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Sensor Localization 

What? 
– Technique estimating locations of sensors. 

– It can be used to estimate locations of persons (objects) 

carrying sensors. 

 

Why? 
– Data collected by a sensor is meaningful in conjunction 

with knowledge of sensor locations. 

– Sensor locations are valuable for management  & 

control of sensor networks (for example, routing). 

– Localization is a mathematically interesting subject. 

 
This talk mainly focuses on theoretical aspects of localization. 
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Classification of Localization Methods 

Range-Based Method 
 

 

Range-Free (Connectivity-Based) Method 
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Range-Based Localization 

Range-Based Localization 
– Localization based on the distances to the reference 

points (anchors) 

– Extra hardware for distance measurement is required  

GPS  

satellite 

GPS  

satellite 
GPS  

satellite 
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Connectivity 
– Proximity relationship between sensors. 

– For example, sensors A and B being connected means 

that  A and B are located in close proximity.  

– Capability of direct wireless communication  

 

Range-Free (Connectivity-Based) 

Localization 
– Localization based on connectivity to reference points 

– Less accurate than range-based localization 

– Implementation is easier. 

 

Range-Free Localization 
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Range-Free Localization 

Example: Centroid Algorithm 
– Estimates the location as the centroid of anchors in the 

neighborhood. 

anchors (with known location) 

centroid of anchors 
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Distance-Matrix-Based Localization 

Distance Matrix 
– Contains (measured) pairwise distances between 

sensors. 

– May have missing elements (when some pairwise 

distances cannot be measured). 

– Real distance (range base) or hop count (range free) 

Distance-Matrix (DM) Based Localization 
– Localization based on the DM 

– Requires only a few anchors  

 （Sensors act as anchors for their neighbor sensors to 

each other.) 
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Distance-Matrix-Based Localization 

A 

E 

C 

B 

F 

D 

Cooperative Localization 

Example anchors (known location) 

sensors (unknown location) 
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Distance Matrix 

(Range Based) Distance Matrix 
– Contains measured real pairwise distances 

– No missing element when all pairwise distances 

can be measured. 

A 

B 

C 

D 
E 

F 

G 

A B C D E F G 

A 1.2 1.3 1.5 2.3 2.5 1.4 

B 1.2 1.5 1.4 0.9 2.1 2.6 

C 1.3 1.5 0.9 2.6 2.1 1.7 

D 1.5 1.4 0.9 2.1 0.8 2.5 

E 2.3 0.9 2.6 2.1 1.6 3.3 

F 2.5 2.1 2.1 0.8 1.6 3.1 

G 1.4 2.6 1.7 2.5 3.3 3.1 
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A B C D E F G 

A 1.2 1.3 1.4 

B 1.2 1.4 0.9 

C 1.3 0.9 1.7 

D 1.4 0.9 0.8 

E 0.9 

F 0.8 

G 1.4 1.7 

A 

B 

C 

D 
E 

F 

G 

Known distance 

Distance Matrix 
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(Range Based) Distance Matrix 
– Missing element can be compensated by the 

distance along the shortest path if necessary.  

A 

B 

C 

D 
E 

F 

G 

A B C D E F G 

A 1.2 1.3 2.2 2.1 1.4 

B 1.2 2.3 1.4 0.9 2.2 2.6 

C 1.3 2.3 0.9 3.2 1.7 1.7 

D 2.2 1.4 0.9 2.3 0.8 2.6 

E 2.1 0.9 3.2 2.3 3.1 3.5 

F 3.3 2.2 1.7 0.8 3.1 3.4 

G 1.4 2.6 1.7 2.6 3.5 3.4 

A B C D E F G 

A 1.2 1.3 1.4 

B 1.2 1.4 0.9 

C 1.3 0.9 1.7 

D 1.4 0.9 0.8 

E 0.9 

F 0.8 

G 1.4 1.7 

3.0 

(Shortest Path Approximation)  

1.3 

0.9 

0.8 

3.0 

Distance Matrix 

Elements-compensated DM 
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(Range Free) Distance Matrix 
– Represents connectivity information (Adjacent Matrix).  

– Missing elements can be compensated  

   by hop counts. 

