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Abstract

We proposea new approad to captue the volumetricdensityof scatteringmediainstantaneouslwvith a single
image. Thevolumeis probedwith a setof laser lines and the scatteed intensityis recoded by a corventional
camen. e then determinethe densityalong the laser lines taking the scatteringpropertiesof the mediainto
account.A specializedinterpolation technique reconstructghe full density eld in the volume We apply the
techniqueto captue the volumetricdensityof participatingmediasud assmole.

Catagoriesand SubjectDescriptors(accordingto ACM CCS) 1.3.3 [ComputerGraphics]:Picture/ImageGenera-
tion — Digitizing and Scanningj.3.5 [ComputerGraphics]:ComputationalGeometryand ObjectModeling —

Physically BasedViodeling

1. Intr oduction and Previous Work

The acquisitionof time-varying volumetric density elds
has recently attractedthe attention of computergraphics
researchersHasinof and Kutulakos [HKO3] presenteda
multi-view methodto volumetricallyreconstructames us-
ing aphoto-consistencapproachlhrke andMagnor[IM04,
IMO5] usedsparseview tomograply to reconstructames
andoptically thin smole from a small setof cameraviews.
Hawkins et al. [HEDOY capturedime-varying smole den-
sity by rapidly scanninga laser plane through a volume
andimagingthe light scatteredy individual smole parti-
clesfrom a lateralview with a high-speedcamera(seeFig-
ure 1, left). Physical measuremensystemssuchas Yip et
al. [YLWL87] or laserinduced uorescence(LIF) [DD01]
follow a similar approachand capturethe whole volume
sequentially from a single view. This allows [HEDOY to
sampldocationsin themoving light planewith high spatial
resolutionyielding high quality renderingsof the captured
model.

Our methodis inspired by single view techniquesbut
takesafundamentallydifferentsamplingapproachThevol-
umeis illuminatedwith agrid of laserlinesin orderto sam-
ple the whole volume simultaneouslyEssentially the 2D
laserplaneis discretizedandspreacdutto discretdocations
in space.The volumeis capturedwith a standardcamera.
As illustratedin Figure 1, this trades(potentially) continu-
oussamplingin onespatialdomain(Dy) againstcontinuous
samplingn thetimedomain(Dt). Carefulplacemenbf cam-
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eraandlight sourcesavoids occlusionswhenthe laserlines
are projectedonto the imageplaneandthe full but sparser
sampled3D information is capturedwith a single image.
The samplingdensitycan be increasedy projectingmul-
tiple grids of differentcoloredilluminationinto thevolume.

This new samplingparadigmhassereralconsequences:
Decoupling of spatial and temporal sampling: The sys-
temenablesontinuoussamplingin thetime domainallow-
ing both integration over long time intenvals for weak sig-
nalsandextremelyshortacquisitiontimesfor fast-changing
datasets.

Increasedtime resolution: Using the samecamerahard-
ware, frame ratescanbe increasedoy 1-2 ordersof mag-
nitude. Furthermore the systemcontainsno mechanically
moving parts,i.e.,theachievabletime resolutionis only lim-
ited by theimaginghardwareandtheillumination intensity
Limited spatial resolution: Spatialresolutionis fundamen-
tally limited by thenumberof laserinesthatcanberesoled
by theimagingsystem.Samplingis denserlongthe direc-
tion of the laserlines but spatial detail betweensampling
linesis lostyielding a potentialfor aliasing.

Density instead of photo-consistency:The actualdensity
of scattererss reconstructedup to a scalefactor)insteadof
a photo-consistentepresentationf the volumeasin Hasi-
noff andKutulakos[HKO3].

In the remainderof the paperwe rst describethe ba-
sic conceptsunderlyingour captureapproach(Section?2).
We then analyzeits propertiesand study the resulting er
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Figure 1: Differentacquisitionappmoades.Left: Sequen-
tial scanningof the volumewith a plane of light asimple-
mentedoy [HEDOH with discretesamplingin time (Dt) and
one spatial dimension(Dx). Right: New appmoacd with si-
multaneougaptue of volumedensityusingline grids asil-
luminationand discretesamplingin two spatialdimensions

(Dx; Dy).

rorsusingasyntheticsmole datase{Section3). We describe
our prototypicalacquisitionsystemandshaw resultsfor real
captureddatasetgSection4). The paperconcludeswith a
discussiorof futurework.

