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Abstract

A temporal aggregation query is an important but costly operation for applications that
maintain time-evolving data (data warehouses, temporal databases, etc.). Due to the large volume
of such data, performance improvements for temporal aggregation queries are critical. Previous
approaches have aggregate predicates that involve only the time dimension. In this paper we
examine techniques to compute temporal aggregates that include key-range predicates as well
(range-temporal aggregates). In particular we concentrate on the SUM aggregate, while COUNT
is a special case. This problem is novel; to handle arbitrary key ranges, previous methods would
need to keep a separate index for every possible key range. We propose an approach based on
a new index structure called the Multiversion SB-Tree, which incorporates features from both
the SB-Tree and the Multiversion B+-tree, to handle arbitrary key-range temporal aggregation
queries. We analyze the performance of our approach and present experimental results that show
its efficiency. Furthermore, we address a novel and practical variation called functional range-
temporal aggregation. Here, the value of any record can be a general function over time. The
meaning of aggregation is altered such that the contribution of a record to the aggregation result
is proportional to the size of the intersection between the record’s time interval and the query
time interval. Both analytical and experimental results show the efficiency of our result.

Keywords: temporal aggregates, indexing, range predicates, functional aggregation

1 Introduction

With the rapid increase of the volume of historical data in data warehouses, temporal aggregation
have become predominant operators for data analysis. Computing temporal aggregates is a signif-
icantly more intricate problem than traditional aggregation without the time dimension. This is
because each database tuple is accompanied by a time interval during which its attribute values are
valid. Consequently, the value of a tuple attribute affects the aggregate computation for all those
instants included in the tuple’s time interval.
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Figure 1: An example range-temporal aggregation query.

Consider the example of Figure 1. Here each horizontal line segment illustrates a phone call record.
Such a record has a duration and a price. For instance, the record with unit price 35 cents started at
time 4 and ended at time 6. One may be interested in knowing the total number of calls from the 951
area (Riverside, MA) during the time interval [3,8]. This query, illustrated by the shadowed query
range, is an example of the plain range-temporal aggregation. Specifically, here the aggregation
function is COUNT, and the query result is 3 since there are three records intersecting the query
range. Another widely-used aggregation function is SUM. In this example the total price of the three
call records is 354+60+60=155. Notice that the COUNT query is a special case of the SUM query
when the value of every record is 1.



Sometimes, it is more meaningful if the query also takes into consideration of the length of inter-
section, between a record and the query range. Consider the phone call example in Figure 1 again.
Suppose the price associated with each record is the unit price (per minute). The total cost of the
phone calls intersecting the shadowed region should instead be 35*2+60*1+60*3=310.

More formally, this paper addresses the following problems:

Definition 1 Let S be a set of temporal records, each record having a key, a time interval, and a
value. Given a query key range R and time interval I:

e The plain range-temporal aggregation query computes the total value of records is S
whose keys are in R and whose time intervals intersect 1.

e The functional range-temporal aggregation query computes the weighted total value of
records in S whose keys are in R and whose time intervals intersect I, where the weight on
each record is the length of intersection between the record and I.

Although there exists a large volume of work on temporal aggregation, this paper has different
goals and/or models from all of them. Yang and Widom [YWO01, YWO03] proposed the SB-tree to
address the temporal aggregation without a key range predicate. Our problem is different because
we allow an arbitrary key range. The concept of temporal aggregation with range predicates was
first introduced by us in a preliminary version of the paper [ZMT01]. Since then there has been
several follow-on work. Tao et al. [TPF04] addressed an approximate version of the range-temporal
aggregation, with the goal to reduce the index size. Our goal is different for we focus on computing
an exact answer. Nowadays, the price of hard drives keeps decreasing, while the storage size keeps
increasing. Therefore it may be valuable to design an exact solution with the cost of a larger storage
size (which is within a manageable bound). Kang et al. [KCK04] proposed the ITA-tree to address
the range-temporal aggregation. However, it does not provide any guarantee on the worst-case query
performance. In fact, since a query may need to visit multiple child nodes of an index node, the
worst-case query performance should be linear (to the number of records). We aim at a method with
very fast query support. Finally, Govindarajan et al. [GAA03] proposed the CRB-tree to address
the range-aggregation query with multiple dimensions. They achieved a seemingly impossible index
size, with the assumption of a bit-wise model. That is, any integer v is represented by log, v bits,
and multiple integers may be compressed into a single word. As a consequence, in this model the
implemented structures may have better theoretical bound on space, with the cost of significant
implementation overhead. In this paper we assume the typical word-wise model, where each integer
occupies a whole memory word.

Range-temporal aggregation is closely related to the selection query, which finds the records in-
tersecting the query range. A large number of temporal indices have been proposed to efficiently
support the selection query, as extensively surveyed in [ST99]. A straightforward approach to solve
the range-temporal aggregation query is to utilize such an index to find the records intersecting the
query range, and then aggregate their values on the fly. A major drawback however, is that the ag-
gregation computation time is proportional to the number of records being selected. If many records
satisfy the selection condition, the query performance can be as poor as linear search through the
warehouse. For many applications, e.g. interactive analysis and decision making, such performance
is prohibitive.

In this paper, we propose a new index structure which has guaranteed logarithmic query performance.
We provide techniques that reduces the plain range-temporal aggregation query into several sub-



queries. We then propose a new index structure called the Multiversion SB-Tree (MVSB-tree) to
solve these sub-queries. The proposed structure incorporates features from both the SB-Tree [YWO01]
and the Multiversion B+-tree (MVBT) [BGOT96]. By using two MVSB-trees we can maintain and
compute plain range-temporal aggregation queries very efficiently. In particular, computing an plain
range-temporal aggregate takes O(log, n) I/Os, where b is the capacity of a disk page and n is the
number of tuples in the warehouse. Updating the MVSB-tree is done incrementally as tuples are
updated (an update takes O(log, K) I/Os, where K is the number of different keys inserted into the
warehouse). The space is bounded by O(% log;, K).

It is then illustrated that the functional range-temporal aggregation query can be solved using the
same structure (the MVSB-tree) with constant augmentation on each index entry. Therefore the
functional version of the query can also be solved with the same worst-case guarantee on query
performance, update performance, and index size. We also extend our solution to the case when a
record has as value not a constant, but a general function.

We compare the performance of our approach against using a temporal index that computes the
aggregate on the tuples retrieved by the corresponding selection query. Possible choices for this
index is a traditional multidimensional index (like an R*-tree [BKSS90]) or a temporal index (like
the MVBT [BGO196] or the TSB-tree [LS89]). We use the MVBT due to its efficiency. It was
proved in [BGOT96] that the index can optimally compute a special case of the selection query,
when the query time interval is reduced to a single time instant. And efficient selection queries
with arbitrary query intervals exist [BS96]. Experimental results show that our approach provides
superior performance in computing range-temporal aggregation queries at the expense of a small
space overhead.

In summary, the contributions of this paper are:

e We propose the plain and functional range-temporal aggregation queries.
e We present techniques that reduce the plain range-temporal aggregation query into sub-queries.

e We propose a new index called the MVSB-tree, which solves the sub-queries. The index has
guaranteed worst-case bound on query performance, update performance, and index size. In
particular, while the straightforward solution to the range temporal aggregation problem has
linear query performance, our proposed structure has logarithmic query performance.

e We solve the functional range-temporal aggregation query by augmenting the MVSB-tree. The
solution can be applied both to the case when the value associated with a record is a constant,
and to the case when a general value function is involved.

The rest of the paper is organized as follows. Section 2 discusses background and previous work.
Section 3 presents a technique to reduce the plain range temporal aggregation problem to sim-
pler problems. These simpler problems (and thus the plain range-temporal aggregation) are solved
by the MVSB-tree index introduced and analyzed in section 4. Section 5 solves the functional
range-temporal aggregation problem. Section 6 presents results from our experimental comparisons.
Finally, section 7 concludes the paper.



2 Background

We first describe previous research on temporal aggregation queries including the SB-tree [YWO01].
We then discuss the temporal data model assumed in our work and provide a short description of
partially persistent indexing and in particular, the MVBT [BGO™96].

