
International Journal of Hybrid Information Technology 

Vol. 10, No.3 (2017), pp. 21-32 

http://dx.doi.org/10.14257/ijhit.2017.10.3.03 

 

 

ISSN: 1738-9968 IJHIT 

Copyright ©  2017 SERSC  

An Approach for Generating Pedestrian Network Based on 

Improved Navigation Graph 
 

 

Yuelu Chen, Gang Wu, Tianzhong Zhao* and Feixiang Chen 

School of Information Science & Technology, Beijing Forestry University, 

Beijing 100083, China 

*ztz@bjfu.edu.cn 

Abstract 

Pedestrian network is the basic data for route planning in pedestrian navigation 

systems. The optimal route computed by the pedestrian network can be used as 

wayfinding cues and provide pedestrians with route guidance. Currently, pedestrian 

network generation methods do not take into account the randomness of walking 

behaviors, cannot generate the off-road route segments and provide accurate route 

guidance. In this study, we proposed an approach for generating pedestrian network 

based on improved navigation graph. First, walking environment was regarded as the 

space with obstacles. The generation method of navigation points was improved to 

process the global concave vertices in polygon obstacles. Then, the optimization method 

of navigation points based on mergence area was proposed to effectively reduce the 

number of navigation points. Finally, the generation algorithm of navigation edges based 

on the dynamic cone-shaped sweep was proposed to generate sparse navigation edges. 

The experiment results showed that this approach can generate the improved navigation 

graph which data size can be largely reduced. The pedestrian network represented by the 

improved navigation graph can provide pedestrians with accurate route guidance. This 

approach can effectively solve the modelling problem of the pedestrian network in 

pedestrian navigation applications, having a certain practical value. 

 

Keywords: Pedestrian navigation system, pedestrian network generation, space of 
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1. Introduction 

Pedestrian network is a kind of topological map consists of the geometric relationship 

between pedestrian route segments, which has been widely used in a variety of fields such 

as pedestrian navigation and urban planning [1]. In pedestrian navigation systems, 

pedestrian network is the basic data for route planning and guidance. Currently, pedestrian 

navigation applications still use road network. However, the differences in scale and 

details mean that the road network could not replace the pedestrian network [1, 2]. 

Methods for modelling pedestrian network include manual digitization [3], network 

buffering based on road centerlines [1], collaborative mapping based on GPS traces [4] 

and image processing based on LiDAR [5]. These methods are mainly used to extract real 

roads, such as sidewalk, crosswalk and footpath. However, walking is highly casual and 

not restricted by regular roads [6], so the pedestrian network generated by these methods 

could not provide off-road route guidance. The landmark-based oriented visibility graph 

uses landmarks as the route nodes and generates route segments based on the visible 

relations between landmarks without dependence on the real road [7-9]. Although this 

method could adapt to various walking environment, it ignores the area without 

landmarks. 
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Wayfinding is a kind of obstacle avoiding behavior based on the interaction between 

pedestrians and walking environment [10]. Therefore, walking environment could be 

regarded as two-dimensional Euclidean space with obstacles. The environment modelling 

methods of the space with obstacles can be categorized into three types: Voronoi diagram 

[11], Delaunay triangulation [12] and visibility graph [13]. The first two types of methods 

generate nodes of the network far from the obstacle corners, leading to a lot of invalid 

route length, unable to reflect the walking habits of the pedestrians. The pedestrians 

usually walk toward the target direction and make decisions at the corners of obstacles. 

Hence, the visibility graph could truly and accurately reflect the pedestrians’ feeling and 

cognition in the process of wayfinding [14]. However, with increasing number of 

obstacles, the number of nodes and edges in the graph would be quite large, leading to 

low computational efficiency [15]. Although navigation graph [13], tangent graph [16], 

dynamic visibility graph [17] or simplified visibility graph [18] could reduce the problem 

space, all of these methods rely on the given route origin and destinations. The graphs 

generated by these methods cannot cover the whole spatial area and be served as the 

pedestrian network. 

