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Abstract. This paper discusses the construction of a Global Semantic
Graph (GSG) [1I] to support future information- and collaboration-centric
applications and services. The GSG is a publish /subscribe (pub/sub) based
architecture that supports publication of tuples and subscriptions with
standing graph queries. We believe that an implementation of an efficient
pattern matching algorithm such as Rete [2] on top of a distributed envi-
ronment might serve as a possible substrate for GSG’s pub/sub facility.
Rete operates on loosely coupled alpha, beta and join nodes and therefore
has been chosen by us for implementation in a distributed setting.

In this paper, we propose a way to perform Rete’s pattern matching
over a DHT-based Structured P2P network to provide a scalable content-
based publish/subscribe service.

Keywords: publish/subscribe system, distributed pattern matching,
global semantic graph.

1 Introduction

The distributed publish/subscribe (pub/sub) interaction schema is viewed by
many [3, [4 [5] as a more suitable communications paradigm for future Internet
architecture as it better reflects the dynamic and asynchronous nature of today’s
Internet applications and services [6].

A typical pub/sub system offers a loosely coupled, event-based communication
schema by offering a spatial, temporal, and synchronisation decoupling between
publishers and subscribers, which is claimed to work well in a large-scale dis-
tributed environment [6,[5]. There are several variations of pub/sub schemas such
as topic-based, content-based or typed-based schemas [6]. In this paper we focus on
the implementation of a content-based (or property-based [5]) publish/subscribe
schema where the subscription is based on the properties of the published infor-
mation. To implement such schema on a large and distributed scale there is a need
for an efficient and scalable pattern matching system that will support ” event
filters, which are predicates on the content of associated information, and event
patterns, which are predicates on the relationships among event occurrences” [5].
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The Artificial Intelligence (AI) community has widely studied the development
of efficient matching algorithms in relation to production rule systems. Since
their initial introduction in 1943 this work has greatly evolved [7] and is now is
widely adopted by various Al systems, such as experts systems. A production
rule system, in its simple design, comprises of three main parts: a set of rules,
a dataset and a rule interpreter [8]. The rules are evaluated against the dataset
by the interpreter and appropriate action is executed. For our purposes, we are
primarily interested in the rules evolution part. In particular, our design is based
on Rete — an efficient pattern matching algorithm — which is widely employed
in production rule- based systems to match data against multiple productions.
Rete operates on loosely coupled alpha, beta and join nodes and therefore has
been chosen by us for implementation in distributed settings.

The emerging Peer-to-Peer (P2P) networks [9} [0, ], in particular structured
P2P networked overlays have been used as a building block for many global shar-
ing and content distribution systems [I2]. In such networks the core character-
istics such as efficient routing, key-search, self-organisation, fault tolerance and
good load balancing are offered by a Distributed Hash Table (DHT). Thus, in
their basic form, they provide a relatively simple ”hash-like” interaction interface
(e.g., get(key), put(key, value)) which is not sufficient for a content-based pub-
lish /subscribe system [I3] that requires support for more complex and expressive
queries. Our system inherits support for such queries from the Rete algorithm.

The rest of the paper is organised as follows. Our motivation for the project
is in Section @l The design overview is covered and discussed in Section [8 In
Section [l we briefly review the Rete algorithm. Section provides an overview
of related work. Finally, Section [0l summarises our conclusions and gives some
notes on future work.

2 Motivation

Our main motivation for this work is the development of a Global Semantic Graph
(GSG) [I] to support future information- and collaboration-centric applications
and services. The GSG is an Internet-scale tuple store that adopts approaches
and methods from the Semantic Web to provide applications and services with the
abilty to simply publish their internal state changes via simple tuple insertions,
while a subscription is essentially a standing query to a specific pattern that keeps
the internal state synchronised with any insertion of new information.

We strongly believe that a global infrastructure like the GSG will provide
a convenient, powerful, and sound basis for building novel information-centric
applications and services.

