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Abstract

A TPR-tree is a well-known indexing structure that is developed to answer queries about the current or future
time locations of moving objects. For the purpose of space efficiency, the TPR-tree employs the notion of VBR
(velocity bounding rectangle) so that a regional rectangle presents varying positions of a group of moving objects.
Since the rectangle computed from a VBR always encloses the possible maximum range of an indexed object
group, a search process only has to follow VBR-based rectangles overlapped with a given query range, while
searching toward candidate leaf nodes. Although the TPR-tree index shows up its space efficiency, it easily
suffers from the problem of dead space that results from fast and constant expansions of VBR-based rectangles.
Against this, the TPR-tree index is enforced to update leaf nodes for reducing dead spaces within them. Such an
update-prone feature of the TPR-tree becomes more problematic when the tree is saved in flash storage. This is
because flash storage has very expensive update costs. To solve this problem, we propose a new Bloom filter
based caching scheme that is useful for reducing updates in a flash TPR-tree. Since the proposed scheme can
efficiently control the frequency of updates on a leaf node, it can offer good performance for indexing moving
objects in modern flash storage.
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1. Introduction

As networks for wireless communications get widely established, various location-based services have
permeated our common life at a fast rate [1-7]. Since the location-based services need to efficiently locate
moving objects, there has been much interest in the development of spatio-temporal indexing schemes in the
database community [3-7]. The spatio-temporal indexing schemes are usually aimed at managing the positional
information of moving objects with respect to time. In the aspect of a temporal dimension, user’s queries may
be issued for querying current or future-time positions of moving objects of interest. In this respect, a Time
Parameterized R-tree (TPR-tree) was proposed [6]. Because of its high performance of answering future-time
queries with less storage usage, the TPR-tree and its variants were intensively researched [4-7].

The TPR-tree is an indexing structure based on the notion of a bounding rectangle that always encloses the
overall positions of a group of moving objects indexed. Rather than saving individual positional information
of moving objects, the TPR-tree structure saves rectangular information that represents a maximum range of
places for a group of moving objects. Since the data size needed to express such a bounding rectangle is much
less than that required for locating individual moving objects, respectively, the TPR-tree scheme has the benefit
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of less storage usage. However, the use of bounding rectangles inevitably leads to considerable misleading to
false candidate leaf nodes during query processing times. This is because there exist large gaps between real
positions of bounded objects and overestimated sizes of computed rectangles. Such a space gap is referred to
as dead space [4-6]. Because of dead space, obsolete node accesses are unavoidable in the use of TPR-tree-
based schemes. To minimize those dead spaces, the TPR-tree index is enforced to frequently update its leaf
nodes, thereby keeping bounding rectangles as compact as possible [6, 7].

This update-prone property of the TPR-tree index seems to be more harmful when it is used for flash-based
database systems. As widely studied in the literature, the performance of flash’s random updates is very poor
because of its inability to update in place [8-13]. Moreover, when overheads paid for garbage collection are
taken into account, the cost for a random update seems to be two orders of magnitude larger than that for a
random read [13-15]. Since actions for compacting dead space incur frequent random updates on leaf nodes,
therefore, the TPR-tree index may not be feasible as a flash-resident index.

To solve this update-prone problem of the TPR-tree index, we develop a caching scheme that is used for
temporarily saving data of updated bounding rectangles. To cache updates on leaf nodes, cache memory is
prepared for each parent node of leaf nodes. Such cache memory is accessible by looking up address
information saved in a parent node. Since the cached update information is made to be reflected into leaf nodes
at once, our flash TPR-tree can reduce the overall number of updates at the leaf level. To diminish the memory
usage of caching memory, we employ a Bloom filter index that was devised for efficient membership tests
[16-18]. By saving a Bloom filter index in each parent node of leaf nodes, our flash TPR-tree is able to get
compacted bounding rectangles in a space-efficient and time-efficient way. Thanks to the reduced number of
updates at the leaf level, our TPR-tree can retain its good performance of query processing, even if it is
deployed for use in flash storage.