2.1 Related work on temporal aggregates

We consider four criteria for measuring the efficiency of a method that supports temporal aggregates.
(1) The method should maintain the aggregates incrementally as tuples are inserted/updated. (2)
The cost of inserting a new tuple should be independent from the tuple key and from the length
of the tuple’s interval. (3) The method should be disk-based, and, (4) the method should support
not only instantaneous but cumulative temporal aggregates as well [YWO01, MLI00]. The result of
an instantaneous temporal aggregate at a given time instant is computed from the tuples valid at
that instant. The value of a cumulative temporal aggregate at instant ¢ is computed from the tuples
whose intervals intersect interval [t — w, t], for any given window offset w.

[Tum92] presents a non-incremental two-step approach where each step requires a full database scan.
First the intervals of the aggregate result tuples are found and then each database tuple updates
the values of all result tuples that it affects. This approach computes a temporal aggregate in
O(mn) time, where m is the number of result tuples (at worst, m is O(n); but in practice it is
usually much less than n). Note that this two-step approach can be used to compute range-temporal
aggregates, however the full database scans makes it inefficient. [KS95] uses the aggregation-tree, a
main-memory tree (based on the segment tree [PS85]) to incrementally compute temporal aggregates.
However the structure can become unbalanced which implies O(n) worst-case time for computing
a scalar temporal aggregate. [KS95] also presents a variant of the aggregation tree, the k-ordered
tree, which is based on the k-orderness of the base table; the worst case behavior though remains
O(n). [GHR™99, YK97, GGM™04] introduce parallel extensions to the approach presented in [KS95].
[MLIOO] presents an improvement by considering a balanced tree (based on red-black trees). However,
this method is still main-memory resident.

Yang and Widom [YWO01, YWO03] proposed the SB-tree, an incremental and disk-based index struc-
ture, to address the temporal aggregation without a key range predicate. We introduced the concept
of temporal aggregation with range predicates in a preliminary version of the paper [ZMT'01]. Re-
cently Tao et al. [TPF04] addressed an approximate version of the range-temporal aggregation,
with the goal to reduce the index size. Kang et al. [KCKO04] proposed the ITA-tree to address the
range-temporal aggregation. However, it does not provide any guarantee on the worst-case query
performance. In fact, since a query may need to visit multiple child nodes of an index node, the
worst-case query performance should be linear (to the number of records).

Also related is the work on multi-dimensional aggregations with range predicates. We addressed the
aggregation problem with multiple dimensions, where the objects may or may not have extent, in
[ZTGO02]. Govindarajan et al proposed the Compressed Range B-tree (CRB-tree) [GAAO03], which
is an external version of the Compressed Range tree [Cha88]. The CRB-tree uses O(n) disk blocks
and answers two-dimensional range-COUNT queries in O(loggn) I/Os. Given a set of N points
in 2-dimension space P and a query rectangle R, the range-COUNT query is to compute the total
number of points in R. The solution was extended to handle Range-SUM queries. The basic idea
is to store the weights along with the secondary structure. Their solution achieves near linear space



cost and O(logpn) 1/Os query cost. To achieve such good space and query cost, [GAA03] assumed
the bit-wise model. That is, any integer v is represented by exactly log, v bits. This model results
in index structures difficult to implement. Furthermore, dynamic updates may deteriorates the
performance. Also related is [GAEO00] which proposes the dynamic data cube. It addressed the
problem of answering multidimensional datacube range-sum queries.

Recently, [BGJ06b] extended multi-dimensional aggregation to apply to data with valid-time inter-
vals. A new aggregation operator was suggested. [BGJ06a] provided a general framework of temporal
aggregation and discussed the abilities of five approaches to the design of temporal query languages
with respect to temporal aggregation.

2.2 The SB-tree

Since our proposed index structure, the MVSB-tree, draws ideas from the SB-tree [YWO01, YWO03],
let’s review the SB-tree in more detail.

The SB-tree incorporates properties from both the segment tree [PS85] and the B-tree. The segment
tree features ensure that the index can be updated efficiently when tuples with long intervals are
inserted or deleted. The B-tree properties make the structure balanced and disk-based. Conceptually
the SB-tree indexes the time domain of the aggregated tuples. Each interior tree node contains
between b/2 and b records, each record representing one contiguous time interval. For each interval,
a special value is also kept in the record that will be used to compute the aggregate over this interval.
Intervals are kept in both interior and leaf nodes. Moreover, the overall interval associated with a
node contains all intervals in the node’s subtrees.

An advantage of [YWO1] is that an instantaneous temporal aggregate is computed by recursively
searching the SB-tree (starting from the root) and accumulating the aggregate value along the tree
nodes visited. This results in fast aggregate computation time, namely, O(log, n). Note that a special
“compaction” algorithm is also presented that merges leaf intervals with equal aggregate values. This
can reduce the height of the tree and hence its aggregate computation to O(log, m).

The second advantage of the SB-tree is its fast update time, which is also logarithmic. The insertion
of a new tuple with interval ¢ and attribute value v is first directed into the root node. Each root
record whose time interval is fully contained in i is updated by value v (the kind of update depends
on the aggregate maintained by the SB-tree). Whenever interval i is partially contained by a root
record, it is recursively inserted in the subtree under this root record. The SB-tree allows physically
deleting tuples from the warehouse. Such a deletion is represented as an insertion of a new tuple
with a negative attribute value v.

To support cumulative SUM, COUNT and AVG aggregates with arbitrary window offset w, two
SB-trees are used, one maintaining the aggregates of records valid at any given time, while the other
maintaining the aggregates of records valid strict before any given time. To compute the aggregation
query, the approach first computes the aggregate value at the end of interval w. It then adds the
aggregate value of all records with intervals strictly before the end of w and finally subtracts the
aggregate value of all records with intervals strictly before the beginning of w. Finally, we note that
a special extension of the SB-tree (the min/max SB-tree) can be used to support MIN and MAX
aggregates, too.



2.3 Temporal Data Model

For simplicity, we assume that each tuple in the warehouse is stored as a record that contains a key, a
time interval and an attribute whose value is to be aggregated. We follow the First Temporal Normal
Form (1TNF') [SS88] which specifies that there are no two tuples with equal keys and intersecting
intervals. Without loss of generality, assume the key space is [0, maxkey] and the time space be
[0, mazxtime].

When considering temporal data, it is important to distinguish the time model used by the temporal
application. In the temporal database literature two time dimensions have been proposed, namely
the valid-time and the transaction-time [Jen98]. The kind of updates supported on the temporal
data depends on whether valid-time or transaction-time (or both) is supported [KTF98]. In a valid-
time environment when a tuple is inserted in the database, its associated interval is fully known.
Moreover, tuples can be added and deleted from the database in any order. After a tuple is deleted
its record is physically removed from the database (and thus cannot be further queried). The SB-tree
has been designed for the valid-time environment.

In contrast, a transaction-time environment assumes that tuple updates arrive in the database or-
dered by time. Hence, when a tuple is inserted at time ¢;, its record’s interval is initiated as [t;, now)
where now is a variable representing the ever increasing current time (in practice, variable now is
stored as maztime). However, a tuple deletion is not physical but logical. For example, if the above
tuple is deleted at time ¢; its record’s interval end is updated from now to t;. That is, the record is
still maintained in the database and can be queried. Since deletions are logical, in a transaction-time
environment we cannot change the past. Equivalently, the transaction-time model maintains the
history of a time-evolving database. The ability to change the past is useful in cases where errors
are discovered in the recorded information.

In this paper we assume that the warehouse follows the transaction-time model. We feel that this is a
practical scenario since in many applications changes arrive in their time order. Furthermore, in our
view, the number of erroneous tuples in a data warehouse is much smaller than the correct ones and,
if needed, any corrections can be kept separately. Moreover, few errors are usually not important
when considering aggregate values over a large number of tuples. Assuming the transaction-time
model has a major influence on the index used to support aggregate queries. Since updates arrive in
order, the index does not have to order them.

