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Fig. 1. A CT scan of a hand rendered using the proposed historygram-based volumetric photon mapper. The insets show the high
dynamic range achievable in shadowed areas resulting from multiple scattering, as well as the usage of different materials. When
using our method only  30% of the light transport solutions need to be recomputed when changing the material of the bone.

Abstract —In this paper, we enable interactive volumetric global illumination by extending photon mapping technigues to handle
interactive transfer function (TF) and material editing in the context of volume rendering. We propose novel algorithms and data
structures for nding and evaluating parts of a scene affected by these parameter changes, and thus support ef cient updates of the
photon map. In direct volume rendering (DVR) the ability to explore volume data using parameter changes, such as editable TFs, is
of key importance. Advanced global illumination techniques are in most cases computationally too expensive, as they prevent the
desired interactivity. Our technique decreases the amount of computation caused by parameter changes, by introducing Historygrams
which allow us to ef ciently reuse previously computed photon media interactions. Along the viewing rays, we utilize properties of the
light transport equations to subdivide a view-ray into segments and independently update them when invalid. Unlike segments of a
view-ray, photon scattering events within the volumetric medium needs to be sequentially updated. Using our Historygramapproach,
we can identify the rstinvalid photon interaction caused by a property change, and thus reuse all valid photon interactions. Combining
these two novel concepts, supports interactive editing of parameters when using volumetric photon mapping in the context of DVR.
As a consequence, we can handle arbitrarily shaped and positioned light sources, arbitrary phase functions, bidirectional re ectance
distribution functions and multiple scattering which has previously not been possible in interactive DVR.

Index Terms —Volume rendering, photon mapping, global illumination, participating media.
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1 INTRODUCTION

Interactive Direct Volume Rendering (DVR) is an increasingly imnation is the fact that light is the fundamental carrier of visual infor-
portant method for exploration and presentation of data in a wideation. The lighting used in the rendering of an image has an enor-
range of application domains. Rendering speeds for volume data haveus impact on how it is interpreted by a human observer. By care-
improved greatly over the past decades due to development of bfity designing the lighting setup, illumination can reveal strong visual
hardware and algorithms. However, current methods for volumetigoies [21, 23] describing global structures, local details and curvature
illumination in DVR are still severely limited, often only handlingof surfaces and volumetric structures that would otherwise be hidden
single-scattering, xed illumination or not even taking volumetric selffrom the observer. It has, furthermore, been shown that a perceptu-
shadowing into account [16]. This is in sharp contrast to the mogdly important part of the light interaction in the scene is light that has
complex models that have been deployed in off-line rendering of reakattered more than one time in the medium [8, 17].
istic looking images of both surface and volumetric objects [4]. Within In this work we enable highly realistic volume renderings at inter-
DVR tradeoffs have usually been made in order to support interactisietive rates, based on photon mapping. We achieve interactive frame
editing of the transfer function (TF), which is an integral part of anyates, by introducing a novel approach where only light interactions
DVR pipeline. that have been affected by the parameter changes are recomputed.
The driving force behind the desire to apply more realistic illumiPhoton mapping (PM) is extensively used in computer graphics for
rendering participating media [14, 15], as it is an ef cient method
for producing physically plausible global illumination effects. Even
Daniel Jnsson, Joel Kronander, Timo Ropinski, and Anders Ynnerman though photon mapping can produce a wide range of illumination ef-
are with Linkoping University, Sweden. E-mail: fects, it has so far been too expensive to be used in interactive volu-
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of the parameters used to compute a photon, or a viewing ray. Thus,



Historygrams enable us to detect which photons and viewing rays agproaches are renderer independent. Hernell et al. perform a ray-
invalid based on a parameter change, for example, editing the TF. ¥ésting pass per voxel over a local spherical neighborhood [11], while
then only recompute these invalid parts, and can thus achieve inteopinski et al. [30] compute local data histograms to obtain ambient
active rendering times while producing highly realistic images (sexclusion effects. However, these methods are limited to local effects
gure 1). The main contributions of this paper are: and do not, in contrast to our approach, incorporate physically based
Enabling volumetric photon mapping for use in DVR, a”owin@'Ob&' illumination effects. To simulate global shadow effects, meth-
interactive editing of the TF and, a range of perceptually impofds computing shadow volumes [3, 29] and deep shadow maps [10]
tant global illumination effects, such as multiple-scattering an@eve been presented. These methods sample the volumetric occlusion
specular materials. from the light sources utilizing ef cient pre-computed data structures.
Introduction of Historygrams a novel concept for ef ciently More recently, Sungh et al. [33] have proposed exploiting the plane
storing and evaluating the parameter history upon which a p&weep paradigm to enable dynamic illumination with a low memory
ticular computed object (viewing ray segment or photon path) gyerhead at interactive frame rates. Kronander et al. [20] uses an ef -

dependent on. cient multi-resolution grid to store visibility information using Spheri-
Methods and data structures for ef cient queries of individuagal Harmonics. Lindemann and Ropinski [22] have exploited spherical
Historygramsfor large numbers of objects. harmonics in a similar manner for enabling advanced material proper-
ties in the context of DVR. To achieve physically more plausible re-
2 RELATED WORK sults, unbiased Monte Carlo methods have also been adopted for real-

time DVR [31, 19]. However, interactivity is limited as TF updates are

Intera_ctive rendering of global iIIumine_ltion effects has been a Ion(g( ensive since the complete volume transport has to be recomputed
standing challenge in computer graphics. Here we focus on phott%rf

