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Abstract

The comparison of many 3D volumes to find subtle differences is &dioweconsuming and errgurone Previouslywe

presented®ynamic Volume Line§l], a novel tool fotheinteractive visual angsis and comparison ehsemblsof 3D volumes

which are linearizedisingHilbert spacingfilling curve and represented &B line plots. In this papemwe furtherdemonstrate
the usefulnesand capabilitie®f our methodby conductinga detailedvisual analysisand evaluatiorof an arificial specimen
from simulated3D X-Ray Computed Tomography (XCahd arealworld XCT titaniumalloy specimen.
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1 Introduction and Motivat ion

Typically, the domain experts from the field of reconstruction haegljiostthe parameters of their reconstructjgpeline The
procedureof parameteadjustmenteads to many volumes, which are slightly differéntorder to findsuitablereconstuction
parameter settings, the domain experts have to compare the different vaumeg.this task, regions with a high variation of
intensities(e.g., feature edges on interfaces}the ensemble of volumes are of great inteteshem, as the behaviof the
reconstruction algorithm can be deducdgdually, the comparisotine different volumess based orselectedD slices which
are positionedide by sideTypically, theintensity differences between the various volumetric reconstructions age satall.

In general, thizomparisortaskis errorprone and timeonsuming.Therefore it is difficult for an expert to judge whethen a
algorithmor parameter set provides better results (e.g., sharper edges) than anethEris problem gets even wensith
increasing number of volumes to companelis further exacerbated by the fact that domain experts not only wand t@fjions
with high variatiors in individual 2Dslices but also irall of the3D volumesin the ensemble

Working closely with @main experts in the field of reconstruction, we analyzed their worktimdesign and develop a software
tool that helps specialisis the comparison of 3D volume ensemlledind subtle difference$Ve alreadypresenteé method
called Dynamic VolumeLines[1], which meetshe comparison taskhe core deaof it is to abstrat 3D volumes as 1D line
plots (seeFigurel). Using Hilbert spacdilling curves [2]or simple scan line curvesd., traversing a volum row by row and
slice by slice), all reconstructed volumes are traversad ensuesthat each traversed voxel may be compared directly with
one of his neighbor voxendeach voxeposition may be compared with the same voxel position in the othesedsitof the
ensemble. Along the spafifing curve the respectivintensitiesare extracted and plotted in a 1D line plot, i.e., a 1D Hilbert
line plot. Inspired by the work of Minde#t al. [3] and Lindow et al. [4]we present a nonlinear scaling fpasefilling curves
which is based on thatensityvariations in the ensemble of the compared vokiriidis nonlinear scaling enables to focus on
interesting areawhere a lot ofntensily changsarehappeningThisis an effective way of exploiting thevailable screen width.
The nonlinear scaling serves in addition as basis for the interactive visualizatingueshintroducedNVe propose an interaece
histogram heatmap of thiatensity frequencies as aggregation of larger areas, 1D line plotscus fin the individual
reconstructions, and functional bpbots [5], to giveastatistical view on the local variatioitsthe reconstruans. The nonlinear
scaling draws the user's attention to important regions with high variatiba ensemble. Thadtogram heatmap serves as an
overview visualization of thentireensemble, which gets replacgaringzooming intcthe plotby the detailed 1Dthie plots. At
each level of detall, the scalivgdget emphasizes the local ensemble variations by highlgltie nonlinear scaling using a
sequential colecoded gradient. Thiateractionconcept of brushing and linkirig utilized to highlight voxels in regions with a
high ensemble variation also in the 3D spatial context

In this papewve investigatehe usefilness oDynamic Volume Linedy conductinga detailedvisualanalysisand evaluatiomf

an artificial specimen from simulat@&D X-Ray Computed omography (XCThand arealworld XCT titaniumalloy specime.
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2 Methods

In this section we briefly descebthepre-processingstepsand the visualization techniquesistogram heatmagHilbert line
plots and scaling widgeMoredetails can be found in the work of Wsenbock eal. [1].

