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Abstract

In many application contexts, like statistical databases,
scientific databases, query optimizers, OLAP, and so on,
data are often summarized into synopses of aggregate val-
ues. Summarization has the great advantage of saving
space, but querying aggregate data rather than the origi-
nal ones introduces estimation errors which cannot be in
general avoided, as summarization is a lossy compression.
A central problem in designing summarization techniques
is to retain a certain degree of accuracy in reconstruct-
ing query answers. In this paper we restrict our attention
to two-dimensional data, which are relevant for a number
of applications, and propose a hierarchical summarization
technique which is combined with the use of indices, i.e.
compact structures providing an approximate description
of portions of the original data. Experimental results show
that the technique gives approximation errors much smaller
than other “ general purpose” techniques, such as wavelets
and various types of multi-dimensional histogram.

1 Introduction

There are several application scenarios where the main
goal isto extract summary information from available data,
rather than inquiring single data. For instance, transaction
recording systems, OLAP applications, data mining activi-
ties, intrusion detection systems, scientific databases, usu-
ally operate on a huge amount of data, but do not return
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detailed pieces of information: they are mainly interested
in aggregating data within a specified range of the domain.
These kinds of aggregate query are called range queries.

In the above contexts, a widely accepted solution to the
problem of efficiently extracting useful knowledge from
the available data is to summarize information into a com-
pressed structure, and issue range queries on the summa-
rized data (rather than the original one), in order to get fast
(but, in general, approximate) answers. The most signif-
icant example of such an approach is represented by his-
tograms [6, 13]. Histograms, initially designed in the con-
text of query optimization for query size estimation, can be
also effectively used to estimate range queriesin on-line an-
alytical processing [12]. A histogram is obtained by parti-
tioning the frequency distribution (which is generally rep-
resented as a multidimensional array) into a set of blocks
(called buckets), and storing, for each block, the sum of the
frequenciesinsideit. The answer to a sum range query eval-
uated on the histogram is computed by summing the contri-
butions of each bucket, i.e. by estimating which portion of
the sum associated to each bucket lies onto the range of the
query. This estimate is evaluated by performing linear in-
terpolation, i.e. by assuming that data distribution inside
each bucket is uniform (Continuous Values Assumption -
CVA), and thus the contribution of the buckets which par-
tially overlap the range of the query is generally approxi-
mate (unless the original distribution of frequencies inside
these buckets is actually uniform).

Histograms, first proposed in the context of mono-
dimensional data, can be extended to the multi-dimensional
case, but their performances, in terms of accuracy, arerather



poor. Better results in the multi-dimensional case are given
by other approaches, such aswavelet based ones[4, 15, 16].
Yet, also in the latter approaches, accuracy isfar from being
satisfactory.

Rather searching for a general method which scales up
for any dimension of data, we expect that, in specific appli-
cation domains, higher accuracy can be achieved by design-
ing ad-hoc solutions. In this paper we follow this direction
and consider specifically two-dimensional data. Thisis not
a severe restriction, as the need to estimate range queries
over these distributions arises in a number of applications:
1. selectivity estimation on spatial databases [1, 8]: this
problem consists of evaluating the number of objects (trian-
gles, rectangles, etc.) which intersect a query rectangle in
a2-D space. The 2-D space can be approximated as a two-
dimensional histogram whose buckets are associated to the
spatial density of the corresponding regions, i.e. the number
of objectswhich overlap the range;

2. evaluation of direction queries[14]: it can be shown that
estimating the number of objects which are related by some
direction relation (north, north-west, etc.) to another object
can betranslated into evaluating 2-D range queries. The op-
portunity of issuing the query on summary data arises from
the fact that the amount of data is often huge, and thus it
would be unfeasible to get an exact answer accessing the
original tuples;

3. querying time-series databases: data generated by mul-
tiple sources (sensors) can be represented in a 2-D fashion,
where one dimension is associated to the sources and the
other one to the generation time. The need to aggregate
information arises from the fact that sensors produce data
which cannot be stored in detail, as it consists of continu-
ousand “infinite” readings.

Our approach is closely related to histograms which
are suitably extended to the two-dimensional case. In the
same way as for mono-dimensional histograms, the data
distribution is partitioned into blocks, but, differently, the
adopted partition schema is hierarchical, i.e. it consists of
progressively splitting blocks produced by previous splits.

Main Contributions

1. Formal definition of the problem of summarizing two-
dimensional data arrays. We present a quad-tree based par-
tition schema and introduce the notion of Quad-Tree Sum-
mary (QTS) (the summary structure obtained applying our
partition schema on a given data distribution). We define a
metric for measuring the effectiveness of a QTS w.r.t. the
issue of estimating range queries accurately, and discuss
the problem of finding the optimal QTS (called V-Optimal
Quad-Tree Summary) w.r.t. thismetric.

2. Analysis of the optimal solution and proposal of a greedy
algorithm. We present a polynomial time solution for find-
ing an optimal partition. As the resulting cost function is

O(B - n? -logn), and n isin genera very high, we cannot
effort such a cost. Therefore we present a greedy algorithm
with cost O(B - logB) (where B is the available storage
space for the summary structure), so that it can be effec-
tively computed aso for very large two-dimensional data
(B is much smaller than n?).

3. Enhancing the estimation accuracy of the greedy algo-
rithm by introducing indices. In order to achieve a better
estimation of range queries over aggregate data, instead of
finding a solution closer to the optimal one, we improve
the estimation inside each block by replacing linear inter-
polation with a a more accurate technique based on a com-
pact structure (called index) designed specifically for two-
dimensional data and containing an approximate descrip-
tion of the original data distribution inside the block. The
experiments we have carried out over a large humber of
syntectic two-dimensional data arrays show that the greedy
algorithm with the indices have much better performances
than state of the art “general purpose” approaches.

2 Summarizing two-dimensional data: the
problem

In this section we present our quad-tree based partition
schema for summarizing two-dimensional data arrays, and
introduce the notion of Quad-Tree Summary (QTS) (the
summary structure obtained applying our partition schema
on agiven datadistribution). We define ametric for measur-
ing the effectiveness of a QTS w.r.t. theissue of estimating
range queries accurately, and discuss the problem of finding
the optimal QTS (called V-Optimal Quad-Tree Summary)
w.r.t. thismetric.