. . ; - all, even minor or local, TF changes. Alternatively, for real-time
mapping techniques as well as those techniques proposed for mte;

. ; . ; . fidering of participating media the full global illumination solution
tive DVR. Ritschel et al. provide a more comprehensive overview %%n be a%progimatepd by%‘ocusing only ongsingle scattering [7]
interactive global illumination techniques in a recent survey [27]. )

Photon Mapping. Photon mapping is a biased two-pass global illumig BackcrOUND

nation algorithm that often produces images with less noise than other, . . . . .
Monte Carlo algorithms [14]. In the rst pass, a photon map repré[‘ this section we provide the theoretical background for volumetric

senting the incident illumination in the scene, is generated by traciRgOton mapping. Supsectlon 3.1 de_scrlbes th? detallslof light transport
l(il_partlmpatlng medium and establises notations, while we show how

photons from light sources through the scene. The second pass ; ) ; - > A
mates the nal rendering using ray-tracing, whereby the radiance § numerlcally approximate the light transport using volumetric PM in
' Hbsectlon 3.2.

the scene is estimated by computing an approximation of the pho
density given by the photon map computed in the rst pass. Howevey,1 \olumetric lllumination Model

for nite sample sets, this approximation smooths the true radiance L . L .
and causes bias, i. e., a nonzero expected error. Still, PM is genercfﬂ articipating media, pho'_[ons are affected by emission, in-scattering,
! y ! orption and out-scattering [25].

a consistent Monte Carlo method, meaning that, in the limit of usi We start our derivation by considering a samolslona a viewin
an in nite number of photons, the approximation converges to the true u y 9 mp 9 9

solution. Recent work on Progressive Photon Mapping (PPM) [9, daY. Radlancd-;s(x;wo_) emitted and scattered frorinto the direction
provides a way to reduce bias by using several rendering passes wil &an be de ned as:

photons are progressively traced and discarded, updating the radiance . _ ) N
estimates after each photon tracing pass in such a way that the ap- Ls(x:wo) = SsLi(X;Wo) + Sale(X; Wo); @
proximation converges to the correct solution in the limit. PM for volwheress is the scattering coef cient and, is the absorption coef-
umetric media was rst introduced by Jensen and Christensen [15]jient. The radiance reaching a poir¢ along the viewing ray with
Jarosz et al. [13] improved on the original formulation by using directionwy is the sum of the background radiarlagxy; wo), at the
more ef cient beam radiance query, instead of using redundant photeoundary of the volume and the accumulated emitted and in-scattered
density estimations during ray marching. Recently, Jarosz et al. [I2diance from the medium.

also showed how to approximate the photon density as a set of photon ) . )

beams, improving the performance further. In general our method is L(XC'WO);XT(XO'XC)LO(XO’WO)*'

orthogonal to these concepts, however some minor modi cations are ) o . i

necessary which we discuss in Section 7. None of the discussed meth- % TO6Xe)(S sLi (X, Wo) + Sale(x; o)) dx 2)
ods effectively handle the effects of local parameter changes and, thus, ) ) ) )
need to recompute the entire photon map (all photon beams) and¥rereT (Xi; ;) is the transmittance between poimtsandx;, describ-
view-rays even for small parameter changes. In contrast, Dmitrievigg how light is attenuated when traveling through the volume

al. [6], propose to reuse unaffected photons across frames in dynamic Ryj

scenes. Using Quasi-Monte Carlo photon tracing they rst randomly T(x;xj))=¢€e x e, 3)
retrace a small set of photons to nd regions where photons needleeret (X9 speci es the extinction at®. One property of the trans-

Ee ][eco(rjnfuteq[h The%/ tpen show howl phot_(t)r?s 'r:‘ ar:fectid kr)(_elglotr)ws (fﬁ_ﬁtance, which we utilize in this work, is that the transmittance is
be found from the set of sparse samples with a high probability by Uy, injicative, i. e. that it can be divided into segments and multipled
ing the periodicity of the generated quasi-random Halton sequenc«(s;é%ether.

nd photons with similar paths. Although, the idea of reusing vali ’

photons across frames is not new in computer graphics, to the authors o) — . e\

knowledge these methods have not been applied in the context of vol- TO%)) = TOGx) T 086 x): )
ume rendering before and no previous work has considered adapti in-scattered radianck;(x; w), depends on radiance arrivingsat
photon retracing based on TF edits. from all directionsw, over the sphere of directiond/,

Interactive lllumination for DVR. Traditionally, full global illumi-

nation effects have been too costly to be used in interactive DVR ap- z _ o

plications, and instead different approximations have been made. We Li(xw) = w (% WO w) L(x; W9 dwO 5)
address a few of these approaches, and refer the reader to a more com- ®

plete survey by@nsson et. al [16]. wheres(x; wi; Wo) represents the scattering function at the painin

Several methods exploit texture slicing to estimate forward scattéiis work, we enabla(x; w;; w,) to shift between phase function and
ing, shadows and color bleeding [18, 32, 34]. While these approachBRDF depending on the material given by the TF. This allows the user
can only be used in slice-based renderers, several ambient occlusmareate surface-like materials within the volume.



