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Abstract 
With spatial access structures the split strategy determin- 
ing how the objects stored in an overflowing bucket are dis- 
tributed over two buckets. is crucial for the performance and 
robustness. Two categories of split strategies can be distin- 
guished: Data dependent split strategies depend only on the 
objects stored in the bucket to be split. Distribution depen- 
dent split strategies choose the split dimension and the split 
position independently of the objects actually stored in the 
bucket to be split based on an hypothesis about the object 
distribution. Unfortunately both types of split strategies 
have specific drawbacks. For a distribution dependent split 
strategy a sound hypothesis for the spatial distribution of the 
objects is needed in advance and with data dependent split 
strategies the directory tree becomes extremely unbalanced 
for insertions in a geometrically presorted order. 

In this paper we present a hybrid split strategy which tries 
to combine the advantages of both types of split strategies. 
Normally it adapts the behavior of a data dependent split 
st.rategy, but when the risk of a degeneration of the access 
structure is detected, it mutates to a distribution dependent 
split strategy. We will show that this hybrid split strategy is 
robust with respect to skew distributions and with respect 
to insertions in presorted order. 

1 Introduction 
Various efficient multi-dimensional access structures 
have been proposed. The focus of most of these 
structures has been on the maintenance of spatial 
objects, but they can be used as multi-attribute access 
structures as well [HM95]. Besides the well-known R- 
tree family [Gut84, SRF87, BKSSSO] and various hash- 
based access structures (like the grid file [NHS84], the 
bang file. [Fre87] or the buddy-tree [SK90]) a lot of these 
access structures use a variant of the k-d-tree [Ben751 
as directory (see e.g. [Rob81, OMSD87, LS89, HSW89, 

K091]). A survey of these access structures is given in 
[GG95]. 

As usual for secondary storage access structures these 
structures store the objects in buckets of fixed size. 
Each bucket is associated with a dynamically defined 
part of the data space called its bucket region. Initially 
there is only one bucket, for which the bucket region 
corresponds to the whole data space. 

If a new object has to be inserted into a bucket which 
is already filled, the bucket has to be split. To this end a 
split line is determined, which is used as the criterion to 
decide for each object in the overflowing bucket whether 
it should remain in the bucket or moved into its newly 
created sibling. Thereafter, the new split line has to be 
inserted into the directory maintaining the partition of 
the data space induced by the split lines. 

Obviously the choice of the split line is crucial for the 
performance and robustness of the access structure. To 
determine the split line a split strategy has to compute 
the split dimension and the split position. 

For spatial objects it is usual to use the dimensions 
of the data space on each path in the directory in cyclic 
order as split dimensions. The computation of the split 
position is a little bit more complicated. Two categories 
of split strategies can be distinguished: 

Data dependent split strategies depend only on the 
objects stored in the bucket to be split. An example 
is to use the average over all object coordinates with 
respect to the split dimension as split position. 

Distribution dependent split strategies choose the 
split dimension and the split position independently 
of the actual objects stored in the bucket to be split. 
An example based on the assumption of a uuiform 
distribution of the objects is to split a cell into two cells 
of equal areas. 

Since data dependent split strategies calculate the 
split line based on the objects actually stored in the 
access structure, on the one hand, they yield a good 
adaptation of the data space partition. On the other 
hand, the data space partition depends on the order of 
insertion and degenerates especially if the objects arc 
inserted in a geometrically presorted order. 

1 



In contrast, the data space partition induced by a 
distribution dependent split strategy is independent of 
the order of insertion. The drawback of distribution 
dependent split strategies is, that a hypothesis about 
the object distribution must be found in advance [HS91]. 

However, since the worst case situations for both 
types of split strategies are different (skew object 
distributions in one case and presorted insertion in the 
other) a natural improvement might try to combine the 
advantages of both split strategies. To this end, a hybrid 
split strategy would be desirable which behaves like a 
distribution dependent split strategy if the objects are 
inserted in presorted order and like a data dependent 
split strategy if the objects are skewly distributed. The 
most important question in this respect is: How can the 
split strategy determine which behavior is best suited to 
the actual situation? 