2.1 Dynamic Volume Lines

Themainconcept oDynamic Volume Liness to linearize 3D volumes along a spdikng curve to be able to compare many
volumes through their line plots without occlusi@he resulting line plots are a familiar representation to enginkeirawback

of linearizing volumes is the loss of spatt@herency. Among the many possibilitiege use the Hilbert spad#éling curve,
which preserves the spatial coherency as much as possiblEigseela and b)In order to linarize the 3D volumes, thre
threedimensional regular gridare traversetly therespective spaetilling curve. Through theraversal the grid points can be
brought into a onelimensional linear ordeAn issueis that with the increasing volume size the line plots get very [bag.
dispay, e.g.,200000Hilbert indices as points in a 1D Hilbert line plot arstandard P@onitor, itway beondthe horizontal
screenresolution, which is currentlipetween 2000 and 3000 pixelsis notpossibleto assign each Hilbert index to its own
pixel column.Therefore a nonlinear scaling of the line plots is proposed, so that impoeigionhs get the required screen space
and unimportant regions aoempressedrigure 1¢ depicts the calculation of the noréar scaling based on the ensemble of
volumes to compare. Since domain experts are interested in those regionthelvarétion of the intensities ihé ensemble

is high, we first need to compute the maximum local ensemble vanation each index:

8L 2 [3+IPAIQEM s +IPAIQEPU

Here,m defines an ensemble member of a local enseMilat a discrete Hilbert indely, Intensity, defines the intensity at
Hilbert indexh for membem. Based orvi, we formulate the local importandéenctionf;:
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To be able to filter for a specific importance-value, we perform a alation by the maximally occurring local ensemble
variation The nonlinear scaling is amplified by an exporgnihich can be adapted by the user. Settitgzero means equal
importance for all Hilbert indices. Setting it to a value larger than zero increases th&aimedor Hilbert indices with a high

variation in the ensemble. By summing up the local importance-functilnes, we define the cumulative importance-function
fe, which serves as the nonlinear mapping to compress the distancesréte Hilbert indices on the x-axis:
U
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TheDynamic Volume Linegool provides several linked views. The main view consists othaots, the nonlinelr scaled and

the constay scaled chart, which are vertically stacked. In between is the scaling widgeh highlights the differences
between the nonlinelgrscaled and the constnscaled regions (see Figurf.1The charts provide one of the following: an
overview visualization, the histogram heatmap (see Figilirarid a detailed visualization, the 1D Hilbert line plots (see Figure
le, on the left)With brushing and linking, indices in the 1D Hilbert line plots or ¥®xe a 3-dimensional spatial view can be
selected. In addition, the 1D Hilbert line plots can be overlaid avithggregated view, the functional box plots [5], which
provide statistical properties such as the lower and upper whisker, thenmead the interquartile range (see Figure 1le on the
right).
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Figurel: Workflow of the Dynamic Volume Linega) extraction of interesting regions, (b) generation of a sfiling

Hilbert curve, (c) nonlineascaling of the Hilbert line plots, (d) interactive nonlinearly scaled histogeatmap, (e)
interactive norihearly scaled 1D Hilbert line plots, (f) atiteinteractive scaling widget.

2.2 Histogram Heatmap

Since for large volumes even the line plcas be overwhelming hereforewe provide an overview visualizati@sa histogram
heatmap to guide the user towards interesting regions in the volume engssebigure 1d andFigure2). To be able to fit the
entirevolume into a charimited by thescreen sizewe split the xaxis of the nonlinearly scalgulot into intervals of equal
width. For each interval we then compute a single histogram of the intefiitietheenclosedilbert indices, over all ensemble
membersAll the single histograms thenrm the histogramheatmap, which encodes the intensity distribution in the volume
ensembleWhite regions denote a high concentration of intensities in a singletigisTthe case for example if the variation is
low in that region. In contrast, a highriation is indicated by a broader distribution in violet, red, and ordhg®ensities are
below a usedefined threshold, they are considetedome frombackgraind areas. These background areas are assigned a very
low importancevalue and are therafe highly compressed by the nonlinear scaling.
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Figure2: Histogram heatmap overview visualizatiofithe nonlinearly scaled chakVhite aeas indicate a high frequency of

intensities, i.e., if all ensemble members agree on a small range oitietemeghere the variation in this region is lowhigh

variation is indicated by a broader distribution in violet, red, and yellovint logangebackground areas hide the uninteresting
intensities below 30000.

