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Abstract—In this paper, we introduce a new efficient ory. Efficient data transfer from disk to main memory
data layout scheme to efficiently handle out-of-core axis- is critical in achieving an efficient visual exploration
aligned slicing queries of very large multidimensional of the very large data sets. The performance of the
v_olumetric data. Slicing is a very useful dimension reduc- algorithms that have to deal with the data stored on
tion tool that removes or reduces occlusion problems in disks is very much determined by the data layout and the

visualizing 3-D/4-D volumetric data sets and that enables . .
fast visual exploration of such data sets. We show that the corresponding access patterns because of the sequential

data layouts based on typical space-filling curves are not 8CC€SS property of disks.
optimal for the out-of-core slicing queries and present a [N this paper, we introduce a new efficient data layout
novel component-based data layout scheme for a specialized scheme to efficiently handle out-of-core axis-aligned
problem domain, in which it is only required to provide fast  slicing queries of very large multidimensional rectilinea
slicing at every k-th value, for any k > 1. Our component-  grids. In n-dimensional volumetric data, we define axis-
t_)ased data Iayogt sqheme pro.vides.mug:h faster processinga”gned slicing as the process of obtaining a (n-1)-
time for any axis-aligned slicing direction at every k-th  gimensional slice by taking the sample points on the n-
value, k > 1, requiring less cach_e_ memory size and without dimensional pland; = a, where (I, Is, ..., I,) are the
any replication of data. In addition, the data layout can . . .7 : )
be generalized to any high dimension. d!mens!ons ar_l@ is one of the grid va_lues a_long theh _
dimension. Slicing is a very useful dimension reduction
|. INTRODUCTION tool because it removes or reduces occlusion problems in
There is a consistent trend in almost all scientific andsualizing 3-D/4-D volumetric data sets and it enables
medical domains toward increasingly generating hightast visual exploration of such data sets. While a typical
resolution data as computing power steadily increasegample is the display of 3-D MRI or CT volumetric data
and sensor and imaging instruments get more refineing 2-D slices, sequentially rendering each time step
The high resolution data sets are often generated ayfda time-varying volume data set is the case of slicing
stored as 3-D or 4-D volumetric data or sometime 4-D volumetric data set. When data is too large to fit
as even higher dimensional data sets. Scientists andnain memory, we should only load the data relevant
engineers often study physical phenomena by simulatitay the particular slicing query. In this paper, we show
their mathematical models on supercomputers, theretwat the data layouts based on the typical space-filling
generating time-varying volume data sets of sizes rangsrves such as Z-order or Peano-Hilbert order [2] are not
ing from hundreds of gigabytes to tens of terabytegptimal for the out-of-core slicing queries, and introduce
Also, biomedical equipments such as CT, MRI, and 3-Bomponent-based data layout scheme in a specialized
confocal microscopy are now capable of providing venqgroblem domain, in which it is only required to provide
high resolution volumetric data. For example, the visiblast slicing at every:-th value,k > 1.
human project [1] produced volumetric data up to 40 GB Our scheme has four key features. First, it provides
representing complete normal adult anatomy. much faster processing time for any type of axis-aligned
However, the interactive visual exploration of higlout-of-core slicing queries at evedyth value, & > 1,
resolution data sets currently presents substantial chthlan any of the typical space-filling curves approaches.
lenges, especially when the data cannot fit in main mewnd, the performance gap widens as we deal with



