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Abstract — A modified direct volume rendering algorithmprincipally, by one modality and the context region, by an-
is presented supporting simultaneous display of two sourother. Via this route, data from one modality may be ex-
modalities via a spatially-variant Region-of-Interest funcplored in the spatial context of another.
tion that weights the combination of individually-specified This rendering method become useful when applied in-
opacity transfer functions. The algorithm is applied withimeractively, with the position of the ROI controlled by the
a focus + context paradigm. Examples are presented usiager (or, alternatively, controlled by some form of path-
computed tomography and colour histological image datgeneration algorithm) so as to facilitate visual exploration
from the Visible Human Project. The algorithm is impleef a data set. However DVR algorithms are computationally
mented as a two stage process. During the first, computspensive. Our second theme is thus analysis of the decom-
tionally expensive, stage global raycasting generates an gwesition of the rendering process into two stages: firstly,
ray of partial projection segments for each displayed pixekefore display begins, masecomponent is generated from
during the second, image generation supplements segmemion-enhanced view of the data (the context); secondly,
combination with local raycasting around the ROI - this caduring and throughout image displaysapplementatom-
be much more rapid. The visual data fusion approach fnent is continually updated as the user moves the ROL.
compared with conventional rendering and shown to pr&ince the ROI may occupy only a small fraction of the en-
vide an effective method of exploring complex 3-D multiire data volume, then very significant increases in render-
modality data. ing speed are achievable.

The methods presented are based upon a gaze-tracked,
Keywords: volume rendering, focus + context, multi-region-enhancement, volumetric rendering system con-

modality, display, visualisation structed by the authors and previously reported [4, 5, 6].
) We develop the DVR algorithms in section 2. Section 3
1 Introduction considers two-stage rendering. In section 4 the techniques

Focus + context visualisation techniques are widely us8¢ aPplied to render voxel data from the Visible Human
to scrutinise large and complex data sets [1, 2]. These teflfolect (VHP) [7], combining colour histological data with
niques simultaneously provide an enhanced view withff€y-Scale computed tomography (CT) data. Section 5
the focus or region-of-interest (ROI), and a broader norRresents our conclusions. For demonstration of the tech-
enhanced view of theontext or surrounding region: the Nidue, our method is compared with conventional single
boundary between the two regions may be either abrdBPdal'ty and duf’:\I moda!|ty _renderlng methods across a
or smoothly blended. Moving the focus position througHUMber of modality combinations.

a complex data set is one effective method of visual data

mining [3]. The presence of the context allows the user ® Conventional and dual-modality
maintain orientation within a, potentially, very large data

set. DVR algorithms

A sub-class of focus + context techniques consists of A huge range of methods exists for rendering volumet-
those that change the displayed data dimensions within tiee data in a 3-D fashion. A large subset of these could
focus. In this paper our first theme is consideration of dudle used as a basis for multi-modality volumetric render-
modality focus + context visualisation via direct voluméng, including surface fitting (SF) and direct volume ren-
rendering (DVR). For this, the focus region is providedjering (DVR) approaches [8, 9, 10]. We use a front-to-back
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shorthand notationy, ; = 1 — wyq:

C'=C+¢; [Wraa; +wrafi] T )
T =T (1 — [@raci +wrafi])

Data set
Viewpoint,
VT m A

C

Here, w, , is a function, with a range ofo, 1], which
peaks atC' and decreases with distance frathalong the
radial ¢-) and axial ¢) directions. With reference to Fig-
ure 1,w, 4 is non-zero only within the ROI, which is shown
Figure 1: Projection geometry for F-to-B composition angith the form of a double-cone, oriented towards The
ROI positioning and orientation within the data volume  sjze of this double-cone, in radial and axial dimensions, is
given by parameters, anday, respectively. There are now
two opacity transfer functions: one which produegsthe
Wther which produces;. Varying these transfer functions
Afrects the relative appearance of the focus and context re-

. . NSRS 6ns; varying the form ok, , affects how these two are
they are simple, well characterised, and, operating in im fended together and the size of the ROI. We currently use a
space, have low levels of (well-studied) artifacts [11]. Pr%]mple weighting function, whete, , is the value, clamped
senting our approach with reference to this basic implemetg-a range of0, 1], of: ' “ '
tation should thus more clearly illustrate its characteristics. e
Our general approach of spatially-varied, multi-modality _r_a 3)
display could in future be applied to many other rendering ro Qo
algorithms, operating in image space or object space, suckyhen two modalities are present, a straightfoward exten-
as splatting [12] or 3-D texture mapping [13]. sion becomes possible, by considering the second transfer