2.4 Partially Persistent B-trees

A data structure is called persistent if an update creates a new version of the data structure while
the previous version is still retained and can be accessed. If the old version is discarded, the structure
is called ephemeral. Partial persistence implies that updates are applied only at the latest version
of the data structure, creating a linear version order. Clearly, partial persistence fits nicely with
the notion of transaction-time; version numbers can be replaced by the ordered sequence of time
instants. As we will show, the MVSB-tree is a SB-tree made partially persistent. Our approach
has been influenced by the MVBT [BGO196] which is a structure that makes a B-+-tree partially
persistent.

Conceptually, the MVBT is a graph that maintains the evolution of a B+-tree over time. It has
many roots, each responsible for accessing the B+-tree as it was during a specific time interval. The
MVBT partitions the key-time space into rectangles where each rectangle is associated with exactly



one data page. A tuple’s record is stored in all the data pages whose key-time rectangle contains
the tuple’s key and intersects its interval. The page rectangles are created recursively. As records
are inserted into a certain page of a MVBT, this page may overflow. Then, the page’s alive records
are copied to another page. The kind of copying is based on the number of alive records in the
overflowed page. A time split simply copies all alive records into a new page. If many alive records
exist, the time split is followed by a key split that distributes them into two new pages according to
the median of their key attribute.

Data records are inserted in the MVBT in increasing time order. An important feature of the
MVBT is that it guarantees a minimum key density for every page. In particular, for any time ¢
in the page’s rectangle, the page contains at least d records that are alive at ¢, where d is linear to
the page capacity. If after a deletion, the key density of the page drops below the threshold d (weak
underflow), the alive records in the page and a sibling page are copied into a new page. To avoid
frequent merge/splits, the number of records in a new page must be between a lower bound and a
higher bound (strong condition).

The MVBT optimally solves (in linear space) the range-snapshot query: “find all tuples with keys
in range r that were alive at time t”. If the query answer has size s, the MVBT finds this answer in
O([logyn + s/b]) 1/Os.

3 Problem Reduction for the Plain Range Temporal Aggregation

In the preliminary version of this paper [ZMT"01] we have proposed a reduction technique which
reduces one plain range temporal aggregation query to six dominance-sum queries. Here in Section 3.1
we propose a new and better reduction technique which reduces a range temporal aggregation query
to four dominance-sum queries. The old reduction technique is described in Section 3.2. To get an
overall picture, Section 3.3 provides the indexing scheme, update algorithm and query algorithm, with
the assumption that a dominance-sum index exists. Later in Section 4 we propose the MVSB-tree
that supports efficiently the dominance-sum query.

3.1 The New Reduction Technique Needs Four Dominance-Sum Queries

This section first defines the dominance-sum query, and then proposes a reduction approach that
reduces a plain range-temporal aggregation query to four dominance-sum queries.

Definition 2 Let P be a set of point objects in the 2D time-key space. Fach record has a time
instant, a key, and a value. A query point ¢ = (t,k) dominates all objects with time instants
smaller than t and with keys less than k. The dominance-sum query computes the total value of
objects in P dominated by q.

As an example, in Figure 2 the query point ¢ dominates two objects (in the shadowed region) with
values 2 and 3, respectively. Therefore the dominance sum is 2+3=5.

Theorem 1 The plain range-temporal aggregation query is reduced to four dominance-sum queries.

Proof. Intuitively, a query time interval and a key range collectively form a query rectangle @ in the
2-dimensional time-key space. The plain range-temporal aggregation query asks for the total value
of objects intersecting ). The query rectangle ) has 4 corners. A range-temporal aggregation query
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Figure 3: A plain range-temporal aggregation query is reduced to 4 dominance-sum queries.

is then reduced to 4 dominance-sum queries, one for each corner of the query box. This is illustrated
in Figure 3. In particular, Figure 3(a) shows a query rectangle and two records intersecting with it.
The range-temporal aggregation query asks to compute the total value of these two records.

To prove the theorem, we first note that in order for a record o to intersect the query rectangle @,
the left corner of o has to be dominated by the upper right corner of ). Figure 3(b) shows the
candidate records. Some candidates are false positives since they are either completely to the left,
or completely under, (. The false positives to the left of () correspond to those whose right corners
are dominated by the upper left corner of @ (Figure 3(c)). The false positives under @) correspond
to those whose left corners are dominated by the lower right corner of @ (Figure 3(d)). After these
false positives are subtracted from the query result, the objects whose right corners are dominated
by the lower left corner of @ (Figure 3(e)) are subtracted twice. So their sum must be added again.

To sum up, if there exists an index that efficiently computes dominance sums, we can use two such
indices to support the range-temporal aggregation in the following way. Maintain a dominance-sum
index for the left corners of all records, and a separate dominance-sum index for the right corners
of all records. A range temporal aggregation query is reduced to two dominance-sum queries on the
left corners and two dominance-sum queries on the right corners. O

3.2 The Old Reduction Technique Needs Six Dominance-Sum Queries

Our old reduction technique [ZMT"01] reduces a plain range-temporal aggregation query into two
LKST queries and four LKLT queries. This section first describes the reduction technique, then links
the LKST and LKLT queries with the dominance-sum query.

Definition 3 Let S be a set of temporal records, each record having a time interval, a key, and a
value. Given a time instant t and a key k,

e The less-key, single-time (LKST) query computes the total value of records is S whose
keys are less than k and whose time intervals contain t.



e The less-key, less-time (LKLT) query computes the total value of records in S whose keys
are less than k and whose time intervals are strictly before time t.

Theorem 2 The plain range-temporal aggregation query is reduced to two LKST and four LKLT
queries.

Proof. Let the query key range be R = [kj, k2) and the query time interval be I = [t1,t2). If we
only consider tuples with keys in R, the total value of tuples whose intervals intersect I is equal to
the the total value of those tuples alive at to, plus the total value of those tuples alive strictly before
to, and minus the total value of those tuples alive strictly before ¢;. This can be described by the
following equation:

SUM(R,[t1,ts]) = SUM(R,t5)+ SUM(R, end < t5) — SUM (R, end < t;)

We now consider all the tuples alive at t2. SUM (R, t2) can be computed as the total value of the
tuples whose keys are less than ko minus the SUM of the tuples of the records whose keys are less
than kq. Or,
SUM(R,tQ) = SUM(k6y<k2,t2)—SUM(k€y<]€1,t2)
= LKST(ky,ty) — LKST (ky, 1)

Similarly, we have:

SUM(R,end <ty) = LKLT(ky,ts)— LKLT(ky,t5)
SUM(R,end <t;) = LKLT(ky,t,)— LKLT(ky,t1)

Hence, we get:

PRTA([ky, k), [t1,t2)) = LKST(ky,ty) + LKLT (ky,ts) + LK LT (ky,t)
— LKST(ki,ty) — LKLT(ky,ty) — LKLT (ka, 11) (1)

Here PRT A stands for plain range-temporal aggregation. Clearly, a range temporal aggregation
query is reduced to two LKST queries and four LKLT queries. O

Interestingly, both the LKLT query and the LKST query can be mapped to the dominance-sum
query. First, it is easy to see that the LKLT query is exactly the dominance-sum query, if we
consider the right corners of all records.
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Figure 4: The LKST query is also reduced to the dominance-sum query.

To see that the LKST query can also be reduced to the dominance-sum query, consider Figure 4.
In Figure 4(a), the LKST result, corresponding to ¢ = (¢, k), is 2+3=5. The reason is that there
are two records with values 2 and 3 whose time intervals contain ¢ and whose keys are less than
k. Notice that the start points of these two records are dominated by ¢. But the dominance-sum
of ¢ on the start points of the records (Figure 4(b)) is more than what’s needed. The difference

10



is the dominance-sum of ¢ on the end points of the records (Figure 4(c)). By combining the two
cases, we can keep the start points and end points of all records in one dominance-sum structure,
where the value for each end point is negative to the original value. An LKST query result is the
dominance-sum of these end points (Figure 4(d)).

3.3 The Overall Picture

Before describing the MVSB-tree in Section 4 which keeps a set of 2D point objects and efficiently
supports the dominance-sum query, this section summarizes the two above two approaches in terms
of indexing, insertion, and query schemes supporting the plain range temporal aggregation query,
utilizing the MVSB-tree as basic building block.
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Figure 5: Illustrating of the New approach.

