Support Exploratory Navigation


As an interface between digital information and the physical world, the digital map always plays an important part in navigation systems and should be designed to be more adaptive to pedestrian needs. The information the map provides might shape and affect relationships between places and people and give pedestrians inspiration for searching and browsing on the way. Conventional navigation systems, such as Google Maps [45] and Apple Maps [46], have benefited daily navigation with efficient orientation and location. However, the main feature of these mainstream navigation applications is providing people with precise turn-by-turn navigation, but the exploratory feature is not widely designed and integrated. Vaittinen and McGookin [14] proposed a radar navigation interface to visualize the points of interest and provide a general exploratory directional navigation for urban exploration. Sasaki and Yamamoto [13] proposed location-based augmented reality and object-recognition augmented reality to enable users to efficiently obtain directions to sightseeing spots and nearby facilities within urban tourist areas and sightseeing spot information. Some studies have also contributed to designing interesting location-based game mechanisms to engage in exploratory navigation in urban environments [11,17].



Augmented reality can enhance people’s perception of the real world by displaying additional virtual information. Recently, the studies on augmented reality navigation could be summarized into car navigation, pedestrian navigation, and indoor navigation according to the scenarios. Most studies on pedestrian augmented reality navigation are focusing more on the visualization of point-of-interest information and turn-by-turn navigation instructions of route planning on the hand-held devices [22,47]. In these studies, the map interface usually performs as a split part of the screen to assist recognition of virtual marks of point of interest and digital route instruction. Moreover, the map interface design in these studies is similar to the conventional map view of the navigation system. With the development of technology on GIS data and modeling, the 3D digital map plays an important role in navigation, geographic data visualization, urban management, location-based service, etc. Some studies utilized mixed reality to augment the real world via virtual 3D content such as 3D architectures and buildings for supporting cultural heritage sightseeing [48,49]. Differently from just overlaying the virtual labels and signs on the real world through augmented reality, mixed reality is a broader concept that can combine the virtual objects and the real world and make the virtual elements become anchored to specific locations in the physical world to make the interactions between human and virtual content more immersive. With the development of technology in the context of the smart city environment, the mobile mixed reality through head-mounted display might go outside and be applied in pedestrian exploratory navigation to provide a more immersive and interesting experience. However, because the user interface in a head-mounted display is far different than in 2D mobile devices, the design of the map interface needs to be explored and discussed in detail. For instance, what role does the map interface play in mixed-reality navigation, and how we should integrate the map interface into mixed-reality navigation outdoors?



To our knowledge, the study on virtual 3D map interface design in mixed-reality navigation is not sufficient in the literature. In [50], the authors proposed the concept of the hybrid map in the virtual reality environment and discussed the interaction method in the preliminary study, but the detailed design of such a map interface has not been discussed a lot. In [51], researchers focused on hybrid mobile tools to visualize high-quality and complex 3D geometry in the real environment, and the design of a 3D map interface was not discussed.



Thus, based on the above investigation of related works, we explored 3D map interface design in mixed-reality navigation for urban exploration to enhance mental satisfaction.





3. Mixed-Reality 3D Minimap


In this section, we introduce the design concept of the 3D minimap interface we proposed and describe the implementation. The proposed map interface aims to assist pedestrians in exploring a specific destination area in an urban environment. It was designed as an interactable virtual 3D minimap (like a virtual 3D sandbox in one’s hands). Like the paper map held in hand, pedestrians can hold the virtual 3D minimap, which is displayed by a mixed-reality head-mounted display, and manipulate it through two hands to locate objects, learn point-of-interest information, explore, and navigate at any time. In Figure 1, we illustrate different map interfaces in different devices: paper maps (Figure 1A), digital maps in smartphones (Figure 1B), and mixed-reality 3D minimap (Figure 1C) designs. The mixed-reality 3D minimap could be considered to combine the advantages of paper maps and digital maps in smartphones.



3.1. Interface Component


Our method is inspired by the minimap mechanism in video games which aims to help players orientate and locate themselves and grasp their environment and targets efficiently and comprehensively. There are studies on the minimap being applied in navigation [52,53,54,55] to help players to walk and explore. Thus, we expect the design of the minimap mechanism could also be applied in the future exploratory navigation system. Unlike traditional 2D orthographic minimaps in video games, our mixed-reality 3D minimap presents 3D spatial and environmental information in a bird’s-eye view, and pedestrians can manipulate the map by zooming, rotating, and transforming.