In this paper we present two approaches in the 
depicted direction. Both split strategies normally 
behave like a data dependent split strategy to adapt 
well for skew object distributions. Whenever the split 
strategy detects a significant imbalance in the directory, 
it smoothly mutates into a distribution dependent split 
strategy to avoid the risk of a degeneration of the 
directory tree caused by insertions in presorted order. 

Although all methods proposed in this paper can be 
applied to all multiYdimensional access structures which 
use a variant of the k-d-tree as directory, we will use 
the LSD-tree (LSD stands for local split decision in this 
context) as an example for such an access structure 
in the following in order to be as precise as possible. 
Furthermore the experimental results which will be 
given in section 4 have been achieved using an LSD- 
tree. 

2 Basic concepts of the LSD-Tree 
As usual for geometric access structures which support 
spatial access to point objects the LSD-tree divides the 
data space into pairwise disjoint data cells. With every 
data cell a bucket of fixed size is associated, which stores 
all objec,ts contained in the cell. In this context a data 
cell is often called btrcket region. 

Initiall.y, the whole data space corresponds to one 
bucket. After a certain number of insertions the init.ial 
bucket has been filled, and an attempt to insert an 
additional object causes the need for a bucket split. To 
this purpose, a split line is determined and the objects 
on one s,ide of the split line are stored in one bucket, 
while those on the other side are stored in another 
bucket. After some further insertions, the capacity of 
another bucket will be exceeded. In this case, a split line 
in the corresponding bucket region is determined, thus 
splitting this region into two subregions. This process is 
repeated. each time the capacity of a bucket is exceeded. 

For example, consider the 2-dimensional data space 

Figure 1: Possible data space partition for an LSD-tree 

m Directory 

Figure 2: The LSD-tree associated with the data space 
partition of figure 1 

in figure 1. The first split was made according to 
coordinate 50 in the first dimension, giving buckets 1 
and 2. Then bucket 2 was split according to positi0.n 60 
of the second dimension, giving buckets 2 and 3, and so 
on. 

The split lines of the LSD-tree are maintained in a 
directory which is a generalized k-d-tree [Bcn75]. For 
each split, a new node containing the position and the 
dimension of the split line is inserted -into the directory 
tree. The leaves of the directory tree reference the 
buckets in which the actual objects are stored. For 
example, the partitioning displayed in figure 1 reslllt,s 
in the directory tree displayed in figure 2. 

Usually, the directory grows up to a point where it 
cannot be kept in main memory any longer. Tn this 
case, subtrees of the directory arc stored on secondary 
memory, whereas the part of the directory near the root 
remains in main memory. For the det.ails of the pa.ging 
algorithm wc refer to [HSW89]. 

To describe the processing of a range query on 
an LSD-tree, we have to introduce the term of a data 
region. The data region of a bucket is its bucket region, 
and the dc:tu region of a directory node is definecl as 
the union of the two data regions of its sons. .As a 

consequenc.e, a data region in an LSD-tree is always an 
axis-parallel rectangle. 
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During a range query searching all points geometri- 
cally located in a given query region q, the directory of 
the LSD-tree is traversed from the root to the buckets. 
To start with, the whole data space is considered to be 
the data region of the root itself. Thereafter, the data 
regions of the sons of a directory node can be calcu- 
lated from the data region of their father and the split 
line stored with the father. Hence, we can decide at 
each node if the data region of the left and/or right son 
intersects q. If the data region of exactly one son inter- 
sects q, we follow this son. If the data regions of both 
sons intersect q, we choose an arbitrary son to continue 
and store the other son on an auxiliary stack. When the 
search reaches a bucket, all found objects geometrically 
located in q are reported. If there are directory nodes or 
buckets in the auxiliary stack, query processing is con- 
tinued taking the first directory node or bucket from the 
stack. Otherwise query processing is finished. 

3 Hybrid Split Strategy 
In this chapter we present two split strategies which try 
to detect imbalances in the directory tree in order to 
change their behavior in this case. 

3.1 Weighted Average 
With the first split strategy the split position is 
calculated as the weighted average of the split positions 
calculated using a data dependent split strategy and 
a distribution dependent split strategy assuming a 
uniform distribution of the objects. 