The New approach is illustrated in Figure 5. It uses two MVSB-trees, one corresponding to the start
points of the original temporal records and the other corresponding to the end points of the original
temporal records. For ease of presentation let’s name the two MVSB-trees as the Start MVSB-
tree and the End MVSB-tree. For one temporal record with key=Fk, time interval=[start, end), and
value=v, two updates are needed, one in each MVSB-tree. The record’s start point is inserted into the
Start MVSB-tree as a point object, and its end point is inserted into the End MVSB-tree. To answer
one plain range-temporal aggregation query, four dominance-sum (DS) queries are performed, two in
each MVSB-tree. Let the four corners of the query rectangle be lowerleft, lowerright, upperleft,
and upperright. As illustrated in Figure 3, the aggregation result is calculated as:

DSgstart(upperright) — DSgpq(upperleft) — DSgiari(lowerright) + DSgpq(lowerle ft)

The Old approach is illustrated in Figure 6. It uses two MVSB-trees, one corresponding to the LKLT
query and the other corresponding to the LKST query. Let’s name the two MVSB-trees as the LKLT
MVSB-tree and the LKST MVSB-tree. For one temporal record with key=~k, time interval=[start,
end), and value=v, three updates are needed. The start point is inserted into the LKLT MVSB-
tree, while both the start point and the end point are inserted into the LKST index. In particular,
the end point inserted to the LKST index has negative value. To answer one plain range-temporal
aggregation query, six dominance-sum (DS) queries are performed, two in the LKLT MVSB-tree and
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Figure 6: Illustrating of the Old approach.

four in the LKST MVSB-tree. As Equation 1 shows, the aggregation result is:
DSy ksr(upperright) + DSk rr(upperright) + DSk (lowerle ft)

—DSrkst(lowerright) — DSy i 1 (lowerright) — DSp k1 (upperle ft)

4 The Multiversion SB-tree

This section presents the Multi-version SB-tree (MVSB-tree), which is a disk-based, paginated, and
dynamically updateable index structure that efficiently supports the dominance-sum query. The
index supports, in logarithmic time, the update and query operations as described below.

e An update is to insert a 2D (time and key) point object (¢, k) with value v into the index.
According to the transactional time model, objects are inserted in non-decreasing time order.

e A query is to find the total value of objects, ever inserted into the index, which are dominated
by some query point in the time-key space.

4.1 The Leaf Page of an MVSB-tree

Figure 7(a) illustrates the initial MVSB-tree with no object inserted. It has a a single page R; which
is both a root page and a leaf page. Inside R, a single record is stored. The record has a rectangle
which is the whole time-key space, and a value with is 0. This value is the dominance-sum query
result for any query point that falls inside of the rectangle of the record. Since no object has been
inserted yet, a dominance-sum query should indeed return 0.

Suppose an object (2,20) : 1 has been inserted (Figure 7(b)). It is a point object (2, 20) with value
1. The dominance-sum query result should be 1 if the query point is located to the upper right of (2,
20), and should be 0 otherwise. The MVSB-tree implements this by splitting the original record into
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R1 R1 R1

maxkey maxkey maxkey
1 1] 2
0
20 O— 20| 0@ .
0
10 0 ?7
1 , 1 , 1 0 .
1 maxtime 1 2 maxtime 1 2 3 maxtime

() theinitial MVSBT  (b) after inserting <2, 20>:1 (c) after inserting <3, 10>:1

Figure 7: The initial MVSB-tree and the layout after one and two insertions.

three. The rectangles of the three records do not overlap, and the union of them covers the whole
space. The value of each record remains to be the dominance-sum query result for query points
that fall inside the record’s rectangle. To continue the example, Figure 7(c) shows the layout of the
MVSB-tree after inserting (3, 10) : 1.

R1 R1
maxkey maxkey
1] 2 .Cll_ 1] 2
20| 0@ 20| %e
10 0 ! 10 0 ?l—kt
1 2 3 maxtime 1 2 3 maxtime

(@) g1=(5, 30) dominates 2 objects (b) g2=(5, 16) dominates 1 object

Figure 8: The value associated with a record in the MVSB-tree indicates the dominance-sum query
result for a query point that falls into the record’s rectangle.

To see that the dominance-sum query results are stored in the MVSB-tree, examine Figure 8(a).
Here the query point ¢; dominates both objects inserted. So the dominance-sum query result is the
total value of these two objects, which is 2. Indeed the record whose rectangle contains ¢; has value
2. Figure 8(b) shows another dominance-sum query, with query point go. It dominates one of the
inserted objects. Indeed the record whose rectangle contains ¢o has value 1.

4.2 The Logical Splitting Optimization

In Figure 7(b), the right border of the rectangle (which corresponds to maxtime) has two segments:
one with key range [1, 20) and the other with key range [20, maxkey). Each segment corresponds to
a different record store in the page. A new insertion may split both records as shown in Figure 7(c).
In general, one insertion may split many such records. This brings enormous space cost.

We hereby propose the Logical Splitting Optimization (LSO) which splits a single record, but
is logically equivalent to splitting multiple records. The idea is that we only split the record whose
key range contains the key of the new object. This split physically adds a value to only one record.
The counterpart of Figure 7(c) with LSO is shown in Figure 9(a). In order to produce the correct
dominance-sum query result, the query result is produced by aggregating the values of records below
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maxkey maxkey -~
1 (1) ®m4
20| 0 20| 0 @———
1 1!
10 0 10 0 @~
1 9 1 0
1 2 3 maxtime 1 2 3 maxtime

(a) page layout with LSO (b) query result is 1+1+0=2

Figure 9: The counter part of Figure 7(c) with LSO. An insertion splits one record. A query gets
accurate result by aggregating the values of records below the query point.

the query point. This is illustrated in Figure 9(b). The dominance-sum of the query point g is
computed by aggregating the values 1, 1, and 0.

4.3 The Complete Structure
4.3.1 Split, strong condition, and root*

With more objects inserted to the MVSB-tree with a single page, eventually the page overflows. To
handle an overflow, all the alive records (whose rectangles end at maztime) in the page are copied
out to a new page. This is called a time split. After a time split, the newly generated page may
be almost full. In such a case, a few subsequent insertions in the page trigger a time split again,
resulting a space cost of ©(1) block per insertion. To avoid this phenomenon, we require that after
a time split, the new block should have at most f - b records, where constant f € (0, 1) is called the
strong factor, and b is the maximum number of records a page can hold. We call this requirement
the strong condition. If a newly generated page due to a time split strong overflows (having more
than f - b records), it is key split, that is, it is split into two (or more, if f is small) by key and the
records are distributed evenly among these pages.

As an example, consider the insertion of (4,80) : 1 into Figure 9(a). Assume b = 6, and f = 0.5.
The insertion causes the record whose rectangle contains (4, 80) to split (Figure 10(a)). Notice that
here the new record located at the upper-right corner of space has value 1, according to the logical
splitting optimization. Now the page has 7 records, while the maximum capacity is 6. So the page
is overflowing. The four records touching the right border of space are copied out to a new page.
The strong condition says that this new page should have no more than f-b = 3 records. Since
it is strong overflowing, a key split takes place which distributes the records evenly into two pages
(Figure 10(b)), with key ranges [1, 20) and [20, maxkey), respectively. Notice that according to
the logical splitting optimization, in the page with key range [20, maxkey), the value of the lowest
record should be adjusted by adding to it the total value of records in the other page. An index page
should then be allocated to reference the two new pages. This index page is the second root page of
the index. Its start time is the current time (=4), while the previous root ends at time 4. All the
root nodes are indexed by a structure called root*. The MVSB-tree after the insertion is shown in
Figure 10(c).
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(a) inserting <4, 80>:1  (b) strong overflow leads to akey split
leads to an overflow

root* R2
’ [1, 4): R1, [4, maxtime): R2 ‘ maxkey
0,B
20
1 0, A
4 maxtime
RL A B
maxkey 20 maxkey
1 1 1
20| 0 10 80
10 0 0 2
1 0 i I 2L 0 |
1 2 3 4 4 maxtime 4 maxtime

(c) after inserting <4, 80>:1, there are two roots

Figure 10: Inserting (4,80) : 1 to Figure 9(a).

