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Chapter 1

Introduction

Sensors measure characteristics of the environment as temperature or distance. They produce
data and send it to a service that manages this data. Many applications use sensors to get
information about the environment. Some of them like GPS and accelerometer are built in
Smart Phones and Tablet PCs to determine the location and position of the device. Others
are used to automate processes. For example, with Cameras and RFID (radio-frequency
identification) chips it is possible to track a product through a manufacturing process.

Sensors are used to recognize events as earthquake or position change. In general, events
are anything that happens. Often the term event is also used as synonym for event message.
An event message is the representation of an event for the purpose of computer processing
[LS08]. Events are processed on the basis of rules like deleting, transforming and aggregating.
In this way complex events are generated with a higher semantic level. Often not a simple
event is important, rather than the aggregation of events. For example, for the start of an
airplane it is important to know that all baggage is on board, not a particular bag. Processing
events to complex events as well as computing on complex events is called Complex Event
Processing (CEP).

A possible application for CEP is a baggage management system at the airport. The baggage
management system is responsible for the correct routing of the baggage. Therefore, baggage
is tagged at the Check-In with RFID (radio-frequency identification) tags. When a bag passes
a tag reader device, a message containing the position and time is reported to route the bag
to its destination. Thus, the tag reader recognize the event “baggage passes”.

Applications in CEP are realized by a rule network as shown in Figure 1.1. The inputs are
simple events and they are processed to complex events. With each rule the number of the
events decreases but the expressiveness increases.

Events do not occur independent from each other, because events are related to other events
by time, causality, and aggregation. Time dependency is based on timestamps, which make
it possible to order events. If the timestamp of event A is greater than of event B, then event
A happens before B. For example, if bag A reaches the reader before bag B, then A and B
have a time related order. On the other hand causal dependency means that event A had to
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Figure 1.1: Rule Network

happen in order that B happen. For example, only after the plane arrives, the baggage on
board can be tagged by a device at the airport. The third dependency aggregation applies to
complex events, event A is created by using events Bi. If all baggage is on the plane, then the
event “all baggage on board” can be reported and the pilot can start.

According to the complexity of the rule and the number of events been processed the work-
load varies. The higher the complexity of the rule the higher the workload is. Furthermore,
the more events have to process, the higher is the workload. It follows, during the processing,
the workload is not constant, there are times when more events should be processed and
times when less events should be processed. A reason for such peaks is, that events are
related to each other and these events often occur intermediately. For instance, if a plane
arrives, lots of new baggage has to be routed. Therefore, more and more bags pass tag reader
devices and new events arise. These events should be processed in real time to avoid that
bags get lost or routed wrongly. Hence, within shortest possible time more compute power
is needed to process all events. If the events could not be processed in real time, either the
events are stored and processed with delay or they have to drop which can leads to wrong
results. On the other hand there are times when fewer events have to process. For example,
at many airports there is a night flight ban. Thus, no baggage has to be routed at this time.

It follows, that a scalable system is required, where it is possible to allocate new resources if
more computing power is required and to scale down, if less computing power is needed.

In a centralized system all events are processed by a single computer but this is not scalable,
because the resources are limited. If the workload increases, there is no possibility to handle
the additional workload. Therefore, nowadays applications are distributed as shown in
Figure 1.2, so that the workload can be distributed among the network participants. The rules
are distributed to several physical nodes. Each node runs a CEP engine, which performs
multiple rules. However, in standard distributed systems it takes too long to allocate new
resources in order to handle rapidly increasing workload.

A solution for flexible resource allocation is Cloud Computing. From a Cloud provider,
consumers can acquire virtual computing resources on demand. Capabilities are available
over the network. More precisely, the provider’s computing resources are pooled to serve
multiple consumers’ requests using a multi-tenant model with different physical and virtual
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resources. The resources can be dynamically assigned and reassigned according to consumer
demands [VBB11]. The advantage is that the provision is rapid, flexible and the consumer
pays only for the capacity of the provisioned resource at a particular time. A consumer can
acquire as many virtual machines as he needs. Hence, virtualization is an important topic in
Cloud Computing. A virtual machine acts like a real one including the components, storage,
processing power, memory and network.

Cloud Computing can be used to handle workload peaks of a CEP application. If there are
lots of events to be processed, then the computing power of the virtual machine has to be
increased. If the physical limit is reached, then a new virtual machine has to be allocated.
On the other hand it is possible, that the resource can be deallocated to reduce costs.

