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Abstract

The publish/subscribe communication paradigm is based on the delivery of publications to subscribers
in accordance with their information needs expressed by a set of subscriptions. In this thesis we analyze
the existing models of matching publications to subscriptions in publish/subscribe systems, and show
that such models do not provide any means for controlling the number of delivered publications per
subscription which is crucial to ensure the quality and performance of an entire publish/subscribe system.

In this thesis we formally define the Boolean matching model, a publish/subscribe matching model
which is a generalization of the currently widely-used matching models, namely topic-based, content-
based, and type-based. This matching model considers all matching publications equally relevant to a
subscription. We also formally define the top-k/w matching model, a novel publish/subscribe matching
model which enables a subscriber to control the number of publications it will receive per subscription
within a predefined time period. In this matching model, each subscription defines an arbitrary and time-
independent scoring function and parameters k € N and window-size w € R™ such that, at a point in time
t, the parameter £ limits the number of delivered publications restricting it to the & best scored publications
that are published between points in time  —w and 7. Additionally, we formally specify publish/subscribe
systems that are based on these two matching models.

In this thesis we propose novel algorithms for efficient processing of multiple top-k/w queries (i.e.
top-k/w subscriptions) in resource-constrained environments publishing data objects (i.e. publications) at
high rates. Existing solutions either assume processing environments with unbounded memory, or scale
poorly for large values of parameter k£ and window size w. Moreover, they are typically tailored to specific
scoring functions, and thus we define a generic data stream processing model that is independent of data
representation and scoring functions. Instead of maintaining the minimal set of potential top-k objects in
a k-skyband, we propose a novel deterministic algorithm which periodically prunes the k-skyband to of-
fer improved processing performance at the expense of an increased memory consumption. Furthermore,
we present a probabilistic algorithm for random-order data streams which surpasses deterministic algo-
rithms in terms of memory consumption and processing performance, however, it produces approximate
answers to top-k/w queries. The introduced probabilistic criterion can further improve deterministic algo-

v



Vi Abstract

rithm implementations by maintaining a special buffer with recent objects, and such improved algorithms
outperform their original implementations. Our complexity analysis and extensive comparative evalu-
ation using both synthetic and real datasets show that the proposed algorithms significantly outperform
the competing approaches in both memory consumption and processing efficiency.

Since scalability is an essential characteristic of publish/subscribe systems, special attention is given
to the design of algorithms supporting the proposed top-k/w matching model which target large-scale
publish/subscribe systems. For each of the commonly used routing strategies in both centralized and
distributed environments we first explain how it can be adapted to support the proposed top-k/w matching
model, then we define the system architecture comprising top-k/w processors and recent buffers, and
finally explain how subscriptions and publications are routed in the system. We identify and evaluate
routing strategies which are particularly well suited for large-scale top-k/w publish/subscribe systems.
Additionally, we present and experimentally evaluate D-ZaLaPS, a distributed top-k/w publish/subscribe
system which is based on a peer-to-peer structured overlay. The experimental evaluation shows that
D-ZaLaPS is scalable both for the increasing number of peers and subscriptions.

Finally, using the case study with k-nearest neighbor subscriptions, we experimentally evaluate the
top-k/w matching model and compare it with the existing Boolean matching model. This experimental
evaluation shows that, assuming the subscribers are interested in the top-k publications in the sliding
window, the top-k/w matching model can significantly reduce message overhead in the system when

compared to the Boolean matching model.
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We have reason to fear that the multitude of books which

grows every day in a prodigious fashion will make the fol-

lowing centuries fall into a state as barbarous as that of the

centuries that followed the fall of the Roman Empire.

Unless we try to prevent this danger by separating those

books which we must throw out or leave in oblivion from

those which one should save and within the latter between C H A PT E R ]_

what is useful and what is not.

Adrien Baillet (1649 — 1706)

Introduction

For more than a decade, we have witnessed an exponential growth of the amount of newly created digital
information. The IDC research [92, 93] shows that the digital universe—information that is either created,
captured, or replicated in digital form—was 161 exabytesﬂ]in the year 2006, and 281 exabytes in the
year 2007. Additionally, according to the same research, the compound annual growth rate of the digital
universe between now and 2011 is expected to be almost 60%, which would result in nearly 1800 exabytes
in the year 2011, or 10 times more than in the year 2006. This phenomenon is called the information
explosion and is happening faster than it was initially predicted several years ago in the UC Berkeley
study [I133], [134].

The information explosion is not exclusive to digital information. For example, an analogous phe-
nomenon is happening with scientific information since traditional scientific publishing in peer-reviewed
journals is constantly increasing and there are no indications that the growth rate has decreased in the
last 50 years, while new publishing channels such as conference proceedings are opening at the same
time [[123]. Additionally, as shown in [[L05], the traditional scientific publishing is expected to increase
considerably in future.

Actually, the information explosion is not specific to the modern age, as a similar problem—the
exponential growth of the amount of printed word—had occurred after the invention and spread of the
printing press. For example, in the epigraph of this chapter we give a quote from the year 1685 by Adrien
Baillet, a French scholar and critic, who warned about the overabundance of books in his time [31].

The information explosion would not pose such a large problem if we could store all digital informa-
tion we create. However, during the year 2007 we have passed the point where this can be achived and
by the year 2011, almost half of the digital universe will not be recorded on information storage mediums
[93]. Therefore, for the first time, we are facing the situation where all created digital information cannot

'1 exabyte = 1,000, 000, 000, 000, 000, 000 bytes = 10'® bytes = 1 billion gigabytes.
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be stored. Of course, all created information does not have equal value to be stored for the future. For
example, we can agree that a collection of private photos is much more important than downloaded RSS
feeds or a collection of recipes.

Since all produced digital information cannot be stored, it is necessary to process such information
before storing it to decide which actually has value to be stored. A similar processing task is also required
to determine whether a user should be exposed to newly created information or not. Besides negative
effects such as lost time and possible loss of money, the exposure to large quantities of information may
produce even worse side-effects, such as the information overload which we discuss next.

A phenomenon highly-related to the information explosion is information overload. It is defined as
a rapid decline in performance (in terms of adequate decision making) of an individual being exposed to
too much information [80]. It has been shown that the performance of an individual raises positively up
to a certain point with the amount of information he or she receives, but declines sharply if additional
information is given beyond this point [59]. Information overload affects many areas of our everyday
lives: We get an incredible amount of e-mail messages every day; we are often interrupted by instant
messages and telephone calls; and we must also check social networking sites, news sources and other
web sites on a daily basis, or even more often.

The information overload is particularly noticeable in science where the Internet allows timely dis-
semination of new research results, resulting in a tremendous increase of the quantity and diversity of
easily available research information, especially in rapidly advancing fields [33]. Actually, scientific lit-
erature on the Internet can be treated as a massive, noisy, disorganized database from which researchers
are trying to discover and extract useful knowledge, i.e. only those publications that may be relevant or

interesting for them [B3].

1.1 Paradigm Shift in Data Processing

Today we are witnessing a paradigm shift in data processing since we are moving away from the tradi-
tional store-then-query model of database management systems (DBMSs) toward the novel query-then-
store model of emerging data stream processing systems (DSPSs) [94]. There are three main reasons
for this shift. First, for many application scenarios it would be very difficult, if not impossible, to store
all produced information in a database. Second, even if we could store it to databases, this would be
unreasonable because usually only a small part would be accessed again. Third, this type of processing
is generally slow since data has to be first stored in a database before we can start querying it.

For this reason, traditional databases are today typically used in applications requiring persistent data
storage and support for complex one-time queries, where both the data and especially relations change
less frequently than queries [98]. These databases are not designed for high rate of insertions, updates
and deletions of streaming data objects, but rather for a high query rate.

On the other side, data stream processing systems are used in application scenarios which assume
a high rate of data object insertions and mostly static and continuous queries that are executed on data

objects upon each new object arrival. The novel query-then-store processing paradigm is vital for a num-
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ber of applications, such as in-network data processing [[166], on-line auctions [[183], real-time decision
support [57], network monitoring [96], sensor networks [[7], financial analysis [208], fraud detection [86],
on-line gaming [38], web management [[112] and news feeds [[132]. In this thesis we are interested in the

latter systems, i.e. in the query-then-store paradigm.

1.2 Motivation

Nowadays, there is an emerging need for information filtering systems that will be able to process huge
amounts of information for a large number of users, preferably in real-time, and effectively prevent in-
formation overload by supplying users only with useful information. This need has been recognized even
15 years ago [2€], and today we need even larger Internet-scale information filtering systems. Informa-
tion has to be personalized because in such an abundance of information, users do not want to receive
information in which they are not interested. Additionally, in many usage scenarios, new information
items are more valuable to users than old and thus the information has to be delivered to users immedi-
ately after being produced. For example, we can agree that information about a good offer on an auction
site becomes worthless after the bidding closes. Finally, users want to receive only a limited amount of
information to prevent information overload and this information has to be of top quality.

Three types of data processing systems are dealing with the problem of satisfying user information
needs in real-time while preventing information overload, but neither is fully capable to accomplish this
goal. These systems are web search engines, publish/subscribe systems (also called event-based systems)
and data stream processing systems. In this thesis we present a hybrid publish/subscribe system model
which uses concepts from all three research areas to achieve the given goal. Hereafter we briefly survey

and point out shortcomings of the three types of systems.

1.2.1 'Web Search Engines

A web search engine is a distributed information system which is primarily designed to search for textual
web pages. Upon accepting an one-time user query, the search engine returns a list of ranked pages. In
order to obtain a low average processing time, the search engine constantly crawls the web and builds an
index using retrieved data. Since crawling has to cover a lot of dynamic web sites, there is no guarantee
that the indexed data is up-to-date. The index is used in combination with a ranking algorithm to compute
answers to queries.

Web search engines are based on the store-then-query paradigm since the building (and storing) of
an index happens before querying. Obviously, they are not designed to be real-time systems since infor-
mation first has to be crawled to even get a chance to be returned as an answer, and as already explained,
this is a slow process. However, there are some recent research results in the direction of real-time web
search [95].

Since every crawled page on the web is a potential answer to a query, search engines provide efficient
filtering of huge amount of previously crawled data. On the other hand, due to the information explosion,

the part of the web which is not indexed by search engines could be more than 500 times larger than the
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indexed part [27]. In other words, most of the web content is not indexed, and thus cannot be discovered
and accessed using web search engines.

A typical search engine supports a simple Boolean query language and its ranking algorithm is com-
pletely unknown to users, which can be an additional source of frustration for inexperienced Internet users
[L51]]. As a matter of fact, a user will probably rank the same set of pages differently than the search en-
gine, but this discussion is out of scope of this thesis. However, the wide acceptance and intuitiveness of

web search is currently indisputable.

1.2.2 Publish/Subscribe Systems

In a typical publish/subscribe system there are publishers and subscribers. Publishers publish information
content which they want to distribute among subscribers in messages called publications. Subscribers
subscribe to information content in which they are interested by issuing messages called subscriptions.
The publish/subscribe service, which can be centralized on a single network node or distributed over
several network nodes, is located between publishers and subscribers, and is responsible for delivering
published publications in a timely manner to only those subscribers whose subscriptions match these
publications. Obviously, publish/subscribe systems are based on the query-then-store paradigm since
publications are first processed by the publish/subscribe service, and then, if necessary, they will be
stored by subscribers.

Every publish/subscribe system is distributed in its nature because it consists of a number of clients
(i.e. publishers and subscribers) and a publish/subscribe service, which is the mediator that decouples
publishers from subscribers. However, in literature, centralized publish/subscribe systems denote systems
with a centralized publish/subscribe service, while distributed publish/subscribe systems denote systems
in which this service is distributed over a number of network nodes which are loosely coupled. The main
drawback of centralized publish/subscribe solutions is their poor scalability. For example, [29] shows
that not a single enterprise service bus (ESB) product on the market sustains a high throughput when
the number of subscribers increases. However, despite this apparent lack of scalability, these solutions
are the best choice for small-scale publish/subscribe systems due to their simplicity. On the contrary,
large-scale publish/subscribe systems are regularly implemented as distributed systems.

Distributed large-scale publish/subscribe systems are able to filter large amounts of published infor-
mation in real-time, but despite of extensive research efforts done in the last 15 years, these systems are
yet to be widely deployed. According to [[175], the main reasons for their slow acceptance are the follow-
ing: 1) complexity of the general matching problem, 2) system heterogeneity and 3) lack of wide-area
deployments which delays the development of advanced solutions for real-life application scenarios. In
this thesis we argue that there is another reason for the lack of adoption of these systems—an unpre-
dictable number of matching publications with the currently employed Boolean matching model. Either
too many or too few received publications may cause user dissatisfaction with a provided service, for
example, in applications such as RSS news feeds, network monitoring, or advertisement dissemination.
Moreover, in networks with limited resources such as MANETS or sensor networks, it is highly desirable

to minimize and control network traffic.
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Figure 1.1: Matching in the Boolean publish/subscribe system.

In current publish/subscribe systems, subscription is a stateless Boolean function [[14€]: A decision
whether to deliver a publication to a subscriber is made based on the result of the matching process
comparing the publication and the subscriber’s subscription as shown in Figure[1.1. The matching process
depends only on the publication and subscription content, and does not take into account any additional

information present in the system. This approach has the following drawbacks:
* the subscriber may receive too few publications,
* the subscriber may be overloaded with publications,
* there is no ranking function to compare different publications, and
* partial matching between subscriptions and publications is not supported.

As publication content is generally unknown in advance, it is impossible to predict the number of
future publications matching an existing subscription. If a subscription is foo general, a subscriber may
receive too many publications. On the contrary, in case of an overspecified subscription, the subscriber
may receive too few publications or none in the worst case. Thus, a subscriber has to specify an ”ideal”
subscription to receive an optimal number of matching publications. It is a sort of guessing, where even
a slight change in subscription may result in a drastically different number of matching publications. In
general, a user perceives the entire system through both the quantity and quality of received publications.
Therefore, a large quantity of received publications will be considered as a sort of spam, while a system
that delivers too few publications might be recognized as non-working. The number of received publica-
tions is crucial for the acceptance of an actual system by users even more if, for example, subscribes pay
for each delivered publication matching subscriber information interest.

State-of-the-art publish/subscribe systems do not support publication ranking and all matching pub-
lications are considered equally relevant to a subscription. On one side, without publication ranking it is
impossible to avoid the delivery of a large number of matching publications if a subscription is too general.
On the other side, overspecified subscriptions may deliver too few publications unless partial matching is
supported. Unfortunately, as a consequence of the complexity of the general matching problem, state-of-
the-art systems do not support partial matchinggbetween publications and subscriptions since they focus

on designing fast matching algorithms [[115].

2This problem has already been recognized in the publish/subscribe community and thus some authors propose approximate
subscriptions based on the principles of fuzzy logic [[128, 129, 8, 164, 42, 124].
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1.2.3 Data Stream Processing Systems

A data stream is a continuous and possibly infinite sequence of data objects that arrive in an arbitrary order
into a processing system to be processed in real-time [9§]. In such a setting, a data object from an input
data stream is matched against a set of continuous queries upon its arrival into a processing system, and
is subsequently inserted into the output stream associated with a continuous query if the object matches
the query.

Distributed data stream processing systems provide efficient processing of (both continuous and one-
time) complex queries, but in contrast to distributed publish/subscribe systems, they are typically tightly
coupled, platform dependent, difficult to deploy and maintain, and less scalable to the number of users
[206]. Therefore, to achieve the given goal (i.e. to design a large-scale real-time information filtering
system), we have to combine good characteristics of distributed publish/subscribe systems with both
the complexity of continuous queries found in data stream processing systems and intuitiveness of web

search.

1.3 Top-k/w Matching Model in Brief

In this thesis we present a new publish/subscribe matching model, named the fop-k/w matching model.
This matching model enables a subscriber to control the number of publications it will receive per sub-
scription within a predefined time period. In this matching model, each subscription in a system defines
1) an arbitrary and time-independent scoring function and 2) the parameters k € N and w € R*. Un-
like the Boolean matching model, this matching model is time-dependent because at each point in time
t, the parameter & limits the number of matching publications restricting it to the & best scored among
publications that are published between points in time # — w and ¢. This interval is called the time-based
window of size w. Since this interval is different at every different point in time ¢, we say that the window
is sliding in time.

We consider this model to be quite intuitive for Internet users as it requires that each subscriber defines
a scoring functionfand parameters k£ and w. Web users are already familiar with the concepts of query,
ranking and top-k since every web search engine works in this way. Moreover, the additional parameter
w, as the subscription window size, is quite intuitive as well.

Top-k/w subscriptions are useful for a number of real world data stream applications where recent
publications (i.e. data objects) are more important than older ones, and have been identified as one of
the most important types of continuous queries [114]. We identify a number of possible application
scenarios that include top-k/w query processing. For example, in a news/blog feed application, recent
items are more important than old ones and hence RSS readers typically list items according to their time
of appearance regardless of their content. State-of-the-art RSS readers and filters do not support top-k/w

monitoring that would enable users to receive a limited number of items most relevant to their personal

3Please note that application developers can also define a scoring function per system, which additionally simplifies sub-
scriptions. For example, in this thesis experiments we use Euclidean distance as a scoring function, for which subscriptions are
composed of an attribute space point and parameters k and w.
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Figure 1.2: Matching in the top-k/w publish/subscribe system.

interest in real time. Existing RSS filters support exact-match queries where an item matches a continuous
query only in case it contains all keywords from the query [[180]. The next possible application scenario
is environmental monitoring with a large sensor network used for measuring environmental conditions
to detect and locate particular events such as early forest fire detection [|170], pollution detection, animal
tracking, etc. Another possible application scenario is monitoring computer [96] and telephone networks
[52] to detect errors or suspicious events signaling network intrusion, misuse, or rule violation among
huge quantities of data. Real-time analysis of financial data such as stock trading, cash flows and credit
card transactions is another possible application area [208]. As the last scenario, consider advertisements
on an arbitrary market where a user may specify properties of an “ideal” product he/she is interested in,
while the system would inform the user in real-time about newly appearing advertisements that are most
similar to his/her ”ideal” product. Furthermore, the user could specify the number of advertisements
he/she is willing to receive per day.

In this model, the quantity of received publications does not depend on the number of published
publications, but on parameters k£ and w. Obviously, the quality of received publications will depend on
the scores of published publications with respect to a defined subscription, but statistically the quality
will probably be proportional to the number of published publications. Please note that the size of a
subscription window may also be defined as the number of publications competing simultaneously for
a position among the top-k publications. This type of window is called the number-based window, and
when it is used in a top-k/w model, the quantity of received publications depends on the number of
published publications. The matching process in the top-k/w model depends both on the publication
score and scores of other publications with respect to the same subscription as depicted in Figure [[.2.

Efficient processing of top-k/w subscriptions is challenging because, even though a publication is not
a top-k publication at the time when it is published, it might become one in future, and therefore a set
of potential top-k publications within the sliding window has to be stored in memory. For the efficient
processing of top-k/w subscriptions it is imperative to remove from memory every publication which is

detected as unable to become top-k publication in future.

Example 1.1. Figure shows the processing of publications for a top-k/w subscription defining pa-
rameters £ = 2 and number-based window w = 5. At each point in time a publication older than w = 5

(the crossed one) is dropped from the window, while a new one (the gray one) is added to it. At =6
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Figure 1.3: Processing publications for a top-k/w subscription.

the publication published at = 1 is dropped, and a new one is added to the window. From the presented
sequence of events, we can see that the publication published at 1 = 5 becomes a top-2 publication at

t = 8 although it was not among the top-2 publications when it was published.

1.4 Contributions

This thesis consists of three parts: 1) the specification and evaluation of Boolean and top-k/w publish
subscribe systems, 2) the formal model and efficient algorithms for top-k/w processing over data streams
and 3) implementations and evaluations of centralized and distributed top-k/w publish/subscribe systems.

In the first, theoretical, part of this thesis, we formally define two publish/subscribe matching models:
the Boolean and top-k/w model. After that, we formally specify two publish/subscribe systems based on
these matching models. Finally, we experimentally evaluate the top-k/w matching model and compare
its performances with the Boolean matching model. The contributions of the first part of this thesis are

summarized as follows:

1. We provide an analysis of the shortcomings of the existing matching models in publish/subscribe
systems. This analysis, together with results of an experimental evaluation using sliding-window
k-NN subscriptions (i.e. queries) as a case study, shows that these matching models do not provide

any means of controlling the number of delivered publications per subscription.

2. We present a formal definition of the Boolean matching model, a publish/subscribe matching model
which is a generalization of currently widely-used matching models, namely topic-based, content-

based and type-based.

3. We give a formal specification of the Boolean system in Metric Interval Temporal Logic (MITL)

[13], a publish/subscribe system which is based on the Boolean matching model.

4. We present a formal definition of the top-k/w matching model with time-based windows in MITL.
This is a novel publish/subscribe matching model which enables a subscriber to control the number

of publications it will receive per subscription within a predefined time period.
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5. We give a formal definition of the top-k/w matching model with number-based windows in set the-
ory [B4]. This is a novel publish/subscribe matching model which controls the number of matching

publications for a subscription per predefined number of published publications.

6. We present a formal specification of the top-k/w system in MITL, a publish/subscribe system which
is based on the top-k/w matching model with time-based windows. We also give proof that every

Boolean system is just a special case of a corresponding top-k/w system.

In the second part of the thesis we formally define a generic top-k/w processing model for data
streams. After that, we propose novel algorithms for efficient top-k/w processing over data streams, and
finally, we provide an extensive experimental evaluation and complexity analysis of top-k/w processing

algorithms. The contributions of the second part of this thesis are summarized as follows:

7. We present a formal generic model for processing top-k/w queries over certain data streams which

is independent of data representation and applied scoring function.

8. We propose the Relaxed Candidate Pruning Algorithm (RA), a novel deterministic top-k/w pro-
cessing algorithm with periodical pruning of non-prospective top-k data objects.

9. We propose the Probabilistic Candidate Pruning Algorithm (PA), a novel probabilistic top-k/w

processing algorithm for processing random-order data streams.

10. We extend the implementation of SAH and RA with a PA-based query filter (PF) which utilizes a
buffer of most recent data objects to further improve performances of deterministic top-k/w algo-

rithms.

11. We present the complexity analysis and results of an extensive experimental evaluation of the list-
ed top-k/w processing algorithms using sliding-window k-NN queries as a case study. Our results
show that our deterministic implementations with PF significantly outperform the competitive de-
terministic approaches, and that PA significantly outperforms all of the deterministic approaches

while introducing an acceptable and controllable probability of error.

In the third part of this thesis, we analyze currently used routing strategies in both centralized and dis-
tributed publish/subscribe systems, and adapt them to the specifics of top-k/w publish/subscribe systems.
We present and experimentally evaluate a centralized and distributed version of the top-k/w system. The

contributions of the third part of this thesis are summarized as follows:

12. For each of the commonly used routing strategies in (both centralized and distributed) Boolean
publish/subscribe systems we propose the changes necessary to apply this strategy in top-k/w sys-
tems. We also show that 2 out of 3 centralized and 4 out of 6 distributed routing strategies are
particularly well suited for top-k/w systems since they do not introduce any significant additional

communication overhead in these systems when compared to the equivalent Boolean systems.

“The Strict Candidate Pruning Algorithm (SA) is an extended version of a deterministic top-k/w processing algorithm orig-
inally proposed in [B2]. This algorithm continuously maintains a minimal set of top-k data objects in a k-skyband.
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13. We present the results of an experimental evaluation of centralized Boolean and top-k/w systems
using sliding-window k-NN subscriptions as a case study. This experimental evaluation shows that,
assuming the subscribers are interested in the top-k publications in the sliding window, the central-
ized top-k/w systems can significantly reduce message overhead when compared to the equivalent
Boolean systems.

14. We present D-Zal.aPS, a distributed top-k/w publish/subscribe system which is built on top of
Content Addressable Network (CAN) [[178]. Additionally, we report the results of an experimental
evaluation of D-ZaLaPS for both Boolean and top-k/w subscriptions using sliding-window k-NN
subscriptions as a case study. This experimental evaluation shows that D-ZaLaPS is scalable for
both increasing number of peers and subscriptions, and that top-k/w subscriptions can significantly
reduce message overhead when compared to Boolean subscriptions assuming the subscribers are

interested in the top-k publications in the sliding window.

1.5 Summary of Related Work

Formal specification of Boolean publish/subscribe systems has been introduced in [89, [144], where the
authors used Linear-time Temporal Logic (LTL) [[136]. Afterwards, the same group of authors first ex-
tended their formal specification with message completeness guarantees, and then additionally updated
it in [[147]. However, our formal specification is more general since it supports finite processing delays
in the system and covers all possible use cases.

Although data stream processing has been a particularly active research area in the last years [52,
97, 4, 91], solutions for efficient processing of top-k/w queries are still lacking. The existing papers
[117, 141, 71, 143, 32] do not offer a generalized model for top-k/w processing, but rather focus on
special top-k problems (e.g. k-NN) and specific data representations. The algorithm presented in [32]
is most relevant to our work and serves as the basis for SA. The algorithms presented in [[141], 143] are
defined for top-k/w queries using aggregation and distance scoring functions, respectively. Contrary to
our approach, these algorithms store in memory all data objects within the window, which is inefficient
and unfeasible in the case of data sources with high streaming rates. The approximate algorithm presented
in [|[L17] is most relevant to our PA, however it is also tailored to k-NN queries.

In the area of distributed publish/subscribe systems, the most relevant work to ours is [[111/] which
introduces a new type of stateful subscription called the parametrized subscription. According to their
work, we can regard the copies of an original top-k/w subscription in the network as parametrized sub-
scriptions with subscription threshold as the only parameter. The authors discuss one of the possible
routing strategies in a centralized and distributed case. Additionally, similar systems to our D-ZaLaPS
are Mehdoot [[102] and [55] since they also use CAN structured peer-to-peer overlay [[178], but consider
only Boolean subscriptions.

The idea to rank publications in publish/subscribe systems according to a subscription has been de-
veloped in parallel in our [172] and the following two papers [[135, 76]. However, the other authors

did not recognize the importance of sliding-window in publish/subscribe setting. In [76] the authors
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present an approach in which a static time of expiration is associated with each subscription in the sys-
tem, and afterwards, the same group of authors introduced two interesting concepts in publish/subscribe
systems: publication freshness [[75] and subscription novelty [70]. Publication freshness is modeled by
linear decrease of publication scores in time, while subscription novelty is described by increasing scores
of incoming publications for subscriptions that have rarely been satisfied in the past. Additionally, this
group of authors presented PerfSIENA [[77], an implementation of their ranking mechanism in SIENA
[45] based on user preference. In the latter paper, the authors consider the top-k/w matching model, but
do not focus on its efficient implementation, which is the main contribution of this thesis. Similarly,
the top-k/w matching model is examined in [[L31], but the authors mainly focus on the quality of service

1ssues.

1.6 Structure of the Thesis

The thesis is organized as follows. Chapter B formally specifies the Boolean and top-k/w matching model
and the corresponding publish/subscribe systems, and discusses the difference between these two pub-
lish/subscribe systems. Chapter 3| presents a formal top-k/w data stream processing model and gives a
formal explanation of different issues affecting the practical implementation of the processing model, and
also presents an experimental evaluation of the several top-k/w processing algorithms. Chapter f defines
and analyzes Boolean and top-k/w subscriptions, and also discuss some very important conceptual differ-
ences between them. Chapter [ presents three commonly used routing strategies for centralized Boolean
publish/subscribe systems, adapts these strategies to centralized top-k/w publish/subscribe systems, and
experimentally evaluates the performance of Boolean and top-k/w centralized publish/subscribe systems.
Chapter [ presents six commonly used routing strategies for distributed Boolean publish/subscribe sys-
tems, adapts these strategies to distributed top-k/w publish/subscribe systems, and presents and experi-
mentally evaluates D-ZalaPS, a distributed top-k/w publish/subscribe system which is built on top of a
structured peer-to-peer overlay. Chapter [ summarizes the contributions of this thesis and gives guide-

lines for future work.
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CHAPTER 2

Formal Specification of Publish /Subscribe Systems

In this chapter we give formal specifications of two different publish/subscribe systems using temporal
logic. These systems do not make a distinction between publishers and subscribers considering them
as clients which can simultaneously act as both publishers and subscribers. The difference between the
presented systems is in the used matching model. The first system, named Boolean publish/subscribe
system, uses the Boolean matching model, which is a generalization of the three most common matching
models: topic-based, content-based and type-based models. The matching in this system is based on an
arbitrary and time-independent Boolean matching function, which is defined by each subscription in a
system. On the contrary, the top-k/w publish/subscribe system uses a novel matching model, named the
top-k/w matching model. In this matching model, each subscription in a system defines 1) an arbitrary and
time-independent scoring function and 2) the parameters k € N and w € R™. As opposed to the Boolean
matching model, this matching model is time-dependent because at each point in time ¢, the parameter k&
limits the number of matching publications restricting it to the k£ best scored among publications that are
published between points in time ¢ — w and ¢. This interval is called the time-based window of size w.
Since this interval is different at every different point in time ¢, we say that the subscription window is
sliding in time.

In this chapter we formalize the top-k/w system with time-based sliding windows using temporal
logic. On the contrary, the top-k/w system with count-based sliding windows cannot be formalized in this
way, and for its formalization we have to use set theory [34]]. For completeness of this thesis, in Chapter
we formalize count-based sliding windows using set theory. As publish/subscribe systems are event-
based systems for which the time order of events is extremely important, temporal logic specification is
much more appropriate than the corresponding set theory specification. For this reason, in this chapter
we give a formal specification of the top-k/w system in temporal logic.

The rest of this chapter is organized as follows. In Section 2.1 we briefly define temporal logic which
we use for the formal specification of the publish/subscribe systems in the rest of this chapter. After

13
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Figure 2.1: The transition of a real-time system.

that, we first formally specify the Boolean publish/subscribe system in Section 2.2, and then we formally
specify the top-k/w system in Section 2.3. In Section 2.4 we focus our discussion on the difference
between these two publish/subscribe systems. Finally, we conclude this chapter with an overview of the
related work in Section P.5.

2.1 Formal Background

An assignment of values to variables in a system is called the system state [[122]. It is well known that
individual behavior of a system can be described as an infinite sequence of states [[136] which is called

the system trace:

0 =2¢G0,Cls--+sCiy--- (2.1)

where ¢ is the initial state of the system, where i € Ny and where these states are ordered by their
ascending times of occurrence. In other words, each execution of the system results in an infinite sequence

of states. An event makes the transition from a previous state to a next state:

e e ej €it+1
§0—1>g1—2>§23--'7§i—1_>§i—>gi+l--~ (2.2)

The system does not change its state between two consecutive events. For example, event e; in
Figure 2.1 makes the transition of a system from state ¢;_; to state ¢;. Additionally, this system is in state
¢; during the period between events e; and e; 1. Therefore, each state is uniquely determined by an initial
state ¢, and the sequence of events that occurred before ¢;. For example, in expression (2.2) state ¢, is
completely determined by initial state ¢,, and events e and e;.

We assume that two events cannot happen at the same point in time which allows us ordering of events
in time by their time of occurrence.

An alternative way to describe the individual behavior of a system is an infinite and ordered sequence

of events, which is called a wordll over an alphabet o of events in the system:
w=a,ay,...,d,... (2.3)

where each event e; is represented by a letter a; from alphabet a, and where the letters are ordered in time

identically as their corresponding events. It is important to notice that we have to know the initial state of

"Term word is borrowed from the theory of timed automata [[12].
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a system to fully describe its behavior with a word w. However, sometimes we need to know the actual
points in time at which events are occurring because their ordering in time is insufficient. For example,

in Figure R.1| we see exact points in time at which events are occurring.

Definition 2.1 (Infinite Timed Word). Let w = a;,as,... be a word over an alphabet a of events in
a system, and let { = ¢, %, ... be an infinite time sequence of points in time satisfying the following
properties

(Strict-monotonocity) Vi € N : t; < t;y1, and (2.4)
(Progressiveness) VicRT,JieN:t; >t (2.5)

An infinite timed word 7 = (w, {) is an element of (o x R™) of the form
(al,tl),(az,tz),...,(a,-,t,-),.... (2.6)

An important distinction among real-time system models is whether one assumes that the system of
interest is observed at every point in time, leading to an interval-based semantics, or whether one only
sees a (possibly countably infinite) sequence of snapshots of the system, leading to point-based semantics
[156]. In the latter semantics temporal formulas are interpreted only at specific time points when an
event happens, whereas in the former they may be interpreted at some arbitrary time points between
event occurrences as well. These semantics are also known as pointwise and continuous, respectively
[169, [78].

For the formal specification of publish/subscribe systems in this chapter we use Metric Interval Tem-
poral Logic (MITL) [|13] with interval-based semantics and past operators [[14]. MITL is a fragment of
Metric Temporal Logic (MTL) in which temporal operators may only be constrained by non-singular
intervals, whereas in MTL they can be constrained by both singulatE and non-singular intervals [[118]. It
is proven that MTL is undecidable in interval-based semantics [|L5, [13], [109], while MITL is decidable in
this semantics [|13]].

To provide the complete presentation in this chapter, hereafter we define MITL. We first define its
grammar, then we define two basic temporal operators, and after that we define other (i.e. derived)

temporal operators.

Definition 2.2 (MITL Grammar). The MITL formulas over an alphabet a of events in a system are
inductively defined by the following grammar

8= al=gl¢y A boléy Us b1 S, s, 2.7)

where a € o is any letter and / is a non-singular interval with end-points which are either co or elements
of RT.

2A singular interval is the single point in time.
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Definition 2.3 (MITL Satisfaction Relation). For an MITL-formula ¢, a timed word 7 = (®,{), and a

point in time ¢ € R™, the satisfaction relation (z, ?) = ¢ is inductively defined as follows

(,)Frasdi:ti=tNe =a, (2.8)
(1,0) = ~¢ < (1,0) ¥ 4, (2.9)
(1,0) E 1V éy & (1,0) ¢V (2,0) E ¢y, (2.10)
(t,0) g Uy, =3 {t<i{ N —telIN(t,]) Edy A
V' t<t <t = (¢,/) E ¢,]}, and (2.11)
(0, ) E ¢, 8¢y {0<t <tANt—1 €IN(r,/) = ¢y A
V'l < <t=(r,) E 4]} (2.12)

Operators LA{, and g, are called strict until and strict since, respectively. The former is a future, while

the latter is a past temporal operator. Using these two operators we further define the derived temporal

operators:
(Strict eventually) o ¢ o trueZZ @, (2.13)
(Strict once) . 1) o trueg @, (2.14)
(Strict always) O, ¢ g0 -9, (2.15)
(Strict always in the past) m ¢ “ e -, (2.16)
(Strict unless) b, W1 ?y o b, U, ¢,V O,¢,, and (2.17)
(Strict back-to) é, B, ¢y o é, §,¢2 Vil g, (2.18)

Operators strict eventually, strict always and strict unless are future, while strict once, strict always
in the past and strict back-to are past temporal operators. All previously defined operators do not include
present and, as their names imply, they are strict (irreflexive) in their (first) argument [|13, 136, 25]. We

define the following non-strict versions of these operators:

(Until) B1Ui6y = 3V (91 A 61 Ui gy), (2.19)

(Since) 41516, % ¢2 (61 A 61 S:9), (2.20)

(Unless) B Wiy Z 62V (91 A gy Wid), (2.21)

(Back-to) 41 B¢, = ¢2 (1 A 61 B ), (222)
(Eventually) Orp = o A, <>, @, (2.23)

(Once) WER AW (2.24)

(Always) 0,6 = ¢ AD, ¢, and (2.25)

(Always in the past) N g = o dN l,¢ (2.26)

Although MITL prohibits the use of singular intervals, some temporal formulas with singular intervals
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can be expressed in MITL. For example, in Section 2.3 we use the formula O{p — [(—¢)U_,g]} which
express the requirement that ”for every p-state the next following g-state occurs after precisely ¢ time
units”. This formula is a valid MITL formula because in [[13] it is proven that it can be expressed in
MITL as follows

o{p = [(~q)U-q]} = O{p = [(De.)79) A (O0.9)]}- (2.27)

The interval (0, 0o) is usually suppressed as a subscript, and such versions of temporal operators are
called unbounded temporal operators. For example, the unbounded version of operator U is U. The
temporal logic with strictly unbounded operators is called Linear-time Temporal Logic (LTL) [[136]. The
same as in [[13], we use intuitive pseudo-arithmetic expressions to denote intervals. For example, the
following expressions < b and > a denote the intervals (0, b] and (a, 00), respectively.

In this section we have presented a brief introduction to temporal logics, with focus on MITL and on
the most important concepts that are necessary for understanding the following sections in this chapter. A
reader interested in the subject of formal specification of real-time systems using temporal logic is further
referred to Section and the following textbooks [[136], [25] and [|L19].

2.2 Boolean Publish/Subscribe System

In this section we formally specify the Boolean publish/subscribe system (Boolean system) using MITL.
This is the currently most used publish/subscribe system. We use this system as a referent system in

comparison with the top-k/w publish/subscribe system which we formally specify in Section 2.3.

2.2.1 Structural View

We define a triple B = (C, P, S), where C is a finite set of clients, P is a finite set of publications, and .S
is a finite set of subscriptions in a Boolean system. B gives the structural view of a Boolean system and
determines the boundaries of the system state space, because it defines the type and number of entities
that can exist in this system. A client ¢ € C may publish publications from P and activate or cancel
subscriptions from §. The following three system variables are defined for each client ¢ € Cin a Boolean

system:

« a finite set PY C P of published publications (i.e. all publications which a client ¢ has published
previously),

« a finite set P® C P of received publications (i.e. all publications which a client ¢ has received

previously), and

« a finite set S4 C § of active subscriptions (i.e. all subscriptions to which a client ¢ is subscribed

to, and has still is not unsubscribed from).

Definition 2.4 (System Variables). For each client ¢; € C in a Boolean system, let V; o {Pfl_,Pfl_, Sfl_}
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denote the set of its variables. Then a finite set V" of all variables in this system is defined as

def

VE LV, Vo, Vg (2.28)

which has the following cardinality |V] =3 - |C]|.

For each client in a Boolean system we assume that its sets of published publications, received pub-

lications and active subscriptions are empty in the initial state of the Boolean system.
Definition 2.5 (Initial State). We define the initial state of a Boolean system as follows

def

Vee C:PP(t=0)=0,PRr=0)=0,8(=0)=0. (2.29)

2.2.2 Behavioral View

The behavioral view of a Boolean system defines types of events that can occur in the system. The
following events can occur: 1) publish, 2) subscribe, 3) unsubscribe and 4) notify. An event publish
denotes the publishing of a new publication. Events subscribe and unsubscribe denote the activation and
cancellation of a client subscription, respectively. The delivery of a matching publication to a subscribed
client is denoted by an event notify. These four events determine the alphabet of events in a Boolean

system, where each possible event in the system is represented by a single letter of this alphabet.

Definition 2.6 (Alphabet). Let C be a finite set of clients, let P be a finite set of publications, and let §
be a finite set of subscriptions in a Boolean system. An alphabet o of the possible events in this system

consists of the following letters:

Ve € C,Vp € P :publish(c,p) € a,

Ve € C,Vs € § :subscribe(c, s) € a,

Ve € C,Vs € S :unsubscribe(c, s) € a, and

Ve € C,Vp € P motify(c,p) € a, (2.30)

and thus has the following cardinality |a| = |C||P| + |C||S| + |C||S| + |C||P| = 2 - |C|(|P] + |S]).