 

 

A B C D E F G 

A 1 1 1 

B 1 1 1 

C 1 1 1 

D 1 1 1 

E 1 

F 1 

G 1 1 

A 

B 

C 

D 
E 

F 

G 

Connectivity 

A B C D E F G 

A 2 2 3 

B 2 1 1 2 2 

C 2 3 2 

D 2 2 2 

E 2 3 2 2 3 

F 3 2 2 2 3 

G 2 2 3 3 

Distance Matrix 
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DM-Based Localization 

DM-based localization can be formulated as 

non-linear optimization problem 

 

MDS (Multi-Dimensional Scaling) 
– Originally developed for mathematical psychology 

– Seeks a configuration of sensors in a two (or three) 

dimensional space that best preserves pairwise distances. 

– Best preserving pairwise distances  

                        = Minimizing a “Stress function” 
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Stress Function 

Stress Function 
– Sum of squared difference between estimated and 

measured inter-sensor distances. 

 

 

 

 

 

 

Stress Function 

Summation is taken for sensor pairs 

whose inter-distance can be measured. 

Estimated sensor locations 

Measured inter-sensor distance 

Estimated inter-sensor distance 



17 

Stress Function 

Stress function is not convex in general. 
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Multi-Dimensional Scaling 

Metric MDS 
– First, assumes some initial location estimates. 

– Then, from the initial estimates, decreases stress 

function step by step using stress majorization 

without elements compensation. 
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Multi-Dimensional Scaling 

Classical MDS 
– It does not have local minimum problem (it always 

yields the unique solution). 

– It needs element compensation by shortest-path 

approximation, which causes estimation error. 

 

Metric MDS 
– Susceptible to local minimum. 

– Elements compensation is not necessary. 

Combination of Classical MDS and Metric MDS 

(Two step localization). 
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Two Step Localization 
1. Compensate missing elements of DM by shortest path 

approximation. 

 

2. Perform localization (by Classical MDS) based on 

element-compensated DM. 

 

 

3. Make the refinement of the sensor configuration (by 

Metric MDS) based on the original DM.  

Avoiding Local Minimum 

Rough Location Estimates (1st step) 

Refined Location Estimates (2nd step) 
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Localization Procedure 

Compensation of 

missing elements 

Localization by Classical 

MDS using element-

compensated DM 

Refinement by Metric 

MDS using original DM 

Original DM 

Element-

compensated DM 

Rough Location Estimates 

Refined Location Estimates 

Two Step Localization 
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Shift, Rotation, and Scaling 

Remark 
– Range-free localization does not yield the absolute 

location map, but relative location map. 

– It should be transformed into absolute location map 

by shift, rotation, and scaling.  

 

 

B. Horn, H. Hilden, and S. Negahdaripour, “Closed-from solution of 

absolute orientation using orthonormal matrices,” Journal of the Optical 

Society of America, vol. 5, no. 7, pp. 1127–1135, 1988. 

 For the transformation from relative location map to 

absolute location map, please see 
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Shift 

Rotation 

Scaling 

Relative Location Map 

Shift, Rotation, and Scaling 

Absolute Location Map 

Coordinate System 
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Numerical Example 

Condition 
– 40 sensors are randomly deployed in a square region 

(100 m x 100 m). 

– 4 anchors are placed in corners. 

 

 

 

 

 

– Distance between two sensors cannot be measured if 

it is greater than 40 m. 

anchor 
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Two-step localization 

 

Numerical Example 

First step (Classical MDS) Two-step Localization 

Error in Classical MDS comes from shortest path approximation. 

Ave Estimation Error = 2.03m  Ave Estimation Error = 0m  

Real location 
Estimated location 
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Range-Free v.s. Range-Based 

 

Numerical Example 

0

20
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0 20 40 60 80 100

Range-Free Range-Based 

Range-Free is less accurate, but it still yields good estimates. 

Ave Estimation Error = 6.47m  Ave Estimation Error = 0m  

Real location 
Estimated location 
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Numerical Example 

Distance Measurement Error 

If pairwise distance is estimated based on the strength 

of radio signal (RSS) emitted by each sensor, it should 

have measurement errors (due to the existence of 

obstacles) 
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Ave. dis. mea. error = 7.97m Ave. dis. mea. error = 4.40m 

Distance Measurement Error 

Numerical Example 

Ave Estimation Error = 7.14m  Ave Estimation Error = 4.56m  

Localization is resilient to distance measurement errors. 