In the following we <assume a bucket capacity of 6 
objects. Furthermore we assume that a bucket zu has 
to be split and that the selected split dimension is 
dimension d. Let R(w) = (WA,, w,,] x . . . x (rug,, 7uvI] 
denote the bucket region of w and let B denote the 
set containing the b objects stored in w and the object 
which has to be inserted - i.e. the object which caused 
the bucket split. Furthermore let o[;] denote the 
coordinate of an object o E B in dimension i. Then the 
split position pdetcr for the data dependent split strategy 
can be calculated as 

Pdata = j-& . z O[d 

and the split position p& for the distribution dependent 
split strategy can be calculated as 

-4s mentioned the weight for pdrS in our hybrid 
split strategy should be high if there is a risk for a 
degeneration of the directory tree because of presorted 
insertions. Otherwise the weight for pdnln should be 
high. 

The obvious question is now: How can we detect 
situations where the directory tree becomes unbalanced 
due to presorted insertions ? We decided to use a simple 
heuristics for this purpose: If the path from the root 
of the directory to the bucket w which has to be split 
is relatively long compared to the other paths in the 
directory, the weight for p&s in our hybrid split strategy 
is increased, because the path to w might have become 
relatively long because of presorted insertions. 

To achieve this effect, let p denote the number of 
buckets in the access structure and let 1 denote the 
length of the path from the root of the directory to 
w. Then the height of an optimally balanced directory 
tree would be [log, /31. 

Using this formula we calculate 

with 

Phybid = a ’ Pdata + (1 - 0) ’ pdis (3) 

1 

{ - 

if 2 2 1 - [log, 01 
CY= 1-pig, p1--2 

5 if 2 < I- [log, /3] < 7 
0 if 7 2 1 - [log, /Y] 

This yields a split strategy which behaves like a data 
dependent split strategy as long as the path to the 
bucket to be split is at most two references longer than 
the paths of an optimally balanced tree would be. For 
longer paOhs the split strategy smoothly mutates into 
a distribution dependent split strategy and if the path 
to the bucket to be split is seven or more references 
longer than the paths of an optimally balanced tree, 
the split strategy bchavcs like a distributiou dependent 
split strategy. 

Of course the parameters of this split strategy - i.e. 
the bounds of two and seven are relatively arbitrary, but 
we performed tests with other settings and found that 
the influence of these parameters on the shape of t.he 
access structure is relatively low as long as they remain 
in a reasonable range. 

3.2 Limited Redistributions 
In [Hen961 we proposed a redistribution schema for k- 
&tree based access structures to improve the storage 
utilization and the range query performance of the 
access structures. This redistribution schema works as 
follows: 

If a bucket cannot accommodate an additional entry, 
we try to fix this situation by the means of a local 

redistribution to avoid a bucket split. To this end, WC 

consider the sibling of an overflowing bucket, i.e. the 
other son of the node in the directory tree referencing 
the overflowing bucket. If this sibling is a bucket 
which cm take an additional element without a bucket 
split, a local redistribution is performed shiftiug the 
object which is located closest to the split lint from 
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Figure 3: Corner distribution Figure 4: Multi-heap distribution 

the overflowing bucket into its sibling and adjusting the 
split line in the corresponding directory node. 

Using this redistribution schema the split line origi- 
nally determined by the split strategy is only prelimi- 
nary. With each redistribution the split line is adjusted. 
Hence, the final position depends on the data stored in 
the overflowing bucket and in its sibling. As a con- 
sequence an access structure using this redistribution 
schema is sensitive against presorted insertions even if 
the split lines are originally determined using a distri- 
bution dependent split strategy. 

Hence, it seems to be a good idea to stop the 
redistributions for those paths which are in danger to 
degenerate due to presorted insertions. To this end we 
implemented a limited redistribution technique which 
performs redistributions only if the path from the root 
of the directory to the bucket w which has to be split is 
short enough. 

Again, let 0 denote the number of buckets in the 
access structure and let 1 denote the length of the path 
from the root of the directory tow. Then redistributions 
are performed for the limited redistribution technique 
only if 3 < 1 - log, p. 

4 Experimental Results 
In order to cover a wide range of application profiles, 
we used five data sets for the experiments: 

1. 250,000 uniformly distributed 2-dimensional points 
inserted in random order. 

2. 250,000 uniformly distributed 2-dimensional point,s 
presorted with respect to their distance to the point 
(0. 0). 