2. SystemDescription

Figure 1, right, gives an overviev over the measurement
setup.We assumethat the measuremenvolume contains
a spatially varying density of scatteringparticlesthat we
would like to measureApart from their density the scatter
ing propertiesof theindividual particlesshouldbe constant
(or bewell approximatedy a constant) Dependingon the
size of the particles,scatteringwill eitherbe dominatedby
Mie scattering(for larger particlessuchastypically found
in smole) or by RaleighscatteringilBH83]. In the remain-
der of this section,we rst describethe principlesof radia-
tive transfer(Section2.1) anddevelop our imageformation
model(Section2.2). Section2.3 shavs how we canrecover
thedensityof scattererglongthelaserlinesilluminatingthe
volume.We nally describein Section2.4 how we canre-
coverthefull density eld from thisinformation.

2.1. Radiative Transfer

We start our analysiswith the equationof radiatve trans-
fer [Ish78 which describeghe changein speci ¢ intensity
I(r;8)Y for asmallvolumeelementsatapositionr in space
andin adirections:

di(r;9) _ Is t
ds

z
rsl(r;9+ % 4 p(EOI(r: D) dw’+ &(r;9):
’ (1)
The rst term modelsa decreasen speci ¢ intensity due
to absorptionrand outscatteringvhich is proportionalto the
numberof particlesper unit volumer and the extinction
crosssectionst. The seconderm describegheincreasen

Y Notethatspeci ¢ intensitycanbe corvertedinto radianceby in-
tegratingover the spectrunof theradiation.

laser lines |, |

pixel p |

Figure 2: Left: Situationfor anindividualray c. Right: Im-
age of the actual acquisitionsetupwith camen on the left
andtwo lasersources(left nearcamen andblueboxonthe
right). Whenactive smole is geneatedbetweerthe two ta-
bles.

speci ¢ intensity due to inscatteringwhich dependsaddi-
tionaly on the phasefunction p(§,8). (r; ) is the emission
from within ds.

In our measuremergystem(seeFigure 1, right, andFig-
ure 2 for the principle of the approactandthe notation)we
assumethat light is scatteredrom homogeneougparticles
inside the volume. The extinction crosssectionst andthe
phasefunction p(5,3") are constantthroughoutthe volume
but thenumberof particlesperunit volumer = r (r) varies.
We furthermoreassumehatthe laserlines |; aregenerated
outsidethe obsenation volumeso thatthereis no emission
inside,i.e., &(r;8) = 0. The goal of the measurements to
recover r (r) up to a scalefactor i.e., it is sufcient to re-
cover D(r) = str (r). Equationl simpli es thento the rst
orderdifferentialequation

di(r;9 _
ds

whichwe would lik e to solve undertheboundaryconditions
givenby our setupandassumptions.

Z
b9+ 20 eSO (2)
dp 4

2.2. Image Formation Model

We now take thespeci c situationof our measuremergetup
into accountTheincidentintensityl; ata positionrg where
the backprojecteday c of a pixel p with direction §inter
sectswith alaserline I; with direction§, canbe computed
as

A D(r . an
W09 = N ras)pEs):  ©
We assumen the following thatl; (ro;§,) = I;, is constant

alongeachlaserline I; and canbe calibratedin a separate
step.Following Ishimaru[Ish7g we cannow splittheinten-
sity alongtheray c into two terms:

1(r;9) = 1 (r:9 + 14(r:9): 4

Thereducedntensityl;(r;$) modelsthe decayof I; dueto
absorptionand outscatteringalong ¢ accordingto the rst
termin Equation2:
RS
(9 = lirei®e ' = lirg;®e PO (5)
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s measureshe distancefrom rg alongtheray c to the pixel
p. Theremainingcontritutionscausedy inscatteringfrom
thevolumeareaccumulatedn the diffuseintensityly(r;5).
pixel p canthereforebedescribeds:

lp = () + 14(9): (6)

2.3. Recovering D(r) along Laser Lines |

The goal of this sectionis to recover the scaleddensityval-
uesD(r) alongthelaserlinesl;. We rewrite Equation6 using
Equations3 and5:

D(r . Ry
o= 20 pEg)e X0Bh iy (@)
This canberewritten as
b 19(9  Rep(ryas
D(rg) = 4 —— €0 : 8
(Fo) = 45 555 ®)

