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Abstract

:

Contemporary studies largely concentrate on the physical aspects of architecture, yet within the sphere of design, the gap between user experience and the designer’s intention is an undeniable fact. This gap, illustrating the contrast between the spatial perception and the actual physical space, to some degree, mirrors preferences in human spatial behavior. It accentuates the complex relationship between human cognitive functions and spatial layout, underlining the critical role of spatial perception in architectural design and planning. This prompts the question of whether perceptions of internal traffic flow within buildings also suffer from spatial distortions. Focusing on museums, and by examining circulation paths and spatial features, a virtual museum model is devised. The research employs a holistic and reductionist approach (complex systems theory) to forge a link between circulation components and the spatial experience of architecture. Utilizing agent-based modeling tools for simulating pedestrian movements, it investigates how different circulation patterns and spatial relationships influence pedestrian behavior. The study proposes a museum circulation optimization strategy, grounded in quantifying spatial experience through Anylogic software analysis. This strategy is aimed at enhancing the design of internal traffic flows in future museum projects, offering fresh insights into museum design research, and probing into new possibilities for using pedestrian simulation software.
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1. Introduction


Museums play a pivotal role in the cultural dissemination of a region or city, serving not only as educational spaces but also as showcases of a region’s historical and cultural essence, as well as its developmental trajectory and even national evolution [1,2]. The presence of a distinguished museum enhances cultural transmission and attracts tourists, which in turn fosters urban tourism development and stimulates economic growth [3]. The initiation of free public access has significantly increased museum demand [4,5], highlighting the importance of thoughtful museum design.



Current museum research often focuses on evacuation efficiency in exhibition halls [6] and the impact of exhibit placement and the proportion of space occupied by exhibits on visitors [7]. However, there is a lack of comprehensive study into exhibition space design methods, including the use of simulation models for visual accessibility [8,9]. This gap in research fails to address how various types of visitor flow lines, spatial relationships, and spatial combinations in exhibitions might attract visitors, leading to a theoretical deficiency in exhibition space design. In the context of museum interior design methodologies, the design process of community museums in Nottingham, UK, underscores the value of refining museum designs through insights gathered from visitor experiences [10], leveraging data to improve design techniques. Additionally, the application of cutting-edge AI technology for generating museum floor plans by learning from an extensive collection of existing layouts marks a progressive step in museum design [11].



Research into interior spaces in museums frequently centers on the planning of exhibits, using a standardized evaluation framework across twelve dimensions to determine the optimal exhibition layout through a scoring method [12]. In architectural design, the strategic arrangement of movement paths is crucial for serving the building’s functions [13], with studies on circulation in various buildings, such as Chinese university libraries, revealing characteristic patterns of movement [14]. Pedestrian flow simulation is predominantly used for evacuation planning [15,16], while social force models help simulate crowd concentration in commercial spaces, assessing human traffic density through quantitative methods [17].



Some scholars focus on the distribution of museums in urban areas like Seoul, employing spatial syntax principles to plan the layout effectively and create interconnected museum networks [18]. In data analysis and modeling, the exploration of DIGITAL AIR through enhanced stochastic methods [19], the application of the Unified Danish Eulerian Model for high-level air pollutant studies, and the use of mathematical models for air pollution research demonstrate the diverse applications of mathematical models [20]. Despite this, the integration of mathematical models into architectural design remains limited, indicating an area ripe for further exploration.



In existing research on museum design, there is a predominant focus on the analysis of internal spatial arrangements, aiming to maximize spatial efficiency. Similarly, studies on architectural design methods for museums often concentrate on the edifice itself, employing scoring, artificial intelligence, and rating systems to continually refine the design of interior spaces. This approach optimizes the arrangement and rationality of internal functions, with the application of crowd simulation in architectural research also beginning to emerge. However, there is a notable gap in research that adopts the perspective of the user population to guide architectural design, specifically to enhance the utilization of museum spaces. Moreover, existing crowd simulation studies offer very limited insights into museums. Given this context, this paper argues for the flexibility of the social force model parameters, its strong capability in micro-behavior description, and its high simulation accuracy. Therefore, the AnyLogic 8.8.3 software, known for its flexibility and suitability for secondary development with the social force model, was chosen for experimentation. The second Section of the article focuses on the preliminary data collection for the experiment, establishing the experimental workflow, and analyzing data related to crowd behavior patterns and museum spatial forms, among other study subjects. The third Section primarily concentrates on the design of the simulation experiment and its outcomes, setting pedestrian agent parameters based on the data analyzed previously, designing the experimental simulation plan, and validating the reliability of the simulation data with survey case studies, ultimately presenting the simulation results. The fourth Section analyzes the experimental outcomes, conducting multiple verifications to enhance reliability based on the simulation results, and deriving approaches for museum exhibition space design. The fifth Section is devoted to summarizing and analyzing how the spatial arrangement of exhibits influences visitor attraction, offering guidance for the design of exhibition spaces in comprehensive museums or other types of exhibition buildings. This analysis aims to provide directional guidance for the organization of museum exhibition flow spaces, offer a theoretical basis for museum design, and suggest a new direction and perspective for future crowd simulation research.




