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The large volume of data streams poses unique space and time consimaints
the computation process. Many query processing, database opgratidmin-
ing algorithms require efficient execution which can be difficult to achieite
a fast data stream. In many cases, it may be acceptable to gemgpatimate
solutionsfor such problems. In recent years a numbesyfopsis structures
have been developed, which can be used in conjunction with a variety ofgnin
and query processing techniques in data stream processing. Sorsynkggis
methods include those of sampling, wavelets, sketches and histograrigs |
chapter, we will provide a survey of the key synopsis techniques, anohih-
ing techniques supported by such methods. We will discuss the challandes
tradeoffs associated with using different kinds of techniques, and thertemt
research directions for synopsis construction.

1. Introduction

Data streams pose a unique challenge to many database and data mining
applications because of the computational and storage costs associated with
the large volume of the data stream. In many cases, synopsis data structures
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and statistics can be constructed from streams which are useful faeg/vair
applications. Some examples of such applications are as follows:

= Approximate Query Estimation: The problem of query estimation is
possibly the most widely used application of synopsis structures [11].
The problem is particularly important from an efficiency point of view,
since queries usually have to be resolved in online time. Therefore, most
synopsis methods such as sampling, histograms, wavelets and sketches
are usually designed to be able to solve the query estimation problem.

= Approximate Join Estimation: The efficient estimation of join sizeis a
particularly challenging problem in streams when the domain of the join
attributes is particularly large. Many methods [5, 26, 27] have recently
been designed for efficient join estimation over data streams.

s Computing Aggregates:In many data stream computation problems, it
may be desirable to compute aggregate statistics [40] over data streams.
Some applications include estimation of frequency counts, quantiles, and
heavy hitters [13, 18, 72, 76]. A variety of synopsis structures sach a
sketches or histograms can be useful for such cases.

= Data Mining Applications: A variety of data mining applications such
as change detection do not require to use the individual data points, but
only require a temporal synopsis which provides an overview of the be-
havior of the stream. Methods such as clustering [1] and sketches [88]
can be used for effective change detection in data streams. Similarly,
many classification methods [2] can be used on a supervised synopsis of
the stream.

The design and choice of a particular synopsis method depends on therpro
being solved with it. Therefore, the synopsis needs to be constructed in a
way which is friendly to the needs of the particular problem being solved.
For example, a synopsis structure used for query estimation is likely to e ver
differentfrom a synopsis structure used for data mining problems swattaage
detection and classification. In general, we would like to construct thepsiso
structure in such a way that it has wide applicability across broad clagses o
problems. In addition, the applicability to data streams makes the efficiency
issue of space and time-construction critical. In particular, the desidenata f
effective synopsis construction are as follows:

= Broad Applicability: Since synopsis structures are used for a variety
of data mining applications, it is desirable for them to have as broad
an applicability as possible. This is because one may desire to use the
underlying data stream for as many different applications. If synopsis
construction methods have narrow applicability, then a different structure
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will need to be computed for each application. This will reduce the time
and space efficiency of synopsis construction.

m  One Pass Constraint:Since data streams typically contain a large num-
ber of points, the contents of the stream cannot be examined more than
once during the course of computation. Therefore, all synopsis coastr
tion algorithms are designed under a one-pass constraint.

= Time and Space Efficiency:In many traditional synopsis methods on
static data sets (such as histograms), the underlying dynamic program-
ming methodologies require super-linear space and time. This is not
acceptable for a data stream. For the case of space efficiency, it is not
desirable to have a complexity which is more than linear in the size of
the stream. In fact, in some methods such as sketches [44], the space
complexity is often designed to be logarithmic in th@main-sizef the
stream.

»  Robustness:The error metric of a synopsis structure needs to be designed
in a robust way according to the needs of the underlying application. For
example, it has often been observed that some wavelet based methods for
approximate query processing may be optimal from a global perspective,
but may provide very large error on some of the points in the stream [65].
This is an issue which needs the design of robust metrics such as the
maximum error metric for stream based wavelet computation.

» Evolution Sensitive: Data Streams rarely show stable distributions, but
rapidly evolve over time. Synopsis methods for static data sets are often
not designed to deal with the rapid evolution of a data stream. For this
purpose, methods such as clustering [1] are used for the purpoge-of s
opsis driven applications such as classification [2]. Carefully designed
synopsis structures can also be used for forecasting futuristic q{@&ries
with the use of evolution-sensitive synopsis.

There are a variety of techniques which can be used for synopsiswotien
in data streams. We summarize these methods below:

= Sampling methods: Sampling methods are among the most simple
methods for synopsis construction in data streams. It is also relatively
easy to use these synopsis with a wide variety of application since their
representation is not specialized and uses the same multi-dimensional
representation as the original data points. In particular reservoir based
sampling methods [92] are very useful for data streams.

= Histograms: Histogram based methods are widely used for static data
sets. However most traditional algorithms on static data sets require
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super-linear time and space. This is because of the use of dynamic pro-
gramming techniques for optimal histogram construction. Their exten-
sion to the data stream case is a challenging task. A number of recent
techniques [37] discuss the design of histograms for the dynamic case.

= Wavelets: Wavelets have traditionally been used in a variety ofimage and
guery processing applications. In this chapter, we will discuss the issues
and challenges involved in dynamic wavelet construction. In particular,
the dynamic maintenance of the dominant coefficients of the wavelet
representation requires some novel algorithmic techniques.

m  Sketches: Sketch-based methods derive their inspiration from wavelet
techniques. In fact, sketch based methods can be considered a ran-
domized version of wavelet techniques, and are among the most space-
efficient of all methods. However, because of the difficulty of intuitive
interpretations of sketch based representations, they are sometimes diffi-
cult to apply to arbitrary applications. In particular, the generalization of
sketch methods to the multi-dimensional case is still an open problem.

»  Micro-cluster based summarization: A recent micro-clustering method

[1] can be used be perform synopsis construction of data streams. The
advantage of micro-cluster summarization is that it is applicable to the
multi-dimensional case, and adjusts well to the evolution of the under-
lying data stream. While the empirical effectiveness of the method is
quite good, its heuristic nature makes it difficult to find good theoretical
bounds on its effectiveness. Since this method is discussed in detail in
another chapter of this book, we will not elaborate on it further.

In this chapter, we will provide an overview of the different methods fappgis
construction, and their application to a variety of data mining and database
problems. This chapter is organized as follows. In the next section, we will
discuss the sampling method and its application to different kinds of data mining
problems. In section 3, we will discuss the technique of wavelets for data
approximation. In section 4, we will discuss the technique of sketches for
data stream approximation. The method of histograms is discussed in section
4. Section 5 discusses the conclusions and challenges in effectivaréaia s
summarization.

2. Sampling Methods

Sampling is a popular tool used for many applications, and has several ad-
vantages from an application perspective. One advantage is that saispling
easy and efficient, and usually provideserbiasedestimate of the underlying
data withprovable error guaranteesAnother advantage of sampling methods
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is that since they use the original representation of the records, thepsydo
use with any data mining application or database operation. In most cases, the
error guarantees of sampling methods generalize to the mining behavior of the
underlying application. Many synopsis methods such as wavelets, histegra
and sketches are not easy to use for the multi-dimensional cases. Toeran
sampling technigue is often the only method of choice for high dimensional
applications.

Before discussing the application to data streams, let us examine some prop-
erties of the random sampling approach. Let us assume that we havbasdata
D containingN points which are denoted by; ... X. Let us assume that
the functionf (D) represents an operation which we wish to perform on the
databasé&. For examplef(D) may represent the mean or sum of one of the
attributes in databasP. We note that a random sampfefrom databasé
defines a random variablg(S) which is (often) closely related tf(D) for
many commonly used functions. It is also possible to estimate the standard
deviation of f(.S) in many cases. In the case ajgregation baseflinctions
in linear separable form (eg. sum, mean), the law of large numbers allows us
to approximate the random variabféS) as a normal distribution, and char-
acterize the value of (D) probabilistically. However, not all functions are
aggregation based (eg. min, max). In such cases, it is desirable to estimate th
meary and standard deviatianof f(S). These parameters allows us to design
probabilistic bound®n the value off (S). This is often quite acceptable as an
alternative to characterizing the entire distributiorf¢f). Such probabilistic
bounds can be estimated using a number of inequalities which are also often
referred to asail bounds

The markov inequality is a weak inequality which provides the following
bound for the random variabl¥:

P(X >a) < E[X]/a=p/a (9.1)

By applying the Markov inequality to the random variabhké — ()2 /o2, we
obtain the Chebychev inequality:

P(IX | > a) < 0*/a? (92)

While the Markov and Chebychev inequalities are farily general inequalities
they are quite loose in practice, and can be tightened when the distribution
of the random variabl& is known. We note that the Chebychev inequality is
derived by applying the Markov inequality on a function of the randoriatde

X. Even tighter bounds can be obtained when the random varkétsdlows

a specific form, by applying the Markov inequality to parameterized functions
of X and optimizing the parameter using the particular characteristics of the
random variableX .
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The Chernoff bound [14] applies whéfiis the sum of several independent
and identical Bernoulli random variables, and has a lower tail boundsis/
an upper tail bound:

P(X < (1—08)p) < e /2 (9.3)
P(X > (14 6)pu) < max{2 o ¢=#*/4) (9.4)

Another kind of inequality often used in stream mining is the Hoeffding
inequality. In this inequality, we bound the sum ofindependent bounded
random variables. For example, for a settahdependent random variables
lying in the rangda, b], the sum of thesé random variablesy satisfies the
following inequality:

P(|IX = p| > 8) < 2e200%/(0=a) (9.5)

We note that the Hoeffding inequality is slightly more general than the Cher-
noff bound, and both bounds have similar form for overlapping cashese
bounds have been used for a variety of problems in data stream miningsuch
classification, and query estimation [28, 58]. In general, the method dbran
sampling is quite powerful, and can be used for a variety of problems such a
order statistics estimation, and distinct value queries [41, 72].

