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The explosion of number of papers in wireless sensor networks in the past few years make it a challenging task to identify what are old and new ideas and techniques in the field.  We divide the references into several roughly different categories. Of course, some papers could be in more than one category. The classification is based on what we perceive as the main novel idea of the paper.

1. Error modeling for different ranging technologies: 

· Seidel, A. and Rappaport, T. 1992. “914MHz path loss prediction models for indoor wireless communications in multi-floored buildings” in IEEE Transactions on Antennas and Propagation, vol. 40, no. 2.

· This text provides a good empirically grounded formulation for models of antenna path loss. The models are based on least square regressions of measured data.

· Bahl, P. and Padmanabhan, V. 2000. “RADAR: an in-building RF-based user location and tracking system” in IEEE Infocom.

· Updated RF propagation model from Seidel and Rappaport

· Hightower, J. and Borriello, G. 2001. “Real-time error in location modeling for ubiquitous computing” in Location Modeling for Ubiquitous Computing - Ubicomp 2001 Workshop Proceedings.
· 3 types of real-time error: signal propagation, time variation, and dilution of precision (DOP)
· DOP is basically a variation term.

· Santi, P., Blough, D., and Vainstein, F. 2001. “A probabilistic analysis for the range assignment problem in ad-hoc networks” Proceeding of the ACM International Conference on Mobile Computing and Networking.

· Analysis to determine communication range, r, to generate a connected network of randomly placed nodes w.h.p.

· Girod, L. and Estrin, D. 2001. “Robust range estimation using acoustic and multi-modal sensing” in Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems.

· Acoustic ranging system – needs line of sight.

· Describe the parameters that need to be calibrated.

· Misra, P., Burke, B., and Pratt, M. 1999. “GPS performance in navigation” in Proceedings of the IEEE.

· Nice statistical treatment of error in GPS measurements.

· Formulas not useful for us (?), but derivation might be.

2. Localization Algorithms and Systems

· Savarese, C., Rabaey, J., and Beutel, J. 2001. “Locationing in distributed ad-hoc wireless sensor networks” in Proceedings of the International Conference on Acoustics, Speech and Signal Processing (ICASSP).

· This paper provides a brief summary of a distributed algorithm for localization explicitly handles large errors in RSSI measurements used for positioning. 

· Their algorithm (as stated here) propagates errors and will NOT converge if too much error is present (no quantitative bounds given for “too much”).

· Their algorithm assumes that it will run for a long time, using multiple measurements to combat high variance.

· 2 step algorithm: Hop-TERRAIN for rough initial estimates, “Refinement” for convergence. 

· Savarese, C., Rabaey, J., and Langendoen, K. 2002. “Robust positioning algorithms for distributed ad-hoc wireless sensor networks” in USENIX Technical Annual Conference, Monterey, CA.

· Extended description of same distributed algorithm introduced above.

· Overcome “most” of the convergence issues by weighting data that originates from node k by node k’s confidence in its own position estimate. DOES NOT ALWAYS CONVERGE, EVEN NOW!

· Doherty, L., Pister, K., and El Ghaoui, L. 2001. “Convex position estimation in wireless sensor networks” in Proceedings of IEEE Infocom.

· SDP convex optimization problem based entirely on connectivity.

· Assumes if connected, then distance less then R.

· No objective function necessary, but can put objective functions to get bounding boxes on possible locations. 

· Formulated angles (sectors – infinite radius, fixed angle) based convex optimization problem as well.

· This is a global (not distributed) algorithm.

· Ward, A., Jones, A., and Hopper, A. 1997. “A new location technique for the active office” in IEEE Personnel Communications.

· Presents a novel sensor system, based on directional ultrasound.

· Position found by intersecting spheres.

· Priyantha, N., Chakraborty, A., and Balakrishnan, H. 2000. “The cricket location-support system” in ACM International Conference on Mobile Computing and Networking, Boston, MA.

· Uses beacons and listeners using ultrasound, RF correlations.

· Beacons randomly flood environment.

· Savvides, A., Han, C. and Srivastava, M. 2001. “Dynamic Fine Grained Localization in Ad-hoc Sensor Networks”, in Proceedings of Mobicom 2001.

·  Describes AHLoS system; 2-phase algorithm: ranging and position estimation.