3.2 Volumetric Photon Mapping
In this work we adopt the standard photon mapping framework for

volumetric media, originally proposed by Jensen and Christensen [15]. m W

Photon Tracing. In a rst pass, a Markov random-walk approach is x X

used to trace photons from light sources into and through the volume. P2 P1

For each photon, importance sampling is used to select from which W (5
light source the photon should be traced, and to generate a position P3
and direction on the chosen light source. Photons traced through the P4

volume may either pass unaffected or interact (be absorbed, orscat- 71 Il VB W W W W W
tered) at each point. To decide if and where the photon interacts wi
the media, we draw a sample from the probability distribution of
scattering or absorption event, by using the inversion method. Thé®
cumulative probability distribution for an interaction event is given by

oS =dhen Sy =l o Sy =i o an Sy atih o i S o2 = =2 S =ik o ap S =
S1 S2 S2 S3 S4 S5 S6 S7

R, Fig. 2. To localize the effect of parameter changes on the light trans-
CX)=1 T(xgX)=1 e xst(X%XO; (6) port solution, we partition both the incident illumination using photons

and view-rays using ray-segments. To encode the parameters used for

wherexs is the point at which the photon enters the volume and tise computation of each partition object, we store a separate History-
transparencyT (Xs;X), is computed using standard ray-marching. Agram for gach objegt. In this schgme, using qnly two.matenal param-
each point where the photon interacts with the volume a copy of tErs: depicted by light blue and light red, a simple Historygram using
photon ux and incoming direction of the photon is stored in the phd2ly two bits can be used to store the parameter history of each com-
ton map. Russian roulette is used to decide if the photon is absorl?éJ tional object (photon, ray-segment). When tracing photons from the

or scattered further in the medium. The probability that a photon tfegrirtlso:/‘\/rr?i?é ?gf?apt':éog'g:ti”;gﬁ ?—lri‘gteosrtorrsamsitsozgrearznddueenioo?iﬁte-
scattered is given by 9. y-Seg y9 p

other segments Historygrams.

_ Ss(¥).
P(x) = t(x) Y computation of this object (view-ray segment, photon). It is important
to note that the parameters in our case consist of volume data intensi-
If the photon is scattered, importance sampling of the phase functitv@s since this makes the created Historygram independent of current
or BRDF is used to determine its new direction. TFs, see section 4.3. Historygrams are a binary data structure de ned
Rendering. To render the nal image, viewing rays are generatetb provide a minimal memory footprint, while at the same time, being
and ray-marching is used to evaluate equation (2). For each sampédient to query. When the user changes the TF we use the changed
point along the ray, the photon map is used to form an estimate of gp@rameter values to form a query over all stored Historygrams and,
in-scattered radiance. By using a spherical kernel of radisen  thus, isolate the parts of the light transport solution which need to be
closest photons are used to estimate the in-scattered radiance recomputed. To recompute the light transport in the volume, we rst
update all invalid photons, i. e., retracing them from the last unaffected
intersection. Afterwards, affected viewing-ray segments are updated.

Li(xw) 1 g (X Wy w) DF p(x;wp) . @8) In section 4.2 we discuss_ how a generaI_Historygram is const_ructed,

' ss(X) =1 P gpr3 ' stored and effectively queried. We then, in section 4.3, explain how
we can ef ciently store commonly used parameters in DVR using the

whereF , is the ux of the photon,p, in directionwy. Historygram data structure. Compared to a standard photon map, we
store an additional Historygram for each photon in the photon map,

4 METHOD encoding the history of the light path the photon has traversed. The

act details on how each photons Historygram is computed, are dis-
ssed in section 4.3.1. We additionally store a separate Historygram
I each view-ray segment. To only update parts of the viewing rays
at a time, the multiplicative property of the volume rendering integral
4.1 Overview is used which states that compositing transparency can be performed
in any order. In section 4.3.2, we show how we can recompute only

An important part of any DVR pipeline is the exploration of volum - :
data by performing interactive TF changes. This affects light transp%rr]t0 se segments of viewing rays, which are affected by a TF update.

as the TF maps data values to material properties, such as trans
tancet (x), scattering coef cientss(x), absorption coef cients a(x),
scattering functions(x;wi;w,). Thus, any pre-computation which A Historygram represents a set of parameters, which has been used
relies on volume material properties must be recomputed as soordegng the computation of a particular object, e. g., a view-ray segment
the user changes the TF. Furthermore, interactive data exploration@sa photon. Before we discuss the application of Historygrams, we
ing the TF means that the volumetric medium may change in evesl detail the notation of a Historygram and show how a Historygram
rendered frame. However, typically, the user does not make glolialincrementally constructed. We then describe an ef cient way of
changes to the TF, but, instead, focuses on exploring different obje@tierying Historygrams, and how we can represent Historygrams using
in the volume, one at a time, or on tuning localized material propean ef cient binary data structure.

ties. Consider, for example adjusting the diffuse color of the bone Motation. The HistorygramH, is a set of representable parameter
gure 1. This enables us to only recompute the parts of the light transetsZ;. A speci ¢ Z; represents a group of parameters represented as
port simulation which are affected by the changes, and reuse the oaegingle entry in the Historygram. To map an arbitrary paramgter,
that do not change. To accomplish this we introduce an ef cient pae a representable s&t we de ne a mappingd : x!f Z;,i= 1::ng.

tition of the light transport calculations where we are using photorisis mapping thus describes how arbitrary parameters are represented
to partition the incident illumination in the volume and view-ray segin the HistorygramH.

ments for partitioning the ray-marching computations, as illustrated @onstructing Historygrams. At rst, the Historygrams of all objects

gure 2. Each partitioning of the light transport solution stores its oware set to the empty sefy = 0. During the computation of an object
Historygram specifying which parameters have been used during thith HistorygramH;, the parameters used;, j = 1:::n, are added to

In this section we describe in detail how volumetric photon mappin
can be extended to handle interactive TF and other rendering paral
ter changes, by using the Historygram concept in the context of DV

o Historygrams



Alpha TE1 gure 3). In _the following two subsections, we explain how we fa-
RN - TF2 cilitate the Historygram concept for photons and viewing-rays in the
/ - context of DVR. Based on the Historygram representation, it can be
/ REAN Intensity determined ef ciently through binary processing, i.e., bitwise oper-
I T T T o T o T T T o ] ations, if photons or viewing-rays are invalid. For storage, a single

bit represents a change of a parameter, which means that for instance

Hist ,H : : :
Query Historygram., Ha eight parameters can be represented using a single byte.