As shown in Figure 2, the mixed-reality 3D minimap consists of three layers: a base map layer, a feature layer, and a layer of controls. In the base map layer, the spatial and environmental information of geographic features, such as continents, lakes, administrative boundaries, streets, cities, and place names, are presented to depict the essential components of a map base. In the feature layer, the detailed information of a grouping of similar geographic features exists, such as point-of-interest of landmarks, buildings, and roads. Finally, the control layer includes the interaction between pedestrian and map layers.



In the rest of this section, we introduce the user interface components.



3.1.1. Point of Interest and Landmark


The points of interest are marked in the feature layer of the minimap interface to support exploration. Like the conventional map, which is applied daily, we set a series of virtual marks to illustrate the points of interest and landmarks in a 3D minimap interface. Three kinds of point-of-interest labels were designed to represent restaurants and foods, attractions and landmarks, and stores for shopping. The pedestrian could refer to the point-of-interest information in the map interface to decide if they would like to arrive and explore the point of interest in which they might be interested. Figure 3 shows the visualization of points of interest in the 3D minimap demo used in the user study.




3.1.2. Navigation


In this work, we hope pedestrians could only refer to 3D minimap to navigate without route instructions on some occasions. We summarized the different needs during exploratory navigation and found that pedestrians may not always need precise navigation, and sometimes they just follow a rough direction according to the map. Therefore, we hope to explore whether the 3D minimap could help pedestrians recognize the spatial distribution and navigate from one original point to a destination point without route turn-by-turn instruction to avoid being over-controlled by the navigation during exploration.



In our method, the navigation in feature layers is split into two mechanisms. With the first navigation mechanism, we hope pedestrians can explore by referring to the 3D minimap with the self-location component, like using a digital “Where I am map” to orientate and navigate. On the other hand, for the second mechanism, the pedestrian could follow route instructions displayed as a series of virtual arrows from the origin to the destination point. Figure 4 shows navigation features in the map interface.




3.1.3. Layer of Control


In an ideal situation, the virtual 3D minimap is projected via a head-mounted display, and it could be operated with two hands of a pedestrian, like using a virtual sandbox with hands, which is different from the interactions with a conventional map interface on a mobile device. The control mechanism in this work focuses on the zoom, transform, and rotate to change the map size range, location, and direction to support exploration. In detail, the pedestrian could refer to the map while walking and exploring. The map was designed to transform along with the movement of the pedestrian’s location.





3.2. Different Levels of Detail of Map Interface


To explore and discuss the impacts that result from the different levels of detail of the map interface, we further propose both the normal and the simplified 3D minimap modes. We aimed to use different detailed map modes to investigate the suitable interface in exploratory navigation. Firstly, we conducted a preliminary study as the first phase of this work. Then, based on the literature and the preliminary interview results, we designed the simplified map mode in detail to further explore the impacts of different levels-of-detail maps.



3.2.1. Preliminary Study


To investigate the pedestrian’s needs for the map interfaces with different levels of detail, we first conducted a field study with 5 participants (4 females and 1 male, average age = 27.2, SD = 2.54) as a preliminary study in a real street block of the urban environment.



We designed a free exploration task with augmented reality navigation in an assigned urban area. A series of landmarks were marked on the map to assist pedestrians with searching and browsing in the surrounding area. Like the Google Maps we used daily, we designed the default map interface with 2D and 3D default map modes and the 3D aerial map mode generated by global satellites. For the augmented reality function, participants could use augmented reality features to find the point of interest following the virtual anchor in the augmented reality interface corresponding to GPS information. A map view window with three different maps was added as a part of the interface to assist participants in exploration. The participant could switch among three map mode interfaces according to their preferences and need. The system prototype was developed by Xcode [56], and the map and augmented reality features are supported by MapKit [57] and ARKit [58]. The application used in the experiment was installed on an iPhone 7 with the iOS13.5 system.