In the rest of this subsection we define changes that an occurring event causes to the system variables
of a Boolean system. Each event makes a transition of a Boolean system to a new state by making an
almost instant change to its system variables. Between each two consecutive events, system variables of a
Boolean system do not change their values and thus the system stays in one state during this interval. For
example, in Figure we see that the values of system variables are constant in the interval t = (¢, ;11],

and consequently this system stays in state ¢; during the whole interval.

Definition 2.7 (Publish). Let ¢ € C be a client, and let p € P be a publication in a Boolean system. We
define an event publish as
publish(c, p) = {PZ(t+ ) = PL (1) Up}, (2.31)
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where ¢ is a time point when publish occurs, ¢ is a small positive infinitesimal quantity of time, P (¢)
is the set of publications that ¢ has published before ¢, and P7 (¢ + ¢) is the set of publications which ¢
published up to ¢ and including ¢.

Definition 2.8 (Subscribe). Let ¢ € C be a client, and let s € S be a subscription in a Boolean system.

We define an event subscribe as
subscribe(c, s) £ {84(1 + &) = §4(r) Uss}, (2.32)

where ¢ is a point in time when subscribe occurs, ¢ is a small positive infinitesimal quantity of time, S%(7)
is the set of active subscriptions of ¢ before subscribe occurs, and S% (¢-+¢) is the set of active subscriptions
of ¢ after subscribe occurs.

Definition 2.9 (Unsubscribe). Let ¢ € Cbe a client, and let s € § be a subscription in a Boolean system.

We define an event unsubscribe as

unsubscribe(c, s) £ {84(1+ &) = §4(1)\s}, (2.33)
where ¢ is a point in time when unsubscribe occurs, ¢ is a small positive infinitesimal quantity of time,
S4(1) is the set of active subscriptions of ¢ before unsubscribe occurs, and 5% (z 4 ) is the set of active

subscriptions of ¢ after unsubscribe occurs.

Definition 2.10 (Notify). Let ¢ € C be a client, and let p € P be a publication in a Boolean system. We
define an event notify as
notify(c, p) = {P£(t+ &) = PX(1) Up}, (2.34)

where ¢ is a point in time when notify occurs, ¢ is a small positive infinitesimal quantity of time, PX(¢) is
the set of publications that ¢ has received before ¢, and PX(¢ + ¢) is the set of publications which ¢ has

received up to 7 and including ¢.

2.2.3 System Variables

In the previous subsection we have defined how events change values of system variables. In this sub-

section, we define correct values of these variables at different points in time.

Definition 2.11 (Published Publications). Let ¢ € C be a client in a Boolean system, let 7 = (®, () be a
timed word over an alphabet a of events in this system, and let # be a point in time. We define a finite set
PP(£) C P of publications which ¢ has published before ¢ as follows

PP() € {pcP:(r,1) = ®publish(c,p)}. (2.35)

In other words, P (¢) is a subset of the elements of P for which at ¢ there exists a previous event

publish(c, p) in w.
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Definition 2.12 (Received Publications). Let ¢ € C be a client in a Boolean system, let 7 = (®, () be a
timed word over an alphabet o of events in this system, and let ¢ be a point in time. We define a finite set
PR(£) C P of publications which c has before ¢ as follows

PRy € {p e P: (z,1) = #notify(c,p)}. (2.36)

In other words, P(¢) is a subset of the elements of P for which at ¢ there exists a previous event
notify(c, p) in .

Definition 2.13 (Active Subscriptions). Let ¢ € C be a client in a Boolean system, let 7 = (w,() be a
timed word over an alphabet a of events in this system, and let # be a point in time. We define a finite set

§4(t) C S of active subscriptions of c at ¢ as follows
SA4(t) £ {s € §: (1,1) = [~unsubscribe(c, s)| Ssubscribe(c, s) }. (2.37)

In other words, S4(¢) is a subset of the elements of § for which at ¢ there exists a previous event

subscribe(c, s) in  that is not followed by an event unsubscribe(c, s) up to z.

2.2.4 Matching Model

Each subscription in a Boolean system defines an arbitrary Boolean matching function. Since this func-
tion does not depend on time, we say that subscriptions are stateless filters in the Boolean system. A
subscription matching function evaluates the content of a publication for this subscription by returning

T when the publication matches, and L when it does not match to a subscription.

Definition 2.14 (Boolean Matching Function). We define a matching function m; : P +— {T, L} associ-
ated to subscription s € § in a Boolean system as any time-independent Boolean function which assigns
Tor Ltoeveryp € P.

In the rest of this subsection, we use the following simplified notation to denote that a publication

p € P matches or does not match a subscription s € S:

def

p =5 = [ms(p)
p A s [my(p)

T] and (2.38)
1], (2.39)

respectively.

2.2.5 Specification

Formally, a specification is a set of words which represents the allowed behaviors of a real-time system
[2, 144]. A word is valid if a real-time system behaves as allowed. We specify the valid set of words for

a Boolean system in MITL. Events publish, subscribe and unsubscribe are independent events produced
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by clients in a Boolean system, whereas events notify are produced by the system and are causally relat-
ed to the former events. The allowed behavior of a Boolean system implies the correct notification of
subscribed clients in a timely manner, as this is the essence of every publish/subscribe system.

A real-time system is correct with respect to specification X if it exhibits only the words that are
specified in . Usually, a real-time system specification consists of several different properties, where
each is either a safety or liveness property. A safety property asserts that ’something bad never happens”,
while a liveness property asserts that ”something good will eventually happen” in a real-time system
[121], 189, 79].

Definition 2.15 (Boolean Publish/Subscribe System). A Boolean system is a publish/subscribe system
with the following specification X:

(Responsiveness) Yy € C,Vs € S : O{subscribe(y,s) —

& g, [deliver-matching(y, s)Wunsubscribe(y, s)]}, (2.40)
(Validity) Yy € C,Vp € P: O-[notify(y,p) A fix € C: 33,,ppublish(x,p)], (2.41)
(Legality) Vy € C,Vp € P : o—{notify(y, p)A

Is € S : [, is-subscribed(y,s) A (p < s)]}, and (2.42)
(Uniqueness) Yy € C,Vp € P : O-[notify(y, p) A #notify(y, p)], (2.43)

where we used the following temporal formulas to simplify the presentation:

is-subscribed(y, s) £ {[-unsubscribe(y, s)]Ssubscribe(y, s)}, and (2.44)
deliver-matching(y,s) = Vx € C,¥p € P : {[publish(x,p) A (p < s)] =
Scsymotify(y,p)}. (2.45)

and where J; is the maximal subscription processing delay, J, is the maximal publication diffusion delay

in the system, and J,, < J;.

The upper specification defines a liveness property (responsiveness) and three safety properties (le-
gality, validity and uniqueness). The three safety properties forbid delivery of publications which should
not be delivered to a subscriber, but do not assume anything about cases when such delivery is required.
For example, not delivering any publication in a Boolean system would perfectly satisfy these three prop-
erties. On the contrary, the responsiveness property ensures delivery of those publications which have
to be delivered, but does not say anything about cases when such delivery is forbidden. For example,
delivering each published publication to every subscriber in a Boolean system would perfectly satisfy this
property. Therefore, every correctly implemented Boolean publish/subscribe system always satisfies all
four properties.

The responsiveness property defined in expression (2.40) states that if a client activates a subscription
s, then, after a period of time < J; and before the cancellation of s, every subsequent publishing event

producing a matching publication p < s will lead to delivery of p to the subscriber during a time interval
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publish(x,,p,) unsubscribe(y,s)
notify(y,
subscribe(y,s) Yo publish(x,,p>) | notify(y,p,)
————— o o o o ¢ - ——— P
ty t t;+d, 0, b LYOs  time
- N
Op p Os

Figure 2.2: Processing an event unsubscribe in a Boolean publish/subscribe system.

< 6.
According to expression (2.40), every publishing event of a matching publication during a period of
time while a client is subscribed will lead to the delivery of this publication to the client in a time < J,.
Please note that this is also true for matching publications published in a time < J, before the client
unsubscribes.

The validity property defined in expression (2.41)) states that a publication should never be delivered
to a client if it has not been published previously in time < J,. Therefore, this property forbids delivery
of outdated or non-published publications to subscribers.

The legality property defined in expression (2.42) states that a publication should not be delivered to a
client if it has not been a matching publication to at least one of its subscriptions previously in time < ds.
Please note that this property permits delivery of matching publications in time ds after the occurring of
an event unsubscribe. In other words, it tolerates that the client receives some matching, but delayed,

publications during the processing of events unsubscribe.

Example 2.1 (Processing of an event unsubscribe). In Figure 2.2 we see a typical situation when a client
is subscribed to s during a period of time (f, #;]. The publishing event of publication p, matching sub-
scription s at ¢#; will lead to the delivery of p to client y in period (¢, #; 4 J,,] in which y is still subscribed.
However, the publishing event of publication p, in period (f, — J,, t,] will also lead to the delivery of
D, in period (#, + J,] because client y has to tolerate delivery of matching publications during the
processing of event unsubscribe, i.e. in time (¢, #; + Jg].

Finally, the uniqgueness property defined in expression (2.43) states that a publication should not be
delivered to the same client more than once. This is reasonable, because it would not carry any new

information for the subscriber.

2.3 Top-k/w Publish/Subscribe System

In this section we formally specify the top-k/w publish/subscribe system (top-k/w system) using MITL.
This system is based on the top-k/w matching model in which each subscription defines an arbitrary,
time-independent and real-valued scoring function and two parameters £k € N and w € RT. In this

matching model each subscription continuously monitors published publications to identify k best ranked



2.3. Top-k/w Publish/Subscribe System 23

publications, among publications that are published previously within a time-based window of size w,

with respect to a scoring function.

2.3.1 Structural View

We define a triple B = (C, P, S), where C is a finite set of clients, P is a finite set of publications, and .S
is a finite set of subscriptions in a top-k/w system. B gives the structural view of a top-k/w system and
determines the boundaries of the system state space. A client ¢ € C may publish or cancel publications
from P and activate or cancel subscriptions from §. Therefore, a top-k/w system defines three variables
per each client ¢ € C in the system, one variable per each subscription in the system, and one variable

per system:

« a finite set PL C P of published publications (i.e. all publications which a client ¢ has published

previously),

« a finite set P® C P of received publications (i.e. all publications which a client ¢ has received

previously),

« a finite set S C § of active subscriptions (i.e. all subscriptions to which a client ¢ is currently
subscribed to),

* a finite set P/ C P of publications within the window (i.e. all publications which are within the

window of a subscription s) and

« a finite set P4 C P of active publications (i.e. all publications which have been published and are

still not unpublished).

def

Definition 2.16 (System Variables). In a top-k/w system, for each client ¢; € Clet V; = {Pfi ,Pfl_ , Sfi }
denote the set of its variables. For each subscription s; € S, let PIW be the set of publications within the
window of s;, and let P4 be the set of active publications. Then a finite set ¥ of all variables in this system
is defined as

def

V:{Vl,Vz,...,V|C|,P{V,P§V,...,P|V§|,PA}, (2.46)
which has the following cardinality |[V| =3 - |C| + |S]| + 1.

Analogous to a Boolean system, we assume that all system variables in a top-k/w system are empty

sets in the initial state.

Definition 2.17 (Initial State). We define the initial state of a top-k/w system as follows

Vee C:PP(1=0) =0, PR(t=0)Z0,50(=0) %,
def

Vs €S:P"(t=0)= (), and
Plt=0)<0. (2.47)
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2.3.2 Behavioral View

The following events can occur in a top-k/w system: 1) publish, 2) unpublish, 3) subscribe, 4) unsub-
scribe, 5) notify and 6) drop. The events publish, subscribe, unsubscribe and notify are also present in the
Boolean system, while events unpublish and drop are specific for the top-k/w system. An event unpublish
denotes the canceling of an already published publication by forbidding its subsequent delivery to sub-
scribers. An event drop denotes the dropping of a previously published publication from a subscription
window. The corresponding event publish precedes every drop by the size of the subscription window.
These six events determine the alphabet of events in a top-k/w system, where each possible event in the
system is represented by a single letter of this alphabet.

Definition 2.18 (Alphabet). Let C be a finite set of clients, let P be a finite set of publications, and let §
be a finite set of subscriptions in a top-k/w system. An alphabet o of events in this system consists of the

following letters:

Ve € C,Vp € P :publish(c,p) € a,

Ve € C,Vp € P :unpublish(c, p) € a,

Ve € C,Vs € § :subscribe(c, s) € a,

Ve € C,Vs € S :unsubscribe(c, s) € a,

Ve € C,Vp € P notify(c,p) € a, and

Vs € §,Vp € P :drop(s,p) € a, (2.48)

and has the following cardinality |a| = |C||P| + |C||P| + |C||S| + |C||S| + |C||P| + |S||P| = |C|(3 - |P| +
2-18) + I81|P].

In the rest of this subsection we define changes that an occurring event causes to system variables of
a top-k/w system. Analogous to a Boolean system, system variables of a top-k/w system do not change
their values between each two consecutive events and thus the system remains in the same state during
this interval as shown in Figure 2.1

Definition 2.19 (Publish). Let ¢; € Cbe a client, and let p € P be a publication in a top-k/w system. We
define an event publish as
publish(c;, p) & {PL(t+¢)=PL(t)Up,
Pi(t+¢)=PYt)Up, and
Vej € C,Vs € S P (1 +¢) = P (t) Up}, (2.49)

where ¢ is a time point when publish occurs, ¢ is a small positive infinitesimal quantity of time, Pg(t)
is the set of publications that ¢; has published before ¢, PL(¢ + &) is the set of publications which ¢ has
published up to  and including ¢, P4 (¢ + ¢) is the set of active publications before publish occurs, P4 (¢) is
the set of active publications after publish occurs, P (¢ + ¢) is the set of publications within the window



2.3. Top-k/w Publish/Subscribe System 25

of a subscription s before publish occurs, and P”(¢) is the set of publications within the window of s after

publish occurs.

Definition 2.20 (Unpublish). Let ¢ € C be a client, and let p € P be a publication in a top-k/w system.

We define an event unpublish as
unpublish(c, p) = {P(t+ &) = PA(¢) \ p}, (2.50)

where ¢ is a point in time when unpublish occurs, ¢ is a small positive infinitesimal quantity of time, P4 (¢)
is the set of active publications before unpublish occurs, and P4 (¢ + ¢) is the set of active publications

after unpublish occurs.

Definition 2.21 (Subscribe). Let ¢ € C be a client, and let s € .S be a subscription in a top-k/w system.

We define an event subscribe as
subscribe(c, s) = {$4(¢+ &) = S4(r) Us}, (2.51)

where  is a point in time when subscribe occurs, ¢ is a small positive infinitesimal quantity of time, S%(¢)
is the set of active subscriptions of ¢ before subscribe occurs, and S% (¢-+¢) is the set of active subscriptions

of ¢ after subscribe occurs.

Definition 2.22 (Unsubscribe). Let ¢ € Cbe a client, and let s € § be a subscription in a top-k/w system.
We define an event unsubscribe as

unsubscribe(c, s) < {84(¢+ &) = $(1)\s and
Pl(t+¢) =0}, (2.52)

where ¢ is a point in time when unsubscribe occurs, ¢ is a small positive infinitesimal quantity of time, S% ()
is the set of active subscriptions of ¢ before unsubscribe occurs, S (¢+ ¢) is the set of active subscriptions
of ¢ after unsubscribe occurs, and P (¢ + &) is the set of publications within the window of s after

unsubscribe occurs.

Definition 2.23 (Notify). Let ¢ € C be a client, and let p € P be a publication in a top-k/w system. We
define an event notify as
notify(c,p) < {PX(1+ &) = PX(1) Up}, (2.53)

where ¢ is a point in time when notify occurs, ¢ is a small positive infinitesimal quantity of time, PX(¢) is
the set of publications that ¢ has received before ¢, and PX(¢ + ¢) is the set of publications which ¢ has

received up to ¢ and including 7.

Definition 2.24 (Drop). Lets € S? C § be an active subscription of a client ¢ € C, and let p € Pbe a
publication in a top-k/w system. We define an event drop as

drop(s,p) = {P}(t+¢) = Pl (1) \ p}, (2.54)
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where ¢ is a point in time when p is dropped from the window of s, ¢ is a small positive infinitesimal
quantity of time, P/ (¢) is the set of publications within the window of s before drop occurs, and P (¢+¢)
is the set of publications within the window of s after the drop occurs.

2.3.3 System Variables

In the previous subsection we have defined how each event affects the values of top-k/w system variables.

In this subsection, we define the correct values of these variables at different points in time.

Definition 2.25 (Published Publications). Let ¢ € C be a client in a top-k/w system, let 7 = (®, () be a
timed word over an alphabet o of events in this system, and let ¢ be a point in time. We define a finite set
PE(#) C P of publications which ¢ has published before 7 as

PP(t) € {p e P: (z,1) = #publish(c,p)}. (2.55)
In other words, PZ(¢) is a subset of the elements of P for which at ¢ there exists a previous event
publish(c, p) in w.

Definition 2.26 (Received Publications). Let ¢ € C be a client in a top-k/w system, let 7 = (w, ) be a
timed word over an alphabet o of events in this system, and let ¢ be a point in time. We define a finite set

PR(t) C P of publications which c has received before ¢ as
PR(1) € {p e P: (z,1) = #notify(c,p)}. (2.56)
In other words, PZ(¢) is a subset of the elements of P for which at ¢ there exists a previous event
notify(c, p) in .

Definition 2.27 (Active Subscriptions). Let ¢ € C be a client in a top-k/w system, let 7 = (w,{) be a
timed word over an alphabet a of events in this system, and let ¢ be a point in time. We define a finite set

S4(f) C S8 of active subscriptions of ¢ in ¢ as
S4(t) £ {s € 8 : (r,1) = [~unsubscribe(c, s)] Ssubscribe(c, s)}. (2.57)

In other words, () is a subset of the elements of S for which at ¢ there exists a previous event

subscribe(c, s) in w that not followed by an event unsubscribe(c, s) up to .

Definition 2.28 (Active Publications). Let 7 = (w, {) be a timed word over an alphabet a of a top-k/w
system, and let ¢ be a point in time. We define a finite set P! C § of active publications in a top-k/w

system at ¢ as follows
PlOE{peP:(r,f)e[FceC: (ﬂunpublish(c,p))gpublish(c,p)]}. (2.58)

In other words, P4(¢) is a subset of the elements of P for which at ¢ there exists a previous event

publish(c, p) in @ that is not followed by an event unpublish(c, p) up to ¢.
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publish(x,p;) drop(s,p;) unsubscribe(y,s)
publish(x,p;) drop(x,p>)
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Figure 2.3: Publications within a top-k/w subscription window.

Definition 2.29 (Publications within a Subscription Window). Let s € § be a subscription of a client
y € Cin a top-k/w system, let wy be the size of the window of s, let 7 = (w, {) be a timed word over
an alphabet a of events in this system, and let  be a point in time. We define a finite set P (¢) C P of

publications that are within the window of s at ¢ as
Pty E {peP:(1,1) & [3x € C: (is-subscribed(y,s) A —|dr0p(s,p))gpublish(x,p)]}, (2.59)

where is-subscribed(y, s) £ {[-unsubscribe(y, s)|Ssubscribe(y, s)}.

In other words, P (¢) is a subset of the elements of P for which at ¢ there exists a previous event
publish(c, p) in @ which was preceded by event subscribe(y, s), and up to ¢ is neither followed by event
unsubscribe(y, s) nor event drop(s,p). We assume that top-k/w subscriptions reference future publica-
tions, i.e. publications published after subscription activation. In other words, these subscriptions cannot
reference publications that are published before subscription activation, but still not expired at the time
of subscription activation.

For each subscription s € S, the size wy of its window is constant in time. As a consequence, for every
subscription which is 1) active when an event publish(c, p) occurs and 2) continues to be active afterwards,
the system will produce a corresponding event drop(s, p) exactly wy time units after the publish event.
Since different subscriptions have different sizes of their windows, a previously published publication
will be dropped from their windows at different points in time. Therefore, we can write expression (2.59)

equivalently as follows
PY(t)E {peP: (1,1) = [3x € C: is-subscribed(y, s)ggwxpublish(x,p)]}, (2.60)

where wy is the size of the window of subscription s.

Example 2.2 (Publications within a subscription window). In Figure 2.3 we see that publication P, and
P are within the window of s at £, while publication p, is not within the window of s at ¢ because it has

been dropped from the window of s before z.

Example 2.3 (Dropping publications from subscription windows). In Figure 2.4 we see that a publica-
tion p which is published by client ¢4 at a point in time ¢ will be dropped from the windows of active

subscriptions 51, 52 and s3 at points in time ¢ + wyy, t + Wy and ¢ + wys, respectively.
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Figure 2.4: Dropping publications from top-k/w subscription windows.

2.3.4 Matching Model

In this subsection we present the top-k/w publish/subscribe matching model (top-k/w matching model).
In this matching model, each subscription s € § defines an arbitrary, time-independent and real-valued
scoring function and two parameters k € N and w € RT. A subscription scoring function evaluates the
content of publications for this subscription by returning different scores for different publications. The
scores of publications given by a scoring function do not change in time. The three most popular cate-
gories of scoring functions are aggregation, distance and relevance functions. The former two categories
are used for structured data, while the latter category is used for unstructured data (i.e. text). All these
three categories of scoring functions are supported by the top-k/w matching model. In practice, a scoring

function may be defined per each subscription in a top-k/w system or once per top-k/w system.

Definition 2.30 (Scoring Function). We define a scoring function u, : P — R of a subscriptions € S'ina
top-k/w system as any real-valued function which assigns a score to every p € P, and where bs(u;) € R

and ws(uy) € R are the best and worst score it can assign, respectively.

To enable publication ordering by either decreasing or increasing scores, we define a score comparator
which we use for the comparison of publication scores, i.e. for ranking publications within the window
of a subscription. Notice that, since publication content is static, i.e. it does not change in time, the scores

are also static, but the corresponding ranks may change in time with new publish and drop events.

Definition 2.31 (Score Comparator). Let us be a scoring function of a subscription s € § in the top-k/w
system, and let p,p’ € P. We define the score comparator B Px P {T,L} of s as the following

Boolean function

s, | T ifand only if uy(p) assigns a higher rank to p than u(p’) to p/,
p>p = (2.61)
1 otherwise.

The score comparator compares every two publications by their scores such that the result is T when

a higher rank is assigned to the first argument (p) than to the second argument (p’), or L otherwise. For
A A

example, p; > p, > ...p, denotes a ranked list of £ publications for a subscription s. Obviously, p and

. s . s
p’ are non-commutative for >, and thus we define an inverse score comparator <: P x P+ {T, 1} as
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N of s
follows p < p' £ =(p > p').

A publication matches a subscription at a point in time if it is one of top-k publications within the
current subscription window. As each subscription window is sliding in time, the result of a matching

function is time dependent and thus subscriptions are statefull filters in the top-k/w matching model.

Definition 2.32 (Top-k/w Matching Function). Let s € § be a subscription in a top-k/w system with
parameters k; € N and wy, € R™, let u; and é be a scoring function of s and its associated score com-
parator, and let ws(u;) € R be the worst score that u, can assign. We define the matching function
mg: P— {T, L} of's as follows

{(2.0) E my(p)} £ [uy(p) # ws(us)] A 2p1,pas - oo € P {[(py € PY(0) A (py B p)IA
[(p, € PY (1) A (py > p)]A

(b, € PY(0) A (py, > p)]} (2.62)

In other words, a publication p will match a subscription s if it neither has the worst score for u;,
nor there are k; or more publications better scored than p within the current window of s. From expres-
sions (2.59) and (R.60) we know that publications within the window of a subscription s at a point in time
t are those which are previously published and are still not dropped from the window of s at ¢, i.e. that
are published in the interval [t — wy, 7).

Expression (2.62) uses system variables, but it can be written without these variables using expres-

sions (2.59) and (2.60):

{(z,0) E my(p)} = [us(p) # ws(ug)]A
Bo1.pas - - Dy, € P{[(3x1 € C:is-subscribed(y, s)ggwxpublish(xl,pl)) A (py ép)]/\
[(Fx, € C: is—subscribed(y,s)ggwspublish(xz,l?z)) A (py > )N

[(3xk, € C : is-subscribed(y, s)ggwspublish(xkx,pks)) A (py, > p)}. (2.63)

In the rest of this subsection, and analogous to the Boolean system, we use the following simplified

notation to denote that publication p € P matches or does not match subscription s € -

p <= [m(p)
p £ s = [my(p)

T], and (2.64)
1], (2.65)

respectively.

However, please note that the function m,(p) defined in expressions (2.63) and (2.62) is a function
of time, while Definition for the Boolean matching function is not. Each variable P of every
active s € S changes after each new publishing and dropping event according to expressions (2.49) and



30 Chapter 2. Formal Specification of Publish/Subscribe Systems

(2.54). Therefore, in every implementation of the top-k/w system, we need to check if these variables
have changed due to the occurrence of a new event publish or drop.

2.3.5 Specification

Events publish, unpublish, subscribe and unsubscribe are independent events produced by clients in a
top-k/w system, whereas events drop and notify are produced by the system and are causally related to
the former events. Analogous to the Boolean system, the correct behavior of a top-k/w system implies

timely notification of subscribed clients, as this is the essence of every publish/subscribe system.

Definition 2.33 (Top-k/w System). A top-k/w system is a publish/subscribe system with the following

specification X:

(Punctuality)  Vx,y € C,Vp € P,Vs € S : O{[publish(x, p) A is-subscribed(y,s)] —

[exact-drop(s, p) V < <, unsubscribe(y, 5)]}, (2.66)
(Responsiveness) Wy € C,Vs € § : O{subscribe(y,s) —

& g, |deliver-matching(y, s)Wunsubscribe(y, s)] }, (2.67)
(Validity) Vy € C,Vp € P: O-[notify(y,p) A =, is-active(p)], (2.68)
(Legality) Yy € C,Vp € P : O—{notify(y, p)A

Bs € S : @, [in-window(s,p) A (p < s)]}, and (2.69)
(Uniqueness) Yy € C,Vp € P: O-notify(y, p) A ;notify(y,p)], (2.70)

where we used the following temporal formulas to simplify the presentation:

is-active(p) £ Ix € € : {[~unpublish(x, p)|Spublish(x, p)}, (2.71)
exact-drop(s, p) £ [~drop(s, p)JU_,.drop(s, p), (2.72)
in-window(y, s,p) = 3x € C : is-subscribed(y, )Ss‘i,spublish(x,p), (2.73)
is-subscribed(y,s) = {[-unsubscribe(y, )]Ssubscribe(y s)}, and (2.74)

deliver-matching(y,s) = ¥x € C,¥p € P: {[(p < s) A in-window(s, p) A is-active(p)A
—~e&notify(y, p)] — O <g,n0tify (v, p) }. (2.75)

The previous specification consists of the punctuality property, a liveness property (responsiveness)
and three safety properties (legality, validity and uniqueness). Punctuality is related to dropping of pub-
lications from subscription windows, while other properties are related to the delivery of publications to
subscribers.

Punctuality states that while a subscription is active, each new publishing event will be followed by
the corresponding drop or unsubscribe event after exactly w, time units. The form of this property is

such that it combines a safety and liveness property. Using expression (2.27), we can divide it into the
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following two properties:

(Regularity) Vx,y € C,Vp € P,Vs € S : 0{[publish(x, p) A is-subscribed(y,s)] —
&<y drop(s, p) V unsubscribe(y, )]}, and (2.76)
(Correctess) Ve € C,Yp € P : O=[publish(c,p) A Is € 8 : O, drop(s, p)], (2.77)

where regularity is a liveness property, and correctness is a safety property. Regularity states that while
a subscription is active, each new publishing event will be followed by the corresponding drop or un-
subscribe event in a time < w;, while correctness states that the time period between a publication’s
publishing and its dropping from a subscription window should never be shorter than the size w; of the
subscription window. Therefore, regularity requires that publication droppings happen in certain cases,
but does not say anything about the situations when such droppings should not happen. For example,
immediate dropping of each published publication would perfectly satisfy this property. On the contrary,
correctness forbids dropping a publication from a subscription window in time period wy after the pub-
lishing, but does not imply anything about cases when such dropping should happen. For example, a
system which never drops any publication would perfectly satisfy this property.

The responsiveness property defined in expression (2.67) states that if a client activates a subscription,
then, after at most a time period d;, and before subscription cancellation, every subsequent publishing of
a publication which is at a point in time ¢ 1) active, 2) within the subscription window, 3) if it matches
the subscription and 4) has not already been delivered to the client, will lead to publication delivery to
the subscriber within time period < J,,.

The validity property defined in expression (2.68) states that a publication should never be delivered
to a client if it has not been active previously in time < J,. Therefore, this property forbids delivery of
outdated or non-published publications to subscribers.

The legality property defined in expression (2.69) states that a publication should never be delivered
to a client if it has not been a top-k publication within the window of one of its subscriptions previously
in time < Jd;. Due to the processing of unsubscribe events, and analogous to the Boolean system, each
client in a top-k/w system has to tolerate the delivery of matching, but delayed, publications during at
most a time period J after subscription cancellation, as shown in Figure R.2. Additionally, this property
forbids delivery of invalid publications, i.e. those which have been published, but are dropped from a
subscription window.

Finally, the uniqueness property defined in expression (2.70) states that a publication should never
be delivered to the same client more than once, which is reasonable because it would not carry any new

information for the subscriber.

2.4 Discussion

In this subsection we first compare specifications of the Boolean and top-k/w systems. After that, we

discuss how different values of subscription parameters £ and w influence the top-k/w matching model.
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At the end of this section, we prove that the every Boolean system is a special case of the corresponding

top-k/w system.

2.4.1 Comparison of the Boolean and Top-k/w Publish/Subscribe Systems

The structural view of both the Boolean and top-k/w system defines identical triples B = (C, P, S), where
C is a finite set of clients, P is a finite set of publications, and § is a finite set of subscriptions in a
system. Top-k/w subscriptions are different from Boolean subscriptions because a top-k/w subscription s
is defined as a real-valued scoring function u associated a score comparator & and parameters ks € Nand
wg € RT, while a Boolean subscription s defines just a Boolean matching function m,. Besides system
variables P7 C P,PR C P, and S! C S, which are in both systems defined for each client ¢ € C, the
top-k/w system additionally defines a variable P/ C P for each subscription s € , and variable P4 C P
for the whole system.

In the behavioral view, events publish, subscribe, unsubscribe and notify are defined in both systems.
The top-k/w system additionally defines events unpublish and drop. In the Boolean system, a matching
publication is always delivered in time < J,, after publication, where J, is usually very small. On the
contrary, in the top-k/w system, the delivery of a published publication may be delayed for a period of time
which is less or equal to the size of a subscription window ws. Therefore, as subscription windows can
be large, it is reasonable to support the event unpublish in the top-k/w system to invalidate a previously
published and postponed publication. Additionally, the definitions of the event publish (Definition 2.7
and Definition 2.19) are different because in the top-k/w system, every newly published publication is
not only added to variable P¥ of its publisher ¢ € C, but also to variable P of the top-k/w system and
to variable P’ of each active subscription s € . Similarly, the definitions of the event unsubscribe
(Definition .9 and Definition 2.22)) are also different since the cancelation of a top-k/w subscription
clears its variable P

The main difference between the Boolean and top-k/w system is related to the process of matching
publications to subscriptions. Actually, all of the previously identified differences between these two
systems are directly related to different matching models. In the Boolean system, subscriptions are state-
less filters such that a matching result is time-independent and relies only on the matching function. On
the contrary, subscriptions in the top-k/w system are statefull filters, where a matching result depends on
the comparison of a publication score calculated by a time-independent scoring function and scores of
other publications belonging to a current subscription window.

Hereafter we discuss the differences in specifications of the Boolean and top-k/w systems.

« The punctuality property defined in expression (2.66) is related to dropping publications from sub-
scription windows, and is specific for the top-k/w system. Besides that, both specifications define

responsiveness, validity, legality and uniqueness properties.

» Since multiple deliveries of a publication to the same client are forbidden in both systems, the
related uniqueness properties defined in expressions (2.43) and (2.70) are identical.
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« The validity properties defined in expressions (2.41)) and (2.6§) are very similar, since the only
difference is related to the additional event unpublish that occurs in top-k/w systems. Due to this
event, the validity property of the top-k/w system defines an additional restriction on a publica-
tion delivery, requiring that a publication has to be active (i.e. published and not yet canceled)

previously in time < J,,.

« The legality properties, which are defined in expressions (2.42) and (2.69), are also very similar.
The only difference is related to the additional requirement in the top-k/w system which states that
every publication delivered to a subscriber has to be within a subscription window previously in a
time < J,. Please recall that matching functions are time-independent in the Boolean system, and

time-dependent in the top-k/w system.

« The responsiveness properties defined in expressions (2.40) and (R.67) look identical, but are ac-
tually quite different due the differently defined delivery conditions deliver-matching(y, s) in ex-
pressions (2.49) and (2.73). In the Boolean system, a matching publication is always delivered to
a subscriber in time < J,, after its publication: [publish(x,p) A (p < s)] — 5§{;pnotify(y, p). On
the contrary, in the top-k/w system, a publication may become matching for a subscription at any
point in time between its publishing and dropping from the subscription window. Every publica-
tion which is at a point in time within this interval 1) active, 2) within the subscription window, 3)
matching to the subscription and 4) has not already been delivered to the client, will be delivered
to the subscriber in time < d,: [(p < s) A in-window(s,p) A is-active(p) N —enotify(y, p)] —
O <4, n0tify (v, p).

2.4.2 Subscription Parameters in the Top-k/w Matching Model

In this subsection we discuss a top-k/w subscription under different values of its subscription parameters
ks € Nand wy, € R*. We will assume that ¢ is a point in time when a publication p € P is published and
when s is active. Besides the usual case with the typical values of subscription parameters, four extreme
cases of these parameters are possible. The first three cases are related to extreme values of subscrip-
tion parameters, while the fourth is the combination of values of these parameters and the intensity of

publishing in a top-k/w system.

Parameter kg — oo. In this case, each published publication p with a score better than ws(u,) will match
s since an infinite number of publications with better scores than p within the window of s at
t does not exist according to expressions (2.62) and (2.63). As a consequence every published
publication whose score is better than ws(u;) will be delivered to client ¢ in time < 0p, as stated in
expression (2.40). We refer to this extreme case as the top-co.

Parameter ws — 0. This case is very similar to the previous one as each p with a better score than
ws(ug) will be the only publication within the window of s at ¢, and thus will match s according to
expressions (2.62) and (2.63). As a consequence, every published publication whose score is better
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Figure 2.5: Special cases of subscription parameters in the top-k/w system.

than ws(u,) will be delivered to client ¢ in time < J), as stated in expression (2.67). Therefore, this

extreme case is also the top-oo case.

Parameter ws — oo. In this case, the window of s does not slide, but expands in time. Therefore, only
publications that are among k; best scored publications published from the activation of s will be
delivered to c¢. As time passes it would be progressively harder and harder for newly published
publications to become top-k publications and to be delivered to c.

Low intensity of publishing. Let us model the publishing process in the top-k/w system as a homoge-
neous Poisson process with parameters 4 < k;/w; and = wy, where 4 is the expected number of
publish events that occur in time 7. In this case, a number of newly published publications in every
interval w; is smaller than & and thus, according to expressions (2.62) and (2.63), all publications
with scores better than ws(us) will be delivered to client c. Therefore, this extreme case is also the

top-oo case.

Typical case. The last combination of subscription parameters excludes the four extreme cases men-
tioned above. In this case, subscription parameters have typical non-extreme values, while the
intensity of publishing is related to subscription parameters as follows: A > k;/ws. Therefore, this
subscription acts as a filter for published publications since the number of matching publications
will be larger than in the top-k case, but smaller than in the top-co case. In Figure 2.5, we see a
graphical representation of the typical, top-k and top-co cases. This figure graphically shows that
the typical case is located between the top-k and top-oo cases.

Example 2.4 (An infinite subscription window). In Figure R.q we see an example of top-k/w subscription
for ks = 1, wy — oo and time-independent publication scores. This figure shows the number of published
publications which will probably be required for delivering the n-th matching publication, i.e. n-th top-1
publication since subscription activation. In this example we have used the odds theorem [35, B€] to cal-
culate the required probabilities. We see that after 1 billion publications we will have just 22 publications

which are top-1 within the subscription window.
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number of published
publications

Figure 2.6: Number of matching publications for a top-k/oo subscription and time-independent publica-
tion scores.

2.4.3 Relationship Between the Boolean and Top-k/w System

In this subsection we show that the top-k/w system is more general than the Boolean system, i.e. that
every Boolean system is a special case of the corresponding top-k/w system. We can easily achieve that
a top-k/w system behaves as a Boolean system by selecting proper values of subscription parameters and
scoring functions, and therefore every practical implementation of the top-k/w system automatically sup-
ports the behavior of a Boolean system without any further modifications. This allows us to have Boolean
and top-k/w subscriptions simultaneously active in a same top-k/w system, which is very important for

the future acceptance of the top-k/w matching model.

Theorem 2.1. The Boolean system is a special case of the top-k/w system where for every s € S the

parameter wy — 0 and its scoring function ug is defined as follows

() @y bs(us) iff ms(p) =T or 2.78)

ws(us) otherwise,

where my is the matching function of s in the Boolean system.

Proof. To prove this theorem we have to show that such a top-k/w system would deliver the same set of
publications to each subscriber as the corresponding Boolean system. From expressions (2.62)) and (2.63)
we see that every publication which matches a subscription in the Boolean system will also match the
corresponding subscription in the top-k/w system, because there are no publications with better scores at
any position within the subscription window. Therefore, the matching process in the top-k/w system is
time-independent as in the corresponding Boolean system. In the Boolean system, see expression (2.40)
and (2.49), every publication which matches an active subscription must be delivered to the subscriber in
time < J,, after its publishing. Analogously, in the top-k/w system such delivery is also required because
every such publication is at the moment of its publishing active, within the subscription window, and not
yet delivered according to expressions (2.67) and (2.75). As the safety properties of both systems forbid
delivery of other publications, we have proved the theorem. O
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2.5 Related Work

In this section we survey related work in the area of publish/subscribe system specification and real-time

system specification.

2.5.1 Formal Specification of Boolean Publish/Subscribe Systems

Miihl, Fiege and Gértner [89, [144] introduced a formal specification of publish/subscribe systems using
Linear-time Temporal Logic (LTL) [[136]. Later, Tanner and Miihl [[148] presented a strictly proposition-
alf formal specification of publish/subscribe systems extended with message completeness guarantees.
Finally, Miihl, Fiege and Pietzuch [[147] updated the formal specification from [89, 144].

Podnar [[167] followed [60] in defining and describing publish/subscribe system properties, but her
research was mainly focused on enabling the mobility of clients in publish/subscribe systems. Datta,
Gradinariu, Raynal and Simon [72] informally stated liveness and safety for static subscriptions, and
with an assumption of global time in the system, which we also follow in this thesis. Courtenage [67]
used A-calculus for describing event types in publish/subscribe systems, but did not address its correct
behavior.

