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Abstract

Constructingndoor radio mapsplaysanimportantrole
in manyserviceandapplicationssut aswirelesasesta-
tion planning In this paper we proposea hybrid approach
to constructingndoorradiomapsby developinga novelin-
door signalpropagationmodel,calledthe HiddenEnviron-
mentModel (HEM). Themodelis a hybrid becauseét com-
bineson-sitemeasuementsvith a numberof differenttypes
of calculations.Aspart of thismodel,weintroducetheidea
of an EnvironmentFactor Matrix (EFM). The EFM repre-
sentsa modelof theernvironmentafeatuesthataffectradio
attenuation We alsodevelopa LazySamplingAlgorithmto
help geneatethe EFM. Thegoal of the Lazy SamplingAl-
gorithmisto balancehenumbernf measuementshatneed
to betakenwith our models accutacy. Thegoalis to min-
imize the measuementworkload while maintainingsatis-
factoryaccuracy We evaluateour modelby comparingthe
radio mapscalculatedfrom the modelto a radio map ob-
tainedby exhaustivemeasuements.Theresultsshowthat
our HiddenEnvironmentModelachievesgoodaccuracy.

1 Introduction

With thedevelopmenbf penasive wirelesscommunica-
tion systemsthe analysisand constructiorof indoor radio
modelshasbecomeincreasinglyimportant. Knowing the
signalstrengthin anindoorwirelessnetwork is critical for
a numberof wirelessservicesandapplicationssuchasin-
doorbasestationplanningandwirelesssecurity Moreover,
indoorwirelesspositioningsystemgely heavily ontheac-
curag of indoor radio propagatiomrmaps[1, 10, 5, 2]. To
meetthe needsof thesevariousapplicationsgfficient con-
structionof accurateradio mapsbecomesanimportantis-
sue.

Traditionally, indoor radio map constructionfalls into
two categories:on-sitemeasuremerjf,, 10] andcalculation
fromtheoreticamodelq8, 3, 4, 7, 6]. Ontheonehand,on-
sitemeasuremertechniquesrequitetime-consumingnd
cumbersoméo generateOn the otherhand,dueto the se-
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vere multi-path effects, dead-spotsnoiseandinterference
in anindoor ervironment,the theoreticalmodel-basedp-

proachegendto be ratherinaccurate. Very few of these
techniquesachiesze a good balancebetweenaccurag and
efficiengy. They eitherhave limited accurag or aredifficult

to build in practice.

In this paper we introducea hybrid radio map con-
structionapproacithat combinesndoor radio propagation
modelwith asmallnumberof on-sitesignalmeasurements.
Ourgoalis to developaradiomapconstructiormethodthat
is bothaccurateandefficient (i.e., easyto generate)In our
proposedHidden EnvironmentModel (HEM), we build an
EnvironmentFactor Matrix (EFM) which modelsthe dis-
tinct effectsof theindoorenvironmentonsignalattenuation.
It is constructedisingon-sitemeasurementsombinedvith
theoreticalinterpolationand approximation.A Lazy Sam-
pling Algorithmis alsoproposedo optimally selectthe set
of on-sitemeasurement® be taken. The Lazy Sampling
Algorithm effectively reducesthe measuremenivorkload
while ensuringmodelaccurag.

The HiddenErnvironmentModel exhibits the advantages
of accurag, efficiency andflexibility. As partof our eval-
uationof the model,we carriedout a seriesof experiments
atthelBM ChinaResearch.ab using2.4 GHz 802.11hra-
dios. Our resultsshowv that the meansquareerror of the
radiomapsgeneratedrom our modelis lessthen6 dBm.

Theremainderof this paperis organizedasfollows. Re-
latedwork is describedn Section2. In Section3, the Hid-
denEnvironmentModelis introducedanddescribedn de-
tail. In Section4, we conducta seriesof experimentsto
validatethe modelandevaluateits performanceThe paper
is concludedn Section5.