The basic idea underlying the choice of a simple hierar-
chical schema for partitioning the array of data arises from
the following remarks. The main drawbacks limiting the
effectiveness of any approach producing an arbitrary parti-
tion (i.e. with no constraints on where the boundaries of
the blocks can be placed) are related to the amount of space
required to store the partition itself. In fact, the advantage
of these approaches is that they can derive a very “good”
partition avoiding that large differences of values occur in
each block of the partition. But, as the space bound is gen-
eraly “small”, this advantageis often deleted by the cost of
representing the structure of the compressed data (i.e. the
boundaries of the blocks), so that only partitions consisting
of afew blocks can be stored.

A way for solving the above problem consists of find-
ing partitions whose representation can be done compactly.
A naive solution consists of dividing each dimension into
equally sized ranges (equi-range partition). In this way, no
additional information has to be stored for representing the
partition itself, and thus partitions consisting of much more
blocks (w.r.t. the arbitrary approach) are obtained. Unfortu-



nately, blocks produced using this technique do not fit any
requirement about the variance of contained values, since
the partition techniqueis done“blindly”.

Our partition technique is neither too blind nor too arbi-
trary: it fits the actual distribution of data (defining finer-
grain blocks where data is more skewed) and, at the same
time, it needs not use alarge amount of space for storing the
partitioning structure.

2.1 Quad-TreePartition

We are given a two-dimensional data distribution D
which can be also viewed as a two-dimensional array of
sized; x dy. A range o; on the i-th dimension of D isan
interval [..u, suchthat 1 <1 < u < d;. Boundaries! and u
of r; aredenoted by 1b(o ;) (lower bound) and ub(c;) (upper
bound), respectively.

Givenarangeo; onthedimensioni, wedenoteby lh(o ;)
(Ieft half) therangelb(o;)..| (I1b(o;) + ub(o;)) /2] oni, and
by rh(o;) (right half) the range | (1b(c;) + ub(0;))/2] +

A block r (of D) isapair (o1,02) Where o; is arange
on the dimension 7, foreach 1 < i < 2. o1 and o5 are
said sides of r. A pair (v1, v2) such that v, is either [b(o)
or ub(o) and vy is either [b(o2) or ub(o2) is said a vertex
of r. Informally, a block represents a “rectangular” region
of D. A block r of D containing no non-zero elementsis
called anull block.

Given a block r we denote by sum(r) (avg(r), resp.)
the sum (the average, resp.) of the array elements occurring
intheblock r.

Giventworangesa , o» definingtheblock r = (o1, 02),
a quad-split block of r isany block {p1, p2) such that p; is
either [h(o;) or rh(c;). Observe that, for a given block r
of D, there are 4 different quad-split blocks; each of these
correspond to one of quadrants of .

Given a block r = (o1,02) of D, we denote by Q(r)
the 4-tuple (ry,r2,r3,74) suchthat vy = (lh(o1),rh(02)),
ro = (rh(o1),rh(o2)), r3 = (Ih(o1),lh(02)), and ry =
(rh(o1),lh(o2)). Q(r) is said the quad-split partition of
r. Often, with alittle abuse of notation we refer to Q(r) as
aset. Informally, the quad-split partition of » contains the
four quadrants of r.

Given ad—ary tree T', we denote by Nodes(T') the set
of nodesof T', by Root(T') the singleton containing the root
of T, Leaves(T') the set of leaf nodes of T. We define
Der(T) asthe set of nodesof T' {p € Nodes(T) | Iq €
Nodes(T)Ap istheright-most child node of q}.

A quad-tree partition QT P(D) of D is a 4—ary
tree whose nodes are blocks of D such that: 1)
Root(QTP(D)) = (1..dy, 1..ds), 2) for each ¢ € Nodes
(QTP(D)) \ Leaves(QT P(D)) thetuple of children of ¢
coincides with its quad-split partition Q(¢), and 3) for each

q € Nodes (QTP(D)) \ Leaves(QT P(D)) it holds that
sum(q) # 0.

Given aquad-treepartition P, we denoteby Null(P) the
set {p € Leaves(P) | sum(p) = 0}. From condition 3in
the definition of quad-tree partition, it followsthat Null(P)
contains all the nodes with sum zero, as there cannot exist
any internal node whose sum is zero. Moreover we denote
by Store(P) theset Nodes(P) \ {Der(P)|J Null(P)}.

2.2 Quad-Tree Summary

A quad-tree summary QT'S(D) of D is a pair (P, S)
where P is a quad-tree partition of D and S is the set of
pairs {p, sum(p)) wherep € Store(P). That is, each pair
in S denotes a range of D (belonging to Store(P)) and
the value of the corresponding sum. Informally, Store(P)
represents the set of nodes whose sum must be necessarily
stored, whereas Der (P) contains the nodes whose sum can
be evaluated using the sums of nodesin Store(P). More
precisely, for eachnodeq in Der(P), sum(q) = sum(p) —
Y ueChitdren(p)\{g} SUm(u), wherep is the parent node of
g and Children(p) represents the set of child nodes of p.
That is, the sum of a node ¢ which is the right-most child
of anode p can be evaluated by summing the values of the
three siblings of ¢, and subtracting this sum from the value
of p.

Given a quad-tree summary QT'S = (P,S) of D, P
is said the partition-tree of QT'S, and we denote it by
Part(QTS); S is said the content set of Q7S and we de-
note it by Cont(QTS). A noder of P is said a terminal
block if € Leaves(P), anon-terminal block otherwise.

With a little abuse of notation, throughout the paper
we will adopt the shortcuts Root(QT'S), Nodes(QT'S),
Leaves(QTS), Store(QTS) and Null(QTS) de
noting  Root(Part(QTS)), Nodes(Part(QTS)),
Leaves(Part(QTS)), Store(Part(QTS)) and
Null(Part(QTS)), respectively.

In Figure 1 a graphical representation of a quad-tree
summary is reported. White nodes are those of the set
Der(P). In the same figure we have aso depicted the
graphical representation of the partition P.