Baldoni, Tucci, Piergiovanni, Virgillito and others [21], [1§] presented a formal framework of a dis-
tributed computation based on a publish/subscribe system with two types of delays in the system, name-
ly the subscription/unsubscription delay and the diffusion delay. They also formally specified legality,
validity and liveness properties. In addition, they mentioned three classes of notification persistence: 0-
persistence, A-persistence and oo-persistence. The Boolean system has 0-persistence since publications
expire soon after being published, whereas the top-k/w system has A-persistence, where A is dynamic
because a matching publication can be delivered at any point in time while within a subscription window.

Our definition of the Boolean system is the most similar to the definition of the publish/subscribe
system without advertisements and self-stabilization from [[144], i.e. to the simple event system from

[89, 147]. This group of authors defined safety as what should happen”, while we defined the property

based on “what should not happen”. If we rewrite expressions (2.43), (2.41)) and (2.42)) following their

approach, we will get the following expression:

Yy € C,Vp € P: O{notify(y,p) =
[G-notify(y, p)] A [Fx € C : ®; publish(x, p)]A
[3s € S;l . (@ is-subscribed(y,s)) A (p < )]} (2.79)

The bounded operators in the upper expression are due to the delay in processing of events publish and
unsubscribe, see Example R.1. Additionally, in our specification of the Boolean system we use logical
quantifiers and MITL with both past and future operators, whereas they have used partial quantification

and LTL with point-based semantics and variables of the system instead of past operators. By ignoring

3In other words, they do not use universal and existential quantification.
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these delays and again following their approach, safety (2.79) easily turns into the following expression:

o{notify(y,p) =
[G-notify(y,p)] A[Fx € C:p € PL] A [Bs € S} : p < s]}. (2.80)

Safety (2.80) states that a publication should never be delivered to a subscribed client more than once,
that a delivered publication must have been published by a client in the past, and that a publication should
only be delivered to a client if it matches one of the client’s active subscriptions. If we ignore processing
delays, safety (2.80) is analogous to the safety in our specification (i.e. expressions (2.43), (2.41)) and
(2.42)), but while the former is almost identical as its counterpart in [[144, 89, [147], the latter is closer to
the actual definition of the safety property since it defines “what should not happen” [[121], 9]. In addition,
our liveness property, which is defined in expression (R.40), is drastically different than their definitions
from [|144, 89] and from [[147], respectively:

O{subscribe(y, s) =
[oO(publish(x, p) A p < s = Onotify(y,p)) V (Gunsubscribe(y, s))]} and (2.81)
o{os e S) =

[S(publish(x, p) A p < s = Onotify(y, p))]}. (2.82)

Liveness (2.81)) states that if a client subscribes to a subscription, then either there exists a future point in
time after which every publishing of a matching publication will lead to its delivery to the client, or there
exists a future time when the client unsubscribes from the subscription. Similarly, liveness (2.82) states
that if a client activates a subscription and does not unsubscribe from it in future, then there exist a future
point in time after which every published matching publication will be delivered to the client. These
definitions of the liveness property do not include the case when a client activates a subscription and
receives matching publications until it cancels this subscription, which is a very frequent case in practice.
According to these definitions, if a client will unsubscribe in the future, the system does not have to
deliver any publication to it in a period of time which precedes the unsubscribe event. In addition, the
authors mention finite processing delays of subscriptions and publications in a publish/subscribe system,

but the maximal durations of these delays are not restricted as in our specification.

2.5.2 Formal Specification of Real-Time Systems

In the last twenty years, formal description and analysis of real-time systems has become an increasingly
important research topic. This has resulted, among other things, in the development of several temporal
logics that are able to express quantitative requirements, which are called real-time logics [[13, [16]. There
are two main groups of real time logics: branching time (e.g. [[11]]) and linear time logics (e.g. [200, 118,
16, |13, 177, 43], where the latter are a subset of the former. Linear time logics are based on LTL [[134].
Among them, MTL is one of the most popular [90, 157, 156, 169, [78].

It is well known that over the interval-based semantics, the satisfiability and model checking problems
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for MTL are undecidable, i.e. they have undecidable satisfiability and model-checking problems [[108].
As a consequence, various restrictions on MTL exist (e.g. [L174, 110, 199, 13]). There are many results
in literature regarding decidability (e.g. [[173, [15, 13, 109, 156, [157, 158]) and expressiveness of these
restrictions (e.g. [L73, [109]). In the last fifteen years, it is believed that some very small fragments of
MTL are undecidable. Alur, Feder and Henzinger [|13] showed that MITL is decidable, and Alur and
Henziger[|14] also showed decidability for MITL with past operators. Ouaknine and Worrell recently
showed that, on the contrary, some substantial and important fragments of MTL are decidable [[156, [157,
158]. D’Souza and Prabhakar showed that MTL with interval-based semantics is strictly more expressive
than MTL with point-based semantics, for both future [[169] and past [[78] temporal operators.

The formal definitions of safety and liveness properties are given in [3]. In the same paper the authors
have proven the decomposition theorem, i.e. that every property can be written as the intersection of safety
and liveness. Liveness properties (2.40) and (2.67) are defined as response properties [[108], while safety
properties (2.43), (2.41)), (2.42), (2.70), (2.68) and (2.69) are defined as invariant properties [[190]. A

survey of safety and liveness can be found in [[116].




CHAPTER 3

Efficient Top-k/w Processing over Data Streams

The terminology we use in this chapter is generally accepted in the stream processing community and is
different from the one which is usually used by the publish/subscribe community. Since this chapter is
related to data stream processing systems we follow their terminology. In other chapters we follow the
terminology of the publish/subscribe community. In Table B.1) we see the comparison of these two termi-
nologies. Besides these differences in terminology, there are also some conceptual differences between
stream processing applications and publish/subscribe systems as the number of clients in the former is

relatively smaller and the queries are much more complex than those of the latter [206].

3.1 Introduction

Data stream processing has become an integral part of many applications in domains such as wireless
sensor networks, stock trading, and network monitoring that require data processing in real-time, and cope
with high rates of data object publication while queries are mostly static and continuous. Applications
such as the Sensor Web [|L 7], or RSS filters and aggregators [[L80] are typically distributed, and span over
numerous data sources in wide area networks. As such data sources typically generate data at high rates,
it is imperative to process incoming data streams close to their sources to avoid network overload, and
filter out superfluous data in order to deliver information of interest in real-time and prevent information
overload by end-users.

A data stream is a continuous and possibly infinite sequence of data objects that arrive in an arbitrary
order into a processing system to be processed in real-time [98]. In such a setting, a data object from
an input data stream is matched against a set of continuous queries upon its arrival into a processing
system, and is subsequently inserted into the output stream associated with a continuous query if the object
matches the query. In this chapter, we study a particular type of continuous queries which monitor top-k

data objects over sliding windows (top-k/w queries). Sliding windows are used to restrict the temporal

39
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Table 3.1: Differences in the terminologies used by the stream processing and publish/subscribe commu-
nities.

H Stream Processing Community Terminology | Publish/Subscribe Community Terminology H

data object publication

continuous query subscription

data stream incoming publications

query updates subscription activations and cancellations
query result stream delivered publications

scope of query processing in the absence of explicit deletions of data objects [[143]], and are commonly
defined as either the number of most recent data stream objects (count-based windows) or time intervals
(time-based windows). The parameter £ defines the number of matching data objects restricting it to top-k
objects within a sliding window according to an arbitrary scoring function. By adjusting the parameter
k to sliding window size, the processor controls the rate of data insertion into the output stream, and can

thus prevent data overload.

Our goal is to design a data stream processing system which produces resulting data streams asso-
ciated with multiple top-k/w queries in an efficient manner, i.e. with a minimal memory footprint and
processing time. In the sliding window model, if a data object is not a top-k object within a window
at the time of its arrival in the system, it can become one later on when better-ranked data objects are
dropped from the window while, at the same time, only objects with lower ranks are arriving. Therefore
the processing engine has to store in memory all data objects within the window that have the potential to
become top-k objects in the future. A straightforward approach would maintain all sliding window ob-
jects in memory, however, since we are targeting environments that cannot store all data objects within
the window in memory, there is a need to reduce the set of maintained top-k data candidates, especially
in scenarios when £ is much smaller than the window size. Moreover, the size of the top-k candidate set

directly influences processing performance.

In this chapter, we define a generic top-k/w data stream processing model that is independent of
both data representation and scoring function for evaluating the relevance of data objects to a continuous
query. The model serves as the basis for a number of algorithms for top-k/w processing over certain
streams that define, analyze, and evaluate experimentally. The algorithms apply different approaches
for the maintenance of top-k candidate objects in memory. Two algorithms are deterministic: The Strict
Candidate Pruning Algorithm (SA) continuously maintains a minimal set of top-k objects in a k-skyband
and is based on the algorithm originally proposed in [32], while the Relaxed Candidate Pruning Algo-
rithm (RA) periodically prunes non-candidate objects from a k-skyband to offer improved processing
performance at the expense of increased memory consumption. RA is a novel deterministic algorithm
and represents our original contribution in this chapter. Furthermore, we propose a probabilistic algo-
rithm which uses a probabilistic criterion to decide upon the arrival of a new data stream object whether it
has the potential to become a top-k object in future, and generates approximate results to top-k/w queries.

The Probabilistic Algorithm (PA) is an improved version of our original algorithm initially presented
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in [[172], and can only be used for processing random-order data streams [51]. Our experimental results
show that PA significantly outperforms both SA and RA in terms of memory consumption and processing
performance, while the observed PA error rate is very low and significantly smaller than the theoretical
upper bound. We conclude that it is highly beneficial to employ the light-weight and efficient probabilis-
tic solution in resource-constrained environments with random-order data streams when an application
can tolerate low error rates.

Additionally, we use the idea of employing a buffer of recent stream objects [32] to further improve
SA and RA implementations by delaying the insertion of recent objects into the k-skyband. Buffer im-
plementation uses the principles introduced in PA and performs the function of a probabilistic filter (PF).
When such a buffer is combined with either SA or RA, the resulting algorithms are also deterministic.
As our experimental study shows, the novel deterministic algorithms SAPF and RAPF benefit from the
probabilistic criterion and offer significantly improved performance compared to both SA and RA, and
can be recommended for applications requiring exact processing results.

Although data stream processing has been a particularly active research area in the last years [52,
97, 4, 91], solutions for efficient processing of top-k/w queries are still lacking. The existing papers
[117, 141, 71, 143, 32] do not offer a generalized model for top-k/w processing, but rather focus on
special top-k problems (e.g. k-NN) and specific data representations. The algorithm presented in [32] is
most relevant to our work and serves as the basis for our implementation of SA. The algorithms presented
in [[141, 143] are defined for top-k/w queries using aggregation scoring functions and store in memory
all data objects within the window, which is inefficient and unfeasible in the case of data sources with
high streaming rates. The approximate algorithm presented in [[117] is most relevant to our PA, however
it is also tailored to k-NN queries. Thus this chapter represents an extensive report which evaluates and
compares deterministic and probabilistic algorithms for top-k/w data stream processing.

The chapter is organized as follows. Section presents a formal top-k/w data stream processing
model and gives a formal explanation of different issues affecting the practical implementation of the
processing model. In Section B.3 we present two deterministic algorithms SA and RA, and introduce
PA in Section B.4. The extended versions of SA and RA are reported in Section B.3, while a more
general situation with multiple queries is discussed in Section B.6. Section B.7 analyzes space and time
complexity of the proposed algorithms. In Section B.§ we provide an extensive experimental evaluation
of all algorithms using synthetic and real data sets. A survey of related work in the field of top-k/w queries

on data streams is given in Section B.9 and Section concludes this chapter.

3.2 Top-k/w Data Stream Processing Model

Figure B.1| depicts the architecture of our data stream processor which is in accordance with the generic
architecture proposed in [98]. As we can see in the figure, a single append-only data stream represents in-
put to the data stream processor, while each incoming data object has object-specific expiry. This implies
that data objects cannot change after entering the system, while the time of object expiry is independent

from its time of arrival. For example, we are considering preprocessed sensor readings, either from a sin-
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Figure 3.1: Data stream processor architecture.

gle sensor or aggregated readings from wireless sensor networks, or RSS feeds as valid input data streams
for our stream processor. The processor accepts top-k/w queries that may be activated and canceled at
will. We assume queries reference future data objects, i.e. objects entering the system after query acti-
vation, and cannot reference past objects that have still not expired at the time of query activation. The
processor memory stores both active continuous queries and a set of data objects from the input stream
needed for top-k/w processing. Notice that each incoming data object is seen only when entering the
system unless it is explicitly stored in memory. As we assume memory size is relatively small compared
to the size of data within the stream window, only a restrictive subset of data objects can be stored in
memory. Furthermore, since the size of such a data set directly influences processor performance, in this
section we formally define the set of objects that are necessary for continuous top-k/w processing.

In this section we first present a data stream processing model for continuous top-k/w processing,
and introduce the terminology and notation used throughout the chapter. Without loss of generality,
the model is built assuming count-based sliding windows associated with continuous queries and may
be extended in a straightforward manner to support time-based sliding windows. Second, we provide a
formal problem definition which identifies data stream objects maintained in memory which are necessary
for continuous top-k/w processing. Third, we briefly discuss the implications of the presented model on

processor performance in comparison to related work.

3.2.1 Model Definition

Definition 3.1 (Data Stream Object). Let #! and £ be two points in time such that #/ < ¢£, and let ¢, be
the object content. We define a triple o = {c,, !, £} as a data stream object.

A data stream object is represented by its content, e.g. it may be a point from a multidimensional
attribute space or an unstructured textual document. The object has an associated time of appearance t/
denoting a point in time when object o enters the system, and time of expiry £, which is object-specific
and unrelated to #/. We assume the object content is certain, while its content and time of expiry do not

change after entering the processor.

Definition 3.2 (Data Stream). A data stream S is an infinite and ordered set of data stream objects S =
{o1,...,0i,...} ordered by their time of appearance such that ¥(0;,0; € S) : (i <)) & (£ < t’gj),
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where i,j € N are sequence numbers of o; and o;, respectively.

In other words, data stream objects are unique in their time of appearance implying that a single object
may appear at a point in time. Therefore, all objects from a data stream can be ordered by their time of
appearance.

Each data object that has entered the system is either active or inactive at a point in time #. Thus we
define a set of active data objects at # which contains all objects that have appeared before ¢, and have still

not expired at ¢.

Definition 3.3 (Active Data Stream Objects). Let ¢ be a point in time, and let S be an incoming data

stream. We define the set of active data stream objects 4(¢) C S at a point in time ¢ as
AN E{o: (0eS) A (! <t <iE)}. (3.1)

Apart from being ordered by their time of appearance, data stream objects may be evaluated based

on their content. Thus we define a scoring function for calculating object-specific scores.

Definition 3.4 (Scoring Function). Let S be an incoming data stream. We define the scoring function

u : S — R as any function which assigns a score Vo € S.

Scoring functions are application specific and their explicit definition depends completely on the
application scenario in which the processor is used. In a typical application scenario, the scoring function
will depend exclusively on an object’s content, i.e. u(0) = f{c,).

Object ranking is vital for the implementation of top-k query processing and we use object scores to
rank objects primarily based on their content. Some scoring functions assign ranks to object scores in
descending order such that objects with higher scores are ranked higher than objects with lower scores,
while other types of scoring functions assign ranks to object scores in ascending order. To enable object
ordering by either decreasing or increasing scores, we define a Boolean function for comparing object
scores. As data objects are static and cannot change over time, their scores also do not change over time,

however, their ranks may change as new objects appear in the system.

Definition 3.5 (Score Comparator). Let u be a scoring function, let S be an incoming data stream, and
let o, 0’ € S. We define the score comparator >: S X S +— {T, L} of u as the following Boolean function

, st | T iff u assigns a higher rank to o than to o/,
o>o0 = 3.2)
L iffu assigns a lower rank to o than to o'.

The score comparator compares two data objects by their scores such that the result is T when a
higher rank is assigned to the first argument (o) than to the second argument (0’), or L otherwise. For
example, 01 > 0 > ...0; = T denotes a ranked list of k data stream objects. Obviously, o and o’ are
non-commutative for >, and we can define an inverse score comparator <1: S x S+ {T, L} as follows:

00 = (0> 0).
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We assume unique scores can be computed for all data objects in S such that all objects may be ranked
uniquely. If this is not the case, the scoring function can be modified to include time of object appearance
which is unique for each object, i.e. u(0) = f{c,,#!). For example, if the same score is assigned to two
different data stream objects, we can modify the scoring function to give preference and a higher rank to

more recent objects.

Definition 3.6 (Higher Ranked Objects). Let u and > be a scoring function and an associated score
comparator, let S be an incoming data stream, let O C S be a set of data stream objects, and let o € S be
an incoming data object. We define a set of objects H_ (0, O) C O composed of data objects from O that,

according to u and >, have higher ranks (i.e. better scores) than 0. More formally,
H_(0,0) = {0 : (o' € O) A (0 > 0)}. (3.3)

We denote the set H_ (0, O) by O > o, and read it as "objects from O with higher rank than 0”.

Hereafter we identify characteristics of top-k/w queries supported by our data stream model. Each
query is defined as a scoring function associated with a score comparator and additional two parameters,
the size of the sliding window n, and parameter ~—the number of top-k objects within the window.

Furthermore, as queries are continuous, they have a predefined time of activation and cancellation.

q . . .

Definition 3.7 (Top-k/w Query). Let u, and > be a scoring function and associated score comparator.
e q

Let k;,ny € N and let tg and tg be two points in time such that tg < tg. We define a sextuple ¢ = {u,, >

kg, ng, t‘;, tqc} as a continuous top-k query over a count-based sliding window (top-k/w query).

The scoring function u, and associated score comparator é are defined per query in our model, but in
an actual application scenario, they may also be defined uniquely for all queries. However, for the purpose
of generality, we assume that scoring functions and score comparators are defined per query. Parameter
ng 1s the size of count-based query window, and £, is the number of top objects within the window that
have to be inserted in the query result stream. A point in time tg is the time of query activation, while tqc
is the time of query cancellation.

We are particularly interested in distance, aggregation, and relevance functions as scoring functions
commonly used in application domains that we envision for our processor. Distance and aggregation
functions are typically used in applications processing structured data, while relevance functions are
frequently used by search engines processing unstructured textual data. An example aggregation function
is a weighted-sum function which assigns scores to data objects represented as points in an attribute space
according to the sum of their weighted attribute scores. An example distance function is the Euclidean
distance between points representing data objects in an attribute space. Finally, an example relevance
function is the cosine of the angle between two vectors representing unstructured textual documents in a

vector-space.

Definition 3.8 (Data Objects within a Query Window). Let g be a query, let ¢ be a point in time when ¢

is active, let S be an incoming data stream, and let o, be the last object that has appeared in the system at
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tsuchthat lo € S: (¢ > 1 > ¢4

o 02

). We define the set of data objects within the query window W, (¢) C §
of ¢ at ¢ as follows:

Wy(t) = {0 (0 € )N >t >t > )N (i >z—ny)}, (3.4)

where i and z are sequence numbers of o; and o, respectively.

In other words, a data object is within the query window at a point in time ¢, if the object enters
the processor after query activation, and is among the n, most recent data objects. We are therefore
supporting ad-hoc queries referencing future objects. Note that, as new objects appear in S, old data
objects are dropped from the query window. We denote by £ the point in time when o is dropped from
the query window because a new object o, has just appeared and expelled o from the window, i.e. ¢ = 2.
Contrary to time-based windows, the exact moment when o is dropped from the window cannot be known
in advance for count-based windows, because it is the consequence of 0,’s appearance.

The following definition specifies the set of valid data objects that have the potential to become
top-k/w objects.

Definition 3.9 (Valid Data Objects for a Query). Let g be a top-k/w query, and let ¢ be a point in time
when ¢ is active. We define the set of valid data objects V() C W,(¢) for q at ¢ as

Vo) £ {0 (0 € Wy(1)) A (0 € (1))} (3.5)

In other words, valid data objects at ¢ are all objects that are both active and within the query window
at t. Let us now discuss three possible scenarios that lead to object invalidation: (1) an active object is
dropped from the query window, (2) an object becomes inactive while it is within the query window, and
(3) an object becomes inactive and is dropped from the window simultaneously. An active object o is
dropped from the window if #! < 2 < ¢£, and becomes invalid at #2 since it is no longer of interest to
g. An inactive object remains within the query window when #! < £ < /2, and becomes invalid at /£
even if it is still within the window. An object simultaneously becomes inactive and is dropped from the
window if its active period equals the window size (i.e. 0 < /£ = ¢£), and is obviously considered valid
until £ =P,

Next, we define top-k objects with the query window at z.

Definition 3.10 (Top-k Objects Within a Query Window). Let g be a top-k/w query, and let ¢ be a point
in time when ¢ is active. We define the set of top-k data objects within the query window 7, (7) C V,(¢)

for ¢ at ¢ as follows:
Ty(0) £ {0 : (0 € Vy(0) A (IWy(0) & o] < ky)} (3.6)

In other words, a valid data object o is a top-k object for a top-k/w query at ¢ if at ¢ there are less
than k, objects with higher rank than o among all objects within the current query window. Note that the
set of top-k objects is continuously being updated and changes over time. Next, we define under which
conditions a data object must be reported as a query result and define a set that forms the correct answer
to a top-k/w query.



46 Chapter 3. Efficient Top-k/w Processing over Data Streams

Definition 3.11 (Query Result Set). Let g be a top-k/w query, and let S be an incoming data stream. We
define the query result set R, C § for g as follows:

R, = {o0:(0€S) Ao e T,(0)} (3.7)

A result set associated with top-k/w query ¢ is deterministically correct iff it contains all data objects
from S that are top-k objects within the query window at any ¢, such that tﬁ} <t< tqc. Finally, we define

the correct result stream associated with a top-k/w query.

Definition 3.12 (Query Result Stream). Let g be a top-k/w query. We define a result stream S, for ¢ as
an ordered set of data objects S, = {01, 02, ...} for which the following holds: V(0;,0; € Ry) : (i <
Jj) < (lfl, < tff/,), where i,j € N are sequence numbers of o; and o; in S, while lfi and tff/, are points in

time when o; and o; are inserted into ¢’s result stream, i.e. when they become elements of R,.

According to the previous definition, the processor produces an associated stream of objects for each

top-k/w query in the system, i.e. queries ¢y, ..., q,, in Figure B.1.

3.2.2 Problem Statement

Letus now discuss when an object o is inserted into a query result set, i.e. £X. According to DefinitionB.10,
a valid object becomes a top-k query object when there are less than &, higher ranked objects within a

window. This can happen under the following circumstances:

» at ¢! when o enters the processor iff there are less than kg higher ranked objects within the query

window, and

* at a later point in time #/ < ¢ < £ when one of top-k objects is dropped from the query window
and o has the highest rank among all other objects within the window that are not top-k objects.

The implementation of the first scenario is quite straightforward: Each incoming data object is com-
pared against the list of current top-k query objects, and, in case its rank is higher than the rank of the last
top-k object, it is added into the query result set. This requires continuous maintenance of top-k objects
in memory, because, although these objects have already been inserted into the query result stream, they
are continuously compared to arriving objects. Additionally, we need to detect empty slots in the top-k
list to implement the second scenario.

The second scenario requires a more elaborate solution as it has already been recognized in [[143,
32, [114]: The processor needs to instantly fill the slot of an invalidated top-k object with an object that
currently has the best rank among non top-k objects within the query window. Therefore, the processor
needs to store additional candidate data objects in memory that have the potential to become top-k objects
in the future. The most trivial solution would be to maintain all data objects within the query window
in memory, and discard them later on when they are dropped out of the query window, as it has been

suggested in [[141, [143]]. However, as query window size can in general be much larger than £, and as we
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assume that memory is limited, our goal is to minimize the number of candidate objects maintained in
memory.
Hereafter we define a property that can be used to detect that a data object is not a candidate query

object.

Definition 3.13 (Domination). Let g be a continuous top-k/w query, let S be a data stream in the system,
q . .

and let 0,0’ € S. We define domination »: S x S +— {T, L} as the following Boolean function:

ob o E (o)A > ). (3.8)

(2

In other words, a data object dominates another object for a given query iff the former object is
more recent, i.e. younger, and has a higher rank for the query than the latter object. We can also write

4, g q . . .
0 40 = (o' » 0) which states that o is dominated by o'.

Definition 3.14 (Data Object Dominators for a Query). Let g be a continuous top-k/w query, let ¢ be a
point in time when g is active, let S be a data stream in the system, and let o € W, (¢). We define the set

of dominators of o for ¢ at ¢ as follows
Dy(1,0) £ {0 : (' € Wy(£) A (0 » 0)}. (3.9)

The set D, (¢, 0) contains all objects that dominate o for g at 7, and in the rest of the chapter, we denote
this set as ,(¢) » o and read it as “objects within the window of ¢ that dominate o at ¢”.
The following two theorems define when a data object can no longer affect the query result stream

and is therefore not a candidate query object.

Theorem 3.1. Let g be a query in the system, and let t be a point in time when q is active. A data object
o that is valid for q at t and cannot become its top-k object at any future point in time t > t if at t it has

k4 or more dominators. More formally,
Yo € V(1) : ((Wy(t) o] > k) = (B > t:0 € T,({)). (3.10)

Proof. Assume to the contrary that 37 > ¢ : o € T,(¢) and that |W,(¢) > o| > k,. Using expres-
sions (B.8) and (B.9) we have |, (?) > o| > kg = (|W,(?) 2 o| > k,) whichis valid V¢ : (£ > 7 > ¢ >
t!) and is in contradiction with expression (B.6). O

In other words, a data object o is not a candidate data object for ¢ if, at any point in time when o is valid,
it becomes dominated by k, or more than k, objects within the query window, i.e., there are k, younger
objects with higher rank than o. In the rest of the chapter we say that such a data object is dominated for

query g, and in case o is dominated by less than &, objects, we say the object is non-dominated for query
q.

Theorem 3.2. Let g be a query in the system, and let t be a point in time when q is active. A data object

o that is valid for q at t cannot become its top-k object at any future point in time t' > t, if at t there are
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ky or more data objects with higher rank than o within the window of q that will stay inside the window

until q is canceled. More formally,

voenm:gomogunmém»Aqmz&ﬁAwdeowg>§wy¢
(B >t:0€eT,(). (3.11)

roof. Assume to the contrary that : C téo A(|O| > k,)andthat 3¢ > t:0 € T,(¢). As
Proof. A he contrary that 30 : (O C (W, (1) . ;

t(?, > tqc, o’ will stay within the query window up to the point in time tqc, Vo' € O, and thus we can write

Ve (1§ > 1 > 1) = ([W,(0) = o| > |O| > k), which is in contradiction with expression (8.6). O

In other words, a data object o is not a candidate data object for ¢ if, at any point in time when o
is valid, there are k, or more objects with higher rank than o within the query window that will remain
within the window until ¢ is canceled. This property is useful for discarding objects when the duration
of the query window is comparable to object activity period.

Additionally, we show in the following lemma that a dominated object can dominate only already
dominated objects, and therefore such objects are truly irrelevant for a query and may safely be deref-
erenced. A data object which is dereferenced by all queries in the system may safely be discarded from

Processor memory.

Lemma 3.3. Let g be a query in the system, and let t be a point in time when q is active. A data object o

that is dominated for q at t can dominate only objects which are already dominated at t. More formally,
q q q

Vo,0" € Wy(t) : (0 » ') A (|Wy(1) » o] > ky) = [W, (1) » 0| > ky. (3.12)

Proof. Assume to the contrary that 3o’ € W,(¢) such that o > o L |y (t > o| > kg and | W, (1) > of | <

ky. From expression (8.9) we have Yo" € (W,(t) > 0) : (0" 2o & o)A (th, > ¢! > 1) and then

W, (1) » 0| > kg O

Both Theorem and Theorem B.2 define the properties of objects that are irrelevant for a query
and can be used to discard dominated objects as unsuitable candidate objects. However, Theorem
is more usable in practice because it can be applied to discard dominated data objects at any point in
time, while Theorem is useful shortly before query cancellation or when the duration of the query
window is comparable to object activity period. Moreover, as it is difficult to predict the time of query
cancellation in practice which is required for the implementation of Theorem B.2, we apply Theorem
and Lemma [3.3 as the basis for defining two deterministic top-k/w processing algorithms presented in
Section B.3.

3.2.3 Discussion

In this subsection we discuss three issues: an alternative to our top-k/w processing model presented in
Section B.2.1l, required modifications of our model to support object deletions and time-based windows.
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Our model — is o within the window at ¢?
NO \ YES [YES] NO
Alternative model — is o within the window at ¢?

NO \ YES [ NO | NO
Both models — may o be reported?

NO \ YES [ NO | NO

Figure 3.2: Comparison of our and the alternative top-k/w processing model

The alternative model defines top-k objects within the query window in the following way:

7(0) £ {0 (0 € Vy(0) A (IVg(0) & o] < ky)}. (3.13)
This is the alternative to our Definition and the corresponding expression (B.6).

Please note that the second part of the previous expression differs for the two models since the set
W,(t) used in our model is replaced with the set V,(¢) in the alternative model. In other words, when
determining whether o is a top-k objects, the alternative model compares o only with objects that are
valid for the query at ¢, while our model compares o with all data objects within the query window at t.
Note that, according to both definitions, a data object has to be valid to become a top-k object, however,
an object competes only against valid objects within the window in the alternative model, while in our
model it is compared against all objects within the window, even though some of these objects might
already be expired. Our reasoning is that each object within the window, although expired, still holds
its position within the window, and cannot be discarded as it posses important information about the

characteristics of objects within the query window.

Example 3.1. The aforementioned slight difference in the definitions can have an enormous effect on
system performance when there are many inactive objects within the query window, i.e., when object
lifetimes are shorter than the size of a query window. This scenario is shown graphically in Figure B.2.
A data object o enters the query window at # and expires at /£, although its 2 follows after £ since the
window size is larger than /£ — /. For both models, o can be reported as a top-k object only when it
is active, i.e. in the period (¢, t£]. The difference relates to the question whether o is considered to be

within the window or not: The alternative model considers it is within the window only in the period

(¢4, ££], while our model considers it is within the window during (¢, £].

0’%0 0’"0

Let us now discuss the implications of the alternative definition for top-k/w objects within the query

window on processor performance.

Objects have non-monotonic times of dropping from a query window since data objects whose life-
time is shorter than the size of query window, i.e. inactive objects within the window, will be
dropped from the window at £, while others will be dropped from the window at 2.
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It is difficult to support the combination of count-based windows and object-specific expiry as we
cannot know in advance which event precedes another, either object expiry or object dropping
from the window due to arrival of a new object. This complicates the implementation of data object
discarding because, besides object score, we also have to compare tf)‘, tf ,and tg’ to determine object

dominance.

The deletion of objects is supported only when all valid objects are stored in memory since an ob-
ject that was dominated for a query and thus discarded can later become a top-k object when some

of its dominators are deleted.

An inflation of top-k objects is possible in an extreme situation when many objects become inactive
within the window because |V, ()| < |W,(¢)| and thus |V, (¢) & o| < |Wy(1) & o|. As |V,(1) &
0| < kg, this implies that expiring objects, although still within the window, are creating free slots
within the top-k list when they expire instead of creating free slots when dropping from the window.
This gives the opportunity to newly arriving objects to become top-k objects when entering the pro-
cessor and thus produces more than &, objects within the window in the query result stream. In the
worst-case scenario when object lifetimes are shorter than object inter-arrival times, all incoming
objects would enter the query result stream. Such processor performance is in contradiction with

the requirements of top-k/w stream processing.

Hyper-production of top-k objects and lack of deletion are the main drawbacks of the alternative
model and the major incentives for redefining the top-k/w data stream processing model. Although the
authors in [32, 114] do not provide a fine-grained definition of top-k/w objects within the query window,
they mention and discuss some of the previously listed problems, and we can therefore argue their work is
based on the alternative model. Let us now discuss modifications of our model to support object deletions.

Following the previous discussion, our model can be extended in a straightforward manner to support
data object deletions and thus dynamic data streams. Analogous to expired objects within the query
window, deleted objects become inactive but remain within the window until they are dropped from the
window. Of course, once deleted, the object cannot become a top-k object in future and therefore we may
safely delete its content from memory, and store only its identifier associated with object score while it
is within the window.

Here we sketch a solution which adds support for object deletions. The model can be extended in the
following way: 1) associate a unique identifier id with each object, and 2) redefine the content of data
streams to carry both insertions of objects /(o) and deletions of previously inserted objects D({id, ££}).
When a deletion appears at input, the processor needs to update the time of object expiry (££) for a previ-
ously defined object with an associated identifier id.

Finally, to extend our model with time-based windows we give the analogue of Definition B.§.

Definition 3.15 (Data Objects in the Query Window). Let g be a query, and let ¢ be a point in time when
g is active. We define the set of data objects within the query window W, (¢) C S of ¢ at ¢ as follows

We@) ={o: (0 €S)A(S >t +wg >t >1) >1)}, (3.14)
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where w, € RT is the size of the time-based window of g.

3.3 Deterministic Algorithms

In this section we present two deterministic algorithms for continuous processing of top-k/w queries on
data streams. Both algorithms maintain a k-skyband of data objects for active queries in the system
which contains non-dominated objects for each query and enables pruning of dominated data objects.
According to Theorem B.1] and Definition .14, when detecting dominated data objects, we compare data
objects along two dimensions: the time of object appearance and object score. The comparison is always
two-dimensional, and it neither depends on the type of query scoring function, nor dimensionality and
representation of the data object content. For this reason, the algorithms we present in this section assume
generic top-k/w queries, which are independent of object representation and query definition.

The first deterministic algorithm is the strict candidate pruning algorithm which is based on contin-
uous strict maintenance of a k-skyband associated with a query. This algorithm uses dominance counters
for k-skyband maintenance as already suggested in [[141], 32, 143], and serves as the reference algorithm
for our experimental evaluation in Section B.§. Next, we propose our original deterministic top-k/w pro-
cessing algorithm entitled the relaxed candidate pruning algorithm. It maintains a relaxed k-skyband for
each active query and periodically prunes dominated data objects.

Although the presented top-k/w processing model supports multiple queries, to simplify discussion
in this section, we present algorithms with respect to a single top-k/'w query ¢ = {u, >, k, n,t4, (¢} if
otherwise not explicitly stated. Specifics related to concurrent processing of multiple queries is discussed
in Section B.¢. Furthermore, we assume the score comparator > is defined to assign higher ranks to objects
with higher scores.

In this section we first formally define the k-skyband and investigate vital properties for the imple-
mentation of the two deterministic algorithms. Next, we describe the strict candidate pruning algorithm

and conclude this section with the definition of the relaxed candidate pruning algorithm.

3.3.1 k-Skyband

We can present data objects from the query window as points in two-dimensional Cartesian space where
one axis represents object score and the other time of object appearance. We can arrange these points,
and thus also data objects, into skylines and the corresponding skyband. According to [[160], a set of
points that are dominated by k£ — 1 other points is a k-skyline, while a k-skyband is a set of points that are
dominated by less than k other points.

Example 3.2. Figure B.3 depicts a graph with a number of points representing objects from an input data
stream in such Cartesian space. It is quite straightforward to detect data objects that dominate a chosen
object, or a set of objects dominated by an object using such graphical representation. For example,
point j is dominated by points in its upper-right quadrant (points b and c), since object o; is dominated by

objects with higher scores that are younger than o;. Analogously, point j dominates all points located in
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A 1-skyline
2-skyline g 4
3-skyline [ g

4-skyline
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time of appearance>

Figure 3.3: An example k-skyband.

its lower-left quadrant (point m) because an object dominates all objects with lower scores and smaller
time of appearance. Additionally, points @, b, and c in Figure B.3 represent a 1-skyline because they
are not dominated by any other points, while point m represents a 5-skyline because it is the only point
dominated by 4 other points (b, c, £, and ;). All black points in Figure B.3 form a 3-skyband, which is
composed of the 1-skyline, 2-skyline and 3-skyline.

Hereafter we define the query k-skyband that contains all objects within the query window that are
dominated by less than k& objects (we say they are non-dominated for a query), since, according to Theo-
rem B.1], candidate objects cannot be dominated by & or more than k objects.

Definition 3.16 (Query k-Skyband). Let ¢ be a point in time when a top-k/w query ¢ is active. Then, we
define k-skyband S, (f) C W,(t) associated with g at ¢ as the set of data objects from the query window
at t which are dominated by less than &, data objects at z. More formally,

Sq(1) £ {0 (0. € Wy(t)) A ([Wy(t) » o] < ky)}. (3.15)

The set of objects within the k-skyband contains all top-k objects and objects that have the potential to
become top-k in future at a point in time z. Therefore, if a query k-skyband is maintained in memory over
time, it can be used to deterministically answer the associated top-k/w query. For example, the 3-skyline
in Figure B.3 can be used to answer a top-3 query at a point in time ¢ assuming all presented points are
within the query window at ¢. Note the query k-skyband is constantly evolving over time as new objects

arrive and existing become dominated by & or more than k objects.

The query k-skyband surely contains the minimal set of candidate data objects. However, it also
includes some additional objects that, according to Theorem B.2, cannot become top-k in future. This is
stated formally in the following theorem.

Theorem 3.4. Let g be a query in the system, and let t be a point in time when q is active. The minimal set

of objects that can become top-k objects of q at any future point in time ' > t is a subset of the k-skyband
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associated with q at t. More formally,
V(o € Wy(t)) : (0 & Sy(t)) = (Bt > t:0€ T,(1)). (3.16)

Proof. For a data object o € W,(¢) that is not a k-skyband object of ¢ at ¢, Definition gives |W,(t) >
o| > k. From Theorem B.1 we can write 3¢ > ¢ : 0 € T,(¢). Additionally, for some objects from S (7)
the condition from Theorem can hold, and thus the A-skyband is a superset of the the minimal set of
objects that can become ¢’s top-k objects. O

Therefore, to produce deterministic answers to a top-k/w query it is sufficient to maintain the query
k-skyband over time if we accept slight overhead in memory consumption due to the maintenance of
objects that according to Theorem B.2 cannot become top-k in future. Please note that maintaining such a
two-dimensional k-skyband is a much simpler problem than the maintaining of three or more dimensional
k-skybands [[170].

Let us now discuss a property formally defined in the following lemma that is important for the
deterministic algorithms defined in this section.

Lemma 3.5. Let q be a query in the system, let o be an active data object, let {2 be a point in time when
o will be dropped from the q’s window. If 0 is in q's k-skyband at {2, it is also among q's top-k objects at
2. More formally, .

Yo € S:(0€S(8)) = (IW,(££) > o] < ky). (3.17)

Proof. All data objects within the window of ¢ at £’ are more recent than o and thus will be dropped later
from the window. Therefore, from Definition we have | W, (7)) > o| = |W,(£P)) & o <ky O

In other words, this lemma states that the oldest data object from a k-skyband is always among the
top-k query objects at a point in time just before it will be dropped from the query window. Otherwise,

if it were not among top-k objects, it would have previously been dominated by & or more than & objects.