2.3 1D Hilbert Line Plotsand Scaling Widget

The nonlinedy scaledchart (sed-igure3a) and the constalyt scaledchart(seeFigure3c) are arranged otop of each othelf

the user zoms into the histogrameatmapthe 1D Hilbert lingplotsare automatically activated as soon as the range of currently
visible Hilbert indices fits on the screen without aggregation. Each volumeésaeiad by a 1D Hilbert linplot. The intensities

are displayed on the-gixis, the Hilbert indices on theaxis. The current mouse position is indicated bgrical orangeline in

both diagrams anith the scaling widgefseeFigure3b). An additional tooltip provides the Hilbert index and the interaithe
current mouse position. The user gaerformmultiple selections in thehartsbased on the indices or in the 3patialview
based on voxels. In addition, in tlhikagramsHilbert indices can be automatically selectey specifyinga userdefined
importance range (degree of variation in the ensemble). The selectiameets or indices are displayéadividually for each
dataset in a separate 3&ndering view Thus,different or similar areas in the ensemble of volumes cagalsdyidentified.
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Figure3: (a) The nonlinearly scaled chart shows the 1D Hilbert line plots differentlyezbfor each volume. Thiatensities
are plotted on the-gixis over the Hilbert indices on theaxis. (b)Depicts the scaling widget, which emphasizes the namline
scaling (compression/expansion). §fows the constantly scaled chart.

3 Results
In this section, an ensemble of six artificial XCT datasets gendvgit€d simulation and another ensemble consisting of three
realworld XCT datasets of a titaniualloy specimerare analyzed with respecteéasemblalifferencesusingDynamic

Volume Lines

3.1 Artificial Dataset fromSmulated XCT

The first ensembleansists okix 3D datasetsvith different smoothing levelsf an artificial specimen from simulated X@4].

With this artificially generated sample it is possible to demonstrate the bastohality ofDynamic Volume Linesinderwell-
defined conditions

The specimeiis built up bythree cylindrical barperpendiculato each otherwith a sphere and a cube attached to the ends of
two bars The voxel datatype is 16 bit, meaning thetensities in the dataset range from 0 to 655@% dimensionof each
dataset is 128128x128 voxelgseeFigureda). Theisometric voxel size is 0.64 umhe artificial projection images agenerated
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by calculating penetration lengths of primary monochromati@ayé through the spa&men. Attenuations are calculated by
applying Lambert% HH U TV O-{a¥ scétieHand the blurring effects were disabtettie simulation. The virtual project
images are processed usthg conventionateconstruction algorithrhy Feldkampetal. [7]. A Gaussian filter with increasing
smoothing effectvas appliedo generate five additional volumes. No smoothing was applied to the first datasetdividual
variances of the Gaussian smoothing in the range [0.2, 1.0lcaeased by a step of O-Phroughpreprocessig, a userdefined
region of interesfROI) is selected and applied to all ensemble volumesKisgre4b). The resolution of the ROIs 16x16x16
voxels.Figure4c depicts aryz-slice of theROI without smoothingFigure4d th showyz-slices of the different results of the
Gaussian smoothing filter.

[a]

1.5 pm

z
LY No smoothing

15
Var=08Q¥M  Var=1.0

Figure4: (a) 3D reconstruction dateisof the artificial specimen frosimulated XCT, (b) with an RGif a sphere. (cphows
theyz-slice in the center of the dataset without Gaussian smoothidy). Pepict theyz-slice in the center of the five datasets
with an increasing variance parametéthe Gaussian smoothitgtween 0.2 and 1.0.

The ROIfor this analysis covers the end of the bar with the attaspledre as shown ifFigureda. The goal otheanalsis for
these datasets is to identify, akaall, interesting regions that corresponditeas where most of the changes in the ensemble
take place.