1.1 Task description

In this work a new approach is developed to handle peaks in the workload by using a Cloud
environment. The Cloud environment makes it possible to allocate new resources quickly in
order to process more events. Storing events in a queue should be avoided, because to less
resources are available. If the system recognizes that more resources should be allocated. It
should also be consider, that no unused resources is allocated, because in the Cloud resources
have to be paid as long as the resources are allocated.

At first, a system model will be developed that makes it possible to deploy the CEP network
in the Cloud environment. Furthermore, the system will be able to reconfigure itself in order
to add new resources as well as to delete existing resources and to balance the workload on
all existing resources.

In the second step, an algorithm will be developed, which decides if new resources have to
be allocated and when resources have to be deallocated. The algorithm will ensure, that
the new resource is available when it is needed, which means without the new resource,
the events will be stored in the queue. Thus, that as less as possible resources are allocated,
which means a resource can be deallocated, if it has no effect on the event processing.

9
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The last step will be an evaluation of the methods in different situations to find out what
the possible error sources are, in what situations can this solution be used and what are the
advantages and disadvantages. Furthermore, it should also be considered, which possibilities
exist to improve this approach.
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Chapter 2

Foundation

2.1 Event Processing

This chapter covers the foundation of the term event processing which includes all procedures
executing on events. At first, it is essential to know what an event is. A short explanation
is already given in the introduction as well as some examples. There are lots of different
definitions in the field of event processing because it was developed in various areas including
business activity monitoring, sensor networks and market data [EB09]. The first approach for
standardization is a glossary [LS08] published by the Event Processing Technology Society
(EPTS). They define an event as follows:

Definition 1. (Event): An event is anything that happens, or is contemplated as happening.

This definition included that an event can be real, for example an earthquake or a landing
airplane, or artificial as changing a state in a database or in a finite state machine. In order to
process an event it is mandatory to have a representation that can be handled by a computer.
The EPTS defined this as follow:

Definition 2. (event object, event message, event tuple): An object that represents,
encodes, or records an event, generally for the purpose of computer processing.

There may be several event messages belonging to the same event, because several devices
recorded the same event. In general event processing is defined as follows:

Definition 3. (Event Processing): Computing that performs operations on events, including
reading, creating, transforming and deleting events.

Processing events is often done in event-based systems shown in Figure 2.1. There are three
main components: producer, consumer and notification service. A producer recognizes
events and passes the notification to the notification service. In the context of this work,
a notification is an event message. The consumer registers at the notification service for
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tween the endpoints of the underlying communication mechanism. The dis-
tinction between events, notifications, and messages is used to clearly sepa-
rate the underlying communication technique from the mode of interaction,
cf. Sect. 2.1.4.

2.1.2 Producers and Consumers

The software components of an event-based system act as producers and con-
sumers of notifications. Producers are components that publish notifications.
A producer’s implementation is “self-focused” in the sense that it observes
only its own state. The decision to publish a state change is made by the
component’s internal computation and is a core part of its function. What
changes are published and how this decision is configured/programmed into
the producer are issues of past and ongoing research in areas like debug-
ging [33] and monitoring [231], reflection [223], and aspect-oriented program-
ming (AOP) [82]. Published notifications are not addressed to any specific
(set of) receivers; they are rather forwarded to the event notification service
for further distribution. Producers are unaware of any other components and
they do not anticipate any reaction on the receiver side; this is detailed in
Sect. 2.2.

Consumers react to notifications delivered to them by the notification
service. They, too, are unaware of their specific communication peers. Not
knowing the actual producers of notifications, consumers issue subscriptions
to describe the kinds of notifications they are interested in; different classes of
subscriptions are depicted in the next section. If a component is both consumer
and producer, it reacts to both incoming notifications and observed internal
state changes, and the resulting computation may lead to newly published
notifications.

Figure 2.1: Event-based system [MFP]

particular events and receives them from the notification service, which acts as a mediator
between the components and transmits the notification from the producer to all consumers
that have notified for it. The consumer does not have to know the producer of the event as
well as the consumer is unknown to the producer. This means consumer and producer are
decoupled.

For example, in a baggage management system the RFID readers are producers. They detect
new baggage, record the events and send the information to the baggage management by a
notification service. The event messages are processed and the result can be passed as a new
event message, for example to give the signal “all baggage on board” .