3.3.2 Strict Candidate Pruning Algorithm

The Strict candidate pruning Algorithm (SA) continuously maintains a k-skyband associated with a query.
SA applies strict pruning of dominated data objects after each object arrival, and stores strictly non-
dominated objects associated with a query according to Definition B.16.

Each data object is associated with three attributes: 1) its score for the query, 2) its dominance counter
(i.e. the number of objects in the k-skyband that dominate it), and 3) the sequence number of an object
that will expel it from the query window as stated in Definition B.§. We represent the k-skyband in
memory using two singly-linked lists sorted by descending object scores (i.e. ascending ranks) as shown
in Figure B.4, where each object score is written in the square that represents it. The top list stores k
best ranked non-dominated objects, while the candidate list stores other non-dominated objects for the
query. Objects in the candidate list can become top list objects when some of the top list objects become

dropped from the query window. Additionally, we use a self-balancing binary treem(time tree) in memory
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(Strict) k-Skyband

head tail head tail

Top List Candidate List

Figure 3.4: Adding an object o into a strict k-skyband.

to sort objects by ascending sequence numbers and efficiently locate dropped objects. Only top-k objects
should be added to the time tree because, as shown by Lemma B.3, other objects cannot be dropped from

the query window.

The processing of an incoming data object is done in three steps as shown in Figure B.4. We traverse
elements in both lists starting from the head (highest ranked) of the top list to the tail (lowest ranked) of
the candidate list. In the first step we find the number of object dominators for a new object by checking
higher ranked objects, and increase the object dominance counter for every dominator we encounter? If
we find the object is dominated by more than £ k-skyband objects, we abort the procedure since the object
is neither a top-k nor candidate object. Otherwise, we insert the object to its position in one of the lists
in the second step and, in the third step, traverse objects with lower ranks and increase the dominance
counter of each object dominated by the new object. The pseudo-code of the algorithm for processing
of an incoming object is shown in Algorithm [[. The algorithm for processing incoming objects which
are added to top list and reported as top-k objects (line 5) is presented in lines 2-18, while the algorithm
for processing other objects is presented in lines 20-29. If we find that the dominance counter of a lower
ranked object is larger than parameter £ (lines 17 and 28), we will remove it from the k-skyband (lines 18
and 29). Additionally, if an incoming object is added to the top list, so the size of the list becomes larger
than k& (line 9), we will move the top list tail to the candidate list (lines 10-15).

After each new object arrival, SA checks the oldest object in the time tree to see if it is expelled (i.e
dropped) from the query window by a newly arriving object. When this happens, the expelled object
is removed from the time tree and k-skyband. The removal from the k-skyband can be easily handled
because all other objects in it are more recent, and this object cannot dominate them. As shown in Lem-
ma B.9, the expelled object is always a top-k object and therefore we have to remove it from the top list.
The algorithm for the removal of a dropped object from the k-skyband is shown in Algorithm f. When a
dropped object is located B (line 1) and removed (line 2), the head of the candidate list has to be moved
to the top list to fill the empty slot (line 5). If the moved object is neither expired nor previously inserted

"To be more precise, we use a red-black tree that has a reference to the oldest object in the tree, such that the access to this
object has amortized time complexity O(1). A Fibonacci heap gave us very similar, but generally a slightly worse processing
performance. For additional information about the data structures please check [64].

2Please note that although it is impossible for an incoming object to have dominators in the k-skyband at the time of its
appearance since it is the youngest in the k-skyband, SA will check the domination property. This makes the algorithm generally
applicable for the buffering approach we introduce in Section B.3.

3In the programming languages with the low-level of abstraction it is possible to access a list element directly and delete it
without traversing preceding objects. Since in the average-case the most of k-skyband objects will become dominated before
dropped from the window, this traversing has a minor influence on the processing performance.
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Algorithm 1 SA: Process an incoming object o

Require: u, >, o, toplist, candlist, timetree, k
1: if o I> toplist.tail then

—_ o e
w22

15:

29:

N e A A T

/lstep 1
count dominators of 0 among its predecessors in toplist;
/Istep 2
report o as a top-k object;
add o to foplist and timetree;
/Istep 3
increase counters of dominated successors of o in toplist;
if toplist.size > k then
t < toplist.tail;
if ¢ is not dominated then
move ¢ from toplist to candlist;
remove ¢ from timetree;
else
remove it from candlist and timetree;
increase counters of dominated successors of o in candlist;
if any sucessor.counter > parameter k then
remove succesor from candlist;

. else

/lstep 1
count dominators of 0 among its predecessors in both lists;
if o.counter > k then
abort because o is dominated;
/lstep 2
add o to g.candlist;
/step 3
increase counters of dominated successors of o in candlist;
if any sucessor.counter > k then
remove sucessor from candlist,;

in the query result stream (line 7), it will be instantly reported to the query (line 8).

3.3.3 Relaxed Candidate Pruning Algorithm

In practice, the continuous maintenance of a strict k-skyband produces a large processing overhead due to

immediate pruning of dominated objects. Therefore, our original Relaxed candidate pruning Algorithm

(RA) allows referencing of additional dominated data objects in memory, i.e. in the relaxed k-skyband.

Opposed to SA, RA periodically prunes dominated objects from the relaxed k-skyband.

We represent the relaxed k-skyband in memory using two self-balancing binary treesisorted by as-

cending ranks as shown in Figure .3, where the score of each object is written in the square that represents

it. Each object is associated with two attributes: 1) its score for the query and 2) the sequence number of

an object that will expel it from the query window. The top tree stores k best ranked data objects, while
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Algorithm 2 SA: Remove a dropped object o

Require: o, toplist, candlist, timetree
1: traverse predecessors of o in toplist;
2: remove o from foplist,
3: if candlist is not empty then
4 h < candlist.head,
5: move & from candlist to toplist;
6: add A to timetree;
7. if it /i neither expired nor previously reported then
8 report /4 as a top-k object;

Relaxed k-Skyband

head tail head tail
Top Tree Candidate Tree

Figure 3.5: Adding an object o into a relaxed k-skyband.

the candidate tree stores other referenced objects for the query. Two attributes are associated with the
query: 1) pruning coefficient y, and 2) candidate tree limit. The value of the pruning coefficient can be
chosen arbitrary. This coefficient represents the percent increase of the size of the candidate tree after
a pruning that triggers the subsequent pruning. After each pruning, we set the candidate tree limit as
(1 + y) multiplied by the new candidate tree size. The initial value of the candidate tree size should be
a few times larger than k. Analogous to SA, we use a time tree to sort objects by ascending sequence
numbers and efficiently locate dropped objects that need to be removed from the relaxed k-skyband.

The processing of an incoming data object is done in three steps, as shown in Figure B.3. We first
compare the incoming object score with the score of the object with the lowest rank in the top tree, i.e. the
top tree tail. In the second step, the object is inserted either to the top tree if its score is higher than the top
tree tail, or to the candidate tree. In the third step, the process of pruning dominated objects is triggered
if the number of objects in the candidate tree is larger than the predefined limit. The pseudo-code of the
algorithm for processing an incoming object is shown in Algorithm [ If the object is added to the top
tree (line 5) such that its size becomes larger than k (line 6), we move the top tree tail to the candidate
tree (line 8). After each pruning (line 15), the new candidate tree limit is calculated (line 16).

To efficiently prune dominated objects from the candidate tree, we use an auxiliary self-balancing
binary tree of size k called dominator tree to store top-k objects sorted by ascending times of object
arrival. The pruning is done in two steps, as shown in Figure B.. We first fill the dominator tree with

top tree objects. Then, in the second step, RA is traversing the candidate tree from the head to tail (i.e.

“To be more precise, we use two red-black trees. The top tree has a reference to its lowest ranked object (i.e. its tail), while
the candidate tree has a reference to its head object, such that the access to these objects has amortized time complexity O(1).
Again, a Fibonacci heap gave us very similar, but generally a slightly worse processing performance.
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Algorithm 3 RA: Process an incoming object o

Require: u, >, o, toptree, candtree, timetree, k, limit, y

1: //step 1
2: if o > ftoptree.tail then
3 //step 2
4:  report o as a top-k object;
5 add o to toptree and timetree;
6:  if toptree.size > k then
7: t < toptree.tail;
8: move ¢ from toptree to candtree;
9: remove ¢ from timetree;
10: else
11:  //step 2
12:  add o to candtree;
13: //step 3

14: if candtree.size > limit then
15:  prune dominated objects from candtree;
16:  setlimit = (1 + ) - candtree.size;

Relaxed k-Skyband

Top Tree Candidate Tree

Figure 3.6: Pruning dominated objects from an RA candidate tree.

in descending scores order), while at the same time keeping k£ most recent of already encountered objects
in the dominator tree. Additionally, when it detects that an encountered object has appeared before the
oldest element in the dominator tree (i.e. the dominator tree head), such an object is obviously dominated
by k objects in the dominator tree and is thus removed from the relaxed k-skyband. The pseudo-code
of the algorithm for pruning dominated objects is shown in Algorithm l. After each pruning, only non-
dominated data objects, i.e. k-skyband objects stay in the relaxed k-skyband.

Analogous to SA, RA checks the oldest object in the time tree upon each new arrival to see if it
is dropped from the query window. When this happens, the dropped object is removed from the time
tree and relaxed k-skyband. The algorithm for removing dropped objects from the relaxed k-skyband is
presented in Algorithm . As we add only top-k objects to the time tree, a removed object is always a
top-k object and therefore we have to remove it from the top tree (line 1). However, some candidate tree
objects (which are not added to the time tree) may also be dropped from the window, and these objects will
be removed from the relaxed k-skyband either upon the next pruning or while filling the empty slot (lines
2-6). If the candidate tree contains an object that is still within the window (line 7) it will be moved to the

top list to fill the empty slot (line 8). Additionally, if the moved object is neither expired nor previously
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Algorithm 4 RA: Prune dominated objects

Require: toptree, candtree, timetree
1: domtree < {0}
2: for all o in toptree do
add o to domtree;
4: for all o in candtree do
5:  add o to domtree;
6:  h < domtree.head,
7
8
9

w2

remove & from domtree;
if 7 = o then
remove o from candtree;

Algorithm 5 RA: Remove a dropped object o

Require: o, foptree, candtree, timetree,
1: remove o from foptree;
2: repeat
3:  h < candtree.head,

4:  if A is not null then

5: remove & from candtree;

6: until /2 is null or 4 is within the window;

7: if h is not null then

8: add A to toptree and timetree;

9: if & is neither expired nor previously reported then
10: report 4 as a top-k object;

inserted in the query result stream (line 9), it will be instantly reported as a top-k object (line 10).

3.4 Probabilistic Candidate Pruning Algorithm

In practice, most of the objects from a query k-skyband will never become top-k objects for the query and
will never be reported as its answers. Therefore, in this section we present our original Probabilistic can-
didate pruning Algorithm (PA) which prunes k-skyband objects that have a small probability to become
top-k objects in the future and maintains a significantly smaller set of candidate data objects. For this
reason, PA is more efficient for top-k/w stream processing than deterministic algorithms since memory
consumption is the most important efficiency measure for all streaming algorithms [[114]. The PA we
present in this section is an updated version of our original algorithm for top-k/w processing of random-
order data streams published in [l 72]. The most important characteristics of a random-order data stream
model is that any permutation of streaming data objects is equally likely to appear in a stream. This does
not imply that object scores are random for a query, but that data objects are drawn independently from
a non-time-varying distribution which is characteristic for a number of independent data sources, e.g.
RSS feeds or large sensor networks. The random-order data stream model was originally introduced in
[150], which is one of the first papers in the field of data stream processing with limited memory, and
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has been used to describe and analyze a number of real-world application scenarios [[101], 50, 51|, 114].
In comparison to SA and RA, the main drawback of PA is that, as a probabilistic algorithm, it produces
approximate results.

In this section we first present the mathematical background of PA which allows us to calculate an
object’s probability to become a top-k object in future, and second, we define the PA. As for the algorithms
in the previous section, we present PA with respect to a single top-k/'w query ¢ = {u, >, k,n,t*, 1€} } if
otherwise not explicitly stated.

3.4.1 Mathematical Background

To explain the mathematical background of PA, let us assume the stream processor has unbounded mem-

ory which, at every point in time, can store all objects from the current query window.

Definition 3.17 (Score List). Let g be a continuous top-k/w query, and let ¢ be a point in time when ¢ is
active. We define the score list L(¢) of ¢ at ¢ as a list of data objects within the window of ¢ at  which are
ordered by their ascending ranks L(z) = W, (7).

Let us assume that at a point in time #! a new object o arrives such that its initial rank is / in the score
list. The rank of this object will change during time as new objects arrive while the old ones are dropped
from the window. Our goal is to find the probability that o will become a top-k object in future. The

initial rank / of 0 may have the following properties:
1. Top-k rank: o is a top-k object at £,

2. Good rank: o is not a top-k object at #! but has probability p > ¢ to later become a top-k object,

and
3. Poor rank: o is not a top-k object at #! and has low probability p < o to later become a top-k object.

If /is a top-k or good rank, o is referenced in memory and maintained in the probabilistic k-skyband,
or is ignored otherwise. To simplify the discussion, we assume the following: 1) we know only the scores
(i.e. ranks) of objects in L, and do not know their actual sequence number in the data stream and 2) the
cardinality of L is » at all points in time, i.e. we will ignore the initial period after query activation when
L is not full. Let a new rank of 0 in L(¢) be /' = [ — x + y at a later point in time # > # where x is the
number of objects from L(#!) with a higher rank than o at #! that have been dropped from the window
during the time interval (¢!, #), and y is the number of objects that have arrived during (#/,#) and have a
better rank than o. Hereafter we introduce two lemmas for calculating the probability related to objects
with higher rank than o.

Lemma 3.6. For data objects from a random-order stream, the probability that x of d objects are dropped
from the window in the interval (t1,¢) that have a higher rank than o is the following:

(G
")

pylin,d,x) = (3.18)
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Figure 3.7: An example score list at a point in time when an object o appears.

wherel <nx<Il—1,x<dandd <n-—1.

Proof. We have to find the probability that among d dropped objects, x have higher ranks than o. Fig-
ure B.7 depicts an example score list where o is at position  at # (marked as a black square), while objects
being dropped during (¢!, ) are marked as checked squares. Every object in L(#!) except o, has an equal
probability to be dropped from the window due to our previous assumption. Since they have arrived in
L before o, they will also be dropped from L before o. Therefore, there are (";1) different possibilities
to choose d dropped objects from n — 1 potentially dropped. Additionally, x of d dropped objects are
ranked higher than o, and thus there are (1;1) different possibilities to choose x dropped objects from
[ — 1 potentially dropped objects that are ranked higher than o, and ( ;:i) different possibilities to choose
d — x from n — [ potentially dropped objects that are ranked lower than o. O

Lemma 3.7. For data objects from a random-order stream, the probability that y out of a objects have

arrived during the interval (t,¢) that have a higher rank than o is the followingE

(I—H-y) (n—l+a—y)

n_o\v a-y
"t a () . (3.19)

pa(l,n,a,y) =

wherel <nandy < a.

Proof. We have to find the probability that among a arrived objects, y are ranked higher than o. This is
a conditional probability p(E||E2) = p(E1 N E)/p(E>), where event E; is “the rank of o in L(¢1) is I,
and where event £/ is ”y of a arrived objects are ranked higher than o. The probability of event £, is
1/n because there are n possible ranks of o in L(¢4). p(E; N E,) is the probability that the rank of o in
L(¢1) is I and that among a arrived objects y are ranked higher than o. Let us take a look at Figure B.8,
where an example score list is shown at a point in time #. Object o is shown as a black square, objects
that have arrived before o are shown as empty or checked squares, and objects that have arrived after o

are shown as gray squares. Please note that objects represented by gray squares have previously expired

5 An important remark has to be made: The probability p,(I,n,a,) is not equal to (‘:) - 27 because it would mean that

the scores of data objects are totally random, which is usually not true for random-orders streams, where any permutation of
streaming data objects is equally likely to appear. Additionally, the probability p,(/, n, a,y) is not equal to alﬁ because it would

mean that only permutations of streaming objects appeared after o are equally likely to appear, but not the permutations of all
streaming objects.
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Figure 3.8: An example score list after several object appearances.

and thus are not elements of L(#'). We have to take these objects into account because our assumption is
that any permutation of streaming data objects is equally likely in the stream. There are (”+Z_l) different
possibilities to choose a arrived objects from n + a — 1 equally possible ranks in L(#'). Additionally, we
know that the rank of 0 in L(#) is I' = [ — x + y. Therefore, there are (l_ly+y ) different possibilities to
choose y arrived objects from / — 1 + y objects that are ranked higher than 0. Analogously, there are
(”_[Z:‘;_l) different possibilities to choose @ — y arrived objects from n — / + a — y objects that are ranked
lower than o. Thereby, the probability p(E| N E;) is given as ((17;” ) ("j:”vfy N/ (n+a)), and

then we have p(E\ |E2) = p(E1 N E2) /p(E2) = n- (")) (25N /(") (n+ a)). O

At each processing step, a new object arrives in the system, and according to expression (B.4) it
replaces an object within the window that has the oldest time of arrival in L. The probability that object
o has rank [ at step i is the following

min(/—1,i)
> palinig)-palnij—1r) if7 <1,
po(, 1) =< I (3.20)

min(/' —1,7)

> pallinij =) - p(Lin,ij) ifl > 1,

J=Irl

where r = ' — [ is a relative rank of o in step i. Please note, that during the last processing step, i.e.
when i = n — 1, just before o is dropped from the window, all other objects that have arrived before o
are already dropped. Therefore, using expression (B.19) we can calculate the probability that object o has

rank /' at stepi =n — 1 as

I+ =2\ (2n—1-1I' n—1Y\ (n—1
/ oy T A (1’—1 )( n—1' ) . n (1’—1)(1—1)
ps(l,l,n,n 1) —pa(l,l’l,l’l lvl 1) - on—1 ’ (2n—2) - 2n—1 ' (2n—/2) : (321)
n—1 I+

In our paper [[172], we have used the probability Zf/:l py(I';1,n,n—1) as a criterion for the detection
of good ranks. In the next theorem we further tune this criterion to achieve a better approximation of the
probability that an object will become a top-k object before it is dropped from the query window.

Theorem 3.8. Let q be a top-k/w query over a count-based window of size n, let o be a data object with



62 Chapter 3. Efficient Top-k/w Processing over Data Streams

IO

Figure 3.9: Approximation of the probability that an object is a top-k/w object at a processing step.

rank [ > kwithin the window of q at a point in time t!. For data objects from a random-order data stream,
an upper bound of the probability p,(I, n, k) that o will become a top-k object before is o is dropped from
the window of q is the following:

2 k n—1\ /n—1
py(lyn k) = — Z("I)(H) (3.22)

an—2 I'=1 (211_1’2)

where | < nandl < n.

Proof. Foreachstepi=1,2,. — 1, let E; be the event "o is a top-k object at step i”’. Using expres-
sion (B.20) we calculate the probablhty of an event E; as p(E;) = Y% v ps(l 1 n,i). Letp,(I,n,k) =

(Z?:ol E;) be the probability of o being a top-k object at any step i. Obviously, events Ey, E}, ..., E,_;
are dependent, and thus we can use inequality p(3°"~) E;) < 327 p(E;) to bound the value of p,(1, n, k).
For large values of n, it is difficult to exactly calculate this bound as it has » — 1 summands. Our cal-
culations show that p(E;), as a discrete function of step i, is monotonically increasing and convex for all
starting ranks for which > 7~ p( ;) < 1. Since o is not a top-k object upon its arrival, for all such starting
ranks we have p(Ey) = 0. Then, usmg the triangle shown in Figure B.9, we bound the value of each p(E;)
from above using its projection — -p(E,_) on the triangle diagonal: )" ' p(E) < 5-p(E,—1). Finally,
using p(E,—1) = Z v ps(I',1,n,n — 1) and expression (B.21) we conclude that the following property

holds: p,(1,n, k) < Y00 p(Ei) < % p(Enr) = py(lin k) = g5 - 51 [(02)) (42 1)/(211_1’2)]' H

The previous theorem defines the probabilistic criterion we use upon a new object arrival to decide
whether its initial rank for a query is good or poor, and thus whether it needs to be maintained in memory
or not. Poor ranks are those with an upper bound p,,(/, n, k) < o, while the following condition holds for
good ranks: p,(/,n,k) > o, where o is the predefined probability of error. For data stream processing
scenarios with a specific o, we can compute the number of objects to be maintained in the probabilistic k-
skyband using the probabilistic criterion defined in expression (B.22). Let us find an integer k-/imit which
is the last good rank of an object within the probabilistic k-skyband such that p, (k + limit, n, k) > ¢ and
py(k+1limit+1,n,k) < o. The value of k+ limit has to be calculated numerically and here we sketch the
algorithm for finding /imit. The algorithm requires o, k and n as input parameters and calculates p,, (7, n, k)
for/ = k,k+1,... until we find the first rank f'such that p,(f, n, k) < o, and thus k + limit = f — 1 is
the last good rank within the score list. We call limit = f— 1 — k the probabilistic limit on the number
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Table 3.2: Probabilistic limit on the number of candidate objects.

[ a\k] 1] 2] 5]10]20]507] 100 [ 200 [ 500 ||
100172072531 [39[54] 70] 88 103
2100 1821263214157 75| 99 135
5.1 (20 |22 2834|4361 8 | 107 | 157
10|21 2429364563 84 | 112 ] 167
2-10" [ 2225303746 65| 86| 116 | 175
5-107 [ 23|26 [ 32394868 | 90| 121 | 183
10° [ 24 1271334050 70] 92 ] 124 | 188
2.10° || 25 [ 28 [ 34 [ 41 [ 51 [ 72| 95| 128 | 193
5-10°0 [ 26 |29 [ 36 [ 43 |53 [ 74| 98 | 132 | 199
10° [[ 27 [ 31 [ 37 [ 44 | 55| 76 | 100 | 135 | 203

of object candidates that need to be maintained in the probabilistic k-skyband, where the probability of
error is upper-bounded by . Table B.2 lists the probabilistic limits for = 0.001 and some typical values
of k and n, and shows that the memory overhead due to maintenance of object candidates for increasing
values of n and k decreases and becomes almost negligible for large values of n and k& (e.g. 0,0203% for
n = 10° and k = 500).

3.4.2 Algorithm Description

PA maintains the probabilistic k-skyband in memory using two self-balancing binary trees sorted by
descending scores (i.e. by ascending ranks) as shown in Figure B.10, where the score of each object is
written within the square that represents it. Therefore, the probabilistic k-skyband structure is similar to
the relaxed k-skyband, and each object is associated with:processing- 1) its score and 2) the sequence
number of an object that will expel it from the query window. The top tree stores k best ranked data
objects, while the candidate tree stores other referenced objects for a query. Two attributes are associated
with each query: 1) probabilistic limit on the number of candidates, and 2) threshold. A probabilistic
limit is calculated upon query activation using parameters o, k and »n, while threshold is initially set to
the lowest possible score value. When the number of objects in the candidate tree equal the probabilistic
limit, the threshold value is set to the score of the candidate tree tail object. Analogous to SA and RA,
we use a time tree to sort objects by ascending sequence numbers to efficiently locate objects that need
to be removed from the probabilistic k-skyband.

The processing of an incoming data object is done in four steps, as shown in Figure B.10. We first
compare the object score with the threshold and abort the procedure when it is lower that the threshold
because the object rank is poor, or continue with the second step otherwise. In the second step we addi-
tionally compare the object score with the score of the top tree tail. In the third step, the object is inserted
either to the top tree if its score is higher than the top tree tail, or to the candidate tree. The candidate tree
tail is removed from the probabilistic k-skyband if the number of objects in the candidate tree is larger
than the probabilistic limit, and subsequently the threshold is updated. The pseudo-code of the algorithm
for processing an incoming object is shown in Algorithm f. If the object is added to the top tree (line

®These trees are identical to the top and candidate trees of RA.
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Figure 3.10: Adding an object o to a probabilistic k-skyband.

Algorithm 6 PA: Process an incoming object o

Require: u, >, o, toptree, candtree, timetree, k, limit, threshold
1: //step 1
2: if o < threshold then
3:  abort because o has a poor rank

4: else

5. /lstep2

6:  if o I> toptree.tail then

7: //step 3

8: report o as a top-k object;
9: add o to foptree;

10: if toptree.size > k then
11: move foptree.tail from toptree to candtree;
12:  else
13: //step 3
14: add o to g.candtree;
15: add o to timetree;
16: //step 4

17: if candtree > limit then
18:  remove candtree.tail from candtree and timetree;
19:  set threshold = candtree.tail score; [/new candtree.tail

9) such that its size becomes larger than £ (line 10), we move the top tree tail to the candidate tree (line
11). Please note that in contrast to SA and RA, PA adds both top tree and candidate tree objects to the
time tree (line 15). This is necessary because candidate tree can comprise dominated objects which can
be dropped from the query window.

Analogous to SA and RA, PA checks the oldest object in the time tree upon each new arrival to find
out whether this object is dropped from the query window. When this happens, the dropped object is
removed from the probabilistic k-skyband. The algorithm for removing dropped objects is presented in
Algorithm [7. Since we add all probabilistic k-skyband objects to the time tree, a dropped object is either
a top-k object or a candidate tree object (line 1). In the latter case we just remove it from the trees (line 9).
In the former case (lines 2-7), we remove it from the trees (line 2), and move the candidate tree head to
the top tree to fill the empty slot in top tree (line 5). If the moved object is neither expired nor previously

inserted in the query result stream (line 6), it will be instantly reported as a top-k object (line 7). After
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Algorithm 7 PA: Remove a dropped object o

Require: u, >, o, toptree, candtree, timetree, threshold
1: if o I> foptree.tail then

2:  remove o from toptree and timetree;

3:  if candtree is not empty then

4: h < candtree.head,

5 move A from candtree to toptree;

6: if /1 is neither expired nor previously reported then
7: report 4 as a top-k object;

8: else

9:  remove o from candtree and timetree;
10: approximate threshold,

each object removal, we have to approximate the threshold value (line 10) to avoid resetting it to 0. The
threshold is approximated so that its previous value is decreased by an absolute difference in scores of
two lowest ranked objects from the candidate tree. When the candidate tree becomes full again, the score

of its tail will become the new threshold value (lines 17 and 19 in Algorithm [).

3.5 Enhancement of Deterministic Algorithms with Query Filters

In practice, SA and RA may insert many data objects with low ranks into the query k-skyband, although
such objects will soon become dominated by higher ranked and more recent objects. Such objects are
not dominated when they arrive into the system due to their late arrivals and would normally be stored
in the query k-skyband, although their potential to become top-k objects is rather low. In this section we
outline enhanced versions of SA and RA which improve algorithm performance by filtering out recent
objects with low ranks and delaying their insertion into the k-skyband.

To enable filtering of recent objects, we employ a special FIFO buffer. The buffer stores data objects
from the query window of size b according to Definition .8, where # is replaced by b, and we denote the
set of data objects in the buffer by B.

Definition 3.18. (Data Objects in the Recent Buffer) Let t be a point in time, let b € N, and let o, be the
last object that has appeared in the system at such that lo € S: (t > ¢ > 1 ). We define a set B(f) C S
of data objects in the recent buffer at ¢ as follows:

B(t) E{oi: (i€ S)A (>N (i >z—b)}, (3.23)

0
where i and z are sequence numbers of o; and o, respectively.

Typically b < n, and the buffer is represented in memory as a singly-linked list of objects. To
efficiently process data objects from the buffer, we associate an auxiliary k-skyband to a query—query
filter—Hilled with data objects from the buffer. The query filter enables filtering of objects with low
ranks by avoiding their adding to the query k-skyband at the time of arrival: The object will rather be
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temporary maintained in the query filter while it is within the buffer, and the query filter will make the
second attempt to insert the object into the query k-skyband, just before it is dropped from the buffer. At
the later point, such an object will probably be dominated by younger objects with higher ranks, and will
be discarded, unless the quality of the data stream with respect to the query changes and newly arriving
objects have mainly lower ranks than the original object.

The next theorem explains when and under which circumstances data objects can be delayed in the

recent buffer.

Theorem 3.9. Let g be a query in the system, let B be a recent buffer of size b, let tﬁi be a point in time
when q is active and when a new data object o; arrives in the system that is not a top-k data object from
the buffer at t‘;{_ , and let tgi/ > tﬁi be a point in time when o; is expelled from the buffer. The data object
o; cannot become a top-k object of q while in the buffer (i.e. at any point in time t where tfl_, >t> t’o‘{) if
the following condition holds

n+1

b < o (3.24)

Proof. 1f every element from B(z2) is still within the window of g at tfl_/, the following holds V7 : (tfi/ >
t> ) = (|0 C (B@) e 0) C (Wy(1) 2 0)| = k), and then from expression (B.6) we will have
Bt (> t>tl) Ao € Ty(t)). Leto; € B(t!) be the least recent object in B which will be expelled
from B upon the next arrival (i.e. i = j + b — 1). If o; is still within the window of g at tfl_/ all other object
in the buffer at tfl,' are more recent than o;. From expression B4)wehavej+n—1>i+b—1,and
thenn >b+i—j=2-b—1. O

In other words, if the previous condition holds, the objects that are delayed in the buffer cannot
become top-k query objects while they are in the buffer. In practice, buffer size is typically much smaller
than the query window size and thus the condition holds. Furthermore, when an object is not a top-k
buffer object just before it will be expelled from the buffer, this object is dominated by & buffer objects,
i.e. it is dominated for the query, and can safely be discarded. Otherwise, if the object is a top-k buffer
object just before it is dropped from the buffer, it should be added into the query k-skyband as it has the
potential to become a top-k/w object.

The query filter may be implemented as any of the previously defined k-skybands, i.e. either strict,
relaxed or probabilistic k-skyband. Therefore three types of filters are possible: strict filter (SF), relaxed
filter (RF) and probabilistic filter (PF). Note that the query filter is quite similar to the top-k/w query
because both use the same scoring function, score comparator and parameter k£, however, the major dif-
ference is the window size—b for the query filter, and n for the query. Thus the k-skyband structure
associated with a query filter is the same as for a top-k/w query requiring that only buffer objects are
possible filter k-skyband elements: top-k objects from the buffer are maintained in the filter top list/tree,
while others are within the filter candidate list/tree.

The processing algorithm works as follows: Each incoming data object is first added to the recent
buffer and then processed by the query filter. The query filter will insert an incoming object into the query
k-skyband only if it is a top-k object in the filter at the time of its arrival, or will otherwise try to insert
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Algorithm 8 Filter: The 2™ insertion attempt of an object o

Require: u, >, o, filter
1: if o D> filter.topstructure.tail then
2:  if o is not inserted in the first insertion attempt then
3: process o for the query;
4: if o is stored in the filter then
5:  remove o from filter;

it in the second attempt[z(during the removal from the buffer) as defined in Algorithm §. In the second
insertion attempt we will process o for the query (line 3) and remove it from the filter (line 5) if it is still
referenced there (line 4) only if less than & higher ranked objects are left in the filter (line 1) and it was not
inserted in the first attempt (line 2). Otherwise, the object will just be removed from the filter (lines 4-5)
and will not be processed for the query since it is dominated for the query, as we prove in the following
theorem. Please note that the original versions of SA, RA and PA have to be slightly modified to be used
for filter processing. We replace line 5 in Algorithm [I], line 4 in Algorithm [ and line 8 in Algorithm f§
with ”process o by the query filter” instead of reporting o as a top-k object, and additionally we delete
lines 7-8 in Algorithm [, lines 9-10 in Algorithm [ and lines 6-7 in Algorithm [.

Theorem 3.10. Let q be a query in the system, let B be a recent buffer of size b, and let tfl_, = tﬁj be a point
in time when q is active and when a new data object o; appears in the system, enters and expels from the
buffer a data object o; (i.e. i = j — b) that is valid for q at tfl_,. The data object o; cannot become a top-k
object of q at any future point in time t > tfi/ if at tfi/ it is ranked worse than kg objects left in buffer, more
formally:
AU} !
Yo, € S: [|B(EE) > oj| > kgl = (Bt > £ : 0; € T, (1)) (3.25)

Proof. All data objects left in the recent buffer at tf; are more recent than o; and thus will be dropped later
from the window of g. Thus we have |B(t’05;) > oi| = |B(tfi/) e oi| > kg, and then from the Theorem
directly follows that 0; cannot become a top-k element of ¢ at any future point in time ¢ > tg. O

Note that it is not necessary to have a deterministically correct set of top-k objects from the buffer
in a query filter to apply filters with SA and RA. Actually, any set of k objects from the buffer can be
used as a filter, and the deterministically correct set will prune the largest number of dominated objects.
For this reason, we can use the probabilistic k-skyband as a filter, while keeping the exactness of query
results and therefore the combination of SA and RA with PF is also a deterministic algorithms. We denote
the algorithms that extend the original SA and RA with different versions of the query-filter as follows:
SASF, SARF, SAPF, RASF, RARF and RAPF.

"Please note that during the processing in the second attempt, it is possible that some more recent objects are located in the
query k-skyband, and therefore we must check if the currently processed object is dominated by them. This only refers to SA,
whose presented version already supports this possibility, see line 3 of Algorithm [l.
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3.6 Supporting Multiple Top-k/w Queries

This section considers a more general processing case when more then one top-k/w query is simultane-
ously active in the system. This case requires a few additional data structures and some modifications

when compared to a single query:

1. We need a query tree, a self-balancing binary treeSfor storing all active queries and query filters in
the system. As filters forward data objects to their queries, they have references to their queries.
Therefore, when using SA and RA with filters, the filters must have references to their queries, and
then we put them, but not their queries, to the query tree.

2. To store all data objects that are referenced by at least one query or filter, we use a self-balancing

binary tree® named object tree.

3. Sharing a common time tree among all queries and filters in the system is more efficient approach
than having separate time trees for all objects because the later approach requires an additional time
tree for sorting of all query time trees by their heads (i.e. least recent objects), which then produces

additional processing due to tree synchronization.
4. We apply a single object buffer which is shared among all query filters in the system.

5. SA, RA and PA associate some attributes (e.g. score) to each object referenced by a query/filter.
Since these attributes are query/filter specific, we create an object wrapper for each object refer-
enced by a query/filter, and associate these attributes to the wrapper instead of the object itself.
Each such wrapper has two additional attributes: a reference to its object in the object tree, and a

reference to its query in the query tree.

In such a setting, the naive approach to process an incoming data object is to sequentially traverse
the query tree and process this object for each traversed query/filter. Additionally, before each object
processing we always remove dropped objects, i.e. object wrappers, from the common time tree and their
query/filter k-skybands. Sequential processing is supported by all three algorithms, including versions
with filters, but is usually inefficient. In the next subsection we explain how use query indexing techniques

can be used to minimize the number of queries/filters that have to be informed about a new object arrival.

3.6.1 Indexing Non-Generic Top-k/w Queries

If we closely analyze PA, Algorithm [ states that a query does not need to be informed about a newly
arrived object if its score is worse than the query threshold. The presented versions of deterministic
algorithms (SA and RA) work by processing all incoming data objects and do not define such a threshold.
However, the versions of SA and RA with filters define a threshold as the score of the filter element with
rank k, in the case of SF and RF, or as the filter threshold in the case of PF, because in both insertion
attempts only objects with ranks higher than such a threshold are forwarded to the corresponding query.
Both thresholds values change in time with new object arrivals and droppings.

8To be more precise, we again use a red-black tree. This tree allows fast adding and removing of queries (i.e. data objects).
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Figure 3.11: Indexing of top-k/w queries for various query scoring functions.

Query indexing reduces the number of data objects that a query/filter needs to process by skipping
those objects that will certainly not be referenced. Our experimental evaluation shows that query indexing
can significantly improve processing performance in certain situations. The query indexing techniques
cannot be used for generic queries because they completely depend on data object representation and cor-
responding scoring functions. Hereafter we sketch indexing techniques for the three prominent categories
of scoring functions: distance, aggregation, and relevance functions.

Distance and aggregation functions are applied to structured data where data objects are represented as
points in a multidimensional attribute space. In accordance to existing approaches [141), 143, 32], we use
a regular grid to index queries/filters in such attribute space. A regular grid divides an attribute space in
cells of equal size, while a threshold defines the subspace of interest for a query/filter. In case of distance
functions, each threshold represents the radius of the subspace of interest around a query/filter point, as
depicted in Figure B.11d. Similarly, for aggregation functions each threshold represents a hyperplane
in the attribute space that defines the query/filter subspace of interest, as shown Figure B.110. Please
note that the space of interest is covered by the cells of interest from the regular grid that encompass a
larger portion of the attribute space than the subspace of interest itself. Obviously, a query/filter subspace
is varying in time due to threshold changes. The subspace can either expand or contract as shown in
Figures and B.118. Query indexing changes the algorithms in the following: Upon each new object
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arrival, we first find the grid cell in which our object resides, and then find a subset of queries/filters
whose cells of interest encompass this cell to inform them about the appearance of the new object. For
example, we will inform ¢ in Figure about the appearance of object 0;, but not about object 0; and
03.

Relevance functions represent queries and data objects as vectors in a vector-space, and score, i.e.
relevance, is defined as the cosine of the angle between a data object and query vectors. In this case, the
query threshold represents the cosine of the angle between the query vector and the edge of the cone-like
query subspace of interest, as shown in Figure B.11d. Such a subspace also expands or contracts with
new object arrivals and droppings. To our knowledge, the indexing of top-k/w queries in vector-space is

an open research problem [|142] and is not discussed further in this chapter.

3.7 Complexity Analysis

In this section we analyze time and space complexity of the previously defined algorithms SA, RA, and
PA for both the average and worst-case scenarios. In the average-case scenario, we assume that any
permutation of streaming data objects is equally likely to appear in a data stream. In the worst-case
scenario, the scores of data objects are monotonically decreasing in time, and thus every incoming object
has to be stored in memory as it will become a top-k object at a later point in time when n — k older objects
are dropped from the query window. Note that complexity analysis is performed with respect to a single
top-k/w query ¢ = {u, >, k,n, ¢!, (€}, if otherwise not explicitly stated, for which the score comparator
> is defined to assign higher ranks to objects with higher scores.

3.7.1 Space Complexity Analysis

We express space complexity as the number of data objects referenced in memory per query.

The space complexity of SA is O(n) in the worst-case as all data objects will become top-k objects.
In the average-case scenario, the expected number of data objects in a strict query k-skyband is O(k -
In(%)) = O(n'), as shown in [204]. Similarly, the worst-cased space complexity of RA is O(n), and
on'+4-(n—k)=0w-(1+%)—%-k) =0 (1+1%)) =0(r) in the average-case because the
number of data objects referenced by each query varies between n’ and n’ + y - (n’ — k), where y is the
pruning coefficient. The space complexity of PA is always O(k + limit), where limit is the probabilistic
limit on the number of object candidates. PA will potentially generate a large error in the worst-case
scenario because it discards many incoming objects without knowing that they will become top-k objects
in future. In the opposite case when scores of incoming data objects are monotonically increasing, PA
will not generate error.

Please note that the space complexity for a query filter (i.e. SF, RF or PF) can be expressed analo-
gously as for the corresponding query without filter (i.e. SA, RA or PA): we just need to replace n with
b in the previous expressions, where b is the number of buffer objects.

