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Abstract
We proposea new approach to capture thevolumetricdensityof scatteringmediainstantaneouslywith a single
image. Thevolumeis probedwith a setof laser lines and the scattered intensityis recordedby a conventional
camera. We thendeterminethe densityalong the laser lines taking the scatteringpropertiesof the mediainto
account.A specializedinterpolation techniquereconstructsthe full density�eld in the volume. We apply the
techniqueto capture thevolumetricdensityof participatingmediasuch assmoke.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:Picture/ImageGenera-
tion — Digitizing andScanning;I.3.5 [ComputerGraphics]:ComputationalGeometryandObjectModeling—
PhysicallyBasedModeling

1. Intr oduction and PreviousWork

The acquisitionof time-varying volumetric density �elds
has recently attractedthe attentionof computergraphics
researchers.Hasinoff and Kutulakos [HK03] presenteda
multi-view methodto volumetricallyreconstruct�ames us-
ing aphoto-consistency approach.IhrkeandMagnor[IM04,
IM05] usedsparseview tomography to reconstruct�ames
andoptically thin smoke from a small setof cameraviews.
Hawkins et al. [HED05] capturedtime-varyingsmoke den-
sity by rapidly scanninga laser plane through a volume
and imaging the light scatteredby individual smoke parti-
clesfrom a lateralview with a high-speedcamera(seeFig-
ure 1, left). Physical measurementsystemssuchas Yip et
al. [YLWL87] or laserinduced�uorescence(LIF) [DD01]
follow a similar approachand capturethe whole volume
sequentially from a single view. This allows [HED05] to
samplelocationsin themoving light planewith high spatial
resolutionyielding high quality renderingsof the captured
model.

Our method is inspired by single view techniquesbut
takesafundamentallydifferentsamplingapproach:Thevol-
umeis illuminatedwith agrid of laserlinesin orderto sam-
ple the whole volume simultaneously. Essentially, the 2D
laserplaneis discretizedandspreadout to discretelocations
in space.The volume is capturedwith a standardcamera.
As illustratedin Figure1, this trades(potentially)continu-
oussamplingin onespatialdomain(Dy) againstcontinuous
samplingin thetimedomain(Dt). Carefulplacementof cam-

eraandlight sourcesavoidsocclusionswhenthe laserlines
areprojectedonto the imageplaneandthe full but sparser
sampled3D information is capturedwith a single image.
The samplingdensitycanbe increasedby projectingmul-
tiple gridsof differentcoloredillumination into thevolume.

Thisnew samplingparadigmhasseveralconsequences:
Decoupling of spatial and temporal sampling: The sys-
temenablescontinuoussamplingin thetime domainallow-
ing both integrationover long time intervals for weaksig-
nalsandextremelyshortacquisitiontimesfor fast-changing
datasets.
Incr easedtime resolution: Using the samecamerahard-
ware, frameratescanbe increasedby 1–2 ordersof mag-
nitude.Furthermore,the systemcontainsno mechanically
moving parts,i.e.,theachievabletimeresolutionis only lim-
itedby theimaginghardwareandtheillumination intensity.
Limited spatial resolution:Spatialresolutionis fundamen-
tally limited by thenumberof laserlinesthatcanberesolved
by the imagingsystem.Samplingis denseralongthedirec-
tion of the laser lines but spatialdetail betweensampling
linesis lost yieldingapotentialfor aliasing.
Density instead of photo-consistency:The actualdensity
of scatterersis reconstructed(up to ascalefactor)insteadof
a photo-consistentrepresentationof the volumeasin Hasi-
noff andKutulakos[HK03].