2.2 Complex Event Processing

Event processing on simple events have some problems, because there are a lots of simple
events with low semantic expressiveness. To get the desired result, lots of events have to be
considered. Hence, it is difficult to recognize complex correlations and lots of computing
power is required to process all events. Therefore, Complex Event Processing was developed.
Complex events have a higher semantic level and they aggregate multiple simple events.
Thus, the number of events decreases with every process step. The definition for Complex
Event Processing is:

Definition 4. Complex event processing (CEP): Computing that performs operations on
complex events, including reading, creating, transforming, or abstracting them.

The difference between definitions [4] and [3] is that the operation is based on complex
events, instead of simple ones. A complex event is an abstraction of other events, called
its members. Hence, only one event is necessary to represent these events which reduce
the number of events. There are different types of complex events, like derived event and
composite event. A derived event is generated as a result of applying a method or process
to one or more other events. A composite event is a derived, complex event that is created

12
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by combining base events using a specific set of events constructors such as disjunction
conjunction, sequence etc. The term aggregate event is sometimes used for some forms of
composite or derived event.

In the baggage management system an event occurs if a bag reaches its destination airplane.
If all baggage is on board a complex event is generated to signal that the airplane can start.
After this, only the complex event is important and the input events can be deleted under
the precondition that the events are not required by other operations.

Events, simple as well as complex ones, are processed on the basis of rules. A rule is a
prescribed method to processing events. The input of a rule can be multiple different types
of events. The generated result event can be input for other rules.

In CEP, the event sources are often event streams. An event stream is a “linearly ordered
sequence of events” [LS08]. For instance, if a sensor measures every second the new value,
then every measurement is send as event in a stream. Hence, event queries have to evaluate
continuously during events occur. Processing events of an event stream is called Event
Stream Processing (ESP)

There are several languages providing event queries on the market. In [EB09] are defined
four requirements for such languages:

• Data extraction: It should be possible to extract data from the event message

• Composition: Several events are summarized in one complex event

• Temporal Relationship: It should be possible to define temporal conditions as well as
causal ones

• Accumulation: Queries are defined on a certain window of the stream, otherwise
negation as absent of an event cannot be evaluated.

Complex events are processed in software module called CEP-Engine which perfomes
multiple rules. The CEP-Engine can act as event source as well as event sink. Due to
that it can be build a network, where the nodes are CEP-Engines and the edges are event
streams. Such a network is shown at Figure 1.2in the introduction. The events are getting a
hierarchical structure. At the beginning there are lots events, during they are processed in
the network, the number decrease but the expressiveness of each event are increased.

2.2.1 Esper

In this work Esper is used as CEP Engine. Esper is open-source and written entirely in Java.
Esper reverses the acting by a database system. Instead of storing the data and then run
queries on it, Esper allows application to store queries and run the data through them. The
complete documentation is given in [Esp12]

Esper enables to formulate continuous queries easily, because it provides an SQL-like
language extended to handle event streams and event pattern called Event Processing
Language (EPL).

13



2 Foundation

Esper features an expressive Event Processing Language

• Continuous queries, filtering and computations (min, max, avg, stddev, vwap, ... )

• Continuous joins

• Followed-by logic, repeat patterns and detection of missing events

• ESP and CEP federated processing

• Time and length based sliding window

• Output flow control

• Continuous joins of streams and historical data stored in relational databases, with
local caching

• High performance, low latency

In Figure 2.2 the processing model is shown.

Figure 2.2: Esper Process Model [Esp08]

At the beginning event queries and pattern statements are registered in the Esper container.
At the execution time the events flow through the event stream connectors and adapter.
Afterward arbitrary logic is triggered and bound to the engine in the form of standard java
objects.

Esper offers different event representation as Java objects, .Net objects, Map or SML as
well as several input and output adapter for CSV, JMS, DB, HTTP and Sockets. This
enables embedding event processing in existing Java applications or middleware to add
real-time event- driven capabilities to existing platforms without paying high serialization
cost or network latency for every message received and action triggered. Esper provides
two principle methods or mechanisms to process events: event pattern and event stream
queries.