A filter is setfor regions with high local fluctuationor this an importancevalue rangebetween & and 1lis used The 3D
spatial view displaydie respective regions in each membesghemsvnin Figure5b. The voxels shown there cleaitydicatethat

the areas with thbiggestchanges ar@n the shels of the sphers. The selection is also highlighted irethonlinearly scaled
Hilbert line plot and in the scaling widget iRigure5c and d.The scaling widget visualizes the importance throggly-scale
coding and by the trapezoidal shapes, which are nwider at the topthanat the bottom The background threshold is set to
30000. Intensities below this threshold correspond to air and are mbérmafst for this analysig he parametep to influence

the nonlinear scaling is set20This setting ensures a goodlance for this ensemble of datasets, ersghey regions with high
variationand leaving background regions and regions wifimallvariation to bgust visible.In addition, the Hilbertine plots
show the behavior of the Gatessmoothingdfilter. The blue ling corresponding to the dataset with the strongest smoothing
effect has the lowest contrast compared to all other datésesBigure5c).
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Figure5: (a) 3D rendering of the daget without smoothing. (b) 3D volume renderings of the selected voxell $ix
ensemble membergith the biggest changes in the skell the spherg (¢) Corresponding Hilbert line plots with selected
regionsof high cumulaive importane-values (d) Scaling widget witithe selectiorighlightedin red

3.2 Realworld XCT Dataset

The second ensemble consists of three@&fnstruction dataset$ a Ti6AI4V specimenwhich wasadditively manufactured
by SLM in the Center for Smart Engineering (CSht)the University of Applied Sciences Upper Austria (Campus WAIS).
Concept Laser M2 Cusing device (Concept Laser GmbH, Lichtenfels Geratanigsepower of 100 watt and 800 mngpeed
produced the specimen Imyoving in a chessboard pattern at a traddtth of 0.16 mmand a layer thickness of 30 um. The
Ti6Al4V powderhas a grain size betwe@0 and P No heat treatment was performddhe specimen was scannedth a
Nanotom 180 (GE phoenix | Xay) sub-micro computed tomography systehan isometric voxel size of 5 pml600
projections, 70 ms exposure time, 100 kV tube voltag&éPuA tube curent, 5 W target power, and a 0.2 mm coppeffiter.

A beam hardening correctiamas applied to all three 3D reconstructions.

ThreeROls from the 3D reconstruction datasetereselectedat the interface between material (Ti6AI4V) and @eeFigure
6). TheROIl datasethiave a size of 6464x64 voxels and the déyaeof the intensitiess 16 bit.No smathing filter was applied
to the originaROI dataset showim Figure6a. A median smoothing filter with a kernel size of 3x3x3 voxels was applibe
dataset depicted iRigure6b. A non-local means smoothing filtexf the Avizo software (Thermo Fisher Scientific In@i}h the
parameterssearch window 30, local neighborhood 4, and similarity valueviaSapplied to the dataset shownFRigure6c.
The nonlocal meandilter is edgepreservingandsmoothing
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Figure6: Three 3D reconstructed ROI datasets of a Ti6AI4V specihepicting the interface between material and air (top:
3D rendering viewbottom:yz-slice viewin the centéx. (a)Original ROI datasetithout smoothingfilter. (b) ROI dataset
with a3x3x3 median smoothinfjter. (c) ROI dataset with nonlocal means smoothirfgter.

Thegoalof theanalysisfor these datasetis, to examine the results of the two different smoothing filters, mednamlocal
meanswith Dynamic Volume Linesindto show the differences in their mode of operation.

The histogram heatmap overview visualiaatin Figure 7a showghat the datasets are split up in a matgy&@tand in an air
part by the Hilberturvetravers& The background threshold is setzeroas allintensitieswill be analyzedIf the usr zooms
into the histogram heatmap, e.gtoithe regions of material, the detailed Hilbert line plats visualizedFigure7b shows the
Hilbert line plot of thenonlocal means datasd he red spikes in the region of materighresentower intensities. By selecting
these red spikes in the Hilbert line plitte affected voxels are highlighted in red in the 3D rendeaiew. Figure7c depicts the
highlightedred voxels, which corresponid pore positionse.g.,in the originalROI datasetWith Dynamic Volume Linesfor
example, pores can be selected without also selecting ttoeisding air.
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Figure7: (a) Histogram heatmap overview visualization of the threeweald datasets. (b) Hilbert line plot tfe nonlocal
means dataset in the region of material with selected spikes in red. (c) The sddaesdorrespond to pores.