In many applications, it may be desirable to pick out a sample (reservoir)
from the stream with a pre-decided size, and apply the algorithm of interest
to this sample in order to estimate the results. One key issue in the case of
data streams is that we are not sampling from a fixed data seknativn size
N. Rather, the value aV is unknown in advance, and the sampling must be
performed dynamically as data points arrive. Therefore, in order to nirainta
an unbiased representation of the underlying data, the probability of inglud
a pointin the random sample should not be fixed in advance, but shauideh
with progression of the data stream. For this purpose, reservoir basgisg
methods are usually quite effective in practice.

2.1 Random Sampling with a Reservoir

Reservoir based methods [92] were originally proposed in the context of
one-pass access of data from magnetic storage devices such ag\ajrethe
case of streams, the number of recofdsare not known in advance and the
sampling must be performed dynamically as the records from the tape dre rea

Let us assume that we wish to obtain an unbiased sample ofdizam
the data stream. In this algorithm, we maintain a reservoir ofisitem the
data stream. The first points in the data streams are added to the reservoir
for initialization. Subsequently, when tfie+ 1)th point from the data stream
is received, it is added to the reservoir with probabitity(t + 1). In order
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to make room for the new point, any of the current points in the reserveir ar
sampled with equal probability and subsequently removed.

The proof that this sampling approach maintains the unbiased character of
the reservoir is straightforward, and uses inductiomn.ofhe probability of the
(t + 1)th point being included in the reservoirig (¢ + 1). The probability
of any of the last points being included in the reservoir is defined by the sum
of the probabilities of the events corresponding to whether or natthel )th
pointis added to the reservoir. From the inductive assumption, we knotiéha
first¢ points have equal probability of being included in the reservoir and have
probability equal tox/¢. In addition, since the points remain in the reservoir
with equal probability of(n — 1)/n, the conditional probability of a point
(among the first points) remaining in the reservoir given that the- 1) point
isadded is equal tv/t) - (n—1)/n = (n—1)/t. By summing the probability
over the cases where thet 1)th pointis added to the reservoir (or not), we geta
total probability of((n/(t+1))-(n—1)/t+(1—(n/(t+1)))-(n/t) = n/(t+1).
Therefore, the inclusion of all points in the reservoir has equal pitityathich
isequalton/(t+1). As aresult, at the end of the stream sampling process, all
points in the stream have equal probability of being included in the resgrvoir
which is equal ta:/N.

In many cases, the stream data may evolve over time, and the corresponding
data mining or query results may also change over time. Thus, the results of
a query over a more recent window may be quite different from the results
of a query over a more distant window. Similarly, the entire history of the
data stream may not relevant for use in a repetitive data mining application
such as classification. Recently, the reservoir sampling algorithm wateddap
to sample from a moving window over data streams [8]. This is useful for
data streams, since only a small amount of recent history is more relevant tha
the entire data stream. However, this can sometimes be an extreme solution,
since one may desire to sample from varying lengths of the stream history.
While recent queries may be more frequent, it is also not possible to completely
disregard queries over more distant horizons in the data stream. A metddd in [
designs methods fdriased reservoir samplingvhich uses a bias function to
regulate the sampling from the stream. This bias function is quite effective sinc
it regulates the sampling in a smooth way so that queries over recent srizon
are more accurately resolved. While the design of a reservoir for agbitra
bias function is extremely difficult, it is shown in [4], that certain classes of
bias functions (exponential bias functions) allow the use of a straigtaforw
replacement algorithm. The advantage of a bias function is that it can smoothly
regulate the sampling process so that acceptable accuracy is retaineatéor
distant queries. The method in [4] can also be used in data mining applications
so that the quality of the results do not degrade very quickly.
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2.2 Concise Sampling

The effectiveness of the reservoir based sampling method can be irdprove
further with the use of concise sampling. We note that the size of the réservo
is sometimes restricted by the available main memory. Itis desirable toincrease
the sample size within the available main memory restrictions. For this purpose,
the technique of concise sampling is quite effective.

The method of concise sampling exploits the fact that the numbdisef
tinct values of an attribute is often significantly smaller than the size of the data
stream. This technique is most applicable while performing univariate sampling
along a single dimension. For the case of multi-dimensional sampling, the sim-
ple reservoir based method discussed above is more appropriate.pEatec:
occurrence of the same value can be exploited in order to increase theesamp
size beyond the relevant space restrictions. We note that when the namber
distinct values in the stream is smaller than the main memory limitations, the
entire stream can be maintained in main memory, and therefore sampling may
not even be necessary. For current desktop systems in which the meizesy
may be of the order of several gigabytes, very large sample sizes caaibe
memory resident, as long as the number of distinct values does not exeeed th
memory constraints. On the other hand, for more challenging streams with an
unusually large number of distinct values, we can use the following approa

The sample is maintained as a Seif <value, count pairs. For those pairs
in which the value of count is one, we do not maintain the count explicitly,
but we maintain the value assingleton The number of elements in this
representation is referred to as the footprint and is bounded aboxe ye
note that the footprint size is always smaller than or equal to than the truéssamp
size. If the count of any distinct element is larger than 2, then the fooizat
is strictly smaller than the sample size. We uskrashold parameter which
defines the probability of successive sampling from the stream. The vRlue o
7 is initialized to be 1. As the points in the stream arrive, we add them to the
current sample with probability/7. We note that if the corresponding value-
count pair is already included in the sgtthen we only need to increment the
count by 1. Therefore, the footprint size does not increase. Ortliee band,
if the value of the current point is distinct from all the values encounteced
far, or it exists as a singleton then the foot print increases by 1. Thic@uke
either a singleton needs to be added, or a singleton gets converted to-a value
count pair with a count of 2. The increase in footprint size may potentially
require the removal of an element from samglie order to make room for the
new insertion. When this situation arises, we pick a new (higher) value of the
thresholdr’, and apply this threshold to the footprint in repeated passes. In each
pass, we reduce the count of a value with probabitity’, until at least one
value-count pair reverts to a singleton or a singleton is removed. Sulrgequ
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Granularity (Order k) Averages DWT Coefficients
® values 1 values
k=4 (8,6,2,3,4,6,6,5) -
k=3 (7,25, 5,5.5) (1,-0.5,-1,0.5) H
k=2 (4.75, 5.25) (2.25,-0.25) ||
E=1 (5) (-0.25) |

Table 9.1. An Example of Wavelet Coefficient Computation

points from the stream are sampled with probability’. As in the previous
case, the probability of sampling reduces with stream progression, thveeigh
have much more flexibility in picking the threshold parameters in this case.
More details on the approach may be found in [41].

One of the interesting characteristics of this approach is that the s&inple
continues to remain an unbiased representative of the data streamdtiaspe
of the choice ofr. In practice,r” may be chosen to be aboli% larger than
the value ofr. The choice of different values afprovides different tradeoffs
between the average (true) sample size and the computational requirefnents o
reducing the footprint size. In general, the approach turns out toiteergbust
across wide ranges of the parameter

3. Wavelets

Wavelets [66] are a well known technique which is often used in databases
for hierarchical data decomposition and summarization. A discussion of ap-
plications of wavelets may be found in [10, 66, 89]. In this chapter, we will
discuss the particular case of tHaar Wavelet This technique is particularly
simple to implement, and is widely used in the literature for hierarchical de-
composition and summarization. The basic idea in the wavelet technique is to
create a decomposition of the data characteristics into a set of wavelgbimc
and basis functions. The property of the wavelet method is that the higlear o
coefficients of the decomposition illustrate the broad trends in the data, aghere
the more localized trends are captured by the lower order coefficients.