The worst-case space complexity of a query k-skyband for SA and RA with filters is O[n — (b— k)] =
O(n — b+ k) due to the fact that b — k objects from the recent buffer will be kept in the query filter. In the
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average-case, only k of »’ non-dominated objects in the buffer will be inserted to a query k-skyband. Thus
the space complexity of a query k-skyband is O(n' —b'+k) = O(k-In(%)—k-In(2)+k) = O(k-(1+In(%)))
and O(k- (14+1In(%))- (1 +%) =5 -k) = O(k- (1 +In(}))) for SA and RA with filters, respectively. It
is important to recall that in case when query filters are used, there is an additional overhead of b objects
stored in the recent buffer. However, this buffer is shared by all queries in the system.

For the queries with filters, the query indexing does not affect the space complexity of a query k-
skyband since it only restrains the processing of low-scored data objects by the associated query filter.
Additionally, it also does not affect the space complexity of PA and PF since it only restrains the process-
ing of objects which are scored worse than the threshold as shown in Algorithm [. On the contrary, the

indexing lowers the space complexity of SF and RF by avoiding the insertion of low-scored data objects.

3.7.2 Time Complexity Analysis

For the time complexity analysis, we assume that m top-k/w queries with parameters k and » are processed
simultaneously as they apply the common time tree which influences processing time. Furthermore, each
incoming data object is processed sequentially, while in each processing cycle a new data object appears
and the oldest is dropped from all query windows. Note that we express time complexity as the complexity
of a processing cycle per query.

In the worst case scenario SA has time complexity O(n + ld(m - k)), where ld(m - k) is due to main-
tenance of the common time tree, while it is O(n’) in the average case. The time complexity of RA in
the worst-case is O(ld(n — k)* + Id(m - k)), because the pruning process will never be started, while
ld(n — k)? is due to addition and removal of objects from a candidate tree. The time complexity of RA
in the average-case is O(ld((n' — k) - (1 + %))?) = O(ld(n')), which takes into account the addition
of an incoming data object to a candidate tree, and object pruning every y - (n’ — k) processing cycles.
For PA, in the worst-case, k + /imit data objects will be added at every n-th processing cycle into the
probabilistic k-skyband, while on average k + limit objects will be added per » incoming objects, where
limit is the probabilistic limit on the number of candidates. As k + limit < n, the time complexity is
o(1+2- W -ld(m - (k+ limit))) ~ O(1) in both cases. The first term W ld(m - (k + limit)) is
related to addition of an incoming object with a top or good rank to the time tree, while the second term
relates to removal of an object with the worst rank in the candidate tree from the time tree. Note that the
most time-consuming task per PA cycle is the object score calculation.

Note that processing with filters adds additional processing cycles and hereafter we analyze time
complexity of the SA and RA with query filters. We express time complexity for a query filter main-
tenance by replacing n with b in the expressions for the SA, RA and PA without filters as follows:
O(b + Ild(m - k)) and O(k - In(2)) = O(b') for SF, O(ld(b — k)* + ld(m - k)) and O(ld(}')) for RF,
and O(1) for PF. We get the worst-case time complexity of a query k-skyband maintenance by replacing
n with n— b+ k in the expressions for the SA and RA without filters: O(n—b+k+Id(m-(n—b+k))) and
O(ld(n—b)*> +1d(m- (n—b+k))) for the strict and relaxed k-skyband, respectively. In the average-case,
the number of insertions into a query k-skyband is 7 - % per window size n. In other words an insertion

happens every %—th cycle on average because (7 - %) /n = %. From the space complexity analysis we
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know that the average space complexity of a query k-skyband is O(k - (1 + In(%))) in this case. There-
fore, the average-case time complexity of a query k-skyband maintenance for the SA and RA with filters
isO(% k- (1+In(}))) = O(% (14 1In(%))) and O(§ - ld(k - (1 + In(}))), respectively.

The indexing of queries improves the processing performances of query filters, but not of their query
k-skybands due to the fact that the number of data objects processed by a query k-skyband is not affected
by the indexing. On the contrary, the processing performance of a query filter is affected by the indexing
such that it completely depends on the data distribution and indexing technique. We refer the reader
interested in this thematic to the complexity analysis of regular grid operations in the case of distance and

aggregation scoring functions [|141], 143].

3.8 Experimental Evaluation

In this section we present an experimental study comparing the previously defined algorithms, namely,
SA, RA, PA, SASF, SARF, SAPF, RASF, RARF, RAPF. All algorithms are implemented in Java and
experiments were performed on a Linux based PC with 2.13Ghz Intel® Core™2 Duo CPU (with one
core disabled) and 2GB of memory.

We have selected sliding window k-NN queries as a use case for our evaluation since k-NN queries
are regarded as one of the most prominent top-k/w problems as we discuss further in Section B.9. Both
queries and data objects in our experiments are represented as points in a d-dimensional Euclidean
space. The score of an object o with respect to a query ¢ is calculated using the following formula:
uq(0o) = d(p,,p,) = [Z?Zl(vl- - v,-)z]%, where p, = {vi,v2,...,va} andp, = {v1,02,...,0,4} are points
representing the object o and query ¢, respectively. The score comparator é is defined such that lower
object scores imply higher ranks.

For the sake of simplicity, we omit subscripts of top-k/w query parameters in this section, if otherwise
not explicitly stated.

We have used one real and two synthetically generated datasets in the experimental evaluation. In
particular, the real dataset used in experiments is the LUCE deployment data (environmental data collect-
ed from large-scale wireless sensor networks within the project SensorScopeE), and we generated uniform
and clustered Gaussian data. The LUCE deployment data was preprocessed to extract 4-dimensional da-
ta objects (solar panel current, global current, primary buffer voltage and secondary buffer voltage) and
normalized to the values within the interval [0, 1], while the synthetically generated data is also within
the same interval.

The default scenario used in all experiments is the following: First we generated a set of continuous
queries, either by taking a random sample from the LUCE deployment data, or by generating queries using
one of the listed distributions. Second we simulated the arrival of data objects into the processing engine,
either by randomly choosing data objects from the LUCE deployment data, or by generating data objects

using the same distribution as for the previously generated queries. Finally, after N incoming objects, we

*http://sensorscope.epfl.ch/
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Table 3.3: Default values of parameters used in the top-k/w processing simulation.

[ Parameter | Symbol | Value |
Number of data stream objects N 10°
Number of active queries m 400
Number of top objects k 9
Size of count-based sliding window n 4.10°
Size of recent buffer b 2000
Data dimensionality d 4
Grid resolution p 10
RA: pruning coefficient y 0.2
PA: probability of error o 1073

analyzed the obtained query result and processor performance. The default simulation parameters used
in experiments are specified in Table B.3.
In the following we compare space consumption and processing performance for all algorithms and

examine the observed error rate of PA.

3.8.1 Space Consumption

In this simulation scenario we analyze space consumption of the listed algorithms without query indexing
using the uniform dataset. Results with query indexing and for other two datasets are almost identical
and are thus omitted. Figure shows our results expressed as the average number of data objects
referenced per query for different values of parameter k, where the number of such objects is denoted
by Q. Please recall that all algorithms applying query filters use a common recent buffer for all queries
which increases space consumption, and thus in our analysis we add the average number of objects stored
in the buffer per query. The number of such objects equals % = 5 in this simulation setup and is denoted
by B in Figure B.12. However, please note that in the case of a small number of queries, the number of
objects stored in the buffer per query would be quite large andthus will significantly influence the space
consumption.

The results in Figure are obtained without query indexing. They clearly show that deterministic
algorithms SA and RA have small space consumption only when £ is rather small, however, the number
of objects stored in memory increases significantly for large values of parameter £. Compared to deter-
ministic algorithms, PA has a substantially smaller memory footprint (4 times smaller for £ = 81), while
RA, in comparison to SA, references ~ 10% more data objects when the pruning coefficient y = 0.2.
This is in line with the complexity analysis since 4 - (' — k) =~ 0.1-n’. Additionally, SA and RA reference
more objects compared to their extended versions which apply query filters, while there is no significant
difference on space consumption when the type of the applied filter changes. As expected, RA with
query filters references on average more objects than SA with query filters. Overall PA references less
objects than all deterministic algorithms for a large £, in particular this is true when & > 1 for SA and
RA, and when k£ > 27 for SASF, SARF, SAPF, RASF, RARF and RAPF. For all algorithms, the space
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Figure 3.12: Average number of referenced data objects per top-k/w query for different query indexing
methods.

complexity grows linearly with parameter & as expected from the space complexity analysis presented in
Section B.7.1].

Figure provides results with query indexing using a regular grid. We see that the query indexing
only affects the number of objects referenced by the query filters, while the number of objects referenced
by their queries (i.e. their query k-skybands) is not affected by indexing. This was expected from the space
complexity analysis in Section since the query indexing restrains the processing of low-scored data
objects by the query filters, but does not affect on the number of data objects processed by the associated

queries.

3.8.2 Processing Cost

Figure compares the processing cost of different algorithms expressed as simulation runtime for
uniform, clustered and real datasets, both with and without query indexing. We vary the parameter k in
all experiments, while all other parameters are set to default values as listed in Table B.3. Figures B.134,
and show the processing costs without query indexing, while Figures 3.13H, B.13d and B.13{
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Figure 3.13: Processing cost for different datasets and query indexing methods.

show the processing cost with query indexing.

Figures 3.134, B.13d and 3.13¢ show that there is almost no difference in algorithm performance when

various datasets are processed without query indexing. Furthermore, algorithms may be grouped accord-
ing to processing performance as follows: SA, SASF, and RASF form the the first group of algorithms

and offer the worst processing performance, especially for a large k. The second group of algorithms
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consists of RA, SARF, and RARF, and provides better processing performance than the first group of al-
gorithms, however, the third group of algorithms (PA, SAPF, and RAPF) outperforms the first two groups.
Clearly, the processing performance of algorithms with filters is largely influenced by the type of applied
filter as both SASF and RASF perform similarly to SA, while SARF and RARF perform similarly to
RA. However, this is not the case for the third group of algorithms since PA, being the only probabilis-
tic algorithm, outperforms all other (deterministic) algorithms. More importantly, the performance of PA
hardly changes when k increases. Please note that, for large values of the parameter k, the best performing
deterministic algorithm is RAPF which uses RA with the probabilistic filter. Additionally, this algorithm
also scales equally or better than the competing deterministic algorithms.

Figures B.13H, B.13d and B.13{ show runtime performance of different algorithms when query in-

dexing using a regular grid is applied. As expected, the regular grid offers the best performance for the
uniform dataset, while for other datasets the processing performance is only slightly improved compared
to algorithms without query indexing. The explanation for this behavior is that the regular grid (which
divides a Euclidean space to equally-sized cells) is adjusted for uniformly distributed data. To achieve
a better processing performance in the case of non-uniform data distributions, the grid should partition
the Euclidean space according to the actual data distribution. For the uniform dataset, query indexing is
profitable in all situations while for the clustered and real datasets, it is only profitable if the parameter &
is relatively small.

In the series of experiments shown in Figure we examine the influence of various simulation
parameters on algorithm processing performance for the uniform dataset while indexing queries using a
regular grid. In each of these experiments we vary one of the following nine parameters: grid resolution
p, data dimensionality d, number of incoming data objects N, number of queries m, intensity of query
activation 4,, intensity of query replacement A, recent buffer size b, RA pruning coefficient y and query
window size n.

The results shown in Figure analyze algorithm performance when different grid resolution p
is used for query indexing using a regular grid. These results reveal that the runtime of all algorithms is
minimal for p = 10, and thus we have selected this resolution for our default experiential setup. Please
note that, for a selected value of p, the grid partitions 4-dimensional Euclidean space to p* equally-sized
cells.

The next experiment examines how data dimensionality ¢ influences algorithm performance. Fig-
ure shows our findings when p = 2, while data dimensionality varies from 2 to 10. The runtime of
PA, SAPF and RAPF increase sub-linearly when data dimensionality increases, while it scales linearly
for other algorithms. It is evident that PA and deterministic algorithms with PF surpass other algorithms
when processing high-dimensional data.

Figure shows that all algorithms scale sub-linearly with an increasing number of incoming data
objects N. This finding can be explained by the following rationale: Initially, the thresholds used for query
indexing in the grid are not set and most of the incoming data objects are processed by all the queries.
After the initial period, the thresholds needed for query indexing are set, and therefore the processing cost

per each incoming object decreases.
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Figure 3.14: [First part] Processing cost for different values of various parameters.

Figure examines the runtime performance of all algorithms when increasing the number of

queries m in the system and shows that all algorithms scale linearly with increasing number of static

queries. Since grid resolution is quite high, (p = 10), the grid structure is capable to handle the increasing

number of queries.

The following two experiments examine processor performance in a dynamic scenario when new
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Figure 3.14: [Second part] Processing cost for different values of various parameters.

queries are added and canceled during data object processing. Figure shows algorithm runtime
when a new query is activated in the system after 1/, object arrivals, where 1, represents the intensity
of query activation. Similarly, Figure shows experimental results when an active query is replaced
by another query after 1//, incoming objects, where A, denotes the intensity of query replacement. We
observe that all algorithms exhibit similar performance for increasing values of parameters 1, and 4,
except for PA which exhibits slightly increasing runtime performance when the intensity of query re-
placement increases. We conclude that the regular grid is capable to efficiently handle query updates for
the default setup.

The next experiment examines the influence of buffer size on the processing performance of algo-
rithms applying buffers. Figure shows that a larger buffer size b results in more efficient processing,
but this comes at the cost of an increased memory consumption. We observe that the gain in processing
performance is smaller for b > 2000, and therefore we have selected b = 2000 as the default value for
buffer size in our experiments.

Figure shows the processing performance of various types of RA for different values of prun-
ing coefficient y. Smaller values of parameter y imply that pruning of dominated objects occurs more

often, while larger values of y imply rare pruning of dominated objects at the cost of increased memory
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Figure 3.15: Error rate of PA for different datasets.

consumption. For y = 0, pruning becomes strict, as in the case of SA. We have selected y = 0.2 as the
default value in our experiments since, as we can see in the figure, the gain in processing is smaller for
larger values of y.

Figure examines algorithms performance for different query window sizes. We can see that the
performance of PA improves with larger values of n, which is opposite to the performance of all other
algorithms. The reason for such unusual finding is the increased rate of object processing for PA in case
of smaller query window size because a smaller n causes earlier droppings of referenced objects and thus
often processing of newly arriving objects. As expected from the time complexity analysis Section B.7.2,
for all other algorithms the runtime increases when query window size increases since larger n imply

larger k-skyband size and therefore less efficient processing.

3.8.3 Error Rate of PA

PA as a probabilistic top-k/w processing algorithm produces approximate results to top-k/w queries and
may erroneously report objects as potential top-k/w objects (false positives) and miss some objects that
would become top-k/w objects (false negatives). Figure shows the observed average error rate of
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PA per subscription expressed as the sum of reported false positives and negatives divided by the correct
number of top-k/w objects reported by a deterministic algorithm. We have run 60 simulation iterations
using the default setup while varying the parameter £ and candidate tree size. We varied the candidate
tree size from 0.5 - £ to ¢, where ¢ is the full candidate tree size that was calculated using Theorem B.8. As
we see in Figure B.13, there is no significant difference of the observed error rate for different datasets,
and almost negligible error rate is observed when the tree size varies from ¢ to 0.75 - £. Even when the
tree size is 0.5 - ¢, the observed error rate is still much lower than the predefined theoretical upper bound
o = 1073, However, please note that all data streams used in this evaluation follow the random-order
data stream model since data streams were generated by randomly selecting data objects from a selected

dataset.

3.9 Related Work

Sliding-window query processing on data streams has received a lot of attention in the last years [52, 97,
4, 91]. We can classify existing approaches in two categories: deterministic approaches which produce
correct results to defined queries, and probabilistic approaches which produce approximate results, but
are in general more efficient and require less memory than deterministic approaches. In this section we
review related work in the field of top-k query processing over sliding windows, and compare existing
solutions to our approach. Furthermore, we identify a set of related top-k/w problems with specific types

of data streams and queries.

3.9.1 Deterministic Top-k/w Processing

The first paper addressing the problem of deterministic top-k/w processing is [[141]. The paper presents
two algorithms named skyband monitoring algorithm (SMA) and fop-k monitoring algorithm (TMA)
for indexing top-k/w queries with aggregation scoring functions. As opposed to our approach, these
authors assume that all queries are defined with the same size of the sliding window, while all data
objects within the current window are stored in memory. For each query, TMA continuously maintains
a self-balancing binary tree of top-k data objects from the current window, and initiates the computation
of such tree from scratch in situations when the tree contains less than £ objects. SMA continuously
maintains a k-skyband of data objects within the current window for each query represented as a linked-
list in memory, and starts the computation of a k-skyband from scratch when the k-skyband contains
less than k objects. The authors use a two-dimensional k-skyband that does not depend on the attribute
space dimensionality of data objects. After each k-skyband construction, the score of the object with
rank £ is used as the indexing threshold in a regular grid. The algorithms process only incoming data
objects within query cells of interest between two consecutive k-skyband constructions without changing
the threshold. Unfortunately, the authors have not recognized that such a threshold can produce false
positive and negative top-k objects. For example, if object o, in Figures and is dropped
from the query window at a point in time when the object o3 appears, the object o3 will become the new

top-1 object because it is inside query cells of interest, although object o1 has a better score. To prevent
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these types of errors, we continuously maintain the query filter indexing threshold and try to insert each
data object twice into the query data structure. In their subsequent paper [[143], the authors present CPM
and SNN which are similar to TMA and SMA, and are developed for the problem of continuous k-NN
monitoring over sliding windows.

Another work relevant to ours is [32], which proposes an algorithm for continuous k-NN monitoring
on data streams with limited memory. Although the paper does not consider the sliding window queries,
the monotonic expiry of data objects is similar to sliding windows. Despite the fact that the experimental
evaluation shows performance of the algorithm for £ > 1, only the implementation for £ = 1 is presented
in the paper. The presented algorithm is based on the continuous maintenance of a skyline of data objects
in a linked-list. This paper is the first that introduces a recent buffer to avoid inserting of less relevant
data objects to the query data structure. The query filter, called the approximate skyline, is based on the
presented algorithm and uses the score of a k-th ranked object in a filter as a threshold for indexing in a
regular grid. That is why the presented algorithm and filter are similar to our SA and SF, respectively.

Our SA does not apply the indexing of data objects referenced by a query, but instead keeps a linked-
list of data objects in the query k-skyband. As an alternative, it is possible to use an R-tree or quadtree to
index data objects in the two-dimensional (time-score) Cartesian space. For example, the BBS algorithm
presented in [|[L6(] supports efficient answering to an R-tree window query that returns all points within
the query window. Such a query window is a subspace of the used Cartesian or attribute space and should
not be confused with the sliding window we discuss in this thesis. Upon a new object appearance, we
could use the BBS to perform two window queries on R-tree, where the first query will return all objects
that dominate the appeared object, while the second query will return all objects that are dominated by the
appeared object. These windows (i.e. subspaces) are shown in Figure B.3. Actually, we have evaluated
this approach on the both R-trees and quadtrees, but the achieved processing performances were a few
orders of magnitude worse compared to our algorithms presented in this chapter, mainly because the trees
are not created for high rate of insertions and deletions. However, the thesis [204] presents an algorithm
for processing of top-k queries that uses a modified R-tree to index data objects within a query window.
The author is interested in the top-k queries that use aggregation scoring functions. Data object indexing is
done in the hybrid multidimensional time-attributes space, and not in the time-score space. The presented
experimental evaluation and complexity analysis reveals that this approach is faster for £ = 1 than the
SMA from [[141], but its time complexity grows linearly with k.

The paper [[71] focuses on efficient processing of ad-hoc top-k/w queries over data streams. An ad-
hoc query is also interested in data objects that have appeared before the point in time of its activation.
In order to perform efficient processing, the paper introduces a geometrical representation of data objects
that allows using of arrangements [[L04]. Compared to our approach, the paper addresses a quite specific

problem where the queries support only the linear additive aggregation scoring functions.

3.9.2 Probabilistic Top-k/w Processing

The existing probabilistic approaches typically apply either data reduction (e.g. sampling) or summaries

(e.g. histograms, wavelets and synopsis) [91]. The paper [[L17] presents a technique for processing e-
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approximate k-NN queries over data streams. This technique partitions the attribute space using a regular
grid such that the maximum distance between any pair of points in a cell is at most e, and keep at most
K > k points per each cell. The indexing of points is done using B-tree and space-filling curves. The
authors explain how to achieve the best accuracy with a fixed amount of memory, and the minimum
memory consumption with a fixed error bound.

Our PA is based on the random-order data stream model for which any permutation of streaming
objects is equally likely to appear in a data stream. This assumption is also reasonable for the secretary
problem, see [64, B5, 36]. The random-order model was introduced in [[150], which is one of the first
papers in the field of data stream processing with limited memory. Recently, this model has attracted a
lot of attention as it often describes real-world application much better than the worst-case model [[101,
50, 51, [114].

3.9.3 Other Top-k/w Processing Problems

In this thesis we assume that the existence of incoming objects is indisputable. A different top-k/w prob-
lem, where a probability of existence is assigned to each of the incoming data objects, is analyzed in [|[114].
In this situation, an additional challenge comes from the exponential blowup in the number of possible
worlds induced by this uncertain data model. The authors propose a series of different synopses based
on data compression, buffering and exponential histograms to improve the time and space complexities
of their approach.

In some application scenarios it is possible that different attribute values of the same data object are
reported in separate non-synchronized data streams [[103]. This model does not allow the exact score
calculation for data objects. The probabilistic algorithm is based on correlation statistics of pairs of
stream, which prunes more data objects than the deterministic algorithm, while keeping the necessary
accuracy.

The authors of [[152] present an algorithm for efficient processing of moving k-NN queries. The paper
presents an incremental technique based on safe-regions called the V* diagram. This paper also surveys

different approaches to the problem of static top-k/w queries over moving data objects.

3.10 Conclusion

In this chapter, we study the problem of processing continuous queries that monitor top-k data objects
over sliding windows. This problem is not trivial because data objects which are not top-k objects within
a query window at the moment of their arrival, can later on become top-k objects. Therefore a set of
potential top-k objects within the query window has to be stored in memory. The existing approaches
to top-k/w processing exhibit one of the following drawbacks: they support a single type of scoring
functions, assume unbounded memory, or scale poorly with increasing k and 7.

In this chapter we introduce two algorithms named RA and PA. RA is a novel deterministic algorithm
based on the periodical pruning of dominated data objects instead of continuous k-skyband maintenance

as used by SA. PA is a probabilistic algorithm which defines a probabilistic criterion to identify potential
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future top-k data objects at the time when they enter the processing system and is based on our previous
work on random-order streams. The presented version of PA differs from its original version presented in
[[172], since we introduce a new probabilistic criterion in Theorem B.§ which gives a better approximation
of the true criterion. We believe that random-order streams are a realistic model in many data stream
applications where incoming data is published by various independent sources. However, this model
cannot be applied for processing correlated data coming from e.g. a single data source, or in cases when
exact processing results are required. In such situations deterministic algorithms are the only option and
thus we have designed a specific probabilistic filter to further improve the SA and RA implementations.
The probabilistic filter implementation is based on PA, and prevents the addition of recent objects with
low scores into the k-skyband when entering the processor, which improves processing performance.
The complexity analysis and experimental evaluation reveal interesting results when comparing the
presented algorithms. When comparing SA and RA, the memory consumption of RA is higher than
SA up to the predefined limit, however the increase of time complexity is logarithmic with & for RA,
while it is linear for SA. Thus, the runtime of RA smaller than the competing SA when £ > 1, at the
cost of a slightly increased, but controllable memory consumption. In all experiments, PA significantly
outperforms SA and RA, both in terms of memory consumption and runtime, while it also scales better
with increasing k and n. Moreover, the observed error rate of PA is significantly smaller that the theoretical
upper bound, which is another strong argument for applying PA in resource-constrained environments. In
applications when errors cannot be tolerated or when data stream is not a random-order stream, the best
performing algorithm is our original RAPF which requires more memory than PA (and also slightly more
than SAPF), but is significantly faster than RA. Another interesting observation can be made regarding
query indexing: In our particular use case scenario, the regular grid as an indexing structure for k-NN
queries offer surprisingly small runtime performance improvement when clustered and real data sets are

processed for larger values of parameter k.
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CHAPTER 4

Subscriptions in Publish/Subscribe Systems

In Chapter B we formally specified two publish/subscribe systems: Boolean system and top-k/w sys-
tem. According to these systems, we also distinguish Boolean subscriptions and top-k/w subscriptions,
respectively. In this chapter we define and analyze these two types of subscriptions, and also discuss
some very important conceptual differences between them. As we will see in the following chapters,
these differences have significant implications on implementations of both centralized and distributed
publish/subscribe systems. Additionally, in many publish/subscribe systems discovering and exploiting
relations among individual subscriptions is an integral part of the subscription processing. Two most com-
monly used techniques which exploit such relations for Boolean subscriptions are subscription covering
and merging. In this chapter we also show how these two techniques can be adapted to top-k/w subscrip-
tions. Finally, we also experimentally compare Boolean and top-k/w subscriptions on the example of NN
subscriptions (i.e. nearest neighbor queries) using one real and two synthetic datasets.

The rest of this chapter is organized as follows. In Section §.1| we define and analyze Boolean and
top-k/w subscriptions. We explain how these two types of subscriptions can be replicated at different
network nodes in Section f.2. In Section §.3 we present two most commonly used techniques which
exploit relations between individual subscriptions. In Section .4 we experimentally compare Boolean
and top-k/w subscriptions. Finally, in Section .9 we survey different types of subscriptions which are
used in state-of-the-art publish/subscribe systems.

4.1 Types of Subscriptions in Publish/Subscribe Systems

We classify subscriptions in publish/subscribe systems to the following three types: Boolean subscrip-
tions, top-k/w subscriptions and other subscriptions. Boolean subscriptions are static publication filters
which consider all matching publications equally relevant to a subscription, while top-k/w subscriptions

are dynamic publications filters which rank publications within the subscription sliding-window. In this
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Section we define and analyze these two types of subscriptions and also give a short summary of other

types of subscriptions that are used in publish/subscribe systems.

4.1.1 Boolean Subscriptions

In this section we analyze subscriptions in Boolean publish/subscribe systems to which we refer as
Boolean subscriptions. In Chapter 2 we defined the Boolean matching function, but we did not define

Boolean subscriptions themselves. Therefore, we start this section by defining them.

Definition 4.1 (Boolean Subscription). Let P be a finite set of publications in a Boolean publish/subscribe
system, let ¢ € C be a client in the system with an identifier ¢;p € N, and let m; : P — {T, L} be a
Boolean matching function. We define a double s = {m;, ¢;p} as a Boolean subscription of client c.

The most important characteristic of Boolean subscriptions is that they are stateless subscriptions.

The following lemma proves this claim.

Lemma 4.1. Every Boolean subscription is a stateless subscription which is at a point in time completely

defined by its double s = {ms,cp}.

Proof. The proof directly follows from the definition of the Boolean matching function in Chapter J since
this function is defined as a time-independent function. O

Boolean subscriptions are a generalization of the three most popular types of subscriptions in pub-
lish/subscribe systems: topic-based, content-based and type-based subscriptions. These three types of
subscriptions share the common characteristic that all matching publications are considered equally rel-
evant to a subscription and do not support publication ranking. Hereafter we briefly explain their char-
acteristics, while additional informations can be found in [81, 83, 82].

Topic-based subscriptions are used to specify the interest of a subscriber in a specific topic. Each pub-
lication is published on one of the available topics and subscriptions are also defined on a topic.
Only those publications published on a topic selected by a subscription will match the subscrip-
tion. The lack of expressiveness in specifying subscriber interest is the main drawback of this type
of subscription. On the other hand, because of their simplicity, topic-based subscriptions can be
processed much faster than other types of subscriptions. The hierarchy of topics is introduced to
improve the expressiveness of topic-based subscriptions [|155]. Each topic in a hierarchy can be de-
rived as a more specialized topic of another one in the hierarchy. Additionally, the use of wildcards

is also allowed to express cross-topic interests.

Content-based subscriptions describe a subscriber interest as a set of various constraints on the con-
tent of publications. These constrains can be logically combined (using and, or, etc.) and are
usually defined using an application-specific subscription language. In this case, the content of
each publication is defined as a set of properties (i.e. name-value pairs). A publication matches a

content-based subscription when its properties satisfy constraints specified in the subscription.
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Type-based subscriptions are somewhere between topic-based and content-based subscriptions. Each
type-based subscription defines the following: 1) the type of publications in which a subscriber is
interested, and 2) various constraints on the content of the public attributes of the selected type.
This type of subscription is inspired by object-oriented programming languages where each object
type (i.e. class) encapsulates certain attributes and methods. Analogously, a publication type can
be inherited from another one. In this case, a publication matches a subscription when its type and
content satisfy subscription type and constraints.

In the rest of this thesis we will focus on content-based subscriptions as the most popular type of
Boolean subscriptions. We will assume that the content of publications is highly structured so that each
publication is either a point in an attribute-space or vector in vector-space. Additionally, we will also
assume that publication content is static, i.e. it does not change over time. Please note that these two
assumptions are standard assumptions for existing content-based publish/subscribe systems, which we
survey in Section #.9. For such publications, a subscriber is usually interested in publications which
belong to a subspace of the used attribute or vector-space. As such subspace is defined by the content-

based subscription we will also refer to it as the subscription subspace of interest.

Remark. In this thesis we want to compare Boolean and top-k/w publish/subscribe systems, and thus,
without loss of generality, we will assume that matching functions of Boolean subscriptions are triples
consisting of a scoring function (either aggregation, distance or relevance functions), score comparator
and static threshold. This assumption does not impose any restriction on the subscription language, since
it only requires that each matching function, besides defining a subspace of interest, also provides a con-
venient way for ranking publications in this subspace. We will refer to such content-based subscriptions
as ranking Boolean subscriptions. Therefore, a publication with a score that is better than the threshold
of a ranking Boolean subscription is a matching publication for such a subscription. In other words, a
threshold defines the worst publication score that will be considered as matching. This assumption al-
lows us to compare the performance of the Boolean and top-k/w publish/subscribe systems using the same
datasets, which is very important for their experimental comparison. Additionally, as stated in Chapter 3,
we will assume that a scoring function is either aggregation, distance or relevance scoring function. It is
very important to notice that the threshold of a ranking Boolean subscription separates the subscription
subspace of interest from the rest of the available attribute or vector-space. In the next example we show

four different ranking Boolean subscriptions.

Example 4.1 (Boolean Subscriptions). Figure shows subspaces of interest for four different ranking
Boolean subscriptions with the following matching functions: 1) maximal weighted attribute distance,
2) maximal distance, 3) minimal weighted sum and 4) minimal relevance. For each of these matching
functions we can see a threshold that separates a subscription subspace of interest from the rest of the
available space. In Figure we see that the subspace of interest is a hyper-rectangle in the attribute
space and that its sides represent the subscription threshold. It is important to mention that a subspace
of interest of a content-based subscription defined in a subscription language, usually has the shape of

a hyper-rectangle. Similarly, in Figure we see that the subspace of interest is a hyper-sphere in
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Figure 4.1: Boolean subscriptions with different matching functions.

the attribute space, whose radius represents the subscription threshold. The subscription threshold in
Figure is a hyper-plane which divides the subspace of interest from the rest of the attribute space.
Finally, the subspace of interest in Figure is a cone-like subspace (with a convex base) of the vector

space. In this case, the cosine of the half-angle at the cone top represents the subscription threshold.

4.1.2 Top-k/w Subscriptions

In this section we analyze subscriptions in top-k/w publish/subscribe systems to which we refer as top-
k/w subscriptions. In Chapter P we defined the scoring function of top-k/w subscriptions, but we did
not define top-k/w subscriptions themselves. Therefore, we start this section by defining the top-k/w

subscription.

Definition 4.2 (Top-k/w Subscription). Let P be a finite set of publications in a top-k/w publish/subscribe
system, letu; : P+— {T, L} and > be a top-k/w matching function and associated score comparator, let
¢ € C be aclient in the system with an identifier ¢;p € N, and let k&, € N and wy, € RT. We define a

N
quintuple s = {uy, I, ks, ws, cip } as a top-k/w subscription of client c.

The most important characteristic of top-k/w subscriptions is that they are stateful subscriptions. The

following lemma proves this claim.
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Lemma 4.2. Every top-k/w subscription s is a stateful subscription which is at a point in time completely

S
defined by its quintuple s = {us, >, ks, ws, cip} and its set ofrelevantpublications.

Proof. The subscription quintuple is time-independent since ks, ws and ¢;p are constants, and u, and é
are time-independent functions by their definitions in Chapter . In the same chapter we defined that a
finite and time-dependent set P/ C P of publications within the window is associated to every top-k/w
subscription s. In Chapter 3 we proved that regardless of the used top-k/w processing algorithm, only a
subset of P! C P is relevant for a subscription, and since all presented algorithms reference at least this

relevant set, the lemma is proven. O

The main conceptual difference between Boolean and top-k/w subscriptions is the fact that the former
are stateless, while the latter are stateful subscriptions. In practice, this means that top-k/w subscriptions
have to continuously keep in memory their sets of top-k and candidate publications, whereas Boolean
subscriptions do not need to keep any publications in memory.

From Chapter B we know that every published publication is a candidate for top-k/w subscriptions
employing SA and RA without filters. As a consequence, the whole attribute or vector-space is of interest
for these subscriptions and thus they do not define subscription thresholds. On the contrary, top-k/w sub-
scriptions which employ SA with filter, RA with filter or PA, define such thresholds. In the case of these
subscriptions, a publication which is just published or just expelled from the recent buffer will match
a subscription at a point in time if its score is better than the current threshold. In other words, such a
threshold separates the subscription subspace of interest from the rest of the available space. However,
while such subspaces are static in case of Boolean subscriptions, they are varying in time (i.e. dynamic)
in the case of top-k/w subscriptions. The threshold of a top-k/w subscription becomes higher and con-
tracts its subspace of interest when a newly published publication is ranked higher than k-th element of
the subscription filter (for SA and RA) or its probabilistic k-skyband (for PA). Analogously, when one
of k highest ranked publications in a subscription filter or probabilistic k-skyband is dropped from the
subscription window, the subscription threshold becomes lower and expands its subspace of interest.

Example 4.2 (Top-k/w Subscriptions). Figure shows subspaces of interest of four different top-k/w
subscriptions with the following scoring functions: 1) weighted attribute distance, 2) distance, 3) weight-
ed sum and 4) relevance. For each of these scoring functions we can see a dynamic threshold that separates
a subscription subspace of interest from the rest of the available attribute or vector-space. As shown in
the figure, if this threshold changes, the corresponding subscription subspace of interest will also change,

i.e. it will either expand or contract.

4.1.3 Other Types of Subscriptions

Other types of subscriptions used in literature are concept-based, location-aware, XML-based, approxi-

mate, composite and parametrized subscriptions. We survey these types of subscriptions in Section §.3.

'In Chapter [§ we explained that two sets (i.e. a top-k set and candidate set) are relevant for each top-k/w subscription which
employs algorithms without filters, while four sets (i.e. a top-k set, candidate set, filter top-k set and filter candidate set) are
relevant for top-k/w subscriptions which employ algorithms with filters.
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Figure 4.2: Top-k/w subscriptions with different scoring functions.

Concept-based subscriptions and corresponding publications are based on the concepts defined in an un-
derlying ontology. Location-aware subscriptions are stateful (i.e. time-dependent) subscriptions whose
matching result depends on the subscriber location. XML-based subscriptions support subscribing on
semi-structured publications in the form of XML documents. Approximate subscriptions calculate de-
grees of match (i.e. score) between publications and subscriptions using the principles of fuzzy logic.
Composite subscriptions support subscribing to temporal or causal patterns of publication occurrences
which are of interest to a subscriber. Parametrized subscriptions are the most similar to our top-k/w
subscriptions since they are stateful, and a state of each subscription depends on one or more dynamic

parameters. We survey these types of subscriptions in Section §.3.

4.2 Proxy Subscriptions

In the previous section we proved that Boolean subscription are stateless, while top-k/w subscription
are stateful. This is the main conceptual difference between these two types of subscriptions. In this
section we discuss some practical implications of this conceptual difference on the implementation of
publish/subscribe systems.

As we know, each publish/subscribe system is distributed in its nature because it consists of a number
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of clients and the publish/subscribe service. Additionally, in distributed publish/subscribe systems, the
publish subscribe service is not located at one node in the network, but is distributed over a number
of network nodes. Suppose that a network node activates a new subscription. Obviously, this node is
aware of its own subscription and can store it in memory. However, some of the other nodes in the
network should have a copy of this original subscription to decide whether a publication is of interest for
this subscription. We refer to such subscription copies as proxy subscriptions since they represent their
original subscriptions at some other network nodes different than their subscriber nodes. In the rest of
this section we explain the difference between an original Boolean and top-k/w subscription and its proxy

subscriptions.

4.2.1 Boolean Proxy Subscriptions

Every Boolean subscription is defined by its matching function and its subscriber. Since we proved
in Lemma @.1| that Boolean subscriptions are stateless, it is obvious that all proxy Boolean subscriptions
contain only these two pieces of information and are thus are identical copies (i.e. replicas) of the original
subscription. Therefore, once such a replica is stored on a network node, it remains consistent with its
original subscription until subscription cancellation when such a replica has to be removed from the
network node. In the rest of this thesis we will not make any difference between Boolean subscription
and its proxy subscriptions since they are identical.

4.2.2 Top-k/w Proxy Subscriptions

However, a completely different situation happens in the case of top-k/w subscriptions. These subscrip-
tions are stateful and thus their proxy subscriptions have to maintain the same state as their original
subscriptions. In Lemma we proved that the state of a top-k/w subscription is determined by its
dynamic set of relevant publications. Therefore, a naive approach would be to keep the set of relevant
publications consistent for a top-k/w subscription and all of its proxy subscriptions. However, this would
be very impractical due to a lot of redundant information stored at nodes. Now, let us analyze what is the
minimal quantity of information that we need to decide whether a publications is of interest to a top-k/w
subscription. Obviously, we need to know the scoring function to calculate the publication score. Then
we also need to know the current value of a subscription threshold to separate the current subspace of
interest from the rest of the used attribute or vector space. Finally, we also need to know the score com-
parator to correctly identify the subscription subspace of interest. In other words, to decide whether a
top-k/w subscription is interested in a publication, and if we know the current values of the three previ-
ously mentioned parameters, we will not need to know the values of subscription parameters k£ and w, nor
the elements of its set of relevant publications. In the next definition and theorem, we formally define
the proxy of a top-k/w subscription and also formally prove that the listed parameters are sufficient to
correctly decide whether this subscription is interested in a publication or not. Please recall that we have

used the same parameters for indexing of top-k/w subscriptions in Chapter f3.

