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Surprising 87% 

ÅCalifornians spent on average 87% of their time indoors 

Â California Air Resources Board survey, 1987-1988 

ÅUSA residents spent on average 87% of their time indoors 

Â National Human Activity Pattern Survey 1992-1994 

ÅSurveys conducted in other countries/regions disclosed 

the similar percent. 

ÅTypical indoor spaces 

Â Shopping malls, office buildings,  

airports, metro/railway stations,  

exhibition venues, conference venuesé 
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Indoor Moving 

Objects (IMO) 
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Complex Indoor Space Examples 

ÅBeijing Capital Airport 

Â ~246,400 passengers daily in 2015 

ÅNew Town Plaza, Hong Kong 

Â 200,000 m2, 34 interconnected buildings 

Â Weekend traffic 320,000 people (2004) 

 

ÅThe New University Hospital in Aarhus, Denmark 

Â The largest hospital project in the history of Denmark and as of 

2011 the biggest building project in Northern Europe. 

Â It needs to track 164,000 objects (persons, equipment, materials, 

etc.) 

ÅCopenhagen Airport 

Â 2.3 million passengers in March 2016 
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How to manage 

the spaces and 

objects? 
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Indoor Positioning 

ÅAssisted-GPS 

ÅCellular system 

ÅShort-range wireless 

Â Wi-Fi 

Â Bluetooth, e.g., iBeacon 

Â Infrared, RFID, NFC 

ÅThe Earth's magnetic field 

Â E.g., IndoorAtlas, Finland 

ÅSpecial sensors and  

instruments 

Â Sextant, gyroscope 

 

Indoor Mobility Data  

Å Many people and other 

indoor moving objects 

Å Smart hardware 

Å Appropriate positioning 
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Indoor Trajectory 

Mining 



Indoor Venues: Next Frontier for LBS 

ÅMake the physical world searchable down to the object 

level. 

ÅProvide a new platform for in-store shopper engagement 

and experiences. 

ÅDigitize the call for help.  

ÅMake smart devices responsive to their environment. 

ÅEnable universal tracking and monitoring of people and 

physical assets.  

Å Improve wayfinding to your actual destination. 

 

Å From http://www.forbes.com/sites/forrester/2013/01/23/indoor-venues-are-the-

next-frontier-for-location-based-services/ 
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Å Indoor spaces are characterized by many unique entities 

like rooms, walls, doors, hallways, elevators, lifts, etc. 

ÅSuch entities enable as well as disable indoor movements. 

ÅConsequently, indoor spaces cannot be modelled as 

Euclidean spaces or spatial (road) networks. 

Â Euclidean distance metric may  

fall short in an indoor setting. 

ÁAlso, geometric movement  

representations are not suitable  

for describing indoor moving  

objects and their trajectories. 

 

Technical Challenges: Space 
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Å Indoor positioning technologies differ from GPS 

Â Fingerprinting, proximity analysis, and hybrid 

Â E.g., in proximity analysis, RFID readers are deployed to detect  

moving objects with RFID tags. 

Á Such technologies are unable to report velocities or accurate  

locations continuously. 

Á They cover only part of rather than the whole space. 

Â E.g., in fingerprinting, radio maps 

are created in the offline phase  

and used to estimate user location 

in the online phase. 

Å In general, state-of-the-art 

indoor positioning technologies 

offers considerably lower  

accuracy than outdoor GPS. 

Technical Challenges: Positioning 

1 

2 
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Å Indoor space 

Â Entities: rooms, walls, doors, hallways, staircases, elevators, etc. 

Â Complex topology 

Å Indoor POIs (point-of-interest) 

Â Semantics associated to POIs 

Å Indoor moving objects 

Â Low accuracy, uncertain 

indoor positioning data 

Â Symbolic trajectories 

Technical Challenges: Data 
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Efficient and effective management of 

heterogeneous, raw data for indoor 

applications 
ÅIndoor LBS (Location-based services) 

ÅSecurity control 

ÅIndoor space use analysis 

Åé 
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Data Modeling for Indoor Space 

ÅCityGML [10] 

Å IndoorGML [41] 

Â Node-Relation Structure (NRS) [29] 

ÅDistance-aware model [34] 
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CityGML 

ÅCityGML models 3D cities 

ÅModels relevant parts of the virtual city according to their 

semantics, geometry, topology and appearance 

ÅMulti-scale Modeling (LOD ï level of detail) 
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<Source: CityGML> 



CityGML 

ÅLOD 4 models indoor features 

ÅProvides explicit relations between semantic objects and 

their geometrical representations 
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<Source: CityGML> 



CityGML 

ÅPros: excellent visualization and geometric analysis 

ÅCons: not suitable for indoor location-base services, e.g., 

Â Navigation (how to go to the washroom) 
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<Source: CityGML> 



IndoorGML 
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CityGML 

IndoorGML 



Node Relation Structure (NRS) 

Â Conversion from original (primal space) to dual space using 

Poincare Duality, e.g., 

Á Room Ą node 

Á Door Ą relation between two nodes 
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Dual Space 
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Edge 



Example 1 
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Example 2 
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Room 421 

Washroom 



Limitations 

ÅPoor support for visualization, geometry analysis 
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n 
room 

gml::id=

001 

` 
Option 2: Geometry 

in IndoorGML 

CityGML data 

IndoorGML data 

GM_Solid (or GM_Surface) 

Option 1:  

External Reference 

to room in CityGML 

Two options to represent geometry of each cell 



Limitations 

ÅPoor support for visualization, geometry analysis 

ÅLimited support for indoor distances  
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Washroom 

Assigning edge 

weights does 

not help 

Rooms may 

have obstacles 

(e.g., furnitures) 



Distance-Aware Model 

ÅAccessibility Base Graph 

Â Similar to Node-Relation Structure except that edges are 

directional 
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Distance-Aware Model 

ÅStore distances between doors connected to the same 

partitions (e.g., d12 and d15 ) 

ÅGiven a partition vk  and its doors di and dj  

Â fd2d(vk , di, dj) = |di, dj|vk
 

Â fd2d(vk , di, dj) = ¤ if di only allows exit 

ÅExamples 

Â fd2d(v12, d15, d12) = 2.2 meters 

Â fd2d(v12, d12, d15) = ¤ 

Â fd2d(v20, d2, d22) = 5.2 meters 

Â fd2d(v20, d22, d2) = 5.2 meters 
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Distance considers 

obstacles in partitions 



Distance-Aware Model 

ÅDoor-to-Door Graph 

 

 

 

 

 

 

ÅDoor-to-Door Distance Matrix 
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Preprocessing Indoor Positioning Data 

ÅCleansing raw RFID data  

Â False Positives [6] 

Â False Negatives [5] 

ÅRaw RFID data to probabilistic trajectory [11, 12] 
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Cleansing Raw RFID Data 

ÅRFID sensors 

Â An RFID reader detects an RFID tag, when the tag (the object with 

the tag) enters the readerôs detection range. 

Â Deployment locations of RFID readers are recorded in advance. 

ÅRaw reading format 

Â (objectID, readerID, t) 

ÅSuch raw data contains 

two types of errors 

Â False positive 

Á Cross readings 

Â False negative 

ÁMissing readings 
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