2. Research Method


In architectural design, the design of circulation pathways often constitutes a significant portion of the overall effort. Optimal organization of circulation can seamlessly integrate various functional areas. In this paper, we will analyze the elements of circulation organization in museums and utilize pedestrian simulation tools to deconstruct spatial pedestrians, applicable populations, and other related elements within circulation organization for research purposes (Figure 1).



The following is a detailed description of the simulation process:



Establishment of the Museum Model: Initially, the study analyzes cases of medium and large-sized museums to extract characteristics of museum spatial elements. Abstract the spatial features of museum traffic organization, simplify the museum’s plan and spatial structure based on the abstracted elements, and establish an experimental model.



Model Environment Information Input: Based on the built-in modeling elements of the software, establish a simulation environment according to the arrangement of facilities in the plan, use spatial markers in the pedestrian library to translate into the real environment. Clarify entrances, exits, destination target lines, activity area ranges, spatial pedestrian flow counting points, etc. The system requirements include simulation parameter settings, including operation configuration, pedestrian parameters, and process parameters. Operation configuration can adjust time and animation settings; some pedestrian parameters and process parameters can be adjusted directly through the parameter control panel, while others need to be set separately in the module.



Establishment Of Pedestrian Module: The pedestrian module uses intelligent agent modeling and secondary development programming methods to give pedestrians body size, walking speed, visual range, and walking characteristics, thereby endowing them with the basic spatial requirements, visual perception abilities, and walking behavior characteristics of pedestrians in reality.



Establishment Of Process Module: The process module takes three main stages as the main process: consumers entering the environment, visiting and staying, and leaving the environment. Embed the pedestrian module into the discrete event system, meaning that pedestrians in the environment are independent individuals with decision-making, staying and visiting, and path selection abilities to a certain extent, which can more realistically present consumer behavior patterns and improve the accuracy of simulation experiments.



Results Output: In the simulation experiment, pedestrian activities in the simulation environment will be presented in the form of text, images, and animations, including pedestrian density maps, spatial pedestrian flow, and real-time 3D simulation animations.



Result Analysis: Based on the simulation results generated by the software, conduct an analysis of the combination forms of traffic spaces and derive the optimal choice for the traffic organization of the museum.



2.1. Model Selection


Common microscopic pedestrian simulation models encompass the utility-based model [21], cellular automaton model, gravitational model [22], social force model, agent-based model [23], and queue network model [24]. Each model exhibits distinct advantages in its application. Given the complex and self-organizing nature of pedestrian behaviors in indoor museum exhibitions, simulation models must effectively capture the essence of pedestrian self-organization phenomena. Among the models discussed, only the cellular automaton [25,26] and social force models [27,28,29] have the capability to accurately describe self-organizing phenomena. Furthermore, these two models currently attract the highest research interest and are the most extensively utilized microscopic simulation models, achieving widespread recognition (Table 1). Consequently, this study selects the simulation model that best aligns with the simulation requirements via a comparative analysis of the functional characteristics, advantages, and disadvantages of both the cellular automaton and social force models.



Owing to its superior accuracy and flexible parameter settings, the social force model has been selected for this research. Among the pedestrian traffic simulation software platforms utilizing the social force model, AnyLogic 8.8.3 [30], VisWalk 22.00-04 [31], and Urban Analytics Framework 6.3.0 [32] are three commonly utilized options (Table 2). The choice of a simulation platform primarily hinges on its ability to meet the requirements for simulating consumer behavior, including input and output information, development performance, and application scope. A literature review and analysis have been conducted to provide a brief introduction and comparative evaluation of these software platforms. Each of the three software platforms is capable of fulfilling the simulation requirements of this research to a certain degree. However, AnyLogic distinguishes itself with significant advantages in secondary development, enabling more adaptable model construction. Considering factors including accessibility and ease of learning, this study selects AnyLogic as the platform for model development and research.