Definition 4.3 (Top-k/w Proxy Subscription). Lets = {u;, é, ks, ws, cip } be a top-k/w subscription of a
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Figure 4.3: Components of the Boolean, top-k/w subscription and their proxy subscriptions.

client ¢ € C with an identifier s;p that is at a point in time ¢ in a state ¢(¢) in which its threshold has a

value ts,(). We define a proxy subscription of s as quadruple s* = {u, é, tss(1), s}

Theorem 4.3. Any network node which at a point in time t has a proxy subscription s* = {u;, >
Jts5(8),sip} synchronized with its original top-k/w subscription s = {us, g, ks, ws,cip}, can correctly
decide whether a publication which has just been published or expelled from the recent buffer is of inter-

est for s or whether it is not.

Proof. The proof directly follows from Theorems and B.9 because in both cases, p would not be of
interest for s if it is scored worse than threshold #s,(#) of s. O

Since scoring functions and score comparators are static (i.e. time-independent), we only need to
synchronize thresholds to make top-k/w proxy subscriptions consistent with their originals. In practice,
the thresholds always fluctuate in time around a central value, and this fact can be used for efficient
implementations of distributed top-k/w systems as we will see in the following chapters. It is important
to notice that processingga publication for a top-k/w proxy subscription is less computationally intensive
task than processing the same publication for the original top-k/w subscription since it only consists of
score calculation and score comparison with the subscription threshold. To distinguish between these two
types of processors, we refer to the former as the lightweight top-k/w processor, and to the latter as the
heavyweight top-k/w processor. Additionally, the former requires less memory since it does not involve
storing of candidate publications. However, in a distributed publish/subscribe system, the recent buffer
is also distributed in the network, and thus some nodes also have to store buffered publications in their

memory. We will analyze such systems in detail in the following chapters.

?Please note that exactly the same type of processing is needed for ranking Boolean subscriptions.
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Figure §.3 shows different components of the Boolean, top-k/w, and their proxy subscriptions. We
see that Boolean proxy subscription is identical to the original Boolean subscription since both of them
define two pieces of information: the static Boolean matching function and static subscriber identifier.
We also see that the top-k/w subscription is composed of eight pieces of information: the static scoring
function, static score comparator, static subscription identifier, static subscriber identifier, static parame-
ters k and w, dynamic threshold, and dynamic set of relevant publications. Please recall that the value of
such a dynamic threshold directly depends on the set of relevant publications. Finally, we also see that
the top-k/w proxy subscription is composed of the following four pieces of information: the scoring func-
tion, score comparator, original subscription identifier and dynamic threshold. The values of dynamic

thresholds have to be synchronized between original top-k/w subscription and its proxy subscriptions.

4.3 Relations Between Subscriptions

In this section we present the two most important techniques which exploit relations between individ-
ual subscriptions. These two techniques are subscription covering and subscription merging. We first
present and explain each technique for Boolean subscriptions and later adapt it to top-k/w subscriptions.
We also present several examples which demonstrate subscription covering and merging for Boolean

subscriptions.

4.3.1 Subscription Covering

A Boolean subscription is covered by another Boolean subscription if every publication which matches
the former subscription also matches the latter subscription. Additionally, a subscription is covered by
a set of subscriptions when each publication which is matching for this subscription is also matching
for at least one of the other subscriptions. In the second situation it is possible that a subscription is
covered even when neither one of the other subscriptions is covering it completely. Please note that the
covering relation is non-commutative since it does not imply that subscription s; which is covered by
subscription s, also covers s,. Deciding whether a Boolean subscription is covered by a set of previously
defined subscriptions was proven to be co-NP complete [193]]. In a Boolean publish/subscribe system,
the forwarding of a covered subscription to the network (i.e. to the system) is redundant, because its

subspace of interest is already included in subspaces of subscriptions that cover it.

Example 4.3 (Subscription Covering). Figure #.4 shows a triplet of ranking Boolean subscriptions for
each of the matching functions from the previous example. In each of the four subfigures, subscription
s1 covers subscription s, because its subspace of interest contains (i.e. covers) the subspace of interest of
sp. Thereby, if subscription s; precedes subscription s, in time, subscription s, should not be forwarded
to the network, because it does not carry any new information. Additionally, each of the four pairs of

subscriptions s; and s3 have a mutual subspace of interest, but neither subscription covers the other.

In the case of Boolean subscriptions, a previously covered subscription will become uncovered when

all of the subscriptions which have been covering it are canceled by their clients. The opposite situa-
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Figure 4.4: Covering of Boolean subscriptions for different matching functions.

tion is also possible as a previously non-covered subscription can become covered by a newly activated
subscription. Therefore, when subscription covering is used in Boolean publish/subscribe systems, the
covering relations between active subscriptions should be checked after every subscription activation and
cancellation.

The covering relation between top-k/w subscriptions is also possible, but it is different from the case
of Boolean subscription covering. A top-k/w subscription certainly covers another top-k/w subscription
if they have identically defined scoring functions, score comparators and parameters w, and if the former
subscription defines a larger value of the parameter & than the latter subscription. However, such a cov-
ering is actually a very rare situation in real-life top-k/w systems, and thus is not very useful in practice.
However, we can check instead if the subspace of interest of one top-k/w proxy subscription covers the
subspace of interest of another. Analogous with Boolean subscriptions, cancellations and activations of
top-k/w subscriptions may also cause changes in covering relations between active top-k/w proxy sub-
scriptions. However, this can also happen when the subspace of interest of a top-k/w proxy subscription
expands or contracts due to its threshold change. For this reason, the covering relations between active
top-k/w proxy subscriptions should be checked after every top-k/w subscription threshold change, and
every subscription activation and cancellation. Since the thresholds change frequently, the usability of

this technique for this type of subscriptions also comes in question.
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Figure 4.5: Merging of Boolean subscriptions for different matching functions.

4.3.2 Subscription Merging

Two or more Boolean subscriptions can be merged together in a broader subscription which then cov-
ers all of the original subscriptions. Only the resulting merged subscription (merger) can be forwarded
to the network (i.e. to the system), where it replaces the original subscriptions. Subscriptions can be
merged together either in a perfect or imperfect way. Any part of the subspace of interest of a perfect
merger is covered by at least one of the original subscriptions, whereas this does not have to be true for
imperfect mergers. Both perfect and imperfect merging reduce subscription information stored at nodes
because every merger replaces two or more original subscription entries. However, imperfect merging
can increase network traffic since some non-matching publications, which belong to a subspace that is

not covered by original subscriptions, can be forwarded to network.

Example 4.4 (Subscription Merging). Figure #.3 shows mergers for triplets of ranking Boolean subscrip-
tions for each of the matching functions from the previous two examples. In each of these subfigures,
subscription s4 represents the merger for subscriptions s1, s, and s3. The triplets of subscriptions which
are shown in Figure }#.5d, Figure and Figure have imperfect mergers since the dotted areas are
not covered by any of original subscriptions. On the contrary, the triplet of subscriptions in Figure
is perfectly merged together.
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The merging of subscriptions also exists in the case of top-k/w proxy subscriptions. However, after
each expansion of a merged top-k/w proxy subscription, we need to check if it has become interested
in a subspace which is not covered be its merger. When this is true, we have to forward such proxy
subscription in the network since it is no more covered by the merger. Similarly, after each contraction
of a top-k/w subscription, we should check whether it is possible to contract its merger. Analogous with
the case of subscription covering, and due to the frequent changing of top-k/w subscription thresholds,
the usability of this technique for this type of subscription is questionable.

4.4 Experimental Evaluation

In this section we present an experimental study comparing the number of delivered publications for
(ranking) Boolean and top-k/w subscriptions. For the top-k/w subscription processing we use two algo-
rithms presented in Chapter B: PA and RAPF. The former algorithm is probabilistic, while the latter is
the best performing of deterministic top-k/w processing algorithm.

Analogous to the experimental study in Chapter [, we have selected NN subscriptions (i.e. NN
queries) as a use case for our evaluation. Both subscriptions and publications in our experiments are
represented as points in a d-dimensional Euclidean space. The score of a publication p with respect to
subscription s is calculated using the following formula: us(p) = d(p,,p,) = [Zfl:l (vi — vi)z]%, where
Pp = {v1,v2,...,va} and p; = {v1,02,...,v4} are points representing p and s, respectively. The score
comparator & is defined such that lower scores imply higher ranks. Additionally, Boolean subscriptions
define static thresholds, whereas top-k/w subscriptions define parameters £ and w.

Please note that for the sake of simplicity, we omit subscripts of subscription parameters in this sec-
tion, if otherwise not explicitly stated.

We have also used one real and two synthetic datasets in the experimental evaluation. In particular,
the real dataset used in experiments is the LUCE deployment data (environmental data collected from
large-scale wireless sensor networks within the project SensorScopeB), and we generated uniform and
clustered Gaussian data. The LUCE deployment data was preprocessed to extract 4-dimensional data
objects (solar panel current, global current, primary buffer voltage and secondary buffer voltage) and
normalized to the values within the interval [0, 1], while the synthetically generated data is also within
the same interval.

The default scenario used in all experiments is the following: First we generated the set of subscrip-
tions, either by taking a random sample from the LUCE deployment data, or by generating subscriptions
using one of the listed distributions. Second we simulated the publishing of publications, either by ran-
domly choosing publications from the LUCE deployment data, or by generating publications using the
same distribution as for the previously generated queries. Finally, after NV publications, we analyzed the
obtained results. The default simulation parameters used in experiments are specified in Table §.1].

In the following we examine the observed average thresholds for top-k/w subscriptions, average top-
k scores for PA and RAPF, and compare the average number of delivered publications per subscription

3http://sensorscope.epfl.ch/
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Table 4.1: Default values of parameters used in the subscription comparison simulation.

[ Parameter | Symbol | Value |
Number of publications N 10°
Number of subscriptions m 400
Size of recent buffer b 2000
Data dimensionality d 4
PA: probability of error o 1073

for Boolean and top-k/w subscriptions. Please recall that the average threshold for PA is the score of the
candidate publication with the worst rank, while for RAPF it is the score of the k-th ranked publication
in the (probabilistic) filter.

4.4.1 Average Threshold of Top-k/w Subscriptions

In this simulation scenario we compare average thresholds of PA and RAPF for different datasets. These
thresholds are used for subscription indexing, as explained in Chapter B The average thresholds are
shown in Figure #.6. Please note that the scales of y-axes are different for different datasets. As we can
see, average thresholds of PA are always lower than of RAPF. This is expected since PA does not use
the recent buffer, while RAPF strongly depends on it. Actually, the average threshold of RAPF does
not depend on the subscription window size, but on the recent buffer size which was constant in all
experiments. We can also see that the average threshold increases with increasing parameter k for both
algorithms, and for PA increases with decreasing parameter w. Since threshold surfaces are similar for
different datasets we conclude that top-k/w subscriptions adapt well to a given dataset. Please note that
the larger subscription threshold means a larger number of subscription cells of interest which then results

in a less efficient processing.

4.4.2 Average Top-k Score of Top-k/w Subscriptions

In the next experiment we analyze the average top-k score (i.e. score of the k-th ranked referenced
publication) of top-k/w subscriptions for different datasets. The purpose of this experiment is to identify
the values of Boolean subscription thresholds which we will later use for the comparison of Boolean
and top-k/w subscriptions. If the threshold of a Boolean subscription is equal to the average top-k score
of a top-k/w subscription, these two subscriptions will have similar number of matching publications.
Figure §.7 shows our results expressed as the average score of k-th ranked of referenced publications.
Please note that these average scores are identical for all deterministic top-k/w processing algorithms and
almost identical for PA since it has very low error rate as shown in Chapter §. For this reason we show only
the average top-k scores for PA. Again, the scales of y-axes are different for different datasets. We can
see that the average top-k scores are different for different datasets, which is expected since such scores
have to be lower for more clustered datasets, and that these scores increase with increasing parameter k

and decreasing parameter w. The shapes of average top-k scores are similar for different datasets which
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Figure 4.6: Average top-k/w subscription threshold for different datasets.
again implies that top-k/w subscriptions very well adapt to a given dataset.

4.4.3 Average Number of Matching Publications per Subscription

In this experiment we analyze the number of matching publications per subscription for Boolean and

top-k/w subscriptions. As we can see in Figure §.8, due to the adaptability of top-k/w subscriptions to
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Figure 4.7: Average top-k score of a top-k/w subscription for different datasets.

different publication datasets, the average number of matching publications per top-k/w subscriptions
does not depend on the dataset. This evaluation experimentally proves that the top-k/w model performs
effective filtering regardless of the dataset. As expected, when increasing w, the number of matching
publications decreases, while it increases when increasing k. On the contrary, the number of matching
publications for Boolean subscriptions heavily depends on the dataset (and selected threshold value). As
we can see, a small change in the Boolean subscription threshold results in a large variation of the number
of matching publications for different datasets. This shows that Boolean subscriptions do not provide any
means for controlling the number of delivered publications per subscription. Please note that the Boolean
threshold value of 0.09 is analogous to the average top-k score of top-k/w subscription with parameters
k = 9 and w = 40000 for the uniform dataset as shown in Figure .74, and these subscriptions thus have
similar numbers of matching publications for these values of parameters.

The setup of the last experiment is similar to the previous one since we analyze the average number
of matching publications per subscription for Boolean and top-k/w subscriptions while varying the pub-
lication intensity A. In this experiment we are using only the uniform dataset and the default values of all
parameters specified in Table f.1. The obtained simulation results are shown in Figure §.9. We can see

that similarly to the previous experiment, and due to the adaptability of the top-k/w model to different
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Figure 4.8: Average number of matching publications per Boolean and top-k/w subscription for different
datasets.

publication intensities, the average number of matching publications per top-k/w subscription does not
depend on the parameter A, while for Boolean subscriptions, on the contrary, this number heavily depends

on the parameter A since it increases linearly with the increasing parameter 4.

4.4.4 Conclusion

Our experimental evaluation has shown that top-k/w subscriptions adapt very well both to the distribution
of publications in their attribute space and the publication intensity. Additionally, it has also shown that,
on the other hand, the number of matching publications for Boolean subscriptions heavily depends on the

publication distribution and intensity, which are generally unknown in advance.

4.5 Related Work

In this section we give an overview of the types of subscriptions that are considered in both research

literature and industry solutions. Since the techniques of subscription covering and merging are related
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to distributed publish/subscribe systems, we survey related work in this area in Chapter .

4.5.1 Boolean Subscriptions in Publish/Subscribe Systems

From the historical point of view, the first publish/subscribe systems supported only topic-based subscrip-
tions. The examples of such systems are TIB/RV [[155], Vitria [[192], Corba Event Service [[153, 176],
iBus [[10], Bayeux [209] and Scribe [[182, 49]. TIB/RV [[155] is the first topic-based publish/subscribe
system with support for wildcards, a convenient way to subscribe to several topics with a single sub-
scription. This system also supports a flexible topic hierarchy. Corba Event Service [153, 176] is a
specification from the Object Management Group which does not support topic hierarchy. PrismTech
OpenFusion Notification Service and IONA Orbix Notification are examples of systems implementing
this specification. iBus [[10] and Vitria [[192] are simple multicast-oriented topic-based publish/subscribe
systems. Bayeux [209] is an application-level multicast system, which organizes the multicast receivers
into a distribution tree rooted at the source, and is built on top of Tapestry [205], a wide-area location
and routing architecture. Scribe [|182, 49] is a large-scale event notification infrastructure, built on top of
Pastry [[L81], a generic peer-to-peer object location and routing scheme for a large-scale overlay network
of nodes connected via the Internet. Since the scalability is much more important for Bayeux and Scribe
than expressiveness, these systems do not support the topic hierarchy.

Currently, the most popular types of subscriptions in publish/subscribe systems are content-based
subscriptions. The examples of publish/subscribe systems which support these subscriptions are: Yeast
[120], Elvin3 [|187], Elvin4 [186], GEM [[137], Keryx [201]], Corba Notification Service [[L54, [176],
READY [|100], Gryphoon [24, 6], SIENA [45], Le Subscribe [[161], JEDI [69], Kyra [40], Meghdoot
[L02] and Rebeca [[149]. Yeast [[120] is a centralized publish/subscribe system with a rich subscription
language. Besides of a number of predefined classes and attributes, which are used for specifying of pub-
lications, Yeast also supports defining of additional classes and attributes. Elvin4 [[186] is an improved
version of Elvin3 [[187]. The improved version supports the following types of publication attributes:

integer, string, floating point and binary data such as images or compiled code. The subscription lan-
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guage of Elvin4 is very rich and supports both the advanced arithmetic and string matching constraints.
GEM [[137] is a distributed publish/subscribe system which uses a declarative and interpreted subscrip-
tion language. This language is based on the assumption of a global system time. Keryx [201] is a
distributed publish/subscribe system which enables support for Distributed Virtual Environments. In this
system, publications are specified in Self-Describing Data Representation, which is a textual syntax for
structured data presented in [130]. Corba Notification Service [[154] is another specification from the
Object Management Group. This specification supports a rich constraint language which allows defining
of type and content-based subscriptions. For example, the subscription language of READY [[100] fol-
lows this specification, but also supports grouping constructs, composite events and event aggregation.
Gryphoon [24, 6] is a distributed publish/subscribe system with a simple subscription language in which
each subscription is a conjunction of a set of simple constraints on one or more publication attributes.
The subscription language used in SIENA [45] supports specifying of a set of attribute-constraint pairs,
where each constraint is a tuple specifying: a type, a name, a binary predicate operator, and a value for an
attribute. Le Subscribe [|L61]] is a publish/subscribe system which is well suited for information published
on the Web. This system uses a semi-structured publication model and supports subscriptions which are
a conjunction of predicates, where each predicate is a triple of the form attribute-operator-element. The
subscription language supports arithmetic operators and two specific operators: kind of and contains.
Publications in JEDI [69] are simple sequences of strings, while subscription language is very simple and
supports only regular expressions. Meghdoot [[102] uses a data model proposed by Fabret et al. [85]. In
this model, a subscription is a conjunction of predicates (i.e. simple range or value constraints) over one
or more attributes. The subscription language of Rebeca [149] is very simple: a publication is a set of
name-value pairs, while a subscription is a conjunction of constraints on single name-value pairs. The
specification [[107] of Java Message Service (JMS) defines that a publication (JMS message) consists of a
header, a set of properties and a body. Subscriptions (JMS message selectors) allow clients to specify the
characteristics of publications they are interested in. Only the header and properties are checked during
the matching process, while publication body is ignored. JMS subscription language is rich since each
subscription is a conditional expression that supports logical, comparison and arithmetic operators.
Eugster [B81]] introduced type-based subscriptions in publish/subscribe systems. These systems of-
fer a much better integration of object-oriented programming languages and publish/subscribe systems.

Hermes [[165] is an example publish/subscribe middleware with support for type-based subscriptions.

4.5.2 Other Types of Subscriptions in Publish/Subscribe Systems

Alternative types of subscriptions are: concept-based [63, 171]], location-aware [[138, 88, 191, 68], XML-
based [53, 54, 191] and approximate [|128, 129, 8, 164, 42, 124] subscriptions. Approximate subscrip-
tions are the most related to our work since such subscriptions calculate scores of publications (degrees of
match) using the principles of fuzzy logic. This enables partial matching between publications and sub-
scriptions, which eliminates situations with a small number of matching publications. However, since
the authors use fixed score thresholds and do not rank publications among each other, such subscriptions

may produce situations where subscribers are flooded with too many matching publications.
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Additionally, some publish/subscribe systems with content-based subscriptions also support subscrib-
ing to composite events. A composite event is a (temporal or causal) pattern of publication occurrences
which is of interest to a subscriber. Examples of such systems are Yeast [[120], GEM [[137], READY
[L0Q], SIENA [45], EPS [[139], PADRES [[1264, 125] and Cayuga [73]]. Subscriptions in such systems are
also stateful (as our top-k/w subscriptions) since several publications are usually involved in the matching
of a single subscription pattern, and thus partial matching states have to be stored in memory. For ex-
ample, Cayuga[[73] is a stateful publish/subscribe system based on nondeterministic finite state automata
(NFA) whose subscription language supports composite events using several binary operators (i.e. pro-
jection, selection, renaming, union, conditional sequence, iteration, aggregate) and powerful language
features such as parameterization and aggregation. Our work, however, differs significantly from these
approaches since top-k/w subscriptions do not support subscribing to composite events.

Parametrized subscriptions introduced in [[111]] are very similar to our top-k/w subscriptions since they
also have a static and dynamic part. In case of such subscriptions, the dynamic part consists of one or
more parameters and the matching between publications and a parametrized subscription depends on the
subscription parameters. Therefore we could say that our top-k/w proxy subscriptions is a parametrized
subscription with a dynamic threshold as its only parameter.

In Chapter B we surveyed the relevant work in the field of top-k/w processing over data streams.
Some of the other data stream processing systems also support stateful continuous queries (i.e. sub-
scriptions). The examples of these systems are: NiagaraCQ [5§], Aurora [L], TelegraphCQ [56] and
STREAM [[140]. NiagaraCQ [58] is a large-scale data stream processing system that supports timer-
based and change-based continuous queries. This system achieves scalability by grouping query plans
using common expression signatures, i.e. it utilizes the fact that many different queries have the same
syntax structure, but different constants. Aurora [[l], TelegraphCQ [5€] and STREAM [|140] are general-
purpose data stream processing systems with support for stateful continuous queries. These systems
support time-based windows and achieve scalability by computing aggregate values over these windows.
We refer a reader interested in data stream processing over sliding windows to check the following ref-
erences [97, 9, 52].
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CHAPTER D

Centralized Publish/Subscribe Systems

In this chapter we focus on centralized publish/subscribe systems. The architecture of a centralized pub-
lish/subscribe system is a client-server architecture in which all clients are connected to a centralized
publish/subscribe service, as shown in Figure B.1|. In some centralized publish/subscribe systems clients
can directly communicate among each other without the mediation of a publish/subscribe service. This
is possible since publish/subscribe systems are usually built upon an application-level overlay network.
In other words, the clients are not physically connected to a publish/subscribe service, and can thus com-
municate among themselves using a transport layer protocol. In this chapter we present three commonly
used routing strategies for centralized Boolean publish/subscribe systems. These three routing strategies
differ among each other according to the location where the matching between publications and subscrip-
tions happens: 1) at the subscriber side, 2) at the publisher side or 3) at the publish/subscribe service side.
As the main contribution of this chapter, we explain how the routing strategies can be adapted to central-
ized top-k/w publish/subscribe systems. This is not a trivial task since Boolean and top-k/w subscriptions
are conceptually very different, as explained in Chapter §. For each of the routing strategies, we show
the locations of top-k/w processors and recent buffers in the system, and also explain how subscriptions
and publications are routed from clients to the processors. As we will see, two of these three routing
strategies are well suited for centralized top-k/w publish/subscribe systems since they do not introduce
any additional communication overhead in centralized top-k/w systems when compared to the equivalent
centralized Boolean systems. Finally, for all three routing strategies, we experimentally evaluate and
compare the performances of Boolean and top-k/w centralized publish/subscribe systems.

The rest of this chapter is organized as follows. In Section p. I we present three commonly used routing
strategies for centralized Boolean publish/subscribe systems. We adapt these three routing strategies to
centralized top-k/w publish/subscribe systems in Section 5.2. In Section 5.3 we experimentally evaluate
the performance of Boolean and top-k/w centralized publish/subscribe systems. Finally, we conclude this

chapter with an overview of the related work in Section 5.4.
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Figure 5.1: Centralized publish/subscribe system architecture.

5.1 Routing Strategies in Centralized Boolean Publish/Subscribe Systems

In this section we present three different routing strategies for centralized Boolean publish/subscribe sys-
tems (Boolean systems). These three routing strategies differ among each other according to the location
where the matching between publications and subscriptions happens: 1) at the subscriber side, 2) at the
publisher side, or 3) at the publish/subscribe service side. The publish/subscribe service has a different
role in different routing strategies. In the first strategy it acts as a representative of publishers which
distributes their publications among other clients. In the second strategy it acts as a representative of sub-
scribers which delivers their subscriptions to other clients. In the third strategy it accepts publications and

subscriptions from clients, performs matching and delivers matching publications to their subscribers.

5.1.1 Publication Flooding

In a centralized Boolean system with publication flooding, subscriptions are stored at subscribers and
therefore none are propagated through the system. When a new publication is published, its publisher
forwards it to the publish/subscribe service, which then notifies all other clients in the system about this
publication. In this routing strategy, each client performs the matching between a published publica-
tion and its own subscriptions. Obviously, this strategy is best used in situations where the majority of
clients are interested in each published publication. However, if the number of publishers is too large,
the publish/subscribe service will be the bottleneck of the whole system, because it would not be able to

distribute all published publications.

Example 5.1 (Centralized Boolean publish/subscribe system with publication flooding). In Figure 5.2 we
can see an example sequence of events in a centralized Boolean system with publication flooding. This
system consists of a publish/subscribe service and 6 clients. In this example, client E first subscribes to
publications which have {x > 10}, then client D subscribes to publications for which {x > 15}, and
finally, client A publishes a publication which has {x = 20}. We can see that subscriptions of clients
E and D are not propagated through the system since they are stored at their client nodes. Client A
publishes publication {x = 20} by forwarding it to the publish/subscribe service, which then notifies all
other clients in the system. When a client receives this publication, it performs the matching between
the publication and its own subscriptions. As we can see, the publication of client A is matching for
subscriptions of clients E and D.
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Figure 5.2: Sequence of events in a centralized Boolean system with publication flooding.

The role of a publish/subscribe service in this routing strategy is analogous with the role of an Ethernet
hub which connects several Ethernet devices among themselves. The hub receives any packet entering
any port and broadcasts it out on all other ports. In this situation, the Ethernet devices are responsible for
filtering incoming packets. When the number of devices becomes too large, the overall performance will

decrease due to frequent packet collisions on the Ethernet medium.

5.1.2 Subscription Flooding

In a centralized Boolean system with subscription flooding, the publish/subscribe service accepts sub-
scription updates (i.e. activations and cancellations) from all clients in the system. When a subscription
is activated or canceled, the subscriber forwards such information to the publish/subscribe service, which
then informs all other clients in the system about subscription update. As each client stores all active
subscriptions in the system, we can use subscription covering and (perfect) merging at the subscriber side
to reduce the number of forwarded (i.e. stored) subscriptions in the system and also at the publisher side
to improve performance of the matching implementation. In this routing strategy, publishers perform
the matching between publications they publish and all active subscriptions in the system. Besides that,
they are also responsible to directly deliver (i.e. using a network layer protocol) matching publications to
subscribers. This strategy is best suited for sharing the processing load (due to the matching) in situations
where the majority of clients are also publishers. Obviously, if the frequency of subscription updates is

too large, the publish/subscribe service will become the bottleneck of the whole system, because it will
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Figure 5.3: Sequence of events in a centralized Boolean system with subscription flooding.

not be able to inform all clients about subscription updates.

Example 5.2 (Centralized Boolean publish/subscribe system with subscription flooding). Figure 5.3
shows an example sequence of events in a centralized Boolean system with subscription flooding. Sim-
ilar to Example [.1], this system consists of a publish/subscribe service and 6 clients where client E first
subscribes to publications which have {x > 10}, then client D subscribes to publications for which
{x > 15}, and finally, client A publishes a publication which has {x = 20}. We can see that clients E
and D forward their subscriptions to the publish/subscribe service, which then informs all other clients
in the system about these subscriptions. Client A publishes a publication {x = 20} by matching it to the
active subscriptions in the system and then notifies clients E and D whose subscriptions are satisfied with
this publication.

The role of a publish/subscribe service in this strategy is similar to the role of a service that announces

calls for papers by sending e-mails. When a scientist has finished writing a paper, he/she reads the
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received announcements, selects one of the calls and submits the paper for review. However, differently
from this real-world example, in publish/subscribe systems there is usually more than one subscriber
notified about a publication.

The filtering of uninteresting publications at the publisher side is an important characteristic and a big
advantage of this routing strategy. However, besides already mentioned scalability issues, three problems
arise when this routing strategy is used. The first problem is related to the fact that a publisher and a
subscriber have to actively participate in the interaction, which is contradictory to the publish/subscribe
communication paradigm [83]. The second problem is a consequence of the first problem and is related
to the anonymity, because subscribers and publishers do not remain anonymous with respect to each
other. Finally, the third problem is related to trust since the matching happens at the publisher side, which
is not under the control of either subscribers or publish/subscribe service and can easily be abused. In
other words, subscribers have to trust publishers that incoming publications are really matching their

subscriptions.

5.1.3 Selective Routing

In a centralized Boolean system with selective routing, the publish/subscribe service accepts publications
and subscription updates (i.e. activations and cancellations) from all clients in the system. It stores
all active subscriptions in the system, and performs matching between incoming publications and these
subscriptions. Additionally, the publish/subscribe service is also responsible for notifying subscribers
about publications matching their subscriptions. This strategy is best used in situations when we want
to reduce the communication overhead in the system and processing overhead at the client side. This is
achieved by avoiding the passing of redundant information to clients. Obviously, if the number of clients
is too large, the publish/subscribe service would not be able to process (i.e. perform matching for) all
published publications and thus will be the bottleneck of the whole system.

Example 5.3 (Centralized Boolean publish/subscribe system with selective routing). Figure 5.4 shows
an example sequence of events in a centralized Boolean system with selective routing. Similar to Ex-
amples B.1] and .2, this system consists of a publish/subscribe service and 6 clients where client E first
subscribes to publications which have {x > 10}, then client D subscribes to publications for which
{x > 15}, and finally, client A publishes a publication which has {x = 20}. We can see that subscrip-
tions of clients E and D are forwarded by these clients to the publish/subscribe service, which stores
them in its memory. Client A publishes a publication {x = 20} by forwarding it to the publish/subscribe
service. This service then performs the matching between this publication and stored subscriptions and

then notifies clients E and D since their subscriptions are satisfied with the publication.

When this routing strategy is used in a centralized Boolean system, the publish/subscribe service acts
as a publication filter. It forwards only matching publications to subscribers, and ignores (does not pass)
other publications it receives from publishers. In this way, the communication overhead in the system is
reduced as much as possible since the system is not flooded neither with publications nor subscriptions

and only matching publications are forwarded to subscribers.
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Figure 5.4: Sequence of events in a centralized Boolean system with selective routing.

5.2 Routing Strategies in Centralized Top-k/w Publish/Subscribe Systems

In the previous section we presented three routing strategies for centralized Boolean publish/subscribe
systems. In this section we adapt these three routing strategies for centralized top-k/w publish/subscribe
systems (centralized top-k/w systems). For each of the strategies, we explain in detail differences when
compared to the original routing strategy, identify optimal locations of top-k/w processors and recent
buffers in system, and explain how subscriptions and publications are routed from clients to these pro-

CESSOors.

5.2.1 Publication Flooding

Figure .3 shows entities and their roles in a centralized top-k/w system with publication flooding. As
we can see, each subscriber has a heavyweight top-k/w processor and recent buffer to process the stream
of incoming publications for its own subscriptions. This processor knows the current thresholds of sub-
scriptions it stores in memory, and can thus without any doubt detect matching publications for these
subscriptions. In this routing strategy we do not need to store proxy subscriptions in the network since
the matching is performed at the subscriber side. We conclude that this routing strategy is well suited for
centralized top-k/w systems because it does not introduce any additional communication overhead when

compared to centralized Boolean systems.
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Figure 5.5: Centralized top-k/w publish/subscribe system with publication flooding.
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Figure 5.6: Centralized top-k/w publish/subscribe system with subscription flooding.

5.2.2 Subscription Flooding

Figure 5.4 shows entities and their roles in a centralized top-k/w system with subscription flooding. As we
can see, each publisher node has a lightweight top-k/w processor and recent buffer to process the stream
of its own publications for proxy subscriptions of all active subscriptions in the system. The match-
ing between a published publication and stored proxy subscriptions is performed twicelat the publisher
side. The first matching is performed immediately after publishing, whereas the second is performed
immediately after dropping this publication from the recent buffer. After the first matching, the pub-
lisher directly forwards (i.e. using a network layer protocol) the publication to subscribers with satisfied
subscriptions. However, after the second matching it directly forwards this publications only to those sub-
scribers whose subscriptions are now satisfied, but were not during the first matching. Each subscriber
must have a heavyweight top-k/w processor and recent buffer to process the stream of received publica-
tions for its own subscriptions. When a subscription threshold changes, the subscriber forwards the new

value to the publish/subscribe service, which then informs all other clients in the system to update their
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Figure 5.7: Sequence of events in a centralized top-k/w system with subscription flooding.

proxy subscriptions. We conclude that this routing strategy can be implemented for centralized top-k/w
systems, but is not well suited for them since the synchronization of subscription thresholds introduces a
large communication overhead when compared to the equivalent centralized Boolean systems.

It is very important to notice that a more critical situation is when a subscription subspace of interest
expands than the opposite situation since the subscriber could miss some matching publications if this
information is not instantly propagated through the system. In the latter situation the subscriber could be
notified about some publications which are no more matching, but as in practice these publications can

be filtered at the subscriber side, this is a less critical situation.

Example 5.4 (Centralized top-k/w publish/subscribe system with subscription flooding). Figure 5.7
shows a sequence of events in a centralized top-k/w system with subscription flooding. This example
shows how information about a threshold change spread through this system. Similar to Boolean system
examples, this system consists of a publish/subscribe service and 6 clients. We can see that client E first
activates its subscription by forwarding it to the publish/subscribe service. After some time, when the

threshold of this subscription changes, client E informs the publish/subscribe service about this change,

!These two matchings are analogous with the two insertion attempts for SA and RA with filters, which are explained in
Chapter . In the case of PA, we do not need a recent buffer at the publisher side since the matching is performed only once,
immediately after the publishing.
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Figure 5.8: Centralized top-k/w publish/subscribe system with selective routing.
which then informs all other clients in the system to update their proxy subscriptions.

5.2.3 Selective Routing

Figure 5.§ shows entities and their roles in a centralized top-k/w system with selective routing. As we can
see, we need only one heavyweight top-k/w processor and only one recent buffer in the system. Both of
them are located at the publish/subscribe service side. This processor knows the current thresholds of all
active subscriptions in the system, and thus can without any doubt detect matching publications for them.
Since the matching is performed only at the publish/subscribe service side, in this routing strategy we do
not need to store proxy subscriptions in network. We conclude that this routing strategy is well suited for
centralized top-k/w systems because it does not introduce any additional communication overhead when

compared to centralized Boolean systems.

5.3 Experimental Evaluation

In this section we present an experimental study comparing three possible centralized implementations of
a Boolean and equivalent top-k/w system. For top-k/w subscriptions we employ two algorithms presented
in Chapter : PA and RAPF. The former algorithm is probabilistic, while the latter is the fastest of the
deterministic top-k/w processing algorithms. All algorithms are implemented in Java and experiments
were performed on a Linux based PC with 2.13Ghz Intel® Core™2 Duo CPU (with one core disabled)
and 2GB of memory.

Similarly as in Chapters f and }, we have selected NN subscriptions (i.e. NN queries) as a use case
for our evaluation. Both subscriptions and publications in our experiments are represented as points in a
d-dimensional Euclidean space. The score of an publication p with respect to subscription s is calculated

using the following formula: us(p) = d(p,,p,) = L (v — 1),-)2]%, where p, = {vi,v2,...,va}

. . . s .
and p, = {v1,02,...,04} are points representing p and s, respectively. The score comparator > is
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Table 5.1: Default values of parameters used in the experimental evaluation of centralized pub-
lish/subscribe systems.

[ Parameter | Symbol | Value |
Number of publications N 10°
Number of subscriptions m 400
Size of recent buffer b 2000
Data dimensionality d 4
Grid resolution p 10
RA: pruning coefficient y 0.2
PA: probability of error o 1073
Number of clients C 400

defined so that lower scores imply higher ranks. Additionally, (ranking) Boolean subscriptions define
static thresholds, whereas top-k/w subscriptions define parameters k& and w.

Please note that for the sake of simplicity, we omit subscripts of subscription parameters in this sec-
tion, if otherwise not explicitly stated.

We have also used one real and two synthetic datasets in the experimental evaluation. In particular,
we used the LUCE deployment data (environmental data collected from large-scale wireless sensor net-
works within the project SensorScopeE), and generated uniform and clustered Gaussian data. The LUCE
deployment data was preprocessed to extract 4-dimensional points (solar panel current, global current,
primary buffer voltage and secondary buffer voltage) and normalized to the values within the interval
[0, 1], while the synthetically generated data is also within the same interval.

The default scenario used in all experiments is the following: First we generated the set of subscrip-
tions, either by taking a random sample from the LUCE deployment data, or by generating subscriptions
using one of the listed distributions. Second we simulated the publishing of publications, either by ran-
domly choosing publications from the LUCE deployment data, or by generating publications using the
same distribution as for the previously generated queries. Finally, after N published publications, we
analyzed the obtained results. The default simulation parameters used in experiments are specified in
Table B.1. Additionally, we assumed that each client issues a single subscription, i.e. that m = C.

In the following we examine the observed number of exchanged messages in the Boolean and top-
k/w system. Since the number of exchanged messages is identical when publication flooding is used as
the routing strategy, we compare these two systems only for subscription flooding and selective routing
strategies. For selective routing, we also compare processing costs of the Boolean system and two top-k/w
systems: one utilizing PA and the other utilizing RAPF.

5.3.1 Subscription Flooding

In this simulation scenario we compare the number of exchanged messages in the Boolean and top-k/w

system when subscription flooding is used as the routing strategy. We used only the uniform dataset for

“http://sensorscope.epfl.ch/
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Figure 5.9: Number of subscription threshold and cell updates for different types of top-k/w subscriptions
in a centralized top-k/w system with subscription flooding.
this experiment. The number of exchanged messages in the Boolean system is the sum of the following:
+ the number of subscribe messages and
* the number of notify messages.
Similarly, the number of exchanged messages in the top-k/w system is the sum of the following:
* the number of subscribe messages,
+ the number of notify messages, and
* the number of update (proxy subscription) messages.

The number of subscribe messages is equal to m-C = 160, 000 since every such message is distributed
by the publish/subscribe service to the other clients in system. The number of notify messages is equal to
the number of matching publications, and this number (per Boolean and top-k/w subscription) is already
shown in Figure §.§. Therefore, up to this point, only the number of update messages in the top-k/w

system is unknown.
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We analyze two approaches for informing other clients about a subscription update. The first approach
informs about every subscription update, while the second divides the Euclidean space to cells of equal
size (regular grid), and informs only when a subscription subspace of interest expands to new cells, or
contracts from old cells. The numbers of subscription threshold and cell changes are shown in Figure 5.9.
To get the total number of update messages, we have to multiply the number of updates with the number
of clients in the system. We can see that the number of updates is much lower in the case of the latter
approach, which can be used for top-k/w systems, while the former should be avoided due the frequent
flooding with threshold update messages. Please note that each change in subscription cells may refer to
one or more cells and thus the corresponding messages are larger than threshold update messages of the

former approach, which carry only a subscription ID and new threshold value.

5.3.2 Selective Routing

In this simulation scenario we compare the number of exchanged messages and processing cost in the
Boolean system and top-k/w system when the selective routing strategy is used. The number of exchanged

messages for both systems is the sum of the following:
* the number of subscribe messages,
* the number of publish messages and
+ the number of notify messages.

