TECHNICAT. UNIVERSITY OF CRETFE

DIPLOMA THESIS

Distributed Sliding-Window Matrix
Sketching

Author: Supervisor:
Eirini ASTERI Prof. Minos GAROFALAKIS

A thesis submitted in fulfillment of the requirements
for the degree of Diploma in

Electrical and Computer Engineering

August 5, 2016


http://www.tuc.gr
http://www.ece.tuc.gr




iii

Abstract

Streaming sketching algorithms are data-processing algorithms for the
summarization of an input data stream under memory and computational
constraints. Their input is a long or potentially unbounded sequence of
items that can be parsed a single (or a limited number of times), and the
objective is to construct a concise summary of the data —a sketch— which
can be later used to approximate a quantity of interest. In this work, we
focus on streaming matrix sketching methods: the input is a sequence of
vectors which can be regarded as the rows of a large matrix. We briefly
survey matrix sketching methods for generating various kinds of sketches.
We will mostly focus on the problem of approximating the principal sub-
space of a large matrix under the streaming model and we will describe
the state-of-the-art "Frequent Directions” method of Liberty, and extensions
to the distributed setting. We will further review very recent extensions of
this work to monitoring the principal subspace of a stream over a sliding-
time window. Here, the objective is to maintain a sketch that approximates
the desired quantity for the most recent segment of the input. We will con-
clude with a novel result on the distributed construction of sketches for the
sliding window model and future directions.
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Chapter 1

Introduction

Data Summarization is a key data mining concept which involves tech-
niques for finding a compact description of a large dataset. Large datasets
are often represented by large matrices. Such datasets are found in large
image analysis, where each row of a matrix may correspond to one im-
age and contain either raw pixels or derived feaure values, in information
retrieval, where textual data in the bag-of-words model is also represented
by a matrix whose rows correspond to documents and in many others large
scale machine learning applications where matrices contain feature vectors.
While matrix approximation and decomposition has been studied in nu-
merical linear algebra for many decades, these methods often require more
space and time than is feasible for very large scale settings, and also often
worry about more precision than is required.

The last decade has witnessed an explosion of work in matrix sketch-
ing, where a large matrix A is approximated with a concisely representable
matrix B, referred to as sketch, which preserves most of the properties of
A. This small space constraint is critical when the full data set cannot fit
in memory or disk. Much of the expensive computation can then be per-
formed on the smaller matrix, thereby accelerating the solution for the orig-
inal problem. Although there is a significant load of work in matrix sketch-
ing in recent years, we can categorize this work in three basic approaches,
random projection, column subset selection or row sampling and hashing. We
will briefly refer to these methods in the next section. Their comparison is
not straightforward since their objectives vary.

The task of approximating a matrix A becomes much more challenging
when it comes to the streaming model case. The streaming model, i.e. the
computational model in which only one pass of data is required, is very
attractive since the sketch can be constructed immediately upon the arrival
of data. This work highlights the recent advances in algorithms for matrix
sketching on either centralized or distributed data. Initially, we will focus
on Edo Liberty’s Frequent Directions streaming method presented in [B],
which deals with the problem of approximating the principal subspace of
a large matrix under the streaming model. Using this as a building block
we will later consider the case of distributed model in which the data is
distributed over a number of sites and we aim to approximate a summary
of these at the coordinator. In this context we will revise the work of Mina
Ghasami et al. [A] that deals with the distributed case employing Frequent
Directions sketches.

In the following, we will present a recent work [A] concerning the prob-
lem of maintaining sketches over a stream sliding window using limited
space. The authors present a framework that converts streaming mergeable
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sketches, such as Frequent Directions [3], to sliding window sketches. We
will conclude with a novel result on the distributed construction of sketches
for the sliding window model.



Chapter 2

Matrix Sketching

2.1 Matrix Sketching and the Stream Data Model

Many data mining algorithms assume that we are mining a database. That
is, that we can have access to all our data whenever we want it. The problem
of mining data becomes more challenging in the case where data arrives in
a stream or streams, i.e., an unbounded sequence of data items, and if it not
processed immediately or stored, then it is lost forever. Moreover, we shall
assume that the data arrives so rapidly it is not feasible to store it all in a
database, and then interact with them at the time of query. A very common
approach to answer queries on streams is to maintain a summary of the
stream. This summary may concern all data seen so far, or as we will see
in Chapter B, a sliding window of the stream. A sliding window can be the
most recent n elements of a stream, or it can be all the elements that arrived
within the last ¢ time units, e.g., one day.

Through out this work we will consider the row update streaming model,
where the stream is an ordered sequence of time-stamped rows, i.e., the
whole stream can be represented by a dynamic large matrix with a con-
stantly growing number of rows. In this work, we will revise several meth-
ods and models that aim to built a small summary of this large streaming
matrix, i.e., deal with the matrix sketching problem under the streaming
model assumption.

2.2 Matrix Sketching Approaches

Random Projection Random Projection method is widely used for low-
rank approximation [[14]],[[15]],[[16]]. Random Projection method projects
data points from a high dimensional space to a much lower dimensional
space by using a random matrix S € R>*? such that By, = SyxnAnxd. The
idea of random mapping comes from Johnson-Lindenstrauss (JL) lemma
[T3]. Intuitively, the JL lemma says that if you choose a random subspace
of the original space and project the points onto it, the pairwise distances
between points will probably be preserved. Random Projection method can
be easily computed in a streaming fashion requiring at most O(¢d) space
and O(/d) operations per row update.