The rest of this paper is organized as follows. In section 2, we present some technical backgrounds relevant
to a Bloom filter scheme and a TPR-tree index. The notion and used algorithms of the proposed flash-based
TPR-tree are addressed in Section 3, and then the performance gains of the proposed scheme are addressed in
Section 4. Lastly, we conclude this paper in Section 5.

2. Preliminaries

In this section, we introduce an indexing technique called a Bloom filter. This indexing technique is
employed as a basic mechanism for providing the enhanced performance of our proposed flash TPR-tree.

2.1. Bloom filter

A Bloom filter (BF) is a probabilistic indexing scheme that was developed for efficient membership testing
[16]. The BF index is characteristic of high space efficiency, and thus it has been accepted as a compact
indexing scheme useful for checking the existence of items being tested [17, 18]. To index an item with key-
value £, the BF scheme works with two parameters of m and n; . Here, integer m is the fixed length of a bit-
vector generated from each key-value £, and integer 7, is the number of hash functions used for generating the
bit-vector. Depending on £. some bits among a bit-vector with length m are set to 1. For this, hash functions

are used for choosing the set of bits to be set with 1. Specifically, each hash function A;(k) (1 < i £ ny)is

made to yield a hash value x such that 1 < x < m. If the hash value of 4;(k) is equal to x, then the x-th bit of

a computed bit-vector is set for £ . By applying n, number of hashing functions on £, repetitively, we can get
a random bit-vector whose 1’s bits are up to n,. With two parameters of n, and m (n, < m), the BF scheme can
manipulate an index of length m. That index is made by doing OR bit-operations among individual bit-vectors
of its indexed items.

For instance, suppose that a BF index is made for indexing N items whose key-values are equal to &; (1 <
i £ N). With parameters of n, and m, we can get N number of bit-vectors v(k;). To build a BF index for N
items, the BF scheme repeatedly apply OR bit-operations over v(k;) (1 £ i £ N). From those OR bit-
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operations, N number of bit-vectors are merged into a single BF index of length m. Let the BF index be denoted
by Var. Then, to answer membership on an item with &;, we just perform an OR bit-operation between v(k;)
and Vpr. If its resultant value is not zero, then a membership test is returned as being true.

Although the BF indexing scheme shows off the advantages of a fixed small size of index data and fast
lookup times for membership testing, it has a shortcoming of the existence of false-positive searches [17, 18].
Since the probability of false-positive searches usually increases with the frequency of deletions of items, the
BF indexing scheme is not acceptable for some application domains where a lot of update workloads should
be handled in an efficient way. As our proposed cache scheme can determine a proper time point for updating
a BF index, the use of the BF indexing is plausible. More detail will be presented in Section 3.

2.2 TPR-Tree Index

As an indexing structure used for processing positional queries on stationary objects, an R-tree was
proposed [3]. In the R-tree, a data page N is stored to contain geographical information of & objects. Then, to
represent the set of & objects in &V, the R-tree computes the smallest rectangle that encloses all the places of &
objects. Such a smallest rectangle is referred to as an MBR (Maximum Bounding Rectangle), which is
represented with two points being at the ends of its diagonal [3]. To index k objects of N, an MBR
representation and the address of N are saved in a leaf node. To answer a user query with target range 7, a
search process moves toward candidate leaf nodes whose any MBR overlaps with 7. If a new insertion of an
object overflows data page N, then (1 + k) number of objects are split over N and a newly allocated data page.
At the same time, a new MBR is inserted into an associated leaf node in order to index the new data page.
Such overflows can be propagated recursively up to the root node of an R-tree.

Although the TPR-tree borrows the concept of the MBR from the R-tree, it was devised for indexing
moving objects, rather than indexing stationary ones. To answer range queries on moving objects, the TPR-
tree saves velocity information of moving objects as well as positional information. The velocity information
is updated whenever any indexed object changes its directions or speeds of movement [4, 5]. To express the
velocity information, the TPR-tree employs the notion of VBR (Velocity Bounding Rectangle) with respect to
each MBR. A VBR is expressed with a velocity vector of <v;, vz, v3, v/>, which expresses the maximum
velocities of objects in an MBR with respect to every direction. By expanding an MBR M at the rate of its
VBR, the TPR-tree can compute a growing bounding rectangle containing all the objects indexed in M. Since
the TPR-tree index can compute such bounding rectangles for future-time points, it can answer future time
queries as well as current time queries. We refer to such a constantly expanding bounding rectangle as CER
(Constantly Expanding Rectangle) for short.