From the interview results, we found that the participants showed different preferences for the three map modes during the exploration task according to their different needs. Some participants mentioned that they preferred using the 3D aerial map to identify the appearances of landmarks, points of interest, and other buildings, which could help them orientate and locate in rough directions instead of using explicit navigation. However, some participants also mentioned some deficiencies when referring to the 3D aerial map in some cases. For instance, sometimes they do not need such detailed, complicated information. Moreover, some participants said that the point-of-interest information was sometimes overloaded in the augmented reality interface, which affected the navigation experience. For instance, some participants mentioned that they prefer more valuable points of interest for exploration rather than presenting all the points of interest on the map interface. Based on the preliminary study results, we can learn that when pedestrians walk and explore in an urban area, they prefer following the landmarks with impressed appearances to navigate in a rough direction.




3.2.2. Two Different Levels of Detail Map Design


Based on the preliminary study, in Figure 5, we illustrate the designs of different levels of detail in the normal 3D map mode and the simplified 3D map mode. As the figure shows, we simplified the map interface from the base map and feature layers to reduce the complexity, which results from the over-realistic information from the normal 3D map. The normal map consists of all the components of the base map layer and feature layers, which could be considered a mirrored map of the real world. However, as for the simplified one, we simplify the complicated spatial and environmental information in the base map layer. As for the feature layer in simplified map mode, the valuable points of interest, for instance, restaurants and foods, attractions and landmarks, and stores for shopping, are retained, and the private buildings, points of interest not for visiting and exploration, are filtered out. It is noted that the filtered information in simplified map mode is represented in 2D map mode. We expect that the simplified 3D minimap can emphasize vital information, which can assist pedestrians in exploring and navigating.



In the experiment section later, we introduce the design of these two modes during exploratory navigation to discuss the suitable level of detail of the 3D minimap for future usage.






4. Experiment


4.1. Experimental Design


We aimed to utilize virtual reality to simulate outdoor mixed-reality navigation through mobile head-mounted displays, such as HoloLens [59], in real-world scenarios. To better control irrelevant variables in the experiment and to face the risk of outdoor activity resulting from COVID-19, in this work, we planned to use a virtual reality environment to simulate a mixed-reality scenario to conduct a user study. Moreover, the research on mixed-reality 3D minimap design for exploratory navigation is not rich in the literature, and we expect this study will become an inspiration for further study as well. The design of 3D minimap in this work is still in the preliminary stage, so we could make use of the advantages of virtual reality, such as lower cost, variation control, and easier manipulation to conduct the user study for mixed-reality applications, and we conducted a field study in the real world after studies in simulation. Utilizing the virtual reality method to simulate augmented reality and mixed-reality study is common in research [60,61,62,63]. The advantage of this method is reducing the cost of outdoor field experiments, and since it is easier to recognize the problems that the design should overcome during testing, it is worth experiencing the augmented reality and mixed-reality prototype after virtual reality [64,65].



Figure 6 shows the design concept for participants in the virtual scene with a 3D minimap.



We implemented a virtual urban scene and used a virtual reality head-mounted display to simulate the mixed-reality features. To discuss the exploratory navigation comprehensively, we designed two experimental tasks described in Figure 7. We designed the exploration task and navigation task to simulate the activities in urban exploratory navigation. After each task, the answers to the questionnaires and interviews were recorded. The virtual urban scene was implemented in Unity 3D [66]. We used the open prefab models imported from the Unity Asset Store to implement the Senso-Ji in Tokyo as a virtual urban street environment, as illustrated in Figure 8. We included detailed buildings, landmarks, streets, plants, facilities, and other environmental information. We used Oculus Quest 2 [67] to simulate the mixed-reality scenario outdoors.



In the exploration task, we aimed to measure the performance in terms of the collected points of interest, perceived workload, and user experience in the two map modes. The participant was asked to explore an urban street area. We set a series of points of interest in the virtual scene and marked these points of interest in the minimap interface as well. The participants were asked to explore and arrive at these points of interest in the virtual scene according to the minimap. This task aimed to simulate exploration activities such as check-in behavior in a tourism destination. In another task, the participant needed to utilize the virtual minimap for orientation and navigation to collect stars within a session. We also implemented a scoring system to record the number of collected points of interest. The starting points and the series of marked point-of-interest locations in the two map modes were designed differently to avoid an influence on the latter experiment resulting from the former one. We measured the number of collected points-of-interest as quantitative data, and we used the subjective questionnaire NASA-TLX [34] and game user experience questionnaire [68] as qualitative data for later analysis and discussion.