The storage space for a quad-tree summary Q7S =
(P, S) isthe space occupied by the representations of P and
S. P can berepresented by astring of bits: each pair of bits
is associated to anode of P and indicates whether the node
isaleaf or not (i.e. whether the block corresponding to the
node is split or not) and, if it is aleaf, whether it is null or
not. In particular: (1) (0,0) means non null terminal node,
(2) (0,1) means null terminal node, (3) (1,1) means split
node (i.e. non terminal node). Observe that it remains one
available configuration (i.e., (1,0)) which will be used in
Section 4.2. Clearly, in case (2), the sum of the block is not
kept, thus saving 32 bits. Therefore, the string representing
the partition Part(QT'S) contains 2 - | Nodes(QT'S)| bits.



Partitioning a datacube:

61

14119 14119 14
72 61 61 61 [3[9
21|18 21|18

200 18|16 18|16
50 73 50 73 50 P ED 50 P ED

Quad-tree partition: o

61

D.1.1

Figure 1. A quad-tree based partition

The storage space needed for representing S is the space
occupied by the set {s;|3p; € Store(P) A (p;,s;) € S}.
Therefore, S can be efficiently stored by means of an ar-
ray of size |Store(P)| - 32 bits, whose elements are the
sums calculated inside each block in Store(P). The order
in which the sums are stored in this array expresses their
connection to the blocksin Store(P).

Figure 2 reportsthe strings representing the sums and the
structure of the quad-tree of Fig. 1.

Stored array of sums: Structure of the quad-tree:
D.1.1 D.1.2 D.1.2.1

b . D11 D12 D121 D122
[256 [ 72 [ 14 ] 19 ] 6 ]

D .
[ [ 11 ] oo [ 11 [ 0 [ 00 ]

D.1.2.2 D.1.23 D.1.3 D.2 D.3
[i[slalal ]

D.1.23 D.1.24 D13 D14 D.2 D3
[ oo T oo [ oo [ 00 [ 00 [ 00 ]

D41 D42 D43 D.4 D.4.1 D.4.2 D.4.3 D.4.4

11 T oo [ oo [ oo [ o0 |

Figure 2. Quad-tree structure encodement

Thus, the overall storage space for a quad-tree summary
QT Sissize(QTS) = 2-|Nodes(QT'S)|+|Store(QTS)|-
32. Often, throughout the paper, we refer to QT'S(D) aso
as the compressed representation of the array D.

2.3 Estimatingrangequerieson aQTS

We focusour attention on sum rangequeries. Let r bethe
range of the query. The estimate is computed by visiting the
guad-tree underlying the QTS starting from its root (which
correspondsto the whole data array). When anode is being
visited, three cases may occur:
1. the range corresponding to the nodeis external to r: the
node gives no contribution to the estimate;
2. therange corresponding to the nodeis entirely contained
into r: the contribution of the node is given by its sum;
3. the range corresponding to the node partially overlaps
r. if the node is a leaf, linear interpolation is performed
for evaluating which portion of the sum associated to the
node lies onto r. Otherwise, the contribution of the node
is the sum of the contributions of its children, which are
recursively evaluated.

The crucial issue is how to build QT'S(D) in order to
maintain satisfactory accuracy in (range) query estimation.
Thisisthe matter of the next section.

2.4 V-Optimal Quad-Tree Summary

Let B be the available storage space for representing
the quad-tree summary of D. The value of B defines
the set of al the quad-tree summaries QT'S(D) such that
size(QTS(D)) < B. Among this set we could choose
the best partitioned array w.r.t. some metrics. The met-
rics certainly has to be related to the approximation er-
ror, but a number of possible ways to measure the er-
ror of a compressed representation of a data array can be
adopted. Following a well-accepted approach in litera-
ture, we measure the “goodness’ of the compressed rep-
resentation of a data array by using its SSE. Formally,
given a quad-tree summary QT'S: SSE(QTS(D)) =
> gseLeaves(ors) S5 E(¢;), where, given aterminal block
gt SSE(qi) = 3¢, (Dlj] — avg(g;))?, whereby 3=,
we denote that the summation is extended to al the ele-
ments of the origina array D belonging to the block ¢;.
Clearly, the smaller SSE(QTS(D)), the “better” the rep-
resentation provided by Q7S (D) is, in terms of accuracy.

Definition 1 Given a two-dimensional data distribution
D, we cal V-Optima Quad-Tree Summary on D
(for a bounded storage space B) a Quad-Tree Sum-
mary QTS*(D) such that, size(QTS*(D)) < B and
SSE(QTS*(D)) = mingeo{SSE(H))}, where Q isthe
set of all Quad-Tree Summaries on D with space bound B.

3 Summarizing two-dimensional data: exact
and greedy solutions

In this section we address the problem of finding the op-
timal quad-tree summary w.r.t. the SSE metric (V-Optimal
QTYS). We study the complexity of computing the optimal
solution, drawing the conclusion that it is unfeasible on
large data distributions. Therefore, we propose a greedy
algorithm finding a sub-optimal solution efficiently. We re-
mark that all the complexity results which are provided in
this section and in the following one are given under the as-
sumption that, for any block p of a partition, the time com-
plexity of evaluating sum(p) aswell as SS E(p) isconstant.
In other words we are assuming to pre-compute and keep
enough information to derive the sum and the SSE of each
block of a partition. For instance, given the array of partial
sums F' of sized; xd» suchthat F'[i, j] = sum({1..7,1..5)),
the sums of the elements of ablock of any size can be com-
puted accessing 4 elements of F' (see [5] for more details).

Theorem 1 Given a two-dimensional data distribution
D of size O(n?), a V-Optima Quad-Tree Summary



QT S*(D) with space bound B can be computed in time
O(B-n?-logn).

In theory the algorithm could work in exponential time,
as B is not bounded. In practice B = O(n?) sincethesize
of the compressed array (i.e B) must be much less than the
size of the original one (i.e. 32 - n?, assuming that each
value of the array is represented using 32 bits). Therefore,
from Theorem 1 we have that a V-Optimal Quad-Tree
Summary can be computed in polynomial time.