Figure 1 illustrates an example of a CER that is used for indexing five moving objects from time 7} until
time 7% . In Figure 1.(a), notation v; of <v, ..v,> denotes the maximum speed of the i-th direction of a VBR.
In this fugue, MBR, is an MBR enclosing five objects being indexed at 7). In Figure 1.(b), the outer rectangle
R, represents a CER that has been expanded from the MBR, until 7. To compute the CER, the TPR-tree
expands MBR at the rate of VBR <4, 5, 4, 3> until T..

Since a CER expands at the rate of its VBR, the TPR-tree cannot avoid performance degradations that are
caused by the difference between any CER X and the real positions of the objects indexed by X. In the example
of Figure 1.(b), the difference between R, and MBR, is an example of dead space at the time 7. Since the size
of dead space gets larger over time, the performance of query processing constantly deteriorates because of an
increasing number of useless searches coming into dead spaces [4-6].

To ensure better performance, the TPR-tree needs to efficiently keep dead space less. To this end, the
traditional TPR-tree algorithms rely on the compaction of CERs in leaf nodes [7]. For instance, we can
eliminate the dead space in R, by updating the CER of Figure 1.(b) with MBR, . This compaction of CER R.
can be performed when a leaf node containing R, is accessed by a search process or an update process. However,
as we mentioned before, such an update on the leaf node easily impairs the performance of TPR-tree, if the
tree is stored in flash storage. To deal with this problem, we propose a caching scheme using a Bloom filter
index.
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Figure 1. An example of a CER that is made at time Ty; it has been expanded until time T,.

3. Proposed TPR*-tree with BF-caches
3.1 Problem Definition

Figure 2 depicts an example of a traditional TPR-tree structure that indexes moving objects whose
positional and velocity information are saved in data pages of N; (i =1, 2, ...). In the figure, CER; in Y is made
to represent an area where objects O; (1 <i <4) could be placed. When any object in N, is accessed for query
processing or its velocity update, compaction of CER; could be initiated, if needed. Since the nodes located
above a leaf level can be managed in buffering memory [4, 5], our research focuses on reducing the amount of
updates arising at the leaf level.

_ TPR-Tree Structure

Root \ CER ' CER : - \

i N2 N\ - T
0, 0, 05 0, 05 0, 0, 050, 01 Oy Opc]...c

~ Data pages

Figure 2. A snapshot of a traditional TPR-tree and some data pages indexed.
A user’s query O, is composed of a target range  and a target time point ¢. To answer O,,;, a search
algorithm for a TPR-tree first reads its root node, and then searches down to candidate leaf nodes, by following
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CER paths. During this downwards search, the shapes of CERs are computed with respect to the target time
point, ¢. Through the top-down search process, the search process can collect candidate leaf’s CERs to be
inspected. By retrieving the data pages addressed by the collected CERs, the search process can find a resultant
set of objects satisfying query O, [4, 5].

In many cases, the number of candidate CERs could be larger than the optimal one because of the existence
of dead space. Therefore, it is crucial to keep CERs compact to improve the average query time. Although
such CER compaction affects favorably the average query time of a TPR-tree, it should pay additional I/O
costs needed for updating leaf nodes. Therefore, it is necessary to consider a trade-off between fast query times
and update costs for CER compaction. In particular, the update cost comes to be a more negative factor on
performance, if the TPR-tree index is used in flash storage. Recall that a random update of flash has very poor
performance, compared to that of a random read [8, 10-13]. Because of this weakness of flash storage, a
frequent rate of CER compaction may degrade the performance of flash-resident TPR-tree. To solve this
problem, we propose a novel technique that can reduce the number of updates on leaf nodes, while keeping
CERs compact.