· Ranging technology include both RF signal strength and time of flight by RF and ultrasound; 

· Position estimation using Maximum-likelihood principle, i.e., minimizing mean square error

· Requires small number of beacons, as the information of node positions propagates using iterative multilateration.

· Savvides, Ạ. and Srivastava, M. 2002. “Distributed Fine-Grained Node Localization in Ad-hoc Networks.  Submitted to IEEE Transactions of Mobile Computing.

· Continues on the above work with collaborative multilateration.

· Uses Kalman filtering technique for solving the optimization problem.

· The algorithm is distributed.

· Howard, A., Mataric, M., and Sukhatme, G. 2001. “Relaxation on a mesh: a formalism for generalized localization” in Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems, Wailea, HI.

· Mass-spring relaxation formulation of localization problem.

· Spring constant is inverse variance.

· Energy of spring is squared difference between global point expressed in one local coordinate system vs. the other local coordinate system.

· Overall goal is to achieve a global coordinate system.

· Does note address ad-hoc wireless networks directly! (in fact, this algorithm idea is global and computationally expensive)

· Whitehouse, C. 2002. “The design of Calamari: an Ad-hoc Localization System for Sensor Networks”.  Master thesis, EECS UC Berkeley.

· Brief survey of the literature

· Describes the Calamari system that is similar in spirit to AHLoS with less hardware and power cost, but also less accuracy.

3. Other issues in localization systems

· Bandyopadhyay, S. et al. 2001. “An adaptive MAC and directional routing protocol for ad-hoc wireless network using ESPAR antenna” in the ACM Symposium on Mobile Ad-hoc Networking and Computing.

· Beam-forming directional antennas

· Short, J., Bagrodia, R., and Kleinrock, L. 1995. “Mobile wireless network system simulation” in Proceeding of the ACM International Conference on Mobile Computing and Networking.

· Architecture of the simulation program!

· Leonhardt, U. and Magee, J. 1998. “Multi-sensor location tracking” in Proceeding of the ACM International Conference on Mobile Computing and Networking.

· Describes data management architecture for multi-sensor location information.

4. Survey papers

· Hightower, J. and Borriello, G. 2001. “Location systems for ubiquitous computing” in IEEE Computer.

· Survey and taxonomy of locations systems (commercial and research) for mobile-computing applications.

· Bulusu, N., Heidemann, J., and Estrin, D. 2000. “GPS-less low cost outdoor localization for very small devices” technical report 00-729, University of Souther California, CS Department.

· Brief survey of localization techniques and issues.

· Localization algorithm based completely on connectivity – no distance measurements! – to anchor nodes.

5. Robotics Approaches  (Some of the localization techniques in robotics might be relevant to our purpose)

· Lu, F. and Milios, E. 1997. “Globally Consistent Range Scan Alighent for Environment Mapping”. 

· Introduces the Maximum-likelihood principle for position and pose estimation that is very dominant in robotics

· Howard, A., Mataric, M. and Sukhatme, G.”Localization for Mobile Robot Teams Using Maximum Likelihood Estimation”.

· Applies the maximum likelihood principle (inspired by Lu and Milios’ paper) for localizing the members of a mobile robot team

· Robots act as landmarks.

· Ladd, A. et al. 2001. “Robotics-based location sensing using wireless ethernet” Proceeding of the ACM International Conference on Mobile Computing and Networking.

· Statistical learning techniques applied to 802.11b signal strength to estimate position.

· Achieve 1 meter accuracy with off-the-shelf components.

· Fox, D. et al. 2000. “A probabilistic approach to collaborative multi-robot localization” in Special Issue of Autonomous Robots on Heterogeneous Multi-Robot Systems, 8(3).

· Currently a state-of-the-art practical multi-robot localization technique

· Work with multiple moving robots – not really applicable to our work.

· Do some type of particle filtering on Markov update equations, very computationally expensive.

· Robots are assumed independent given measurements (not really true).

6. Simulation
· Short, J., Bagrodia, R., and Kleinrock, L. 1995. “Mobile Wireless Network System Simulation” in ACM Wireless Networks, 1(4).

· Good approach to building a simulation environment.

· Targeted toward much more sophisticated nodes than motes.