larger data. Second, it requires less cache memory si@egood survey on out-of-core algorithms for scientific
given the same data blocking factor. This is especialysualization and computer graphics.
desirable when we have to deal with large data in a veryFor efficient out-of-core data accesses, it is important
limited system environment such as a laptop computer lay out data in a way that various access methods
with small amount of main memory. Third, it does notetrieve the data sequentially. Space filling curves [2]
replicate any of data. A typical solution to enable fastave been used for mapping n-dimensional data to 1-
slicing along every axis is to replicate data and store eagimension while trying to preserve the spatial locality
copy using a different lexicographical layout schemef the original n-dimensional data. The most popular
However, our scheme is based on the divide and conqoees are the Z-order [13] and the Peano-Hilbert order
approach that avoids any replication of any part of tHj&4]. While the Peano-Hilbert order has a slightly higher
data. Last, our data layout is mathematically definetbgree of locality than the Z-order, the Z-order has been
for any dimension and any value @&f > 1, and its more frequently used because of the simplicity of the
performance can be analyzed analytically. conversion process between the key and its correspond-
We use this scheme to visually explore the visibléag element in the multidimensional space. Recently,
human male data set [1]. With the new approach, w@wder [15] examines different kinds of space filling
can interactively slice the extremely large 3-D volumetricurves to develop indexing schemes for fast retrieval of
data (2 GB) in every direction achieving aroundx3 data in multi-dimensional databases. Pascucci and Frank
and 10< performance improvements respectively at fullL6] present a variation of the Z-order for progressive
and half resolution while requiring 22% and 88% lessaversal and visualization of large regular grids. They
cache memory size than a typical Z-order scheme. combine interleaved storage of the levels in the data
In the rest of paper, we first review related worlkierarchy while maintaining geometric proximity within
followed by introducing our new data layout scheme&ach resolution level.
The analysis of our scheme and related experimental

. - TIl. EFFICIENT DATA LAYOUT FOR SLICING QUERY
results are then presented. We conclude with a brie Q

summary and p|an5 for future work. The WidEly used Space fiIIing curves such as Z-order
and Peano-Hilbert order [2] store neighboring multidi-
Il. RELATED WORK mensional data as sequentially as possible in storage, and

hence they have been widely used because they provide a

Due to their electromechanical components, disk®od cache efficiency for accessing n-dimensional data.
have two to three orders of magnitude longer accegfhile they are effective in the situation where data
time than random access main memory. A single disiccess occurs across all n dimensions, more efficient data
access reads or writes a block of contiguous data layouts are needed for slicing queries because data access
once. The performance of an out-of-core algorithm [3jccurs across only (n-1) dimensions for each such query.
is often dominated by the number of 1/0O operations, For illustration purposes, Figure 1 shows how three
each involving the reading or writing of disk blocksdifferent layouts affect the disk 1/O efficiency for a
Hence designing an efficient out-of-core visualizatioslicing query in the 2-D case. Disk /O efficiency can
algorithm requires a careful attention to data layout am@ expressed by how many contiguous disk pages are
the organization of disk accesses in such a way thedcessed for a given query. As shown in the figure,
necessary data blocks are moved in large contiguahe particular lexicographical-order sequentially ssore
chunks into main memory. the 1-dimensional slice corresponding go= ( and

A number of out-of-core techniques to handle a varietiius achieves the highest contiguity in disk access for
of scientific visualization [4] problems have appeareitis particular slicing query while the other space filling
in the literature as larger and larger data sets are bemgves achieve very little contiguity.
generated. Cox and Ellsworth [5] show that application- However, employing the straightforward
controlled paging and data loading in a unit of subcubbexicographical-order results in worse performance
with the ability of controlling the page size can leador the least priority slicing query (x&in the example)
to better performance in out-of-core visualization. Outlthough it achieves better performance for the other
of-core isosurface extraction algorithms are reported (n-1) types of slicing queries for the n-Dimensional
[6], [7], [8]. Out-of-core volume rendering algorithmsdata. The most naive approach of eliminating the single
are reported in [9], [10], [11]. Silva et al. [12] provideworst case would be to create an additional copy of the
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accesses Fig. 2. A 2-D example of the component-based layout for fast slicing

) o ) at every other value. Components C1 and C2 are grouped into 1-D
Fig. 1. Data access patterns for a slicing query in a 2-D case for thiggtacells and stored in the required lexicographical orders while CO
different data layouts. Grey blocks correspond to the disk blocksid C3 are grouped into 2-D metacells and stored according to the
satisfying the slicing query ys: Z-order. Note that a dotted box indicates each metacell.

data and store that copy in the lexicographical-ordar components CO and C3 into 2-D metacells and store
in favor of the least priority slicing. However, it is notthe metacells by Z-order since they are either required
practical to duplicate the already very large data set. by both slicing types or not required by any type of