Remark. We point out that finding an arbitrary partition (i.e. with no
constraints on its structure) minimizing SSE is a NP-Hard problem, as
shown in [11]. Our problem is tractable because of the restrictions on
the type of partition underlying the summary. Optimization problems on
quad-tree partitions, similar to ours, have been studied in the context of
motion estimation for video compression. The main difference w.r.t. our
optimization problem is the resource bound given on the admissible parti-
tions. In particular, the problem of finding the optimal quad-tree partition
w.rt. alarge class of metrics (including SSE) with a bound on the num-
ber of leaves has been studied in [9], and an algorithm working in time
O(n* - logn) has been proposed. However the problem addressed in the
latter work is even simpler than ours, since our bound is more “general”.
That is, our bound on the space available to represent the QTS could be re-
duced to abound on the number of leaves only if we were guaranteed that
the partition did not identify any null block. Moreover our approach can
work better than O(n* - log n), as B is often much smaller than 32 - n?.

We point out that the problem of minimizing the SSE istractable even with
less restricted types of partition, such as binary hierarchical partitions (i.e.
hierarchical partitions corresponding to binary trees which are not con-
strained to split blocks into equal sub-blocks). The problem of finding the
binary hierarchical partition which minimizes SSE has been shown to be
polynomial in [11], but its bound (i.e. O(B? - n?)) is even greater than

ours. Indeed the problem investigated in the latter work is rather differ-
ent from ours, asthe hierarchical partition isnot constrained to split blocks
into equal sub-blocks; moreover, the issue of re-investing the storage space
saved by efficiently representing null blocks is not addressed.

Nevertheless, for large data distributions, the bound
O(B-n?-log n) makesfindingthe optimal solutiontooin-
efficient. In order to reach the goal of minimizing the SSE,
in favor of simplicity and speed, we propose a greedy ap-
proach, accepting the possibility of obtaining a sub-optimal
solution. Our approach works as follows. It starts from the
quad-tree summary whose partition tree has a unique node
(corresponding to the whole D) and, at each step, selects a
leaf of the quad-tree (according to some greedy criterion)
and applies the quad-split partition to it. Every time a new
split is produced, 4 new born nodes are added to the quad-
tree. If any of such nodes correspondsto a block with sum
zero, we save the 32 bits used to represent the sum of its el-
ements. Anyway, recall that only 3 of the 4 nodes haveto be
represented, since the sum of the remaining node can be de-
rived by difference, by using the parent node. A number of

possible greedy criteriafor choosing the block which isthe
most in need of partitioning can be adopted. For instance,
we can choose the block with maximum SSE, or the block
whose split produces the maximum global SSE reduction,
or the block with maximum sum, and so on. However, after
comparing all the above mentioned greedy criteriaby means
of experiments, we have chosen to use the greedy criterion
of the maximum SSE.
The resulting algorithm is the following:

Greedy Algorithm 1
Let B be the storage space available for the summary.
begin
Q = < P(), {((1..(11, 1..d2>, sum((l..dl, 1d2>)>} >;
B:=B—-32—-2;
/I 32 bits are spent for the sum of the whole array;
/I 2 bits are spent for recording the structure of the partition;
while (B > 0)
Select anode p in Leaves(Q) such that:
SSE(p) = maquLeaues(Q){SSE(Q)};
Let Q7 (p) bethe set of nodes obtained by splitting p and
selecting its non null children except the right-most one;
B:=B—|Q*(p)|-32—4-2;
if (B> 0)
Q = ( Split(Part(Q), p) ,
Cont(Q) U, gy (s sum(m) } )
/I Q is modified according to the split of p;
end if
end while
return Q;

end

Therein: (i) Py isthe partition tree containing only one node
(corresponding to the whole array), and (ii) the function
Split takes as arguments a partition tree P; and aleaf node
[ of P;, and returns the partition tree obtained from P; by
inserting Q(!) (i.e., the quad-split partition of /) as children
nodes of [.

Theorem 2 Given a two-dimensional data array D of size
O(n?), a space bound B = O(n?), Greedy Algorithm
1 computes a Quad-tree Summary Q7'S(D) with space
bound B intime O(B - logB).

4 Improving the greedy solution using in-
dices

In this section we propose a technique for improving the
estimation accuracy of the QTS returned by Greedy Algo-
rithm 1. Thisis done by storing, beside the overall sum of
the elements occurring in each block, further information
helping usin reconstructing range queriesinside the blocks.
The use of this further information, in general, allows us to
get a more accurate estimate than that provided by linear
interpolation, as, after partitioning the array of data, we are



not guaranteed that blocks contain so uniform data distribu-
tionsthat CVA can be effectively applied. Thisinformation
is encoded into a 64-bits compact structure (called index),
and consists of an approximate description of the actual data
distribution contained in a block. That is, instead of trying
to improve the “quality” of the partition w.r.t. the optimal
one, we concentrate on improving intra-block estimation,
replacing linear interpolation with a a more accurate tech-
nique.

In the following, we first define the structure of indices
and describe how they can be used for estimating range
gueriesinside blocks. Then we show how to embed indices
inaQTS, thus obtaining anew summary structurecalled In-
dexed Quad-Tree Summary (IQTS). Findly, we provide an
efficient greedy algorithm producing an IQTS and analyze
its complexity.

4.1 Indexingtwo-dimensional data blocks

Experience acquired in [2, 3] for one-dimensional his-
togramsinspired usin storing approximate sums of internal
sub-blocks of a given block b in an hierarchical fashion, by
means of a quad-tree partition with afixed depth.

We define three index types with different organization
of sub-blocks, so that we may select the index which better
approximates data distribution inside a block: (1) 2/3LT-
index, which is suitable for distributions with no strong
asymmetry, (2) 2/4LT-index, whichis oriented to biased dis-
tributions, (3) 2/p(eak)LT-index which is designed for cap-
turing distributions having a few high density peaks. The
three types of index use the same amount of storage space,
64 bits, and are next described in detail.
2/3LT-index. Theblock is partitioned into 4 sub-blocks (its
guadrants) which in turn arefurther divided into other 4 sub-
sub-blocks. The aggregation leads to the balanced tree in-
dex with 3 levels of Figure 3 where nodes correspond to
sub-blocks of the block @ of the figure. The node at level 1

Partitioning the Block Q:

Q11|QL2 |Q21|Q22

Q13| Q14| Q23
Q —> —>

Q3.1 Q32| Q41 |Q42

Q24

Q33(Q34 Q43 | Q44

Coresponding quad-tree parfition:
Level 1

_ Level 3
Q11 Q12 Q13 Q14 Q21 Q22 Q23 Q24 Q3.1 Q32 Q33 Q34 Q41 Q42 Q43 Q44

Figure 3. 2/3LT-index

(i.e. corresponding to the sum of the entire block) is explic-

itly represented by 32 bits (with no approximation). As for
the other levels, the simplest approach would beto store the
sums corresponding to the grey nodes of the index, whereas
the other sums can be derived by difference, using the par-
ent node. We instead use a different storing scheme. At
level 2, we keep only approximated sums of regions A g,
Bg and Cg, asshownin Figure 4.