2.2. Selection of Research Subjects


The trajectories of human movement are complex and varied. Observation of people’s movement trajectories reveals that: (1) the decision-making process in crowd movement is a random process; (2) the choice of movement routes is ultimately influenced by a variety of factors; (3) there is interaction and influence between individuals; (4) group behavior is not a direct accumulation of individual decisions [33].



Within a museum, internal circulation is divided into visitor flow, staff circulation, and researcher circulation. Among these, staff and researcher circulation are more fixed, with a strong purpose for entering the building, and can be considered as a fixed circulation system without other influencing conditions. The visitor circulation covers a large usage space of the museum and has a certain degree of randomness in its movement [34]. Therefore, the research subject of this study is limited to visitor circulation, focusing only on horizontal traffic circulation. The study adjusts variable influencing factors in spatial organization to explore how different exhibition space forms affect visitor circulation.




2.3. Selection of Research Samples


Museums can be categorized into comprehensive museums and specialized museums based on the types of exhibits they house. The spatial combination forms in specialized museums vary according to the types of exhibits to meet different needs. The exhibition methods in comprehensive museums are relatively uniform, with consistent volume and spatial requirements, hence a more stable relationship between exhibits and space.



Given the profound cultural significance of museums, and considering China’s extensive historical development, the artifacts displayed range from the Stone Age to select valuable items post the establishment of the People’s Republic. This results in a long temporal span and diverse forms of exhibition items, leading to complex spatial requirements for the exhibition halls. Moreover, the evolution of Chinese culture has been influenced by various architectural design philosophies, including those from the Soviet Union and modern architectural thought, resulting in a diversity of both external and internal spatial forms in museums [35,36,37]. Therefore, this study primarily utilizes Chinese museums as case studies for investigation, thereby enhancing the universality and applicability of its findings and conclusions. This study primarily focuses on museums in China, selecting 27 representative medium to large comprehensive museums as research samples. The selection is limited to comprehensive museums with relatively fixed types of exhibits. This avoids the variability in space requirements seen in specialized museums due to different exhibits, thereby facilitating the derivation of universally applicable conclusions.



Due to the special requirements for preserving exhibits, museums often prioritize the use of internal spaces for artificial regulation of temperature, humidity, and other climatic conditions during the design phase. This ensures the stability of the preservation conditions for valuable exhibits. As a result, the spatial organization of interior spaces is less affected by climate. Therefore, in this simulation experiment, we do not consider the influence of climate on the internal spatial organization of museums.




2.4. Organization of Museum Exhibition Circulation


In this study, the total building area of the samples varies significantly, with the largest being the National Museum of China (approximately 191,900 m2) and the smallest being the Liuzhou Museum (approximately 16,600 m2). The study converts exhibition space design elements such as architectural functional layout, personnel flow lines, and floor dimensions into controllable variables. Using social force model software for mathematical and statistical analysis, it was found that there is a correlation between the types of personnel flow lines in exhibition spaces and their planar forms.



(1) Jixi Museum (Figure 2): Visitors enter the museum from the main entrance on the south side. The lobby is located directly north of the courtyard, with other exhibition halls sequentially connected around the courtyard, forming an integrated space without the need for additional circulation areas. The overall visitor circulation is linear (“一” shaped), or a derivative of a linear zigzag form.



(2) New pavilion of the Hubei Provincial Museum: The visitor circulation here forms a complete loop (“凵” shaped) around the central open hall (Figure 3). Each exhibition space in the Hubei Provincial Museum is independent, requiring corridors or other circulation spaces for connectivity.



The survey results indicate that the arrangement of museum exhibition spaces around open areas can be categorized into four types: parallel2, serial3, combined4, and hall-style [38]. The hall-style form is consistent with the serial form, as both share the same interfaces between circulation and functional spaces. Therefore, the hall-style is incorporated into the serial form for discussion (Table 3).



Analyzing the spatial shapes in the research samples, it is found that the functional spaces of the exhibition halls are predominantly rectangular. Therefore, in this simulation, rectangles play a dominant role in the overall architectural plan.





3. Museum Pedestrian Flow Line Simulation and Analysis


3.1. Construction of the Simulation Model


A prototype model was established based on the analysis of 27 comprehensive museum cases in this study. Key characteristics of the prototype model include: (1) Square spaces with “凵” shaped circulation form the main layout and flow line in this simulation. This floor plan is common among the selected research samples, and the experimental results were obtained by controlling a limited set of variables. (2) In the simulation setup, the parallel form of circulation space is represented by corridors, with functional spaces arranged on one or both sides, and a width set to the standard 2.7 m for large public buildings [39]. Serial circulation involves passing through functional spaces. (3) To eliminate the influence of travel distance on pedestrian route choice, the floor plan is symmetrically arranged to ensure consistent travel lengths. In this simulation, we adjusted the combination of spaces to create different simulation conditions. Accordingly, the total length and width of the simulated building are 75 m and 50 m, respectively.