Row Sampling or Column Subset Selection Sampling methods select a
subset of important rows (or columns) of the original matrix, often ran-
domly with respect to a well-defined probability distribution. Row sam-
pling methods vary in the way they define notion of importance. A simple
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streaming solution to the problem is obtained by sampling rows with prob-
ability proportional to their /[ norm requiring O(¢d) space and O(¢) update
running time.

2.3 Frequent Directions

In [B] Edo Liberty discovers the strong relationship between matrix sketch-
ing and frequent items. Based on the well known frequent items algorithm
of Misra and Gries [[], he proposes a simple and deterministic streaming
method for approximating a large matrix A with a concisely representable
matrix B such that

BB ~ ATA.

For intuition purposes we will shortly describe the frequent items prob-
lem, as well as the simple and deterministic algorithm proposed by Misra
and Gries [].

2.3.1 Frequent Items

Consider a set of d distinct items and a stream of n item appearances a1, . . . ay.
Clearly, each distinct item may appear more than once in the stream. The
problem of finding those items with frequency higher than a fraction e of
the total count n is known as Frequent Items Problem. A naive way to
solve this problem is by maintaining d counters, one for each distinct item,
but this would lead to O(n) space. The Frequent Items Problem dates back
to 1980s and has received a very simple and elegant solution by Misra and
Gries.

Misra and Gries (MG) algorithm instead of searching for the exact item
frequencies f;, uses O(¢) space with ¢/ < n and produces approximate fre-
quencies f;, such that |f; — f;| < n/f. Thus, instead of keeping n counters,
MG algorithm keeps ¢ counters. The algorithm relies on a simple process of
repeatedly "deleting" ¢ distinct items of a stream of n items, until less than
¢ distinct items remain.

So, let us consider that we have a bag of n items drawn from a bounded
set of d distinct items. The operation of deleting ¢ distinct elements can be
performed at most n/¢ times, since at the n//th round there will remain
nmodl < [ items. Lets assume that the process terminates after the tth
round, i.e., after the ¢ th round [ distinc items remain. At the end of this
process, each item has been deleted at most ¢ times, since in each round we
delete distinct items. Therefore, |f; — fj| <t<n/l,Vj=1,...,d. Clearly,
each item that does not appear in the final trimmed stream cannot have
original frequency greater than n /(.

More precisely, the algorithm works as follows. The algorithm is initial-
ized with ¢ zero valued counters. Upon the first arrival of an item j, one
of the counters is allocated to the item j and is set to one. Upon each new
arrival of an item i, three cases can occur. If there is already a counter al-
located to item ¢ then its count is increased by one. Else, if there is some
zero valued counter, then it is allocated to the new item 7 and is set to one.
Otherwise, if no empty counter exists, all counters are decremented by one
and the new item is discarded.
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Recall that Frequent Items problem’s goal is to calculate some approxi-
mate frequencies f; of f;, such that

Vield |fj—fil<en 2.1)

where € € [0, 1], n is the total count of items and [d] = {1, ...,d}.

Liberty’s work relies on the similarity of matrix sketching with the fre-
quent items problem. His matrix sketching method proposed in [3] is a
modified version of MG algorithm, where items are substituted with sin-
gular vector, the weights of items with singular values and the "deletion"
step with a "shrinking" step utilizing singular value decomposition (svd).

The matrix approximation problem studied by Liberty receives n rows
of a large matrix A € R"*¢ and maintains a smaller matrix B € R**? with
{ < n, such that

vx € RY x|l =1 [||Ax|* — |Bx|| < 2]|A|lF/¢. (2.2)
————

ellAlE

To illustrate the similarity between the matrix sketching and the fre-
quency approximation problem let us consider the restricted case where
the rows of A, .4 are indicated vectors, i.e., each row a; € {ey,...,e4},
where ¢; = (0,...,0,1,0,...,0). If we consider matrix A as a stream of
rows, then each row - item is a d-dimensional vector drawn from a bounded
domain of d vectors ey, ...,e4. Let f; denote the frequency, i.e. number of
appearances, of item e; in the matrix A. Then, f; can be easily calculated by
fi= HA@}-r . A good approximation matrix B can be obtained by finding a
matrix that guarantees that f; = ||BejT |? is a good approximation of f;. Re-
call that A has n rows and each row is a unit vector and, therefore ||A[|Z = 1.

From the above, | f; — f;| < en is equivalent to || Ax > — | Bx|]?| < ¢[|A|12.

2.3.2 Frequent Directions
Intuition

The intuition of Frequent Directions(FD) method is surprisingly similar to
the idea behind Frequent Items(FI) method. FI method periodically de-
creases ¢ different counters by the same amount. Similarly, FD method
"shrinks" ¢ orthogonal vectors by the same amount. Thereby, just as FI
method, that uses ¢ > 1/e counters, reveals each item with frequency higher
than en, FD method uncovers each unit vector, i.e. direction, x for which
[ Ax]? > e[ A]]3.

Algorithm

The algorithm begins by initializing a zero valued matrix By, 4. Input ma-
trix A is received in a streaming fashion, i.e. one row after the other. Upon
each arrival, the new row is inserted to a zero valued row of matrix B. If
no such a row exists, then the algorithm proceeds by running a "shrinking"
process. During the "shrinking" process, we initially calculate the singular
value decomposition of matrix B = UXV’, where ¥ = diag([o1, 02, . .., 0)])
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Algorithm 1 Frequent Directions [B]

input : / € N, A ¢ R4
output B € R4

1: B <+ Oyxq { Initialize all-zero sketch. }
2: fori=1,...,ndo
Copy A; (ith row of A) into a zero row of B.