Fig. 3. Transfer function changes are mapped to a query Historygram, 4.3.1 Photon Historygrams

Hg, in the form of a nite sequence of binary values. The current TF . .
setting is represented by a dashed blue line, and the new TF setting by S @ photon traverses the medium it may be absorbed, or scattered

a solid red line. Given the difference in the TF setting, the changes are M dlﬁerent directions depending on optical prope_rtles Pf the m_edlum_.
mapped to affected data value intervals. A query Historygram with a 6  1hiS means that photons are dependent on previous interactions with
bit representation is shown in the bottom. By intersecting the intervals ~ the volumetric medium. Therefore we must take this into account
with the support of the bins in the discrete Historygram representation, ~When updating photon interactions. To do so, we create Historygrams
affected bins are set to 1, and unaffected bins are set to 0. based on the volume data intensity as discussed in the previous sec-
tion. As soon as a photon interacts with the medium (scatters or ab-
sorbs, see Section 3.2), we store the Historygram, position, direction
the set;+ 1 and power of the photon interaction. A scattered photon continues to
n use the Historygram, which means that the last photon interaction will
His1= Hi [ d(x)); (9) know about all data that was used for all scattering events of that pho-
=1 ton. Then, when the parameters change and a query Historygram has
been created, we start by evaluating the last photon interaction. If the
whereH; is the previous Historygram artdj 1 is the new Historygram |ast photon interaction was not affected by the parameter change, we
containing both the previous set of used parametersxai¢hen the know that none of the previous ones where not either, and thus we do
computation has completed, the Historygram will thus contain infofrot need to update any of them. However, if the photon interaction
mation about all parameters used during its lifetime. was affected by the parameter change, we continue backwards until
Historygram Queries. When the parameters specifying the globalve nd a photon interaction which was not affected. Given the posi-
light transport solution change, we would like to evaluate which olon of the last valid photon interaction, and the material properties at
jects need to be updated. Therefore, equation 9 is used to map e location, we can apply importance sampling to determine a new
changed parameters into a Query-Historygtdgn Then, for all ob-  direction and restart photon tracing.
jects we evaluate which subsets of parameters in the objects History-
gram,H, is affected by the change, by intersecting the sets 4.3.2 View-Ray Historygrams

For rays cast from the camera, we utilize Equation (4), which states
that the transmittance between two points can be divided into smaller
ments and multiplied together. Thus, each segment can be treated
independently. This means, that, if the user changes a parameter which
Historygram Representation. We propose to use a binary represenaﬁeCts the inner parts of the volume, segments before and after do not
tation of the Historygrani. This saves storage as only one bit needd€€d to be recomputed as they are not affected by the change. Us-
to be used to represent if a subset of parameletsas been used. Ing the same apprc_;ach as fc_)r photon Interactions, each segment forms
Furthermore, for Historygram queries, the unjonand intersection !t Historygram using equation (9) and equation (11). Therefore, we
\ , can then be evaluated using the OR and AND operator respectivi ore the Historygram of ea_ch segment together with Fhe color. When
As these operations can be translated directly to hardware instructidhi§ USer changes the material parameters we analyze if the segment has
they are extremely fast to evaluate. Also, since we use a binary re gen affected, using the query _H_|storygrarr_1, and recompute It if neces-
sentation, we know that Ifl, is not equal to zero at least one param_sary. Generally we uniformly divide each view-ray into a user de ned

eter subset that was used during the computation has changed . "Wfner of segment&/,. For a standard DVR pipeline the History-

together, this allows us to ef ciently answer the question if a comp@r@m only needs to be computed the rst time a segment is computed,

tation has used a certain set of parameters or not. Thus, computatfﬁ%he underlying data does not change. The creation of Historygrams

which are not affected by a set of parameter changes may be reusdd! VieW-rays is therefore performed as soon as the camera stops mov-
ing. Then, when performing incremental updates, the Historygram

4.3 Historygrams for Photon Mapping in DVR does not need to be updated.
In a standard DVR pipeline, the TF is used to map scalar data valueérésonlle casaes{ ra}ytsegr_?ents n?eifto tb%rgcir;puted evetn thc;]ugh the
to optical properties. Using the fact that material properties in t#€d Volume data intensity IS not atected by theé parameter change.