The number of subscribe messages is equal to m = 400, the number of publish messages is equal
to N = 1,000, 000, and the number of notify messages is equal to the number of matching publications
which is already shown (per subscription) in Figure §.§. Figure shows the total number of exchanged
messages for the Boolean and top-k/w system. We see that this routing strategy can significantly reduce
message overhead in a top-k/w system when compared to the equivalent Boolean system in which sub-
scription matching functions (i.e. Boolean subscription thresholds in our case) are inadequately selected
for the actual distribution of publications.

In the second experiment we examine the processing cost at the publish/subscribe service side in the
Boolean system and two top-k/w systems: one utilizing PA and the other utilizing RAPF. The processing
cost is expressed as runtime for different datasets, both with and without query indexing using a regular
grid.

Figure shows the processing costs without query indexing. We can see that processing costs for
the Boolean system and top-k/w system with PA are very similar, while the top-k/w system with RAPF
has much worse processing performance. For the former two systems, the processing cost is similar since
it is mainly due to the publication score calculation.

Figure shows the processing costs with query indexing. As expected, the top-k/w system with
PA has lower processing cost than the top-k/w system with RAPF. For the uniform dataset and ideally
selected Boolean subscription thresholds, the Boolean system has lower processing cost than the top-k/w
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Figure 5.10: Total number of exchanged messages in a centralized Boolean and top-k/w system with
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Figure 5.11: Processing cost without query indexing in a centralized Boolean and top-k/w system with
selective routing.

system with PA. However, if the subscription threshold is inadequately selected, we can see that the top-
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Figure 5.12: [First part] Processing cost with query indexing for different datasets in a centralized Boolean
and top-k/w system with selective routing.

k/w system has equally good or even better processing performance than the Boolean system. For all
systems, the processing performance is generally better for the uniform than other two datasets, which
is expected since we are using the regular grid. Surprisingly, for the uniform dataset, larger values of
the parameter k and smaller of the parameter w, the top-k/w system behaves worse than for the other two
datasets. Our explanation for this behavior is in the increased values of subscription thresholds in the case
of uniform dataset when compared to the other datasets, which requires frequent grid reconfigurations.

Please recall that the average threshold values are already shown in Figure 4.4.

5.3.3 Conclusion

The presented experimental evaluation has shown that subscription flooding as a routing strategy in cen-
tralized publish/subscribe systems is not well suited for top-k/w systems since it frequently floods clients
with update (proxy subscription) messages. Additionally, it has experimentally demonstrated that central-
ized top-k/w systems use less resources and generate less messages than the equivalent Boolean systems

in which subscriptions are inadequately defined.
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Figure 5.12: [Second part] Processing cost with query indexing for different datasets in a centralized
Boolean and top-k/w system with selective routing.

5.4 Related Work

Centralized publish/subscribe systems are very popular in practice, mainly due to the fact that they offer all
the advantages of publish/subscribe messaging paradigm, while at the same time are simple to build and
very easy to maintain. The general ideas and essential features of centralized publish/subscribe systems
are of widely applicable and thus they have attracted a lot of attention from both the research and industry
communities in the last 20 years. However, because of the lack of scalability, these systems cannot be used
to deploy large-scale publish/subscribe solutions. In this section we present an overview of centralized

publish/subscribe systems in which special attention will be given to the used routing strategies.

5.4.1 Centralized Publish/Subscribe Systems

Publication flooding as a routing strategy was used in the first centralized publish/subscribe [[155] and
similar systems [[113, 3|, 185]. These systems used LAN or air as a medium for disseminating information
to subscribers, which then locally filtered out information that did not match their interest. In this case,

the medium acts as a publish/subscribe service, which is a very elegant and simple solution, especially
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for small-scale publish/subscribe systems which exploit LAN broadcast capability. However, this rout-
ing strategy should be avoided for large-scale publish/subscribe systems since it would generate a high
traffic load. This strategy is also applied in some more recent distributed publish/subscribe systems, e.g.
Gryphoon [24], JEDI [69] and TERA [[19].

The opposite routing strategy to the former is subscription flooding. This strategy was also used in
some early centralized publish/subscribe systems such as Elvin3 [[187]. In Elvin3 this strategy was called
quenching, an is particularly effective for reducing network traffic in situations when a large number
of publications do not match any of the subscriptions. Some of the more recent and distributed pub-
lish/subscribe systems also apply this strategy, e.g. Gryphoon [24], RUBDES []184] and MEDYM [#41].

The most popular routing strategy for centralized publish/subscribe systems is selective routing. This
strategy has become a de facto standard for centralized publish/subscribe systems. It is often considered
in literature, e.g. [[120, 203, [161, 85, 168], and used in specifications, e.g. Corba Event Service [[153],
Corba Notification Service [|154] and Java Message Service [[107]. Additionally, many open source and
proprietary providers currently offer messaging frameworks or Enterprise Service Bus (ESB) solutions
which include publish/subscribe messaging with selective routing as their standard part. The examples are
Apache ActiveMQE, Fiorano Enterprise Service BusE, IBM WebSphere Enterprise Service BusE, JBoss-
ESBE, Microsoft BizTalk Serverﬁ, Oracle Enterprise Service BusE, Progress Sonic ESBE, Sun GlassFish
Message QueueE, TIBCO Enterprise Message Service, etc.

5.4.2 Matching Algorithms in Publish/Subscribe Systems

The matching between incoming publications and a large number of stored subscriptions is the most com-
putationally intensive task performed by the publish/subscribe service in a centralized publish/subscribe
system with selective routing. In this paragraph we give a brief survey of matching algorithms in pub-
lish/subscribe systems. According to [[179], these algorithms can be divided in two groups, namely predi-
cate indexing based algorithms and testing network based algorithms. Both groups of algorithms assume
that a subscription is a conjunction of predicates, where each predicate is a triple of the form attribute-
operator-element. The former group of algorithms [[106, 202, 162, [161|, 85, 74, 48] preprocess subscrip-
tions and place (some or all) their predicates in an index structure. Upon a new publishing, they perform
matching in two phases: 1) evaluate predicates and 2) find satisfied subscriptions. On the other hand, the
latter group of algorithms [99, 6, B9, 125] preprocess subscriptions by building a data structure whose in-
ternal and leaf nodes are subscription predicates and subscriptions, respectively. The matching is done by
traversing this data structure from the root and through the matched internal nodes to the leaves. Finally,

*http://activemg.apache.org/
*http://www.fiorano.com/products/fesb/products_fioranoesb.php
Shttp://www-01.ibm.com/software/integration/wsesby
Shttp://www.jboss.org/ibossesb
"http://www.microsoft.com/biztalk/en/us/default.aspx
8http://www.oracle.com/appserver/esb.html
*http://web.progress.com/en/sonic/index.htmi
http://www.sun.com/software/products/message_queue/index.xm]
"http://www.tibco.com/software/messaging/enterprise- message-service/default.jsp
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the most recent work [87] in this field leverages current chip multi-processors to increase throughput and
to reduce the matching time by parallelizing the matching algorithm presented in [85].

It is important to notice that these matching algorithms are compatible with top-k/w subscriptions. As
we know from Chapter [, each top-k/w subscription may additionally define a minimal score for match-
ing publications. Therefore, upon the publishing of a new publication, we can use the above specified
algorithms to avoid score calculation for those subscriptions for which a score of this publication would
be worse than their minimal score. In other words, these algorithms can also be used for subscription

indexing.
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CHAPTER O

Distributed Publish/Subscribe Systems

In this chapter we focus on distributed publish/subscribe systems. The architecture of such systems is
distributed and composed of clients and broker servers that actively participate in the system without
the need for central coordination as in the case of centralized publish/subscribe systems. In distributed
publish/subscribe systems, all clients (i.e. brokers) coordinate their actions to achieve a common goal,
and that is to provide the publish/subscribe service both to themselves and to other clients in the system.
We begin this chapter by presenting the architectural model of distributed publish/subscribe systems
from [23, 22]. This model groups the commonly used routing strategies in distributed publish/subscribe
systems to three major groups, where each of them includes two commonly used strategies. In this
chapter we present these six commonly used routing strategies in detail. As the main contribution of this
chapter, we explain how these routing strategies can be adapted to distributed top-k/w publish/subscribe
systems. Again, this is not a trivial task since Boolean and top-k/w subscriptions are conceptually very
different, as explained in Chapter §. For each of the routing strategies, we show locations of top-k/w
processors and recent buffers, and also explain how subscriptions and publications are routed from clients
to these processors. As we will see, four of six routing strategies are well suited for distributed top-k/w
publish/subscribe systems since they introduce marginal communication overhead when compared to the
equivalent distributed Boolean systems. In this chapter, we present D-ZalaPS, a distributed top-k/w
publish/subscribe system with rendezvous routingsupporting distance scoring functions which is built
on top of Content Addressable Network (CAN) [L78]. D-ZaLaPS supports both Boolean and top-k/w
subscriptions with distance scoring (i.e. matching) functions. In this chapter we also experimentally
evaluate the performance of D-ZaLaPS for both types of subscriptions.

The rest of this chapter is organized as follows. In Section 6.2 we present three commonly used

routing strategies for distributed Boolean publish/subscribe systems. We adapt these six routing strategies

!The rendezvous routing is one of the four well suited routing strategies for top-k/w systems.
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Figure 6.1: Publish/subscribe architectural model from [23, 22]

to distributed top-k/w publish/subscribe systems in Section [p.3. We present D-ZaLaPS in Section 6.4 and
experimentally evaluate it in Section 6.3. Finally, we conclude this chapter with an overview of related
work in Section [6.6.

6.1 Architectural Model of Distributed Publish/Subscribe Systems

In this section we briefly describe the publish/subscribe architectural model [23, 22] we consider in this
chapter. This model is shown in Figure b.1], and consists of four logical layers: network layer, overlay
layer, routing layer and matching layer. This model primarily shows the architecture of distributed pub-
lish/subscribe systems since the architecture of centralized publish/subscribe systems is much simpler as
explained in Chapter 5.

The network layer is responsible for communication between network nodes (i.e. clients or brokers)
in a publish/subscribe system. Usually, the Internet protocol suite (TCP/IP) is used for this purpose, but
alternative approaches like network-layer multicast, mobile ad-hoc networks and sensor networks are
also applied in practice. Further analysis of the protocols in this layer is out of scope of this thesis, and
thus we refer an interested reader to [23, 22] for more details about this layer.

In practice, a distributed publish/subscribe system is built on top of an application-layer overlay net-
work. Three most widely-used overlay networks in distributed publish/subscribe systems are broker
overlay, peer-to-peer structured overlay and peer-to-peer unstructured overlay. The broker network is a
manually managed and mainly static network of brokers that act as servers of publish/subscribe service to
clients. Brokers exchange messages containing subscriptions and publications and share the service load
among themselves. This overlay network is most used in practice due to its simplicity. The structured
peer-to-peer network is a self-organized structured overlay network of equal peer nodes that simulta-
neously act as clients and servers to other nodes in this network. In a structured peer-to-peer overlay

network, an attribute or vector space is mapped to a virtual address space shared between the peers and
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then parts of this virtual space are further mapped to active peers in this network. An unstructured peer-
to-peer network is a self-organized overlay network of peers that has a small diameter, does not have a
defined structure and where only locally available information is used for the network maintenance. Due
to the last fact, this overlay network is much better suited for systems with highly dynamic clients than
the structured peer-to-peer overlay network.

The core mechanism behind a distributed publish/subscribe service is routing publications and sub-
scriptions between nodes in an overlay network. The main issue with routing algorithms is their scalabili-
ty, which requires careful balancing of the number of propagated messages in an overlay network and the
amount of stored routing information at overlay nodes. The following three groups of routing algorithms
are used in distributed publish/subscribe systems: flooding, selective routing and gossiping. Flooding
can be implemented as either subscription or publication flooding. This type of routing causes a large
message overhead since the overlay network is frequently flooded with messages. Selective routing is
further divided to covering—basedgand rendezvous routing. This type of routing tries to reduce the mes-
sage overhead in an overlay network as much as possible. Selective filtering is based on the following
two facts: 1) subscribers are usually interested in just a portion of published publications and 2) the inter-
ests of different subscribers usually overlap. When this is not true selective filtering will lead to flooding
of an overlay network with either subscriptions or publications. Finally, the gossiping algorithms used
with unstructured peer-to-peer overlay networks can further be categorized as basic gossiping, which is
purely probabilistic, and informed gossiping, which is partially probabilistic and partially deterministic.

The matching of publications to subscriptions is discussed in detail in Chapters [l, P and [ and is
thus not further elaborated it in this section. In practice, the routing of messages (i.e. publications and
subscriptions) in a distributed publish/subscribe systems is very much related to the process of matching
between publications and subscriptions. As a consequence, it is hard to draw a sharp boundary between
the matching and routing layers. For this reason, in the following sections we separately analyze each of

the six routing strategies for Boolean and top-k/w distributed publish/subscribe systems.

6.2 Routing Strategies in Distributed Boolean Publish/Subscribe Systems

The referent publish/subscribe architectural model presented in Section (6. 1] identifies six commonly used
strategies in distributed Boolean publish/subscribe systems (distributed Boolean systems). In this section
we analyze these six routing strategies in detail. Depending on the used routing strategy, the matching
process between publications and subscriptions in a distributed Boolean systems happens at one of the
following locations: 1) the subscriber side, 2) the publisher side or 3) the third side. For each of these
six routing strategies we present an example sequence of events assuming the overlay network topology
shown in Figure [6.2. This topology consists of six nodes connected in an acyclic simple graph (i.e. tree)

and is a generalization of all three overlay networks presented in Section f.1].

The publish/subscribe architectural model from [23, R2] considers filtering-based instead of covering-based routing. How-
ever, covering-based routing is an advanced version of filtering-based routing, and is more often used in practice.
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Figure 6.2: Overlay network topology of a distributed publish/subscribe system.
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Figure 6.3: Sequence of events in a distributed Boolean system with publication flooding.

6.2.1 Publication Flooding

In a distributed Boolean system with publication flooding, subscriptions are stored at subscriber nodes
and are therefore non propagated further into the overlay network. When a publication is published, the
overlay network is completely flooded with it. Upon receiving a newly published publication, each node
forwards this publication to its neighbors, i.e. further into the overlay network, and after that begins
the process of matching between this publication and its own subscriptions to check if this publication
matches any of them. Obviously, this strategy is best suited in situations when the majority of nodes is
interested in most of the published publications. However, if the number of publishers is large and they

have high publishing rate, the overlay network will be overloaded with published publications.

Example 6.1 (Distributed Boolean publish/subscribe system with publication flooding). In Figure .3
we can see an example sequence of events in the distributed Boolean system with publication flooding
whose topology is shown in Figure 6.2. This sequence is analogous to the examples in Chapter [§ because
node E first subscribes to publications that satisfy the condition {x > 10}, then node D subscribes to

publications for which {x > 15}, and finally, node A publishes a publication {x = 20}. We can see that
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Figure 6.4: Sequence of events in a distributed Boolean system with subscription flooding.

subscriptions of nodes E and D are not propagated through the overlay network since they are stored at
their subscriber nodes. Node A publishes a publication {x = 20} by flooding the overlay network with
it. As we can see, the process of matching begins at each node once the publication reaches it, and is
exclusively intended for its local subscriptions. The propagation of this publications stops when it reaches
all nodes in this system. In this example, the publication of node A is matching for the subscriptions of
nodes E and D.

6.2.2 Subscription Flooding

In a distributed Boolean system with subscription flooding, the overlay network is flooded with every new
subscription update (i.e. activation or cancellation). As each node stores all active subscriptions in the
system, we can use subscription covering and (perfect) merging at the subscriber side to reduce the number
of forwarded (i.e. stored) subscriptions in the system. In this routing strategy, publishers perform the
matching between publications they publish and all active subscriptions in the system. Besides that, they
are also responsible to directly forwarding (i.e. using the network layer protocol) matching publications
to their subscribers. This strategy is best suited to environments that should share the processing load (due
the matching) in situations where the majority of nodes are also publishers. However, if the frequency of

subscription updates is too large, the overlay network will be overloaded with such updates.
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Example 6.2 (Distributed Boolean publish/subscribe system with subscription flooding). Figure 6.4
shows an example sequence of events in the distributed Boolean system with subscription flooding whose
topology is shown in Figure 6.2, This sequence is analogous to the previous example and to the examples
in Chapter |5 because node E first subscribes to publications that satisfy the condition {x > 10}, then node
D subscribes to publications for which {x > 15}, and finally, node A publishes a publication {x = 20}.
We can see that the overlay network is completely flooded with subscriptions of nodes E and D. Node A
publishes {x = 20}, sequentiality matches it to the active subscriptions in the system, and then notifies

clients E and D whose subscriptions are satisfied with this publication.

The filtering of uninteresting publications at the publisher side is an important characteristic and a
big advantage of this routing strategy. However, similarly to the case of centralized Boolean systems
with subscription flooding, three problems arise when this routing strategy is used: 1) a publisher and
subscriber are actively participating in the interaction at the same time 2) subscribers and publishers do
not remain anonymous with respect to each other and 3) the matching happens at the publisher side which

is not under control of subscribers and thus can be easily abused.

6.2.3 Covering-based Routing

Covering-based routing in distributed Boolean systems is very similar to subscription flooding. A sub-
scription is propagated through an overlay network only if it is not coveredd by a previously propagated
and still active subscription. Otherwise, the overlay network will be flooded with the subscription. Every
node in the overlay network knows identifiers of its neighbors and all non-covered subscriptions which
it has received from them. A newly published publication is processed, for a subscription, at every node
on the reverse path from the subscriber to the publisher. In other words, when a new publication is pub-
lished, the publisher node forwards this publication to those of its neighbors from which it has previously
received subscriptions that are satisfied with this publication. Then, each of these neighbors repeats this
process and forwards the publication to its neighbors with satisfied subscriptions. This process stops
when none of the subscriptions stored at a node are satisfied with the publication. When a subscription
is canceled, all nodes which store this subscription must check the covering relations between the sub-
scriptions they store. Please note that both perfect and imperfect merging® of subscriptions can also be
used in combination with this routing strategy to reduce the routing information stored at nodes. This
routing strategy is best suited to situations when we want to reduce the communication overhead caused
by subscription flooding. However, if the interests of subscribers do not overlap, the overlay network

will still be overloaded with subscription updates.

Example 6.3 (Distributed Boolean publish/subscribe system with covering-based routing). Figure .3
shows an example sequence of events in the distributed Boolean system with covering-based routing
whose topology is shown in Figure [6.2. This sequence is analogous to the previous examples because
node E first subscribes to publications satisfying the condition {x > 10}, then node D subscribes to

publications for which {x > 15}, and finally, node A publishes a publication which has {x = 20}.

3The covering and merging of subscriptions is explained in Chapter M.
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Figure 6.5: Sequence of events in a distributed Boolean system with covering-based routing.

We can see that the overlay network is completely flooded with the subscription of node E, but is not
with the subscription of node D since the latter subscription is covered with the former. Please note that
this routing strategy tracks neighbors from which propagating subscriptions are received. For example,
although node E has already subscribed to node D with subscription {x > 10}, node D also must subscribe
to node E with subscription {x > 15}. When node A publishes a publication {x = 20}, every node on
the reverse path from the subscribers of this publication to node A, performs the matching between this
publication and subscriptions it stores. The propagation of this publication stops when all its subscribers

are notified, i.e. when node D delivers this publication to node E.

6.2.4 Rendezvous Routing

In every distributed publish/subscribe system with rendezvous routing, the following two methods exists:
1) a method which maps each subscription to an overlay node and 2) a method which maps each publica-

tion to an overlay node. A node to which a publication or subscription is mapped to is called rendezvous
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Figure 6.6: Sequence of events in a distributed Boolean system with rendezvous routing.

node. When a new subscription is activated, the subscriber node first determines the subscription ren-
dezvous node, and then through the overlay network it forwards to the rendezvous node its own identifier
together with this subscription. Similarly, when a publication is published, its publisher first determines
the publication rendezvous node, and then through the overlay network it forwards this publication to the
rendezvous node. Upon receiving an incoming publication, a rendezvous node performs the matching
between this publication and stored subscriptions to see if this publication matches any of them. Besides
that, this node is also responsible to directly deliver (i.e. using a network layer protocol) matching publi-
cations to their subscribers. This strategy is best suited to situations when we want to balance processing
and memory loads among nodes due to the matching and subscription storing, respectively. Additional-
ly, when this routing strategy is used, no redundant matching needs be performed in the system, which
is a big advantage when compared to the covering-based routing. However, the main drawback of this

routing strategy is the restricted expressiveness of compatible subscription languages.

Example 6.4 (Distributed Boolean publish/subscribe system with rendezvous routing). Figure .4 shows
an example sequence of events in the distributed Boolean system with rendezvous routing whose topology

is shown in Figure .2, This sequence is analogous to the previous examples because node E first sub-
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Figure 6.7: Sequence of events in a distributed Boolean system with basic gossiping.

scribes to publications which have {x > 10}, then node D subscribes to publications satisfying condition
{x > 15}, and finally, node A publishes a publication which has {x = 20}. We can see that subscrip-
tions of nodes E and D are sent through the overlay network to node B, which is the rendezvous node of
these subscriptions. When node A publishes a publication {x = 20}, this publication is sent through the
overlay network to node B, which is its rendezvous node. Upon receiving publication {x = 20}, node B
performs the matching between this publication and stored subscriptions. As this publication is matching

for subscriptions of nodes E and D, node B directly notifies these nodes about the published publication.

6.2.5 Basic Gossiping

Basic gossiping, as a routing strategy in distributed Boolean publish/subscribe systems, is similar to
publication flooding since subscriptions are stored at subscriber nodes and are not propagated further into
the overlay network. When a publication is published, it spreads through an overlay network as a gossip
(i.e. epidemic). More precisely, in each round of publication spreading, one or a few nodes that have
received this publication previously, spread it further to some of their neighbors chosen at random. Upon
receiving a newly published publication, a node performs the matching between this publication and its
own subscriptions to see if this publication matches any of them, and after that randomly choses one or a
few of its neighbors to which it will spread (i.e. forward) this publication. Publication spreading through
an overlay network stops after a predefined number of rounds. This routing algorithm is probabilistic

(i.e. randomized) and thus does not guarantee publication delivery to all interested subscribers.

Example 6.5 (Distributed Boolean publish/subscribe system with basic gossiping). Figure 6.7 shows an
example sequence of events in the distributed Boolean system with basic gossiping whose topology is
shown in Figure p.3. This sequence is analogous to the previous examples because node E first subscribes

to publications satisfying the condition {x > 10}, then node D subscribes to publications for which
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the following holds {x > 15}, and finally, node A publishes a publication {x = 20}. We see that
subscriptions of nodes E and D are not propagated into the overlay network, because they are stored
at their subscriber nodes. When node A publishes a publication {x = 20}, this publication randomly
spreads (pNotify) through the overlay network. In the first round it reaches node C, in the second round
node E, and finally in the third round node F. Therefore, the spreading of this publication stops after 3
rounds. As previously explained, the process of matching begins when a node receives this publication,
and is exclusively intended for its local subscriptions. We see that node D is notified about the publication

of node A, but node E is not, although this publication matches its subscription.

When selective routing strategies (i.e. covering-based and rendezvous routing) are used, subscriptions
are not stored at the publisher or subscriber side, but at the third side. Therefore, in distributed Boolean
systems with a high churn rate, these two strategies cannot guarantee the delivery of matching publications
due to the reconfiguration of the overlay network. For this reason, probabilistic gossiping is used in such

systems to improve the reliability of publication delivery [[182].

6.2.6 Informed Gossiping

Informed gossiping, as a routing strategy in distributed Boolean systems, is very similar to basic gossiping
since both strategies are probabilistic. For both routing strategies, nodes store their own subscriptions,
but in the case of informed gossiping each node additionally stores subscriptions of its close neighbors.
In this way, besides performing the matching of an incoming publication for its own subscriptions, each
node also performs the matching for the subscriptions of its neighbors. This is the deterministic part of
publication spreading. Additionally, after finishing the deterministic publication spreading, the node can
also start the probabilistic part of spreading by randomly choosing one or a few of its neighbors to which
it will forward this publication. Similar to basic gossiping, the spreading of a publication through the
overlay network stops after a selected number of probabilistic rounds. Therefore, while basic gossiping
is purely probabilistic, informed gossiping is partially probabilistic and partially deterministic. Due to
the deterministic part, the probability to successfully deliver a publication to subscribers is increased in
the case of informed gossiping when compared to basic gossiping. Again, this strategy is best used in

systems with a high churn rate to improve the reliability of publication delivery.

Example 6.6 (Distributed Boolean publish/subscribe system with informed gossiping). Figure .8 shows
an example sequence of events in the distributed Boolean system with informed gossiping whose topology
is shown in Figure .2, This sequence is analogous to the previous examples because node E first sub-
scribes to publications which have {x > 10}, then node D subscribes to publications for which {x > 15},
and finally, node A publishes a publication which has {x = 20}. We can see that subscriptions of nodes
E and D propagate just one hop away from these nodes. When node A publishes a publication {x = 20},
this publication spreads both randomly (pNotify) and deterministically (dNotify) through the overlay net-
work. In the first round it probabilistically reaches node C, which has the subscription of node D stored

in memory. Therefore, in the second round node C deterministically forwards this publication to node



6.3. Routing Strategies in Distributed Top-k/w Publish/Subscribe Systems 133

Node A Node B Node C Node D Node E Node F

! T
i Subscribe i
D<‘ Subscribe(x>10)4m<——| (x>10) !
Subs: [\ |

Subs: D\ Ei(X?]O) i
|

|

|

|

|

|

|

|

E:(x>10)
I

! Subscribe

T
|
|
|
|
|
|
|
|
|
|
|
|
|
1
ﬁ<$ubscribe(x> 15) (x>15)
; ————————Subscribe(x>15)
L Subscribe(x>15)m- D
D:(x>15) ubs: Subs: [\
i E:(x>10) b D:(x>15)
| D: X‘>15 E:(x>10) !
I D:(x>15
| |
Publish m— | i
(x=25) pNotify(x=25)—————m isMatching
| < o)

—dNotify(x=25)— isMatching
R s

|

|

! 7pNotify(x=25)4>D<——| isMatching
| —dNotify(x=25)+D‘ isMatching (x=25)

] /1 Pubs: (x=25)
|

|

|

|

|

|

|

|

(XZ‘ZS) A Pubs: i
! (x=25) }

| |

Figure 6.8: Sequence of events in a distributed Boolean system with informed gossiping.

D. In the third round, the publication probabilistically spreads to node F, and deterministically to node E.
Identically as in the basic gossiping example, the spreading of this publication also stops after 3 rounds.

6.3 Routing Strategies in Distributed Top-k/w Publish/Subscribe Systems

In the previous section we have presented six routing strategies for distributed Boolean publish/subscribe
systems. In this section we adapt these routing strategies to distributed top-k/w publish/subscribe systems
(distributed top-k/w systems). For each of the strategies, we explain differences when compared to the
original routing strategy and identify locations of top-k/w processors and recent buffers in the system. As
we will see, two routing strategies introduce significant additional communication overhead in distributed
top-k/w systems when compared to distributed Boolean systems, while the other four strategies do not
introduce such overhead.

From Chapter § we know that every top-k/w proxy subscription consists of a static part and a thresh-
old, which is the dynamic part. In practice, the threshold of a top-k/w subscription always fluctuates in
time around a central value. It is very important to notice that a more critical situation is when a subscrip-
tion subspace of interest expands than the opposite situation since in the former situation the subscriber
could miss some matching publications if this information is not instantly propagated through the overlay
network. In the latter situation the subscriber could be notified with non-matching publications, but as in

practice such publications can be filtered at the subscriber side, this is a less problematic situation.
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Figure 6.9: Distributed top-k/w publish/subscribe system with publication flooding (and basic gossiping).

6.3.1 Publication Flooding

Figure 6.9 shows entities and their roles in a distributed top-k/w system with publication flooding. As we
can see, each subscriber has a heavyweight top-k/w processor and recent buffer to process the stream of
incoming publications for its own subscriptions. This processor knows current thresholds of subscriptions
it stores in memory and thus can without any doubt detect matching publications for these subscriptions.
In this routing strategy we do not need to store proxy subscriptions in the network since the matching
is performed at the subscriber side. We conclude that this routing strategy is well suited for distributed
top-k/w systems because it does not introduce any additional communication overhead when compared

to distributed Boolean systems.

6.3.2 Subscription Flooding

Figure shows entities and their roles in a distributed top-k/w system with subscription flooding.
As we can see, each publisher node stores proxy subscriptions of all active top-k/w subscriptions in
the system and thus must have a lightweight top-k/w processor and recent buffer to process the stream
of its own publications for these proxy subscriptions. The matching between a published publication
and stored proxy top-k/w subscriptions is performed twice at the publisher sidefl. The first matching is
performed immediately after the publishing, whereas the second is performed immediately after dropping
this publication from the recent buffer. After the first matching, the publisher directly (i.e. using a network
layer protocol) forwards the publication to subscribers with satisfied subscriptions. However, after the
second matching it directly forwards this publications only to those subscribers whose subscriptions are
now satisfied, but were not during the first matching. Each subscriber must have a heavyweight top-
k/w processor and recent buffer to process the stream of received publications for its own subscriptions.
When a subscription threshold changes, all nodes in the overlay network have to be informed about this
change to update their proxy subscriptions. We conclude that this routing strategy can be implemented

for distributed top-k/w systems, but is not well suited for them since the synchronization of subscription
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Figure 6.10: Distributed top-k/w publish/subscribe system with subscription flooding.
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Figure 6.11: Sequence of events in a distributed top-k/w system with subscription flooding.

thresholds introduces a large communication overhead when compared to distributed Boolean systems.

Example 6.7 (Distributed top-k/w publish/subscribe system with subscription flooding). Figure
shows a sequence of events in the distributed top-k/w system with subscription flooding whose topology
is shown in Figure .2 This example shows how information about a threshold change spreads through
this system. In this example, node E first subscribes by flooding the overlay network with the proxy sub-

scriptions of its top-k/w subscription. After some time, when the threshold of this subscription changes,

“These two matchings are analogous the two insertion attempts for SA and RA with filters, which are explained in Chapter .
In the case of PA, we do not need a recent buffer at the publisher side since the matching is performed only once, immediately
after the publishing.
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Figure 6.12: Distributed top-k/w publish/subscribe system with covering-based routing.

node E again has to flood the overlay network to inform all other nodes in the system to update their

proxy subscription.

6.3.3 Covering-based Routing

When a new subscription is activated in a distributed top-k/w system with covering-based routing, the
overlay network is flooded with the corresponding proxy subscriptions. However, if such a proxy sub-
scription is covered in a direction with one or more of the previously propagated proxy subscriptions,
its propagation will be blocked in that direction. Therefore, as shown in Figure .12, each node on the
reverse path from a subscriber to any publisher must have a lightweight top-k/w processor to process the
stream of incoming publications for proxy subscriptionsﬂof the subscriber. Additionally, each subscriber
must have a heavyweight top-k/w processor to process the stream of received publications for its own
subscriptions, and each publisher must have a lightweight top-k/w processor and recent buffer to process
the stream of its own publications for proxy subscriptions that it has received previously. As in the case
of subscription flooding, the matching between a published publication and stored proxy top-k/w sub-
scriptions is performed twice at the publisher side. The first matching is performed immediately after the
publishing, whereas the second is performed immediately after the dropping of this publication from the
recent buffer. After both matchings, the publisher forwards the publication to those of its neighbors from
which it has received satisfied top-k/w proxy subscriptions. This is necessary, because new subscribers
could appear between these two matchings.

When either a subscription is canceled or its threshold changes, all nodes which store its proxy sub-
scription should check covering relations between all proxy subscriptions they store. However, this
checking is not trivial and may produce large processing overhead at nodes in an overlay network. In other
words, not only does this routing strategy flood the overlay network with frequent threshold changes, but

it additionally requires rechecking of subscription coverings after each such change. For this reason we

*If a proxy subscription is covered, the node will process the proxy subscription that covers it



6.3. Routing Strategies in Distributed Top-k/w Publish/Subscribe Systems 137

Node A Node B Node C Node D Node E Node F
T T T T T T
: : : :  serbe |
| | | | isCovered u;in N |
! ! ! | (uSsID) (@3k,w) !
| | | . | |
| | | isCovered | . Subscribe |
[ ! I (uSts,ID) T (ug,ts,ID) ! |
| | | Sts, s !
| | isCovered | _, Subscribe E:(ugk,w, !
! I (usitsID) T (ug,ts,ID) ts,ID | isCovered
| |
|

isCovered Subseribel ) Su\bs. N
<,ts,ID ubscribe(uts,ID)——— :
(ws1D) Wd i Subscribe E:(u<its,ID

- T
< <,t8,ID
Subs: N ’tS’ID)l_—>D (ust.ts,ID) Subs: D\ }
C:(ugits,ID Subs T\ D:(usts, ID) i
! C:(ug,ts,ID) }
|
|

Subscribe(u,<Lts,ID)4>D:| (ugd,ts,ID)
‘ Sits,

|
Subs: I\
D:(ug,ts,ID
|

il -

|
‘ |
| | |
} ! | Subscribe |
| | : @) ;
! ! | isCovered . |
; ! ! (0 <t,t5°,ID") ’Subsctlbe !
| | | | (w',ts’,1D%) I
} } } Subs: Sthe }
| | | E:(ug,ts,ID) ] <]11(1 S: |
} } } D:(w kW ts, 1D’ E:(ugk,w,ts,ID) }
| | | D:(w =2 ts’,ID” I
| | | | | |
N N AN N N N
T T \\ T updateThres T T
| | | L ) | |
! ! | isUncovered hold(ID"ts”) | |
| | | 1D’.ts’ | |
! ! ! (ID%.ts%) | updateThreshold | }
i i ( i,s<Cl‘0tverIeS’) | Subscribe | (ID’.ts) ‘ i isCovered
. wts?, (v ts°,ID”) . > ts? >
isCovered i i |: ; Subscribe(u <t ts* ID")——» I (W ,ts’ID%)
> < ts* 1D’ .
(W7D | Subscribe(u’ < ,ts*,ID’)——— Subs: Subs:
isCovered | Subscribe | E:(u<its,ID) E:(u,k,w,ts,ID) Subs:
| (0= ts,ID”) (0’ < ts*,ID%) ! D:(w <k, w’,ts’,ID’ D:(w’<',ts°,ID”) E:(u<its,ID)
| Subs: E:(uv' < ,ts’,ID”)
D:(ug,ts,ID) i

D:(u’ < ,ts’,ID’)

Subs: Subs:
C:(ugts,ID) C:(ugyts,ID)
C:(w’<,ts’,ID”) C:(0 <f,ts°,ID”)

|

Figure 6.13: Sequence of events in a distributed top-k/w system with covering-based routing.

conclude that this routing strategy can be implemented for distributed top-k/w systems, but is not well
suited for them since the synchronization of subscription thresholds introduces a large processing and
communication overhead when compared to distributed Boolean systems. Please note that subscription
merging can be used with this routing strategy to reduce the routing information stored at nodes, but it

would introduce an additional processing overhead in a distributed top-k/w system.

Example 6.8 (Distributed top-k/w publish/subscribe system with covering-based routing). Figure
shows a sequence of events in the distributed top-k/w system with covering-based routing whose topology
is shown in Figure .2, This example shows how information about a threshold change spreads through
this system. As we can see, two nodes activate new subscriptions, first node E, and then node D. The
overlay network is completely flooded with proxies of the subscription of node E because this subscription
is not covered by any other. On the contrary, node D forwards the proxy of its subscription just to node E

because this subscription is covered with the proxy subscription of node E. After some time, the subspace
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Figure 6.14: Distributed top-k/w publish/subscribe system with rendezvous routing.

of the subscription of node D expands and other nodes in the system have to be informed about this change.
The part of the overlay network that already stores the corresponding proxy subscription (i.e. node E)
receives just the new threshold value, while the other part (i.e. nodes C and D, and then nodes A and B)

receives the whole proxy subscription.

6.3.4 Rendezvous Routing

Figure shows entities and their roles in a distributed top-k/w system with rendezvous routing. As
we can see, each rendezvous node in the overlay network must have a heavyweight top-k/w processor
and recent buffer. Such a processor preforms the matching between incoming publications mapped to
its node and subscriptions it stores (i.e. which were also mapped to its node). This processor knows
current thresholds of subscriptions it stores in memory, and thus can without any doubt detect matching
publications for these subscriptions. In this routing strategy we do not need to store proxy subscriptions
in the network since subscriptions are stored only at their rendezvous nodes. We conclude that this rout-
ing strategy is well suited for distributed top-k/w systems because it does not introduceaany additional

communication overhead when compared to distributed Boolean systems.

6.3.5 Basic Gossiping

Figure [6.9 shows entities and their roles in a distributed top-k/w system with basic gossiping. Similar to
the case of publication flooding, each subscriber node must have a heavyweight top-k/w processor and
recent buffer to process the stream of incoming publications for its local subscriptions. This processor
knows current thresholds of subscriptions it stores in memory and thus can without any doubt detect
matching publications for these subscriptions. In this routing strategy we do not need to store proxy

subscriptions in the network since the matching is performed at the subscriber side. We conclude that

SHowever, if rendezvous nodes have to contact other nodes in the overlay network due to the processing of publications, the
additional communication overhead can be generated in top-k/w systems. For example, this happens in D-ZalaPS, a distributed
top-k/w system based on rendezvous routing, which we present later in this chapter.
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Figure 6.15: Distributed top-k/w publish/subscribe system with informed gossiping.

this routing strategy is well suited for distributed top-k/w systems because it does not introduce any

additional communication overhead when compared to centralized Boolean systems.

6.3.6 Informed Gossiping

Figure shows entities and their roles in a distributed top-k/w system with informed gossiping. Sim-
ilarly to the case with basic gossiping, each subscriber must have a heavyweight top-k/w processor and
recent buffer to process the stream of incoming publications for its local subscriptions. A key charac-
teristic of this strategy is that each subscriber node forwards proxies of its own subscriptions to its close
neighbors. Therefore, each close neighbor must have a lightweight top-k/w processor and recent buffer
to process the stream of incoming publications for proxy subscriptions of its close neighbors. Similarly
as in the case of subscription flooding and covering-based routing, a node which receives a publication
during its spreading through the overlay network stores it in the recent buffer and performs two match-
ings. The first matching is performed immediately after receiving this publication, whereas the second is
performed immediately after dropping this publication from the recent buffer. After the first matching,
the node directly forwards the publication to its close neighbors with satisfied subscriptions. Howev-
er, after the second matching it directly forwards this publications only to those of its close neighbors
whose subscriptions are now satisfied, but were not during the first matching. These proxy subscrip-
tions stored at neighboring nodes have to be synchronized with their originals, but since the information
about a threshold change is forwarded just locally, we conclude that this routing strategy is well suited
for distributed top-k/w systems. However, when compared to the case of a distributed Boolean system,
an additional message overhead exists due the local synchronization of subscription thresholds between
neighboring nodes.

Example 6.9 (Distributed top-k/w publish/subscribe system with informed gossiping). Figure shows
a sequence of events in the distributed top-k/w system with informed gossiping whose topology is shown
in Figure 6.2 This example shows how information about a threshold change spreads through this system.
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Figure 6.16: Sequence of events in a distributed top-k/w system with informed gossiping.