4:  if B nas no zero valued row then
5: U, 3, V] + SVD(B) {Compute SVD; diag(X) contains the
singular values in descending order.}

6: § X2 12.0/2

7: 2 — \/max (22 — (51@)

8: B« SV’ {Upbdate B. Half the rows are zero valued.}
9: endif
10: end for

with 01 > 02 > ... > 0, > 0. Considering the singular vectors v; as items
and the corresponding singular values o; as their weights we proceed by
decreasing each weight, i.e. singular value, by roughly the same amount,
just as FI method decreases all counters by the same amount. After this step
at least half of the rows of sketch are all zero. The process is repeated for
each new arrival.

Mergeability

One of the most useful properties of the FD sketch is mergeability (see Def.
m).

Def. 1 (Mergeable Matrix Sketch). Let x be a matrix sketching algorithm that
given a matrix A and a parameter ¢ produces a matrix B < (A, ¢€) such that
size(B) < ¢ and err(A,B) < ¢ here, size(B) represents an arbitrarily defined
measure of the size of B, and err(A, B) represents an arbitrary function that mea-
sures the error of using B as a surrogate of A.. The sketching algorithm k is merge-
able iff there exists a merging algorithm Awerce(-, ) such that: for any nq x d
matrix Ay and ng X d matrix Ao with corresponding sketches By < k(A1 €) and
By < k(Aag,€), the merging algorithm produces a matrix B < Aygrce(B1, B2)
such that size(B) < ¢ and err(A,B) < ¢, where A is the (n1 + n2) x d matrix
formed by vertically stacking the rows of Ay and As.

Lemma 2.3.1 ([B]). The sketch produced by Frequent Directions (Alg. ) is merge-
able. Spefically, let A = [A], Aj]T be any n x d with rows arbitrarily partitioned
into two submatrices Ay and Ay and let By and By be the FD sketches (computed
by Alg.M) on Ay and A, respectively, with parameter {. By the guarantees of FD,
IAT A — BBy < 7[|Ayf and [|[A5 Az — By Ba|| < 7[|As|f. Let C be the
FD sketch of B = [B{ ,Bg]". Then,

2
|ATA-cCTC| <]l

Proof. The proof is given in Section 2.2 of [3]. O

Given mergeability, parallelization is trivial. A matrix can be partitioned
to disjoint segments across many machines. In this setting, each machine
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can independently compute a sketch of the local matrix; these sketches can
afterwards be combined in an arbitrary order to produce a sketch of the
total matrix.

Space, Accuracy and Running Time

The algorithm uses O(¢d) space and its error e decays proportionally to
1/¢. Other sketching approaches like random projection, row sampling and
hashing produce convergence rates proportional to 1/Z.

The singular value decomposition of an ¢ by d matrix requires O(d¢?).
The worst case update time of FD method comes from the SVD compu-
tation and it is therefore O(d(?). After the SVD computation half of the
sketches rows are nullified, that means that the SVD computation takes
place every at least ¢/2 rows. When the algorithm does not compute SVD,
the insertion of row in the sketch takes O(d) time. Therefore, the algorithm
has an amortized update time of O(dl). Frequent Directions method out-
performs its competitors in accuracy, but not in running time. For further
analysis the reader is referred to [3].






Chapter 3

Matrix Sketching on
Distributed Data

In the majority of data-management tasks today, data is collected over a
wide area, and at a constantly accelerating pace. The physical distribution
of data among multiple remote sites in conjunction with the communica-
tion constraints of the underlying network makes aggregation of data in
a single site and centralized processing not a viable option. The need for
processing queries over collections of remote data streams made distributed
streaming model [T0] popular in recent years. The problem of tracking and
approximating streaming data matrices becomes more challenging when
data are distributed across multiple remoted sites. In this context we re-
view the recent work of Ghashami et al. [6] who consider the problem of
continuous matrix approximation in the distributed streaming model.

3.1 Continuous Matrix Approximation

Ghashami et al. consider the problem where each site observes a disjoint
subset of rows of large matrix A in a streaming fashion, i.e. row after row,
and all sites must collaborate to continuously maintain a smaller matrix B
that approximates A (within specified error bounds).

3.1.1 Notation and Preliminaries

In the distributed model studied we consider m distributed sites {S1, ..., Sn}
and a coordinator site C'. Each site has a two-way communication with the
coordinator. Let ¢, denote the current time and A = (ay, ..., a,) € R"*? the
stream of rows seen by the union of all m sites so far. We assume row-wise
partition of data, which means that at each time step any item a; € R? ap-
pears at exactly one of the sites; and therefore we can denote the set of items
site S; processes as stream A; C A, where (., A; = @ and J*; A; = A.
Each row item is associated with a weight; we define the weight to be the
squared Iy norm of the row, i.e. w, = ||a,||?>. We assume that the squared
norm of every row is bounded by a value .