The study aims to observe changes in pedestrian flow line choices by altering spatial layouts. Thus, six different layout scenarios were developed during the experimental design stage (Figure 4). In scenarios 1 to 6, 2 to 3 alternative routes were set to determine visitors’ spatial preferences during exhibitions. Scenario 1 aims to test the attraction of parallel and serial circulation in exhibition spaces by varying the paths taken by pedestrians. Scenario 2, with unchanged route lengths, moves the central circulation space to one side against the wall, creating a spatial guide to observe if there is a change in the number of people. Scenarios 3 and 4 compare whether turns in the routes within the same type of space, either serial or parallel, influence route choice. In scenario 5, three different routes are available from the starting area to the target space, testing the impact of route segmentation and spatial variation on choice. Finally, in order to explore whether the exhibits in the tandem exhibition hall space have an impact on the route selection of pedestrians, in scenario 6, the two routes are respectively set in tandem form, but the exhibits are placed around and in the middle of the exhibition hall, respectively, so as to explore the influence of the layout form of the exhibits on the crowd choice in the tandem space.




3.2. Simulation Conditions Setting


In AnyLogic software, agents can simulate real-world pedestrian movement choices and trajectories under the influence of the social force model [40]. When the pedestrian simulation model starts, agents move from the starting area, simulating real pedestrian route choices to reach the designated target areas in the model. However, in this study, we are only exploring changes in exhibition spaces and paths, focusing on pedestrian route choice tendencies to reach the target spaces. It is assumed that pedestrians do not enter other functional spaces en route, simplifying the pedestrian flow lines to achieve accurate research results.



Simulation Constraints: (1) The width of circulation spaces remains constant throughout the simulations to avoid the impact of road width on agent route choices. (2) Walls limit pedestrian movement, and all wall structures in the simulation system are defined as solid walls. (3) The width of all exhibition hall doors is set at 1.8 m, allowing pedestrians to enter and exit functional spaces through them. Agent Settings: (1) External characteristics of museum visitors’ behavior include an average step length of about 0.7 m and a comfortable and safe moving speed of about 1.4 m/s, with a comfortable per capita area of 2.33 to 3 m2 [41]. Considering the external characteristics of social groups during exhibition visits, the speed range of the simulated agents is set between 0.69 and 2.23 m/s, with an average speed of 1.34 m/s, and the arrival rate of people is set at 300 persons/h [42]. Simulation Duration: Too short a simulation time can result in data that is too random to be meaningful for statistical simulation analysis. The results will gradually stabilize after running for a certain time. Therefore, the running time of the simulation model is set to 240 min (4 h). Counting of People: Pedestrian flow counting components are set up at the traffic flow lines in the model, with the direction of the counting arrows indicating the forward direction of the pedestrians.




3.3. Model Validation


Simulation validation is conducted through the comparison and analysis of the congruence between measured and simulated results, specifically regarding the distribution of consumers and the frequency of visits to each exhibition hall. Initially, we established the parameters, maintaining the default settings as outlined in Section 3.2, and adjusted other parameters based on the research findings. Regarding body size, the ratio of individuals to pairs of companions was set at 1:1.6, reflecting the peer group dynamics of exhibition visitors observed in the case study, and the simulation experiment is carried out after the parameter setting is completed.



By comparing the actual pedestrian trajectory map of Wuhan Museum with the pedestrian density distribution from the simulation results (Figure 5), both sets of results indicate that the highest pedestrian density occurs within an imaginary circle, primarily near the atrium and the entrances and exits in the area delineated by the line, with pedestrians showing high activity levels in this space; areas of lower pedestrian density within the museum exhibition halls were also identified, particularly in the corners.



Observation of the measured pedestrian trajectories and simulated pedestrian density distributions reveals that the behavioral model of exhibition visitors can predict the overall spatial distribution of pedestrian flows with a certain degree of accuracy. What follows is a comparative analysis of the measured and simulated results, aimed at further validating the consumer behavior model. Pearson’s correlation analysis was performed on the measured and simulated data using SPSS. The analysis yielded Pearson correlation coefficients of 0.830 for the measured and simulated data, with a significance level of P = 0.001, indicating a significant correlation, thereby verifying the consistency between the simulated and measured results, and affirming the visitor behavioral model’s accuracy in predicting museum visitation patterns.