We assume for ease in description that the leggifthe series is a power of
2. Thisis without loss of generality, because it is always possible to decammpo
a series into segments, each of which has a length that is a power of two. The
Haar Wavelet decomposition defirié¥s ! coefficients of ordek. Each of these
2k—1 coefficients corresponds to a contiguous portion of the time series of length
q/2F1. Theith of these2*~! coefficients corresponds to the segment in the
series starting from positiofi — 1) - ¢/2F~! + 1 to positioni x ¢ /2*~!. Let us
denote this coefficient bwg and the corresponding time series segmerﬁ?;py
At the same time, let us define the average value of the first half offHey
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Figure 9.1. lllustration of the Wavelet Decomposition

aj, and the second half bh. Then, the value of;, is given by(aj, — b}, )/2.
More formally, if ! denote the average value of thg, then the value of);,
can be defined recursively as follows:

v = (P31 — 9F1)/2 (9.6)

The set of Haar coefficients is defined by tli¢ coefficients of order
to log,(¢q). In addition, the global averag®! is required for the purpose of
perfectreconstruction. We note that the coefficients of differergrgbvide an
understanding of the major trends in the data at a particular level of grapula
For example, the coefficient;, is half the quantity by which the first half of
the segmentS} is larger than the second half of the same segment. Since
larger values of correspond to geometrically reducing segment sizes, one can
obtain an understanding of the basic trends at different levels of Igiétyu
We note that this definition of the Haar wavelet makes it very easy to compute
by a sequence of averaging and differencing operations. In Tablen@.1
have illustrated how the wavelet coefficients are computed for the case of th
sequences, 6,2,3,4,6,6,5). This decomposition is illustrated in graphical
form in Figure 9.1. We also note that each value can be represented as a
sum of log,(8) = 3 linear decomposition components. In general, the entire
decomposition may be represented as a tree of depth 3, which repregents th
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Figure 9.2. The Error Tree from the Wavelet Decomposition

hierarchical decomposition of the entire series. This is also referredtteas
error treg and was introduced in [73]. In Figure 9.2, we have illustrated the
error tree for the wavelet decomposition illustrated in Table 9.1. The nodes
in the tree contain the values of the wavelet coefficients, except forcaspe
super-rootnode which contains the series average. This super-root node is not
necessary if we are only considering the relative values in the serid¢ise or
series values have been normalized so that the average is alreadyWero.
further note that the number of wavelet coefficients in this series is 8, which
is also the length of the original series. The original series has beenateplic
just below the error-tree in Figure 9.2, and it can be reconstructed dipgd
or subtracting the values in the nodes along the path leading to that value. We
note that each coefficient in a node should be added, if we use thedefttbr
below it to reach to the series values. Otherwise, it should be subtradied. T
natural decomposition means that an entire contiguous range along the serie
can be reconstructed by using only the portion of the error-tree whieleigant
to it. Furthermore, we only need to retain those coefficients whose valees ar
significantly large, and therefore affect the values of the underlyirigsseln
general, we would like to minimize the reconstruction error by retaining only
a fixed number of coefficients, as defined by the space constraints.

We further note that the coefficients represented in Figure 9.1 areromatiped.
For a time serieg’, let W ... W, be the corresponding basis vectors of length
t. In Figure 9.1, each component of these basis vectors is 0, +1, ohellist
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of basis vectors in Figure 9.1 (in the same order as the correspondintgtgave
illustrated) are as follows:

(1-1000000)
(001-10000)
(00001-100)
(0000001-1)
(11-1-10000)
(000011-1-1)
(1111-1-1-1-1)

The most detailed coefficients have only one +1 and one -1, whereas the
most coarse coefficient hag2 +1 and -1 entries. Thus, in this case, we need
23 — 1 = 7 wavelet vectors. In addition, the vectgri111111) is needed to
represent the special coefficient which corresponds to the segesg@y Then,
if a; ...a: be the wavelet coefficients for the wavelet vectdrs. .. W;, the
time seriesI” can be represented as follows:

T=> aW, (9.7)
i=1
. _
— W
= Z(ai W) - A (9.8)
i=1 g

While a; is the un-normalized value from Figure 9.1, the valugs|W;| rep-
resent normalized coefficients. We note that the valu¢g/gfare different for
coefficients of different orders, and may be equal to eitf&r/4 or v/8 in this
particular example. For example, in the case of Figure 9.1, the broadelsthev
normalized coefficient is-0.25, whereas the corresponding normalized value
is —0.25 - /8. After normalization, the basis vecto¥s; . .. W, are orthonor-
mal, and therefore, the sum of the squares of the corresponding (imed)a
coefficients is equal to the energy in the time sefieSince the normalized co-
efficients provide a new coordinate representation after axis rotatiolidiem
distances between time series are preserved in this new representation.

The total number of coefficients is equal to the length of the data stream.
Therefore, for very large time series or data streams, the number di-coef
cients is also large. This makes it impractical to retain the entire decomposition
throughout the computation. The wavelet decomposition method provides a
natural method for dimensionality reduction, by retaining only the coefficients
with large absolute values. All other coefficients are implicitly approximated
to zero. This makes it possible to approximately represent the series with a
small number of coefficients. The idea is to retain only a pre-defined nushber
coefficients from the decomposition, so that the error of the reduceesema-
tion is minimized. Wavelets are used extensively for efficient and approximate
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query processing of differentkinds of data [11, 93]. They ar&éqaarly useful

for range queries, since contiguous ranges can easily be recondtwittiea
small number of wavelet coefficients. The efficiency of the query @sing
arises from the reduced representation of the data. At the same time, sipce o
the small coefficients are discarded the results are quite accurate.

A key issue for the accuracy of the query processing is the choiceedf co
ficients which should be retained. While it may be tempting to choose only
the coefficients with large absolute values, this is not always the beste¢hoic
since a more judicious choice of coefficients can lead to minimizing specific
error criteria. Two such metrics are the minimization of the mean square error
or the maximum error metric. The mean square error minimizeg.sherror
in approximation of the wavelet coefficients, whereas maximum error metrics
minimize the maximum error of any coefficient. Another related metric is the
relative maximum error which normalizes the maximum error with the absolute
coefficient value.

Ithas been shown in [89] thatthe choice of large¢hormalized) coefficients
minimizes the mean square error criterion. This should also be evident feom th
fact that the normalized coefficients render an orthonormal decompgsitien
result of which the energy in the series is equal to the sum of the squahes o
coefficients. However, the use of the mean square error metric is notuwitho
its disadvantages. A key disadvantage is that a global optimization criterion
implies that the local behavior of the approximation is ignored. Therefoee, th
approximation arising from reconstruction can be arbitrarily poor fotager
regions of the series. This is especially relevant in many streaming appligation
in which the queries are performed only over recent time windows. In many
cases, the maximum error metric provides much more robust guarantees. In
such cases, the errors are spread out over the different cogffiorere evenly.

As aresult, the worst-case behavior of the approximation over diffgrearies
is much more robust.

Two such methods for minimization of maximum error metrics are discussed
in [38, 39]. The method in [38]is probabilistic, but its application of probabilis
tic expectation is questionable according to [53]. One feature of the method
in [38] is that the space is bounded only in expectation, and the variance in
space usage is large. The technique in [39] is deterministic and uses dynamic
programming in order to optimize the maximum error metric. The key idea in
[39] is to define a recursion over the nodes of the tree in top down fasham
a given internal node, we compute the least maximum error over the twe case
of either keeping or not keeping a wavelet coefficient of this nodeath ease,
we need to recursively compute the maximum error for its two children over
all possible space allocations among two children nodes. While the method is
quite elegant, it is computationally intensive, and it is therefore not suitable fo
the data stream case. We also note that the coefficient is defined agcrdin
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the wavelet coefficient definition i.e. half the difference between the &ftih
and right hand side of the time series. While this choice of coefficientis optimal
for the L, metric, this is not the case for maximum or arbitréfyerror metrics.
Another important topic in wavelet decomposition is that of the use of multi-
ple measures associated with the time series. The problem of multiple measures
refers to the fact that many quantities may simultaneously be tracked in a given
time series. For example, in a sensor application, one may simultaneously track
many variables such as temperature, pressure and other parameaetstahe
instant. We would like to perform the wavelet decomposition over multiple
measures simultaneously. The most natural technique [89] is to perform the
decomposition along the different measures separately and pick the leoges
efficients for each measure of the decomposition. This can be inefficiecs, s
a coordinate needs to be associated with each separately stored cueffidié
may need to be stored multiple times. It would be more efficient to amortize the
storage of a coordinate across multiple measures. The trade-off is tha&wh
given coordinate may be the most effective representation for a partinek
sure, it may not simultaneously be the most effective representatiorsaadlos
measures. In [25], it has been proposed to use an extended waktan-
tation which simultaneously tracks multi-measure coefficients of the wavelet
representation. The idea in this technique is use a bitmap for each coefficien
set to determine which dimensions are retained, and store all coefficients fo
this coordinate. The technique has been shown to significantly outpettierm
methods discussed in [89].

3.1 Recent Research on Wavelet Decomposition in Data
Streams

The one-pass requirement of data streams makes the problem of wavelet
decomposition somewhat more challenging. However, the case of optimizing
the mean square error criterion is relatively simple, since a choice of thestarg
coefficients can preserve the effectiveness of the decompositionefdhes we
only need to dynamically construct the wavelet decomposition, and kedg trac
of the largestB coefficients encountered so far.