The objective is to maintain a much smaller matrix B € R™*¢ as an ap-
proximation to A € R"*? such that for any unit vector x € R**! we can

ensure that,
|[[Ax[|* = [|Bx|]*| < €| |A[[%
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The above expression is equivalent to
|ATA - B'B|* < ||A|l7

Their goal is to succeed such an approximation and at the same time
minimize the total communication between C' and all sites Si,...,.5,,. To
achieve this, they exploit the mergeability of Frequent Direction [3] sketches
by maintaining on each site S;, a sketch B; as an approximation to local
stream A;, and occasionally send it to C. Due to the mergeability of FD
sketch, C' can maintain a sketch B and merge each received sketch B; to B
without increasing the approximation error. Based on this idea the authors
design two different distributed matrix tracking protocols utilizing the FD
streaming method.

3.1.2 Matrix Tracking Protocol 1
Description

Each site S; maintains a sketch matrix B; € R2*4 of the rows seen so far at
the site and not sent to the coordinator. The rows of A; seen by site S; and
not yet sent to the coordinator are denoted by C;;ie. , C; C A; and B; =
sketch(C;). Moreover, each site maintains two counters, F; = ||C;||% and
F, an e-approximation of ||A||%. The coordinator maintains also a sketch
matrix B that approximates A, and F' approximating || A||%.

B 1 F: 1 Bm F, m F

Ny

F

FIGURE 3.1: Distributed setting.

The algorithm runs in epoch. At the beginning, each site sends the first
item received, to the coordinator for initialization of B and F. Therefore, the
received rows will be inserted in B and ' will be initialized with the sum of
weights, l» norms, associated with each received row. After initialization,
coordinator broadcasts F' to all sites and the first epoch begins. In each
epoch, each site S; runs the FD with error parameter ¢’ = ¢/2 on local stream
A;, and keeps updating B, and F;. Once the threshold (¢/ 2m)F is exceeded,
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it sends B; and F; to C.

Once a new sketch B; arrives at C, the coordinator runs FD on the rows
of the received sketch and merge its rows into its local sketch B. The coor-
dinator maintains also the sum of the received weights from all sites into a
temporary variable A. Once A reaches a threshold ¢ F, coordinator updates
and broadcasts I to all sites.

Algorithm 2 P1: Deterministic Matrix Tracking (at S;)

1: for (a,,wy) in round j do

2. Update B; + FD.(B;,a,); and F;+ = ||a,||%

3 if (F; > 7 = (¢/2m)F) then

4: Send (B;, F;) to coordinator; make B;, F; empty.
5. end if

6: end for

Algorithm 3 P1: Deterministic Matrix Tracking (at C)
: On input (B;, F;):
: Update sketch B < Merges(B,B;) and A+ = F;.
if (A/F > ¢/2) then
Update F' + F + A, reset and broadcast F to all sites.
end if

gk @ N

Space and Communication

An epoch ends when coordinator finds out A > (¢/2)F. Since each F; >
7 = (e/2m)F, in each epoch at most m messages are sent to C. Before end-
ing an epoch, C broadcasts the new value of F to all sites (+m one word
messages). Overall, in each epoch at most md/e’ words are communicated.
Thereby, the total communication is given by

1 1 1
0 m Ed Elog(ﬁN) = O(mdglog(ﬁN)>.
messages/epoch ~~ —

sketch size / message number of epochs

For further space, communication, and error analysis the reader is re-
ferred to [B].

3.1.3 Matrix Tracking Protocol 2

The first protocol proposed a protocol with a communication bound pro-
portional to 1/€ due to the fact that the site transmits the whole sketch
of size O(d/e) in each message. To reduce communications costs, one can
install "local filters" to all sites to allow them to only "push" significants up-
dates to the coordinator; of course, these distributed local filters would have
to be safe, in the sense that, they should guarantee the overall error bound
for the global query. By the same token, the authors propose a second proto-
col that reduces communication cost by transmitting only "large directions"
of a sketch, instead of the full sketch. To succeed this one can compute the
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singular vector decomposition of the sketch matrix [U, £V] = svd(B) and
transmit only those singular vectors v = V. j with singular value o; greater
than a threshold.

Description

All sites and coordinator maintain the same data structures as before. At
the beginning F is set to zero and is broadcasted to all sites. When site S;
receives a new row, it calls algorithm @ which basically transmits ||Bx||?
in direction x when when it is greater than a threshold provided by the
coordinator.At each new arrival the site also update the value of F; and
transmits it to the coordinator if it is higher that a threshold 7. Thereby, each
site transmits two kind of messages, scalar messages F; or vector messages
OjVj.

Once the coordinator receives a scalar message it updates F' and, after
m such messages it broadcasts F' to all sites. When a vector message arrives
at the coordinator, it is merges to the local sketch B.

Algorithm 4 P2: Deterministic Matrix Tracking (at S;)

P =l

if (F; > 7 = (¢/m)F) then
Send F to coordinator; set F;; = 0.
Set Bj — [Bj; a,-]
U, X, V] = svd(B;j)

end if

€ A
7: for (v;,0;) such that 07 > —F' do
m

8:  Send o;v; to coordinator; set o; = 0.
9: end for
10: B; =UxVT

S Tk @

Algorithm 5 P2: Deterministic Matrix Tracking (at C')

On scalar message F; from site S}
F4 = Fjand #msg+ = 1.
if (#msg > m) then
Set #msg = 0 and broadcast F to all sites.
end if
On a vector message ov: append B <« [B;ovV]

AL ol
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Chapter 4

Sliding Window Matrix
Sketching

4.1 The Logarithmic Method

In this section, we revise the Logarithmic Method (LM) of [6], a framework
for converting a (mergeable; see Def. ) streaming matrix sketch method
into a sliding window matrix sketching method. The framework is inspired
by the idea of Exponential Histograms [/] for monitoring simple statistics —
such as number of true bits in a streaming sequence- over a sliding window.
Using a streaming matrix sketching method as a black box, LM maintains
a variable collection —referred to as a histogram— of streaming sketches cor-
responding to different segments of the input sequence. The LM histogram
is continuously updated with the insertion of new sketches for the most re-
cent samples and the retirement of sketches associated with older samples.
At any point in time, the structure can produce a matrix sketch that answers
a query for the most recent samples within an allowed window of time.