Real location 
Estimated location 
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Target Detection Sensor 
– Detects a target when the target is in its sensing area. 

– Example: infrared sensor, which emits infrared (IR) rays 

and detects the amount of IR light that returns. 

– When detecting a target, it is assumed to send a 

signal to the server.    

 

Target Detection Sensor  

sensing 

area 

target 

server 
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Localization via Responses to Targets 
– Localize sensors based only on the responses to target 

 

 

 

 

– Location of a target is not known. 

 

 

 

 Idea 
– Responses of sensors to a target tells us the spatial 

relationship between sensors. 

– For example, two sensors should be located in close 

proximity when they detect a target at the same time.  

 

Localization via Responses to Targets  

Time Sensor ID 

July 6, 10.20.15 2, 10, 110 

July 6, 10.20.20 9, 38, 87 

July 6, 10.20.25 19, 72, 101 

July 6, 10.20.30 37, 73 
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Localization via Responses to Targets  

Localization Procedure 
– Assume that two sensors are connected when they 

detect a target at the same time. 

 

– From responses of sensors to targets, get connectivity 

information between sensors using the above 

assumption. 

 

– Apply range-free (connectivity-based) localization 

technique. 
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Localization via Responses to Targets  

A 

B 
C 

D 

E 

F 

Example 
 

 

We get connectivity information! 
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Numerical Example 

Simulation Condition 1 
– Sensors are randomly deployed in a field (20m x 20m) 

with density of 0.5 [1/m2]. 

– 4 anchors with known locations placed in corners. 

– Each sensor has a disk- or fan-shaped sensing area. 

p/10 

sensor 

4m 

sensor 

4m 

disk shaped fan shaped 
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Numerical Example 

Simulation Condition 1 (cont.) 
– Disk shaped object moves on the field along the 

trajectory shown below. 

2 m 

20 m 

4 m 4 m 

1m 
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Ave Estimation Error = 0.71m  

Results (disk-shaped sensing area) 
 

 

 

 

Numerical Example 

20 m 

Real location 
Estimated location 
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Ave Estimation Error = 1.15m  

Results (fan-shaped sensing area) 
 

 

 

 

Numerical Example 

20 m 

Real location 
Estimated location 
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Simulation Condition 2 
– Disk-shaped objects with radius of 1 m traverse the 

field along (randomly chosen) straight lines one by one. 

– See how a sensor location map has gradually been 

built up.   

Numerical Example 
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Ave Estimation Error = 

0.88m  
Ave Estimation Error = 

1.13m  

Ave Estimation Error = 

2.45m  

Results (disk-shaped sensing area) 
 

 

 

 

10 objects have passed 20 objects have passed 30 objects have passed 

Numerical Example 

Sensor location map is gradually built up! 

Real location 
Estimated location 
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Summary & Future Work 

Summary 
– Distance-matrix (DM) based sensor localization is very 

promising. 

– Applicable to either range-based or range-free method 

– A wide variety of application (“localization based on the 

sensor responses to targets” is one application) 

 

Future work 
– Verification via experiments using real sensors 

– Compressed-sensing (sparse-modeling) based 

localization 

  (Comparison of pros and cons of compressing-sensing-

and DM-based localizations) 
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Thank you very much! 
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Ave Estimation Error = 0.94m  

2m 

Numerical Example 

Results 
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Range-Free Localization 

1 

1 

1 

anchors (with known location) 

Example: Centroid Algorithm 
– Estimates the location as the centroid of anchors in the 

neighborhood. 

– Note: it is equivalent to a range-based localization, 

where distances to anchors are equal to 1.   

centroid of anchors 
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Example 2: DV-Hop Algorithm 
– Extension of the centroid Algorithm 

– It is equivalent to a range-based localization, where 

distance to an anchor is given as the number of hops 

Range-Free Localization 

1 
2 

2 

Number of hops to anchor 

anchors (with known location) 