In the navigation task, we aimed to measure the navigation efficiency (navigation time(s)), perceived workload, and user experience in the two map modes. To avoid the spatial memory of the first map mode task affecting the second one, the starting points and destinations in the two modes’ minimap tasks were different, but the distance and the route complexity of the two map modes’ navigation tasks were the same. The participant was asked to navigate from the starting point to the destination location following the route instruction display on the minimap interface. This task was designed to simulate precise wayfinding navigation activity during exploration. We recorded the navigation time and asked for route descriptions from the participants in two modes; and we used the subjective questionnaire NASA-TLX [34] and the user experience questionnaire [35] as qualitative data for analysis and discussion.




4.2. Participants


We recruited 28 participants (10 females, 18 males) and divided them into two groups for different tasks (14 participants in each group). The average age was 24.5 years; the range was 22–29 years. Most of them (93%) liked exploring points of interest in urban streets in daily life. Only 21% of the participants had a virtual reality experience with a headset. All the participants were given a detailed description of the research and a full explanation of the user study procedure. We also asked them to approve the information used in this study.




4.3. Experimental Procedure


First, we gave each participant a detailed introduction to the whole study and experimental procedure. After obtaining personal information and informed consent, each participant was made to practice the operation via Oculus Quest 2 in the virtual reality scene. They were taught to use two controllers to move in the scene and operate the minimap. Then, when the participant was familiar with the motion control in the virtual reality scene, we instructed him to start the tasks according to the experimental design in Figure 6. The behavioral measurement and subjective measurements were recorded after each task. Moreover, we also asked each participant several questions about their preferences and attitudes toward minimap utilization as a semi-structured interview. All the quantitative data we obtained were analyzed through a non-parametric Wilcoxon signed-rank test [69] at the 0.05 significance level. Figure 9 shows some participants involved in the task, and Figure 10 shows some scenes with minimap interfaces during the experimental task.




4.4. Results


4.4.1. Quantitative Results


	
Result of Exploration Task






Figure 11, Figure 12 and Figure 13 show the behavioral and subjective measurement results of the exploration task.



Figure 11 shows the number of points of interest collected in the exploration task. The number of collected points of interest was significantly (p < 0.005) higher in the simplified mode. The results mean that the participants could arrive at and collect much more points of interest via the simplified-mode virtual minimap. As for the results of the interview, we found that participants also mentioned that the simplified mode could help them navigate the points of interest efficiently, so they could perform better in collecting the points of interest in the simplified mode.



The NASA-TLX trial was conducted immediately after completing each exploration trial, and the overall scores and every independent component score were calculated [34]. In Figure 12, we can see the mean values of overall NASA-TLX scores. Additionally, we can see that participants rated their overall workload scores significantly (p < 0.005) lower in the simplified mode, which indicates that the simplified mode in this work resulted in a lower overall workload score in the exploration task than in the normal mode. However, as for the mean values of independent component scores in the two map modes in Figure 13, we can see that participants only rated the mental demand score of the simplified mode statistically significantly (p < 0.05) lower than that of the normal mode. Although the mean values of all the other independent component scores are lower in simplified mode than in normal mode in Figure 13, the differences are insignificant (p > 0.05). The results mean that the simplified map mode resulted in lower overall workload and mental demand in the exploration task.



	
Results of Navigation Task






Figure 14, Figure 15 and Figure 16 show the behavioral and subjective measurement results of the navigation task.



As shown in Figure 14, in the navigation task, the navigation time in the normal mode was significantly (p < 0.01) higher than in the simplified mode, which means that the simplified mode could assist participants in finding destinations more efficiently, so the participants performed better in simplified mode.



The NASA-TLX trial was conducted immediately after completing each navigation trial. In Figure 15, we can see that the mean value of the overall workload score was significantly (p < 0.05) lower in the simplified mode, and from Figure 16, we can see that participants rated scores of the mental demand and effort independent component significantly lower (p < 0.05) for the simplified mode than the normal mode. The results mean that the simplified map mode resulted in lower overall workload, mental demand, and effort demand in the navigation task.