Here, we consider the LM framework in the context of monitoring the
principal subspace of an input stream of vectors over a sliding time win-
dow. Consider an input stream S which is a sequence of time-stamped
d-dimensional vectors a; represented as the rows of an n x d matrix A, and
let W be the maximum width of the monitored time window. The objective
is to maintain a relatively small amount of information such that such that
at any time ¢ and given a query window of width w, we are able to generate
an ¢ x d matrix B such that

||A(Tt_w,t)A(t—w,t) - BTBH < EHA(t—w,t)”%a (4.1)

Here, A(;_, ;) denotes the submatrix of A corresponding to the vectors
(stream samples) that arrived within the time window (¢ — w,t]. The er-
ror function is referred to as the covariance error between A (;_,, ;) and B and
is denoted by

Cov-err(A(tfw,t)a B)éHAa—w,t)A(tfw,t) - BTBH

Dividing by the squared Frobenious norm of the input in the correspond-
ing window, ||A(;_y4 ||, yields the relative covariance error. The parame-
ters W, ¢ and e are design-parameters that affect the accuracy of the output
sketch, as well as the computational and memory requirements of the LM
structure and can be dependent on each other: for example, we will later
use Frequent Directions [3] (FD) as the black-box streaming matrix sketch-
ing method, and the parameter ¢ which determines the number of rows of
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the matrix sketch will be a function of the accuracy parameter e.

In the sequel, we describe the LM framework in the context of approx-
imating the recent input vectors with a sketch that approximately mini-
mizes the relative covariance error. As explained, the LM framework uti-
lizes a streaming matrix sketching method (oblivious to the sliding win-
dow requirement). In our context, we will focus on the Frequent Direc-
tions [B] (FD) streaming matrix sketching method for approximating the
principal subspace of the input stream. However, we will keep the sub-
sequent description more general, requiring that the black-box streaming
matrix sketching method satisfies certain assumptions. As we will show,
the FD method satisfies those assumptions.

Def. 2 (Mergeable Matrix Sketch). Let k be a matrix sketching algorithm that
given a matrix A and a parameter e produces a matrix B < k(A ¢€) such that
size(B) < ¢ and err(A,B) < ¢ here, size(B) represents an arbitrarily defined
measure of the size of B, and err(A, B) represents an arbitrary function that mea-
sures the error of using B as a surrogate of A.. The sketching algorithm  is merge-
able iff there exists a merging algorithm Awerce(-, -) such that: for any ny x d
matrix Ay and ng X d matrix Ao with corresponding sketches By < k(A1 €) and
By < k(Aag, €), the merging algorithm produces a matrix B < Aygrce(B1, B2)
such that size(B) < ¢ and err(A,B) < ¢, where A is the (n1 + n2) x d matrix
formed by vertically stacking the rows of Ay and As.

Assumption 1. We assume that the black-box streaming matrix sketching method
used by the LM framework is mergeable.

41.1 The LM Histogram

The LM method generates and maintains a dynamic structure, referred to
as the histogram. In a high-level, the histogram is a collection of blocks. Each
block B is associated with a non-overlapping segment of the input stream
specified by a starting and an ending timestamp. It can be thought of as a
tuple with four attributes: 1. a starting time, tstart, 2. an ending time, teng,
3. an £ x d matrix sketch, and 4. a block size. Let A, 1., denote the
matrix whose rows are the stream samples that arrived within the specified
time window. The matrix sketch B of block B is associated with that part of
the input and generated according to a streaming algorithm in a way that
satisfies the same guarantee as B in the specified window, that is,

~B'B| < ¢ e [|A gt [ (42)

T
| ’ A (tstartstend) A(tstal‘htend)

for some constant c and € > 0. We will subsequently formalize this state-
ment (see Lemma BET7). Finally, the size attribute of block B is equal to the
squared Frobenious norm of the corresponding input, i.e., || A .. t..0) |-

Blocks are organized into levels, labeled 1 to L. Each level is a list of up
to b blocks, where b is a design parameter and will be later set to O(1/¢).
Therefore, the LM histogram should be alternatively thought of as a list of
lists of blocks. Levels with smaller labels contain more recent blocks, that
is, all blocks in level i correspond to more recent input samples than those
of level ¢ + 1. Within a level, blocks are sorted based on their timestamps
with the most recent block occupying the right-most position.

Finally, to assist the description, we divide the life-cycle of the block
into three stages. When a new block is initialized, it is referred to as the
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active block. At any point in time, the LM structure maintains a single ac-
tive block. The active block is not part of the histogram. When a new active
block is generated its starting time is initialized at the current time-stamp
(which is equal to the ending time of the most recent block in the LM his-
togram), its size is initialized to zero and its sketch to the all-zero ¢ x d ma-
trix. The active block is associated with the most recent samples of the in-
put stream and more specifically all samples that have arrived after ¢;. The
blocks contained in the LM histogram are inactive. Finally, as explained, the
histogram is used to monitor a sliding time window of maximum width W.
At time ¢, if the ending time of a block is less than t — W, i.e., if the time win-
dow covered by a block no longer overlaps with the monitored window,
then that block has expired.