Figure 1 shows our projection geometry. F-to-B comynction to be applied to the second modality. Thus:
position can be considered a ray-tracing operation. For

each pixel on the display plan®, a ray is projected from C' = C+ [ciwrae; + diwy o ;] T )
the viewpoint,V (the eye position) through the pixel and T'=T (1 — [Wrae; +wrafi])
on through the data set. The data set is multiply sampledHere’ the second modality has direct analogs;adnd

along the ray at a set df [usually] regularly-spaced posi- 4 , : - )
tions,i € {0.. — 1} and these data samples are mapped QY these arel; andg; respectively. Similarly to the single

: . : . modality region enhanced form,. , acts to blend between
[partial-lopacity samplesy;, using a suitable transfer func—the two regions ’

tion, and to colour samples;. These colour samples are Since the range af is [0, 1], this allows no contribution

g.ener.ally calcglated using thg data coIour_, toggther with tB?the focus modality outside the boundary of the ROl and
directions and intensities of single or multiple light sources.

. .- No contribution of the context modality at the centre of the
When surfaces are rendered opaquely, reflections (diff . - )
. 4 . I. A slight modification, allows for a degree of contribu-
and specular) and shadowing can provide great realism l .
. . 1ion to each to be added, via two global parametess)d
clarify 3-D structure. However, when many, only partially .
opaque, samples are composited onto a single display pix€l,
much of the realism of complex lighting is lost. Whilst we C'=C + [ciTai +di! ﬁi} T
concede that some complex lighting techniques are bene- T — T (1 _ Z’ﬁ o+ w/r’aﬂ_])
ficial, such as the spectral volume rendering presented in maTh el
[14], within this work, we currently use only ambient light- Where,
ing calculations. )
Compositing reduces the; and ¢; samples to a final Wrg =l+(h=1Dwra (6)
pixel colour. The formula for conventional (single modal-
ity) front-to-back composition can be written iteratively:

Display plane, P

(F-to-B) compositing method of DVR as the basis for o
development. F-to-B compositing software and hardw.
implementations are certainly not the fastest methods,

(5)

)
(and similarly to beforey! , = 1 —w,. ). The range of
1

W’ isthugl, h], where0 <1 < h <

! .
. gg”jyr‘g @ 3 Two-stage rendering
' Some focus + context algorithms can be decomposed
whereC' is replaced byC’ (andT by T") after each of into two stages, yielding a base component that is calcu-
iterations. lated throughout the entire data volume and a supplemen-
A region-enhancement (RE) form of this can be deveal component that is calculated only within the ROI. As
oped in which a spatially-variant weighting functian , the ROl moves during interactive visualisation, only the

is used to blend between two opacity functions. Using tiseipplemental component need be updated, providing the
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viewpoint and data volume remain fixed. However, the us&3!ing ssgment /
of motion, via, for example, rotating the data volume, is _RO!
S . A segm
hugely beneficial: highly significant depth cues are pro-
v_ided by_ moti(_)n parallax and kinetic depth [15] and the sp&%ﬂgg
tial relationships between features become far clearer. Two- .
stage rendering may be applied with motion, if the view-
point / data volume trajectory is fixed - rather than allowing
the observer to arbitrarily spin and move the data volume, it
is shown rotating back and forth over a set number of ren-
dered frames. Base components would then be generated
for each frame in this sequence and cycled through during

display. _ o . Figure 2: Two-stage rendering: (a) combination of leading
A most basic scenario might consist of the base COMPQsgment, ROI segment and trailing segment; (b) sample po-

nent being a simple image without enhancement and Hgons and partial storage of base component calculations
supplemental component being an image patch coverii@e main text).