As discussed in [65], these methods can have a number of disadvaimages
many situations, since many parts of the time series may be approximated very
poorly. The method in [39] can effectively perform the wavelet decasipo
tion with maximum error metrics. However, since the method uses dynamic
programming, it is computationally intensive, it is quadratic in the length of
the series. Therefore, it cannot be used effectively for the cadatafstreams,
which require a one-pass methodology in linear time. in [51], it has beewmsho
that all weighted.,, measures can be solved in a space-efficient manner using
only O(n) space. In [65], methods have been proposed for one-pass wavelet
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synopses with the maximum error metric. It has been shown in [65], that-by u
ing a number of intuitive thresholding techniques, it is possible to approximate
the effectiveness of the technique discussed in [39]. A set of indismtnesults
obtained in [55] discuss how to minimize non-euclidean and relative error with
the use of wavelet synopses. This includes metrics such d&s,teeor or the
relative error. Both the works of [65] and [55] were obtained indejeeitly

and at a similar time. While the method in [65] is more deeply focussed on the
use of maximum error metrics, the work in [55] also provides some worst cas
bounds on the quality of the approximation. The method of [65] depends on
experimental results to illustrate the quality of the approximation. Another in-
teresting point made in [55] is that most wavelet approximation methods solve a
restricted version of the problem in which the wavelet coefficient for ésdis
defined to be half the difference between the left hand and right haedfide
basis vectors. Thus, the problem is only one of picking the Bastefficients

out of these pre-defined set of coefficients. While this is an intuitive method
for computation of the wavelet coefficient, and is optimal for the case of the
Euclidean error, it is not necessarily optimal for the case ofthemetric. For
example, consider the time series vedtbr4,5,6). In this case, the wavelet
transform is(4, —1.5, —1.5,—0.5). Thus, forB = 1, the optimal coefficient
picked is(4,0,0,0) for any L,,-metric. However, for the case @f,,-metric,

the optimal solution should bg.5,0,0,0), since3.5 represents the average
between the minimum and maximum value. Clearly, any scheme which re-
stricts itself only to wavelet coefficients defined in a particular way will not
even consider this solution [55]. Almost all methods for non-euclidearlgtyv
computation tend to use this approach, possibly as a legacy from the Haar
method of wavelet decomposition. This restriction has been removed in [55]
and proposes a method for determining the optsgabpsis coefficienter the

case of the weighted,,, metric. We distinguish between synopsis coefficients
and wavelet coefficients, since the latter are defined by the simple sularacti
methodology of the Haar decomposition. A related method was also proposed
by Matias and Urieli [75] which discusses a near linear time optimal algorithm
for the weightedL,,-error. This method is offline, and chooses a basis vector
which depends upon the weights.

An interesting extension of the wavelet decomposition method is one in
which multiple measureare associated with the time series. A natural solu-
tion is to treat each measure separately, and store the wavelet decomposition
However, this can be wasteful, since a coordinate needs to be storechalith e
coefficient, and we can amortize this storage by storing the same coordinate
across multiple measures. A technique in [25] proposes the concept of
tended waveleti order to amortize the coordinate storage across multiple
measures. In this representation, one or more coefficients are storeshweith
coordinate. Clearly, it can be tricky to determine which coordinates to store,
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since different coordinates will render larger coefficients acro$srdiit mea-
sures. The technique in [25] uses a dynamic programming method to determine
the optimal extended wavelet decomposition. However, this method is not time
and space efficient. A method in [52] provides a fast algorithm whoseespa
requirement is linear in the size of the synopsis and logarithmic in the size of
the data stream.

Another important point to be noted is that the choice of the best wavelet
decomposition is not necessarily pre-defined, but it depends upoaitieitar
workload on which the wavelet decomposition is applied. Some interesting
papers in this direction [77, 75] design methods for workload aware letave
synopses of data streams. While this line of work has not been extensvely
searched, we believe thatitis likely to be fruitful in many data stream sicsnar

4, Sketches

The idea of sketches is essentially an extension of the random projection
technique [64] to the time series domain. The idea of using this technique for
determining representative trends in the time series domain was first aofbserve
in [61]. In the method of random projection, we can reduce a data point of
dimensionalityd to an axis system of dimensionalityby picking &k random
vectors of dimensionality and calculating the dot product of the data point
with each of these random vectors. Each component of temdom vectors
is drawn from the normal distribution with zero mean and unit variance. In
addition, the random vector is normalized to one unit in magnitude. It has
been shown in [64] that proportion&h distances between the data points are
approximately preserved using this transformation. The accuracy bofitite
distance values are dependent on the value dthe larger the chosen value of
k, the greater the accuracy and vice-versa.

This general principle can be easily extended to the time series domain,
by recognizing the fact that the length of a time series may be treated as its
dimensionality, and correspondingly we need to compute a random vector of
length equal to the time series, and use it for the purpose of sketch computatio
If desired, the same computation can be performed over a sliding window of a
given length by choosing a random vector of appropriate size. Apsubin
[61], the following approximation bounds are preserved:

LeEmMA 9.1 LetL be a set of vectors of lengthfor fixede < 1/2, andk =
9-log|L|/€%. Consider a pair of vectors, w in L, such that the corresponding
sketches are denoted Byu) and .S(w) respectively. Then, we have:

(1-e-|m-al* <[|S@) - S@)|| < A+e)-[u-wl* (9.9

with probability 1/2. Here||U — V||? is the L, distance between two vectors
UandV.
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The generalization to time series is fairly straightforward, and the work in
[61] makes two primary contributions in extending the sketch methodology to
finding time series trends.

4.1 Fixed Window Sketches for Massive Time Series

In this case, we wish to determine sliding window sketches with a fixed win-
dow lengthl. For each window of length we need to perforr- k& operations
for a sketch of sizé:. Since there ar®(n — [) sliding windows, this will
requireO(n - [ - k) computations. Whehis large, and is of the same order of
magnitude as the time series, the computation may be quadratic in the size of the
series. This can be prohibitive for very large time series, as is usuallyatee c
with data streams. The key observation in [61], is that all such sketchdseca
viewed as the problem of computing the polynomial convolution of the random
vector of appropriate length with the time series. Since the problem of poly-
nomial convolution can be computed efficiently using fast fourier transfor
this also means that the sketches may be computed efficiently. The problem of
polynomial convolution is defined as follows:

DEFINITION 9.2 Given two vectorsA[l...a] and B[1...b], a > b, their
convolution is the vectaf'[1. .. a + b] whereC[k] = Zle Alk — 1] - B[i] for
k € [2,a + b], with any out of range references assumed to be zero.

The key point here is that the above polynomial convolution can be computed
using FFT, inO(a - log(b)) operations rather tha@(a - b) operations. This
effectively means the following:

LEMMA 9.3 Sketches of all subvectors of lendthan be computed in time
O(n - k -1og(1)) using polynomial convolution.

4.2 Variable Window Sketches of Massive Time Series

The method in the previous subsection discussed the problem of sketch com-
putation for a fixed window length. The more general version of the pnoide
one in which we wish to compute the sketch for any subvector between length
I andu. In the worst-case this compriséqn?) subvectors, most of which
will have lengthO(n). Therefore, the entire algorithm may requidén?)
operations, which can be prohibitive for massive time series streams.

The key idea in [61] is to store jpool of sketches. The size of this pool
is significantly smaller than the entire set of sketches needed. However, it is
carefully chosen so that the sketch of any sub-vector in the origin&bvean
be computed irO(1) time fairly accurately. In fact, it can be shown that the
approximate sketches computed using this approach satisfy a slightly relaxed
version of Lemma 9.1. We refer details to [61].
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4.3 Sketches and their applications in Data Streams

In the previous sections we discussed the application of sketches to the pro
lem of massive time series. Some of the methods such as fixed window sketch
computation are inherently offline. This does not suffice in many scenarios
which it is desirable to continuously compute the sketch over the data stream.
Furthermore, in many cases, it is desirable to efficiently use this sketchen ord
to work with a variety of applications such as query estimation. In this subsec-
tion, we will discuss the applications of sketches in the data stream scenario.
Our earlier discussion corresponds to a sketch ofithe seriedtself, and en-
tails the storage of the random vector required for sketch generatioite $ubh
a technique can be used effectively for massive time series, it canventsabe
used for time series data streams.

However, in certain other applications, it may be desirable to track¢he
quencief the distinct values in the data stream. In this caséyif. .. uy)
be the frequencies oV distinct values in the data stream, then the sketch is
defined by the dot product of the vectar; ... uy) with a random vector of
size N. As in the previous case, the number of distinct ite¥hgay be large,
and therefore the size of the corresponding random vector will alsadpe |A
natural solution is to pre-generate a sek@dndom vectors, and whenever the
ith item is received, we add to thejth sketch component. Therefore, the
random vectors may need to be pre-stored in order to perform the cdinputa
However, the explicit storage of the random vector will defeat the meud
the sketch computation, because of the high space complexity.