4.1.2 Updating the LM histogram

The steps to update the LM histogram when a new time-stamped vector
arrives are outlined in Alg. B.

Update the active block When a new stream sample a; € R1*4 arrives
at time ¢, it is inserted in the active block B*. More precisely, the sketch of
the active block is updated according to the black-box streaming algorithm.
The size of the active block is also incremented by an amount equal to the
{o-norm of the input sample.

If the size of the active block exceeds ¢, then the active block is rendered
inactive: its ending time is set to ¢ and the block is appended Level 1 of the
LM histogram. All blocks in the LM histogram are considered inactive.

Finally, a new active block is initialized with starting time ¢, zero size,
and an all-zero matrix sketch.

Merge blocks if necessary As blocks are gradually inserted into level 1 of
the histogram, the number of blocks in the first level will eventually exceed
its maximum length b. At that point, the two oldest (right-most) blocks of
the level are merged into a single block which is subsequently appended to
the second level. The new block covers the entire time window covered
by the two former blocks and its size is the sum of the two individual sizes.
Finally, its sketch is generating by merging the sketches of those two blocks.

Observe that based on the above description, all blocks in level 1 of
the histogram have a size between ¢ and 2/, while based on the merging
process, blocks at level i have size between 2~/ and 2°/.

Remove expired blocks Finally, as new blocks are inserted in the LM his-
togram, its size could grow indefinitely. However, as time elapses, some
blocks become irrelevant for the monitored window. If W is the maximum
duration of the monitored time window, then when the ending time of a
block is less than ¢ — W that block becomes irrelevant and can be safely re-
moved from the histogram. Therefore, each time the histogram is updated,
we can assume that we perform a clean-up step during which we remove
all expired blocks.
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Algorithm 6 LM-Update (Logarithmic Method Update) [6]

input : Current LM histogram £ { List of lists of blocks. }

A tuple (a4, t) with a vector a; € R*d and time-stamp t.

output Updated LM histogram L.

1:

o ® N7

10:
11:
12:
13:
14:
15:

16:
17:
18:
19:
20:
21:
22:

23:

Remove all blocks B in £ for which B.t, <t — W { Clean up. }

2: B*.tepg <+ t { Update end time of active block. }
3:
4: B*.sketch < SketchUpdate(B*.sketch, a) { Update sketch of active

B*.size + B*.size + ||a||3 { Update size of active block. }

block (using the black-box algorithm). }

. if B*.size > / then

L[1].appendLeft(B*) { Append active block to left of level 1. }
B* < NewBlock() { Initialize new active block. }
B*~tstart —t
B*-tend —t
B*.size < 0
B*.sketch <« SketchlInit()

end if

141

while L[i].length > b do
By + L[i].popRight() { Get and remove the oldest (right-most) block
of level 4, }
By + L[i].popRight() { as well as the second oldest block. }
B < NewBlock()
B'tstart < Bl~tstart
B-tend «— 82-tend
B.sketch < SketchMerge(B;.sketch, B;.sketch)
B.size + Bj.size + Bsy.size
L[i + 1].appendLeft(B) { Append new block to (the left of) the next
level. }

end while
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4.1.3 Configuration and Guarantees

In the sequel, we describe the guarantees of the LM framework. Those
guarantees are contigent upon the choice of the configuration parameters
(b,€,e,W). Here, we re-state the main result of [6] using their parameter
configuration. Before that, we state one more assumption on the streaming
matrix sketching method which is used as a black box.

Assumption 2. The mergeable streaming matrix sketching method used as a black
box by the LM framework must take a parameter accuracy parameters e > 0 and ¢
such that given an input A € R"9 can generate a sketch B € R such that

ATA —B'B| <¢|Al3
I F

Theorem 1 (Theorem 6.1 [G]). We assume access to a mergeable streaming ma-
trix sketching method used as a black box satisfies assumptions Ml and D, configured
with accuracy parameter €/8 and (. Then for b = 8/e the LM histogram can
generate a matrix sketch that works on time-based sliding window and achieves
maximum relative covariance error e for a given window W.

The next lemma states that in fact a similar guarantee applies to the
sketch of each block of the histogram with respect to the corresponding
segment of the input stream. The Lemma is useful in the proof of [, but
will also be useful for us in the sequel, when we describe the distributed
construction of the LM histogram.

Lemma 4.1.2. Consider a block B in the histogram produced by the LM (with
b = 8/e and black-box streaming matrix sketching method configured to achieve
covariance error upper bounded by €/8), with starting time tgay, ending time t,,q
and sketch matrix B. Also, let A, .. . be the matrix formed by the input samples
that arrived in this time window, i.e., the rows of A are the row vectors a;
for which t € (tstart, teng). Then,

tstart 7tend)

”AEI;sm”,tend)A(tStﬂl’hteVld) o BTB” = §||A(tsiﬂ7f7tend)||%7 (4.3)
Proof. 1f B is the active block, i.e., the block that maintains the sketch of
the most recent incoming rows of A, then t..q is effectively the timestamp
of the most recent sample. The black-box streaming matrix sketching algo-
rithm produces the sketch of this block (with accuracy parameter ¢/8) on all
samples that arrived after ts.rt and hence the lemma holds trivially by the
black-box guarantees of the streaming matrix sketching algorithm for each
time ¢t. This is also true up to the point when the block becomes inactive,
and hence the lemma holds trivially for all blocks of level 1.