Navigation graph is a microscopic pedestrian simulation model proposed by Kneidl A. 

and Bormann A. et al., [13]. It can be improved to cover the whole spatial area and then 

applied in the pedestrian navigation systems. This study proposes an approach for 

generating pedestrian network based on Improved Navigation Graph (ING). Using the 

space with obstacles to describe the walking environment, the generation method of 

navigation points is improved. Then, we propose the navigation point optimization 

method based on mergence area and navigation edge generation algorithm based on 

Dynamic Cone-shaped Sweep (DCS) to generate the pedestrian network denoted by the 

improved navigation graph. 

 

2. Improved Navigation Graph 

In this study, we regard the spatial obstacles in the real world as two-dimensional space 

with obstacles represented by planar geometric figures. The spatial area excluding the 

coverage of obstacles is the walking environment. Space obstacles are categorized into 

two types: (1) linear obstacles, such as rails and walls; (2) polygonal obstacles, such as 

buildings and large green belts. 

The improved navigation graph is a kind of topological map based on space with 

obstacles and generated by the global structure procedures of the navigation graph. It is 

denoted as ING= (NP, NE). Wherein, NP and NE represent a non-empty set of navigation 

points and navigation edges, respectively. As a series of wayfinding cues, the pedestrian 

routes composing of navigation points and edges will provide pedestrians with route 

guidance. As the generation process does not rely on the Origin and Destinations (OD), 

the improved navigation graph is able to cover the whole spatial area. Therefore, in this 

study, we denote the pedestrian network using the improved navigation graph, with the 

navigation points being the route nodes and the navigation edges being the route 

segments. 

The improved navigation graph has two critical properties: the number of navigation 

points and edges, respectively denoted as N and E. N and E determine data size of the 

improved navigation graph. Complete Navigation Graph (CNG) is a kind of special 

visibility graph which contains all navigation points and its adjacency relations [13, 14]. 

Although the pedestrian route computed by the CNG is able to provide accurate route 

guidance, the large numbers of N and E will lead to low computational efficiency. The 

improved navigation graph could reduce N and E in the generation process, has less 

navigation points and edges. But the route computed by ING might detour unnecessary 

areas, thus leading to inaccurate or even wrong route guidance. Route length is a key 

factor effecting pedestrian’s wayfinding behavior [12,19], as is shown in Figure 1, R1 and 
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R2 are respectively the shortest route computed by the same OD pair using the CNG and 

ING as the pedestrian network. As the CNG contains all navigation points and edges, R1 is 

the shortest route between O and D. Comparatively, the ING ignores the nodes v1, v7 and 

route segments between v1 and v7, v3 and v6, causing that R2 needs to pass v2, v4, v5 and v8. 

Therefore, the improved navigation graph should be able to compute as accurate as 

possible routes to provide guidance for the pedestrians with less N and E. 

 
O

v1

v3

v2

v4 v5

v6

v7 v8

D

Linear obstacle R2

R1Node

Origin/Destination

Polygonal obstacle

 

Figure 1. Comparison of Two Routes Computed by CNG and ING between 
Same OD Pair 

3. Generation and Optimization of Navigation Points 
 

3.1. Improved Generation Method of Navigation Points 

According to the geometric shapes, we categorized the spatial obstacles into four types: 

(1) line obstacles; (2) polyline obstacles; (3) polygon obstacles and (4) complicated 

boundary obstacles. Different methods are used to generate navigation points. To make 

description convenient, in this study, the larger included angle formed by two adjacent 

edges in the polyline obstacles is called as the convex angle, the vertices of inner angles 

less than π as the convex vertices and the vertices of inner angles equal to or more than π 

as concave vertices. Obstacle vertices generating navigation points are called 

corresponding vertices. To avoid causing discomfort to pedestrians [12], the nodes should 

maintain a certain distance with the obstacles. We introduce parameter h to control the 

distance between navigation points and the corresponding vertices. 

For line obstacles, two navigation points are respectively generated on the extended 

section of the two endpoints. For polyline obstacles, navigation points are generated at the 

extended sections of the two endpoints and the convex angle’s bisector. For polygon 

obstacles, navigation graph generates navigation points at all of convex vertices [13]. 

However, as is shown in Figure 2(a), local convex vertices may not global convex vertices. 

Although V1 is a convex vertex, it will become a concave vertex if ignoring concave 

vertices V2 and V3. In this study, vertices like V1 are called global concave vertices. 