3.4. Experimental Simulation Results and Analysis


The output of the simulation is presented in two forms: planar density maps and pedestrian count bar graphs (Figure 6). By examining these results, one can determine the level of pedestrian congestion within the space and the number of people choosing different routes. This information is used to assess visitors’ spatial experience and preferences for exhibition circulation during their visit. Please refer to Appendix A for specific data for each Scenario.



3.4.1. Serial and Parallel Space Configurations with Pedestrian Flow Lines


In simulation Scenario 1, the characteristics of the routes are displayed with consistent start and end spaces, and the lengths of routes a and b are identical, forming a1 + a2 + a3 + a4 + a5 = b1 + b2 + b3 + b4 + b5 (Figure 7a). Spatially, route a consists of a single parallel space combination, while route b is a single serial space combination. In simulation Scenario 2, the lengths of the two routes are kept consistent with Scenario 1, with the direction and turns of routes a and b, as well as the walking lengths, remaining the same. In this spatial arrangement, route a continues to be parallel, with only route b being guided along one side of the interface (Figure 7b).



Observations reveal that in Scenario 1, the number of people choosing route a was 1017, accounting for 86.9% of the total, while only 152 people chose route b. In Scenario 2, with only the distance from one or both sides of route b altered, the number of agents choosing route a dropped to 888, and those choosing route b increased to 298, with route a accounting for 74.8% of the total. Without any other changes, just by altering the distance between the serial configuration and the side interfaces, the proportion of those choosing route b increased by 12.1% (Figure 6g).




3.4.2. Spatial Turns and Pedestrian Flow Lines


Scenarios 3 and 4 primarily investigate the impact of spatial turns on pedestrian flow line choices. In Scenario 3, both routes a and b adopt a serial space configuration to ensure consistency in the simulation. The lengths of routes a and b are equal (b1 + b2 + b3 + b4 + b5 + b6 + b7 = a1 + a2 + a3 + a4 + a5), but route b has a total of seven segments with shorter distances and six turns, whereas route a has only five segments, with segments a3 and a4 being longer (a3 = b3 + b5, a4 = b4 + b6). In Scenario 4, both routes a and b have parallel spatial forms and identical lengths (a1 + a2 + a3 + a4 + a5 + a6 + a7 = b1 + b2 + b3 + b4 + b5), with the only difference being that route a has more turns (six in total) and shorter segments in a3, a4, a5, and a6 (b3 = a3 + a5, b4 = a4 + a6) (Figure 8).



The results show that 1080 people chose route b in Scenario 3, accounting for 89.5% of the total in this simulation, while in Scenario 4, 947 people chose route a, making up 79.3% of the total participants. This indicates that, whether in serial or parallel spaces, most people (eight to nine out of ten) choose routes with more spatial turns, suggesting that routes with richer spatial layers are the preferred choice for most people (Composite Figure 6g).




3.4.3. Spatial Variation and Pedestrian Flow Lines


In simulation Scenario 5, there are three routes for agents to choose from: a, b, and c. These routes have the same start and end points, with identical lengths (a1 + a2 + a3 + a4 + a5 = b1 + b2 + b3 + b4 + b5 + b6 + b7 = c1 + c2 + c3 + c4 + c5). However, each of these routes has a different spatial combination. Route a consists solely of parallel spaces. Route b is a combination of parallel and serial spaces, with the first half being parallel and the second half serial. Route c is similar to route a, being solely serial spaces, offering three distinct spatial combinations (Figure 9).



The results show that 1012 people chose the combined spatial form of route b, while the number of people choosing routes a and c were 107 and 56, respectively. The preference for the combined space of route b was the highest, accounting for 86.1% of the total (Figure 6g).






4. Exhibition Design Improvement Suggestions


Through the comparison of five simulation scenarios, we explored visitors’ preferences for different traffic space forms in museum exhibitions. When designing exhibition spaces, considering the equal distance of the available routes to exclude other factors that might influence pedestrian choices, the following design strategies can be adopted.



4.1. Setting Boundaries for Traffic Flow Lines


In Scenario 1, route a is a parallel flow line, and route b is a serial flow line. The ratio of the agents choosing route a to route b is approximately 6.69:1, indicating a clear preference for parallel layouts. In Scenario 2, the proportion of agents choosing route b is about 25.1%, up 12.1% from 13.0% in Scenario 1. To prevent random deviations, Scenarios 1 and 2 were simulated multiple times, with the average proportion of route b choices in Scenario 2       y   2    ¯  >     y   1    ¯    (Figure 10). This indicates a preference for guided routes in serial spaces, suggesting that traffic spaces should be arranged close to one side of the space or using other elements to satisfy pedestrian preferences.