4.4.2. Qualitative Results


The overall user experience preferences can be seen in Figure 17, Figure 18 and Figure 19. In the exploration task, we used the game user experience questionnaire (GUEQ) [68] to measure the participants’ preferences because we considered that the exploratory navigation is more like the exploratory game. Therefore, we selected four questions with a 5-scale questionnaire related to positive exploration experience and four with a 5-scale questionnaire related to negative experience. All the questions are illustrated in Figure 17 and Figure 18. In brief, we can know from the figure that the preference of each question according to positive game user experience questions was rated higher in simplified mode than normal mode.



As for the negative game user experience items, we can see that the participants gave lower scores for the simplified mode, meaning the negative experience during exploration was lighter than in the normal mode.



We used four questions from the user experience questionnaire (UEQ) [35] to evaluate the participants’ preferences in the navigation task. The mean value of each item rated in the 7-scale questionnaire is illustrated in Figure 19. The overall preference of users in navigation tasks was for the simplified mode.



In the semi-structured interview of the user preference questionnaire, we asked every participant when and where they preferred to use each mode of the minimap. The answers are summarized in Figure 20.



Based on the user experience questionnaire and interview results, most participants showed a preference and positive attitudes toward the simplified 3D minimap, which could assist them in completing the tasks. For example, participant 4 said he preferred to use the simplified mode to assist with locating places in a complex urban context without using turn-by-turn navigation instructions sometimes. Additionally, participant 6 gave a scenario in which she preferred using a simplified 3D minimap to find a specific destination with a rough direction without navigation instructions because she did not want to miss any points of interest by being over-controlled by the navigation system.






5. Discussion


In this section, we present a general discussion based on the results.



5.1. Performance in Exploratory Navigation


In this work, we used point-of-interest exploration and navigation of route planning to simulate different activities in exploratory navigation. Therefore, we designed two experimental tasks and utilized behavioral measurements to evaluate performance in them. In the exploration task, we hope to assist pedestrians in exploring more points of interest in the exploration task via our mixed-reality 3D minimap. The results show that the mean value of the collected points of interest in the simplified map mode experiment session was higher. The numbers of collected points of interest was significantly (p < 0.005) higher via the simplified map. However, in the interview after the tasks, some participants mentioned that the difference between the normal mode and the simplified mode for browsing the valuable points of interest was not big, and the significant difference in collected numbers probably resulted from the high efficiency during wayfinding in exploration tasks via the simplified map mode. We consider this to have been because the mixed-reality 3D minimap could give participants a precise distribution of points of interest from a bird’s-eye view, making it easier to browse many points of interest and improve the wayfinding efficiency in exploration tasks. This is also consistent with the results in the navigation task below.



In the navigation task, unlike the free walking and self-navigation in the exploration task, we set route navigation instructions for two locations. The results showed that the mean value of the navigation time via the simplified mode indicated more efficient navigation to a statistically significant degree (p < 0.01). We supposed that the simplified 3D minimap mode provided clearer route information related to landmarks, buildings, and other points of interest. From the interviews, we also found that the participants thought the simplified 3D map mode was more efficient for orientating and locating, which helped them accomplish precise route navigation.



Based on the results of the two tasks, for Research Question 1, though the results in both tasks were significant, we cannot say that the simplified mixed-reality 3D minimap mode can result in better performance in exploratory navigation. We could suppose that in this work, the simplified mixed-reality 3D minimap mode could result in better efficiency in the specific navigation task. Therefore, we suggest the simplified method of the proposed 3D minimap needs to be further studied in more scenarios. For instance, we only discussed the difference between valuable and irrelevant points of interest in this work. We believe the results will show different things in other simplified criteria in different scenarios. In addition, different navigation scenarios should be considered as well. For example, in our work, the simplified minimap improved the navigation efficiency in both exploration (self-location without turn-by-turn wayfinding instruction) and navigation (assigned turn-by-turn navigation) tasks. Thus, researchers can investigate interfaces that are suitable for different navigation methods in the future.



We supposed that based on our work, we could learn that the mixed-reality minimap has the potential to assist pedestrians in specific scenarios, such as understanding the holistic spatial distribution and point-of-interest information from a bird’s view. However, whether these benefits are required all the time in all the urban exploratory navigation scenarios still needs to be discussed. For instance, the dynamic map interface might satisfy the different needs of pedestrians during urban exploration.