In the following, we introduce oucomponent-based slicing. Now given a slicing query at every other value
layout scheme to address this problem in a specializag shown in the figure, half of the data that we access
problem domain, in which it is only required to provideare always stored in the lexicographical order in favor
fast slicing at everyk-th value, k¥ > 1. The idea is of that particular slicing, providing maximum contiguous
to divide a n-dimensional data set into non-overlappekhta access, while half of them are stored in Z-order.
components and to systematically provide a different Now, we generalize the idea to n-dimensional data.
layout that is especially tailored to each component faiven a n-dimensional regular grid, let; (is,...,%,)
such a way that isolated disk accesses are eliminatedienote the index of a grid point. Then we de-

fine Component-Code (C-CODE) of the index, C-

A. Casel: k=2 CODE(, iz, ..., in), @s a concatenation of;(mod 2),

We first explain our component-based layout scherfiel,2,---,n- Then, we define each componéhtof the
for k=2, meaning that it is required to provide fast out-of?-dimensional regular grid as follows.
core slicing only at every other value. Figgre 2 sh'ows the C; = {(i1,i2, .., in)| C-CODE{y, is, ..., in)=i}
layout scheme on 2-Dimensional data for illustration pur-
poses. We divide the 2-D grid into four non-overlapping Grid, ={C;| i=0,1,..,2" -1}

components, and store each component in the foIIowilq%r example, the C-CODE of the 3-D grid point at (3,2,5)

way. First, we group the elements in component C1 mltg5 (=101,) and thus belongs to componeg.

1-D metacells and store the corresponding metacells in Now we define a slicing query as the query to generate
lexicographical order that favors the X-slicing since C e sample points residing on the hyperplahe= a
is required only by the X-slicing. Note that a metace here amod 2 — 0 (becausek — 2). Then, a s’et

'S a block of grid points which 'S of disk page SIZ€0¢ necessary componentd,, for answering the slicing
Similarly, we group the elements in component C2 int uery I = a is
=

1-D metacells and store them in a lexicographical order
that favors the Y-slicing. Second, we group the elements A; = {C;| the j-th most significant bit of i=p



because only the components of whichmod2 = 0 B. Casell: k > 2
can be sliced by the plane and there are tafat!
such components. For example, given a compoiignt

of which C-CODE is010, in & 3-D grid, we know that 3 shows a 2-D example in the case of k=3. Note that

it is required for both X- and Z-slicing. . .
" - ) ] the only change is the element size of each component,
The 2" components comprising a n-dimensional grifhere the element of each component is the maximal

consists of 4 types of components. Let p denote e, of contiguous grid points which belong to the same
number of slicing types that a component may be SUbJ%‘E}mponent.

to (Note that it is the same as the number of ‘O’s in
the C-CODE of the component). Then each component
belongs to one of the following types.

Now, we consider the general case where it is required
to provide fast slicing at everk-th value,k > 2. Figure

@X:a @ X=a+3

required by a particular slicing. There are n such
components, each of which has a C-CODE having

Y=B 1 c2 c2
1) Type | (p=0): A component that is not required = ®’®
by any type of slicing. There is only one such | |5 < -
component such that all the bit values of its C- C1 01
CODE are equal to ‘1. Y=p+3 *" R G2
2) Type Il (p=1): A component that is exclusively = @ @ RERE T
(a)

only one bit equal to ‘0. ol
3) Type lll 2 < p < n —1): A component that is :E ci
commonly required by p different types of slicing. =
Given p, there argC,, such components. ji i
4) Type IV (p=n): A component that is required by all “F

slicing types. There is only one such component
such that all the bit values of its C-CODE are equal
to ‘0.

(c) (d)

Fig. 3. A 2-D example of the component-based layout for fast

For out-of-core access, we store each type of Compﬂging at every third value. Note that the only change is the element
. . ’ size of each component.
nents in the following way.