Therefore, in the sample of this study, Jingzhou Museum mostly adopts a series-connected traffic space combination, with individual spaces being large. Consequently, the entire space appears spacious, lacking clear guidance for flow lines. This leads to lower browsing efficiency for visitors within the museum. But this study suggests that exhibition space design should move away from a single large space format and emphasize path boundaries. Whether in serial or parallel layouts, explicit and implicit methods should be used to reinforce the walking route. When possible, prioritize the parallel form of the route.




4.2. Adding Curves and Segments to Traffic Flow Lines


Comparisons in Scenarios 3 and 4 show that whether in serial or parallel spatial combinations, with consistent space forms and total lengths for both routes, agents tend to choose routes with more turns and shorter segments, accounting for seven to eight out of ten (Figure 6g).



To further explore the impact of the number of turns on flow line choices, using parallel spaces as an example, we maintained six turns for route b and varied the number of turns for route a in the simulation. The results show that as the number of turns “x” increases, making the space more diverse, the proportion of people choosing route a (“y” value) also increases, but when x reaches 10, the “y” value begins to decline slowly. It can be observed that during the initial phase when x < 10, the increase in the number of people is relatively gradual, and there is still a small portion of people choosing simpler routes. However, when x > 10, the decrease in the number of people choosing route a becomes quite drastic. This indicates that as the number of turns increases and the roads become overly complex, the attractiveness and interest for visitors decrease significantly, which is not conducive to increasing the appeal to exhibition attendees (Figure 11a,b).



In the current museum designs, particularly in the organization of series-connected traffic patterns, simple “凵” shaped left-right traffic spaces are commonly utilized, enhancing spatial interest. However, prolonged viewing times for exhibition visitors may lead to visual fatigue, as seen in both the new and old buildings of the Hubei Provincial Museum. Therefore, exhibition flow line design should move away from a simple straight line and increase the number of route turns. Curved routes are more popular with pedestrians. Both in serial and parallel layouts, shortening the length of individual segments and increasing the number of route segments can make the flow lines more interesting and attractive. However, the number of turns should not exceed ten, as overly complex spaces can reduce the number of people choosing that path.




4.3. Diversifying Traffic Spaces


In Scenario 5, with equal total distances, the agents’ choices are not influenced by the turns in the routes. Routes a and c are single space routes, while route b is a combination space route. The results of Scenario 5 show that route b is the most chosen. Reversing the start and end points of Scenario 5 to form Scenario 5(b) and conducting multiple simulations to exclude randomness, we explored the impact of the sequence of space combinations on people’s choices. The results show that the average proportions of people choosing route b in Scenarios 5 and 5(b) are similar and not significantly different, both exceeding 0.86. In this simulation experiment, the proportion of choosing route b reached a maximum of 0.89, with the minimum proportion being 0.848. In all experimental results, the proportion of choosing route b was greater than 0.8, indicating that diversified spatial combinations enhance the attractiveness to exhibition attendees (Figure 12).



Due to the larger number of organizational elements and the larger required building spaces for composite traffic flow line organization, the application scope of composite traffic forms is relatively limited in China. This has resulted in some museums having rudimentary traffic arrangements with lower levels of enrichment, leading to a decrease in the overall attractiveness of the museums. the experiment suggests that exhibition space design should opt for varied spatial forms. When possible, combine parallel and serial spaces to create more layered spaces. The expansion and contraction of traffic spaces, forming diverse spatial experiences, can make museum exhibition spaces more appealing and align with modern, people-centered design needs.




4.4. Node Space Setting Inflections


In the heat map of the results of the five simulation schemes, it can be seen that in the combination of series and parallel traffic spaces, the color of the heat map will be deepened in the corner space, and the density of people will reach a certain peak. Therefore, the experimental results show that in the setting of the circulation line of the museum exhibition space, a certain node space can be set at the turning point of the circulation line, including temporary sales or functional activity space with the flow of people, etc., and the characteristics of the flow of people in the corner can be used to ensure the richness of the flow of people in the node space.




4.5. Tandem Space Exhibits Are Placed along the Perimeter of the Gallery


Route a and route b of Scheme VI are tandem flow lines. Scheme VI’s intelligent body on route a and route b shows a selection ratio of about 9.32:1, visible pedestrians in the tandem layout of the exhibits placed around the layout has a clear preference; Scheme VI for a number of simulations, Scheme VI selection of the number of people in route a accounted for 9% (Figure 13). It can be seen that pedestrians have a clear preference for the layout of exhibits around the space, and in the tandem space, large exhibits should be avoided to be set up in the middle of the interior of the exhibition hall, and be set up in the periphery of the room to satisfy the preference of pedestrians.