The key here is to store the random vectors implicitly in the form of a seed,
which can be used to dynamically generate the vector. The key idea didcuss
in [6] is that it is possible to generate the random vectors from a seedeof siz
O(log(NV)) provided that one is willing to work with the restriction that the
values ofr! € {—1,+1} are only 4-wise independent. We note that having
a seed of small size is critical in terms of the space-efficiency of the method.
Furthermore, it has been shown in [6] that the theoretical results onlyjreeq
4-wise independence. In [44], it has also been shown how to useReker
codes in order to generate 7-wise independent random numbers mb#sd
suffices for the purpose of wavelet decomposition of the frequentytdison
of different items.

Some key properties of the pseudo-random number generation ap e
the sketch representation are as follows:

= A given component{ can be generated in poly-logarithmic time from
the seed.

= The dot-product of two vectors can be approximately computed using
only their sketch representations. This follows from the fact that the
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dot product of two vectors is closely related to the Euclidean distance,
a quantity easily approximated by the random projection approach [64].
Specifically, ifU andV be two (normalized) vectors, then the euclidean
distance and dot product are related as follows:

U-VI?P=UIP+|IVI?-2-T-V (9.10)
(9.11)

This relationship can be used to establish bounds on the quality of the dot
product approximation of the sketch vectors. We refer to [44] for details
of the proof.

The first property ensures that the sketch components can be upddtean-
tained efficiently. Whenever thén value is received, we only need to a¢gdo

the jth component of the sketch vector. Since the quanfityan be efficiently
computed, it follows that the update operations can be performed efficiently
as well. In the event that the data stream also incorporates frequentsco
with the arriving items (item is associated with frequency coufiti)), then

we simply need to add (¢) - =/ to the jth sketch component. We note that
the efficient and accurate computation of the dot product of a given tirmesse
with the random vector is a key primitive which can be used to compute many
properties such as the wavelet decomposition. This is because eadetwave
coefficient can be computed as the dot product of the wavelet basis with th
corresponding time series data stream; an approximation may be determined
by using only their sketches. The key issue here is that we also needetob sk
representation of the wavelet basis vectors, each of which mayxake time

in the worst case. In general, this can be time consuming; however tharwork
[44] shows how to do this in poly-logarithmic time for the special case in which
the vectors are Haar-basis vectors. Once the coefficients have trepated,

we only need to retain thB coefficients with the highest energy.

We note that one property of the results in [44] is that it uses the sketch
representation of the frequency distribution of tirgginal streamin order to
derive the wavelet coefficients. A recent result in [16] wadkectly with the
sketch representation of the wavelet coefficients rather than the slegich r
sentation of the original data stream. Another advantage of the work in [16]
is that the query times are much more efficient, and the work extends to the
multi-dimensional domain. We note that while the wavelet representation in
[44] is space efficient, the entire synopsis structure may need to be tbiarhe
updates and every wavelet coefficient must be touched in order to érizbst
B coefficients. The technigue in [16] reduces the time and space effidiency
both updates and queries.

The method of sketches can be effectively used for second momentiand jo
estimation. First, we discuss the problem of second moment estimation [6] and
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illustrate how it can be used for the problem of estimating the size of self joins.
Consider a set ofi quantitative value$/ = (u;...uy). We would like to
estimate the second momed&t2. Then, as before generate the random vectors
rl...r*, (each of sizéV), and compute the dot product of these random vectors
with U to create the sketch components denotedby. . S. Then, it can be
shown that the expected value$)f is equal to the second moment. In fact, the
approximation can be bounded with high probability.

LEMMA 9.4 By selecting the median @?(log(1/6)) averages ofO(1/¢?)
copies ofS2, it is possible to guarantee the accuracy of the sketch based ap-
proximation to withinl =¢ with probability at leastl — 6.

In order to prove the above result, the first step is to show that the expecte
value of S? is equal to the second moment, and the variance of the variable
52 is at most twice the square of the expected value. The orthogonality of
the random projection vectors can be used to show the first result add the
wise independence of the valuesrdfcan be used to show the second. The
relationship between the expected values and variance imply that the Glegbyc
inequality can be used to prove that the averag&(@f/e?) copies provides
the e bound with a constant probability which is at le&g8. This constant
probability can be tightened to at ledst- § (for any small value ob) with
the use of the median @P(log(1/0)) independent copies of these averages.
This is because the median would lie outside ¢h®und only if more than
log(1/0)/2 copies (minimum required number of copies) lie outside theund.
However, the expected number of copies which lie outside-tha@und is only
log(1/0)/8, which is less than above-mentioned required number of copies by
3 -1og(1/9)/8. The Chernoff tail bounds can then be applied on the random
variable representing the number of copies lying outside-eund. This can
be used to show that the probability of more than half th¢ll¢g) copies lying
outside the-bound is at mosi. Details of the proof can be found in [6].

We note that the second moment immediately provides an estimation for
self-joins. If u; be the number of items corresponding to itievalue, then
the second moment estimation is exactly the size of the self-join. We further
note that the dot product function is not the only one which can be estimated
from the sketch. In general, many functions such as the dot produci,sthe
distance, or the maximum frequency items can be robustly estimated from the
sketch. This is essentially because the sketch simply projects the time series
onto a new set of (expected) orthogonal vectors. Therefore maatiamal
invariant properties such as tle distance, dot product, or second moment are
approximately preserved by the sketch.

A number of interesting techniques have been discussed in [5, 26, 27] in
order to perform the estimation more effectively over general joins and multi-
joins. Consider the multi-join problem on relatioR4, R2, R3, in which we
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wish to join attributed of R1 with attributeB of R2, and attribut€’ of R2 with
attribute D of R3. Let us assume that the join attribute B with R2 hasN
distinct values, and the join attribute 82 with R3 hasM distinct values. Let
£ (@) be the number of tuples iR1 with valuei for attributeA. Letg(i, j) be the
number of tuples k2 with valuesi and; for attributesB andC respectively.
Let h(j) be the number of tuples iR3 with valuej for join attributeC'. Then,
the total estimated join sizé is given by the following:

N M

J=Y">"f@)-g(i,5) - h(j) (9.12)

i=1 j=1

In order to estimate the join size, we crett® independentlgenerated fam-
ilies of random vectors! ...7* ands!...s*. We dynamically maintain the
following quantities, as the stream pomts are received:

N .
= Z f@) -] (9.13)
N M
ZZ sl (9.14)
=1 k=1 o |
Zi =" "h(k) s (9.15)
k=1

It can be shown [5], that the quanti® - ZJ - Z} estimates the join size. We
can use the multiple components of the sketch (different valugsiobrder to
improve the accuracy. It can be shown that the variance of this estimatgsis eq
to theproduct of the self-join sizder the three different relations. Since the tail
bounds use the variance in order to provide quality estimates, a large ¥alue o
the variance can reduce the effectiveness of such bounds. Thisicufzaly a
problem if the composite join has a small size, whereas the product of the self
join sizes is very large. In such cases, the errors can be very largkaiion to
the size of the result itself. Furthermore, the product of self-join sizesases
with the number of joins. This degrades the results. We further note that the
error bound results for sketch based methods are proved with the tise of
Chebychev inequality, which depends upon a low ratio of the varianceud re
size. A high ratio of variance to result size makes this inequality ineffective,
and therefore the derivation of worst-case bounds requires a gneaitder of
sketch components.

An interesting observation in [26] is that gketch partitioning In this
technique, we intelligently partition the join attribute domain-space and use
it in order to compute separate sketches of each partition. The resulting join



190 DATA STREAMS: MODELS AND ALGORITHMS

estimate is computed as the sum over all partitions. The key observation here
is that intelligent domain partitioning reduces the variance of the estimate, and
is therefore more accurate for practical purposes. This method haseslso b
discussed in more detail for the problem of multi-query processing [27].
Another interesting trick for improving join size estimation is thaskétch
skimming[34]. The key insight is that the variance of the join estimation is
highly affected by the most frequent components, which are typically small in
number. A high variance is undesirable for accurate estimations. Therefe
treat the frequent items in the stream specially, and can separately trackAhe
skimmed sketch can be constructed by subtracting out the sketch components
of these frequent items. Finally, the join size can be estimated as a 4-wise
addition of the join estimation across two pairs of partitions. It has been shown
that this approach provides superior results because of the redaicadoe of
the estimations from the skimmed sketch.

4.4 Sketches withp-stable distributions

In our earlier sections, we did not discuss the effect of the distributmm fr
which the random vectors are drawn. While the individual componentsof th
random vector were drawn from the normal distribution, this is not the only
possibility for sketch generation. In this section, we will discuss a special
set of distributions for the random vectors which are referred tp-sigble
distributions. A distributiorc is said to bep-stable, if it satisfies the following

property:

DEFINITION 9.5 For any set ofV i.i.d. random variablesX; ... X drawn
from ap-stable distributionC, and any set of real numbeis . . . a, the random
variable (YN | a; - X;3) /(N a?)(1/P) is drawn fromL.