2 Reated Work

There are two approachedo constructindoor radio
maps.Mostrecenteffortsarefocusedbnusingmodel-based
methods[18, 3]. Thework in this areacanfurther be di-
videdinto two sub-catgories: (1) free spacesignalpropa-
gationmodels;and(2) indoorsignalpropagatiormodels.



In free spaceervironments,signal strengthis related
only to the distancebetweenthe transmitterand recever.
WhendBmis choserasthemeasurememhetric, thesignal
propagatiormodelcanbeformulatedas:

P(d)[dBm] = P(do) — 10alog(d/dy). (1)

In Equation(1), P(d) is thesignalpower recevedat a dis-
tanced, P(dy) is the power at a referencedistanced,, and
«a is thepathlossexponent.

For anindoorenvironmentthewirelesschannels noisy
andtheradiosignalpropagations dominatedy reflections,
diffraction and scatteringcausedby the structuresand ob-
stacleswithin the building. Thesefactorsmalke the signal
strengtha complex functionof distanceandervironment.A
widely usedandacceptea&mpiricalmodelfor indoorervi-
ronmentss the Floor AttenuationFactor (FAF) modelde-
scribedby Seideland Rappapor{8]. The FAF modelin-
cludea Wall AttenuationFactor (WAF) to considerthe ef-
fectsof obstaclegi.e. walls). The FAF modelis described

by:
P(d)[dBm] = P(dy) — 10alog(d/dy) — W x W AF, (2)

whereW is the numberof obstructiondetweerthe trans-
mitter andthe recever, andW AF is the wall attenuation
factor The FAF modelrequiresknowledgeaboutthe basic
layoutof theenvironment.In addition,the W AF is largely

dependenbn constructiormaterials.One of the mostsig-

nificantweaknessesf theFAF modelis thatit doesnottake

into accountanumberof importanteffects,includingsignal

reflection diffractionandscattering.

More recentwork developsradio mapsusingatwo-step
parametri@andmeasurement-drenray-tracingapproacho
accounffor absorptiorandreflectioncharacteristicef var-
ious obstacleq11]. Again, their methodrequiresprecise
knowledgeaboutthe building layoutandstructure.

In summary most earlier work in this areaeither re-
quires heary human workload, or requires difficult-to-
obtainmodelparametersThereis a real needfor a model
thatis both moreaccurateand easierto build. Thisis the
goalof our proposedsolution.

3 TheHidden Environment M odel

In this section,we describeour proposedHidden Envi-
ronmentModel The corecomponent®f the HiddenEnvi-
ronmentModel are a modelequationand an Environment
Factor Matrix (EFM). The EFM is constructecbasedon
a setof Group Measuements In turn, theseGroup Mea-
surementsrredeterminedhreemethodsMeasurementn-
terpolationand Approximation. The final componentthe
Lazy SamplingAlgorithm, is designedo optimally select
theright setthe Group Measuements The Lazy Sampling

Algorithm is designedo achieve a balancebetweenmea-
surementworkloadandmodelaccurag. Eachof thesecom-
ponentswill bedescribedn detailin this section.

3.1 Model Equation

One of the mainideasbehindthe Hidden Environment
Model is to separatehe calculationof radio signal prop-
agationfrom the effects of the ervironment. Ratherthan
to develop a complex mathematicafunction to represent
every ervironmentaleffect, we determinethe effectsusing
on-sitemeasurementandtheninput this informationinto
themodel.

Theformulausedin our modelis asfollows. Assuming
a basestationis placedat Point A andtherecever at Point
B, the signalpower in our Hidden ErvironmentModel is
formulatedas:

P4(B)[dBm] = P4(C)—10alog(|AB|/|AC|)—Env(A, B).
®3)

Here, P4(B) representshe signal strengthreceived at
PointB; andP,4 (C) is thesignalrecevedatreferencdoint
C. Theconstante, is the pathlossexponent,|AB| and
|AC| representhedistancebetweerPointsA and B and A
andC respectiely. Env(A, B) is the ervironmentfactor
matrix modelingthe effectsof the surroundingervironment
onthesignalattenuatiorbetweerPointsA and B.