the projected outline of the ROI; blending might be used
to fuse these to form the final image. In general such a
simple decomposition is not possible, since simple image

ent

patches contain no information about relative depth. Itmay, | ,, | 70 =05 | r0=0.25 | 7o =0.125
for example, be necessary for the base projection to com- ap =05 | ap=025 | ap=0.125
prise volumetric, rather than 2-D, data. 1 23.7% 2.96% 0.370%
The left of Figure 2 shows the situation for two-stage | 4 24.2% 3.10% 0.404%
dual-modality DVR. Essentially the problem is one of sub- | 16 26.4% 3.65% 0.543%

stituting a replacement ROI segment into the base com-
ponent calculated with no ROI. Each ray-traced line ma
be considered to have three segments: a leading seg
(nearest the viewpoint); a ROl segment; and a trailing seI
ment. We introduce the following definitions:

Cr, Leading segment partial colour contribution

e 1: Percentages of the total samples required for calcu-
tion of the supplemental component as a function of ROI
ize and partial storage factar,

Ty, Leading segment residual transmission
Cr ROI segment partial colour contribution
Tr ROI segment residual transmission cle positions as necessary - essentially substituting a longer

Cr  Trailing segment partial colour contribution segment, a portion of which duplicates the original. This
These may be considered as the final values ahdT if ~decreases the efficiency of the decomposition somewhat,
the equations of section 2 were iteratively applied over eabht can greatly reduce the storage requirements. Table 1
segment individually (and in each case initialising viita=  shows typical percentages of the total ray-traced samples
1, i.e. the segment is fully exposed rather than partialfpat must be calculated for different sizes of ROI, when us-
hidden). The final pixel colour may then be calculated asing three different values of. The entries in this table were
calculated for @842 pixel rendering of 8843 voxel data
(7) cube viewed directly face-on at a distance that results in the
projected cube boundary just brushing the edge of the dis-
The essential problem with equation 7 is that since thgay window, with a horizontal [=vertical] field of view of
substituted segment may be positioned anywhere within Uﬂ?—degrees, a projection sample spacing equal to the cube

original segment, it is necessary to store valuespr 7r,  voxel spacing and the ROI positioned centrally in the data
and Cr at every projected sample position. This may reqpe.

quire many megabytes of storage. One of several alterna-

tive approaches is to store only every} sample; we term, The table shows that for the ROI sizes we typically use
the partial storage factor. This is represented on the right(eentral column), calculation of the supplemental compo-
Figure 2 for the case = 4. The filled black circles within nent requires perhaps only a few percent of the samples re-
the ROI represent the samples which must be calculatedjmired without the two-stage approach. The relationship
all cases. The filled grey circles represent the sample gmetween these figures and algorithm time savings is heavily
sitions for whichCy,, 71, andCr are stored. The unfilled implementation dependent (and critically sensitive to issues
circles represent the remaining sample positions. It is thakcache organisation and memory access patterns). How-
necessary to calculate the ROI segment, beginning from theer we generally anticipate at least an order of magnitude
nearest available stored position, including any unfilled cimcrease in rendering speed.

C=CpL+TL(Cg -‘rTR.CT)
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4 Examples and Applications

The example images we present here are drawn from the
field of medical imaging. However there are many fields
that also require scrutinisation of large multi-modality, q
multi-spectral, data sets - for example in oil exploration (
other tasks of geophysical mapping. We suggest that
common requirement making worthwhile an approach su
as ours is that data interpretation should be dependent u
the spatial position at which certain measurements ocdg
A typical example from medical imaging is of combine(
functional and anatomical volume vizualisation [16]. |
functional magnetic resonance imaging (fMRI), knowin
the position within the brain at which a heightened respo
occurs is critical in interpreting its relevance. The relati
low-resolution of fMRI data does not lend itself to effec
tive volumetric rendering, but if rendering were performe|
in conjunction with much higher resolution anatomical i
formation - such as provided by conventional MRI data,
synergy may result. We have chosen to present hybrid r{
derings of colour histological and [frozen-cadaver] CT da
from the Visible Human Project. These data represent hi
resolution spatial information, with at least some degree
complementarity between them.

Figure 3: Orthogonal slice cuts through the two source data
41 Conventional and dual-modality DVR sets fed to the rendering engine. Upper panes show the
) y colour histological image data; lower panes show the cor-

rendering responding CT data.
Figure 3 shows orthogonal cut-slice displays through the
two modalities used for this work. The upper panes show
the colour histological VHP data from the male head; the
lower panes show the corresponding CT data. Manual ad-
justment of the relative displacement of the two source data
sets was used to obtain approximate registration, but since
the emphasis in this work is on the rendering process, more
advanced and accurate transformation-optimisation tech-
niques were not applied.