Therefore, in this research, sample museums are mostly used in the form of tandem transportation space combination, and the individual space is large, the exhibits will be placed in the middle of the entire exhibition hall, hindering the smoothness of the tandem transportation space. This study shows that the design of tandem exhibition space should put the exhibits on the periphery of the exhibition hall, firstly, to strengthen the path boundary, and secondly, because it can ensure the smoothness of the transportation space.





5. Conclusions


This research seeks to investigate the influence of various traffic flow line combinations within horizontal spaces of museum exhibitions, particularly within the Chinese cultural context, on visitor attraction. This investigation is grounded in case analyses and the construction of museum models. Employing the social force simulation method, this study analyzed the impact of alterations in exhibition spaces on museum visitors. The findings indicate that taking into account the boundaries and diversity of spaces when configuring exhibition flow lines can enhance their attractiveness to visitors [43]. However, this study confines its discussion to the forms of pedestrian traffic spaces, specifically focusing on horizontal traffic configurations within museums, while overlooking vertical traffic connections. Future research should broaden its scope to include multiple dimensions, such as the integration of various traffic flow lines and the examination of traffic combinations’ attractiveness across different building types. This approach aims to progressively refine the theoretical foundation underpinning the organization of flow lines.
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Appendix A


Displays the specific data of the repetitive simulation experiments conducted in Section 4 of the article to verify the accuracy of the data.





 





Table A1. Results of the experiment repeated six times for Scenario 1. Source: authors’ own.






Table A1. Results of the experiment repeated six times for Scenario 1. Source: authors’ own.





	Experimental Trials
	Route A
	Route B
	Proportion of People on Route B in Scenario 1





	1
	1017
	152
	0.130025662959795



	2
	999
	163
	0.140275387263339



	3
	1065
	154
	0.126333059885152



	4
	1108
	98
	0.0812603648424544



	5
	1043
	157
	0.130833333333333



	6
	1083
	171
	0.136363636363636










 





Table A2. Results of the experiment repeated six times for Scenario 2. Source: authors’ own.






Table A2. Results of the experiment repeated six times for Scenario 2. Source: authors’ own.





	Experimental Trials
	Route A
	Route B
	Proportion of People on Route B in Scenario 2





	1
	888
	298
	0.251264755480607



	2
	798
	342
	0.3



	3
	841
	329
	0.281196581196581



	4
	878
	287
	0.246351931330472



	5
	856
	327
	0.276415891800507



	6
	889
	305
	0.255443886097152










 





Table A3. Enhancing the simulation results of increased number of turns in Scenario 3. Source: authors’ own.






Table A3. Enhancing the simulation results of increased number of turns in Scenario 3. Source: authors’ own.





	Number of Turns
	Route A
	Route B
	Proportion of People on Route A





	2
	568
	573
	0.497808939526731



	4
	851
	369
	0.697540983606557



	6
	947
	247
	0.793132328308208



	8
	1034
	86
	0.923214285714286



	10
	1149
	138
	0.892773892773893



	12
	1009
	153
	0.868330464716007



	14
	705
	471
	0.599489795918367



	16
	224
	896
	0.2










 





Table A4. Results of the experiment repeated six times for Scenario 5. Source: authors’ own.






Table A4. Results of the experiment repeated six times for Scenario 5. Source: authors’ own.





	Experimental Trials
	People on Route A in Scenario 5
	People on Route B in Scenario 5
	People on Route C in Scenario 5
	Proportion of People on Route B in Scenario 5





	1
	107
	1012
	56
	0.861276595744681



	2
	128
	998
	42
	0.854452054794521



	3
	104
	1057
	71
	0.857954545454545



	4
	118
	1100
	79
	0.848111025443331



	5
	96
	1089
	39
	0.889705882352941



	6
	107
	1103
	59
	0.869188337273444










 





Table A5. Results of the experiment repeated six times for Scenario 6. Source: authors’ own.






Table A5. Results of the experiment repeated six times for Scenario 6. Source: authors’ own.