TheprinciplebehindEquation(3) is thattwo factorscon-
tributeto overallsignalattenuationThefirst factoris signal
lossdueto the distancebetweerthetransmitterandthere-
ceiver. Theotherfactoris environmentaleffects,captured
by theterm Env(A, B). This equationcanbe considered
asa revisedversionof the free-spacenodel equation. In
additionto free-spaceathloss,we accountfor the effects
of thein-doorervironmentwith Env(A, B).

If we fix the distancebetweenthe referencepoint and
the basestationpoint andlet |[AC| = 1, Equation(3) is
simplifiedto:

P4(B)[dBm] =C — K x log(|AB|) — Env(A, B). (4)

C = P4(C) is determinedsolely by the physicalspecifi-
cationsof the basestation(e.g. transmissiorpower). In
theory K = 10« is a constaniabout20). But in practice,
wefoundit is slightly dependenvntheervironment.In our
experimentswe obtainavaluefor K by averaginga setof
measurements.

The above equationsare designedfor omni-directional
antennasHowever, if thetransmitterantennas directional,
(e.g.,atypical Yagiantenng9]) theequatioris modifiedto:

P4(B)[dBm] = C—(K1+0K>)xlog(|AB|)—Env(A, B),

()
whered is the anglebetweerthe Line |AB| andthe main
axisof thedirectionalantenna.



3.2 TheEnvironment Factor Matrix

Supposehereare N pointsof interests Py, P, . .., Py,
in a given environment,we definethe ErvironmentFactor
Matrix E as:

Enxn = [eij], (6)

wheree; ; = Env(FP;, P;). Thismatrixthereforeaepresents
theervironmentaleffectsat every pair of Points(P;, P;) in
themodelarea.

In orderto build the EnvironmentFactor Matrix for a
givenervironmentwe usea combinatiorof threemethods:
Measurementinterpolationand Approximation. Eachof
theseis describedelow.

Measurement: If we changethe formatof equation(4)
to thefollowing:

Env(P;, P;) = C — K x log(|PiPj|) — Pi(j),  (7)

we seethat the EnvironmentFactor Env(FP;, P;) canbe
easilyobtainedoy measuringhe SignalStrengthP;(5). Re-
call that P;(j) representshe signal strengthmeasuredht
Point P; whenthe basestationis placedat Point P;.
Clearly, directmeasuremens themostaccuratenethod
for determiningthe EnvironmentFactorMatrix. However,
this methodrequiresplacing the basestationat either P;
or P; andtakinga measuremerdtthe otherpoint. This re-
guirementequiresalargenumbernf measurement3.here-
fore,two mathematicaiethods|nterpolationandApprox-
imation,areintroducedo lessertheworkload.
Interpolation: To apply interpolation,we first assume
thatervironmentfactorsaresymmetricj.e.,e; ; = e;; We
alsoassumehatervironmentfactorsobey therule of linear
additionand subtraction. As shawvn in Figure 1, if Points
P;, P;, P, arecollinear we assumehate; , = e;; £ e; k.
Theplusor minussigndepend®nthelocationrelationship
of thethreepoints. WhenPointsP; and P, areon different
sidesof P;, thetwo termsareaddedogetherptherwisethe
termsaresubtractedWhile theInterpolatiormethods only
an estimation,experimentresultsshaw it to bereasonable.
The Interpolationmethoddoesnot requirethe basestation
to beanendpoint,but it doesrequirethe basestationto be
onthesamédine. Thenext method Approximation relaxes
thisrequiremenbut tradesoff accurag.

—0 ® o—
P; P Py
—o O o—
P, P; Py

Figure 1. Interpolation

Approximation: As shavn in Figure?2, if threePoints
P, P;, P, arenotcollinear, but thedistancebetweerPoint
P; andLine | P; Py | is lessthansomeThreshold g, we still

Figure 2. Approximation

apply the linear addition rule to approximatelycalculate
ejk 1.6, e5r X e;; * e;;. Although the Approxima-
tion methodmayintroducemoreerrorthanthelnterpolation
method thetradeof is thatit greatlyreduceshe measure-
mentsworkload.