3 Design Overview

As mentioned in the introduction, in our approach we port the Rete algorithm
onto a DHT-based overlay network to provide a scalable content-based pub-
lish /subscribe system.
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Our system treats a tuple as a primitive — publications are tuples and subscrip-
tions comprise of rule tuples which are bound by variables into a standing graph
query. As a standing query, it remains in the system and continuously monitors
the tuple-space to return a set of matched tuples. Each rule tuple is converted
to tuple templates by dismissing the binding variables in the rule and replac-
ing them with wildcards — i.e., only rules’ constant attributes matter. Hence, for
example, the (?a left-to ?b) rule template is represented with a (* left-to *) tem-
plate. Every tuple template is associated with tuple-storage (also called alpha-
memories) in the Rete network. It is worth noting that the alpha memories in a
Rete network act as a tuple’s local cache. Effective caching policies are an open
research question in many fields and can significantly improve the performance
of the overall system. Although all subscriptions are stored and managed locally
by a single Rete network, we achieve scalability by distributing tuple templates
among the DHT nodes. The classic DHT architecture is extended to support a
separate storage for published tuples and tuple templates. This includes: map-
ping of every tuple and tuple template to unique DHT keys, similar to RDFPeers
[14] and introduction of a new insert condition(key, tuple pattern, subscribing
node ID) method. Thus, as depicted by Figure [l during publication, all tuples
will be routed to a rendezvous node and matched against the tuple templates
stored there. In case of a match, the tuple is forwarded to the subscribing node
to complete the matching process.

3.1 Implementation

Subscription. As mentioned above, each subscription is comprised of rule-tuples
that are converted to tuple templates and distributed over the DHT. In more
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Fig. 1. An extremely simplified illustration of our implementation approach
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practical terms, we pick any constant from a tuple template associated with the
rule and hash it to create <key,tuple template>. The tuple template is then
routed to a designated rendezvous node where it is stored in a " Tuple template
Store”. See Figure [l for a simplified illustration of this process.

Publication. During the publication of a tuple, we hash each of the fields sep-
arately (e.g., h(subject), h(predicate), h(object)) to create three unique DHT
keys for the same tuple, each key is used to route a copy of the tuple to a
different rendezvous node. By using the same hash function for both subscrip-
tion and publication, we guarantee that tuple and relevant tuple templates will
rendezvous. The tuples matched at the rendezvous node are then delivered to
relevant subscribers nodes.

SUBSCRIBE { INSERT <
(?x, “om, 7y), (B1,"on,B2),
(?7y, "left-of, 7z), (B3, color,green),
NOT { (B1,"on,B3),

(?z, ~“color, red), (B1,"color,red),
(?z, ~color, green), (B7, color,red),
(?z, ~“color, blue) (B2, on,table),

} (B2, “left-of,B3)

} }

(a) (b)

Fig.2. Script Example (a) create a subscription, (b) inserts (publishes) collection of
tuples

For our implementation of the Rete algorithm we have used the newly emerg-
ing Scaldl language. Scala is a general purpose, object oriented and functional
hybrid programming language. The Scala compiler produces Java binary code,
and hence can be seamlessly integrated with existing Java solutions. This al-
lows us to use our implementation with openChordé, a Java implementation
of the Chord [9] algorithm. Our implementation also includes a small Backus—
Naur Form (BNF) grammar parser for a scripting language, similar to SPARQLs
graph pattern queryﬁ syntax, to allow creation of more complex subscriptions
and publication commands. See Figure 2 for a sample syntax of the script.

! http://www.scala-lang.org/
2 http://open-chord.sourceforge.net /
3 http://www.w3.org/TR/rdf-spargl-query/
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3.2 Discussion

We have implemented our approach successfully and we are able to facilitate
a distributed content-based publish/subscribe with support for expressive and
complex querying over a structured overlay network. We recognise, however, that
there is a place for future improvement.

One problem is load-balancing. We generate multiple key pairs for the same
tuple, hence tuples with identical fields would be always routed to the same node
and can cause significant overload when a particular tuple’s attribute is shared
by many (e.g., predicate: suchAs or object: class in RDFS scheme).

Our initial ideas is to tackle the load-balancing problem by introducing built-
in time stamps with every tuple to indicate the time and date range of the
publication, for example, <10/3/2010-23/3/2010,subject, predicate, object>. So,
when hashing the tuple’s fields we are insuring a different hash every time.
Consequently, when creating a subscription, we need to indicate what is the
tuple’s valid query range — the range limit must be set in advance to insure
proper matching. If a user specifies a range bigger than the limit it would be
split into several ranges and subsequently create a separate subscription query
per range.

