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Abstract

2. Problem

When dealing with the complex task of extracting meaningful information from multiple continuous sensor streams,
declarative rules can be employed to benefit from software
engineering principles such as modularization and composition. We propose PARTE, a parallel scalable event processing engine proving predictable response times for a highquality user experience.

To provide a high-quality user experience, the inference engine has to correlate events in a timely manner. When a user
for instance interacts with a system through a multi-touch
interface, changes should be reflected immediately and with
a predictable delay to give the user a natural feedback. The
same is true for multimodal interaction: When a user gives
a series of speech and gesture commands, the right action
should be performed without random delays that confuse the
user about whether the command has been accepted or not.
Systems such as Midas embed inference engines which
only tap the computational power of a single processing unit.
However, the rise in sequential processing power offered by
single processing units is stagnating, because efforts to increase clock-speed, instruction-pipeline depth, etc. offer diminishing returns. This severely limits the possible number
of rules, their complexity, and the rate of events the system
can handle. The only way to recognize more complex user
interaction patterns without undermining the user experience
by increased delays, is to embrace parallel processing power.
In addition to recognizing patterns in a timely manner, the
system also needs to guarantee predictable responds times.
This ensures that the system feels interactive and responsive. Akscyn et al. [1] show that long delays in interactive
systems can distract users, and cause them to stop using the
system. Consider for instance a user of a multi-touch gesture
recognition system, who taps a certain location. If the user
interface does not reflect this change within the timeframe
the user has grown to expect, he will assume the command
was not received, and may tap again. When the system then
finishes processing the overdue gestures, the action will be
executed twice. Users will rightfully blame the gesture detection system for this mistake. To prevent such errors, the
detection of complex user interaction patterns should happen
within a timeframe that can be predicted reliably up front.
However, the requirements of responsiveness and predictable runtime conflict: To offer the best performance on
current hardware, the rule engine needs to use the available
parallelism, and should provide real-time guarantees to ensure responsiveness. Current rule engines do not combine
both requirements. They either are single-threaded in nature,
or do not guarantee predictable worst-case execution times.
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1. Introduction
To improve the quality of interactions between users and
computers, interest in multi-touch input, gesture recognition,
and speech processing on consumer hardware has recently
emerged. To power natural user interfaces, primitive sensor
readings, which are collected by devices for multimodal input, need to be correlated to create higher-level events. Since
hard-coding these complex correlations in imperative programming languages is cumbersome, error-prone, and lacks
flexibility, declarative techniques are the preferred solution.
Multi-touch interaction frameworks such as Midas [6] and
its multimodal successor Mudra [4], use an inference engine,
which compares the events based on sensor readings with
declarative rules describing the gestures.
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3. Approach

Validation of practicality by showing the scalability of the
parallel implementation and demonstrating that the overhead compared to CLIPS, a highly optimized sequential
implementation, is acceptable.

We propose the Parallel Actor-based ReTe Engine (PARTE),
a complex event detection system, which address both the
efficiency and the real-time requirement. The Rete algorithm [2] provides the desired efficiency, minimizing the
asymptotic complexity.
The declarative rules defining gestures are transformed
into a directed acyclic Rete network. In PARTE, each node of
the Rete network corresponds to an actor. This enables both
pipeline parallelism, as multiple stages of the Rete network
can be processed simultaneously, and branch parallelism, as
multiple branches in the Rete network can be processed simultaneously. Synchronization between the nodes happens
in the form of inter-actor message-passing, where nodes only
send messages to their successors in the Rete graph. The
structure of the Rete graph in combination with the temporal
properties of the events are exploited to guarantee synchronization between the branches, and with that, correctness.
The actors’ inboxes are represented by nonblocking queues
using Michael’s Safe Memory Reclamation technique [5].
By using nonblocking queues as the only concurrently accessed shared data structures, and by formalizing the execution steps, PARTE allows the reliable prediction of an upper
bound on the execution time of the pattern matching. Our
system is designed in such a way that every stage of the
processing requires a bounded amount of time, which can
be predicted given a set of gesture definitions and an upper
bound on the rate of incoming events. Similarly, the number
of stages required to process a series of events is bounded
and constant for a given set of gesture definitions. To achieve
this, we impose the requirement on rulesets that they must be
tiered, a property that ensures that the rulesets do not express
cycles. This approach enables us to guarantee soft real-time
detection of gestures, given a set of rules defining gestures
and an upper bound on the rate of incoming events.
Our preliminary performance evaluation used a number
of microbenchmarks and a set of gesture definitions. The results showed that PARTE in its current unoptimized state is
on average about three times slower than the highly optimized implementation of CLIPS [3] for the single threaded
case. In the multithreaded case, PARTE was able to scale
linearly up to 16 cores on our test machine, as such outperforming the sequential implementation.

Some limitations exist in the current version of PARTE.
First, since test-expressions are separated from the nodes
that join two branches, the full expressiveness of negationas-failure is not supported in PARTE. Gesture recognition
systems can work without a notion of negation, but the addition of it would be worthwhile nevertheless. Second, the
coarseness of parallelization can further be tuned, as in some
situations, the actor-based approach does not expose all options for parallelism. Inversely, in some situations, the actorbased approach imposes too high an overhead compared to
the useful work. Finally, PARTE’s current scheduler for the
actors focusses only on correctness and real-time properties,
but does not do any effort to prevent scheduling actors who
do not have any message waiting in their inbox.
PARTE is compatible with existing single threaded inference engines such as CLIPS from NASA [3]. It can be
used as a replacement of the core infrastructure of the multimodal Mudra framework [6], but can also be applied in a
broader context where responsive and predictable complex
event processing is needed. It can for instance be embedded in software monitoring network security, in algorithmic
stock trading systems, etc. To conclude, PARTE is a parallel, actor-based variant for the Rete algorithm, offering soft
real-time guarantees on the time it requires to process information from various sensor streams.
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Validation of real-time guarantees by evaluating the execution properties of the implemented algorithm, ensuring
freedom of unbounded loops, and of blocking concurrent
interactions.
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