volume directly correspond to data values through the TF mappi g:)r instance, this occurs when one structure within the data casts a
I

whereH,, represents the set of affected parameter sets. If the result
Hu is non empty we recompute the object with Historygrdm

we can use a mappingj to transform data values to a representab adow on a another structure consisting of different intensity values.
set of parameter. This enables the Historygram computation to b theldogcludlggtsgutctliri IS remoxettj, th‘?”t the rematlnnlwfgt;trqcturet
independent of the current TF as only data values from the volume %Fobou € updated to take néw pnotons into account. IS IS NO

used. An example of d(x) function, which maps data value [0 1] ne the view segments inclugling the remaining object will not be up-
to a binary representable setthis ' ' dated, and will appear to be in shadow even though they are not. It

is therefore not enough to know the data intensity based Historygram
- . alone. Instead, the spatial location of the changes is important. This
()= 1<< floor(x (p 1) (11) issue can be handled in various ways, but we propose the use of His-
where<< denotes the left bit shift operator apdis the number of torygrams for this as well. One Historygram is allocated for each of
bits used for the Historygram. Typicallp is 32 or 64 such that the the three dimensions of the data set. As an example, for a volume of
native bit shift operator can be used. This corresponds to uniformdymensions 62 we can recognize spatial changes at voxel resolution
discretizing the TF domain into a set phins. Each bin corresponds using only 3 64 bits, i.e. 64 bits per dimension. When a photon in-
to the parameters speci ed through the TF for the range of data valuesaction is removed or added due to a parameter change, a mapping
represented by the bin. Query Historygrams are constructed in a sfiomction is used for each dimension to update a single, global, spatial
ilar manner. First, we map the TF change to the affected data valuesstorygram. When all photons have been updated, this global spa-
and then we construct the query usiti(x) as in equation (11) (see tial Historygram will contain information about where all illumination



(a) Shadow ray-caster [28] (b) Our method using single scatteringc) Our method using multiple scattering

Fig. 4. (a) Synthetic Cornell Box (256 256 256 voxels) shaded using shadow volume propagation which simulates multiple-scattering with a
diffusion process [28], (b) our method using 4 million photons and single scattering, (c) our method using 4 million photons and multiple scattering.

changes have been made. Then, when updating view-ray segmentbaised on bin index using radix sort [26]. The start and end of each bin
addition to the Historygram based on data intensity, the segment adse then found and used to query how many, and which, photon inter-
queries the spatial Historygram for changes within the photon raditions are near a location. Since the photon radius is used for the bin
In this paper, most changes made have been local, or affected the saagh, all photons within the given radius can be found by querying
data intensities. Therefore, the spatial Historygram evaluation has tim 27 surrounding bins of a location. When the user changes the TF,
been performed. It should, however, be considered for applicatioasd a photon is determined to be invalid, we move it from the current

where illumination accuracy is of importance. location in the hash table to the new location.
Algorithm. During the photon tracing process we create a History-
5 IMPLEMENTATION gram for each photon interaction using equation 11, \pidet to 64,

To realize the interactive application of the proposed HistorygraMhich allows us to use native instructions on the GPU when evalu-
method, we have implemented the described concepts using Open@ing Historygrams. As soon as the camera stops moving, we start a
Data Structures. When the user changes the TF, it is neessecary f8y-casting pass which generates and stores the Historygram for each
search for invalid photons and viewing-ray segments. Additionally, fiew-ray segment. Then, when the user starts to change parameters,
is necessary to determine the order of scattering events for photoi§.create the Historygraig by comparing the new parameter to the
For this purpose, we use an implicitly linked list where the photon irftld one and add it if changed. When a photon interaction is found in-
teraction id determines the index into the list. In our implementatiofplid, we set the occupied location in the hash to the maximum integer
we store the Historygram for each photon interaction in addition to i¥lue. To avoid the use of atomic operations, we reuse locations of the
position, direction and power. We apply the same implicitly linke@@moved photon interactions in the hash table. Then, when the hash
list concept to view-ray segments where the Historygram is stored gble has been sorted, we can determine the last index of the hash by
gether with the color. Thus, when the TF changes, we can start at §¥@luating the number of existing, added and removed photon interac-
last stored scattering event and move backwards in the list until a valii@ns. Once the photons have been updated, we can start to evaluate
photon is found. view-ray segments. In order to increase the work-group load distribu-
In order to evaluate the in-scattered radiance during rendering, {{@" we update all segments independently and then composite them
need to be able to nd nearby photons for a locationTo do so, [N aseparate step. ] ) )
we have adopted a chaining hash table as described by Alcantara et0 incorporate realistic material shading effects, we support dif-
al. [1], which allows us to nd nearby photons (1) time. We use ferent material models. We primarily use isotropic phase .functlons,
a hash function which maps the locatiinto uniformly distributed although we also support Henyey-Greenstein and the Schlick approx-
bins with the bin size equal to the photon radius. During photon trafbation. For BRDF speci cation we use the microfacet distribution as
ing, the index of the bin is stored together with the index of the photdfiven by Ashikimin [2] or the recently published ABC model [24].
interaction in a list. The list can then be ef ciently sorted on the GPU
6 RESULTS AND EVALUATION
In this section, we show the quality and performance of our method
on a number of both real world and synthetic examples. All tests were
performed on a computer with an Intel Xeon 2.67 GHz processor, 6
GB random access memory and an Nvidia Geforce 570 graphics card.