A reasonable starting point for evaluating our dua
modality DVR method is to compare conventional DVH
rendering of the individual source modalities. Figure
shows perspective projection views through each of thes

An aspect of our dual-modality DVR algorithm (equa
tion 4) is its similarity to region-enhanced DVR (equa
tion 2). RE rending of the two source data sets is sho
in Figure 5. Within the figure, the ROI has been moved
three different positions within the data volume to illustrat
the RE effect and its use in interactive data exploration.

The effect of our dual-modality algorithm is shown in_ ) ) )

Figure 6. The upper panes demonstrate the use of maxirilure 4: Conventional DVR of colour histological data and
blending between the histogical and CT data (equation 4yrey-scale CT data.

in this case none of the histological data is seen outside the

ROI; the lower panes show the effects when the blending

range is constrained (see equation 6) - in this case within a

range of[0.016, 0.5].
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Figure 7: Effects of different sized regions of interest. Left
pane: ag = 0.15, 1o = 0.25. Middle paneqy = 0.15,
ro = 0.4. Right panezg = 0.08, rg = 0.25.

Figure 5: Region-enhanced DVR of colour histological data

and grey-scale CT data for three ROI positions.

Figure 8: Dual-modality DVR of grey-scale CT data (focus)
and colour histological data (context).

4.2 Variation in weighting function form and
further multi-modality fusion

The size and shape of the weighting function may have a
great effect on the rendered images. Figure 7 shows the ef-
fects of changing the extent of the ROl in the radig) @nd
axial (ap) directions. Itis seen that increasing the radial ex-
tent (middle pane) produces a much wider focus. Decreas-
ing the axial extent (right pane) produces sharper features in
the focus since less overlapping features in the data volume
contribute.

The context and focus modalities may be swapped and
the effects of doing this are shown in Figure 8. Subjectively
we feel that this display is not as useful. We suggest that
the reason for this is that the context modality should be
one that provides clear structural information rather than
excessive detail.

The main purpose of the context view of the entire vol-
ume is to provide spatial reference. As such, the fidelity of
this region need not be that high and a simplified version
of the context might suffice. Indeed, a simplified version of
the context might even be superior, since obscuring detail

Figure 6: Dual-modality DVR of colour histological dataaway from the ROI is removed. One way of achieving this
(focus) and grey-scale CT data (context). Upper and lowisithrough a further modification of the rendering algorithm,

panes show the effects of varyingover ranges of0, 1]Jand
[0.016, 0.5], respectively.
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to throw away low-level detail from the context modality. A
somewhat crude approach to doing this is as follows.
The top line of equation 4 may be written:

C'=C+ [cimai + dlsz] T (8)

where,s; = w, ;. Our context simplification approach
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ative insensitivity of the human visual system to moving
features; approximate, rather than strictly accurate render-
ing can be applied for these. An example of this approach
of perception based rendering is given in [20].

The comparison between rendering of the pre-fused data
and the dual-modality DVR blending shows how subtleties
in the focus modality are preserved within the displayed
image. Our conclusion is that the most useful application

Figure 9: Effects of increasing (from left to right) theof the method would arise when a modality containing local

thresholds; within dual-modality DVR applied to CT data Subtlety but global commonality could be used as the focus

gross features and structure that provide spatial reference.
The future direction envisaged is to develop the render-
is to compares; against a thresholg; and, if it is less, as- ing methods to take account of measured characteristics of
sign s; a value of zero. In this way only the sufficientlyhuman visual perception. The broad approach used to guide
opaque features in the context modality are seen. The sfich development is common to that of non-photorealistic
fects of this are shown in Figure 9. rendering; the conveyence of information is taken to be
The basic image in Figure 9 certainly shows significambore important than the physical accuracy of the rendering
artifacts owing to the abrupt removal of the more transparodel employed. Hence, if artificial representation of, say,
ent features and does not provide an accurate representagivnctural information in the periphery of vision more ef-
of the context modality. It may be, however, that in keepinigctively maintains the observer’s sense of orientation, then
with the ideas of non-photorealistic rendering [17], this ithat will be adopted.
an advantage when visually exploring complex data.

(8
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