The detailed visualization of the Hilbert line plotsHigure8a shows the three rewalorld datasets (original, median, and non
local means). The parameteto influence the nonlineacaling is set to Regions with a high variation within the ensemble
are expanded in the Hilbert line plots and are emphasizéight gray in the scaling widgeDetail X corresponds to low
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intensitieg(air) in the Hilbert line plotsDetail Y correspadsto highintensitiegmaterial). In both views (sdeéigure8a), Detall
X and Detail Y, it can be seen that the purple line, which corresponds to the olRfiadatasethas much higheintensity
fluctuations 6n the yaxis) than the other datasets. This is due to the higher noise cortamintensities in the nonsmoothed
original ROl dataset. In comparison, the median and-local means smoothed datadeasemuch lowerintensity fluctuations
(seeFigure8b).

Figure8: (a) Detailed visualization of the Hilbert line plots of the three-veald datasets and the scaling widget. Detail X
corresponds to lowntensities (air) in the Hilbertrie plots, Detail Y to higlintensities (material). (b) Thaedian and non
local means datasets have much lointgnsity fluctuations than the origin@lOI dataset.

In order toshow howthe two smoothing filtersvork, Dynamic Volume Linesare used to sepately compardghe smoothed
dataset$o the originaROl dataset antb analyztheir Hilbert lineplots. The background threshold is seztyoas allintensities
will be analyzedThe parametep to influence the nonlinear scaling is setLt6.

In orde to find regions with relatively higimtensity fluctuations (relatively high differences) between the-tomal means
smootheddataset and the origin®OI dataset, we have selectdt cumulate importancevaluesbetween 0.3 and Trhis
identifiesthe largestdifferences between the two datas@&igure 9c depictsthe red marked regions of the Hilbdirte plots,
which show a high variation. The spatial context ofitbrelsselecedin the Hilbert line plots islepicted inFigure9b, which
depictsthe largest differences between the4hmral means smoothed dataset and the origi@dldataset. In the center Bigure
9b, there § a vertical white area reflecting the interface between material argbakigure9a). This white area idue tothe
edgepreserving characteristic of the nlmtal meansmoothingfilter, which makes almost nchanges to thatensitieshere.
To the left and right in the immediate vicinity of the vertical white area, the dataocisthed relatively strongly. In thauter
regions of the dataset, the air region (right) is smoothed lesth#haraterial regionéft). This is because of thmaller variances
of theintensities in the area of air compared to the area of material.

In order to find regions with relatively hightensity fluctuations between tineedian3x3x3 smoothedataset and the original
datasetwe haveselectedhe cumulative importaneealuesbetween 0.3 and This identifiesthe largestdifferences between
the two dataset$igure9f indicates inthe redregions of the Hilbert line plotthat exhibita high variation. The spatial context
of thevoxelsselecedin the Hilbert line plots is depicted Figure9e, whichdepictsthe largest differences between the median
3x3x3smoothed dataset and the origiR&I datasetSince the median filter iterates over the entire dataset, wherebyltiee va
of the filtered voxel is set to the median of the voxels of the filter winaaitliers in thentensities (within a filter window) are
eliminated.Figure 9e shows a higher number of red voxels in the left half (material) than igtitehalf (air) EeeFigure9d).
This is because of the smaller varianoetheintensities in the area ofraompared to the area of material.
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Figure9: Comparison of the different modes of operati@weerthe nonlocal means and mediamoothing filter.(a) The
original ROI dataset. (IBhows henontlocal means smoothing filteesult of the largest differences between the smoothed
datasetind the original ROI dataset. (c) The Hilbert line plots Wwitih variations in red. (d) The original ROI datage}.The
mediansmoothing filter result of the largest differences betweesth@othed datasend the original ROI datasé€f) The
Hilbert line plots withhigh variations in red.

4 Conclusion

In this paper we showed thdifferent visualization techniques like thH@stogramheatmap, the nonlinear scaling of the 1D
Hilbert plots, and thescaling widget of theDynamic Volume Linesapproachsupport the domain experts in performing
comparisons ofmany 3D volumes andallowed them tddentify, e.g., small intensity differences in volume ensenbl&/e
showed thathe results of diffeent parameterizations of a smoothing filten beanalyzel and evaluat Furthermore, we
visually demonstratkthe mode ofoperation of theon-local means andnedian smoothing filterd8y using the interaction and
selection techniques in the 1D Hilbérte plots we were able to segnt features such as poies simpleway.
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