4.3.2 Update an index entry, instead of updating all leaf entries in the sub-tree

An additional insertion will introduce the update of index entries. Consider the insertion of (5, 10) :
—1 into Figure 10(c). The insertion goes to the alive root Ry. In the root page, there are two alive
index entries pointing to page A and B, respectively. The key range of A contains the key=10 to be
inserted. So the insertion recursively goes to the page A. The key range of B, which is [20, maxkey),
is fully covered by the range [10, maxkey). Instead of updating all records in page B, we update the
index entry pointing to page B. The result of the update is shown in Figure 11.

4.3.3 At any time instant, the M VSB-tree is an SB-tree on the key space

To see that the MVSB-tree uses the SB-tree structure on the key space, let’s assume the time
dimension collapses to a single time instant. The dominance-sum problem in this 1-dimensional
space becomes:

Consider a set S of 1-dim objects, where every object o € S has a key o.key and a value o.value.
Given a query key q, compute the total value of objects in S whose keys < q.

Notice that V object 0 € S, o.key < ¢ if and only if ¢ € [o,maxkey). So the 1-dim dominance-sum
problem can be transformed to:
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Figure 11: Inserting (5,10) : —1 to Figure 10(c).

Consider a set S of interval objects, where every object o € S has an interval Jo.key, mazxkey) and
a value o.walue. Given a query key q, compute the total value of objects whose intervals contain q.

This latter problem is exactly the problem the SB-tree was proposed to solve! In other words,
the SB-tree perfectly solves the 1-dim dominance-sum problem, if we ignore the time dimension. To
extend the solution to involve the time dimension, a natural extension is to make an SB-tree partially
persistent. Logically, the partially-persistent SB-tree (also called Multi-version SB-tree) is equivalent
to a series of SB-trees, one at each time instant. An insertion operation and a point query involving
time t are directed to the SB-tree corresponding to t. Physically, of course, it is too expensive to store
a separate SB-tree at every time instant. The features from the MVBT can be applied to reduce the
space. While logically equivalent to a set of B+-trees, one at each time instant, the MVBT nicely
embeds the set of B+-trees in such a way that the overall space is linear [BGOT96]. The structure
we propose is named the MVSB-tree, because it is indeed a multi-version SB-tree index.

4.3.4 The structure

The MVSB-tree is a directed acyclic graph of disk-resident nodes that results from incremental
insertions to an initially empty SB-tree. It has a number of SB-tree root nodes that partition the
time space in such a way that each SB-tree root stands for a disjoint time interval and the union of
these intervals covers the whole time space. A point query for a certain time instant t is directed
to the root node whose time interval contains ¢. References to the root nodes are maintained in a
structure called root* which can be implemented as a B-+-tree.

There are two types of pages in a MVSB-tree: the index pages and the leaf pages, all having the
same size. An index page contains routers pointing to child pages, while a leaf page does not. For
simplicity, we assume that both a leaf page and an index page have the same maximum capacity
of b records. A leaf record (one stored in a leaf page) has the form (range,interval,value) where
range, interval gives a rectangle in the key-time space and value is an aggregate value which is
associated with every point in the rectangle. An index record (one stored in an index page) has the
form (range,interval,value, child). Compared with a leaf record, it has a router pointing to some
child page. Each page p also has a rectangle, where p.range is the union of the ranges of all the
records in the page and p.interval is the time interval between the time the page is created and
the time the page is copied. A page is said to be alive if it has not been copied yet. The following
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property shows the relationships among the records in a page:

Property 1 All the records in a MVSB-tree page have non-intersecting rectangles whose union is
equal to this page’s rectangle.

Since we assume that insertions come in non-decreasing time order, an insertion only goes into an
alive page and it only affects the alive records in the page. Consider an alive page p and all the alive
records in p. Due to property 1, the key ranges of these records do not intersect and their union
is equal to p.range. For ease of discussion, we define some terms regarding the alive records in p.
Given a key k € p.range, a partly-covered record is one whose key range intersects with, but is not
contained in, [k, mazxkey); a fully-covered record is one whose key range is contained in [k, mazkey);
a first fully-covered record is a fully-covered record whose key range is lower than that of any other
fully-covered record. Obviously, for any key k& € p.range, there can be at most one partly-covered
record and at most one first fully-covered record. If p is an index page, we also call the child page
which is pointed to by the partly-covered record as the partly-covered child page.

The Logical Splitting Optimization, page split, and strong condition we discussed before for a leaf
page all apply to the index page. These concepts will be clearer after studying the insertion algorithm.

4.4 Detailed Algorithms

This section formally describes the insertion and point query algorithms for the MVSB-tree.

Algorithm PointQuery(Key k, Time t)
1. Find the root page p which is alive at t;
2. Return PagePointQuery( p, k,t ).

Algorithm PagePointQuery(Page p, Key k, Time t)
1. v =0;
. for every record rec in p do

if rec is alive at ¢t and rec.low < k then

2
3
4. v = v + rec.value;
) endif
6. endfor

7. if p is a leaf page then

8. return v;

9. else
10. Find the record rec whose rectangle contains (k, t);
11. return v + PagePointQuery( rec.child, k, t);

12. endif

Algorithm Insert( Key k, Time ¢, Value v )
. // Find the path of nodes containing partly covered records

—_

2. level = 0;
3. lowestpage = ReadPage(the latest root);
4

. while lowestpage is an index page and lowestpage contains a partly-covered record irec, do
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© PN

path[level] = lowestpage;
level 4+ +;
lowestpage = ReadPage(irec.child);
endwhile
. // Handle lowestpage
if lowestpage is a leaf page then
if lowestpage has enough space then
if there is a partly-covered record then
Split it in lowestpage;
else
Split in lowestpage the first fully-covered record;
endif
else
Copy alive leaf records from lowestpage to buffer;
if there is a partly-covered record then
Split it in buffer;
else
Add v to the first fully-covered record in buffer;
endif
Create new leaf pages (from records in buffer) and store their references in toparent;
endif
else // lowestpage is an index page
// similar to the leaf page case; omit.
endif

. // Handle the pages which contain partly-covered
// records bottom-up

. for x = level — 1 downto 0 do
if path|z] has enough space then
if toparent is not empty then
Insert records from toparent to pathlz];
endif
Split the first fully-covered record in path|z], if any;
else
Copy alive records from path[z] to buffer;
Add v to the first fully-covered record in buffer, if any;
Copy toparent to buffer if it is not empty;
Create new index pages (from records in buffer) and store their references in toparent;
endif
endfor
. // Decide whether to create a new root page
if toparent is not empty then
Create a new root page from records in toparent;
endif
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4.5 The Record Merging Optimization and the Page Disposal Optimization

In this section we describe two additional optimization techniques (besides the Logical Splitting
Optimization) which should be integrated to the MVSB-tree.

4.5.1 The Record Merging Optimization

Record merging, if applicable allows to compact more records in a page and thus leads to less overall
space. Two leaf records lrecy, lrecy in the same page can be merged either horizontally (time merge)
or vertically (key merge). A time merge can take place if (a) lrecy.range = lrecy.range; (b) lrecy.end
= lrecy.start; and (c) lrecy.value = lrecg.value (Figure 12(a)). A key merge can take place if (a)
Irecy.interval = lrecy.interval; (b) lrecy.high = lrecs.low; and (c) lrecs. value = 0 (Figure 12(b)).

Irecl Irec2 Irec Irec2—= 0
‘¢‘ ¢ ¢ Irec—= v
v v v Irecl—= Vv

(a) time merge (b) key merge

Figure 12: Time merge and key merge of two records.

The index records can be merged similarly. The difference of merging index records from merging
leaf records is that two index records can be merged only if they point to the same child page.

root* R2
|11, 4): R1, [4, maxtime): R2 | maxkey -
20
11097 @
4 5 maxtime
R1 A B
maxkey 20 maxkey
1 1 1
1
2| 0 10 80
10 o 2 5|0 2
0
1 0 1 20
1 2 3 4 4 5 maxtime 4 maxtime

Figure 13: Inserting (5,5) : 1 to Figure 11.