Q1 Q.2 AQ CQ
Q= = B

Q3 Q4

Figure 4. Ag, Bg, Cg regions inside a block

From the sums of Ag, Bg and Cg, we can derive sums
corresponding to al the nodes of the level 2 of the index:
sum(Q1)=sum(Cq)
sum(Q2) =sum(Ag) — sum(Cq)
sum(Qs) =sum(Bg) — sum(Cq)
um(Q4) =sum(Q) —sum(Ag) —sum(Bg)+sum(Cq)

Vo)

We adopt the same storage scheme at level 3. Thus, for
the sub-block @; (for 1 < i < 4), we keep the sums of
Ag,, Bg, and Cg,, respectively. An example of index for
ablock with sum 50 is shown in Figure 5.

Block Q

s=5 s=4
4bits s=6 3 bits
4 pits|
$=50
s=10 §=2
%‘ 4 bits s=8 3 bits|
& 4ot
41i2]8
Aq 10 | 20
s=30 = 23164
6 bits 517132
s | s
11270]0 s=5 §=3
‘ % abts | |s=3 3 bif
‘y ﬁ XE 4 b
B Cq
Q s=10 /——/\-—\

s=25 5 bits =12 5
4 bits 5=6 3 bifs

6 bifs 4 bit

Figure 5. Building a 2/3LT-index

The figure also indicates the number of bits used for
each sub-block sum. The overall storage space of 64 bits
is used as follows. For the region Ag we use a string of
6 bits, denoted by L um(4,), Which represents the sum
of Ap as a fraction of the sum of ). More precisely,

Lsum(ag) = round (% : (26—1)). The approxi-

mate value sum(Ag) of sum(Ag) can be obtained from

Lyum(ag) 8 L“Q‘(TSQ) - sum(Q). We do the same for
the region Bg, as the two regions have the same size and
we thus expect, on the average, that they contain sums of
the same magnitude. For the region C'¢ we decrease by 1

the number of employed bits, and exploit them for repre-




senting the sum of Cq as a fraction of the minimum be-
tween the sum of Ag and the sum of Bo — let ABg be
this minimum. The 5-bit string associated to C'¢y thus con-

tains Lyum(cg) = round (#ﬁ?{;) (20 —1)), and con-
sequently the approximate vaue sum(Cq) of sum(Cq)

can be computed as Ls;;"_“l"?) - sum(ABg). The reduc-
tion of 1 bit (w.r.t. Ag and Bg) for representing the sum
of C¢ isjustified by the observation that the size of Cg is
in the average half of that of A and Bg) and then we ex-
pect asumin Cg that is half of their sums. For the lowest
level, we use 4 bits for Ag, and Bg,, and 3 hits for Cg,
(for1 < i < 4)—seeFigureb.

Insum, thefinal storage spacebalanceis6+6+5+4-(4+
4 + 3) = 61 hits. Observe that (some of) the 3 remaining
bits to two words will result useful for identifying the type
of index being used — thisissue will be detailed later on.
2/4LT-index. This index is unbalanced, and tries to cap-
ture “heterogeneous’ data distributions. A 2/4LT-index is
built as follows. First the block is partitioned into four
guadrants. Then, the two quadrants containing the most
skewed data distributions are further split. In particular,
the more skewed quadrant is split into 16 equally sized
portions, and the other one into four quadrants. For in-
stance, the index in Fig. 6 describes a block where the
region (), contains a very skewed data distribution, the re-
gion Q4 islessskewed than ()1, whereastheregions (), and
@5 contain quite uniform distributions. Observe that, for a

given block, there are 2 - possible different kinds

4
2
of 2/4LT-indices (depending on which pair of quadrantsis
chosen to assign resolution 4 and 3, respectively). Thuswe
need 4 bits to identify one 2/4LT-index among all possible
ones. The overall storage space required for a 2/4LT-index
iS6+6+5+2-(4+4+3)+4-(2+2+1) =59 bits.
Thus, with 4 of the 5 remaining bits we identify the kind of
2/4LT-index. We will see in the following that the remain-
ing bit is enough to identify 2/4LT-index among the other
ones (i.e. 2/3LT-index and 2/pLT-index).

Block @ Partitioned block
D Q,
Q —>
Q, —&

Figure 6. The structure of a 2/4LT-index

2/pLT-index. Thisindex is designed to capture the case
of a few density peaks concentrated in a quadrant of the
block @ to which the index is applied. In particular, the
2/pLT-index has levels 1 and 2 as the 2/3LT-index. More-
over, the node of the level 2 corresponding to the quad-

rant with maximum SSE, say () ;, is associated with 43 bits
recording the sum of 5 sub-blocks of the quadrant @ ;. Such
5 sub-blocks are the 5 sub-blocks with highest sum among
all sub-blocks obtained from @ ; by dividing its sides into 8
equi-size ranges. The 5 sub-blocks are identified by 5 pairs
of 3-bit coordinates (each pair, consisting of 6 bit, identi-
fies one sub-block among the 64 possible ones). Each of
the 3 highest sums is represented by 3 bits, whereas each
of the other 2 sumsis represented by 2 bits. Therefore, we
have 5 - 6 = 30 hits for representing the coordinates and
3-3+42-2 = 13 bitsfor the sums. Thus, the overall storage
space spent for the “internal” description of @) ; is43. The
overall storage space of the 2/pLT-index is 60 bits, obtained
by summing 43 bits to the bits needed for representing the
level 2, that are 6 + 6 + 5 = 17. The remaining 4 bits are
used, aswe shall see, to identify the 2/pLT-index among the
other kinds, and to identify the quadrant which is provided
with the internal description.