« Type | and IV (p=0 or n): The elements of each we redefine a slicing query as retrieving the sample
component are grouped into n-dimensional metgoints on the pland; = a, wherea mod k = 0. Then,
cells, which are then stored according to Z-orderwe only need to generalize the previous Component-

« Type Il (p=1): The elements of each component aode (C-CODE) definition as follows.
grouped into (n-1)-dimensional metacells, which are
then stored in a lexicographical order in a way tha@-CODE(,, is, ..., i,) = a concatenation of;, j=1,2,...,n.
the exclusive slicing type gets the highest priority.

e Type lll 2 < p < n — 1) The elements of 0, if (4; mod k)=0
b] = { ’ J )

each component are grouped into n-dimensional 1, if (i mod k) # O.

metacells, which are then stored in a lexicographical

o_rder n a way that all the P pres of slicing get Now, the element size of each component increases
higher priority than the remaining (n-p) types. by a factor of (k-1) per a bit value ‘1’ of the C-CODE
Note that for type Il, we group elements into (n-1)because (k-1)-times more grid points get included due
dimensional metacells because it is exclusively sliced by (i; mod k) # 0. Hence, the size increases by a factor
a particular slicing type. For type lll, we always avoidf (kK — 1)"~?, where p is the number of ‘0's and thus
the worst case, in which any of the p types of slicing getsp is the number of ‘1's in the C-CODE.
the least priority in the lexicographical order, since ther Since the other descriptions in the case of k=2 for
is always at least one slicing axis that does not requineDimensional data only depends on the C-CODE of a
the component and the least priority can be assignedctumponent, they apply to the general case:of 2 in
that dimension. the same way.



[ Contiguity CO.) | Effectiveness EF.) |

C. Analysis |
Type Il 1 1
To analyze and compare the performance of our | Type lll Um—=) EF.
scheme to other schemes, we deflbentiguity as the Type IV cO-. EF:
ratio of the average number of disk blocks that can be TABLE I
accessed sequentially to the total number of disk blocks CONTIGUITY AND EFFECTIVENESS IN EACH TYPE OF A
needed for a particular slicing, ariffectiveness as the COMPONENT.

ratio of the amount of data needed to the amount of

data transferred. Both indices are equally important in

terms of disk 1/O cost. In fact, disk access time can _ _

be approximated by the the time to read the necessanpinceCO. is upper bounded by)" " andCO, of

i 1 type Ill is lower bounded by——, the value ofCO,
data at maximum transfer rale pfrgrfivgness: PIUS for type Il components is a?dleaszt{‘é1 times as high
i . as theCO,. Thus, type Ill components always have
using the two indices, We can compare the compone%—tter contiguity than type IV components of Z-order and
baged layout scheme with the typlcal_ Z—order_ SChemetPﬂe benefit increases as the volume size gets larger.For
which the data is first decomposed into n-Dlmensmng;(ample’ in the case of n=3, i.e., a 3-dimensional vol-

metacells of which size is equal to the disk page arﬂﬁne, type Il components have at Ieé%ttimes as high

then stored by Z-order. contiguity as type IV components of Z-order, |<§ less

Let CO, and EF, denote the contiguity and thegiscontiguous disk head movements than Z-order.
effectiveness of the Z-order scheme whil®, and E'F, Now given a slicing query, there are totah—!

correspond to the component-t_)ased_data layout SChe&ﬁ‘nponents needed to answer the query and among
Assuming thatan n-D metacell is of sizex L X ... X L hem there is only one component of type Il or IV and

—1
(and hence the size of a disk block is?) ‘and the the other2"~ -2 components are of type IIl.
n-D volume consists ofM x M x ... x M metacells

i i 1
the time for disk head movememm@. Hence,

M 1) Casel (k = 2): Since the number of elements of
(M > 27~1), a slice of the metacell is of sizé”~! all the2"~! components comprising a slice is the same,
and thus the effectiveness of the n-D metacell is alwayse have

T G4 _ _ 1 1 1 1 1
The number of sequentially accessed blocks in Z-order Co. " 1 Co +(1— W) Koo
is 1,2,4,...,o2"~1 according to the slicing axis. Table | ¢ ¥ ¢
shows the contiguity and the effectiveness of the Z-order

combined with the n-D metacell scheme.