Assume the property holds for all blocks in level i. We will show that
it holds for all blocks in level ¢ + 1. A block B in level i + 1 is generating
by merging two blocks of level i. Recall that merging two sketches is also
a black-box operation provided by the streaming matrix sketching method
of choice. Let By and B> be the level-i blocks that are merged to generate
block B. Also, let (ts1,te1,B1, s1) and (ts2, te2, Bo, s2) be the attributes of the
two blocks. The merged blocks are consecutive, which means that t.; = ¢,.
The input samples associated by the new block are given by the concatena-
tion of the samples of the two former blocks. The desired guarantee holds
as a result of the mergeability of the black-box streaming matrix sketching
algorithm. O
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4.2 Merging Multiple LM Histograms

In this section we consider a distributed construction of the LM histogram.
In particular, we consider a setting with m computational nodes, labeled
1,...,m, with the ith node monitoring an individual input stream S; and
maintaining an LM Histogram LMH® with accuracy paramter €. The m
streams are non-overlapping. Let S® denote the stream formed by the
union of the m individual streams. The objective is to generating a sin-
gle LM Histogram LMH? for S® combining the partial histograms LMH(®,
1=1,...,m.

Generating the LM histogram for the combined stream is a non-trivial
task; the partial histograms LMH®, j = 1,...,m have potentially different
sizes (different number of levels and blocks) and their blocks cover different
time windows depending on the input stream at each node. It is hence a
challenging task to generate LMH® using only information of the partial
histograms LMH®, i = 1,...,m.

In the sequel, we describe our approach for generating LMH® from
the m histograms LMH®, i = 1,...,m. We assume that the coordinating
node receives the m individual histograms from the corresponding nodes,
but no access in the individual input streams. Our approach relies on us-
ing each LM histogram LMH® as a log based on which we generate a
pseudo-stream S;. We show that the pseudo—streamm S; can in turn be
used to answer a query about the corresponding original stream S;, sim-
ilar to the histogram LMH(®). The advantage is that those pseudo-streams
can now be combined into a single pseudo-stream S¥ which can be used
to approximately answer queries for the original combined stream S®. Fi-
nally, the combined histogram LMH® can be constructed by applying the
LM method on the combined pseudo-stream, introducing a small additive
error. Our analysis relies on mild assumptions on the streaming matrix
sketching method used as a black-box. We show that those assumptions
are in fact satisfied by the FD method.

421 The LM Merging Algorithm

The pseudo-stream as a sketch

Consider a single node and let S denote its input stream. The stream can be
represented by a matrix A: the rows of A correspond to the input stream
samples ordered according to their timestamps. Let LMH denote the cor-
responding LM histogram build on S. Given LMH, we can generate a
pseudo-stream S as follows. We sequentially process every block of the
histogram in reverse chronological order, i.e., starting with the oldest block.
Block B contains ¢ x d sketch. We generate £ stream samples: one sample for
each row of B. The samples can be arbitrarily timestamped with any time
within the range of the block. For simplicity assume that all samples are
timestamped with the starting time B.tsrt. We repeat this procedure for all
blocks in the histogram, as well as the active block.

Similarly to the original stream, the pseudo-stream S itself can be rep-
resented by a matrix A. The number of rows A does not exceed Lb/.

'We use the term pseudo- to emphasize that this is an artificially generated stream.
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The following lemma establishes that A can be used to approximately
compute the principal subspace of A with a bounded relative covariance
error, similarly to the LM histogram itself.

Lemma 4.2.3. Consider an arbitrary query time t, within the maximum moni-
tored window, and let A>y, denote the part of the input corresponding to the input
samples that arrived after t,. Similarly, define Ay, as the submatrix of A corre-
sponding to samples whose timestamp is larger than t,. Then,

T - —« o€
1A, Asr, = Asy, Asy, || < TAF-

Proof. Recall that each row of A coincides with a row of a sketch of some
block in the LM histogram. In particular, for a given query time t,, the
submatrix A, is exactly the vertical concatenation of the sketches of all
blocks whose starting time is equal or greater than ¢,.

Let B, be the block of the LM histogram for which Bj.tstart < t3 <
By.tena- The matrix A, , contains only rows of sketches of more recent
blocks; it does not contain any of the rows of B,.sketch. On the contrary,
A4, contains rows whose timestamp may fall in the range of B,. Those
rows are not approximated at all by A>; . Hence, their contribution in
the total covariance error is equal to the sum of their ¢/, norms, or equiv-
alently, the squared Frobenious norm [|A ¢, 5, 1..4) |2 The error due to this
factor is upper bounded by the size of the bucket that contains ¢,. But as [6]
show, the size of the largest block in the histogram is upper bounded by
| s, [2/2.

The remaining rows of A; are being approximated by the correspond-
ing sketches of the blocks that are more recent than B,. Since the LM his-
togram is generated based on the configuration of Thm. [, we know by
Lemma ET72 that the sketch of each block approximates the correspond-
ing segment of the input with relative covariance error ¢/8. Finally, by the
decomposability property (Lemma E33H) we know that this implies those
rows of A, are approximated by A, with a relative covariance error
upper bounded by /8.

