
A Framework for Efficient 
Cooperative Localization with Non-

Gaussian Ranging Error Distributions 

Shenghong Li1, Mark Hedley1, and Iain B. Collings2 

 

IGNSS 14-16 July, 2015 

1The Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia 
2Macquarie University, Australia 



ÁIntroduction 

¶Cooperative localization 

¶Distribution belief propagation 

¶Challenges 

ÁProposed Approach 

¶Belief representation 

¶Message computation 

ÁStatistical ranging error models for indoor environments 

ÁExperimental results 

ÁConclusion 

Outline 



ÁLocating nodes with low connectivity 

ïLess anchor nodes 

ïRapid deployment 

ÁImproving accuracy 

 

Cooperative localization – Benefits 



Cooperative localization based on distributed Belief 
Propagation (BP) 
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Cooperative localization based on distributed Belief 
Propagation (BP) 
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Belief: Estimated position distribution 

Message: LƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ŀ ƴƻŘŜΩǎ Ǉƻǎƛǘƛƻƴ 
based on 
мΦ ƴŜƛƎƘōƻǳǊΩǎ ǇƻǎǎƛōƭŜ Ǉƻǎƛǘƛƻƴ 
2. measured range 



Message Examples 

Message from anchor located at (0,0) 

Distribution of ƧΩǎ position (belief) probability of node-ƛΩǎ position (message) 



BP-based Cooperative localization - Challenges 
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Communication overhead 

Computationally complicated 

    More sophisticated and complex formulation available in literature, but this one is sufficient. 



 

ÁParticle approximation of beliefs with M weighted samples 

¶Communication complexity: O(M) 

¶Computational complexity: O(N*M) 

¶Challenging in mobile devices powered by battery 

 

ÁAnalytical approximation 

¶Easy to transmit beliefs  -  low communication cost 

¶Analytical computation of messages ς low computational cost 

BP-based Cooperative localization – Challenges cont. 



ÁGaussian mixture model (GMM) for beliefs [1,2] 

¶Reduces communication overhead 

ÁGMM for messages [3] 

¶Reduces computational complexity 

ÁTrace of covariance matrix for node position uncertainty [4] 

ÁParametric Belief Propagation 

¶Beliefs approximated by parametric functions (typically Gaussian) 

¶Easy transmission of beliefs  -  low communication cost 

¶Analytical computation of messages ς low computational cost 

ÁExisting work based on Gaussian ranging error model ς unsuitable for indoor 
applications. 

Existing Options 

[1] V. Savic and S. ZazoΣ άwŜŘǳŎƛƴƎ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ƻǾŜǊƘŜŀŘ ŦƻǊ ŎƻƻǇŜǊŀǘƛǾŜ ƭƻŎŀƭƛȊŀǘƛƻƴ ǳǎƛƴƎ ƴƻƴǇŀǊŀƳŜǘǊƛŎ ōŜƭƛŜŦ ǇǊƻǇŀƎŀǘƛƻƴΣέ IEEE Wireless  
      Commun. Lett., vol. 1, no. 4, pp. 308ς311, Aug. 2012. 
[2] F. Meyer, F. HlawatschΣ ŀƴŘ IΦ ²ȅƳŜŜǊǎŎƘΣ ά/ƻƻǇŜǊŀǘƛǾŜ ǎƛƳǳƭǘŀƴŜƻǳǎ ƭƻŎŀƭƛȊŀǘƛƻƴ ŀƴŘ ǘǊŀŎƪƛƴƎ όcoslat) with reduced complexity and  
      ŎƻƳƳǳƴƛŎŀǘƛƻƴΣέ  ƛƴ Acoustics, Speech and Signal Processing (ICASSP), 2013 IEEE International Conference on, May 2013, pp. 4484ς4488. 
[3] A. Ihler, J. Fisher, R. Moses, and A. WillskyΣ άbƻƴǇŀǊŀƳŜǘǊƛŎ ōŜƭƛŜŦ ǇǊƻǇŀƎŀǘƛƻƴ ŦƻǊ ǎŜƭŦ-ƭƻŎŀƭƛȊŀǘƛƻƴ ƻŦ ǎŜƴǎƻǊ ƴŜǘǿƻǊƪǎΣέ IEEE J. Select. Areas  
      Commun., vol. 23, no. 4, pp. 809ς819, Apr. 2005. 
[4] F. Sottile, H. Wymeersch, M. Caceres, and M. SpiritoΣ άIȅōǊƛŘ GNSSTerrestrial ŎƻƻǇŜǊŀǘƛǾŜ ǇƻǎƛǘƛƻƴƛƴƎ ōŀǎŜŘ ƻƴ ǇŀǊǘƛŎƭŜ ŦƛƭǘŜǊΣέ ƛƴ Proc. IEEE 
     D[h.9/ha ΩммΣ Dec. 2011, pp. 1ς5. 