A classic example of the-stable distribution is the normal distribution with
p = 2. In generap-stable distributions can be defined foe (0, 2].

The use ofp-stable distributions has implications in the construction of
sketches. Recall, that théh sketch component is of the form Y | u; - 7,
whereu; is the frequency of théth distinct value in the data stream. If each
7] is drawn from gp-stable distribution, then the above sum is also a (scaled)
p-stable distribution, where the scale coefficient is given(By., u?)(/?).

The ability to use thexact distributionof the sketch provides much stronger
results than just the use of mean and variance of the sketch components. We
note that the use of only mean and variance of the sketch components often
restricts us to the use of generic tail bounds (such as the Chebychewlitgq

which may not always be tight in practice. However, the knowledge of the
sketch distribution can potentially provide very tight bounds on the behafior
each sketch component.
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An immediate observation is that the scale coefficigny , u?)(/P) of
each sketch component is simply thg-norm of the frequency dlstrlbutlon of
the incoming items in the data stream. By usidgdog(1/5)/e?) independent
sketch components, it is possible to approximatetpenorm within e with
probability at least — §. We further note that the use of tlig norm provides
the number of distinct values in the data stream. It has been shown in [17] tha
by usingp — 0 (small values op), it is possible to closely approximate the
number of distinct values in the data stream.

Other Applications of Sketches.  The method of sketches can be used for a
variety of other applications. Some examples of such applications include the
problem ofheavy hitterg13, 18, 76, 21], a problem in which we determine the
most frequent items over data streams. Other problems include those of finding
significant network differences over data streams [19] and findingties

[46, 50] over data streams. Another interesting application is that of signific
differences between data streams [32, 33], which has applications irousne
change detection scenarios. Another recent application to sketchieedrato

XML and tree-structured data [82, 83, 87]. In many cases, thesgsgaean

be used for efficient resolution of the structured queries which afegzein

the XQuery pattern-specification language.

Recently sketch based methods have found considerable applications to ef
ficient communication of signals in sensor networks. Since sensorstéegyba
constrained, itis critical to reduce the communication costs of the transmission.
The space efficiency of the sketch computation approach implies that ilstan a
be used in the sensor network domain in order to minimize the communication
costs over different processors. In[22, 67, 50], it has beenshow to extend
the sketch method to distributed query tracking in data streams. A particularly
interesting method is the technique in [22] which reduces the communication
costs further by using sketch skimming techniques [34], in order to rexhme
munication costs further. The key idea is to use models to estimate the future
behavior of the sketch, and make changes to the sketch only when tkere ar
significant changes to the underlying model.

4.5 The Count-Min Sketch

One interesting variation of the sketching method for data streams is the
count-min sketctwhich uses a hash-based sketch of the stream. The broad ideas
in the count-min sketch were first proposed in [13, 29, 30]. Subsdigutre
method was enhanced with pairwise-independent hash functions, foemhaliz
and extensively analyzed for a variety of applications in [20].

In the count-min sketch, we usén(1/9)] pairwise independent hash func-
tions, each of which map on to uniformly random integers in the réihgg'e|,
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wheree is the base of the natural logarithm. Thus, we maintain a total of
[In(1/4)] hash tables, and there are a totalfin(1/9)/¢) hash cells. This
apparently provides a better space complexity than @@n(1/5)/€%) bound
of AMS sketches in [6]. We will discuss more on this point later.

We apply each hash function to any incoming element in the data stream, and
add the count of the element to each of the correspondirig/J)]| positions
in the different hash tables. We note that because of collisions, the H#sh ta
counts will not exactly correspond to the count of any element in the incoming
data stream. When incoming frequency counts are non-negative, thabées
counts will over-estimate the true count, whereas when the incoming freguen
counts are either positive or negative (deletions), the hash table cowldtlpe
either an over-estimation or an under-estimation. In either case, the use of th
median count of the hash position of a given element amon@tt&(1/6))
counts provided by the different hash functions provides a estimate wich
within a3 - € factor of theL;-norm of element counts with probability at least
1 — 6Y4[20]. In other words, if the frequencies of thé different items are
f1-..fn, then the estimated frequency of the iteérie betweenf; — 3 - ¢ -
SN Ifilandfi +3-¢- 3N | | £;] with probability at least — 6/, The proof
of this result relies on the fact that the expected inaccuracy of a givieyp £
is at moste - Zi]\il | fi|/e, if the hash function is sufficiently uniform. This is
because we expect the count of other (incorrect) entries which maptmnto
position of; to beZie[l,N},iyéj fi - ¢/ e for a sufficiently uniform hash function

with [e/€] entries. This is at most equal to 3" | |f;|/e. By the Markov
inequality, the probability of this number exceedihg: - Zi]il | fi] is less than
1/(3-e) < 1/8. By using the earlier Chernoff bound trick (as in AMS sketches)
in conjunction with the median selection operation, we get the desired result.

In the case of non-negative counts, themimum counof any of the Ir{1/0)
possibilities provides a tighterbound (of theL;-norm) with probability at
leastl — 4. In this case, the estimated frequency of itelies betweery; and
fit+e- Zﬁil fi with probability at least — §. As in the previous case, the
expected inaccuracy &s Zfil fi/e. Thisis less than the maximum bound by
a factor ofe. By applying the Markov inequality, it is clear that the probability
that the bound is violated for a given entrylige. Therefore, the probability
that it is violated by all logl /5) entries is at mostl /¢)!09(1/9) = 5,

For the case of non-negative vectors, the dot product can be estitmated
computing the dot product on the corresponding entries in the hash tatdk. E
of the [In(1/4)] such dot products is an over estimate, and the minimum of
these provides anbound with probability at leadt— 6. The dot product result
immediately provides bounds for join size estimation. Details of extending the
method to other applications such as heavy hitters and quantiles may be found
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in [20]. In many of these methods, the time and space complexity is bounded
above byO(In(1/4)/e), which is again apparently superior to the AMS sketch.
As noted in [20], the-bound in the count-min sketch cannot be directly com-
pared with that of the AMS sketch. Thisis because the AMS sketch pravides
e-bound as a function of the,-norm, whereas the method in [20] provides the
e-bound only in terms of th&,-norm. ThelL;-norm can bguadraticallylarger
(than theLy-norm) in the most challenging case of non-skewed distributions,
and the ratio between the two may be as larg¢/as Therefore, thequivalent
value ofe in the count-min sketch can be smaller than that in the AMS sketch
by a factor ofy/N. SinceN is typically large, and is in fact the motivation of
the sketch-based approach, terst-casd¢ime and space complexity of a truly
equivalent count-min sketch may brgnificantlylarger for practical values of
€. While this observation has been briefly mentioned in [20], there seems to be
some confusion on this point in the current literature. This is because of the
overloaded use of the parametewhich has different meaning for the AMS
and count-min sketches. For the skewed case (which is quite common), the
ratio of theL;-norm to theL,-norm reduces. However, since this case is less
challenging, the general methods no longer remain relevant, and a number o
other specialized methods (eg. sketch skimming [34]) exist in order to improve
the experimental and worst-case effectiveness of both kinds of seetch
would be interesting to experimentally compare the count-min and AMS meth-
ods to find out which is superior in different kinds of skewed and rawsd
cases. Some recent results [91] seem to suggest that the count-mimisketc
experimentally superior to the AMS sketch in terms of maintaining counts of
elements. On the other hand, the AMS sketch seems to be superior in terms
of estimating aggregate functions such asfhaenorm. Thus, the count-min
sketch does seem to have a number of practical advantages in mangagena

4.6 Related Counting Methods: Hash Functions for
Determining Distinct Elements

The method of sketches is a probabilistic counting method whereby a ran-
domized function is applied to the data stream in order to perform the counting
in a space-efficient way. While sketches are a good method to detdargee
aggregate signalsthey are not very useful for counting infrequently occur-
ring items in the stream. For example, problems such as the determination of
the number of distinct elements cannot be performed with sketches. For this
purpose, hash functions turn out to be a useful choice.

Consider a hash function that renders a mapping from a given word to an
integer in the rangén, 2 — 1]. Therefore, the binary representation of that
integer will have length.. The position (least significant and rightmost bit is
counted as 0) of the rightmost 1-bit of the binary representation of thaginte
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is tracked, and the largest such value is retained. This value is logarithmically
related to the number of distinct elements [31] in the stream.