6.1 Results

Using a full global illumination simulation, perceptually important ef-
fects, such as multiple-scattering, color bleeding and realistic material
functions can be incorporated in the DVR pipeline. Figure 4 shows a
synthetic Cornell Box (256 256 256 voxels) shaded using shadow
volume propagation as proposed by Ropinski et. al. [28], which uses
a diffusion process for approximating multiple-scattering, our method
using single scattering, and our method using multiple scattering (2
light bounces). As can be seen in the renderings, the diffusion approx-
Fig. 5. A CT scan of an engine [256 256 256 rendered with multiple  imation fails to account for multiple scattering in these media, and
scattering (2 light bounces) and 2.1 million photons. Changing material ~ works best for dense objects. Using single scattering, our method is
properties from the left image to the right image can be performed 7.7 able to accurately render the thin media in the interior of the room,
times faster using our Historygram method compared to a GPU com-  the transparent box as well as the solid objects in the scene. Multiple
plete discard and rerender all photon mapping implementation. scattering effects provide a visually pleasing result, and color-bleeding



(a) Golden lady, 512 512 625 voxels (b) Cenovix, 361 331 361 voxels

Fig. 6. Results achieved with our method. a) displays a CT scan of a woman, rendered using 2:1 million photons, 9 view segments, single
scattering, and three light sources. A microfacet BRDF function (Ashikimin-Shirley [2]) was used to add specular re ections to the blood vessels,
and an isotropic phase function was used for the bone structures. Varying the material properties of the outer skin layer requires 74%of the photons
to be retraced and 24% of the view segments to be recomputed. b) displays a CT scan rendered using 1:6 million photons and 7 view segments.
Removing the kidney content requires 35% of the photons and 9% of the view segments to be recomputed. Changing the color of the vessels
requires 24% of the photons and 4% of the view segments to be recomputed, thereby enabling speedups of approximately 7 times.

Table 1. Performance measurements for the data sets used in this paper. As can be seen in the photon tracing and gathering columns with and
without Historygrams, interactive editing is enabled in almost all cases with up to 15 times speedup.

Data set Ph Samples Without Historygrams With Historygrams
Ivoxel
Photon | Photon Vn | Initialization| Photon tracing | Photon gathering| Total
tracing | gather- overhead / Recomputed | / Recomputed speedup
ing

Hand, g1 21M | 8.0 0.22s 1.97s 10 | 16% 0.10s/19% 1.63s/29% 1.3x
Cornell, g 4(b) 42M | 2.0 0.32s 9.11s 7 | 26% 0.04s/3% 0.57s/18% 15.2x
Engine, g5 21M | 4.0 0.37s | 541s 10 | 5% 0.10s/5% 0.64s/19% 7.7x
Golden lady, 21M | 15 0.37s 131s 9 | 25% 0.25s/74% 0.43s/24% 2.4x
g 6(2)(top)
Golden lady, 21M | 15 0.23s 1.32s 9 | 3% 0.15s/71% 1.11s/100 % 1.2x
g 6(a)(bottom)
Cenovix, 16M | 4.0 0.11s 1.25s 7 | 8% 0.03s/24% 0.16s/4% 6.8x
g 6(b)(top)
Cenovix, 16M | 4.0 0.11s | 0.95s 7 | 11% 0.07s/35% 0.25s/9% 3.2x
g 6(b)(bottom)

from the blue medium in the interior of the room can be seen on the B, - The number of photons traced into the scene.
walls, the transparent box in the lower right also shows the effect of Vi, - The number of view-ray segments.
sub-surface scattering. . . .
Figure 6(a) shows a rendering of a CT scan of a woman (resolution S - The maximum order of scattering events used in photon trac-
512 512 625). The images were rendered using single scattering, 2 'N9-
million photons, 9 view-ray segments, and three light sources. Speda- evaluate the effect of these parameters on the TF update perfor-
lar blood vessels and the diffuse bone structure eases the perceptiomaince, we varied the material properties of one arti cial and one med-
the vessel structure. Changing the transfer function for values affeictal data set. In the arti cial Cornell box data set (25&56 256
ing the outer skin layer requires recomputing 74% of the photons awoixels) we enabled nearest neighbor ltering to avoid partial volume
24% of the view segments (see gure 6(a)). As can be seen in the pleffects and changed the color the sphere (see gure 7). For the med-
ton tracing and gathering columns in table 1, enabling Historygrariesal data set we chose the Cenovix data set (38B1 361), where
reduces the computation time being non-interactive to interactive in #te vessel material was changed (see gure 8). Figure 7(b) and 8(b)
most all cases. Thus, interactive updates which could not otherwisedh®ws how our method compare to a GPU volume photon mapper
performed are now possible. In general our method also performs walthout our Historygrams. For both singl&, = 1, and multiple scat-
on larger data sets, as the photon representation is independent otehiag, S, = 2, our method has a considerable speeduft§ times for
resolution of the data set. However, one could also argue that a higtiee Cornell box and 8 times for the Cenovix data set). The constant
resolution data set requires more photons to display high-frequerspeedup for varying number of photons occur since the relative amount

shadows. of recomputation needed is approximately the same. For the Cornell
] box, the spatial locality of the data allows for better usage of the hard-
6.2 Evaluation and Performance ware, both in terms of cache coherency and work-group utilization

The performance of our method is affected by a number of parameté¥ich result in increased performance improvement. Figure 7(c) and
the most important being: 8(c) shows the update time for photon tracing and view-ray segments
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Fig. 7. Performance evaluation for updating the material properties of the sphere in a synthetic Cornell Box data set (256 256 256 voxels) using
7 view-ray segments. (b) shows the relative speedup using our method compared to a standard GPU photon mapper. Consistent speedups of an
order of magnitude are achieved for both single and multiple scattering. (c) shows the update time for retracing invalid photons and recomputing
invalid view-ray segments using different number of photons in the scene (generated with single scattering).
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Fig. 8. Performance evaluation for updating the diffuse color of the blood vessels in the Cenovix data set (361 331 361 using 7 view-ray
segments. (b) shows the relative speedup using our method compared to a standard GPU photon mapper, speedups in the order of 6 8times are
achieved for both single and multiple scattering when using more than 0.5 million photons. (c) shows the update time for retracing invalid photons
and recomputing invalid view-ray segments using different number of photons in the scene (generated with single scattering).