Redundant navigation points generated at the global concave vertices will lead to a lot of 

invalid navigation edges. Thus, we propose an algorithm to process the global concave 

vertices: 

(1) This algorithm, firstly, searches the vertices of the polygon obstacles in sequence to 

determine whether its property is concave or convex. Mark the concave vertex. Then the 

last unmarked vertex is returned to continue the searching, until there are no unmarked 

concave vertices in the polygon. A formula is used to determine the property of the 

vertices: 

       1 1 1 1 1 1          i i i i i i i i iC V x x y y x x y y                          (1) 
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where (xi,yi) is the coordinates of vertex Vi. (xi-1,yi-1) and (xi+1,yi+1) respectively represent 

two adjacent vertices of Vi. When C(Vi)<0, Vi is a concave vertex. 

(2) For the polygon consisting of unmarked vertex sequences, the vertices are marked 

between intersect points in two edges, then repeat step (1). If there are no intersected 

edges, navigation points are generated at the external angular bisection of the unmarked 

vertices. Figure 2(b) shows the generated navigation points after processing by this 

algorithm. 

 

V1

V2 V3

(a) Global concave vertices (b) Navigation points after processing

Navigation pointPolygonal obstacle
 

Figure 2. Gereation Results of Navigtion Points after Processing 

For complicated boundary obstacles with curved edges, navigation points are generated 

on the external bisection of the minimum bounding rectangle of the obstacles. In the 

process of generating navigation points, the IDs of the corresponding obstacles and the 

indexes of the corresponding vertices in the obstacles are recorded. 

 

3.2. Optimization Method of Navigation Points 

Firstly, this method revise the position of the navigation points to make sure that these 

points are visible for their corresponding vertices. Although the corresponding angles 

judgment could merge part of the navigation points [13], this method is restricted 

regarding the following aspects: (1) It is not able to process the status with close 

navigation points far away from the corresponding vertices; (2) It could not merge 

multiple navigation points at the same time; (3) This method does not consider the impact 

of mergence on the topological relations among navigation points. 

In this study, we introduce threshold P to control the maximum distance of mergence 

between navigation points. The mergence area is defined as per different types of 

navigation points to avoid dramatic position changes of navigation points after mergence 

and ensure that two adjacent navigation points of the same obstacle are visible. The 

mergence area of the navigation point NP is a space area with V (the corresponding vertex 

of NP) being the endpoint and half-lines VA, VB and their included angle ∠AVB. As is 

shown in Figure 3, Type I is the mergence area of the navigation points of the line 

obstacles. VA is the extension line of the line obstacle at the direction of end point V. VB is 

the normal line of end point V at the NP side. Type II is the mergence area of the head and 

tail end points of the polyline obstacle. VA is the extension line from navigation point NP0 

and V; in addition, NP0 is the front navigation point of V. VB is the symmetric half-line of 

VA with VNP being the symmetry axis. Type III is the mergence area of the inflection 

vertices of the polyline obstacle and the vertices of the polygon obstacle, with VA and VB 

respectively being the extension lines at the vertex direction of the two edges housing the 

vertex. Then, we propose an optimization algorithm to merge multiple adjacency 

navigation points. This algorithm is as follows: 

(1) This algorithm, firstly, searches all navigation points. If the current point is not 

merged, a set of mergence area is initialized and the mergence area of the current point is 

added into the set. 
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(2) We regard the navigation points which IDs are larger than the current point as the 

judgment points. If the distance between the current point and the judgment point is 

shorter than P, the median point coordinates equation is used to calculate the new 

coordinates of the merged navigation point: 

2
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                                                        (2) 

where (xc,yc) is the current point coordinates, (xj,yj) and (xm,ym) are the coordinates of the 

judgment point and the merged point, respectively. 

(3) If the merged navigation point locate in the judgment point’s mergence area and all 

mergence areas in the set, mark the judgment point and add its mergence area into the set, 

and then update the current point coordinates to the merged navigation point. 