5.2. Perceived Workload


For the NASA-TLX questionnaire results on perceived workload, we found that in both tasks, the overall workload score via the simplified 3D landmark-based minimap was significantly (p < 0.05) lower than that of the normal 3D minimap. However, for the independent component in the exploration task, only the p-value of the mental demand scores of the two modes was significant (p < 0.05). In the navigation task, the mental demand (p < 0.05) and effort (p < 0.05) differences between the two mode maps were statistically significant. We think this is because the self-location and wayfinding in both tasks require higher mental workloads for thinking, deciding, remembering, looking, and searching. The navigation task might require more effort than the free walking in the exploration task. This point was also verified in the interview session.



We also considered the reason that the score differences were non-significant between the two modes for other independent components. We suppose that our task in the experiment was not too difficult in the virtual reality environment compared to the real-world experiment. Therefore, the independent components of physical, temporal demand, performance, and frustration made no significant difference in the two modes. Consequently, we plan to optimize our method and experiment in a more immersive way to simulate a mixed-reality environment and will conduct the outdoor field experiment to explore every independent component of the NASA-TLX workload.



Based on the above discussion, we can answer Research Question 2 and conclude that the simplified 3D minimap mode decreases the overall workload and the mental demand during exploratory navigation.




5.3. User Experience


Overall, the participants gave higher scores in the positive items for simplified mode, but not all the user experience scores in GUEQ and UEQ were statistically significantly different.



From the interview results, we found that the better user experience also benefited from the better performance in navigation. The simplified minimap could help many pedestrians complete the task efficiently. However, for question two (Q2) in GUEQ, for the exploration task, the participants gave a higher score to normal map mode. In other words, most participants considered they could explore things more with normal map mode. Some participants mentioned that the task with the simplified map mode clearly showed the target distribution and route information, so sometimes they only followed the route to arrive at the target. On the contrary, in the task with normal map mode, they needed to recognize the more complicated spatial information, so they paid more attention to every point of interest surrounding them. Another possible reason we found in the interview was that one participant mentioned that he preferred the complete information for exploration and the simplified mode for precise navigation. The simplified map looks like a tool; in contrast, the mirrored normal mode looks like a map in a treasure hunting game.



Therefore, we cannot answer Research Question 3 by concluding that the simplified 3D minimap mode can result in a better user experience in exploratory navigation. The better user experience during exploratory navigation is also affected by the dynamic pedestrian needs and motivation. Thus, the suitable map interface should be decided on based on the navigation needs during urban exploration.




5.4. Other Findings


We also obtained other findings from the experiment. For instance, we found it interesting that all the participants did not refer to the minimap all the time during navigation tasks in both modes. During the interview process, we asked them about this, and they explained that the minimap looks like a sandbox from a bird’s-eye view, which could give them a brief perspective of the surrounding environment. They could establish spatial cognition relatively comprehensively in a short time. We plan to modify our minimap interface to be opened and hidden according to participant’s preferences. Another interesting finding is that when asking about the possible use of this concept in the future, more than one pedestrian mentioned in the interview that the simplified minimap could also be used during running, jogging, bicycling, and other outdoor sports in a specific area of the urban environment. This also inspires us to discuss more specific uses for navigation with this system. We also noticed that some participants mentioned that the minimap could be followed by the motion of the head and eyesight, which inspired us to consider multi-model interaction in the future. In addition, the participants also mentioned that the normal 3D map interface also works in some cases of navigation. For example, the participants said that if the minimap could offer a detailed image of a building from a 3D aerial view, it could help them recognize and identify certain destinations in more complicated environments—for example, an area that has many buildings that have similar appearances and complicated architecture structure. Moreover, one participant suggested that the normal 3D minimap with detailed environmental information could also add the indoor structural information of landmarks and buildings, inspiring us to explore more specific applications of mirrored maps and aerial map modes. Additionally, some participants mentioned that a 3D virtual minimap could also be applied in underground environments where the GPS function might not perform well.