The phase function p(é;éo) can either assumedto be
isotropic, theoretically derived from the propertiesof the
scattering media [BH83], or be measuredexperimen-
tally [HEDOY. Note, however, that our acquisitionsetup
evaluatesp(s; §0) only over a smallrangeof angles(all pos-
sibleintersectioranglesof alaserline |; andaray c in Fig-
ure?2). Locally approximatingp(s; éo) with aconstanyields
thereforeonly a smallerror. ||, canbe determinedn a cali-
brationstepfor eachlaserline l;. The diffuseintensityl ()
canbe estimatedrom the setof camerapixels N(p) in the
spatialneighborhooaf p whosebackprojecteday doesnot
intersectwith ary laserline |;:

1 o
— . Ipo: 9
IND on) ™ ©

FECENCE

This assumeghat |4(s) varies smoothly over the image
planeandcorrespondso the removal of multiple scattering
in the calibrationpart of Hawkins et al. [HEDOY. We fur-
thermoreneedto setiy(s) = Ip if ig(s) > Ip to avoid physi-
callyimplausibleresultse.g.,dueto noisein theacquisition.
Underthe assumptiorof,optically thin scatteringmaterial,
we canfurthermoreset OSD(r)ds = 0 without introducing
toolargeanerror Equation8 becomeshen
lp1g(s)

oo i s (o)
which allows us to recover the scaleddensityvaluesalong
all laserlines.

2.4, Reconstructionof the Entir e Density Field D(r)

Given the density valuesD along the laserlines, we can
employ severaldifferentinterpolationtechniquego interpo-
lateD(r). Any interpolationtechniquesuchasthe push-pull
algorithm[GGSC96DCOY03] will, however, presere the
valuesof D alongthe laserlines andthusalsopresere the
non-uniformsamplinginherentin our datastructure.High
frequeng detailswill only be availablealongthelaserlines
andyield noticeableartifacts.
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We thereforeoptedfor a moregenerakeconstructiorap-
proachthat approximateghe samplevaluesand yields a
smootherreconstructionWe formulate our approximation
problemasfollows: Given are n discretesamplesof mea-
sureddensityvaluesD(p;) atlocationsp; (i = 0;:::;n 1)
onthelaserlines.Wethenapproximatehe eld ataposition
ras

4l D(pi) w(kr pik)

B(r) = 11)
aflgw(kr  pik)
Theweightingfunctionw is de ned as
_ 05 cog*P)+ 05 for x<R
W(x) = 0 else (12)

The parameteR which determineghe width of the recon-
structionkernel needsto be manually selectedfor a given
samplingcon guration. Note that R hasto be chosensuch
thatin the R-neighborhoodf every pointr of the domain
thereis atleastonesamplepoint p;.

3. Simulation

To perform an analysis of a datasetwith ground truth

we useda 100 frame simulation of smole emitted from

the borderof a volume using the techniqueof Treuille et

al. [TLPOg. The datawas storedas a 64% voxel density
eld. Assumingthat eachdatasetis de ned over the do-

main [0; 1]* and assuminga trilinear interpolationbetween
thegrid points,we have continuousscalar elds fg for each
time framewhich actasgroundtruth.

In orderto reconstrucbne of them, we considera bun-
dle of 100raysstartingfrom (%; %; 3) andpassinghrough
(g; é; 1) fori; j = 0;:::;9. Thenwe sampledfq in its domain
alongtheraysandappliedour approximatiortechniquewith
parameteR = 8to getareconstructedeld -8, In asec-
ond test,we addeda secondbundle of 100 rays startingat
(5 %:3) andpassingthrough(Z; §; §) for i;j = 0;:::;9.
The eld reconstructedrom these200 rayswith R= 8 is
558, Figure 3 shavs fg; fF°8, and 558 for Frame60
of the datasetWhile both reconstructiongaithfully repre-
sentthe overall structureof the eld, it is clearthat mary
high-frequeng details are lost. We thereforecomputeda
smoothedversionof the groundtruth eld by convolving
it with a normalizedversionof the reconstructiorkernelw
(Equationl?). Figure3(d) depictsthesmoothedjroundtruth
eld f§:8 for akernelradiusR = 8 which is well approxi-
matedby both, £ 8 and £ 8.