3.2 BF-Cache for the Proposed TPR*-tree

To retain compact CERs without frequent updates of leaf nodes, our flash TPR-tree relies on a caching
scheme that temporally caches compacted CERs in memory, rather than immediately updating them within a
leaf node. By delaying update times of leaf nodes, our flash TPR-tree can reduce the actual number of updates
arising at the leaf level.

Figure 3 illustrates the proposed flash TPR-tree, which is drawn by considering the TPR-tree of Figure 2.
In the figure, a cache area is pointed to by node X. The paper assumes that almost all nodes except for leaf
nodes reside in buffering memory. Such a buffering mechanism is very common in modern database systems
[10, 13-15]. For this reason, we focus on a way to reduce updates at the leaf level, because updates of buffered
nodes are not expensive.

" Flash TPR-Tree Structure
| from a parent node

X CER, ! CER, CER Bf}oom Cache
ilter

' Y T
P : i | ¢ I I 3
| | CER; | CER, : CERy | CER, | CER; : CERg |: CER, | CERg g CERg | wov

Data pages

090090090000 [[09® [040 ][00 ][00 ][00
1020/050 090/ 000|000 090 090|090 0g0

Figure 3. An example of the proposed flash TPR-tree with a Bloom filter index.

To save a Bloom filter (BF) index and a pointer to the associated cache area, we allocate a portion of space
in a leaf’s parent node, that is, node X in the example of Figure 3. In this paper, we refer to a node containing
a BF index as a BF node, which is located only at the parent level of leaf nodes.

To see more detail about the use of BF nodes, let us suppose that CER; of Figure 3 is about to be updated
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for compaction. At this point of time, the proposed flash TPR-tree algorithm saves a newly computed CER; in
the cache area pointed to by node X. To index the new CER; in the BF cache, the flash TPR-tree computes a
bit-vector of v(x), where x is the ID of CER;. Note that the ID of CER; is composed of the page ID of Y and
the offset of CER; in Y. After computing bit-vector v(x), the flash TPR-tree adds it to the BF index of X. By
using BF node X, our TPR-tree can cache compacted CERs that are saved in child nodes of X. The search
algorithms for using the BF node are presented in the next section.

3.3 Algorithms for the Proposed Flash TPR-tree

To utilize techniques already devised for the traditional TPR-tree, our search algorithm is also designed
based on the previous one. The difference from the previous one is the use of BF-based caches. By using the
BF cache linked from a BF node, our TPR-tree can efficiently reduce useless access to dead space.

The search algorithm for our flash TPR-tree is given in Figure 4. In lines 2-3, the algorithm collects all the
BF nodes that contain any CER overlapped with a given range query, (Q,, @;). This CER collecting step can
be done via a traditional search algorithm. From this, in line 7 the algorithm can select all the candidate CERs
that will be used for searching down to candidate leaf nodes.

If any of the candidate CERs were updated for compaction and saved in a BF cache, then the search
algorithm has to access the cached CERs. For this, the search algorithm performs a membership test in line 10.
This membership test is done via an OR bit-operation between a BF index and the BF bit-vector of the tested
CER in line 10. If the test result is true, then a compacted CER saved in the BF cache is used for query
processing as in line 12. This collecting of candidate CERs in leaf nodes is repeated through the lines of 9 —
15. With respect to each candidate CER, an associated data page is retrieved and a search algorithm is executed
for gathering resultant objects. Those steps are done in lines 16-17. Finally, the set of objects satisfying the
given query is returned in line 18.