3. 250,000 2-dimensional points generated according 
to a corner distribution which is illustrated for a. 
raudom sample of 500 objects in figure 3. For 
this distribution all points tend to be located in 
the upper left corner. We inserted these points in 
random order. 

4. 250,000 2-dimensional points generated according to 
a multi-heap distribution which is illustrated for a 
random sample of 500 objects in figure 4. For each 

Figure 5: Zipcodcs in the United States 

heap the points have been inserted in random order, 
but the heaps have been inserted in sequence, i.e. we 
started inserting the objects in the lower left l,.cap, 
thereafter we inserted the objects in the lower right 
heap, . . . . 

5. 34,265 2-dimensional points representing the lo- 
cations of the zipcodes in the United States 
given in latitude and longitude (downloaded from 
http://tiger.census.gov/places.html). The 
points have been inserted in the given order where 
on the top level the states have been presorted in 
alphabetical order and for each state the cites in al- 
phabetical order. The distribution of the points in 
this data set is illustrated in figure 5. 

For our experiments the bucket capacity has been 5 
and the maximum number of internd directory nodes 
has been 500. WC used 512 bytes per directory page 
such that external dir&tory pages could accommodate 
subtrces up to a height of 6. 

Table 1 states the storage utilization, the direct.ory 
size a.nd the construction time for the structures under 
concern. The first. column has bei?n achieved using 
a distribution dependent split st,rategy assuming iI. 
uniform dist,ribution of the objects itii given in equation 
(2). The second columu has been achieved using a data 
dependent split strategy as given iu equation (1). The 
basic redistribution technique descri.bed in section 3.2 
has been used for column three and the reclistributiou 
schema with limited redistributions for column four. 
Finally the hybrid split strategy defined in equation (3) 
yielded the results in column five. 
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distribution data redistribution limited hybrid 
dependent dependent of objects redistribution split strat. 
uniform distribution (250000 objects) 

bucket utilization 69.2 % 73.4 % 77.5 % 75.2 % 73.2 % 
height of directory 20 22 22 22 22 
external directory pages 3421 3480 3023 3530 3436 
external height of directory 2 2 2 2 2 
construction time in sec. 591 632 724 759 590 

insertion in presorted order (250000 objects) 
bucket utilization 69.2 % 67.0 % 86.9 % 69.6 % 69.4 % 
height of directory 20 838 708 34 37 
external directory pages 3421 8601 6189 3463 3607 
external height of directory 2 56 34 2 2 
construction time in sec. 445 3654 3118 621 585 

multi-heap distribution (250000 objects) 
bucket utilization 69.1 % 73.3 % 77.4 % 71.7 % 70.9 % 
height of directory 28 46 46 41 41 
external directory pages 3661 3592 3065 3853 3722 
external height of directory 2 2 2 2 2 
construction time in sec. 746 763 983 814 794 

corner distribution (250000 objects) 
bucket utilization 67.9 % 73.3 % 77.0 % 74.6 % 72.7 % 
height of directory 45 24 23 24 36 
external directory pages 5074 3536 3070 3746 3674 
external height of directory 2 2 2 2 2 
construction time in sec. 671 595 729 735 669 

zipcodes (34265 objects) 
bucket utilization 63.8 % 71.9 % 76.3 % 62.9 % 64.1 % 
height of directory 48 58 GO 54 52 
external directory pages 1066 1100 997 1080 lOG3 
external height of directory 2 2 2 2 2 
construction time in sec. 65 68 l 97 77 69 

Table 1: Storage utilization and directory size 

To gain a visual impression of the shape of the 
directory tree and of the data space partition achieved 
with the compared access structures, WC generated 
figures 6, 7, 8 and 9 depicting the resulting data space 
partitions and directory trees for 500 inserted objects 
created according to the first four of our test data 
distributions. 

a path from the root of the directory to a bucket. 
Whereas this external height is 2 for all other access 
structures, with presorted insertions it is 56 for the 
data dependent split strategy and 34 for the original 
redistribution schema. 