To see an example of time-merge, consider inserting (5,5) : 1 to Figure 11. The two index entries in
Ry that both point to B will be time merged. In the same example, a key merge happens in page
A. The MVSB-tree after the insertion is shown in Figure 13.

4.5.2 The Page Disposal Optimization
Since we allow many insertions at the same time instant we should update the index about the “net”

effect of these insertions. However, our algorithms process one update at a time. Hence we introduce
the page-disposal optimization, which spares the index from “intermediate” results. If a page which
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is created at time t takes some subsequent insertions also at ¢ and overflows, after the page is time
split and key split, the page itself as well as the index record pointing to it can be physically removed
from the index. This optimization saves space, too.

4.6 Complexity Analysis

For ease of discussion, we assume the record merging and the page disposal optimizations are not
applied. Though these techniques improve performance, the worst-case bounds presented in the
following also hold without applying the techniques. Let us discuss the impact of the strong factor
f. Due to the strong condition, there are at most f - b alive records in a page that has been created.
In order to guarantee a fan-out of at least 2, f has to be greater than %.

If a page overflows, the max number of new pages to be generated is given in lemma 1.

Lemma 1 If a page overflows, the time split and possible key split will generate at most [175 + H

3
new pages.

Proof. If a leaf page overflows, the max number of alive records to be copied is b + 1. So the max
number of newly generated pages is [%]. Since f-b > 3, [%1 < [% +11< [% + 1]. Suppose
the lemma is true for all the child pages of an index page p. If p overflows, the max number of alive
records to be copied is b+ [% + %] — 1. So the max number of newly generated pages is given by
b8 4+17-1

[T —1<[;+5- (B + <[P +35]. 0

After a page p is created and before it is copied, the effect of an insertion in p may be the addition
of some new records and the logical deletion of some others. The amount of additions and logical

deletions are bounded as shown in lemma 2.

Lemma 2 An insertion in an alive page p which does not overflow introduces at most (175 + %]
additions and at most 2 logical deletions.

Proof. The reason why there are at most 2 logical deletions is straightforward: For a leaf page,
there is only one record to be logically deleted. This is the partly-covered record (if there is one) or
the first fully-covered record (otherwise). For an index page, there can be 0, 1 or 2 logical deletions:
If the partly-covered child page is time split, the partly-covered record is logically deleted; if there is
any fully-covered record, the first fully-covered one is also logically deleted.

We now focus on additions. For a leaf page, there can be 1 or 2 additions (1 for a fully-covered

record and 2 for a partly-covered one). Since 2 < [l—f‘r’ + %L the lemma is correct for a leaf page. For

an index page, the possible additions are from splitting the first fully-covered record and from the

time split (and then key split) of the partly-covered child page. The maximum number of additions

from splitting the first fully-covered record is 1. The maximum number of additions from splitting
1.5

the partly-covered child page is [+ + 1] (lemma 1). The total additions is thus at most [% +4]. o

For any time ¢ during the lifespan of a page p, it is guaranteed that there is at least a certain number
of records in p which are alive at t, as shown in lemma 3.

Lemma 3 Given time t, any page p which is alive at t (except the root) contains at least [%1 records
alive at t.

Proof. Let pi,po,---,p: be the longest successor path to p, i.e. Vi € [1,z — 1], p;+1 is a successor of
p; and p, = p. Since p is not a root page, somewhere in the path there must be a key split. Let p; be
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the result of the last key split which occur in the path. Suppose when p; was about to be generated,
there were = - f - b — y records, where x > 2 and 0 < y < f-b. Right after p; was generated, the
number of records in it is at least L%j =f-b=2>[f-b- %J = [%}

Since in a page, the number of additions is no smaller than the number of deletions, for any time ¢1
before p;.end, there are at least [%} records alive at t1. For all j € [i 4+ 1, z], when p; is created, it
has at least (%1 records alive at t1 since there were at least this many to be copied from p;_; and
there is no strong overflow. For any later time before p;.end, the number of alive records does not

decrease. O

Suppose K is the number of different keys ever inserted into the MVSB-tree. Lemma 4 gives the
upper bound of the height of a MVSB-tree in regards to K.

Lemma 4 The upper bound of the height of any sub-tree in a MVSB-tree is [log[ﬁW (K+1)].
2

Proof. Given a tree in an MVSB-tree. Consider each time instant ¢ € the lifespan of the tree root.
Since there are at most K different keys ever inserted in the tree, there are at most K + 1 different
leaf records which are alive at ¢. Since each leaf page alive at ¢ contains at least [f 'b} records alive

2
at ¢, there are at most Iffbl leaf pages alive at t. This also means that there are at most this many

2
index records which are alive at ¢ and which point to these pages. So at one level up, there are at

most 5,‘[112 index pages alive at . This argument is true for all levels until the root, where there is
Ea

only one page alive at t. So there are at most [log( £ (K +1)]+1 levels. O
2

Suppose there are n insertions in a MVSB-tree. Theorems 3 states the worst-case insertion cost,
point query cost and the space complexity, respectively.

Theorem 3 For a MVSB-tree, the number of disk page accesses is O(log, K ) for an insertion and
O(log,n) for a point query. The space complexity is O(% -log, K ).

Proof. First, we examine the worst case insertion cost. An insertion operation first traverses the

tree from the latest root page to a leaf page, then traverses back, requiring constant number of 1/Os

per node along the path. Since the tree height is ﬂog[@1 (K +1)] = O(logy K), an insertion needs
2

O(logy K) 1/0s.

Second, we examine the cost of a point query. If the root page which is alive at the query time
instant is found, it takes O(log, K) I/Os to answer a point query in the worst case. If the rootx is
kept as a B+-tree, extra I/Os are needed to locate the root. Since after a root page is generated, it
takes at least O(b) insertions for it to overflow (lemma 2), there are O(n/b) root pages. So it takes
O(logy n) to locate the root in the worst case. To sum up, a point query needs O(log, n) I/Os in the
worst case.

Last, we examine the worst case space complexity. We consider the total number of occupied slots
in all the SB-trees embedded in the MVSB-tree (if a record is copied, the two copies are considered
to occupy different slots). We will show that each insertion creates O(log, K) new occupied slots.
We partition the occupied slots into two sets: in the first set, the occupied slots are created from
copying existing occupied slots; the rest are in the second set. Each insertion creates O(log;, K) slots
in the second set (lemma 2).

For the first set: We know that after a page is created, it takes at least O(b) insertions for it to
overflow (lemma 2). So when a page overflows, there were at least O(b) insertions that went through
this page after it was created. On the other hand, the overflow introduces at most O(b) occupied
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slots in the first set. So we can amortize the O(b) occupied slots to the O(b) insertions. Thus each
insertion creates O(1) amortized copied slot for each page it goes through. Since an insertion goes
through at most O(log, K) pages, an insertion creates O(log, K) slots in the first set as well.

To sum up, each insertion creates O(log, K) occupied slots. So for n insertions the total number of
occupied slots is O(n - log, K). Now we consider the minimum occupancy of a page. Each non-root
page has at least [%] = O(b) occupied slots (lemma 3). Clearly, except for the last root, all the
root nodes have a minimum occupancy of O(b), too. So the total number of pages occupied by the
SB-trees in an MVSB-tree is O(% - log, K).

Now we consider the space occupied by the rootx, if it is kept in a B+-tree. Since there can be at
most O(n/b) roots, the space occupied by the B+-tree is O(n/b?). To add up, the overall space of
the MVSB-tree is O( - log, K). O

A corollary of theorems 2 and 3 summarizes the performance of maintaining and computing the
range-temporal aggregates as follows.

Corollary 1 Using two MVSB-trees, a plain range-temporal aggregation query is answered in O(logy n)
I/0s. The update cost is O(log, K ) while the space complexity is O(7 -log, K ).

The O(log, n) in the range-temporal aggregation query time is due to the time needed identifying the
root of the appropriate SB-tree in the MVSB-tree graph. In practice, this search can be even faster
if all different SB-tree roots created in the evolution are kept in a main-memory array, in which case
the query time is reduced to traversing the appropriate SB-tree, i.e., O(log, K).