The other issue that is open for debate is push versus pull-based approach.
The current implementation is push-based system, that is, the matched tuples
are pushed to the subscribing node. The benefit of this approach is that there
is no the need to constantly query for updates, however the subscribing node
can find itself overloaded with updates in a case of multiple and/or complex
subscriptions. An alternative pull-based system avoids the overloading problem
by giving control over the flow of updates back to the subscriber. That is, a
subscriber node must periodically query the data store for updates. For our
future work, we will explore the possibility of an hybrid querying model: by
default the updates will be ”pushed” to subscribing nodes, however, if a node
becomes overloaded, some update streams will be blocked and queried later.

Finally, we are extending the current implementation and slightly changing the
behaviour of a classical DHT-based overlay network. Our ultimate goal is work to-
wards a ”lightweight approach” [I5] that is, to implement a pub/sub service with-
out changing the DHT-generic algorithm. One option that we are considering is
replacing the current hash function that is used to generated DHT keys with an al-
ternative mapping function that better supports range and multi-attribute queries.

In Figure[3above, subscription 1 returns matches of all the Mowvies produced by
Steven Spielberg and Subscription 2 matches all the Movies produced by Steven
Spielberg with Tom Hanks as an actor. The results of Subscriptions 1 are a sub-
set of the total results returned by Subscription 2, therefore some of the alpha
memories can be re-used and shared.

Ultimately, we envision the Rete network at the subscribing node utilising
the DHT nodes as alpha memories, so that similar subscriptions from different
subscribers will be able to reuse already available alpha-memories and also in-
clude other subscriptions as part of their Rete network. For example, as shown in
Figure[3l the Rete network for Subscription 2 can comprise of new conditions in
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Fig. 3. An intuitive example showing the matching of subscription

conjunction with those previously defined Subscription 1. Such a configuration
would allow more efficient utilisation of the Rete algorithm and provide a better
platform for our future work [I].

Evaluation. As discussed in Section B.2] the RETE-based pub/sub service al-
lows the reuse and sharing of the results from past subscriptions. The system will
perform better with time as more subscriptions are created. The GSG can take
full advantage of this as it will deal with large number of simultaneous users,
each with many complex and expressive subscriptions. To our knowledge, bench-
marks available to date do not take into account these operational conditions.
Hence, there is a need for a new benchmark to properly evaluate these types of
systems. A proper evolution is part of our future work and is out of scope of this

paper.
4 Rete Algorithm

This section provides a brief summary of the Rete algorithm from Chapter 2 of
Doorenbos’ [16] thesis and the motivation for using it in our implementation.
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Rete [2] is an efficient and well-adapted pattern matching algorithm that is
widely employed in production-based expert systems. It reduces the matching
process time, by exploiting the ”temporal redundancy” and ”structural similar-
ity” of the data; each state of a matching cycle is saved separately in the loosely
coupled Rete dataflow network and can be reused in future pattern matches [I7].

4.1 Rete Primitives

Rete operates on productions and working memory elements (WME). A produc-
tion is defined by set of conditions (also called rules) that are evaluated against
the WME dataset and actions which are executed when these conditions have
been met.

4.2 Rete Dataflow Network

As depicted in Figured] the Rete-dataflow network comprises of alpha memory,
beta memory and join nodes. The alpha memory (AM) node is part ”alpha
network” that acts as a predicate on the WMEs. For example, the AM node
in Figure @ that is defined by Condition 1 (<?x> on <?y>) contains WMEs
that match the corresponding template (i.e., WME with attribute on). The AM
treats ?z, ?y as wildcards.

The beta memory (BM) nodes contain the result of join nodes. The input
to ”join” is the previous beta node and the corresponding alpha node. In other
words, the join node filters through all the WME joined on variable values to the
related beta nodes in a form of a join tuple; this process is called left activation.

g Rete Dataflow Network [ Production At
Condition 1: (7x, *on, ?y)

Alpha Memory for Condition 1 Condition 2: {7y, Aleft-of, 7x)
| wiwzwawe | Condition 3: (?x, *color, red)
\_’ Join Node

Beta Memory W1, W2 W4 W8 Alpha Memory for Condition 2
.