Repeat these steps until all navigation points are searched. Finally, the unmarked 

navigation points are the optimization results. 
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Figure 3. Three Types of Mergence Areas 

4. Generation of Navigation Edges 
 

4.1. Dynamic Cone-shaped Sweep 

In order to make the improved navigation graph cover the whole spatial area and 

further reduce the number of navigation edges, we propose a generation method of 

navigation edges based on the Dynamic Cone-shaped Sweep (DCS). With a vertex being 

the center, other vertices are used to establish an alterable cone-shaped space. The vertex 

closest to the central vertex of the space is recorded and others are ignored. In addition, 

we introduce a sweep angle threshold to control the cone-shaped scope. The higher 

threshold value will cause the fewer cone-shape and recorded vertices. In this way, we can 

effectively control the number of generated navigation edges. 

In this study, Cone (Vm,Vn) represents the cone-shaped space whose central vertex is V 

and which is formed by the vectors 
→

VVm, 
→

VVn and cone angle ∠VmVVn. S denotes the 

vertex in the cone-shaped space closest to V. D indicates the threshold of the sweep angle. 

As is shown in Figure 4, we propose three cone-shaped sweep operations to make the 

sweep scope more flexible and effective to avoid overlap: 
(1) Cone Initialization (CI): Establish an initial cone-shaped space whose included 

angle is 0° based on the central vertex and any vertex. Furthermore, S is stored to the 

central vertex. As is shown in Figure 4(a), for vertex V0, an initial cone-shaped space 

Cone (V1, V1) is established consisting of V1. Set S to V1. 

(2) Cone Expansion (CE): Expand the scope of the cone-shaped space from one side so 

that another vertex can be included. Make a judgment whether S need to be updated. As is 

shown in Figure 4(b), as ∠V1V0V2<D, Cone(V1,V1) is expanded to be Cone(V1,V2) so as 



International Journal of Hybrid Information Technology 

Vol. 10, No.3 (2017) 

 

 

26   Copyright ©  2017 SERSC 

to include V2. As |V0V1|<|V0V2|, S is set to V1. In addition, as ∠V1V0V3>D, Cone(V1,V2) 

cannot be expanded to Cone(V1,V3) and include V3. 

(3) Vertex Absorption (VA): Absorb the vertices within the sweep scope of the 

cone-shaped space. The scope of the cone-shaped space remains the same. Make 

judgment if S need to be updated. As is shown in Figure 4(c), V3 is in the cone-shaped 

space Cone (V1, V2). As |V0V3|<|V0V1|, S is updated to V3. V4 is also located within Cone 

(V1, V2), but |V0V3|<|V0V4|, there is no need to update S. 

 

V0

V1

V0

V1

V2

V3

V0

V1

V2

V3

V4

(a) CI (b) CE (c) VA

Cone-shaped space boundaryVertex  

Figure 4. Three Operations of DCS 

4.2. Generation Algorithm of Navigation Edges 

The algorithm executes the dynamic cone-shaped sweep for each navigation point and 

generates multiple shortest navigation edges at different directions and ignores other long 

edges, enabling the improved navigation graph to cover the whole environment area and 

have less navigation edges. We introduced visibility judgment to avoid that the 

cone-shaped space cover invalid area (spatial area obstructed by obstacles). 

In this study, NP and NE respectively denote the set of navigation points and 

navigation edges. A is the adjacent matrix representing the topological relations of the 

navigation points. O is the set of spatial obstacles. NPi represents the ith navigation point 

in NP. eNP denotes the set of navigation points excluding NPi. eNPj shows the jth 

navigation point in eNP. Ci indicates the cone-shaped space set with NPi being the central 

point. iConep represents the pth cone-shaped space in Ci. Si represents the set of navigation 

points in Ci the closest to NPi. The procedure of the algorithm is as follows: 

(1) NP and O is entered to initialize A. Mark NPi and then search eNP. 

(2) In order to ensure NPi and eNPj are visible. We need to check whether the line 

connecting NPi and eNPj intersects with the edges of obstacles in O. Parameter equations 

are introduced in this article [20]: 

     
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                                     (3) 

where (xi,yi) ,(xj,yj), (xa,ya) ,(xb,yb) are the coordinates of NPi , eNPj and the two vertices of 

one obstacle edge, respectively. When 0<t<1 and 0<S<1, NPi and eNPj are not visible. 