5 The Functional Range-Temporal Aggregation

Section 5.1 reduces the functional range-temporal aggregation problem into a special case. Section 5.2
then proposes a solution to the special case, which in turn can solve the general case. Finally,
Section 5.4 extends the solution to the case when a record has a value function instead of a constant
value.

5.1 Reduction to Origin-Involved Special Cases

To support functional range-temporal aggregation, we only need to support the special case where
the lower-left corner of the query rectangle is the lower-left corner of the space (called origin).

| |= 1 |- ’;777 -1 + =1
(a) (b) (c) (d) (e)

Figure 14: Reduction from the functional range-temporal aggregation to the origin-involved special
case.

Figure 14(a) illustrates an arbitrary functional range-temporal aggregation query. The query rectan-
gle is shown as a shadowed box. The five temporal records are shown as the horizontal line segments.
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There are two records intersecting the query rectangle, and the functional range temporal aggregation
query computes the total value of them. The contribution of each record to the query, as illustrated
by a thick line segment, is the value of the record multiplied by the length of its intersection with
the query rectangle.

Figure 14(b) illustrates another functional range-temporal aggregation query. The query rectangle is
cornered by the origin of space and the upper-right corner of the previous shadowed query rectangle.
This query is a special case since the query rectangle contains the origin of space. We thus call such
a query the origin-involved special case. To specify an origin-involved query, we only need to give a
single point in the key-time space: the upper-right corner of the query rectangle.

As shown in Figure 14, an arbitrary functional range temporal aggregation query can be reduced to
the origin-involved special case. To compute an arbitrary aggregation (Figure 14(a)), we first compute
the origin-involved aggregation regarding the upper-right corner (Figure 14(b)). This query gives a
larger result value since the parts of records to the left and below the original query rectangle are also
counted. To subtract those to the left of the query rectangle, another origin-involved aggregation
(Figure 14(c)) is performed. Similarly, we subtract those below the query rectangle (Figure 14(d)).
Finally, the records both to the left and below the query rectangle (Figure 14(e)) are subtracted
twice, and thus they need to be added back.

5.2 Solution to the Origin-Involved Functional Range-Temporal Aggregation
Problem

Our methodology of computing the origin-involved functional aggregates is as follows. Given a set
of temporal records, for every point p in the two-dimensional key-time space, the origin-involved
functional aggregation regarding p is a single value. We design an index structure which logically
maintains such values for all points in the key-time space. As the set of records are dynamically
updated, this hypothetical index is updated accordingly. To compute an origin-involved aggregate,
we perform a point query on this index. To implement our methodology, it remains to decide: (1)
how the updates of the set of temporal records are reflected on the index; and (2) how to perform a
point query.

key key
V-t ) - V(t-t,)
k |---- - o k|-------------- (. o
kq v kq v :
tq t ot time ty t, t time
(a) Effect of insertion (b) Effect of deletion

Figure 15: Effect on the origin-involved aggregation index upon insertion/deletion of a temporal
record.

We first discuss the transformation of updates. Note that we consider the transaction time model,
and thus the updates to the original set of temporal records are only insertions and deletions. For
instance, the record in Figure 15(a) with key=Fk;, time interval=[t;, 2], and value v corresponds
to two updates: an insertion at t; and a deletion at to. As Figure 15(a) shows, to insert at t1, the
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hypothetical origin-involved aggregation index is affected as follows: The value of each point (k, t)
in [k1, mazkey)x[t1, maxtime) should be increased by

vk (t—t)) =vxt—v*t.

Similarly, as Figure 15(b) shows, to delete the temporal record at ta, the origin-involved index is
affected as follows: The value of each point (k, t) in [k1, maxkey)x[t2, maxtime) should be decreased
by v * (t — t2). Or equivalently, be increased by

—v*xt+ v *tg.

Note that such updates have exactly the same format as the update of a MVSB-tree! The only
difference is that in the MVSB-tree we presented in section 4, each update takes a constant value,
while here, each update takes a linear function over time. Such a function can be stored in constant
space, and can be added with another function, by storing and adding the coefficients, respectively.
Therefore we can use the MVSB-tree to support the origin-involved functional temporal aggregation,
with a slight modification that every aggregated “value” that is stored in the index is a pair of values
instead of one.

10*t-20
964-888-3271 P

951-827-4305 —_—

951-827-2838

617-519-613p ~ @&————
617-373-2171 &———® o

. 1
1234‘\56789101112 tim
s \
20*t-20 —-20*t+80

Figure 16: Computing an origin-involved functional range-temporal aggregate. The dominance-sum
is 10 = ¢ + 40, which evaluates to 90 at t = 5.

As an example, in Figure 16 the functions associated with three end points of objects are shown — the
three end points dominated by the upper-right corner of the shadowed query region. All end points
are inserted to an MVSB-tree, where the “value” associated with each end point is the associated
function, or the two coefficients of the function. For instance, the three end points are associated
with “values” (20, -20), (-20, 80), and (10, -20).

Let’s study how such built MVSB-tree index can help us evaluate the functional range-temporal
aggregation query. Intuitively, the two phone call records, with values 10 & 20 per unit of time,
respectively, both lasted three units of time in the query region. Therefore the functional range-
temporal aggregation result should be 10*34-20*3=90. Let’s see how the dominance-sum index
(MVSB-tree) can compute it.

The MVSB-tree can help us compute the dominance-sum. In this case, since the upper-right corner
of the query region dominates three end points, the dominance-sum is the “total value” of (20, -20),
(-20, 80), and (10, -20). This total value is (20-20+10, -204-80-20)=(10,40), which corresponds to a
function 10t 4+40. At time 5, the function evaluates to be 10*5+40=90, which matches our intuition.
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5.3 The Overall Picture

upperleft  upperright

Kk v ) A query rectangle
A record in the base table:
start end .
lowerl eft lowerright
insert (start, k) with "value" (v, —v*start) DSupperleft) | DSupperright)
insert (end, k) with "value" (v, v*end) DS(lowerleft) | DSlowerright)

(a) Update (b) Query
Figure 17: Illustrating of the functional range-temporal aggregation scheme.

The insertion and query schemes supporting the functional range temporal aggregation query, uti-
lizing the MVSB-tree as basic building block, are illustrated in Figure 17. Different from the plain
range temporal aggregation case, here a single MVSB-tree is needed. Both the start point and end
point of a record in the base table are inserted to this MVSB-tree. As illustrated in Figure 14, a
functional range-temporal aggregation query result is computed as:

DS(upperright) — DS(upperleft) — DS(lowerright) + DS(lowerleft)

Here each dominance-sum DS(-) is first computed as a value function, then evaluated at the time
component of the query point.

5.4 Extension to Support Value Functions

So far we have discussed the case when the value for every record is a constant. In fact in the
functional aggregation case, we actually treated it as a constant function. In general, a record may
have a non-constant value function. Our technique still works, provided that some conditions hold.

Here are the extensions:

To insert (at ¢1) a record with key=Fk;, time interval=[t;, t2], and value function=Ff(t), the value of
each point (k, t) in [k1, mazxkey)x[t;, maxtime) should be increased by

hi(t) = ttf(:n)dx

And to delete (at t2) the record, the value of each point (k, t) in [k1, mazkey)x[t2, maxtime) should
be decreased by

ha(t) = ttf(:v)dac

An arbitrary value function may not suit the need for functional aggregation. For instance, a function,
which cannot be represented in constant space, or whose integral cannot be computed, does not satisfy
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our needs. We hereby propose six requirements as guidelines of choosing value functions which suit
this need.

1. The function should have a fixed format.
2. The function should be represented in constant space.

3. The summation of two functions should be easily performed, and the result should have the
same format.

4. The negation of the function should be easily performed, and the result should have the same
format.

5. The function should have efficient evaluation.

6. the integral of the function should be able to be efficiently computed, and should satisfy the
above five requirements.