We have now describedhreemethodsfor constructing
the EnvironmentFactor Matrix. All of themrequiresome
preliminarysetof measurementsiamelyP;(j) and P;(k).
Thenext challengds thento determinghe setof P;'s. For
this, we designthe Lazy SamplingAlgorithm Before de-
scribingthis algorithmthough wefirst describehow on-site
GroupMeasuementsaretaken.

3.3 Group Measurements

Recallthat in orderto obtain P;(j), we needto place
thebasestationat position P;; placetherecever at position
P;; andmeasurdhe signalstrength.Becausat is likely to
be mucheasierto move the receiver thanto move the base
station,we conductoneroundof Group Measuementdy
placingthebasestationatafixedpoint(calledthe Transmit-
ter Point), andthenmove the recever to eachof the other
N — 1 pointsto measurehesignalstrength.

Clearly, the overall measurementvorkload is deter
mined by the numberof roundsof Group Measuements
that needto be taken. Determiningthe right setof Trans-
mitter Pointsis critical. Therefore we have developedthe
LazySamplingAlgorithmto optimize TransmittePointse-
lection.

3.4 ThelLazy Sampling Algorithm

The purposeof the Lazy SamplingAlgorithmis to opti-
mally selecta valid setof TransmitterPoints whereGroup
Measuementsieedto betaken. A goodsetof Transmitter
Pointsshouldhave the following property: for every pair
of Points(P;, P;) wherel < 4,j < N, the Environment
Factore; ; canbecalculatedrom the GroupMeasurements
takenatthe TransmittefPoints,usingary of thethreemeth-
odsdescribedearlier This propertymeansthat for every
pair of Points(P;, P;), thereexistsa TransmitterPoint, P,
suchthatthe distancebetweenP; andtheline |P; P;| is less
thane.

Unfortunatelythe selectionof TransmittePointsis NP-
Complete,becausehis problemcan be reducedfrom an-
other known NP-Completeproblem, the Minimal Domi-
nating Set problem. A graphG = (V + P, E) canbe



constructedwhereV = {P;|]1 < i < N} is the points
set,P = {(P;, P;)|1 < i,j < N}) is the pairsset,and
E = {(v,p)|lv € V,p € P,distance(v,p) < €} defineshe
edgessetin thegraph.Findingthe minimal setof Transmit-
ter Pointsis equivalentto finding the minimal dominating
setin the GraphG.

Our proposed_azy SamplingAlgorithmis a greedyal-
gorithm. It first computesa Coverage Setfor eachpoint.
A CoverageSet for Point P; is definedas CS(P;) =
{(Pj, Pr,)|distance(P;, |P;Py| < €)}. At eachstage,the
point with the largestCoverageSetsizeis selected.Then
this point and all nearby(< ¢€) pairsare deletedfrom the
GraphG. This stepis repeateduntil all pairs are deleted
from the graph. The principle of the Lazy SamplingAl-
gorithm s straightforvard. Intuitively, the point with the
largestCoverageSetseemdo be have morebenefitandthus
is selectedirst. Althoughthe greedyalgorithmis not opti-
mal,in almostall caseghealgorithmidentifiesareasonable
setof TransmitterPoints.

4 Evaluation

In this section,we perform a seriesof experimentsto
both qualitatively and quantitatvely studythe accurayg of
our model. Our goalis to shav the accurag of the model,
regardlesof which type of the transmitterantennds used.
In addition,we alsoquantifythe tradeof betweeraccurag
andthe numberof GroupMeasurements.

We begin by describingpurexperimentaketupfollowed
by a descriptionof how the mapswereconstructedandfi-
nally, theresults.