5.5. Limitations and Future Work


Our method and experiments had limitations, which encourages us to modify our design and conduct more user studies in the future. Firstly, we utilized the virtual reality method to perform the outdoor mixed-reality experiment. However, the virtual reality scene we implemented for the experiments was not mirrored and realistic enough to fully simulate the physical environment, which affected our results. Thus, we will implement a more realistic set for outdoor mixed-reality experiments and eventually conduct field experiments in the actual outdoor environment to improve the reliability of the results. Secondly, we did not consider classifying different features in the experiments, such as age, gender, and profession. Moreover, some participants also suggested that they expected to interact with the minimap during navigation more diversely, which inspired us to consider navigation interactions in mixed-reality devices to provide more interaction with digital information during navigation.





6. Conclusions


This work aimed to explore the roles and suitable design of a mixed-reality 3D map interface to enhance pedestrians’ mental satisfaction in urban exploration.



We designed two experiments to measure the performance of exploratory navigation, perceived workload, and user experience with different modes of the minimap. According to the experiment results, overall, participants had a positive attitude toward the mixed-reality 3D minimap concept. We found that the simplified minimap mode can result in lower workload and mental demand, and better performance in specific navigation tasks. However, we could not fully conclude which map mode is suitable for enhancing satisfaction directly because the users’ preferences in minimap mode were dynamic.



Therefore, we summarized future directions that may inspire further studies in this research area. Firstly, what kinds of spatial information should be simplified still needs more discussion in the future. Additionally, the simplified mode we proposed filters the irrelevant information and maintains the 2D base map layer. However, some participants mentioned that this would damage the spatial structure and distribution, which also inspires us to weaken the details of some irrelevant POIs and retain the 3D features such as size and location instead of filtering them directly into the 2D view. In addition, from the interview, we found that other than walking during exploratory navigation in urban streets, the 3D minimap interface could also be used in theme parks and wild forest parks for exploration. Therefore, we advocate further research to discuss more specific uses of mixed-reality maps. Additionally, researchers could focus on combining this kind of map interface with location-based augmented reality and mixed-reality games in the real-world to make pedestrians become players in exploring the real world. Finally, the experimental design in this work did not involve different groups of participants. Therefore, researchers in this area can discuss these issues further.



In the future, we will continue to optimize our methods and experiments to investigate more design insights for map interfaces in mixed-reality navigation. We hope this study inspires other researchers in this area to contribute to designing map interfaces for pedestrian navigation and enrich future navigation design.
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Figure 1. Illustration of three different navigation map modes. (A) illustrates the conventional paper maps. (B) illustrates the digital maps via a smartphone. (C) illustrates the mixed reality 3D minimap via a mobile mixed reality head-mounted display. 
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Figure 2. User interface model. 
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Figure 3. Visualization of points of interest in 3D minimap demo used in user study experiment. 
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Figure 4. Navigation features in map interface. 
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Figure 5. (Left): normal mixed-reality 3D minimap design; (Right): simplified mixed-reality 3D minimap design. 
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Figure 6. Implementation description. 
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Figure 7. Experimental design. 
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Figure 8. This figure shows the virtual urban scene we implemented for user study, Senso-Ji Temple in Tokyo, Japan. (A) shows the overall view of Senso-Ji with various points of interests. (B) shows one of the landmarks named Torii in Senso-Ji. (C) shows several famous places of interest with a long history in Senso-Ji. (D) shows the whole virtual scene of Senso-Ji in orthographic projection perspective. 
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Figure 9. Some participants in the task. 
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Figure 10. Virtual scenes and minimap interfaces in the task. 
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Figure 11. Box plot of collected points of interest in an exploration task with two map modes. 
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Figure 12. Box plot of overall workload scores in an exploration task with two map modes. 
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Figure 13. Box plot of scores of each independent component of NASA-TLX in the navigation task with two map modes. 
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Figure 14. Box plot of navigation times in the navigation task with two map modes. 
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Figure 15. Box plot of overall workload scores in the navigation task with two map modes. 
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Figure 16. Box plot of scores of each independent component of NASA-TLX in the navigation task with two map modes. 
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Figure 17. User preferences on positive questions of GUEQ in the exploration task. 
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Figure 18. User preferences based on negative questions of GUEQ in exploration task. 
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Figure 19. User preferences based on selected questions of UEQ in navigation task. 
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Figure 20. Semi-structured interview of user preferences. 
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