Note that if f(z) is a polynomial function of rank a, function hy(t), ha(t) are polynomial functions
of of rank a + 1. For example, if f(x) = 0.5z — 0.5, then hy(t) = fttl (0.52 — 0.5)dz = 0.25t> — 0.5t +
(0.5t; —0.25t2). Such functions have fixed format (cy *t? + co %t +c3, where c1, c2, c3 are constants),
can be represented in constant space (by storing their coefficients), can be added up or negated (by
manipulating on their coefficients), and can be evaluated efficiently. This means our solution for the
continuous case of the functional aggregation works for polynomial temporal record functions, which
is a rather general class of functions, covering many practical applications.

6 Performance Results

This section provides experimental results evaluating the MVSB-tree based approaches for the plain
and functional range-temporal aggregation query. The experimental setup is given in Section 6.1.
Section 6.2 compares the query performance of the MVSB-tree based approaches against the naive
approach of retrieving the records satisfying the range-interval condition and aggregating their values
on the fly. The range-interval selection in the naive approach is performed by querying a traditional
temporal index, the MVBT [BGO196]. Section 6.3 reveals how good the three optimization tech-
niques are. Finally, Section 6.4 shows the performance of the functional temporal aggregation query.

6.1 Experimental Setup

The algorithms were all implemented in C++ using GNU compilers. All experiments are performed
on a Dell Pentium IV 3.2GHz PC with 1GB memory. Unless otherwise stated, the experiments
use the following default parameters: page size is 4KB, an LRU buffer with 64 pages, strong factor
f=0.9.

For the query performance, we measure the average execution time of 100 randomly generated query
rectangles with fixed rectangle shape and size. The shape of a rectangle is described by the R/I
ratio, where R is the length of the query key range divided by the length of the key space and I is
the length of the query time interval divided by the length of the time space. The query rectangle
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size (QRS) is described by the percentage of the area of the query rectangle in the whole key-time
space. The default value of R/I ratio is 1, and the default value of QRS is 1%.

The dataset used in the experiments has 1 million time intervals generated using the Time-IT software
[KS98]. Here the time space is [1, 10%). Note that the Time-IT software does not generate record
keys. We add keys by first generating 10,000 random keys in the key space [1, 10°), then assigning
the time intervals to the keys in a round-robin fashion. Each key corresponds to 100 intervals. The
key, start, end, value attributes of each record are all 4 bytes long.

6.2 Comparison with the Naive Approach
This section compares the generation time, index size, and query performance of three algorithms:

e Naive: the naive approach of using an range-interval selection query on an MVBT index to
find the actual records and then aggregate their values on the fly.

e Old: the MVSB-tree-based approach using the old reduction technique, which reduces a plain
range-temporal aggregation query to six LKLT and/or LKST queries.

e New: the MVSB-tree-based approach using the new reduction technique, which reduces a
plain range-temporal aggregation query to four dominance-sum queries.

The goals of comparing these three algorithm are two-fold. First, we want to show how much faster
our proposed approach (based on specialized aggregation index) is over the naive approach (based
on object retrievals). Second, we want to compare the two versions of our new approach, using the
old and new reduction techniques, respectively.
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(a) Index size (b) Construction cost

Figure 18: Comparison of index size and construction cost against the naive approach.

First, we compare the index size and index generation cost of the three approaches. As Figure 18
shows, the MVSB-tree-based solution occupies more space and takes longer to generate. This is to
be expected, since the both MVSB-tree based approaches use two MVSB-trees, and each MVSB-tree
has a O(log, K) overhead in worst-case asymptotic space cost.

Comparing the two MVSB-tree-based solutions, the New solution is more efficient both in space cost
and in construction cost. The reason is that the New approach needs to perform two updates per
time interval, while the Old approach needs to perform three updates per time interval.
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Figure 19: Query performance comparison, varying QRS, against the naive approach.

Figure 19 shows that both versions of our approach are multiple orders of magnitude faster than the
naive approach in terms of query performance. Here the Y axis is in logarithmic scale. The larger the
QRS is, the more advantageous our approach is. This is to be expected, since the MVSB-tree-based
query algorithm has logarithmic complexity, independent to the QRS, while the naive approach has
linear complexity and in the worst case scans the whole database.

Between these two versions, the New approach is more efficient than the Old approach. The reason
is that the New approach answers a plain range-temporal aggregation query by four dominance-sum

queries, and the Old approach answers a plain range-temporal aggregation query by six dominance-
sum queries.
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Figure 20: Query performance comparison, varying buffer size and R/I ratio, against the naive
approach.

Figure 20(a) and (b) compares the query performance of the three algorithms, while varying the
buffer size and R/I ratio, respectively. Here QRS is the default value (1% of the key-time space).
Again, in both cases the New approach is slightly more efficient than the Old approach, and both
these two MVSB-tree-based approaches are clearly superior than the naive approach.

In the remaining sections, we focus on evaluating the New algorithm alone.

6.3 Effect of the Optimizations

This section evaluates how good each of the three optimization techniques is. In particular, the three
optimization techniques are:
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e LSO: Logical Splitting Optimization.
e RMO: Record Merging Optimization.

e PDO: Page Disposal Optimization.
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Figure 21: The impact different optimization techniques have on the index size and construction
cost.
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Figure 22: The impact different optimization techniques have on the query cost.

Figure 21(a), Figure 21(b), and Figure 22 demonstrate the impact the optimization techniques have
on the index size, construction cost, and the query performance. Here New stands for the same
algorithm we used in the previous section. That is, the MVSB-tree-based index solution for the
plain range-temporal aggregation query utilizing the new reduction technique. NoLSO is the New
solution without LSO. NoRMO is the New solution without RMO. And NoPDO is the New solution
without PDO.

Clearly, out of the three optimization techniques, LSO is the most important one. Recall that the
LSO enables the update algorithm to split a single entry in each page along the insertion path.
Without it, in every page along the insertion path multiple entries need to split. Therefore the LSO
optimization brings enormous savings in index size and update cost. With a more compact index,
the query cost of the solution with LSO is also noticeably more efficient. The other two optimizations
also have impact, but the impact is not as big.
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6.4 Evaluation of the Functional Range Temporal Aggregation Query
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Figure 23: Evaluation of the functional temporal aggregation query solution using the plain temporal
aggregation query solution as baseline.

Figure 23 shows the performance result of the functional temporal aggregation solution. As baseline
for comparison, we use the data of the plain temporal aggregation solution.

There are two differences in the index utilization between the two MVSB-tree-based indices for the
functional case and the plain case.

1. In the functional case, a value associated with an interval record and an aggregated value
associated with an index entry are both two numbers instead of one. The two numbers are the
coefficients of the corresponding (aggregated) value function.

2. In the functional case, a single MVSB-tree is needed instead of two. Recall that the plain
case keeps two MVSB-trees, one corresponding the start times of the records and the other
corresponding to the end times of the records. One record generates two updates, one in each
MVSB-tree. Here in the functional case, a single MVSB-tree is maintained. A record still
corresponds to two updates, both in the same MVSB-tree.

The first difference indicates that the functional case should occupy more space. But the second
difference suggests that the functional case may have less space requirement. This is because main-
taining an MVSB-tree index has some overhead, e.g. the root structure which references all the root
nodes, and the functional case saves on such overhead by maintaining one index instead of two.

The net effect, as shown in Figure 23(a), is that the functional case uses a little more space than
the plain case. Consequently, update (Figure 23(a)) and query (Figure 23(b)) also are a little more
expensive. But in all cases, the functional solution is not prohibitively expensive at all. So it is quite
a reasonable extension of the plain case.

7 Conclusions

Temporal aggregates have become predominant operators in analyzing historical data. This paper
examined temporal aggregation queries in the presence of key-range predicates. Such queries allow
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the warehouse managers to focus on tuples grouped by some key range over a given time interval.
We considered both plain and functional range-temporal aggregations. These problems are reduced
to dominance-sum queries. We proposed a new index structure, the Multiversion SB-Tree (MVSB-
tree), for incrementally maintaining and efficiently computing the dominance-sum queries and in
turn the range-temporal aggregation queries. The MVSB-tree has very fast (logarithmic) query time
and update time, at the expense of a small space overhead. The benefits of our solution were verified
through experimental evaluation.
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