In the remainderof the paperwe �rst describethe ba-
sic conceptsunderlyingour captureapproach(Section2).
We then analyzeits propertiesand study the resultinger-

submittedto VolumeGraphics(2006)



2 C. Fuchsetal. / VolumetricDensityCaptureFroma SingleImage

Dx
DyDt

Dx

laser plane laser lines

Figure 1: Different acquisitionapproaches.Left: Sequen-
tial scanningof the volumewith a planeof light as imple-
mentedby [HED05] with discretesamplingin time(Dt) and
one spatial dimension(Dx). Right: New approach with si-
multaneouscapture of volumedensityusingline grids asil-
luminationanddiscretesamplingin two spatialdimensions
(Dx;Dy).

rorsusingasyntheticsmokedataset(Section3). Wedescribe
ourprototypicalacquisitionsystemandshow resultsfor real
captureddatasets(Section4). The paperconcludeswith a
discussionof futurework.

2. SystemDescription

Figure 1, right, gives an overview over the measurement
setup.We assumethat the measurementvolume contains
a spatially varying density of scatteringparticlesthat we
would like to measure.Apart from their density, thescatter-
ing propertiesof the individual particlesshouldbeconstant
(or bewell approximatedby a constant).Dependingon the
sizeof the particles,scatteringwill eitherbe dominatedby
Mie scattering(for larger particlessuchas typically found
in smoke) or by Raleighscattering[BH83]. In the remain-
derof this section,we �rst describetheprinciplesof radia-
tive transfer(Section2.1) anddevelopour imageformation
model(Section2.2). Section2.3shows how we canrecover
thedensityof scatterersalongthelaserlinesilluminatingthe
volume.We �nally describein Section2.4 how we canre-
cover thefull density�eld from this information.

2.1. RadiativeTransfer

We start our analysiswith the equationof radiative trans-
fer [Ish78] which describesthe changein speci�c intensity
I (r ; ŝ)y for asmallvolumeelementdsatapositionr in space
andin adirectionŝ:

dI (r ; ŝ)
ds

= � rs t I (r ; ŝ) +
rs t

4p

Z

4p
p(ŝ; ŝ0)I (r ; ŝ0)dw0+ e(r ; ŝ):

(1)
The �rst term modelsa decreasein speci�c intensity due
to absorptionandoutscatteringwhich is proportionalto the
numberof particlesper unit volume r and the extinction
crosssections t . The secondterm describesthe increasein

y Notethatspeci�c intensitycanbeconvertedinto radianceby in-
tegratingover thespectrumof theradiation.
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Figure2: Left: Situationfor an individual rayc. Right: Im-
age of the actual acquisitionsetupwith camera on the left
andtwo lasersources(left nearcamera andblueboxon the
right). Whenactive, smoke is generatedbetweenthetwo ta-
bles.

speci�c intensity due to inscatteringwhich dependsaddi-
tionaly on thephasefunction p(ŝ; ŝ0). e(r ; ŝ) is theemission
from within ds.

In our measurementsystem(seeFigure1, right, andFig-
ure2 for theprincipleof theapproachandthenotation)we
assumethat light is scatteredfrom homogeneousparticles
inside the volume.The extinction crosssections t andthe
phasefunction p(ŝ; ŝ0) areconstantthroughoutthe volume
but thenumberof particlesperunit volumer = r (r ) varies.
We furthermoreassumethat the laserlines l i aregenerated
outsidetheobservationvolumeso that thereis no emission
inside,i.e., e(r ; ŝ) = 0. The goal of the measurementsis to
recover r (r ) up to a scalefactor, i.e., it is suf�cient to re-
cover D(r ) = s t r (r ). Equation1 simpli�es thento the �rst
orderdifferentialequation

dI(r ; ŝ)
ds

= � D(r )I (r ; ŝ) +
D(r )
4p

Z

4p
p(ŝ; ŝ0)I (r ; ŝ0)dw0: (2)

whichwewould like to solveundertheboundaryconditions
givenby oursetupandassumptions.