3.1. Error Analysis

We de ne the RMS error betweentwo scalar elds f and
f9 storedas a voxel densitiessampledat a setof identical

locationsV as
s

RMS(f; f9 =

&yov(f(v)

fo(vi)?.
kvk '

(13)
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Figure 3: Resultfor the simulatedsmole dataset.(a): Renderingof Frame 60 of the syntheticsmole dataset.(b) and (c):
Reconstructiorusing one bundle and two bundlesof 10 10 rays,respectivelyand R = 8. (d): Renderingof the smoothed

original volumewith R= 8.
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Figure 4: VariousRMSerrorsfor the 100framescontained
in thesimulateddatasetHorizontalaxis: framenumber\er-
tical axis: RMS error. The densityvaluesin the original
datasetvary betweerD and 1.6.

In practice,V correspondso the setof 64° voxels de ning
our eld. Figure4 depictsthe RMS error betweenvarious
versionsof the eld for all 100 framesin the datasetThe
densityvaluesin theoriginal datasevary betweerD and1.6.

The RMS errors betweenthe ground truth fg and the
reconstructionsrom one and two ray bundles(ff"‘:8 and
£58) arealmostidentical. The RMS error decreaseslras-
tically whenit is computedagainst the smoothedversion
5 8. Furthermore {58 fairsnow muchbetterthan f 8.
This suggestshatmostof theerrorin thereconstructionss
dueto the sparsesamplingand smoothapproximationthat
suppressesigh frequeny detail. To verify this, we com-
putedthe RMS error RMS( fg; f8) betweenthe ground
truth eld andthesmoothed/ersionof thegroundtruth eld.
Figure 4 shaws that this error is only slightly lower than
RMS(fg; £578), i.e., mostof thereconstructiorerrorseems
to bedueto thelossof high frequeng detail.

4. Acquisition System

We built aprototypeof anacquisitionsystento testourideas
in practice.The setupcontainstwo collimatedlasersources
—a130mW red laseranda 30mW blue laser Eachcolli-
matedaserbeamis transformednto abundleof perspectie
raysusinga burstgrating.A black masklimits the number
of raysin eachbundleto 5 5 raysfor eachlaser Thegen-
eratedray bundlesareroughly perpendiculato eachother;
their intersectionde nes a measurementolume of about
50 24 50 cm® (seeFigure 2, right, for an imageof the
measuremersgetup).We usea smole machineto createa
spatiallyvaryingdensityof scatteringnedia.

A high quality color CCD camerais usedto captureim-
agesof themeasurementolume.lts placemenensureghat
notwo raysof thesamecolor projectto thesamedocationon
theimageplane We arethusableto capturethetwo bundles
independentlyusing the cameras red and blue channel.In
addition, we illuminate the measurementolume diffusely
with greenLEDs and usethe greenchannelof the camera
to capturesimultaneouslya groundtruth image of the ac-
quireddatasetFigure6, left, shavs anexampleinputimage
of thesystemAlthoughall threelight sourcehave anarrov
spectrakresponsewe obsere crosstalkbetweersomeof the
color channelsvhich we remove usingstandardmagepro-
cessingechniques.

4.1. Calibration and Capture

For geometriccalibrationof the cameraand the laserswe

captureseveralhigh-dynamicangeimageq DM97] of each
bundleof laserraysilluminatingayellow andwhite checler

boardpattern.This allows us to reliably detectthe centers
of thelaserspots.After computingthe 3D locationof these
spotsusinga calibrationtoolbox [Bou0O§ we canestimate
the position of the laserlinesin spacerelative to the cam-
era.Figure5 (left) shavs a visualizationof the spatialsam-
pling in which thetwo bundlesof laserraysareclearlyvisi-

ble. Usingthe calibrationdata,we cannow extractsamples
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Figure 5: Geometricand photometriccalibration of the
setup.Left: isualizationof the spatial sampling The two
bundlesof laserraysare clearly visible Right: Calibration
image for the bluelaserto recover therelativeintensitiesl;,
for theindividual rays(tone-mapped).

Figure 6: Acquiredimage of smole andreconstructedlen-
sity eld. Left: Input image with two independengrids of
laserlines(red,blue)samplingthevolumeanddiffusegreen
illumination (image intensity rescaledfor display). Right:
Density eld reconstructedromthis singleimage.

Ip from the cameraimagesby marchingalong the projec-
tions of the rays. We improve stability and ensurethat the
full width of the projectedaserline is capturedby integrat-
ing overasmallneighborhoogberpendiculato theprojected
ray direction.