Overview of the representation of 2/nLT-indices. The
64 bits of the indices are organized as a 2-words frame F'
2/3LT-index requires 61 bits, 2/4LT-index 59 bitsand 2/pLT-
index requires 60 bits. The frame has a header consisting of
F[1..3] (i.e. the first 3 bits of F') for the 2/3LT-index, of
F1..5] for the 2/4LT-index, and of F'[1..4] for the 2/pLT-
index. This header is exploited to encode the structure of
theindex. Inparticular, F[1] = 1 identifiesthe 2/4LT-index,
F[1..2] = (0,0) identifies the 2/3LT-index, and F'[1..2] =
(0, 1) identifies the 2/pLT-index. For the 2/3LT-index no
further information has to be encoded about the structure of
the index, so that the bit F'[3] is not used. For the 2/4LT-
index, the remaining 4-bits portion of the header F[2..5]
is used to identify which kind of 2/4LT-index (among the
12 possible ones) is contained in F' (that is, which is the
guadrant with resolution 4 and which is the quadrant with
resolution 3). Finally, for the 2/pLT-index, the remaining
2-bits portion of the header F'[2..4] identifies the quadrant
to which the 43-bitsinternal descriptionis associated.

Evaluation of a query using a 2/nLT-index. The con-
tribution of a block equipped with an index to the estimate
of arange query can be done by visiting the quad-tree un-
derlying the index in the same way asit has been shown in
Section 2.3. Linear interpolationis used on the leaves of the
quad-tree. In particular, for a 2/pLT-index, the contribution
of the node containing the peaks is evaluated by summing
the contribution of every peak inside the query range with
the contribution of the remainder portion of the node.

We remark that the choice of the hierarchical partition
underlying indices aims to reduce numerical approximation
errors deriving from the use of few bits for representing
the sums. It can be shown that it produces smaller errors
than a flat partitioning of the block into a number of sub-
blockg[3]. Indeed, in the latter case, the sum of a single
sub-block should be represented as a fraction of the entire



sum of the block. On the contrary, using the hierarchical
approach, the sum corresponding to a node is represented
as fraction of the sum of its parent, which, in general, hasa
smaller value than the sum of the entire block.

Selection of the best 2/nLT-index. We select the best
2/nLT-index for a block ¢ on the basis of the actual distri-
bution of data inside the block, by measuring the approxi-
mation error carried out by the index. As a measure of the

approximation error of an 2/nLT-index I we use:
64

eq(I) =Y _(sum(bi) — sumy (b:))* €

i=1

where b; represents the i —th (among 64 ones) sub-block of
¢ obtained by dividingits sidesinto 8 equal-sizeranges, and
sumy(b;) represents the estimation of the sum of elements
occurring in b; which can be done by using the 2/nLT-index
I and the knowledge of sum(q) (recall that the estimation
of such sums can be done as explained above). For a block
¢, we choose the 2/nLT-index I with minimum e, (). In-
deed, instead of computing ¢,(I) for al the possible in-
dices of ¢, we consider as candidates only three indices:
the 2/3LT-index, the 2/4LT-index which investigates the two
quarters of ¢ with largest variance (describing the quarter
with maximum variance using the highest resolution) and
the 2/pLT-index which investigates the quarter with largest
variance. We denote such a set of indices associated to the
block ¢ by Best(q). It could be easily shown that choosing
the best 2/nLT-index can be done with a number of opera-
tions constant w.r.t. the size of the block, under the assump-
tion of Section 3.

4.2 A greedy algorithm using 2/nLT-indices

In this section we show how the use of the already de-
scribed 2/nLT-indices can be embedded in the construction
of anew type of quad-tree summary in order to improvethe
estimation accuracy. The new summary structure is called
Indexed Quad-Tree SUummary (IQTS). The basic ideais to
embed indices in a quad-tree summary equipping each ter-
minal block with an appropriate 2/nLT index (to be used
in intra-block interpolation). Indeed, the application of the
2/nLT-index does not necessarily give areal benefit (w.r.t.
CVA) to the estimation accuracy. There might be nodes
such that the application of the 2/nLT-index fails. For in-
stance, for a block containing a perfectly uniform data dis-
tribution, the use of indices introduce some approximation
in the estimates (as val ues are stored with some loss of pre-
cision in every type of index), whereas CVA provides ex-
act answers. To detect such nodes, we need to define how
we measure both the error carried out by the (best) 2/nLT-
index and the error produced by CVA estimation (used in
absence of 2/nLT-index). Concerning the former type of er-
ror we evaluate: e;XT = minjcpesi(q)€q(I), Where e,(I)
isdefined by (1) in Section 4 and Best(q) is defined in Sec-

tion 4, just after (1). Concerning CVA estimation we de-
fine: VA = E?:l(sum(bi) — sumcy a(b;))?, where q
isanon null block of D, b; represents the i—th (among 64
ones) sub-block of ¢ obtained by dividing its sides into 8
equal-size ranges, and sum ¢y 4 (b;) represents the estima-
tion of the sum of elements occurring in b; done by using
CVA and the knowledge of sum(q). We evaluate, for each
node ¢, the difference: Benefit, = er“” — S’V 4, which will
be used for deciding whether ¢ has to be equipped with an
index. We expect, in most of the cases, a negative value of
Benefit, asresult. But for some blocks, it might happen that
CVA works better than the indexing technique, and thus we
would have a positive value for the above difference. If so,
we decide not to store any index for the block, in order to
save storage space that can be reinvested in further splits.