2.2. ImageFormation Model

Wenow takethespeci�c situationof ourmeasurementsetup
into account:TheincidentintensityIi at a positionr0 where
thebackprojectedray c of a pixel p with direction� ŝ inter-
sectswith a laserline l i with directionŝl i canbe computed
as

Ii(r0; ŝ) =
D(r0)

4p
Il i (r0; ŝl i )p(ŝ; ŝl i ): (3)

We assumein the following that Il i (r0; ŝl i ) = Il i is constant
alongeachlaserline l i andcanbe calibratedin a separate
step.Following Ishimaru[Ish78] wecannow split theinten-
sity alongtherayc into two terms:

I (r ; ŝ) = Iri (r ; ŝ) + Id(r ; ŝ): (4)

ThereducedintensityIri (r ; ŝ) modelsthedecayof Ii dueto
absorptionand outscatteringalong c accordingto the �rst
termin Equation2:

Iri (s) = Ii(r0; ŝ)e� t = Ii(r0; ŝ)e�
Rs

0 D(r)ds: (5)

submittedto VolumeGraphics(2006)



C. Fuchsetal. / VolumetricDensityCaptureFroma SingleImage 3

s measuresthedistancefrom r 0 alongtheray c to thepixel
p. Theremainingcontributionscausedby inscatteringfrom
thevolumeareaccumulatedin thediffuseintensityId(r ; ŝ).
pixel p canthereforebedescribedas:

Ip = Iri (s) + Id(s): (6)

2.3. Recovering D(r) alongLaser Lines l i
Thegoalof this sectionis to recover thescaleddensityval-
uesD(r) alongthelaserlinesl i . Werewrite Equation6 using
Equations3 and5:

Ip =
D(r0)

4p
Il i p(ŝ; ŝl i )e

�
Rs

0 D(r)ds+ Id(s): (7)

Thiscanberewrittenas

D(r0) = 4p
Ip � Id(s)
Il i p(ŝ; ŝl i )

� e
Rs

0 D(r)ds: (8)

The phase function p(ŝ; ŝ0) can either assumedto be
isotropic, theoreticallyderived from the propertiesof the
scattering media [BH83], or be measuredexperimen-
tally [HED05]. Note, however, that our acquisitionsetup
evaluatesp(ŝ; ŝ0) only over a small rangeof angles(all pos-
sible intersectionanglesof a laserline l i anda ray c in Fig-
ure2). Locally approximatingp(ŝ; ŝ0) with aconstantyields
thereforeonly a smallerror. Il i canbedeterminedin a cali-
brationstepfor eachlaserline l i . ThediffuseintensityId(s)
canbe estimatedfrom the setof camerapixels N(p) in the
spatialneighborhoodof p whosebackprojectedraydoesnot
intersectwith any laserline l i :

Id(s) � Ĩd(s) =
1

jjN(p)jj å
p02 N(p)

Ip0: (9)

This assumesthat Id(s) varies smoothly over the image
planeandcorrespondsto theremoval of multiple scattering
in the calibrationpart of Hawkins et al. [HED05]. We fur-
thermoreneedto setĨd(s) = Ip if Ĩd(s) > Ip to avoid physi-
cally implausibleresults,e.g.,dueto noisein theacquisition.
Under the assumptionof optically thin scatteringmaterial,
we canfurthermoreset

Rs
0 D(r)ds = 0 without introducing

too largeanerror. Equation8 becomesthen

D(r0) � 4p
Ip � Ĩd(s)
Il i p(ŝ; ŝl i )

(10)

which allows us to recover the scaleddensityvaluesalong
all laserlines.

2.4. Reconstructionof the Entir eDensityField D(r )

Given the density valuesD along the laser lines, we can
employ severaldifferentinterpolationtechniquesto interpo-
lateD(r ). Any interpolationtechniquesuchasthepush-pull
algorithm[GGSC96, DCOY03] will, however, preserve the
valuesof D alongthe laserlinesandthusalsopreserve the
non-uniformsamplinginherentin our datastructure.High
frequency detailswill only beavailablealongthelaserlines
andyield noticeableartifacts.