	Experimental Trials
	People on Route A in Scenario 5
	People on Route B in Scenario 5
	People on Route C in Scenario 5
	Proportion of People on Route B in Scenario 5





	1
	107
	963
	56
	0.855239786856128



	2
	128
	1022
	42
	0.85738255033557



	3
	104
	1104
	71
	0.863174354964816



	4
	118
	1167
	79
	0.855571847507331



	5
	113
	1015
	39
	0.869751499571551



	6
	107
	1067
	59
	0.86536901865369
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Figure 1. Experimental flowchart. Source: authors’ own. 
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Figure 2. Jixi Museum floor plan and visitor circulation. Source: authors’ own. 
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Figure 3. Floor plan and visitor circulation of the new pavilion of Hubei Provincial Museum, source: http://www.archcollege.com/archcollege/2022/04/50808.html (accessed on 16 December 2023). 
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Figure 4. Space analysis simulation scenarios. Source: authors’ own. 
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Figure 5. Comparison of actual results with simulation results. Source: authors’ own. 
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Figure 6. Scenarios 1 to 6—simulation results of pedestrian density and number: (a) Scenario 1: human density; (b) Scenario 2: human density; (c) Scenario 3: human density; (d) Scenario 4: human density; (e) Scenario 5: human density; (f) Scenario 6: human density. (g) Population trends across different scenarios Source: authors’ own. 
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Figure 7. Analysis of space and routes in Scenarios 1 and 2. Source: authors’ own. 
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Figure 8. Analysis of space and routes in Scenarios 3 and 4. Source: authors’ own. 
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Figure 9. Analysis of space and routes in Scenarios 5. Source: authors’ own. 
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Figure 10. Proportion of route b selection in Scenarios 1 and 2. Source: authors’ own. 
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Figure 11. (a) Simulation results for number of turns. (b) Proportion of pedestrians on route a Source: authors’ own. 
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Figure 12. Proportion of pedestrians on route b in Scenarios 5 and 5(b). Source: authors’ own. 
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Figure 13. Number of persons choosing route a and route b in Scenarios 6. Source: authors’ own. 
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Table 1. Model comparison. Source: authors’ own.
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	Model
	Individual

Description
	Motion Rules
	Simulation Density
	Computational

Capability





	Cellular Automaton Model
	Pedestrians are treated as “cells” with fixed dimensions.
	The setting of pedestrian motion rules exhibits discrete characteristics, lacking relatively reasonable explanations.
	Parameter settings are restricted, with insufficient capacity for detailed description, resulting in lower simulation accuracy
	Fast computational speed, high efficiency, and minimal resource consumption.



	Social Force Model
	Pedestrians are abstracted as ellipses, with adjustable dimensions.
	The forces acting on pedestrians have practical significance and provide explanations for pedestrian walking characteristics.
	Parameter settings are flexible, with strong capabilities for micro-level behavior description, resulting in high simulation accuracy
	The model’s computational speed is significantly influenced by the number of pedestrians, requiring high hardware specifications.










 





Table 2. Comparison of simulation platforms. Source: authors’ own.






Table 2. Comparison of simulation platforms. Source: authors’ own.





	Software Name
	Modeling Method
	Input Information
	Output Information
	Development Performance
	Application Field





	AnyLogic
	Social Force Model
	Create environment objects and set attributes.
	Animation, pedestrian count, average density, spatial cross-section, pedestrian flow, etc.
	Has an open structure and requires secondary development.
	Pedestrian traffic, logistics industry, and construction industry



	VisWalk
	Social Force Model
	Create environment and set properties, establish origin-destination table for agents, and define other parameters.
	Pedestrian density, walking time, evacuation time, walking speed, space utilization rate, etc.
	Has secondary development capabilities but with certain limitations.
	Applications related to pedestrian traffic simulation



	Urban Analytics Framework
	Social Force Model
	Building space layout, physical radius of entities, lateral sway displacement of pedestrians, composition of pedestrian flow, and walking parameters
	Pedestrian walking paths, walking speed, traffic flow density, queue length, and queue delay
	Can incorporate auxiliary plugins
	Urban space design and transportation operation evaluation










 





Table 3. Analysis of museum spatial forms. Source: authors’ own.
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	Name
	Floor Circulation Pattern
	Spatial

Combination
	Example





	Serial (Including Hall-Style)
	[image: Buildings 14 00847 i001]
	[image: Buildings 14 00847 i002]
	Jixi Museum, Qingdao Museum, Jingzhou Museum, Guangdong Museum, New Pavilion of Guizhou Museum, Hong Kong Museum of History, Capital Museum, Tianjin Museum, Hainan Provincial Museum.



	Parallel
	[image: Buildings 14 00847 i003]
	[image: Buildings 14 00847 i004]
	Hubei Provincial Museum, Shanxi Museum, Inner Mongolia Museum, Jilin Provincial Museum, Changzhou Museum, Wuxi Museum, Zhejiang Museum, Fujian Museum, Jiangxi Museum, Shandong Provincial Museum, Liuzhou Museum.



	Combined
	[image: Buildings 14 00847 i005]
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	Suzhou Museum, Shenzhe