Algorithm 1: SearchUsingBloomFilter

Input : Root = address to the root node of a TPR-tree
Q, = target query range to be answered
Q; = target query time

1 begin

2 N <« Tree.readNode(Root); // read of the root node into N

3 Apr + Tree.SearchBFNode(N, @, Q:); // get all the BF nodes containing any CER
overlapped with @, at the time of @

4 Sobj (); // initialization of a set of the query result

5 foreach 7 € Appr do // processing for each BF node

6 N « Tree.readNode(r); // read of a BF node into N

7 Tegr <+ Tree.SearchCER(N, Q,,Q,); // get all the candidate CERs

8 Lopr < 0;

9 foreach ( € 'cgr do // for each CER in node N

10 if ( ewists in the BF index of N then // membership test

11 C/ + get the updated CER saved in BF cache pointed to by N;

12 if IsOverlapped(C', Q,, Q;) = true then // query testing

13 L FI(,-EH (' UFI(.E”: // collecting of updated CER saved in BF cache

14 else if IsQuerlapped(C, Q,, Q) = true then

15 |_ Fopr < CUT cpR;

16 Perform a search algorithm on T, w.r.t. query (Q,,Q;); // read of candidate leaf nodes

17 Add IDs of the moving objects searched in line 16 into Sop;;

18 Return the object set of Sy, as a search result;

Figure 4. Algorithm for returning moving objects satisfying a given range query.
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The algorithm for updating a BF node is presented in Figure 5. A plausible timing for updating a BF node
could be one of two cases. First, when a leaf node of a TPR-tree is about to be updated for reflecting object’s
velocity change, a BF node can be updated. Second, after a range query is completed by reading any leaf node
N, the proposed TPR-tree can determine the compaction of any CER in N. Involved with this aggressive
approach, some schemes were proposed for assessing a benefit that is obtainable by the aggressive compaction
of a CER [2, 4, 6]. The update of a BF node would be possible in either of those two cases.

The update algorithm begins with node ID of a BF node being updated as well as a threshold value of dead
space. In lines 2 to 4, the algorithm first reads the BF node and computes the compacted form of each CER in
that node. Then, to check if this CER was already stored in a BF cache, the algorithm uses the BF index of N.
That is, the algorithm performs an OR bit-operation for a membership test in line 6. If the result of that
membership test is true, then the BF cache is updated with the newly computed CER in line 7.

Otherwise, if the testing result is not true, then the algorithm computes the size of dead space between a
previous CER and that of the newly computed one. If the difference is greater than a given threshold value,
then the new CER will be inserted into the BF cache through lines 9-14. During those steps, if the BF cache
overflows, then the BF area should be initialized for handling the current overflow. For this initialization of
the BF cache, the associated leaf nodes are updated to save the cached CERs in line 13. Finally, the BF index
and BF cache are cleaned in line 14.

Algorithm 2:  UpdateBloomFilterNode

Input : Node = address to a BF node considered to be updated
Threshold = threshold size of dead space tolerable
1 begin
2 N < Tree.readNode(Node); // read of the BF node to N
3 foreach ( € N do // processing of each CER contained in N
a ¢« Tree.compactCER((); // re-computing of a CER for compaction
5 vector < create a BF vector with a unique value of (ID of N, offset of ¢ in N );
6 if (vector OR N.BF_Index) # 0 then // membership test of ( on BF index
7 L Update ¢ in the BF cache of N with a new compact CER of (’;

8 else if SizeOfDeadSpace(C, ¢') > Threshold then // check need of updating
9 if there is free space for saving CI then // check free space in BF cache
10 L Insert CI into the BF cache pointed to by N;

11 N .BF _Index < vector OR N.BF_Index; // update of BF index

12 else

13 Write every CER in the BF cache of NV into its correspondign leaf node;

14 Clean the BF cache of N and set N.BF _Index to zero, correspondingly;

Figure 5. Algorithm for updating a BF index and its BF cache.

4. Performance Evaluation

Since a poor false-positive rate of the BF index degrades the efficiency of query processing of the proposed
flash TPR-tree, we need to appropriately control it in a low range. Note that a higher false-positive rate leads
to a greater number of useless accesses to BF cache areas. The false-positive rate of a BF index depends on
three parameters, that is, the bit size of the BF index, the number of used hash functions, and the number of
indexed items [16]. Let us denote them by m, ni, and N, respectively. According to an earlier study [16-18],

the probability of false-positive testing is computed as follows:
ng*N

Pr= (1= (1= s(1— e m )™ (1)
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Among those parameters, m and N both vary with respect to the node size of a flash TPR-tree and the size
of a BF index. Since those two parameters are decisive by choosing the node size and the index’s portion of
space in each BF node, we just need to pick an optimal integer value for nx with respect to given m and N. As
an optimal value of n; yielding the least Pr, we can use an integer of [m *In2/N] [8, 17].