We thereforeoptedfor a moregeneralreconstructionap-
proachthat approximatesthe samplevaluesand yields a
smootherreconstruction.We formulateour approximation
problemas follows: Given are n discretesamplesof mea-
sureddensityvaluesD(pi) at locationspi (i = 0; : : : ;n � 1)
onthelaserlines.Wethenapproximatethe�eld ataposition
r as

eD(r) =
å n� 1

i= 0 D(pi) � w(kr � pik)

å n� 1
i= 0 w(kr � pik)

: (11)

Theweightingfunctionw is de�ned as

w(x) =
�

0:5� cos( x�p
R ) + 0:5 for x < R

0 else
: (12)

The parameterR which determinesthe width of the recon-
structionkernelneedsto be manuallyselectedfor a given
samplingcon�guration. Note that R hasto be chosensuch
that in the R-neighborhoodof every point r of the domain
thereis at leastonesamplepointpi .

3. Simulation

To perform an analysis of a datasetwith ground truth
we useda 100 frame simulation of smoke emitted from
the borderof a volume using the techniqueof Treuille et
al. [TLP06]. The data was storedas a 643 voxel density
�eld. Assumingthat eachdatasetis de�ned over the do-
main [0;1]3 andassuminga trilinear interpolationbetween
thegrid points,we have continuousscalar�elds fg for each
time framewhichactasgroundtruth.

In order to reconstructoneof them,we considera bun-
dleof 100raysstartingfrom ( 1

2 ; 1
2 ; � 3) andpassingthrough

( i
9 ; j

9 ;1) for i; j = 0; : : : ;9.Thenwesampledfg in its domain
alongtheraysandappliedourapproximationtechniquewith
parameterR= 8 to geta reconstructed�eld f R= 8

1 . In a sec-
ond test,we addeda secondbundleof 100 raysstartingat
(� 5; 1

2 ; 1
2) andpassingthrough(1; i

9 ; j
9) for i; j = 0; : : : ;9.

The �eld reconstructedfrom these200 rayswith R = 8 is
f R= 8
2 . Figure 3 shows fg; f R= 8

1 , and f R= 8
2 for Frame60

of the dataset.While both reconstructionsfaithfully repre-
sentthe overall structureof the �eld, it is clear that many
high-frequency details are lost. We thereforecomputeda
smoothedversionof the groundtruth �eld by convolving
it with a normalizedversionof the reconstructionkernelw
(Equation12). Figure3(d)depictsthesmoothedgroundtruth
�eld f R= 8

g for a kernelradiusR = 8 which is well approxi-
matedby both, f R= 8

1 and f R= 8
2 .

3.1. Err or Analysis

We de�ne the RMS error betweentwo scalar�elds f and
f 0 storedasa voxel densitiessampledat a setof identical
locationsV as

RMS( f ; f 0) =

s
å vi2 V( f (vi) � f 0(vi))2

kVk
: (13)
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(a)groundtruth fg (b) reconstructionf R= 8
1 (c) reconstructionf R= 8

2 (d) smoothedground truth
f R= 8
g

Figure 3: Resultfor the simulatedsmoke dataset.(a): Renderingof Frame60 of the syntheticsmoke dataset.(b) and (c):
Reconstructionusingonebundleand two bundlesof 10� 10 rays,respectively, and R = 8. (d): Renderingof the smoothed
original volumewith R= 8.
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Figure4: VariousRMSerrors for the100framescontained
in thesimulateddataset.Horizontalaxis:framenumber. Ver-
tical axis: RMS error. The densityvaluesin the original
datasetvarybetween0 and1.6.

In practice,V correspondsto thesetof 643 voxelsde�ning
our �eld. Figure4 depictsthe RMS error betweenvarious
versionsof the �eld for all 100 framesin the dataset.The
densityvaluesin theoriginaldatasetvarybetween0 and1.6.

The RMS errors betweenthe ground truth fg and the
reconstructionsfrom one and two ray bundles( f R= 8

1 and
f R= 8
2 ) arealmostidentical.The RMS error decreasesdras-

tically when it is computedagainst the smoothedversion
f R= 8
g . Furthermore,f R= 8

2 fairsnow muchbetterthan f R= 8
1 .