for different number of photons traced into the scdfe,From these dent on the sampling rate. For the color, we use the half data type

two plots, we can see that the photon gathering is considerably markich means that 8 bytes are required for the red, green, blue, and

expensive than the photon tracing. Figure 9 shows the effect of Bfpha components.

updates when varying the number of view-rays segments. Using 8 bytes (64 bits) for the Historygram and 8 bytes for the color,
In table 1, the parameters used for each data set rendered in thequamethod implies a 16 MB GPU memory overhead per view-ray seg-

per is presented together with the update time for both the photon trawent for a viewport resolution of 10241024. Similarly for photons

ing and photon gathering stage. In the "Without Historygrams” colwe generally use 8 bytes per photon Historygram, implying a minor

umn, the performance measurements are shown for the GPU phate@mory overhead.

mapper which recomputes everything for all changes. For the column

"With Historygrams”, the number of view-ray segments, the initial/ CONCLUSIONS AND FUTURE WORK

ization overhead, and the amount of recomputation shown in additignthis paper we have enabled the use of photon mapping in a interac-

to the performance timings. The initialization overhead measures tig DVR pipeline. To reach interactive frame rates during parameter

additional time it takes to create and store the Historygrams, whichganges, which is of crucial importance in explorative volume ren-

only performed once when the camera stops moving. The speed®ing, we have introduced and applied the novel concept of Histo-

gained varies depending on the amount of recomputations that ajgrams. Historygrams encode the history of a photon or a view-ray,

needed and the spatial locality of the data. For changes affecting {figich can then be used to only recompute photons and view-rays af-

outer parts of the volume, such as 6(a) almost all of the light trancted by speci ¢ parameter changes such as TF edits. No approxi-

port needs to be recomputed. However, even for these visually laigations are introduced in the nal solution since all invalid photons

changes itis bene cial to use Historygrams. and view-ray segments are recomputed, but we can still accomplish
. an order of magnitude speedup. We have shown results using several
6.2.1 Memory consumption examples of real-world data sets yielding realistic renderings, as well

We have also evaluated the overhead of storing and querying the His-synthetic data used for controlled performance measurements.
torygrams used in our method. Each photon interaction requires oné/Ne would like to point out that the concept of Historygrams can
Historygram in addition to the regular data which consist of the p@iso be used for other rendering techniques. For general path tracing
sition, direction and power. To trade speed for lower memory comethods, e. g., path tracing or bi-directional path tracing our concept is
sumption one could also use a single Historygram per photon. Eatihectly applicable. The only requirement is that each path needs to be
view-ray segment requires one color in addition to the Historygramstored and incrementally update its own Historygram based on the pa-
Note that the memory requirement for view-ray segments is indepaameters affecting the path generation. Recent methods for volumetric



061 [12] W. Jarosz, D. Nowrouzezahrai, |. Sadeghi, and H. W. Jensen. A com-

prehensive theory of volumetric radiance estimation using photon points
051 and beamsACM Transactions on Graphics (Proceedings of SIGGRAPH
2011) 30(1):5:1-5:19, Jan. 2011.
[13] W.Jarosz, M. Zwicker, and H. W. Jensen. The beam radiance estimate for
volumetric photon mappingComputer Graphics Forum (Proceedings of
Eurographics 2008)27(2):557-566, Apr. 2008.
[14] H. W. Jensen. Global illumination using photon maps. Rendering
g Techniquespages 21-30. Springer-Verlag, 1996.
[15] H.W. Jensen and P. H. Christensen. Ef cient simulation of light transport
o] in scences with participating media using photon mapsPrbteedings
Cornell box of SIGGRAPH 19985IGGRAPH '98, pages 311-320. ACM, 1998.
- © -Cenovix [16] D. Jnsson, E. Sur&h, A. Ynnerman, and T. Ropinski. Interactive Vol-
2 3 4 5 6 7 8 9 10 ume Rendering with Volumetric llluminatioriEurographics STAR 2012
Number of view-ray segments 31’ 2012
(@) [17] D.Kersten and A. Hurlbert. Discounting the color of mutual illumination:
A 3d shape-induced color phenomenmvestigative Ophthalmology and
Fig. 9. Update times for changing the TF when varying the number of Visual Science32(3), 1996.
view-ray segments using 2.1 million photons and single scattering. The  [18] J. Kniss, S. Premoze, C. Hansen, P. Shirley, and A. McPherson. A model
solid orange line corresponds to changing the material properties of the for volume lighting and modelinglEEE Transactions on Visualization
sphere in the Cornell box, gure 7(a), and the blue dashed line repre- and Computer Graphic®(2):150-162, 2003.

sents the performance for the Cenovix data set scenario, gure 8(a).  [19] T. Kroes, F. H. Post, and C. P. Botha. Exposure render: An interac-
tive photo-realistic volume rendering framewofkLoS ONE2012. Ac-

cepted, to appear.
photon mapping use photon beams, both for photon queries and dgp4 J- Kronander, D.ansson, J. Bw, P. Ljung, A. Ynnerman, and J. Unger.
representation [12]. Our method is also applicable for these methods, Ef C|en_t visibility encodlng for dynamlc_ |I|u_m|nat|on in direct v0|um_e
essentially a separate Historygram needs to be stored for each photon féndering.IEEE Transactions on Visualization and Computer Graphics

A . T 18(3):447-462, 2012.
beam used for representing incident ilumination in the scene. [21] M. Langer and H. Bithoff. Depth discrimination from shading under

diffuse lighting. Perception 29:649-660, 2000.

