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Abstract: In this study, we aim to enhance the navigation method for autonomous systems, including
various types of robots and UAVs. Previous work has made progress in enhancing the autonomous flight
capabilities of UAVs through both simulation and real-world tests, yet it lacked detailed insights into
the aspect of global route planning. To address this gap, we propose a novel method to automatically
generate routes for autonomous robots using BIM and 3D city models. Specifically, we create a program
that utilizes geometry and attribute information extracted from BIM and 3D City Model to compute the
optimal route rapidly. The program automatically generates routes that optimize the efficiency of
various autonomous robots by considering the conditions on the routes.
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1. INTRODUCTION

In recent years, the declining labor force in Japan's construction industry has become a serious
problem. The Japanese government has been planning to address these issues by enhancing construction
industry productivity, with a goal to improve productivity at construction sites by 20% by FY2025!!,
Toward this goal, MLIT (the Ministry of Land, Infrastructure, Transport, and Tourism) has been
promoting "i-Construction," which promotes the use of ICT (Information and Communication
Technology) and other technologies at construction sites since FY2016, to increase productivity beyond
the decrease in the workforcel?!. As a means of achieving this, the use of autonomous robots and UAVs
has been attracting attention. Although poised to automate simple tasks, the necessity for manual
creation of indoor maps and route setting has limited these vehicles' labor-saving potential. Our previous
research demonstrated that the use of BIM (Building Information Modeling) and reinforcement learning
algorithms for local route planning can improve the indoor autonomous flight capability of UAVsE!,
However, detailed insights into global route planning were lacking. In this study, we propose a method
to automatically generate optimized routes for various autonomous systems, including UAVs and
robots. This method utilizes 3D geometry, attribute information, and spatial relationships from BIM and
3D city models to save labor in construction site supervision and maintenance.

2. RELATED WORK

Traditionally , in indoor route planning for robots, classical searching algorithms such as A* are used
to find the shortest route connecting two points on a 2D map. Recently, however, the use of BIM for
indoor route planning has gained attention, with methods for creating maps from BIM classified into a
grid-based map, a network-based map, and their composites.

2.1. Grid-based Map

Chen et al. proposed a method to discretize a 3D geometry of BIM model into a cellular map, setting attribute
information to each cell®. Although this method can accurately represent geometry by using small cells, it is
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difficult to use in large-scale environments with multiple buildings because the computation cost of route planning
increases exponentially as the number of cells in the map increases.

2.2. Network-based Map

Karimi et al. proposed a method to extract BIM semantics from IFC data and transform it into a network-based
mapl’l. This method creates a graph with rooms as nodes and doors as edges, searching for the optimal path
between two points by considering not only the distance but also the state of each room. This method requires far
less data size than a grid-based map and lower computation cost.

Takahashi et al. utilized semantic web technology to propose a method that combines BIM and 3D city models
for route planning®!. This method entails sequential extraction of equivalent instances from BIM and 3D city
models for each route planning, which results in relatively high computation costs during route planning. This
could pose a challenge for real-time robot navigation applications.

2.3. Grid-Network-based Map

Zhou et al. proposed a map that combines the advantages of the above two methods!”. In this method,
a grid-based map and a network-based map are created from BIM. When the start and destination points
are not on the network-based map, the routing algorithm finds the nearest network node on the grid map
using the A* algorithm, then quickly finds the shortest path with Dijkstra algorithm.

2.4. Our Approach

In this study, we extend the methods discussed in Section 2.2 and Section 2.3 to achieve large-scale
map creation using BIM and 3D city models, and to expedite route calculations by leveraging the
advantages of network-based mapping. This enables robot movement between buildings and more
extensive path planning. In addition, using a directed multigraph' instead of an undirected simple graph
enables optimal path selection under various conditions, not just a single shortest path.