1 1 1 1

=(1- : 1
EF, (1= 51) BF, o1

| [| Contiguity (CO.) | Effectiveness EF:) |

(Note that we use harmonic mean for more correct

| zoder|  O(F=) | I’ | averaging of the two indice€ZO, is an average of'O,
TABLE | for type Il and l1ll.)
CONTIGUITY AND EFFECTIVENESS OFZ-ORDER+ N-D METACELL There is always contiguity improvement over the
SCHEME. Z-order scheme, which is upper bounded23y ! times

as high contiguity, and as n increases, the contiguity
improvement gets larger as long a¢ > 2" 1. In
On the other hand, in a lexicographical order in favatddition, there is always effectiveness improvement
of a certain slicing priority, the contiguity becomes %, upper bounded by a factor of*~—. Note that the
-+ ... in a decreasing order of the priority of the slicingdigher effectiveness also means less cache memory size
Table Il shows the contiguity and the effectiveneggquired for the same slicing query.
in each type of a component in the component-based
layout, assuming that each component is of full volume 2) Case Il (k > 2): Since the element size of each
size. Note that type | components are never requiredmponent of which the C-CODE bit values have p ‘0’s
and that type Il components have no discontiguous disicreases by a factor @k — 1)*~?, 2! is replaced by
accesses and do not load any redundant data. Rn(k) (=Xp=1n-1Cp-1 - (k —1)""P), which is lower



bounded by2"~! for k& > 2, then,

11 - 1 ) 1
CO., Ry(k) CO, CO,
1 (k—1"1t 1 1"t
= (1 — ) .
EF, Ry, (k) EF, R (k)

only one type Il and IV component and two type |l

components. The type IV component which is stored in
Z-order takes the largest 48% of the total time while the
type Il component which is stored in a lexicographical
order in a way that the exclusive slicing type gets the
highest priority takes only 4% of the total time. Each of

Note that the portion that the type IV componerif’® two type Ill components takes 40% and 8% of the
of Z-order contributes to the slice decreases while tf@ial time respectively. The Z-slicing takes the longest
contribution of type Il increases more than any othdime because the slice size is the largest.
types since the element size of type Il (p=1) increasesWe compare the performance of the component-based
by the largest factofk — 1)"~! while that of type IV data layout scheme with the Z-order combined with the

(p=n) does not increase. As a result, we achieve betfeP metacell scheme for three different types of axis-

contiguity and effectiveness as k increases. aligned slicing queries.

IV. EXPERIMENTAL RESULTS

We evaluated the performance of our scheme for k=2,
in which it is required to fast process slicing queries at
every other value. For the evaluation, we used a subse
of the visible human male anatomical image data set [1].
The test volumetric data consists 248 x 1216 x 800
grid with 1-byte values, resulting in 2 GB.

We ran all the tests on a single Linux machine which
has dual 3.0 GHz Xeon processors wittbh0 MB/s
maximum disk 1/O transfer rate. In all our experiments,
we made use of only one of the two processors. Also,
we used a simple buffer management system in order tg
control disk I/O. The blocking factor for the data was
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Figure 4 shows the contribution of each type of

components to the total time in performing each typgg. 6.

of the slicing queries. Given a slicing query, there arfé0):
total 4 components required, among which there are
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Fig. 7. Performance comparison for loadingaZslices @048 x Fig. 9. Performance comparison for loading ¢¢=slices at half
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Half-Resolution
Figure 5, 6, and 7 compare the total disk 1/O time
for reading X, Y, or Z= slices at full resolution. The fggg [ 1 Torder BL
component-based lay out scheme always achieves bettg  ,, ;
performance, in average by a factor of 3.2. In addition, it 1400 |
requires 16 MB cache memory, which is 22% less than| g 1200 |
what the Z-order scheme requires. These experimenta| £ 1282 I !
results are close io the analytical upper bound in our 600 || .
analysis, by which we expect the performance improve- 400 |+ i : £
ment and tha cache size reduction to be upper boundeq 2% | i R
by respectively a factor of 4 and 25%. Note that the same e amcoccameocenm o e
O O — — N O MO I < I O© © K~ K 0 OO O
improvements can be expecied on any data of the samg e
size given the same blocking factor, since the content of
the data is not considerad in eny of the akove process.
Fig. 10. Performance comparison for loadingaZslices at half
Half-Resolution resolution (024 x 608).
1200
N S Z-order CBL
1000 | ; data layout scheme is to be able to perform all types of
800 the half-resolution slicing queries at the maximum disk
S w00 | ; transfer rate because for every axis-aligned slicing type
c w00 | "‘ the.re i; always one halffresolution type Il pgmponent
which is stored in an optimal way for the slicing type.
200 1 Figure 8, 9, and 10 compare the total disk I/O time
0 Do el e el Sl for reading X, Y, or Z= slices at half resolution.
SS-2338333I3IB888R288 The component-based lay out scheme is an order of
. magnitude faster in average without any performance
fluctuation as seen in the figures. In addition, it requires