(3) If NPi and eNPj are visible, search Ci and execute dynamic cone-shaped sweep 

operations to process the navigation points. Flow chart of the navigation point processing 

algorithm based on DCS operations is shown in Figure 5. 
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Figure 5. Flow Chart of the Navigation Point Processing Algorithim Based on 
DCS Operations 

(4) Repeat the step (2) and (3). After the eNP searching is over, traverse Si to extract 

navigation points the closest to NPi from Ci to adjust A. 

(5) Until all the navigation points in NP are marked, traverse A to generate NE, and 

then build the improved navigation graph ING (NP, NE). 

 

5. Experiment Results and Discussions 

We selected the campus of Beijing Forestry University as the study area. Within this 

area, there are 12 linear obstacles such as the campus walls and rails, and 129 polygonal 

obstacles, consisting of buildings and green belts. C# language was used to realize the 

proposed approach based on ArcGIS Engine. As specified above, the navigation points 

and navigation edges are major factors influencing the performance of the improved 

navigation graph. Experiments were made on them respectively to analyze the results and 

verify the effect of the proposed methods. 

Figure 6(a) shows all navigation points generated by the proposed approach in the 

study area. Experiment parameters were: h=4m, P=5m. Through comparison with the 

complete navigation graph, the effect of the proposed algorithms is verified. Figure 6(b) 

and 6(c) respectively show the generated results of the red box area in Figure 6(a) in the 

complete navigation graph and the improved navigation graph. Comparison result shows 

that this algorithm is able to avoid generating navigation points at the global concave 

vertices of the polygon obstacles, as is shown in the blue box in Figure 6(b). In addition, 

adjacent navigation points can be merged into a single point, as is shown in the green box 

in Figure 6(b). In this experiment, 585 navigation points were generated, about 11.76% 

fewer than the 663 navigation points of the complete navigation graph. 

 

 

(a) All navigation Points of the ING (h=4m, P=5m) 
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(b) Part of Navigation Points in the        (c) Part of Navigation Points in the  

   CNG                                  ING(h=4m, P=5m) 

Figure 6. Comparison of the Generated Navigation Points 

Table 1 shows the number of generated navigation points when the threshold value P 

was set to 5m, 10m, 15m, 20m, 25m and 30m. It can be seen that the number of 

navigation points in the improved navigation graph is apparently smaller than the 

complete navigation graph. The higher value of P will lead to the fewer navigation points. 

However, as the mergence operation updates the positions of the navigation points, the 

merged navigation points’ positions have dramatic changes and are quite far away from 

the corners of the obstacles, not conforming to the pedestrian’s wayfinding habits. In 

addition, when P≥25m, the algorithm mistakenly merged a few navigation points on 

different sides of the linear obstacles. Therefore, we should set P to a reasonable value 

and maintain a limited number of navigation points at the same time. In this study, we set 

P=15m, and then approximately 27.15% of the number of navigation points can be 

reduced. 

Table 1. Comparison Results of the Number of Navigation Points 

P 5m 10m 15m 20m 25m 30m 

N 585 520 483 448 421 399 
P is the threshold of the mergence distance, N is the number of navigation points. 

Figure 7(a) shows the complete navigation graph generated in the study area. The 

number of navigation edges is 7063. As all adjacency relations among the navigation 

points are contained, the open space is distributed with dense and redundant navigation 

edges. Figure 7(b) shows the generated improved navigation graph when the sweep angle 

threshold D was set to 
π

12
 . The number of navigation edges is 1404. It can be seen that 

this approach is able to significantly reduce the number of navigation edges. The 

navigation edges distributed around the obstacles can provide pedestrians with avoiding 

obstacle route guidance. As shown in the red box in Figure 7(b), the intersecting 

navigation edges in the open area can guide pedestrians pass through the open area from 

different orientations. 

 

 

(a) Complete Navigation Graph 
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(b) Improved Navigation Graph (h=4m, P=15m, D=
π

12
 ) 

Figure 7. Comparison of Generated CNG and ING in the Study Area 

Table 2 shows the number of navigation edges generated using the algorithm proposed 

in this study when P=15m and D was set to 
π

12
 ,

π

6
 ,

π

4
 ,

π

3
 ,

5π

12
 and 

π

2
 . It can be seen that 

this algorithm is able to control the density of the navigation edges by adjusting the sweep 

angle threshold value. The higher value of D will lead to the less dense of the navigation 

edges. When D was set to be the smallest value in this study ( D=
π

12
 ), the number of 

navigation edges could be 80.12% less than the complete navigation graph. 