A comparison with the numbers given for the rodis- 
tribution schema with limited redistributions and for 

Especially the problems arising from insertions in 
presorted order with the data dependent split strategy 
and with the original redistribution schema become 
obvious from figure 7 and the corresponding numbers 
in table 1 which show a height of 838, rest. 708. for the 

the hybrid split strategy in table 1 shows that the ac- 
cess structures based on these split strategies have no 

significant problems with presorted insertions. Hence, 
we have a.chieved the objective to prevent degenerations 
with presorted insertions at least for this data set. 

* 
directories of these access structures. Another indicator To depict how the hybrid split strategy adapts to the 
for these problems is the external height of the directory, different data sets, we have stated the influcncc of the 
i.e. the maximal number of directory pages passed by data dependent Split pOSiti 011 p),yb,.;f~ in table 2. A 
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distribution dependent split strategy distribution dependent split stmtegy 

data dependent split strategy 

redistribution of objects 

limited redistributions 

hybrid split strategy 

Figure Ci: Resulting data space partitions and LSD-trees 
for the uniform distribution 

compar:ison of the rows for the uniform distribution and 
for the sorted insertions stresses that the hybrid split 
strategy works as intended for these data sets. If the 
objects arc not presorted, the split strategy behaves 
like a data dependent split strategy for 53420 of all 
GS272 splits in the access structure, and with presorted 
insertions the split strategy behaves like a distribution 
dependent split strategy for over 90 % of all splits. 

Figure 7: Resulting data space partitions and LSD-trees 
for presort,ed insertions 

hybrid split strategy perform better than a tlisi.ril:,ution 
dependent split strategy a.ssuming a uniform distribu- 
tion if the points are skewly distributed. 

Furthermore the numbers given for the corner distri- I3ut these are the clear cut data sets, which arc 
bution in table 1 and the access structures shown in relatively easy to handle. What a.bout the multi-heap 
figure El point out that limited redistributions and our distribution and the zipcodes, which are both partly 

data dependent split strateg,y 

limited redistributions 

hybrid split strategy 
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distribution dependent split strategy distribution dependent split strategy 

data dependent split strategy 

redistribution of objects 

limited redistributions 

hybrid split strategy 

I 

Figure 8: Resulting data space partitions and LSD-trees 
for the corner distribution 

presorted data sets? Obviously the situation is more 
difficult here. The split strategy might decide for 
a long path, which might have become long because 
of presorted insertions, to behave like a distribution 
dependent split strategy. However, the points for each 
hcan as well as the zipcocles of each state arc inserted 
in a random order with respect to there geometrical 
location. As a consequence, the hybrid split strategy 
and the limited redistributions often make erroneous 

da& dependent split strategy 

of objects 

limited redistributions 

hybrid split strategy 

Figure 9: Resulting data space partitions and LSD-trees 
for the multi-heap distribution 
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r---l ‘P an uence of the data dependent split position 
1 d&rib. ( 1.0 0.8 0.G 0.4 0.2 0.0 1 

(z ( 53420 11246 3180 405 20 1 1 

~~1 
Table 2: Influence of the basic split strategies on phybr;d 

decisions with these data sets. They become confused 
by the fact that the points are inserted heap after heap 
and state after state. Unfortunately, this seems to be 
a practically relevant way to insert points into a data 
set. However, even with these ina.uspicious data sets 
the hybrid split strategy and the limited redistribution 
schema do not perform significantly worse than the data 
or the distribution dependent split strategy. 

5 Conclusion 
We have presented a hybrid split strategy and a limited 
redistribution schema which try to combine the advan- 
tages of data and distribution dependent split strategies. 
The presented experimental results show that this a.im 
has been achieved to a satisfactory degree. In contrast 
to data dependent split strategies, the access structure 
does not degenerate for insertions in presorted order, 
and for skew object distributions the adaptation of the 
access structure is better than for a distribution depen- 
dent split strategy assuming a uniform distribution of 
the objects. However, the experimental results show 
also that. the achieved results are not completely sat- 
isfactory for bulk-sorted insertions. More sophisticated 
techniqu~es to detect the risk of a degeneration might be 
an interesting field of research in this direction. 

Nevertheless, the use of the hybrid split strategy 
or the limited redistribution schema yields an access 
structure which is extremely robust with respect to 
skewly distributed objects and insertions in presorted 
order a.nd can be beneficial for all /c-d-tree based access 
structures. 
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