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Part I: Introduction

Sensor Networks

Graphical Modeling

Motivation

1.1 Sensor Networks

• Networks of typically small, battery-powered, 
wireless devices.
– On-board processing,

Communication and– Communication, and 

– Sensing capabilities
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1.1 Sensor Networks

• Low-power processor.
– Limited processing. 

• Memory.
– Limited storage.

• Radio

Sensors

PSS

P
O
W • Radio.

– Low-power.
– Low data rate.
– Limited range.

• Sensors.
– Scalar sensors:

• temperature, light, etc.
– Cameras, microphones.
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1.1 Sensor Networks: Examples

PC-104+
(off-the-shelf)

UCLA TAG
(Girod)

UCB Mote 
(Pister/Culler)

• Berkeley Mote
– Commercially available
– TinyOS: embedded OS 

running on motes.
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1.2 Graphical Modeling

• Markov Random Fields
– One common class of graphical models

– Undirected graph G=(V,E)

Nodes represent random variables– Nodes represent random variables

– Edges represent correlations between variables

– Associated with potential functions
• Ψi ~prior probabilities

• Ψi,j ~strength of correlations ~ joint probabilities

1.2 Graphical Modeling

• Each node represents 
temperature at a 
particular point in the 
room

• The edge potential 
represents the correlation 
between temperature of 
adjacent areas

• Node potentials 
represents prior 
temperature distributions 
at each location

1.2 Graphical Modeling

• Once we have
– Node potentials
– Edge potentials
– Graphical model

• We can:
– Calculate posterior 

probability distribution for 
each random variable

– i.e. infer about the real 
temperature distributions at 
each location 

1.3 Motivation

• Why not transmit all the data to a central 
based station?

h G hi l d l ?• Why Graphical Models?

• Why RBP?

1.3 Motivation

• Why not transmit all the data to a central 
based station?
– Heavy communication for continuous report

– Especially bad for motes near base station
• All the other sensor readings must be routed through

– (if) motes need extra computations after inference
• Redundant if retransmitting results back to motes

1.3 Motivation

• Why Graphical Models?

– Deal with incomplete, unreliable information

– Run in a fully distributed context
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1.3 Motivation

• Why RBP?
– Junction-Tree:

• Exact inference…but depends on the graph structure

• Very slow (exponential)Very slow (exponential)

– BP: 
• No guarantees on correctness, convergence

• Works well in practice

– RBP:
• Modification of BP by adding suitable weights

• Guarantees on stability and fixed point solutions

Part II: Problem Statement

Inputs

Outputs

Assumptions

2.1 Inputs

• The inputs to the system
– Global graphical model

• Two types of nodes

• Edge ~ correlations between nodesEdge  correlations between nodes

– Potentials for each node

– Potentials for each edge

– A mapping from nodes to motes

2.1 Inputs

• Two types of nodes
– Evidence/Observable nodes
– Latent/Unobservable nodes

• Observable node ~ sensor 
mote

• Latent nodes ~ physical 
location where inferred 
information is desired

2.2 Outputs

• Result of inference over the graphical model
– Each mote contains the inferred data it owns

Each node yields a marginal probability for– Each node yields a marginal probability for 
temperature at the corresponding location

– Results are stored in a distributed fashion

2.3 Assumptions

• Assume:
– Graphical Model is given

• Latent vs. Observable

– Random Variables are discrete

– Potential functions are given

– Mapping of nodes to motes is given



2/17/2008

4

2.3 Summary

• Input: Sensor measurements + graphical model

• Output: Good “virtual measurements”

Inference

Part III: BP and RBP

3.1 Belief Propagation

• BP is used to compute:
– Marginal Probability

– Maximum A posterior Probability (MAP)

• For full description, please refer: 
– http://www.merl.com/reports/docs/TR2001-22.pdf

3.1 Belief Propagation
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• The update equation:

( )\{ }∈ix k N i j

• It will be more helpful if we rewrite as:

3.1 Belief Propagation
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Incoming Message
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Incoming Message

Outgoing Message

3.1 Belief Propagation

• A recursive equation!
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• Outgoing messages at each node depend on 
the incoming messages at that node

• These messages summarize the information 
from a portion of the graphical model

• May be computed sequentially in any order, or 
even partially or fully simultaneously
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3.1 Belief Propagation

• To compute marginal probabilities:

( ) ( ) ( )ψ →∝ ∏i i i k i ip x x m x

• Compare to:

( )∈k N i

∝ ×posterior prior likelihood

3.2 Reweighted Belief Propagation
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RBP BP

3.2 Reweighted Belief Propagation

• How to choose      ?
– Ref: [M. Wainwright, AIStats 03]

– E.g: For grid like structures

μ

• Guarantee convergence for proper 

| | 1
| |

μ −=ij
V
E

μij

Part IV: Architecture

StatSense

Architecture Architecture

• No Routing Property

• Proposition 1 [Ref to the original paper]
– Proof (Omitted)
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Architecture

• Message updating
– SyncAllTalk

• Limit messaging across motes when possible

• “bursty” communication patterns

• “Informativeness” vary greatly

– SyncConstProb
• Exchanges inter-mote message with probability p

– AsyncConstProb
• Relax the global time constraint

– AsyncPropProb
• p is proportional to the “informativeness” of the message

Architecture

• Handling communication failure

Part V: Implementation

Implementation

Part VI: Evaluation

6.1 Analysis of Communication Costs

• Consider a grid of n^2 nodes

• Assume:
– # of base stations = constant

# f i hb 4– # of neighbors = 4

– # of BP iterations = t

– size of single data reading=q
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6.1 Analysis of Communication Costs

• Central based
– O(n^2*q) total
– O(nq) for each node

• Message passing

• Consider a grid of n^2 nodes
• Assume:

– # of base stations = constant
– # of neighbors = 4

# f BP it ti tMessage passing
– O(tq) for each node

• Save costs only when 
t<<O(n). 

• This is possible!

– # of BP iterations = t
– size of single data reading=q

6.2 Experiments

6.2 Experiments (Cont’) Experiments (Cont’)

Summary

• Input: Sensor measurements + graphical model

• Output: Good “virtual measurements”

Inference

Discussion
Data dependence

Physical Distance

≠



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