The two bits (per node) describing the structure of the
quad-tree summary (see Section 2.2) can now be used to
encode every possible type of node. In particular: (1)
(0,0) means non null terminal node without any 2/nLT-
index, (2) (0,1) means null termina node, (3) (1,0)
means non null terminal node with 2/nLT-index, and (4)
(1,1) means split node (i.e. non termina node). Re-
cal that, in case (2), the sum of the block is not kept,
saving thus 32 bit. Given an Indexed Quad-Tree Sum-
mary IQT'S, the definitions of the sets Nodes(IQT'S),
Store(IQTS), Leaves(IQTS) and Null(IQTS) can be
trivially extended from the ones given in the context of
Quad-Tree Summaries. Also the notion of SSE(IQT'S)
is analogous to the one introduced for Quad-Tree Sum-
maries. Moreover, we denote by IndLeaves(IQTS) the
set {q € Leaves(IQTS)| Benefit, < 0}, i.e. the set of
leaves which are equipped with an index. The overall stor-
age space for an Indexed Quad-Tree Summary IQT'S is.
size(IQTS) = 2 - |[Nodes(IQTS)| + |Store(IQTS)| -
32+ |IndLeaves(IQTS)|-64. A greedy agorithm for the
construction of an indexed quad-tree summary can be ob-
tained from the one building a QTS by taking into account
the storage consumption of the indices needed on the termi-
nal blocks, at each partition step. In more detail, at each step
the new algorithm performs a new split. Then, the follow-
ing quantities are subtracted from the amount of currently
available storage space B: 1) the space needed to represent
the sums of the children of the current node p, 2) the space
needed to equip every child ¢ with Benefit, < 0 withanin-
dex, 3) the space needed to update the quad-tree structure.
Finally, 64 bits are added back to B if Benefit, < 0, i.e. if,
at some previous step, the space needed to equip p with an
index was subtracted from B. Theresulting algorithmisthe
following:

Greedy Algorithm 2

Let good(C') be afunction receiving a set of blocks C' and returning the
maximal subset .S of C' suchthat Vq € S Benefit; < 0 (i.e. the application
of a2/nLT-index isfruitful).



Let B be the storage space available for the summary.
begin
Q= < Py, {((1..d1, 1..d2>, sum((l..dl, 1..d2>)>} >;
B:= B — 32— |good({(1..d1,1..d2)})| - 64 — 2;
/1 32 bits are spent for the sum of the entire array;
I lgood({(1..d1,1..d2)})| - 64 counts the bits spent to
/I apply the 2/nLT-index to the entire array;
/I 2 bits are spent to record the structure of R;
while (B > 0)
Select anode p in Leaves(Q) such that:
SSE(p) = MaTqe Leaves(Q) {SSE(9)}:
Let Q7 (p) be the set of nodes obtained by splitting p and
selecting its non null children except the right-most one;
B =B~ |Q*(p)| - 32 — g00d(Q(p))| - 64+
+lgood({p})| - 64 — 4 - 2;
if (B> 0)
Q = ( Split(Part(Q),p) ,
 Coni(Q) VU, equ g f(rsumi(r)) } )
end if
end while
Apply the most suitable 2/nLT-index to
each block in good(Leaves(Q));
return @Q;
end

where (i) P, is the partition tree containing only one node
(corresponding to the whole array), and (ii) the function
Split takes as arguments a partition tree P; and aleaf node
[ of P;, and returns the partition tree obtained from P; by
inserting Q(!) (i.e., the quad-split partition of [) as children
nodes of /.

Theorem 3 Given a two-dimensional data array D of size
O(n?), Greedy Algorithm 2 computes an I ndexed Quad-tree
Summary IQT S(D) with space bound B = O(n?) intime
O(B -logB).

Remark. We point out that the solution provided by Greedy Algorithm
2 is even worse (w.r.t. the SSE metric) than the one computed by Greedy
Algorithm 1. In fact, the space needed to keep indices reduces the number
of nodes of the partition that can be stored within a given space bound,
thus reducing the number of splits that can be performed while partition-
ing data. As each split reduces the overall SSE of the partition (SSE is
a super-additive metric), the partition computed by Greedy Algorithm 2
has an SSE which is never smaller than the one of the solution returned
by Greedy Algorithm 1. However, as we will show in the next section,
the index-based approach shows better performances w.r.t. greedy QTS,
allowing usto draw the conclusion that it is better to invest some space for
adding quantitative data (thus improving intra-block estimation), rather
than to use all the available space for producing partitions with finer-grain
blocks.

5 Experimental Results

In this section we present some experimental results
about the accuracy of estimating sum range queries on
guad-tree summaries, comparing our method with the state-
of-the-art techniques in the context of compressed data. In

particular, we compare our technique with the histogram-
based technique MHIST proposed in [13], and with the
wavel et-based techniques proposed respectively in [15] and
[16]. In order to prove that the usage of 2/nLT-indices im-
provesthe accuracy of quad-tree summaries, we have tested
both QT'S and IQT'S. The experiments were conducted at
the same storage space.

First, we briefly describe such three techniques; next, we
present the test bed used in our experiments.

MHIST (Multi-dimensional Histogram). An MHIST his-
togram is built by a multi-step algorithm which, at each
step, chooses the block which is the most in need of par-
titioning (as explained below), and partitions it along one
of its dimensions. The block to be partitioned is chosen as
follows. First, the marginal distributions along every di-
mension are computed for each block. In the 2-D case, the
margina distribution of ablock b = (x1..xm, y1.-y,) dong
the first dimension is obtained by computing, for each z;
(@ = 1..m), the value sum({z;..z;,y1..yn)). The block b
to be split is the one which is characterized by a marginal
distribution (along any dimension X ;) which contains two
adjacent values e;, e;11 with the largest difference w.r.t.
every other pair of adjacent values in any other marginal
distribution of any other block. b is split along the dimen-
sion X; by putting a boundary between e; and e;,;. For
each block, three values are stored: the sum of its elements
and the positions of itsfront corner (w.r.t. the linear order of
the cells) and its far corner. Denoting the amount of avail-
able storage space as B, the number of blockswhich can be
storedisgivenby: | B/3].

Wavelet-based Compression Techniques. Wavelets are
mathematical transformations implementing hierarchical
decomposition of functions. They have been originally used
in different research and application contexts (like image
and signal processing), and recently have been appliedto se-
lectivity estimation [10] and to the approximation of OLAP
range queries over data cubes [15, 16]. The compressed
representation of adata distribution is obtained in two steps.
First, a wavelet transformation is applied to the data distri-
bution, and NV wavelet coefficients are generated (the value
of N depends both on the size of the data and on the partic-
ular type of wavelet transform which has been used). Next,
among such N coefficients, the m < N most significant
ones (i.e. the largest coefficients) are selected. For each
selected coefficient, two numbers are stored: its value and
its position. Thus, denoting the amount of available storage
space as B, the number of coefficients which can be stored
isgivenby: | B/2].