Theburstgratingscreatebundlesof rayswhereeachlaser
line canhave a differentintensity We thereforeneedto re-
cover therelative intensity|;, of all laserlinesin eachbun-
dle in the calibrationphaseTo this end,we capturea high-
dynamicrangeimageperlaserof asheeof subsuracescat-
tering plasticsilluminated by the correspondingay bundle
(seeFigure5 right). We integratethe laserintensity over a
constanareaaroundeachlaserspotto getl; . Thetwo lasers
might still behae differently, e.g.,dueto differentscatter
ing propertiesfor differentwavelengths We thereforecap-
tureduringcalibrationimagesof smole andrecover separate
density elds DygqandDy e for theredresp.thebluelaser
bundle. We then determinea scalefactork that minimizes
thermserrorbetweerD gqandk Dy e andscaletheinput
datafor the blue channelaccordinglybeforereconstructing
thedensity eld.

4.2. Acquisition Results

We capturedseveraldatasetsvith theacquisitionsystende-
scribedin Section4 anddepictedn Figure2 (right). All im-
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Figure 7: Resultsfor smole from a smole madine The
three images were taken in sequencdrom top to bottom.
The images on the left showground truth photagraphs of
the sceneextractedfrom the greenchannel. Theimageson
theright showrenderingf our reconstruction.

agesweretakenwith 0.25s exposuretime. Capturedesults
areshawn in Figures6 and7.Theresultsarerenderedising
araytracing-basedirectvolumerenderingapproach.

Figure 6 shavs aninput image capturingsmole from a
smole machineTheintensityvariationsalongthelaserlines
areclearlyvisible.In addition,thebluelaserlinesaretighter
focussedhanthe redlines which is correctedby the inten-
sity scalingdescribedn Section4. Notein theresultimage
on the right howv much detail could be reconstructedrom
this singleinput view.

Figure 7 shavs comparisondetweengroundtruth pho-
tographsandrenderingdor threeimagesof datasetonsist-
ing of 50 imagescapturedat approximately3 fps. Note that
thisspeeds mainly constrainedy theframerateof thecam-
eraandnot by the measuremeryrinciple. The groundtruth
photographsvereextractedirom thecameras greenchannel
asdescribedn Sectiord. Thereconstructedatasetaptured
theoverall shapeof thesmole aswell asprominentfeatures.
Its resolutionis, however, limited dueto the sparsesampling
usingonly 5 5 gridsof laserlines.

5. Discussionand Conclusion

We presenteda nev sampling approachto sampletime-
varying volumetric density elds using grids of laserlines
asillumination. Thisallows usto continuouslysamplen the
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time domainat the costof sparsersamplingon the spatial
domain.

Like othermeasuremensystemssuchas Hawkins et al.
[HEDOY or Narasimharetal. [NNSKO05, we areassuming
thatthe scatteringoehaior insidethe measurementolume
is dominatedby singlescatteringThis limits both, the size
of the measurementolumeandthe densityof the scatterer
insidethe volume,dueto two effects:First, the intensity of
thelaserraysl;, andthescatteredntensitylp decreasénside
themeasurementolumedueto outscattering@ndabsorption
yielding a systematicbias in the reconstructedeld D(r).
Modelingandinvertingthis effect for spatiallyvaryingden-
sitiesis dif cult evenif all scatteringparametersreknown.
Second,the diffuse intensity |y increasesherebyseverely
limiting the signal-to-noiseatio in themeasurements.

5.1. Future Work

Thereareseveraldirectionsfor furtherresearchA different
camerasystemwould allow us to operatethe whole setup
at a higherframerateremaoving motion blur from captured
images.The numberof laserlinesin the setupis currently
limited by the propertiesof the gratings.Using individual
lasersources(e.g., a setof laserpointers)to generatethe
lines independentlywould allow a much densersampling.
The numberof linesis thenonly limited by their projected
width onthe capturedmage.

The currentdataprocessingapproachmakesno assump-
tion aboutthe structureof the density eld D(r) andyields
thereforea smoothreconstructiorof the smole volume(es-
peciallyin sparselysampleddlimensions)Reconstructioml-
gorithmsthat make useof prior knowledgeof the structure
of thedata(e.g.,[ONOIO4]) canimprove the visual quality
of the reconstructedlensity eld. Alternatiely, the struc-
ture could be inferred by analyzingthe frequeng content
in densersampleddimensionsin the spirit of Dischler et
al.[DGF99g.
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