3. METHODOLOGY FOR MAP CREATION

This chapter outlines our approach for creating network-based maps and grid-based maps from BIM
and 3D city models. Our case study focuses on the first and second floors of Building A, Building B,
and Building C at SIT (the Shibaura Institute of Technology) Toyosu Campus. Fig. 1 shows an overview
of the map creation process. We have developed an add-in tool for the BIM software Revit to facilitate
map creation.
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Figure 1. Overview of The Map Creation Process
3.1. Map Creation from 3D City Model

Initially, we generate a network-based map based on a 3D city model provided by the PLATEAU
service of MLIT. This network-based map is a directed multigraph with nodes as doors and edges as
connections between nodes. The PLATEAU model has four levels of LOD (Level of Detail), with LOD3
and LOD4 include information of openings such as doors. Regrettably, only the LOD2 model, which
lacks door information, is available for the area encompassing the SIT Toyosu Campus. Therefore, we
manually set door information into the LOD2 model. This process involves the following steps.

i A graph is defined as the pair (N, E), where N is a set of nodes and E is a set of edges. In terms of edge composition, if
edge eij from node ni to node n; is considered distinct from edge eji from node n;j to node ni, the graph is classified as a
directed graph. If not, it is classified as an undirected graph. Furthermore, a graph where there is at most one edge from any
node to another is called a simple graph, while any other graph is referred to as a multigraph.
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(1) First, import the LOD2 model into Revit (Fig. 2). Following the PLATEAU guidelines, set the
door locations and their respective UniquelD in Revit. These UniquelDs are unique identifiers
assigned to each door within the Revit model and are used to integrate the network-based map.

(2) Next, use the PathOfTravel' function to find the shortest path between doors that avoids green
spaces, then add it to the map. Also, search the shortest path that ignores green spaces, and if a

shorter path is found, add it to the map with an "Undrivable" flag.

(3) Lastly, since actual movement paths are not suitable for route calculation, convert them into

Edges that connect vertices. Export the converted map as a JSON file (Fig. 3).

Figure 2. 3D City Model and Photo of the SIT Toyosu Campus

"Edges": [ // An array of edges in the graph

"Start": {// The start node of the edge
"Id": "cbc03751-bd4f-4a88-a5e6-14f4b0504baf-00172dbe", // UniquelD of the node
"XYZ": [73.43277225027273, 11.855463981953339, 2.788713910761153], / 3D coordinates
"IsOpen": false, // Indicates if the node corresponds to a door that is always open
"IsDestination": true, // Indicates if the end node is a destination
"DoorProps": null // Properties of the door, if any
b
"End": { // The end node of the edge
"Id": "cbc03751-bd4f-4a88-a5e6-14f4b0504baf-00172¢66", // UniquelD of the node
"XYZ": [76.98920269646698, 2.9442738326889675, 2.788713910761153], / 3D coordinates
"IsOpen": true, // Indicates if the node corresponds to a door that is always open
"IsDestination": false, // Indicates if the end node is a destination
"DoorProps": {"Assetldentifier": null, "BarCode": null, ...} / Properties of the door, if any

}

i\/lidPoints": [ // An array of midpoints along the edge
[74.57855987548828, 10.770756721496582, 2.788713910761153], // 3D coordinates
1
"PathLenght": 17.5756526813751, // The length of the edge
"IsUndrivable": false, // Indicates if the edge is undrivable
"|sStair": false, // Indicates if the edge is created from stairs
"IsEscalator": false, / Indicates if the path is created from an escalator
"RoomProps": {"Assetldentifier": null, "BarCode": null, ...} / Properties of the room, if any
} oo
]

Grids": [ // An array of grid-based map metadata

"Doorlds": { // An array of doors in the grid
"cbc03751-bd4f-4a88-a5e6-14f4b0504baf-44332cca": [12, 5] // UniquelD of the door
}

-
]
}

oomProps": {"Assetldentifier": null, "BarCode": null, ...} / Properties of the room, if any