The intuition behind this result is quite simple. For a sufficiently uniformly
distributed hash function, the probability of tith bit on the right taking on the
first 1-value is simply equal t2—~!. Therefore, forV distinct elements, the
expected number of records taking on tthebit as the first 1-value &=~ N,
Therefore, wheri is picked larger than Iqg@V), the expected number of such
bitstrings falls off exponentially less than 1. It has been rigorously sH8din
that the expected position of the rightmost BitR] is logarithmically related
to the number of distinct elements as follows:

E[R] = log,(¢N), ¢ = 0.77351 (9.16)

The standard deviation(R) = 1.12. Therefore, the value ak provides an
estimate for the number of distinct elemenis

The hash function technique is very useful for those estimations in which
non-repetitive elements have the same level of importance as repetitive ele-
ments. Some examples of such functions are those of finding distinct values
[31, 43], mining inverse distributions [23], or determining the cardinalitysdf s
expressions [35]. The method in [43] uses a technique similar to that destus
in [31] in order to obtain a random sample of the distinct elements. This is then
used for estimation. In [23], the problem of inverse distributions is disclisse
in which it is desirable to determine the elements in the stream with a particular
frequency level. Clearly such an inverse query is made difficult by tbe fa
that a query for an element with very low frequency is equally likely to that of
an element with very high frequency. The method in [23] solves this problem
using a hash based approach similar to that discussed in [31]. Anokkiedre
problem is that of finding the number distinct elements a join after elim-
inating duplicates. For this purpose, a join-distinct sketch (or JD-Sketah)
proposed in [36], which uses a 2-level adaptation of the hash fungtjamoach
in [31].

4.7 Advantages and Limitations of Sketch Based Methods

One of the key advantages of sketch based methods is that they re@uiee sp
which is sublinear in the data size being considered. Another advantage of
sketch based methods that it is possible to maintain sketches in the presence
of deletions. This is often not possible with many synopsis methods such as
random samples. For example, whenihetem with frequency (¢) is deleted,
the jth component of the sketch can be updated by subtragtiig - fromiit.
Another advantage of using sketch based methods is that they are éixtazidy
space efficient, and require space which is logarithmic imtiaber of distinct
itemsin the stream. Since the number of distinct items is significantly smaller
than the size of the stream itself, this is an extremely low space requirement.
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We note that sketches are based on the Lipshitz embeddings, whictvpraser
number of aggregate measures such as therm or the dot product. However,
the entire distribution on the data (including the local temporal behavior) are
not captured in the sketch representation, unless one is willing to work with a
much larger space requirement.

Most sketch methods are based on analysis along a single dimensional strea
of data points. Many problems in the data stream scenario are inherently multi-
dimensional, and may in fact involve hundreds or thousands of indepeaie
simultaneous data streams. In such cases, it is unclear whether sketdh bas
methods can be easily extended. While some recent work in [16] provides a
limited methods for multi-dimensional queries, these are not easily extensible
for more general problems. This problem is not however unique to skassub
methods. Many other summarization methods such as wavelets or histograms
can be extended in a limited way to the multi-dimensional case, and do not
work well beyond dimensionalities of 4 or 5.

While the concept of sketches is potentially powerful, one may question
whether sketch based methods have been used for the right problemdétahe
stream domain. Starting with the work in [6], most work on sketches focuses
on theaggregate frequendyehavior of individual items rather than the tempo-
ral characteristics of the stream. Some examples of such problems are those
of finding the frequent items, estimation fséquency momentsandjoin size
estimation The underlying assumption of these methods is an extremely large
domain sizeof the data stream. The actual problems solved (aggregate fre-
guency counts, join size estimation, moments) are relatively simple for modest
domain sizes in many practical problems over very fast data streams. & thes
cases, temporal information in terms of sequential arrival of items is aggeeg
and therefore lost. Some sketch-based techniques such as thoseperféim
temporal analysis over specific time windows. However, this method has much
larger space requirements. It seems to us that many of the existing ske¢ch ba
methods can be easily extended to the temporal representation of the stream. |
would be interesting to explore how these methods compare with other synopsis
methods for temporal stream representation.

We note that the problem of aggregate frequency counts is made difficult
only by the assumption ofery large domain sizesand not by the speed of
the stream itself. It can be argued that in most practical applications, the da
stream itself may be very fast, but the number of distinct items in the stream
may be of manageable size. For example, a motivating application in [44] uses
the domain of call frequencies of phone records, an application in whech th
number of distinct items is bounded above by the number of phone numbers of
a particular phone company. With modern computers, it may even be possible
to hold the frequency counts of a few million distinct phone numbers in a main
memory array. In the event that main memory is not sufficient, many efficient
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disk based index structures may be used to index and update frequemty.c

We argue that many applications in the sketch based literature which attempts to
find specific properties of the frequency counts (eg. second momentsizein
estimation, heavy hitters) may in fact be implemented trivially by using simple
main memory data structures, and the ability to do this will only increase over
time with hardware improvements. There are however a number of applica-
tions in which hardware considerations make the applications of sketctl base
methods very useful. In our view, the most fruitful applications of sketed
methods lie in its recent application to the sensor network domain, in which
in-network computation, storage and communication are greatly constrained b
power and hardware considerations [22, 67, 68]. Many distributplicagions

such as those discussed in [9, 24, 70, 80] are particularly suited to phiscagh.

5. Histograms

Another key method for data summarization is that of histograms. In the
method of histograms, we essentially divide the data along any attribute into a set
of ranges, and maintain the count for each bucket. Thus, the spageragnt
is defined by the number of buckets in the histogram. A naive representation
of a histogram would discretize the data into partitions of equal length (equi-
width partitioning) and store the frequencies of these buckets. At this pant,
point out a simple connection between the histogram representation and Haa
wavelet coefficients. If we construct the wavelet representation dfedjaency
distributionof a data set along any dimension, then the (non-normalized) Haar
coefficients of any order provide the difference in relative frequenciequi-
width histogram buckets. Haar coefficients of different orders spord to
buckets of different levels of granularity.

It is relatively easy to use the histogram for answering different kirfds o
gueries such as range queries, since we only need to determine thieusektetb
which lie within the user specified ranges [69, 81]. A number of strategies ¢
be devised for improved query resolution from the histogram [69, 81884

The key source of inaccuracy in the use of histograms is that the distribution
of the data points within a bucket is not retained, and is therefore assurbed to
uniform. This causes inaccuracy because of extrapolation at the ljoeng-
aries which typically contain only a fractional part of a histogram. Thus, an
important design consideration in the construction of histograms is the determi-
nation of how the buckets in the histogram should be designed. For example,
each range is divided into equi-width partitions, then the number of data points
would be distributed very unequally across different buckets. If dwatk-
ets include the range boundary of a query, this may lead to inaccuratg quer
estimations.
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Therefore, a natural choice is to pick equi-depth buckets, in whichreage
contains an approximately equal number of points. In such cases, the nmaximu
inaccuracy of a query is equal to twice the count in any bucket. Howaver
the case of a stream, the choice of ranges which would result in equi-depth
partitions is not known a-priori. We note that the design of equi-depthdisck
is exactly the problem of quantile estimation in data streams, since the equi-
depth partitions define different quantiles in the data.

A different choice for histogram construction is that of minimizing the fre-
guency variance of the different values within a bucket, so that the ramifo
distribution assumption is approximately held for queries. This minimizes the
boundary error of extrapolation in a query. Thus, if a bucketvith count
C(B) contains the frequency &fB) elements, then average frequency of each
elementin the bucketi§(B)/I(B). Let f1... fip) be the frequencies of ttie
values within the bucket. Then, the total varian¢®) of the frequencies from
the average is given by:

l

v(B) =Y (fi— C(B)/U(B))? (9.17)

i=1

Then, the total varianc¥ across all buckets is given by the following:
V=> u(B) (9.18)
B

Such histograms are referred to\&®©ptimal histogramsA different way of
looking at the V-optimal histogram is as a least squares fit to the frequency
distribution in the data. Algorithms for V-Optimal histogram construction have
been proposed in [60, 63]. We also note that the objective function t@be o
timized has the form of an,-difference function between two vectors whose
cardinality is defined by the number of distinct values. In our earlier easer
tions, we noted that sketches are particularly useful in tracking sucegeaig
functions. This is particularly useful in the multi-dimensional case, where the
number of buckets can be very large as a result of the combination ofea larg
number of dimensions. Therefore sketch-based methods can be ugkd fo
multi-dimensional case. We will discuss this in detail slightly later. We note
that a number of other objective functions also exist for optimizing histogram
construction [86]. For example, one can minimize the difference in the area
between the original distribution, and the corresponding histogram fit.eSinc
the space requirement is dictated by the number of buckets, it is also degirab
minimize it. Therefore, the dual problem of minimizing the number of buckets,
for a given threshold on the error has been discussed in [63, 78].

One problem with the above definitions is that they use they use absolute
errors in order to define the accuracy. It has been pointed out irtiaBlhe
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use of absolute error may not always be a good representation ofrtire er
Therefore, some methods for optimizing relative error have been pedpos
[53]. While this method is quite efficient, it is not designed to be a data stream
algorithm. Therefore, the design of relative error histogram construétio

the stream case continues to be an open problem.