As we can see, node D subscribes by forwarding the proxies of its subscription to neighboring nodes (one
hop away). After some time, when the threshold of this subscription changes, node D informs its close

neighbors to update the corresponding proxies.

6.4 D-ZaLaPS: A Distributed Top-k/w Pub/Sub System Supporting Dis-

tance Scoring Functions

In this section we present D—ZaLaPSB, a distributed rendezvous-based top-k/w publish/subscribe system
supporting distance scoring functions which is built on top of the CAN structured peer-to-peer overlay
[178]. D-ZaLaPS supports (ranking) Boolean and top-k/w subscriptions with distance scoring functions.

We assume that both subscriptions and publications are represented as points in a d-dimensional Eu-
clidean space. The score of a publication p with respect to subscription s is calculated using the following
formula: us(p) = d(ps,p,) = [Z?Zl(vl- - v,-)z]%, where p, = {vi,v2,...,va} and p; = {v1,02,. .., 04}
are points representing p and s, respectively. The score comparator & is defined such that lower scores
imply higher ranks.

The CAN divides a d-dimensional Euclidean space, which is located on a d-torus, between peers in a
peer-to-peer overlay network by assigning non-overlapping zones of this space to peers. It also ensures
that each peer is connected to the peers in neighboring zones, and that each part of the Euclidean space has
a responsible peer. Every peer maintains a routing table that stores the information about the IP address
and assigned zone for each of its neighbors. This purely local information is sufficient to route a message

between any two arbitrary points in this space: Each peer on the path from the source to destination peer,

7Zagreb-Lausanne distributed top-k/w Publish/Subscribe system supporting Distance scoring functions.



6.4. D-ZalaPS: A Distributed Top-k/w Pub/Sub System Supporting Distance Scoring Functions 141

- X>

Figure 6.17: An example Content-Addressable Network (CAN).

forwards a message to a selected neighbor that is, in the Euclidean space, closest to the destination point.
CAN also supports dynamic joining/leaving of peers, and enables load balancing such that the Euclidean

space is divided according to the true load on the peers, and not evenly.

Example 6.10. An example CAN network consisting of 32 peers that divide a 2-dimensional Euclidean
space is shown in Figure p.17. The zone of each peer is depicted in a different color compared to the zones
of its neighbors, while each peer is represented by a black dot. Note that peer zones have different sizes,
and that every peer is connected to its neighbors, which is depicted to solid and dotted lines. Dotted lines
connect cross-border neighboring peers because the Euclidean space is located on a 2-dimensional torus
where the space wraps around its borders. Such network forms the overlay network of our distributed

processing system, and each peer represents a centralized top-k/w processor.

Without the loss of generalityg, D-Zal.aPS additionally partitions Euclidean space to equally sized
cells (as in the regular grid) such that each peer is responsible for those cells whose center points belong
to its zone of responsibility. In this way, D-ZaLaPS uses CAN to route messages from one cell to any
other cell in the Euclidean space. This additional partitioning is necessary to reduce the message overhead
when updating proxy subscription thresholds, which is going to be explained later in this section.

Let us now discuss how D-ZaLaPS divides a d-dimensional Euclidean space between the peers, and
assigns responsibility for subscription activation/cancellation and data processing. It partitions the Eu-
clidean space to cells of equal size as in the regular grid to identify cells of interest for a subscription,
and assigns responsibility to peers over zones comprising a set of cells. Both subscriptions and publi-
cations are also assigned to a cell from the Euclidean space based on the point which represents it, and
each peer is responsible for those subscriptions and publications assigned to cells that fall within its zone
of responsibility. In this way, D-ZaLaPS uses CAN to route messages from one cell to any other cell
in the Euclidean space. The additional partitioning of the Euclidean space is necessary to reduce mes-
sage overhead when updating subscription thresholds, as explained later in this section. Our approach

can be further generalized to support zones comprising cells of different sizes: Each peer would have to

8To generalize our approach each peer has to partition its zone to cells and inform its neighbors about the way it performed
the partitioning of its zone.
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partition its zone of responsibility and then inform its neighbors about the partitioning of its zone. Such
partitioning can prevent cell overload, while CAN solves the problem of load balancing at the peer level.
However, to simplify the presentation, let us assume that cells are of equal size and that they correspond
to cells within the regular grid.

Example 6.11. For example, in Figure we partitioned the Euclidean space to 100 equally sized cells

such that each peer is responsible for either 2 or 4 cells.

6.4.1 Routing Messages in D-ZaL.aPS

Let us now explain the routing algorithm behind D-ZaLaPS. Each peer is the rendezvous peer for all
subscriptions and publications belonging to its cells of responsibility. In this way, each newly published
publication and newly activated subscription will be routed to the corresponding rendezvous peer. A
rendezvous peer stores received subscriptions and processes incoming publications for them. Any peer
may publish a publication and such a peer is the publisher peer for the published publication. Analo-
gously, any peer can also activate a subscription and then it will be the subscriber peer for the activated
subscription.

Note that a subscription which is under the responsibility of a peer may cover the cells of interest
outside the zone of this peer responsibility, and recall that the cells of interest of a top-k/w subscrip-
tion usually change over time. Moreover, since each rendezvous peer is responsible for one or more
subscriptions, such situation is even more probable. Therefore, a peer will need to interact with its neigh-
boring peers to receive publications of interest for its subscriptions, although the peer is not responsible
for zones to which these publications belong to. To reduce the number of exchanged messages between
neighboring peers, each peer merges the subscriptions it is responsible for in a special merger which
covers all subspaces of interest of the merged subscriptions. The subspace of interest of such a merger
is always converted to cells, while peers which are responsible for these cells are additionally informed
with a merger update message that a rendezvous peer is interested in publications belonging to their cells.
Therefore, such peers have to forward publications to interested rendezvous peers for further processing.
Without the loss of generality, and to improve the processing performance at each peer, we assume that

mergers are hyper-rectangles of the Euclidean space.

Example 6.12. In Figure we can see a merger of three top-k/w subscriptions. The shown merger
is a hyper-rectangle of an 2-dimensional Euclidean space and covers all the subspaces of interest of the

merged subscriptions. It is important to notice that merger cells of interest completely cover the merger.

Subscription Activation. When a new subscription is activated, the subscriber peer determines the
cell to which its subscription belongs to, and subsequently sends the subscription in a subscribe message
to the rendezvous peer responsible for this cell. The rendezvous peer then performs merging of the new
subscription with other subscriptions under its responsibility. If the newly created merger expands to
additional cells due to new subscription activation, the rendezvous peer will inform all peers responsible
for the additional cells that it is interested in publications belonging to these cells by sending a merger

update message.



6.4. D-ZalaPS: A Distributed Top-k/w Pub/Sub System Supporting Distance Scoring Functions 143

Subscription

Merger

~ Merger cells of

| __— interest

Figure 6.18: The relationship between a subscription, merger and merger cells of interest.

A Subscript.ion subspace A
T inted y

b .

T T ‘p

777777777 ] XPpd
Imerger
: - >

X

>

(a) Subscribe message propagation (b) Merger updating

Figure 6.19: A subscription activation in D-ZalaPS.

Example 6.13. Figure depicts an example of the top-k/w subscription activation in the CAN network
from Figure p.17. Upon subscription activation, the subscriber peer sends a subscribe message to the
responsible rendezvous peer, as shown in Figure [6.194. In Figure we see that the merger of the
rendezvous peer has expanded due the subscription activation. The rendezvous peer thus sends merger
update messages to the neighboring peers whose cells of responsibility intersect with the merger subspace
of interest.

Subscription Cancellation. When a subscription is canceled, similarly to subscription activation,
the subscriber peer sends an unsubscribe message to the rendezvous peer responsible for its previously
activated subscription. After receiving this message, the rendezvous peer contracts its merger if necessary,
and informs each of the peers that are responsible for cells in which the merger is no more interested with
a merger update message.

Merger Expansion and Contraction. When a merger expands or contracts during publication and
subscription processing, the rendezvous peer informs all the affected peers about the change of its interest

with a merger update message. Analogous to the experimental evaluation in Section [.3.1], the number
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Figure 6.20: A publishing in D-ZalaPS.

of merger contraction and expansion messages would be much larger if the Euclidean space has not been
partitioned in cells.

Publishing. When a new publication is published, its publisher peer sends it in a notify rendezvous
peer message to the rendezvous peer responsible for this cell. The rendezvous peer performs top-k/w
processing of this publication for active subscriptions its stores to determine if this publication interests
any of them. From Section we know that a top-k/w subscription is interested in a publication if the
publication score, with respect to the subscription, is lower than the subscription threshold. When this
happens, the rendezvous peer directly forwards the publication to the subscriber peer of such a subscrip-
tion in a notify owner peer message using a network layer protocol. Additionally, it also forwards the
publication in a notify interested peer message to those peers that have previously expressed interest in
the cell to which this publication belongs to. Upon receiving the publication, these peers also perform
its top-k/w processing for subscriptions they store, and forward it directly to subscriber peers which have

previously issued subscriptions for which it is a top-k/w publication.

Example 6.14. Figure shows an example of publishing a publication which is a top-k/w for the
subscription activated in Example p.13. As we can see in Figure [5.204, this publication is first forwarded
in a notify rendezvous peer message to the corresponding rendezvous peer. Since this peer has previ-
ously received a merger update message from an interested peer, it forwards the received publication to
the interested peer in a notify interested peer message. The interested peer then processes the received
publication and concludes that it is a top-k/w publication for the subscription activated in Example

and thus forwards it to the subscriber peer in a notify owner peer message, as shown in Figure [5.208.

Please note that in the case when RAPF is used as a processing algorithm on peers, the recent buffer
has to be maintained at every rendezvous peer, and is shared by all subscriptions under the peer’s re-
sponsibility. Analogous to the centralized case, we try to insert a publication into the k-skyband of a
top-k/w subscription twice, and thus the rendezvous peer has to notify each of the peers interested in this

publication also twice: the first notify interested peer message is sent immediately after the publication
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Table 6.1: Default values of parameters used in the experimental evaluation of D-Zal.aPS.

[ Parameter | Symbol | Value |
Number of publications N 10°
Number of subscriptions m 400
Size of recent buffer b 2000
Data dimensionality d 4
Grid resolution p 12
RA: pruning coefficient y 0.2
PA: probability of error o 1073
Number of peers C 256

arrival to the interested peer, whereas the second is sent after the publication is dropped from the recent
bufter.

In the next section we experimentally evaluate performance of D-ZaLaPS in the case of Boolean and
top-k/w subscriptions.

6.5 Experimental Evaluation of D-ZaL.aPS

In this section we present an experimental study comparing the performance and scalability of D-ZaLaPS
for Boolean and top-k/w subscriptions. For top-k/w subscriptions we employ two algorithms presented
in Chapter fj: PA and RAPF. The former algorithm is probabilistic, while the latter is the fastest of the
deterministic top-k/w processing algorithms.

Please note that for the sake of simplicity, we omit subscripts of subscription parameters in this sec-
tion, if otherwise not explicitly stated.

In the experimental evaluation we use an uniformly generated synthetic dataset of 4-dimensional
points within the interval [0, 1]. We use these points for both publications and subscriptions. The default
scenario used in all experiments is the following: We first connected peers, then for each of the subscrip-
tions we randomly selected a subscriber peer and activated this subscription, and finally we simulated
the publishing by randomly selecting a publisher peer for each publication. In other words, we simulated
the system with static peers and subscriptions. The default simulation parameters used in experiments
are specified in Table [6.1]. Differently than in experiments in the previous chapters, we first published
10° publications to let the subscriptions set their thresholdsg, and then published next N publications for
which we obtained and analyzed results.

In the following we examine the observed number of exchanged messages and the scalability of D-
ZalLaPS for different types of subscriptions.

?A top-k/w subscription is subscribed to the whole attribute space when activated, which can generate lots of threshold
update messages. However, in a real-life system there are always some publications in recent buffers and in memory and they
can be used to set the initial thresholds of newly activated top-k/w subscriptions. For this reason we evaluate the system in a
typical situation with already set thresholds.
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6.5.1 Default Simulation Scenario

In this simulation scenario we compare the number of exchanged messages in D-ZalLaPS, first for PA-
based top-k/w subscriptions, then for RAPF-based top-k/w subscriptions, and finally for Boolean sub-
scriptions. Please note that the Boolean threshold value of 0.09 is analogous to the average top-k score
of a top-k/w subscription with parameters k = 9 and w = 40000 for the uniform dataset as shown in
Figure }#.74d, and these subscriptions thus have similar numbers of matching publications for these values
of parameters.

As explained in Section f.4.1], the number of exchanged messages in the D-ZaLaP$ system is the sum
of the following:

* the number of subscribe messages sent by subscriber to rendezvous peers,
* the number of notify rendezvous peer messages sent by publisher to rendezvous peers,
* the number of notify subscriber peer messages sent by rendezvous to subscriber peers,

* the number of notify interested peer messages sent by rendezvous to other interested (rendezvous)

peers, and

* the number of merger update messages sent by interested rendezvous peers to other rendezvous

peers.

The last type of messages is needed only for top-k/w subscriptions and does not appear in D-ZaLaPS
with Boolean subscriptions.

We know the number of subscribe and notify rendezvous peer messages from the default setup shown
in Table b.1], i.e. they are equal to m = 400 and N = 1,000, 000, respectively. Additionally, the number
of notify subscriber peer messages equals the number of matching publications shown in Figures and
k.8d. Hereafter we show and analyze the number of notify interested peer messages and merger update
messages.

Figure shows the number of generated notify interested peer messages for different types of
subscriptions. The number of such messages directly depends on the subscription threshold values since
a subscription with a larger threshold is interested in the larger number of cells. We can see that for larger
values of parameter k, PA-based subscriptions generate significantly less interested peer messages than
RAPF-based subscriptions. This is expected since PA-based subscriptions usually have lower thresholds
than the RAPF-based. Also, the number of such messages decreases for PA when increasing w, while it
remains constant for RAPF. If we compare figures of top-k/w and Boolean subscriptions, we can see that
an ideal Boolean subscription with threshold value 0.09 generates only slightly less messages that the
corresponding PA-based top-k/w subscription (k = 9 and w = 40000). However, this is not the case for
the RAPF-based subscriptions since they generate significantly more messages than the ideal Boolean
subscriptions.

Figure shows the number of merger update messages for different types of subscriptions. The
number of such messages directly depends on the frequency of subscription threshold and cell changes
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Figure 6.21: The number of notify interested peer messages in D-Zal.aPS for different types of subscrip-
tions.

shown in Figure 5.9. We can see that PA-based subscriptions generate significantly less merger update
messages than the RAPF-based since their thresholds change less frequently than those of the RAPF-
based subscriptions. This is expected since the threshold of a RAPF-based subscription is defined as
a score of the filter element with rank %, and thus it changes more often than the threshold of a PA-
based subscription, which is defined as a scoreldof the candidate tree tail. Due to the fact that Boolean
subscriptions are static, i.e. have static threshold, this type of messages does not appear in the case of
Boolean subscriptions.

Figure shows the total number of exchanged messages in the D-ZalLaPS system for different
types of subscriptions. We can see that PA-based subscriptions generate significantly less messages than
the RAPF-based, and just a slightly more messages than analogous Boolean subscriptions. For example,
PA-based subscription generates 6, 741,337 messages for k£ = 9, while its Boolean analogue generates
3,865,667 messages. The total number of messages is acceptable if we recall that 1, 000, 000 publications
have been processed. In a naive scenario that employs publication flooding as a routing strategy such

that all peers would process all published publications to match them against subscriptions under their

"“When the threshold is not approximated.



148 Chapter 6. Distributed Publish/Subscribe Systems

@
@

10 T 10 .
—o— k=1 A A A A 4
/ B - - - d
XX XX XX
B 107{ 8 o
g f g ® =) =) = &)
6 6
5 10 5 10
o) o —6— k=1
-g 5 -g 5 B— k=3
2 101 2 10°F| —— k=9
—v— k=27
—A— k=81
10° : : : 10° : : :
10000 20000 40000 80000 160000 10000 20000 40000 80000 160000
w w
(a) PA-based top-k/w subscriptions (b) RAPF-based top-k/w subscriptions

Figure 6.22: The number of merger update messages in D-ZaLaPS for different types of top-k/w sub-
scriptions.
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Figure 6.23: Total number of exchanged messages in D-Zal.aPS for different types of subscriptions.

responsibility, the total number of messages exchanged by the peers could climb up to (C — 1) - N =

2.55 x 10® messages.
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Figure 6.24: Subscription scalability of D-ZaLaPS for different types of subscriptions.

6.5.2 Subscription Scalability

In the next experiment we evaluate the scalability of D-ZalLaPS when the number of subscriptions in-
creases. In Figure we see that D-ZalLaPS is scalable for all three types of subscriptions since the
number of messages increases sub-linearly with the increasing number of subscriptions. However, please
note that the number of merger update messages for top-k/w subscriptions scales worse than the number
of notify interested peer messages and grows linearly with the increasing number of subscriptions.

6.5.3 Peer Scalability

In the next experiment we evaluate the scalability of D-ZaLaPS when the number of peers increase. In
Figure we see that D-Zal.aPS is scalable for all three types of subscriptions since the number of
messages increases logarithmically for Boolean and PA-based top-k/w subscriptions with the increasing
number of peers, and sub-linearly for RAPF-based subscriptions. As in the previous experiment, the
number of merger update messages for top-k/w subscriptions again scales worse than the number of

notify interested peer messages.
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Figure 6.25: Peer scalability of D-ZalaPS for different types of subscriptions.

6.5.4 Conclusion

Hereafter, we conclude the presented experimental evaluation. D-ZalaPS is a scalable distributed top-
k/w publish/subscribe system since the number of generated messages increases sub-linearly and loga-
rithmically with increasing number of subscriptions and peers, respectively. In such a distributed scenario
with multiple data sources, it is highly probable that publications being processed by a peer follow the
random-order data stream model, and therefore PA-based processing is applicable in such setting. D-
ZalaPS generates significantly less messages in the case when PA-based top-k/w subscriptions are used
than in the case with RAPF-based subscriptions, mostly due to the difference in the numbers of generated
notify interested peer messages, which directly depend on the subscription thresholds. For determinis-
tic top-k/w processing algorithms (i.e. SASF, SARF, SAPF, RASF, RARF and RAPF), a subscription
threshold is defined as the score of the filter element with rank £, in the case of SF and RF, or as the filter
threshold in the case of PF, and the results thus would be similar to the presented if any other deterministic
top-k/w processing algorithm was used instead of RAPF. Finally, analogous to the centralized top-k/w
system with selective routing, D-ZalaPS also generates less messages in the case of PA-based top-k/w

subscriptions than in the case of inadequately defined Boolean subscriptions.
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6.6 Related Work

Large-scale publish/subscribe systems are regularly implemented as distributed systems due to scalabil-
ity problems of centralized solutions. For example, [29] shows that either of the existing centralized
enterprise service bus (ESB) products on the market sustains a high throughput when the number of sub-
scribers increases. For this reason, distributed publish/subscribe systems have attracted a lot of attention
from the research community in the last 15 years. However, despite extensive research efforts done in
this period, large-scale publish/subscribe systems are yet to be widely deployed [[175]. In this section we
present a brief overview of distributed publish/subscribe systems in which special attention will be given
to the used routing strategies, i.e. we will focus on the routing layer in the referent architectural model
shown in Figure b.1. A more detailed overview would be out of scope of this thesis and thus we refer the
interested reader to [[147, 22].

6.6.1 Distributed Publish/Subscribe Systems with Flooding

Publication flooding as a routing strategy in distributed publish/subscribed systems can be very easily
implemented and thus was used in the first publish/subscribe prototypes [155]. However, this strategy
is very rarely used since it does not scale in terms of communication overhead. In literature, it mainly
serves as a referent routing strategy in experimental evaluations, e.g. [44], JEDI [69] and TERA [[19],
but sometimes is also used in implementations, e.g. Gryphoon [24] and [37].

Subscription flooding, as the opposite routing strategy, generates a very high communication over-
head when subscriptions change at a high rate [[186, 46, 144], and thus is also rarely used in distributed
publish/subscribe systems. However, since subscribers can be reached in a single hop and non-matching
publications can be filtered at the publisher side when this strategy is used, some of more recent distribut-
ed publish/subscribe systems still apply it, e.g. Gryphoon [24], RUBDES [|184] and MEDYM [#1]].

6.6.2 Distributed Publish/Subscribe Systems with Selective Routing

Selective routing strategies (i.e. covering-based and rendezvous routing) are the most popular routing
strategies in distributed publish/subscribe systems. Since these strategies are deterministic and do not
flood the overlay network with messages, they are much more interesting for the research community
than gossiping and flooding strategies, respectively.

Covering-based routing is first introduced in SIENA[46, 47], and after that has been applied in many
distributed publish/subscribe systems such as JEDI [69], REBECA [[145, [144], PADRES [[126, [125], etc.
This routing strategy has attracted a lot of attention of the research community which has resulted in many
different improvements of this routing strategy, e.g. [[196, 159, 188, 28, 20, [127]. Since we identified this
routing strategy as not well suited for top-k/w subscriptions, we will not discuss it further.

Contrary to covering-based routing, we identified rendezvous routing as a well suited routing strategy
for distributed top-k/w systems. This routing strategy is proposed in Scribe [[182, 49] and is used in many
other distributed publish/subscribe systems such as Bayeux [209], Hermes [[165], Kyra [40], Meghdoot
[L02], Reach [[163], HOMED [62], Ferry [207], etc. Scribe [[182, 49] is built on top of Pastry [[181],
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a generic peer-to-peer object location and routing scheme for a large-scale overlay network of nodes
connected via the Internet. It supports only topic-based subscriptions and is based on a simple idea to
map each of the available topics to a rendezvous Pastry node. Every new subscription and every newly
published publication are routed by Pastry to the corresponding rendezvous Pastry node. For each topic,
Scribe maintains a separate multicast tree rooted at the topic rendezvous node, and use it to disseminate
publications published on that topic. Bayeux [209] is very similar to Scribe, since it supports multiple
topics and also maintains a multicast tree per topic. However, it is built on top of Tapestry [205], a
wide-area location and routing architecture, and has a few scalability problems when compared to Scribe
[182]. Hermes [[165] supports type-based subscriptions. Similarly to Siena, Hermes builds a diffusion
tree for each type, which is rooted at the corresponding rendezvous node. Again, subscriptions and
publications of the same type are routed to the rendezvous node for this type. When a new publication
in published, the corresponding diffusion tree is flooded with it, and then every subscriber of this type
performs matching for its subscriptions. Therefore, Hermes uses a combination of rendezvous routing and
publication flooding. On the other side, Kyra [40] uses a hybrid routing scheme which is a combination
of rendezvous routing and filtering-based routing, where the latter is a simpler form of the covering-based
routing. In this system, the attribute space is partitioned in non-overlapping zones first among groups of
nodes (cliques) and again among nodes in each clique. In this way, each clique has a rendezvous node for
every part of the attribute space. Additionally, rendezvous nodes that are responsible for the same parts of
the attribute space in different cliques are connected together in a routing tree. Then, rendezvous routing
is used between nodes in each clique, and filtering-based routing between nodes in each routing tree.
Meghdoot [[102] is a distributed publish/subscribe system with content-based subscriptions that is based
on pure rendezvous routing. This system uses only the CAN []178] structured overlay for communication
between nodes and does not create separate trees for this purpose. The CAN assigns non-overlapping
zones of the attribute space to nodes in the overlay network such that each node is connected to nodes
with neighboring zones. This way CAN ensures that each part of the attribute space has a responsible
node, which allows routing messages from a point to any other point in the attribute space. Chandramouli
at al. [55] present a distributed content-based system with rendezvous routing that is based on CAN as
Meghdoot. Instead of the CAN overlay network, Terpstra at al. [[197] use Chord [[194] and algorithms for
subscription covering and merging from Rebeca [[149] to build a distributed content-based system that
uses a hybrid of rendezvous and covering-based routing. Building a distributed content-based system on
top of a distributed topic-based system with rendezvous routing is also considered in literature, e.g. Tam
at al. [[195] present a distributed content-based system which is built on top of Scribe.

6.6.3 Distributed Publish/Subscribe Systems with Gossiping

Gossiping routing strategies (i.e. basic and informed gossiping) are also very popular in publish/subscribe
research community since they lead to high reliability, robustness and self stabilization [30, 182, 23|, 22].
Examples of distributed publish/subscribe systems which employ these routing strategies are Costa at al.
[66, 65], SpiderCast [p61]], Tera [[19], pmcast [84]] and Sub-2-Sub [[198]. Costa at al. [65, 66] present a
content-based publish/subscribe system with three different approaches to the basic gossiping: publisher-
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based push, publisher-based pull and subscriber-based pull. The authors also experimentally evaluate
these three approaches in [66]. All other mentioned systems employ informed gossiping as a routing
strategy. To accomplish the deterministic part of routing, these systems either cluster nodes with similar
interests in additional overlay trees on top of the basic overlay (Tera and Sub-2-Sub) or build a single
overlay in which nodes with similar interest are kept close to each other (SpiderCast and pmcast). It is
important to mention that SpiderCast and Tera support only topic-based subscriptions, whereas Sub-2-
Sub and pmcast support content-based subscriptions.

6.6.4 Other Relevant Work

The work most relevant to ours is Huang at al. [[L11]]. In this work, a new type of stateful subscription
is introduced in publish/subscribe systems, which is called the parametrized subscription. Our top-k/w
proxy subscriptions are parametrized subscriptions with the subscription threshold as the only parameter.
The authors discuss two cases, one centralized and one distributed with filtering-based routing. In both
cases, every change of a parameter is published as a publication on this parameter topic. Their conclusion
is that every parameter change has to be propagated to all brokers in the distributed case. Please note that
we have reached the same conclusion for covering-based routing as an advanced version of filtering-based

routing.
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CHAPTER [

Conclusions and Future Work

Even though extensive research efforts have been done in the last 15 years in the area of publish/subscribe
systems, wide-area publish/subscribe systems are not yet widely deployed. According to [[175], the main
reasons for their slow acceptance are the complexity of the general matching problem, system heterogene-
ity, and lack of wide-area deployments which delays development of improved, real-life usable solutions.

In this thesis we argued that there is another reason for the lack of adoption of such systems—an
unpredictable number of matching publications delivered to subscribers with the currently prevailing
Boolean matching model. The Boolean matching model may often deliver either too many or too few
publications, and this may cause user dissatisfaction with the provided service. In general, a user per-
cepts the entire system through both the quantity and quality of received publications. Therefore, a large
quantity of received publications will be considered as a sort of spam, while a system that delivers too
few publications might be recognized as non-working. The number of received publications is crucial for
the acceptance of an actual system by users, even more if, for example, subscribes pay for each delivered
publication matching subscriber information interests.

In this thesis we proposed a new publish/subscribe matching model, named the fop-k/w matching
model. This matching model enables a subscriber to control the number of publications it will receive
per subscription within a predefined time period. In this matching model, each subscription in a system
defines an arbitrary and time-independent scoring function and the parameters k € N and w € R*. In
contrast to the Boolean matching model, this matching model is time-dependent because at each point
in time ¢, the parameter & limits the number of matching publications restricting it to the k best scored
publications that are published between points in time # — w and ¢.

We consider this model quite intuitive for Internet users as it is requires that each subscriber defines a
scoring function and parameters £ and w. Additionally, the scoring function can be defined by application
developers for the entire system which enables subscribers to define simple queries similar to search en-

gine queries. Typical users are already familiar with the concepts of query, ranking and top-£ results since
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every web search engine works in this way. Moreover, the additional parameter w, as the subscription
window size, is quite intuitive as well.

In this thesis we showed that publish/subscribe systems based on the top-k/w matching model can
be implemented in an efficient way both having centralized and distributed architecture. For each of the
commonly used routing strategies in (both centralized and distributed) Boolean publish/subscribe systems
we proposed the changes necessary to apply this strategy in top-k/w systems. We also showed that 2 out of
3 centralized and 4 out of 6 distributed routing strategies are particularly well suited for top-k/w systems
since they introduce insignificant additional communication overhead in these systems when compared

to the equivalent Boolean systems.

7.1 Contributions

7.1.1 Formal Specification of Boolean and Top-k/w Publish/Subscribe Systems

In this thesis we formally defined the top-k/w matching model with time-based and number-based sliding-
windows in the Metric Interval Temporal Logic (MITL) [13] and set theory [34], respectively. We also
presented formal specifications of the top-k/w publish/subscribe system with time-based windows and
Boolean publish/subscribe system that are based on timed words (i.e. sequential traces of timed events)
and use the syntax of MITL. Both specifications define several safety and liveness properties which
are standard means for specifying real-time system behavior. In the case of publish/subscribe systems,
the safety property asserts that a non-matching publication will never be delivered to subscriber, while
liveness property asserts that every matching publication will eventually (i.e. after the propagation of the
corresponding subscription) be delivered to subscriber.

Although several formal specifications of Boolean publish/subscribe systems in temporal logic exist
in literature, we have provided a new specification since existing specifications are not general enough,
i.e. they do not cover all possible usage cases (e.g. receiving matching publications and canceling the
corresponding subscription afterwards) and do not define finite processing delays in a system, which is
extremely important for the quality of service.

We compared our specifications of Boolean and top-k/w systems, and showed that every Boolean
system is a special case of the corresponding top-k/w system. As a consequence, every practical imple-
mentation of the top-k/w system model automatically supports the behavior of a Boolean system without
any further modifications. This allows us to have Boolean and top-k/w subscriptions simultaneously ac-
tive in the same top-k/w system, which is very important for the future acceptance of the top-k/w matching

model.

7.1.2 Top-k/w Processing over Data Streams

A sliding-window top-k (fop-k/w) query monitors incoming data stream objects within a sliding window
to identify k best-ranked objects with respect to an arbitrary scoring function. Efficient processing of such

queries is challenging because, even though an object is not a top-k object at the time when it enters the
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processing system, it might become one in future, and therefore a set of potential top-k objects within the
sliding window has to be stored in memory. Existing solutions either assume processing environments
with unbounded memory, or scale poorly for large values of parameter k and window size. Moreover, they
are typically tailored to specific scoring functions, and thus in this thesis we defined a generic top-k/w
processing model that is independent of data representation and scoring functions.

We also proposed several novel algorithms for efficient top-k/w processing of multiple queries in
resource-constrained environments publishing data at high rates. First, we proposed the Relaxed Candi-
date Pruning Algorithm (RA), a novel deterministic algorithm which, instead of maintaining the minimal
set of potential top-k objects in a k-skyband, periodically prunes the k-skyband to offer improved pro-
cessing performance at the expense of an increased memory consumption. Furthermore, we proposed the
Probabilistic Candidate Pruning Algorithm (PA), a probabilistic algorithm for random-order data streams
which surpasses deterministic algorithms in terms of memory consumption and processing performance,
at the expense of producing approximate answers to top-k/w queries. To further improve deterministic
algorithm implementations, we introduced a PA-based buffer of most recent data objects. Our complex-
ity analysis and extensive comparative evaluation using both synthetic and real datasets showed that the

proposed algorithms significantly outperform the competing approaches.

7.1.3 Centralized and Distributed Top-k/w Publish/Subscribe Systems

Since scalability is an essential characteristic of publish/subscribe systems, we gave special attention
to design algorithms supporting the top-k/w matching model which target large-scale publish/subscribe
systems. For each of the commonly used routing strategies in both centralized and distributed pub-
lish/subscribe systems, we first proposed the changes necessary to apply this strategy in a top-k/w system,
then we identified locations of top-k/w processors and recent buffers in the system, and finally we ex-
plained how subscriptions and publications are routed from clients to these processors.

Our analysis showed that subscription flooding as a routing strategy in both centralized and distributed
publish/subscribe systems is not well suited for top-k/w systems since the synchronization of subscrip-
tions and their copies introduces a large communication overhead in top-k/w systems when compared
to equivalent centralized Boolean systems. Additionally, the analysis showed that, for the same reason,
this is also true for covering-based routing in distributed top-k/w systems. Finally, the analysis showed
that other routing strategies (i.e. selective routing for centralized systems, publication flooding for both
centralized and distributed systems, and rendezvous routing, basic gossiping and informed gossiping
for distributed systems) are particularly well suited for top-k/w systems since they do not introduce any
significant additional communication overhead when compared to the equivalent Boolean systems. Ad-
ditionally, we presented and experimentally evaluated D-ZaLaPS, a distributed top-k/w publish/subscribe
system which is built on top of CAN [[178]. The experimental evaluation shows that D-ZaLaPS is scalable
both for increasing number of peers and subscriptions.

In this thesis we presented the results of an experimental evaluation of the Boolean and top-k/w
systems using sliding-window k-NN subscriptions (i.e. queries) as a case study. This experimental eval-

uation shows that, assuming subscribers are interested in only top-k publications in the sliding window,
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the top-k/w systems have lower message overhead when compared to the equivalent Boolean systems in

which subscriptions are inadequately defined.

7.2 Future Work

There are several additional aspects related to top-k/w publish/subscribe systems that can be addressed
by future work.

Mobility-enabled top-k/w system. In this thesis we assumed static environments where both pub-
lishers and subscribers are stationary. However, in a large-scale publish/subscribe system, it is expected
that many clients will probably use mobile devices. Since such devices are not connected to the network
all the time, it is very important to investigate specific problems that appear in dynamic environments re-
lated to content caching and delivery. Additionally, these devices have quite heterogeneous capabilities,
which is an additional problem in this setting.

Other approaches to publication ranking. As we have shown in this thesis, the problem with
Boolean subscriptions is the sharp boundary of the subscription subspace of interest. Similarly, top-
k/w subscriptions define such a sharp boundary in time since publications are instantly invalidated when
dropped from the subscription window. An interesting future research problem is to see how publication
scores can gradually decrease in time. For example, publication freshness defined in [75] is one of the
possible approaches to this problem.

Supporting other scoring functions in D-ZaLaPS. The presented system D-ZalLaPS supports only
distance scoring functions. Since this is just one of the possible types of scoring functions, the next logical
step is support other types of scoring functions, such as aggregation and relevance functions.

Indexing top-k/w subscriptions in vector-space. An indexing technique specifically designed to
process top-k/w subscriptions that define relevance scoring functions in vector-space model for unstruc-
tured data upon arrival of a new publication is an open research area. To our knowledge, the only work
which studies this problem is [[142]. Since the collection (of publications) is highly dynamic in this case,
which is contrary to the current assumption in information retrieval, it is very important to see how in-
verse document frequency (IDF) can be defined for such a dynamic collection. This type of indexing is
very important and might be a prerequisite for efficient implementation of a distributed top-k/w system
supporting relevance scoring functions.

Distributed top-k/w system under churn. D-ZaLaPS do not address the dynamics of the underlying
peer-to-peer overlay network and therefore an important aspect of the future work would be to test its
performance under churn, which is a more realistic setting. Additionally, similarly to distributed Boolean
systems, informed gossiping could be better a routing strategy for such a setting, and thus should be

further examined.
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Summary

Top-k Publish/Subscribe Matching Model Based on Sliding Window

In this thesis we present the top-k/w matching model, a novel publish/subscribe matching model which
enables a subscriber to control the number of publications it will receive per subscription within a pre-
defined time period. In this model, each subscription defines an arbitrary and time-independent scoring
function and parameters & and window-size w such that, at a point in time ¢, parameter & restricts the
number of delivered publications to the & best scored publications that are published between  — w and ¢.

We propose novel algorithms for efficient top-k/w processing in environments publishing data objects
at high rates. Existing solutions are typically tailored to specific scoring functions, and thus we define
a generic data stream processing model that is independent of data representation and scoring functions.
Our complexity analysis and extensive comparative evaluation show that our algorithms significantly
outperform the competing approaches in both memory consumption and processing efficiency.

For each of the commonly used routing strategies in both centralized and distributed environments
we explain how it can be adapted to support the proposed top-k/w matching model. We identify and
evaluate routing strategies which are particularly well suited for large-scale top-k/w publish/subscribe
systems. Additionally, we present D-ZaLaPS, a distributed top-k/w publish/subscribe system based on a
peer-to-peer structured overlay. The experimental evaluation shows that D-Zal.aPS is scalable both for
increasing number of peers and subscriptions.

Finally, using the case study with k-nearest neighbor subscriptions, we experimentally evaluate and
compare the top-k/w and Boolean matching models. This experimental evaluation shows that, assuming
the subscribers are interested in top-k publications in the sliding window, the top-k/w matching model
can significantly reduce message overhead in the system when compared to the Boolean matching model,
and this, together with built-in support for flexible subscriptions and control of the number of matching

publications in the top-k/w model, represents a significant enhancement of publish/subscribe systems.

Keywords: data stream processing, publish/subscribe, event-based systems, top-k, sliding-window.
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Kratki sazetak

Model usporedbe ’k-najboljih” u sustavima objavi-pretplati temeljen na

klize¢em prozoru

Ova disertacija predlaze novi model usporedbe u sustavima objavi-pretplati koji omogucéava korisni-
cima da po svakoj svojoj pretplati kontroliraju broj objava koje Zele primiti u odabranom vremenskom
intervalu. U ovom modelu usporedbe, pretplate definiraju funkciju za rangiranje objava, parametar k te
veli¢inu vremenskog prozora w. U bilo kojem trenutku ¢, parametar k ogranicava broj isporucenih objava
na k najbolje rangiranih od onih koje su objavljene u periodu izmedu -w i ¢.

U disertaciji se predlaze nekoliko razlicitih algoritama za obradu ove vrste pretplata u slucaju velikog
intenziteta objavljivanja. Iz razloga $to u literaturi ne postoje opcenita rjeSenja, ve¢ su sva postojeca
namijenjena strogo specificnim funkcijama rangiranja, u disertaciji se predlaze opceniti model obrade ove
vrste pretplata koji je u potpunosti neovisan o vrsti podataka i odabranoj funkciji rangiranja. Rezultati
eksperimentalne evaluacije i analize sloZenosti algoritama pokazuju da su predloZeni algoritmi znatno
ucinkovitiji pri odradi podataka te da zauzimaju manje radne memorije od postojecih rjeSenja.

U disertaciji se predlazu i objasnjavaju preinake uobicajenih strategija usmjeravanja u centraliziranim
i raspodijeljenim sustavima objavi-pretplati koje su neophodne za podrsku predlozenog modela uspored-
be. Takoder se identificiraju strategije koje su posebno pogodne za izvedbu sustava objavi-pretplati koji
imaju veliki broj korisnika i podrzavaju predlozeni model usporedbe. U disertaciji se predstavlja jedan
takav sustav temeljen na prekrivaju¢oj mrezi istovrsnih ¢vorova. Rezultati eksperimentalne evaluacije
pokazuju da je ovaj sustav skalabilan pri povecanju broja ¢vorova i pretplata u sustavu.

Eksperimentalna evaluacija na odabranom studijskom primjeru pokazuje da se broj razmijenjenih
poruka u sustavu objavi-pretplati moze znacajno smanjiti ukoliko se umjesto postojeceg koristi predlozeni
model usporedbe, $to zajedno s fleksibilnos¢u pretplata i ugradenom kontrolom intenziteta isporucenih

objava u ovom modelu predstavlja znacajno poboljSanje sustava objavi-pretplati.

Kljucéne rijedi: procesiranje toka podataka, objavi-pretplati, k-najboljih, klize¢i prozor.
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