Figure 3. Example of JSON data of a Network-based Map

ii PathOfTravel is a Revit API function to create a shortest path between two points. The plan view is considered as a grid of
20 cm in length and width, and the A* algorithm is used to search for the shortest path from the start point to the end point.
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3.2. Map Creation from BIM

This section outlines the methodology for generating Network-based and Grid-based maps from the
BIM models of Buildings A, B, and C (Fig. 4). The process involves several key steps:

(D

(@)

3)

“

First, for each floor of the building, create door-to-door paths. In this process, exclude doors that
are not necessary for map creation (e.g., bathroom door). Additionally, mark doors that can be
autonomously navigated by robots—Ilike automatic sliding doors and doors that are always open—
with an "Open" flag. Automatic doors are distinguished based on the presence of the Uniclass
“Pr_75 30 23 05 Automatic sliding door operators” parameter.

Next, create paths connecting the floors, then add them to the map. These inter-floor paths typically
involve stairs, ramps, escalators, and elevators. In this step, use the Revit API to create stairs paths,
ramp paths, and escalator paths using the method shown in Table 1. Elevators are not included in
this study.

Then, convert these paths to edges, setting the path length and attributes of rooms or stairs, ramps,
and escalators to the edges. Additionally, set each door's attributes and UniquelD to the nodes.
Then export the transformed map as a JSON file.

Lastly, create grid-based maps representing geometry of each room in a 2D grid, and then export
these grid-based maps as PNG images. This map allows for the calculation of a path from the
destination to the nearest node without using PathOfTravel, enabling robots to route finging
independently of Revit.

The steps of creating a network-based map and grid-based maps for Building A are shown in Fig. 5.
Following the same methodology, maps for Buildings B and C are also created. This approach ensures
the generation of detailed and accurate maps for Buildings A, B, and C and facilitates efficient route

planning.
Table 1. Stairs paths, Ramp paths, and Escalator Paths Creation Method
Stairs instances have “StairsRun” elements - PToC::t
and “StairsLanding” eclements, and the
centerline and height of these elements can be
obtained using the Revit API. Using these
centerlines and heights, the path of the stairs
Stairs is created. Paths are also created between the
Path top point and bottom point of the staircase and Lo .
the door in the same room.
N P
R Ramp instances have a “LocationCurve” element from which the path of the ramp can
If:‘r:;lp be created. Also, as with stairs, a path is created between the top point and bottom point

and the door.

Escalator position is defined by top point and

Unlike stairs and ramps, there are no
escalator components in Revit, but are
created freely by the user. In the
escalator family used in this study, the

Path bottom point, so the line segment
connecting these two points is used as
the escalator’s path. Also, as with
stairs, a path is created between the top
point and bottom point and the door.
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Figure 5. Network-based Map and Grid-based Map Creation (Building A)

3.3. Map Integration

By utilizing the UniquelD as a key, we link the nodes of the network-based maps from Sections 3.1
and 3.2, thereby integrating these maps into a unified network-based map. This map forms a directed
multigraph, with nodes representing doors and edges delineating connections between these nodes.

3.4. Destination Setting

We set destinations D1, D2, D3, and D4 as shown in Fig. 6, and create paths connecting doors within
the same room using the grid-based map from Section 3.2. Like the door-to-door paths, these paths are
converted to edges and added to the network-based map.

Figure 6. Integrated network-based map and Destinations
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4. ROUTE PLANNING

In this chapter, we assume the movement of Wheeled Robots, Humanoid Robots, and UAVs along
routes, and experiment with the maps created in Chapter 3 to investigate whether optimal routes can be
found for each. Table 2 details the specific conditions under which these robots can pass through the
nodes and edges.