Combining the two sources of error, we obtain the desired result. O

Algorithm 7 LM-Unfold

input : LM Histogram £
output : (Pseudo-) Stream S
1: L + L.length
2: § + Empty Stream
3: forl=1L,...,1do

4:  for each block B in L[l] (least to most recent) do

5: B « B.sketch {¢ x d sketch associated with block 5.}
6: for i=1,...,/do

7: S.append((B;, B.tstart))  {Create tuple using ith row of sketch

and append to stream.}
8: end for
9: end for
10: end for
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Merging Pseudo Streams

Now, consider again the multiple node setting. Recall that S is the input
stream of the ith node, and let A() be the n; x d matrix formed by vertically
stacking the n; samples in S (), Further, S® denotes the stream formed by
the union of the m individual streams and A® the n x d matrix formed
by vertically stacking the n samples in S®, where n = ny +...,n,. We

similarly define S¥and A”.
Lemma 4.2.4. For any given query time t, within the monitored time window, we

have N .
T —a T—o €
|Ag, AL, - AL, AL, | < TIAL, I

Proof. The stream A;th (and similarly Xit(]) can be decomposed into the m

; —(i . NG
streams A(le)tq (and A(Ziq, respectively). By Lemma B3, we have HA(Ziq A(Zlq -

——(@) T i , )
A(zth A(zqu < %Hqu |2, foralli = 1,...,m. Then the desired result fol-
lows by lemma E335. O

Construct the LM Histogram of the combined pseudo-stream

We obtain the desired LM histogram LMH® by applying the LM on the
combined pseudo stream S° (i.e., the rows of A).

4.2.2 Analysis of the Merging Algorithm

Before we proceed with the guarantees of our merging algorithm, we for-
mally state an assumption on the streaming matrix sketching method.

Assumption 3. The streaming matrix sketching method used as a black box, has
the following property: given an nx d input A it produces a sketch B with | B[z <
|A||2. The same holds for a sketch B produced by the merging sketches of non-
overlapping parts of A.

Remark 4.2.1. This property is satisfied for the sketches generated by the FD
method.

Theorem 2. Consider m LM histograms LMH®, i = 1, ... m generated on m
non-overlapping streams S, i = 1,... m, respectively, with accuracy parameter
¢ (parameter b = 8/¢, and streaming sketch size £). Let LMH® be the histogram
generated on the combined pseudo-stream S® with accuracy parameter €. Then,
for any query t,, LMH® returns an ¢ x d sketch C such that

.
IAS, AS, —CTC| < (e+€)AS, I (4.4)

Proof. Recall that the LM histogram LMH? is constructed on the pseudo-

stream S°. For any query t4 in the valid time window, the joint histogram
(by construction) can produce an ¢ x d sketch C such that

«® Tx®o T <@
1AZ,, Az, —C'Cl <AL [IF.
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With respect to the original stream S%, we have

T T T 70 5o | 79 T3xo T
IAS, AL, —C'Cl=|AL, A%, -As, A, +A., Ay, -C'C|
(4.5)
T —~® T—=o -0 T—o
< HA%Q Agtq - Ath AthH + ”Ath Ath - CTCH
(4.6)
—®
< c|AZ, |3+ ¢|AZ,, |12 4.7)

where the first inequality follows by the triangle inequality on the spectral
norm. It remains to show that ||X§tq (R HAeftqHI%. Note that the rows
of K;th correspond to rows of the sketches of the m LM histograms. In
particular, the matrix contains exactly all sketches of all blocks in the m his-
tograms for which the starting time was at least equal to ¢,. The squared
Frobenious norm of each block sketch is upper bounded by the squared
Frobenious norm of the corresponding part of the input. The input corre-

sponding to those blocks is exactly the rows of thq. It hence follows that
Hthq I < ||Ae§tq |2. That concludes the proof of Theorem D. O
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4.3 Other

Lemma 4.3.5. Consider an n x d matrix A and an arbitrary partitioning of its n
rows into k sets St, ..., Sk, (ie, UF_|S; = [n] and S; N S; = OVi, j € [n],i # j).
Let A, denote the submatrix of A formed by the rows indexed by S;, and B; be
sketch of Ag; with d columns (and an arbitrary number of rows) satisfying the
property that

1Ag,As; — BByl < el|As I, (4.8)

forsome e > 0, for j = 1,..., k. Finally, let B be the matrix formed by vertically
stacking B;, j = 1,..., k. Then,

|ATA —BBJ|| <Al (4.9)

Proof. Observe that

n k k
ATA = Z AZ;AZ-,; = Z Z AZ:AW = ZA;AS],, (4.10)
i=1 j=1ies; j=1

Similarly, BTB = Zé‘f:l B, B;. Combining the above, we have
k k k
IATA-BTB|| =Y A As, - > BBl =) AfAs - BB

j=1 j=1 j=1
(4.11)

k k
<> AGAs, — BBl <> clAsllf = | Al
j=1 j=1

where the first inequality follows for the triangle inequality on the spectral
norm, and the second by the assumption in (&8). This completes the proof.
O

4.4 Frequent Directions

Lemma 4.4.6. Let A € R™*4 be the input of the FD Alg. I, and B € R**? be the
corresponding output. Then, |B||% < || A

Proof. Tt is shown in [3] (Claim 1) that 0 = B'B = AT A. In turn, ¥x € RY,
x ' B'Bx—x"ATAx < 0. Applying the previous inequality for the vectors
of the standard basis and summing the inequalities, we have

d

0>> e/B'Be;—e/ AT Ae; (4.12)
=1

- Tr(BTB) ~ Tr(ATA) = |BJ2 - |A|2, (4.13)

which completes the proof. O
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