4.1 Experiment Setup

The experimentsreportedin this paperwere conducted
in anareaof theIBM ChinaResearcliab. Theareacovers
240m? andcontainstwo rooms.We intentionallyselected
a non-rectangulaareathat containsdifferenttypesof wall
materialsgo demonstratéhe accuray of our modelevenin
acomplex environment. The layoutof the areais shavn in
Figure3. Theareais uniformly dividedinto a46 x 28 grid of
cells. Eachcell is 0.6m by 0.6m. Amongthe 1,288(46 x
28) cells, thereare about700 effective points (within the
rooms).

The parametersindconstantaisedin our evaluationare
shavnin Tablel. C and K aretheparameterfor anomni-
directionalantennaC, K; andK, areusedfor adirectional
antenna.Thesevalueswere obtainedby averaginga small
setof measurementdVe alsodefinethe DistanceT hreshold
€ asl.2m, avaluethatis two timesthelengthof acell.

We shaw the accurag of our model by comparingthe
radiomapscreatedy it to radiomapsobtainedhroughex-
haustve on-sitemeasurementd.he similarity betweertwo

Figure 3. Layoutof the ExperimentArea

Parameter| Value

c —45.0

K —15.0
K, —6.0
K> —-8.0
e(m) 1.2

Table 1. ParametersJsedin Experiments

radio mapssenesasthe metricfor accurag. We usetwo
metricsto evaluatethequality of themodel-calculatedadio
map:the signalcontourmapandthe numericsignalvector
The contour mapsprovide a visual (qualitatve) meansto
compardahetwo mapswhile thenumericsignalvectorsare
usedto computethe MeanSquareError (Quantitatve).

4.2 Calculatingthe Radio Maps

Whenapplyingthe LazySamplingAlgorithmon thetest
area,it outputs1l1 TransmitterPoints(the transmittertow-
ersin Figure3). Wethenconducted.1 roundsof simplified
Group MeasurementsThe Group Measurementare sim-
plified becauseve did notmeasureignalstrengthatall 700
effective pointsin therooms,rather we only measuredig-
nalstrengthat 33 uniformly distributedpoints(thesmalltri-
anglesshavn in Figure3). Thesignalstrengthat the other
660+ pointswas calculatedusing interpolation. After the
Group Measurements/ere completedwe are ableto cal-
culatethe EnvironmentFactor Matrix and createthe final
theHiddenErnvironmentModel.

Next we reporton a comparisorof the signal strength
contoursandthendiscusgheanalysisof thenumericsignal
strengthvectors.

4.3 Experiment Resultsand Analysis

In our experiments,we randomly selecteda place to
mountthe basestation(Point A shovn in Figure 3), and
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Figure 4. Measurement-Basgdmni RadioMap
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Figure 5. Model-BaseddmniRadioMap

usedthe modelto calculatethe radio mapit generatesin
additionto evaluatingtheresultsfor anomni-directionabn-
tenna,we also evaluatedresultsfor a directionalantenna.
We first describean experimentusingan omni-directional
antennandthenonefor adirectional-antenna.

Figures4 and 5 illustrate the resultswhen an omni-
directionalantennds used.Figure4 plotsthe contourmap
from thereal measuredignalstrengthwhile Figure5 plots
thecontourfrom our HiddenErnvironmentModel. Thetwo
contoursshaow a significantamountof similarity. The cal-
culatedradiomapeffectively capturesheenvironmentakef-
fectson signalpropagation.On the onehand,the signalis
gracefullyattenuatedrom the TransmitterPointto theright
side of the mainroom sincethereare no significantobsta-
clesin thatdirection.Ontheotherhand thesignalis essen-
tially blocked from passingthroughthe concretewalls to
the adjoiningroom. The visual similarity betweerthe two
mapshelpsto validate atleastqualitatively, theaccurag of
our HiddenEnvironmentModel.