The compression technique described in [15] does not
apply the wavelet transform directly to the source array of
data. First, the partial sum dataarray is generated, and each
of its cell valuesisreplaced with its natural logarithm (it has
been shown that the combination of the logarithm transfor-



mation with the approximation technique generally reduces
therelative error of the approximation). Then, the above de-
scribed compression processis applied to such an obtained
array.

In [16] a sophisticated wavelet based technique which
mainly aims to improve the /O efficiency of the compact
data construction is proposed. The main difference with the
approach described aboveisthat it is applied directly onthe
source data.

In the following, the two wavelet based techniques will
be denoted respectively as WAVEL (working on the partial
sum data array) and WAVE2.

5.1 Measuring approximation error

We denote the exact answer to asum query ¢; as S;, and
the estimated answer as S;. The absolute error of the es-

timated answer to ¢; is defined as: e¢* = |v; — S;|. The
relative error is defined as: e = 122 Our defi-

nition of relative error is the same as the one used in [16],
and is dightly different from the classical one, which is not
definedwhen S; = 0.

The accuracy of the various techniques has been evalu-
ated by measuring the average absolute error || e®** || and
theaveragerelativeerror || e || of the answersto therange
gueries belonging to the following query sets:

1. @S;: it contains al the sum range queries defined on a
range s.t. one of its vertices coincides with avertex of D;

2. @S2(Aq, Ay): it contains the sum range queries defined
on al the ranges of size A; x A, (here the vertex of the
query does not necessarily coincide with a vertex of D);

3. QS and QS5 (A1, As): they contain al the queries
belonging to @S, and, respectively, QS2(A1, Ay), whose
answer is not null;

4. QSY and QSI(A1, As): they contain all the queries be-
longingto @S and, respectively, Q.S>(Aq, As), whose an-
swer isnull.

Query sets QS;" and QS5 have been introduced since
it can be meaningful to treat the approximation error of a
guery whose exact answer is zero differently w.r.t. the error
of a query with non-zero answer. That is, when the exact
answer is zero, the absolute error of the estimated answer
is a good metrics for the approximation error: if S; = 0 it
is meaningful to check whether S; is small or not. Thus,
we use different ways for measuring approximation errors:
by computing || e"! || over @S; and QS,, we “put to-
gether” the relative errors of queries whose answer is not
zero with the absolute errors of queries whose answer is
zero. By computing || e”! || over QS;, QS5 , and || e*® ||
over QS?, QS9 we consider the case S; = 0 separately
from the case S; # 0. In the following, the values of the
average relative error and the average absolute error eval-
uated on a query set Q.S will be denoted, respectively, as:
I erH(@QS) |l and || e***(QS) |I.

5.2 Synthetic Data Sets

The synthetic data sets used in our experiments are sim-
ilar to those of [16]. The synthetic data generator popu-
lates r rectangular regions of a two-dimensiona array of
sized - d, distributing into each of them a portion of the to-
tal sum value T'. The size of the dimensions of each region
israndomly chosen between[,,,;,, and 4., and the regions
are uniformly distributed in the two-dimensional array. The
total sum T is partitioned acrossthe r regionsaccordingto a
Zipf distribution with parameter z. To populate each region,
wefirst generate a Zipf distribution whose parameter is ran-
domly chosen between z ., @nd 2,42 Such adistribution
contains as many values as the number of cells inside the
region. Next, we associate these values to the cells in such
away that the closer a cell to the centre of the region, the
larger its valueis. Outside the dense regions, some isolated
non-zero values are randomly assigned to the array cells.

5.3 Resaults

Experiments on synthetic data show the superiority of

our technique w.r.t. other methods. We consider the accu-
racy of the various methodsw.r.t. to several parameters, i.e.
the storage space available for the compressed representa-
tion, the skew inside each region, the size of the queries (us-
ing query set (Q.S>), and we consider both dense and sparse
data arrays. The storage space is expressed as the number
of 32 hits integers which are available for the compressed
representation of the array.
Storage space We considered several sparse data arrays of
size 2000-2000 generated by setting l,,,in, = 25, lipae = 70,
Zmin = 0.5, Zmaee = 1.5, containing about 23000 non zero
cells, and dense data arrays of size 500 - 500, with [,,,;,, =
90, lmaez = 130, zmin = 0.5, zmees = 1.5, containing
about 97000 non zero cells. The accuracy of the estimates
w.r.t. the storage space (i.e. the number of 32 bit words
used for representing the compressed data array) is depicted
in Fig.7 (sparse data) and Fig.8 (dense data). We used a
logarithmic scale for || e/ (QS;") || and || e®**(QSY) |,
and a linear scale for || e™!(QS;) ||. In particular, in the
picture representing the average relative error on Q.S of
Fig.8, only QT'S and IQT'S are compared, as the errors
produced by the other methods are out of scale.

Skew inside regions We considered sparse data arrays
of size 2000 - 2000 with l,,,;5, = 25, lyjneze = 70, Obtained
for different values of the skew inside each region. The ac-
curacy of the estimation (measured using || e™*/(QS;") |))
w.rt. the different skew values is depicted in the picture
on the left-hand side of Fig.9. Interestingly, all the tech-
niques are more effective in handling small and large levels
of skew than intermediate ones (z = 1.5). When the skew
is high, only a few values inside each region are very fre-
guent, so that the dense regions contains mainly these val-
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Figure 8. Results for dense data

ues. MHIST and QTS group these values into the same
blocks causing small errors, and the wavelet decomposi-
tion applied in these regions generates a lot of coefficients
with value zero. Analogously, when the skew is small, the
frequencies corresponding to different values are nearly the
same and thus the data distribution is quite uniform, so that
the CVA assumption generates small errors.

Size of the query We considered the same sparse and
dense arrays used for measuring the accuracy w.r.t. the
storage space, and evaluated the accuracies of the vari-
ous techniques for different query sizes on the compressed
representations obtained using 1600 4-byte integers. In
the picture on the right-hand side of Fig. 9, the value
of || e™(QSS (A, A)) || obtained on sparse data for dif-
ferent values of the query size (i.e. A) is reported. In
the picture on the bottom-right corner of Fig.8, values of
| e'(QS5 (A, A)) || obtained for dense data are shown.
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