Table 2. Conditions for passable Edge and Node

Wheeled Robot  Humanoid Robot UAV
Manual door X O X
Node Automatic doors / Permanently open doors @) @) O
Stairs / escalators X O O
Edge Ramps @) @) O
Undrivable areas (e.g., where bushes are » o o
planted)

4.1. Shortest Route Between Start and Destination

In the first experiment, with D1 set as the starting point and D2 as the destination, we determine the
shortest route connecting these points. This problem can be solved as SPP (Shortest Path Problem): after
removing edges from the graph that do not satisfy the conditions of Table 2, the shortest route in the
remaining graph is searched using Dijkstra method.

The obtained route is shown in Fig. 7, which shows that the Humanoid Robot and the UAV choose
the route through the stairs, while the Wheeled Robot chooses the longer route through the ramp.

Building B 8 — |

)D‘! RoUte fo,-

Ramp

Stairs
] \LLBuilding A
D1

Figure 7. Shortest Route Between D1 and D2

4.2. Shortest Circuit through Multiple Destinations

In the next experiment, with D1 set as the starting point and D2, D3, and D4 as the destination, we
identify the shortest travel route connecting these destinations. This problem can be solved as TSP
(Traveling Salesman Problem)'ii: after removing edges from the graph that do not satisfy the conditions
of Table 2, the shortest travel route in the remaining graph is found for using an annealing method.

The obtained route is shown in Fig. 8, which shows that the UAV can move in both directions because
it flies over the escalator, but the Humanoid Robot chooses a longer route because it is restricted to
move only one direction on the escalator. Note that circuit for the Wheeled Robot cannot be found,
because it must use the stairs or escalator to access D3 and D4.

i TSP and MTSP are optimization problems focusing on finding the most efficient routes for visiting cities. TSP addresses
the challenge for one salesman to visit all cities and return to the start, while MTSP involves multiple salesmen, aiming to
minimize total travel distance and coordinate multiple routes efficiently. As cities increases, both problems see a significant
rise in the difficulty of obtaining exact solutions, generally necessitating the use of approximation algorithms.
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Figure 8. Shortest circuit through D1, D2, D3, and D4

4.3. Route Sharing and Optimization with Multiple UAVs

In the final experiment, employing two UAVs under conditions analogous to those in Section 4.2,
with the goal of sharing the destination points and reducing the average flight distance. This problem
can be regarded as MTPS (Multiple Traveling Salesmen Problem). We utilize ACO (Ant Colony
Optimization) to find the circuits for UAV-1 and UAV-2(8,

The obtained routes are shown in Fig. 9, where UAV-1 visits D4, UAV-2 visits D2 and D3, and
returns to D1, showing that the flight distance is reduced compared to Section 4.2.
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Figure 9. Shortest circuit through D1, D2, D3, and D4 with two UAVs
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In this chapter, we use the method we propose to verify the feasibility of route planing for different
types of robots. The results show that it is possible to efficiently search for the optimal route under
certain conditions.

5. CONCLUSIONS

Aiming to promote the use of ICT and improve productivity at construction sites, this study proposes
a method to automatically generate robot routes by utilizing geometry and attribute information of BIM
and 3D city models. Using a network-based map with low computational cost, we show that the method
can rapidly search not only a route between two points, but also a circuit of multiple points and a route
assuming multiple robots. The rapid computational ability suggests that in the event of unforeseen
obstacles during robot navigation, alternative routes can be quickly recalculated. In addition to route
search, we believe that this method can also be used to investigate the range of possible robot movements
from an arbitrary point.

The following points are left as future problems. Firstly, a method to incorporate elevators into the route
planning process needs to be explored. Firstly, Elevators are an essential element for movement in multi-
story buildings, and incorporating their use into route planning is expected to make route generation
even more practical. Next, enriching the graph with information collected by robots during navigation
could further refine the optimization of routes. For example, robots could assess and append the
congestion level of rooms they traverse, allowing others sharing the graph to select less crowded routes.
Lastly, exploring Semantic Web technologies could offer a more rational and efficient method for map
integration, beyond the current use of door UniquelD. Such technological advances are expected to
further improve the accuracy and computational speed of route planning in complex environments.
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