We also conductedseveral experimentsfor directional
antennas.In one set, the antennawas facing east(right),
andin the other the antennavasfacingsouth(down). Due
to spacdimitations, we only presenthe setof resultswith
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Figure 6. Measurement-BaseirectionalRadioMap
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Figure 7. Model-BasedirectionalRadioMap

theantenndacingright. Thetwo contourmapsareshovn
in Figures6 and?.

As shown in Figures6 and 7, the radio mapsfor the
directional antennaare also qualitatively similar. Even
though the Group Measurementsare performedfor an
omni-directionahntennathe EnvironmentFactorMatrix is
constructedo beindependentf the type of antenna.This
resultshows the flexibility of the model: the Environment
FactorMatrix generatedrom an omni-directionalantenna
is alsoapplicableto directionalantennas.

For a quantitatve comparisonwe calculatedthe Mean
SquareError (MSE) of the model-basedadio map com-
paredto the measurement-basealdiomap. Theresultsfor
thethreesetsof experimentddescribedabove areshavn in
Table2. Notethatin all experimentsthe erroris within 6
dBmwhich effectively validategheaccurayg of theHidden
EnvironmentModel

Experiment MSE(dBm)
OmniAntenna 5.64
DirectionalAntenna(East) 5.70
DirectionalAntenna(South) 6.01

Table 2. MeanSquareError of CalculatedRadioMap



4.4 Impact of Measurement Roundson Accuracy

Given that reducingthe measurementvorkload is one
of the key goalsof our Hidden EnvironmentModel, we
studyhow the numberof GroupMeasurementaffectsthe
model's accurag. Our analysisis basedon varying the
numberof Group Measurementssedto constructthe En-
vironmentFactorMatrix. As we vary the numberof mea-
surementsised the DistanceThreshold ¢, may not strictly
hold,i.e.,in somecasesvhenonly afew measurementsre
takenwe may be forcedto estimatevaluesthataregreater
thane metersaway. The meansquareerrorresultsfor each
setof experimentsareplottedin Figure8.

MSE (dBm)
134
124 \ —=— Omni-directional Antenna
AW —e— Directional Antenna, facing East
™ o Directional Antenna, facing South
104 \

LR
: '\'\E:

Number of Group Measurement

Figure 8. Impactof theNumberof GroupMeasurements
on RadioMap Accuray

Figure8 first shavs thatno matterwhattype of antenna
is chosenthe radio mapaccurag is essentiallythe same.
Second,Figure 8 shaows that as more measurementare
taken,themeansquaresrrordecreasedVhenall 11 rounds
of Group Measurementaretaken, the erroris lessthan6
dBm. Whenonly 4 roundsaretaken, the error approaches
13 dBm. Theseresultsindicatethat on-sitemeasurements
areaveryimportantpartof themodel,andthe setof Trans-
mitter Pointsgeneratedrom the Lazy SamplingAlgorithm
areindispensablé maintainingaccurag.

5 Conclusions

Indoor radio mapsplay animportantrole in mary ser
vicesandapplicationssuchaswirelesspositioningservices
andwirelesshasestationplanning.Thetraditionalmethods
of radio map construction,including on-site measurement
andmodel-basedhathematicatalculation suffer from low
accurag, heary workloadand/orparametershat are hard
to obtain.

In this paper we proposeda hybrid approachto build-
ing indoor radio mapsby combiningan innovative indoor
propagatiormodel,calledthe HiddenEnvironmentModel

andon-sitemeasuremenBy introducingthe concepiof an
Environmentactor Matrix, thefeaturesof how anerviron-

mentaffectsradio signalattenuatiorcanbe well modeled.
Finally, we have developeda Lazy SamplingAlgorithmto

help designan optimal Group Measuementsplan. The
Lazy SamplingAlgorithm allows a balanceto be achieved
betweermeasurementorkloadandmodelaccurag.

Our HiddenEnvironmentModel is usefulwhena radio
map for arbitrary basestationplacements needed. Cur-
rentlywe areworking onapplyingour HiddenErnvironment
Modelto find theoptimalbasestationplacemenfor aradio
positioningsystem.
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