5.1 One Pass Construction of Equi-depth Histograms

In this section, we will develop algorithms for one-pass construction df equ
depth histograms. The simplest method for determination of the relevant quan-
tiles in the data is that of sampling. In sampling, we simply compute the
estimated quantile(S) € [0, 1] of the true quantiley € [0, 1] on a random
sampleS of the data. Then, the Hoeffding inequality can be used to show
thatq(S) lies in the rangdq — €, ¢ + €) with probability at least — ¢, if the
sample size is chosen larger thaR (log(8)/e2). Note that this sample size is
a constant, and is independent of the size of the underlying data stream.

Letw be the value of the element at quantilerhen the probability of includ-
ing an element ity with value less tham is a Bernoulli trial with probability;.
Then the expected number of elements less ttiag - | S|, and this number lies
in the interval(¢£e¢) with probability at leas - e~2151<* (Hoeffding inequal-
ity). By picking a value of S| = O(log(6)/€?), the corresponding results may
be easily proved. A nice analysis of the effect of sample sizes on histagma-
struction may be found in [12]. In addition, methods for incremental histogra
maintenance may be found in [42]. TB&log(5)/c?) space-requirements have
beentightened t®(log(d)/¢) in a variety of ways. For example, the algorithms
in [71, 72] discuss probabilistic algorithms for tightening this bound, wierea
the method in [49] provides a deterministic algorithm for the same goal.

5.2 Constructing V-Optimal Histograms

An interesting offline algorithm for constructing V-Optimal histograms has
been discussed in [63]. The central idea in this approach is to set upanity
programming recursion in which the partition for the last bucket is determined.
Let us consider a histogram drawn on tNeordered distinct value ... N].

Let Opt(k, N) be the error of the V-optimal histogram for the firstvalues,
andk buckets.Let/ ar(p, ¢) be the variances of values indexed;bthroughg

in (1...N). Then, if the last bucket contains values. . N, then the error of
the V-optimal histogram would be equal to the sum of the error ofthe 1)-
bucket V-optimal histogram for values upite- 1, added to the error of the last
bucket (which is simply the variance of the values indexed lbigrough V).
Therefore, we have the following dynamic programming recursion:

Opt(k, N) = min{Opt(k —1,r — 1) + Var(r,N)} (9.19)
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We note that there a@ (N - k) entries for the saDpt(k, N), and each entry can
be computed ifO(N) time using the above dynamic programming recursion.
Therefore, the total time complexity 3(N? - k).

While this is a neat approach for offline computation, it does not really
apply to the data stream case because of the quadratic time complexity. In
[54], a method has been proposed to constfict ¢)-optimal histograms
in O(N - k% -log(N)/e) time andO(k? - log(IN) /€) space. We note that the
number of buckets is typically small, and therefore the above time complexity
is quite modest in practice. The central idea behind this approach is that the
dynamic programming recursion of Equation 9.19 is the sum of a monotonically
increasing and a monotonically decreasing function ifthis can be leveraged
to reduce the amount of search in the dynamic programming recursion, if one
is willing to settle for a(1 + ¢)-approximation. Details may be found in [54].
Other algorithms for V-optimal histogram construction may be found in [47,
56, 57].

5.3 Wavelet Based Histograms for Query Answering

Wavelet Based Histograms are a useful tool for selectivity estimation, and
were first proposed in [73]. In this approach, we construct the Maaelet
decomposition on the cumulative distribution of the data. We note that for a
dimension with/V distinct values, this require wavelet coefficients. As is
usually the case with wavelet decomposition, we retairBhéaar coefficients
with the largest absolute (normalized) value. The cumulative distribétion
atagiven valué can be constructed as the sundiifog(/V)) coefficients on the
error-tree. Then for a range qugry b], we only need to comput&b) — 6(a).

In the case of data streams, we would like to have the ability to maintain the
wavelet based histogram dynamically. Inthis case, we perform the maigtena
with frequency distributions rather than cumulative distributions. We note that
when a new data stream elemenarrives, the frequency distribution along a
given dimension gets updated. This can lead to the following kinds of ckange
in the maintained histogram:

= Some of the wavelet coefficients may change and may need to be updated.
An important observation here is that only thélog(V)) wavelet coef-
ficients whose ranges includemay need to be updated. We note that
many of these coefficients may be small and may not be included in the
histogram in the first place. Therefore, only those coefficients whieh ar
already included in the histogram need to be updated. For a coefficient
including a range of length = 27 we update it by adding or subtract-
ing 1/1. We first update all the wavelet coefficients which are currently
included in the histogram.
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= Some of the wavelet coefficients which are currently not included in the
histogram may become large, and may therefore need to be added to it.
Let ¢4, be the minimum value of any coefficient currently included in
the histogram. For a wavelet coefficient with rarige- 29, which is
not currently included in the histogram, we add it to be histogram with
probability1/(l* ¢ ). The initial value of the coefficient is setig, .

= The addition of new coefficients to the histogram will increase the total
number of coefficients beyond the space constrBinfTherefore, after
each addition, we delete the minimum coefficient in the histogram.

The correctness of the above method follows from the probabilistic counting
results discussed in[31]. Ithas been shownin [74] that this probabitigtibod
for maintenance is effective in practice.

54 Sketch Based Methods for Multi-dimensional
Histograms

Sketch based methods can also be used to construct V-optimal histograms
in the multi-dimensional case [90]. This is a particularly useful application
of sketches since the number of possible buckets inNfespace increases
exponentially withd. Furthermore, the objective function to be optimized has
the form of anLs-distance function over the different buckets. This can be
approximated with the use of the Johnson-Lindenstrauss result [64].

We note that eacll-dimensional vector can be sketched ovéf-space
using the same method as the AMS sketch. The only difference is that we
are associating the 4-wise independent random variablesdwdtmensional
items. The Johnson-Lindenstrauss Lemma implies thakhdistances in the
sketched representation (optimized og&b - d - log(N) /€?) possibilities) are
within a factor(1 + ¢) of the Lo-distances in the original representation for a
b-bucket histogram.

Therefore, if we can pick the buckets so thHat-distances are optimized
in the sketched representation, this would continue to be true for the original
representation within factdil + €). It turns out that a simple greedy algorithm
is sufficient to achieve this. In this algorithm, we pick the buckets greedily,
so that theL, distances in the sketched representation are optimized in each
step. It can be shown [90], that this simple approach provides a n&arabp
histogram with high probability.

6. Discussion and Challenges

In this paper, we provided an overview of the different methods for syn
opsis construction in data streams. We discussed random sampling, wavelets
sketches and histograms. In addition, many techniques such as clustaring ¢
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also be used for synopses construction. Some of these methods areetisous
more detail in a different chapter of this book. Many methods such adetave
and histograms are closely related to one another. This chapter expleres th
basic methodology of each technique and the connections betweenrdiffere
techniques. Many challenges for improving synopsis construction methods
remain:

= While many synopses construction methods work effectively in indi-
vidual scenarios, it is as yet unknown how well the different methods
compare with one another. A thorough performance study needs to be
conducted in understanding the relative behavior of different sysops
methods. One important point to be kept in mind is that the “trusty-old”
sampling method provides the most effective results in many practical
situations, where space is not constrained by specialized hardware con
siderations (such as a distributed sensor network). This is especially true
for multi-dimensional data sets with inter-attribute correlations, in which
methods such as histograms and wavelets become increasingly ineffec-
tive. Sampling is however ineffective in counting measures which rely
on infrequentbehavior of the underlying data set. Some examples are
distinct element counting and join size estimation. Such a study may
reveal the importance and robustness of different kinds of methods in a
wide variety of scenarios.

= Apossible areaofresearchisinthe direction of designiokload aware
synopsis construction methods [75, 78, 79]. While many methods for
synopsis construction optimize average or worst-case performance, the
real aim is to provide optimal results ftypicalworkloads. This requires
methods for modeling the workload as well as methods for leveraging
these workloads for accurate solutions.

= Most synopsis structures are designed in the context of quantitative or
categorical data sets. It would be interesting to examine how synopsis
methods can be extended to the case of different kinds of domains such as
string, text or XML data. Some recentwork in this direction has designed
methods for XCluster synopsis or sketch synopsis for XML data [82, 83,
87].

= Most methods for synopsis construction focus on construction of optimal
synopsis over thentire data streamIn many cases, data streams may
evolve over time, as a result of which it may be desirable to construct
optimal synopsis over specific time windows. Furthermore, this window
may not be known in advance. This problem may be quite challenging to
solve in a space-efficient manner. A number of methods for maintaining
exponential histograms and time-decaying stream aggregates [15, 48]
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try to account for evolution of the data stream. Some recent work on
biased reservoir samplifg] tries to extend such an approach to sampling
methods.

We believe that there is considerable scope for extension of the cayreoyisis
methods to domains such as sensor mining in which the hardware requirements
force the use of space-optimal synopsis. However, the objectivaenstremting

a given synopsis needs to be carefully calibrated in order to take thdispec
hardware requirements into account. While the broad theoretical foundatio

of this field are now in place, it remains to carefully examine how these methods
may be leveraged for applications with different kinds of hardware, coap
tional power, or space constraints.
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