Suppose that the node size of our flash TPR-tree is equal to 4 KB, which is a very common size in database
applications [5-7]. We also assume that the data size of a CER is equal to 40 Bytes. In this case, the maximum
fan-out size of a BF node becomes 0.1 K. If the space utilization of a TPR-tree lies at around 75 %, we can say
that NV for a BF node is about 5.6 K; its maximum value is about 10 K. Note that the maximum size of N can
be computed by multiplying the fan-out size of a BF node and the number of CERs in a leaf node, that is, it
becomes 0.1 Kx 0.1 K.

Based on the observations above, we can develop an analytic model that assesses update costs as well as
the false-positive rate of the proposed flash TPR-tree. Table 1 shows the model parameters and their values.
In the table, we can adjust the portion of a BF index within a BF node from 5% to 10%. According to the
storage usage of a BF index, the values of m and n; vary in the ranges of Table 1. Based on these values, we
can compute other parameters as well.

Table 1. Considered performance parameters and their values.

Parameters Meanings & Parameter’s Values
N No. of items in a BF cache, 100
m size of a BF index, 200 ~ 400 Bytes
ng No. of hash functions, 22 ~ 44
Py false-positive rate, 2.1 x 1077 ~ 4.5 x 1074
Unode average space utilization of a node, 75%
Fout average fan-out, 90 x 0.75 ~ 95 x 0.75
Cupdate update cost of a leaf node, 0.1 msec
Crache cost for accessing a BF cache, 0.1 usec
Nyeduce average No. of reduced updates, N — Fout

In Table 1, we assume that 5%-10% of a node space is allocated for the BF index for each BF node. As
shown in Table 1, the false-positive rate is very low using a small size of BF indexes. With the parameters
above, the performance gain of the proposed scheme is computed as follows:

GBF = Nreduce * Lupdate * Fclean — Pf * Ceache + LOOkupCOSt - CampationGain (2)

In equation (2), the value of Pciun, LookupCost, CampationGain depend on the type of user queries
issued. The parameter Pe.q, denotes the probability of the executions of the cleaning of a BF cache. In its
values seem to be below 1/(Fout X N). Let us supposes that the BF lookup cost and the gain from compacted
CERs are almost the same. From this assumption, we can say that we gain a performance gain that lies between
around 40 msec to 48 msec concerning 1K accesses to the BF node. Due to the efficiency of BF cache, the
proposed flash TPR-tree can provide the reliable performance of query processing for flash-based database
systems.

5. Conclusion

In this paper, we proposed a caching scheme devised for enhancing the query performance of a flash TPR-
tree. Since I/O costs for random updates are very expensive in the case of flash storage, it is necessary to lay
more considerations on a way to reduce the number of updates on tree’s leaf nodes. However, since such
updates are enforced to reduce the size of undesirable dead space, frequent updates on leaf nodes are inevitable
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from the aspect of query processing times. For this reason, we elaborated a way to cache newly updated
bounding rectangles of leaf nodes, thereby reducing the number of updates at the leaf level. From this, we can
achieve a good balance between query processing times and low update overheads.

To index a set of cached bounding rectangles using only a tiny size of data, we employ the Bloom filter
index. Although the Bloom filter index has a shortcoming of false-positive searches, it offers space efficiency
and fast membership testing times. Since the rate of false-positive searches can be managed to be a low one,
and it does not cause any inconsistency of data, we can employ the Bloom filter index for our research. Owing
to the cached bounding rectangles accessed via the Bloom filter indexes, our flash TPR-tree can diminish
updates of leaf nodes, while keeping them compact properly. The performance gains of the proposed TPR-tree
are evaluated through an analytical cost model. From this, we showed that the proposed scheme offers a
significant advantage from the aspect of I/O efficiency.
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