Jain Node

4

”

wi: (B1, “on, B2)
w2: (B1, *on, B3)

S 2 wi: (B1, *color, red)
a Memory | W1MWS, W2 WT - wé: (B2, “on, table)
Alpha Memory for Condition 3 wS: (B2, *left-of, B3)

wi: (B2, *color, blue)
WwT: (B3, Meft-of, B4)
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Fig. 4. Rete dataflow network acts a filter, inspired by [16]
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On other hand, right activation is triggered by feeding a new WME into an
appropriate AM node.

The matching process is a chain reaction of either right or left activations by
the end of which all the matched WMEs are found in the production node which
are essentially any last BM node in the chain flow.

5 Related Work

Several research efforts that have looked into implementing a content-based pub-
lish /subscribe communication schema over a DHT overlay.

In [I8] the authors propose a rendezvous-based approach to publish /subscribe
over the DHT overlay. The rendezvous nodes that are responsible for match-
ing events, start the notification process. The system comprises of a three-layer
design: application, CB-pub/sub and overlay network. The CB-pub/sub layer
utilises the underlying overlay network, to provide generic applications that run
on it with publish (pub), subscribe (sub) and notification (notify) functionali-
ties. The system performs attribute-split, key space-split and selective-attribute
mappings of subscriptions and published events onto the key space. The un-
derlying overlay network is extended with an implementation of an additional
one-to-many send primitive (m cast) to optimise the overall system performance.

A distributed query evaluation is offered in [19]. The underlying DHT over-
lay is extended with multiSend(), index query() methods and a new ”extended
matching” message format to support Single Query Chain (SQC) and Multi-
ple Query Chain (MQC) algorithms. In SQC and MQC for each conjunctive
multi-predicate query a single query and multiple query chains are created, re-
spectively, in order to distribute the processing load between the nodes. Each
node matches the received triples against its local queries and sends intermediate
results to the next node in the query processing node chain. The final notifica-
tion to the subscriber node is generated by the last node in the chain. The MQC
and SQC, however, significantly increase the overall network traffic which in a
large-scal environment will undermine the performance of the system.

More recently, in CAPS [I5, [20] a content-based publish/subscribe architec-
ture is proposed for event dissemination infrastructure on top of DHT. The
system also employs a rendezvous model to facilitate meetings between events
and subscriptions. The selection of the rendezvous nodes is governed by the in-
ternal DHT routing protocol and hence, the chosen node would be known by
other nodes in the network. CAPS does not extend the underlying generic DHT
distributing algorithm and this makes CAPS adaptable to other DHT-based
overlays.

The above approaches put their focus on scalability and efficient retrieval
capabilities of a distributed content-based pub/sub system. Much less attention
is given to the ultimate expressiveness of the queries. Our approach addresses
this problem, which we feel is equally important to the effective operation of the
applications that will use our infrastructure.
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6 Conclusion and Future Work

We have described our implementation of a content-based publish /subscribe sys-
tem based on the Rete algorithm. Our design touches on new and less explored
fields of combining AI and Peer-to-Peer related research approaches. We use
Rete, an efficient matching algorithm that is widely used in AI’s production
rule based expert systems. The constructed Rete network exploits the ”tempo-
ral redundancy” of the previously matched information to provide an efficient
matching of data (working elements) to predefined conditions. In our case, a
Rete network is generated to manage subscriptions. The network keeps matches
for specific subscription’s condition and shares them with other subscriptions
containing the same condition. The efficiency of the Rete algorithm comes from
“matching only the changed data elements against the rules rather than repeat-
edly matching the rules against all the data ” [2I]. In addition, the conditions’
"structural similarity” (i.e., the n-tuples) makes the Rete approach even more
effective because many of the condition tuples share same attributes.

The main motivation behind our work is the Global Semantic Graph project
[1], which is an Internet-scale persistent publish/subscribe system. The appli-
cations and services "publish” their internal state changes via simple n-tuple
insertion while a ”subscription” is essentially a standing query that keeps the
internal state synchronised with any new information provided by others. In our
future work we plan to examine approaches mentioned in Section to improve
the the overall system and utilise it as substrate for GSG’s pub/sub facility.
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