ÁIntroduction 

¶Cooperative localization 

¶Distribution belief propagation 

¶Challenges 

ÁProposed Approach 

¶Belief representation 

¶Message computation 

ÁStatistical ranging error models for indoor environments 

ÁExperimental results 

ÁConclusion 

Outline 



ÁLow communication cost 

ÁLow computational cost 

ÁApplicable to non-Gaussian ranging errors ς indoor applications 

 

 

ÁBelief representation 

¶Locally: particles  {xi,wi}, iҐмΣΧΣb 

¶Inter-nodes: Gaussian approximation                - low communication overhead 

 

 

Proposed Approach – Basic idea 



Message Computation 

Distribution of ƧΩǎ position (belief) probability of node-ƛΩǎ position (message) 

: averaging                             over possible values of  



 

 

 

 

 

 

 

 

 

 

 

 

ÁFor a specific      , approximate the distribution of        (2-D or 3-D) by a 1D 
Gaussian distribution, i.e., marginalize to the line connecting      and      . 

 

Proposed Approach – Message Computation 
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Á                                                                  2-D or 3-D integration reduced to 1-D 

 

ÁEquivalent to computing the convolution of ranging error distribution and a  
univariate Gaussian distribution 

 

ÁEfficient to compute 

 

ÁClosed-form (analytical) ς O(N) complexity with proper ranging error models 

Message Computation cont. 
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ÁTime-of-arrival (TOA) 

Á5.8 GHz ISM band 

Á125 MHz bandwidth 

Á10Hz updating rate 

ÁAd-hoc network for fast deployment 

Á< 0.25m error for outdoor applications 

Átypically < 1 m for indoor applications 

ÁData recording for offline processing, useful for academic study and 
algorithm design 

Experiment Platform - Wireless Ad-hoc System for 
Positioning (WASP) 



Wireless Ad-hoc System for Positioning (WASP) 

Anchor Tag 



Commercial Application - Sports Tracking 
 
 

 

 

 

 



Underground Mining 



Experimental Setup 

More than 8000m2 



ÁPossibility of positive error > negative error  (NLOS) 

ÁLong tail 

 

 

Empirical ranging error distribution in the experimental 
area 



where                                                   denotes the complementary error function 

Proposed statistical ranging error model 1 - Asymmetric 
Gaussian model 



Proposed statistical ranging error model 2 - Asymmetric 
double exponential model 

 



Proposed statistical ranging error model 3 - Shifted 
Rayleigh model 

 



Fitting the recorded ranging error to the proposed 
ranging error models 

 



ÁGaussian belief approximation 

 

 

 

 

 

 

ÁPeer-to-Peer message 

Experimental Results – belief and message approximation 

Ture                                          Approximation 



Experimental Setup 

More than 8000m2 

Anchors             Tags  



Experimental Results – Position error CDF 

Cumulative distribution of positioning errors after 2 iterations (left) and 10 iterations (right) of BP 



Experimental Results – Tracking 
 

Anchors             Tags  



 

Experimental Results – Tracking error CDF 

Cumulative distribution of the deviation of estimated track from corridor centers. 



ÁAn efficient cooperative localization framework based on parametric belief 
propagation, applicable to indoor systems 

 

ÁGaussian distribution approximation for beliefs exchanged between nodes 

 

ÁAnalytical approximation for efficient peer-to-peer message computation 

 

ÁMultiple asymmetrical ranging error models that renders closed-form 
expression for peer-to-peer message computation 

 

ÁLow complexity, high accuracy 

 

ÁExperimental validation 

Conclusion 



Thank you! 