This suggeststhatmostof theerrorin thereconstructionsis
dueto the sparsesamplingandsmoothapproximationthat
suppresseshigh frequency detail. To verify this, we com-
puted the RMS error RMS( fg; f R= 8

g ) betweenthe ground
truth�eld andthesmoothedversionof thegroundtruth�eld.
Figure 4 shows that this error is only slightly lower than
RMS( fg; f R= 8

2 ), i.e.,mostof thereconstructionerrorseems
to bedueto thelossof high frequency detail.

4. Acquisition System

Webuilt aprototypeof anacquisitionsystemto testourideas
in practice.Thesetupcontainstwo collimatedlasersources
– a 130mW red laseranda 30mW blue laser. Eachcolli-
matedlaserbeamis transformedinto abundleof perspective
raysusinga burst grating.A black masklimits the number
of raysin eachbundleto 5� 5 raysfor eachlaser. Thegen-
eratedray bundlesareroughlyperpendicularto eachother;
their intersectionde�nes a measurementvolume of about
50� 24� 50 cm3 (seeFigure 2, right, for an imageof the
measurementsetup).We usea smoke machineto createa
spatiallyvaryingdensityof scatteringmedia.

A high quality color CCD camerais usedto captureim-
agesof themeasurementvolume.Its placementensuresthat
notwo raysof thesamecolorprojectto thesamelocationon
theimageplane.Wearethusableto capturethetwo bundles
independentlyusing the camera's red andblue channel.In
addition,we illuminate the measurementvolumediffusely
with greenLEDs andusethe greenchannelof the camera
to capturesimultaneouslya groundtruth imageof the ac-
quireddataset.Figure6, left, showsanexampleinput image
of thesystem.Althoughall threelight sourceshaveanarrow
spectralresponse,weobservecrosstalkbetweensomeof the
color channelswhich we remove usingstandardimagepro-
cessingtechniques.

4.1. Calibration and Capture

For geometriccalibrationof the cameraand the laserswe
captureseveralhigh-dynamicrangeimages[DM97] of each
bundleof laserraysilluminatingayellow andwhitechecker-
boardpattern.This allows us to reliably detectthe centers
of the laserspots.After computingthe3D locationof these
spotsusinga calibrationtoolbox [Bou06] we canestimate
the positionof the laserlines in spacerelative to the cam-
era.Figure5 (left) shows a visualizationof thespatialsam-
pling in which thetwo bundlesof laserraysareclearlyvisi-
ble. Usingthecalibrationdata,we cannow extractsamples
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Figure 5: Geometricand photometriccalibration of the
setup.Left: Visualizationof the spatial sampling. The two
bundlesof laser raysare clearly visible. Right: Calibration
image for thebluelaserto recover therelativeintensitiesI l i
for theindividual rays(tone-mapped).

Figure 6: Acquiredimage of smoke andreconstructedden-
sity �eld. Left: Input image with two independentgrids of
laserlines(red,blue)samplingthevolumeanddiffusegreen
illumination (image intensity rescaledfor display). Right:
Density�eld reconstructedfromthissingleimage.

Ip from the cameraimagesby marchingalong the projec-
tions of the rays.We improve stability andensurethat the
full width of theprojectedlaserline is capturedby integrat-
ing overasmallneighborhoodperpendicularto theprojected
raydirection.

Theburstgratingscreatebundlesof rayswhereeachlaser
line canhave a differentintensity. We thereforeneedto re-
cover the relative intensityIl i of all laserlines in eachbun-
dle in thecalibrationphase.To this end,we capturea high-
dynamicrangeimageperlaserof asheetof subsurfacescat-
tering plasticsilluminatedby the correspondingray bundle
(seeFigure5 right). We integratethe laserintensityover a
constantareaaroundeachlaserspotto getIl i . Thetwo lasers
might still behave differently, e.g.,dueto differentscatter-
ing propertiesfor differentwavelengths.We thereforecap-
tureduringcalibrationimagesof smokeandrecoverseparate
density�elds DredandDbluefor theredresp.thebluelaser
bundle.We thendeterminea scalefactork that minimizes
thermserrorbetweenDredandk� Dblueandscaletheinput
datafor thebluechannelaccordinglybeforereconstructing
thedensity�eld.