Table 2. Comparison Results of the Number of Navigation Edges 

D  
π

12
   

π

6
   

π

4
   

π

3
   

5π

12
   

π

2
  

E 1404 1125 965 867 850 826 

D is the sweep angle threshold value, E is the number of navigation edges. 

As mentioned above, the improved navigation graph should provide as accurate as 

possible route guidance. Figure 8 shows the shortest routes of three OD pairs computed 

by the complete navigation graph and the improved navigation graph with different sweep 

angle threshold values. As the dynamic cone-shaped sweep only records the navigation 

point in the cone-shaped space the closest to the central vertex, R1 in the improved 

navigation graphs all consist of short route segments, showing minor twists, but the 

holistic direction still remain the same. This phenomenon indicates that the routes in 

narrow area are less affected by dynamic cone-shaped sweep operations. R2, R3 in Figure 

8(a) and (b) have highly similar geometric shapes. It illustrates that ING( D=
π

12
 ) is able 

to provide the pedestrians with accurate route guidance. As is shown in Figure 8(c) and 

(d), R2 and R3 in the improved navigation graph both have changes comparing with these 

in Figure 8(a). The deformations of the route all appear in open area (pink box in the 

figures). This is because higher value of D makes the cone-shaped space absorb some 

valid navigation points, leading to many unnecessary route nodes in the shortest route. 

Although these routes cannot guide pedestrians pass through the open area, holistic shapes 

approximately keep consistent with the routes computed by CNG. When the value of D is 

too large, the cone-shaped space will include lots of valid navigation points, leading to 

distinct changes of the geometric shape of the routes. For instance, R3 in Figure 8(e) and 

R2, R3 in Figure 8(f) have too long route length and detour unnecessary areas, resulting in 

wrong route guidance for the pedestrians. 
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(a) CNG                           (b) ING ( D=
π

12
 ) 

  

(c) ING ( D=
π

6
 )                        (d) ING ( D=

π

4
 ) 

  

(e) ING ( D=
π

3
 )                         (f) ING ( D=

5π

12
 ) 

R3R1 R2 Navigation Point Navigation Edge
 

Figure 8. Comparison of Three Routes Computed by the CNG and INGs 

In a word, the higher value of parameter D will lead to the smaller data size of the 

improved navigation graph, resulting in a greater impact on the geometric shape of the 
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shortest route of pedestrian. When D is set to 
π

12
 , the proposed approach can generated 

the improved navigation graph which data size can be largely reduced. The pedestrian 

network represented by the improved navigation graph can provide the pedestrians with 

accurate route guidance. Increasing of the value of D will further reduce the data size of 

the pedestrian network, but resulting in greater impact on the effect of route guidance. 

Therefore, the value of sweep angle threshold D should balance the demand of computing 

environment and application scenarios. 

 

6. Conclusions 

Pedestrian network is a discrete model of continuous walking environment, which is 

used to compute the optimal route and provide route guidance. In order to automatically 

generate the pedestrian network which could meet the needs of users, we proposed an 

approach for generating pedestrian network based on improved navigation graph. We 

regard walking environment as space with obstacles. The shapes of obstacles are 

sufficiently taken into consideration to avoid the generation of invalid navigation points. 

Adjacent navigation points can be merged through the proposed optimization method. 

Sparse navigation edges can be generated by the algorithm based on dynamic 

cone-shaped sweep operations. This study selected the campus of Beijing Forestry 

University as experiment area. The experiment results indicated that the generated 

improved navigation graph can largely reduce the data size of pedestrian network and 

provide pedestrians with accurate route guidance in the process of wayfinding. In 

conclusion, this approach can effectively solve the network modelling problem in the 

pedestrian navigation applications. 

In addition, this article only simulated for the campus of Beijing Forestry University, 

and considered the shortest route length as pedestrians’ wayfinding strategy. In the future, 

we will improve this approach to make it is effective for the space with larger size and 

consider other wayfinding factors of pedestrians, such as travel time, physical 

consumption and cognitive habits. 
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