ACKNOWLEDGMENTS . . . . L .
. . . [22] F. Lindemann and T. Ropinski. Advanced light material interaction for
We thank all reviewers for their valuable comments which helped 10 girect volume rendering. IHEEE/EG Int. Symp. on Volume Graphics

greatly improve this paper. We would also like to thank Erik Samd pages 101-108, 2010.

for supplying transfer functions, and Matthew Cooper for proofreadings] F. Lindemann and T. Ropinski. About the In uence of lllumination
the manuscript. This work was partly supported by grants from the Models on Image Comprehension in Direct Volume RenderitsEE
Excellence Center at Lirdping and Lund in Information Technology TVCG(Vis Proceedings]7(12):1922-1931, 2011.

(ELLIIT) and the Swedish e-Science Research Centre (SeRC). TB¢] J. Low, J. Kronander, A. Ynnerman, and J. Unger. Brdf models for ac-
presented concepts have been realized using the Voreen open sourcecurate and ef cient rendering of glossy surface8CM Trans. Graph.

o o
w i

TF update time (sec)
o
[N
|
1
7
[
i

visualization framework (www.voreen.org). 31(1):9:1-9:14, Feb. 2012.
[25] N. Max. Optical models for direct volume renderingEE Transactions
REFERENCES on Visualization and Computer Graphjcg2):99-108, 1995.
[1] D.A. Alcantara.Ef cient Hash Table on the GPLPhD thesis, University [26] D. Merrilland A. Grimshaw. High Performance and Scalable Radix Sort-
of California. Davis. California. USA. 2011. ing: A case study of implementing dynamic parallelism for GPU comput-
[2]1 M. Ashikhmin and P. Shirley. An anisotropic phong brdf modisurnal ing. Parallel Processing Letter21(02):245-272, 2011. )
of Graphics Tools5:25-32, 2000. [27] T. Ritschel, T. Grosch, C. Dachsbacher, and J. Kautz. State of the art in
interactive global illuminationComputer Graphics Forun81(31):160—

[3] U. Behrens and R. Ratering. Adding shadows to a texture-based volume

. - 188, 2012.
renderer. INIEEE Symposium on Volume Visualizatiggages 39-46, P EETe »
1998, ymp tarmg [28] T. Ropinski, C. @ring, and C. Rezk Salama. Advanced Volume lllu-

[4] E. Cerezo, F. Perez, X. Pueyo, F. Seron, and F. Sillion. A survey on par- mination with Unconstrained Light Source PositioninBEE Computer

ticipating media rendering techniquékhe Visual ComputeR1(5):303— Graphi_cs a_nd Appli_cationSZOlO. . T

328, 2005. [29] T. Ropinski, C. Mring, and C. Salama. Interactive volumetric lighting
[5] M. Z. Claude Knaus. Progressive photon mapping: A probabilistic ap- _S|m_ulat|ng scattering and shadowing. Raci cVis (IEEE Paci ¢ Visual-

proach. ACM Transactions on Graphics (Proceedings of SIGGRAPH__ ization), 2010. _

20011) 30(3), 2011. [30] T. Ropinski, J. Meyer-Spradow, S. Diepenbrock, J. Mensmann, and

[6] K. Dmitriev, S. Brabec, K. Myszkowski, and H.-P. Seidel. Interactive K. Hinrichs. Interactivg volume rendering_with dynamic ambi_ent oc-
global illumination using selective photon tracing.Rroc. EGSRpages clusion and color bleedingComputer Graphics Forum (Proceedings of
25-36, 2002. Eurographics 2008)27(2):567-576, 2008.

[7] T. Engelhardt and C. Dachsbacher. Epipolar sampling for shadows akid] C- Salama. Gpu-based monte-carlo volume raycastingatic Con-

crepuscular rays in participating media with single scatteringsyimpo- ference on Computer Graphics and Applicatippages 411-414, 2007.
sium on Interactive 3D Graphics and GaméaD '10, pages 119-125. [32] M. Schott, V. Pegoraro, C. Hansen, K. Boulanger, and K. Bouatouch. A
ACM. 2010. directional occlusion shading model for interactive direct volume render-

[8] A. L. Gilchrist. The perception of surface blacks and whit&sienti c ing. CF’mPUter Graphics Forum (Proceedings of EG/IEEE Symposium on
American 240(3), 1979. Visualization 2009)28(3):855-862, 2_009: _
[9] T.Hachisuka, S. Ogaki, and H. W. Jensen. Progressive photon mappi[@] E. S_un@n, A. Ynnerman, gnd T. Roplnsl_q. Image plane sweep volum_e -
ACM Transactions on Graphics (Proceedings of ACM SIGGRAPH Asia lumination.|EEE Transactions on Visualization and Computer Graphics
2008) pages 130:1-130:8, 2008. 17(12):2125-2134, 2011. . o
[10] M. Hadwiger, A. Kratz, C. Sigg, and K.Bler. Gpu-accelerated deep[34] V. Solteszowa, D. Patel, S. Bruckner, and I. Viola. A multidirectional
shadow maps for direct volume rendering.Graphics hardware2006. _occlusion shading modgl for direct volume renderimg]mpu_ter _Graph—
[11] F. Hernell, P. Ljung, and A. Ynnerman. Local Ambient Occlusion in ¢S Forum (Eurographics/I[EEE VGTC Symp. on Visualization 2010)
Direct Volume Renderingd EEE Transactions on Visualization and Com- 29(3):883-891, 2010.
puter Graphics16(4):548-559, 2010.