4.2. Acquisition Results

Wecapturedseveraldatasetswith theacquisitionsystemde-
scribedin Section4 anddepictedin Figure2 (right). All im-

Figure 7: Resultsfor smoke from a smoke machine. The
three images were taken in sequencefrom top to bottom.
The images on the left showground truth photographsof
the sceneextractedfrom the greenchannel.Theimageson
theright showrenderingsof our reconstruction.

agesweretakenwith 0.25s exposuretime.Capturedresults
areshown in Figures6 and7.Theresultsarerenderedusing
a raytracing-baseddirectvolumerenderingapproach.

Figure6 shows an input imagecapturingsmoke from a
smokemachine.Theintensityvariationsalongthelaserlines
areclearlyvisible.In addition,thebluelaserlinesaretighter
focussedthanthe red lineswhich is correctedby the inten-
sity scalingdescribedin Section4. Notein theresultimage
on the right how muchdetail could be reconstructedfrom
thissingleinputview.

Figure7 shows comparisonsbetweengroundtruth pho-
tographsandrenderingsfor threeimagesof datasetconsist-
ing of 50 imagescapturedat approximately3 fps.Notethat
thisspeedismainlyconstrainedby theframerateof thecam-
eraandnot by themeasurementprinciple.Thegroundtruth
photographswereextractedfrom thecamera'sgreenchannel
asdescribedin Section4. Thereconstructeddatasetcaptured
theoverallshapeof thesmokeaswell asprominentfeatures.
Its resolutionis, however, limited dueto thesparsesampling
usingonly 5� 5 gridsof laserlines.

5. Discussionand Conclusion

We presenteda new samplingapproachto sampletime-
varying volumetricdensity�elds usinggrids of laserlines
asillumination.Thisallowsusto continuouslysamplein the
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time domainat the costof sparsersamplingon the spatial
domain.

Like othermeasurementsystemssuchasHawkins et al.
[HED05] or Narasimhanet al. [NNSK05], we areassuming
that thescatteringbehavior insidethemeasurementvolume
is dominatedby singlescattering.This limits both, thesize
of themeasurementvolumeandthedensityof thescatterer
insidethevolume,dueto two effects:First, the intensityof
thelaserraysIl i andthescatteredintensityIp decreaseinside
themeasurementvolumedueto outscatteringandabsorption
yielding a systematicbias in the reconstructed�eld D(r ).
Modelingandinvertingthis effect for spatiallyvaryingden-
sitiesis dif�cult evenif all scatteringparametersareknown.
Second,the diffuse intensity Id increasesherebyseverely
limiting thesignal-to-noiseratio in themeasurements.

5.1. Futur eWork

Thereareseveraldirectionsfor furtherresearch:A different
camerasystemwould allow us to operatethe whole setup
at a higherframerateremoving motion blur from captured
images.The numberof laserlines in the setupis currently
limited by the propertiesof the gratings.Using individual
lasersources(e.g.,a set of laserpointers)to generatethe
lines independentlywould allow a much densersampling.
The numberof lines is thenonly limited by their projected
width on thecapturedimage.

Thecurrentdataprocessingapproachmakesno assump-
tion aboutthestructureof thedensity�eld D(r ) andyields
thereforea smoothreconstructionof thesmoke volume(es-
peciallyin sparselysampleddimensions).Reconstructional-
gorithmsthatmake useof prior knowledgeof thestructure
of thedata(e.g.,[ONOI04]) canimprove thevisualquality
of the reconstructeddensity �eld. Alternatively, the struc-
ture could be inferred by analyzingthe frequency content
in densersampleddimensionsin the spirit of Dischler et
al. [DGF98].
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