Fig. 8.

Performance comparison for loading &X=slices at half

resolution ¢08 x 400).

only % of the cache memory size for the Z-order scheme,
given the particular blocking factor. Note that we com-
pare with the Z-order scheme at half-resolution data (i.e.,
type IV component).

For k=2, an additional benefit of the component-basedFigure 11 shows a sample output slice image in each
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Being able to perform the half-resolution queries at
maximum disk 1/O transfer rate in every slicing type
(when k=2) becomes more beneficial when we deal
with larger dimension. For a time-series of the test
volumetric data, one 3-D slice could easily be of size in
hundreds of megabytes to gigabytes. Unless we replicate
the already large data, it will be very difficult to achieve
the maximum disk I/O transfer rate in all the slicing
types by using previous methods. In addition, our scheme
requires only the cache memory size equal to the slice
size for half-resolution queries.

While the contiguity of type Ill components is at
IeastT%1 times as high as that of type IV compo-
nents stored in Z-order as shown in the analysis, the
performance result in Figure 4 shows that type Il
components take almost equivalent time (only 8% less)
to type IV components of Z-order at the worst case. We
believe that this is because the disk head movement time
is different between Z-order and lexicographical order.
Although Z-order has more discontiguous disk block
accesses, the distance between two discontiguous disk
blocks is shorter than lexicographical order. In order
to investigate this further, we ran all the tests with a
16 x 16 x 16 blocking factor, which is 8 times bigger
disk page size. And we observed 60% less time in type
Il components compared to type IV components at the
worst case. Overall, the blocking factor change results
in 23% less time in component-based scheme and 15%
less time in the Z-order scheme due to two times large
cache memory, but with worse peak processing time.

Performance improvement was slightly bigger 3.5 at full
Fig. 11. Sample slice images of the test volumetric data at X, ¥asolution.
and Z=v. (1216 x 800, 2048 x 800, and2048 x 1216 from top to

bottom.) VI. CONCLUSION

In this paper, we have presented a new data layout
g_cheme to efficiently handle out-of-core axis-aligned
slicing queries of very large multidimensional rectilinea
grids. We have analytically shown that our scheme
provides faster processing time and requires less cache

The component-based data layout scheme shows tmwemory than the typical Z-order scheme for any type
times larger intervals in performance fluctuation in thef axis-aligned out-of-core slicing queries at evéryh
timing results. The performance fluctuation is related t@lue ¢ > 1), without any data replication. Through
the blocking factor. The blocking essentially prefetchesxperimental results, we have also demonstrated that it
the data under the assumption that the slicing queries aoeild achieve 3 and 10< performance improvements
given incrementally. While the Z-order + n-D metacellsequiring only 78% and 12% of the cache memory size
scheme prefetches the data not needed by eweryfor the Z-order scheme respectively at full and half
th value slicing £ > 1) as well as the necessaryesolution.
data, the component-based scheme does not prefetch th&fe plan to further investigate how this scheme affects
unnecessary data. Thus it can effectively prefetch largaemory cache efficiency at upper level (L1 or L2 cache)
intervals given the same blocking factor. in the memory hierarchy. Our future plan also includes

type of the slicing queries from our test volumetric dat

V. DISCUSSION



application to 4-Dimensional data for efficient out-of-
core time-varying volume visualization.
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