The event stream queries containing the same language constructs as SQL: SELECT, FROM,
WHERE, GROUP BY, HAVING and ORDER BY. Listing 2.1 shows an example: This query returns as
result all event messages from Sensor B. In event stream processing streams replace database

14



2.2 Complex Event Processing

tables as the source of data with events and replacing tables rows as the basic unit of data.
Since events are composed of data, the SQL concepts of correlation as joins, filtering and
aggregation, makes it possible that grouping can be effectively leveraged. EPL statements
are used to derive and aggregate information from one or more streams of events, and to
join or merge events streams. An important feature is the possibility to define one or more
views, which make the data available for querying and filtering. Some views represent
windows over a stream of events as shown in Listing 2.2:This query returns as results all
event message, that are sent by the sensor B in the last 10 seconds. Other views derive
statistics from event properties group events or handle unique event property values. The
Esper engine ensures that views are reused among EPL statements for efficiency. EPL queries
are created and stored in the engine. The results are published to listeners as events. The
implemented listener specifies the reaction of the result. For example, a new event can be
created with the result information, that are input for another query.

SELECT *
FROM Sensor_Events
WHERE Sensor_Name = B

Listing 2.1: Esper Query
SELECT *
FROM Sensor_events.win:time(10 sec)
WHERE Sensor_Name = B

Listing 2.2: Esper query with window

Event pattern languages specify expression-based event pattern matching. An event pattern
matches if an event or multiple events occur that match the pattern’s definition. Pattern
expression consists of pattern atoms and pattern operators. Pattern atoms are the basic
building blocks of patterns. Pattern operators control expression lifecycle and combine
atoms. There are four kinds of operators: operators that are control pattern sub-expression
repetition (every, every-distinct and until), local operators (and or not), temporal operators
that operate on event order (followed by) and guards that are where-conditions controlling
the lifecycle of subexpressions (timer, within, max and while expression). A Pattern can be
anywhere in the FROM-clause of an EPL statement including joins and subqueries. Patterns
maybe used in combination with the WHERE, GROUP BY, HAVING clauses as well as to limit the
output rate. Example 2.3shows a pattern. The result of this query is all events where the
message from A arrives directly before B.

SELECT *
FROM PATTERN [every a=sensor_event(name=a) every b=sensor_event(name=b)]

Listing 2.3: Esper Pattern
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2.3 Cloud Computing

This chapter gives an overview about Cloud Computing. William Voorsluys et al. [VBB11]
describe the roots of Cloud Computing as the advancement of several technologies, especially
hardware, internet technology, distributed computing and system management. Cloud
Computing has caused a change from in-house generated computing power into utility-
supplied computing resources delivered over the internet as Web Service. Both, the provider
and the consumer, have benefits. On the consumer side the IT-related cost are reduced by
choosing cheaper service from a provider and has not to investigate in IT-infrastructure
and personnel hiring. Providers achieve better operational cost. Hardware and software
infrastructures are built to provide multiple solutions and serve many users. Therefore, the
efficiency is increased. The time of return on investment is reduced as well as the total cost
of ownership.

There are lots of different vendors offering Cloud services, but there are just a few standards
on this area. Hence, there exists no general definition of Cloud Computing. However, the
National Institute of Standards and Technology (NIST) has given some characteristics which
are essential for a Cloud [MG11].

• On demand self-service: A consumer can provision resources without requiring human
interaction with the provider.

• Broad network access: Capabilities are available over the network and can be accessed
through standard mechanisms.

• Resource pooling: The provider’s computing resources are pooled and can serve multiple
consumers based on a multi-tenant model. Different physical and virtual resources
dynamically assigned and reassigned according to consumer demand. The consumer
does not know the exact location of the provided resources but sometimes on a higher
abstraction level as country or state.

• Rapid elasticity: Resources can be rapidly and elastically provisioned. Sometimes, the
scale is done automatically. The available capabilities for provisioning, often appear to
the consumer as be unlimited and can be purchased in any quantity at any time

• Measured Service: Cloud systems automatically control and optimize the use of the
resources by leveraging a metering capability at some level of abstraction appropriate
to the type of service. Resource usage can be monitored, controlled, and reported,
providing transparency for both the provider and consumer of the utilized service

There are different abstraction levels to offer capabilities for the provider. The three classes
of cloud computing service level are shown in Figure 2.3: Infrastructure-as-a-Service (IaaS),
Platform-as-a-service (PaaS) and Software-as-a-Service (SaaS).

[MG11] defined the Service Models as following:

Software-as-a-Service: Provider’s applications running on a cloud infrastructure. The appli-
cations are accessible from various client devices through a thin client interface
such as a web browser. The consumer has no access to the Cloud infrastructure.

16



2.3 Cloud Computing

enables on-demand provisioning of servers running several choices of operating
systems and a customized software stack. Infrastructure services are considered
to be the bottom layer of cloud computing systems [39].

Amazon Web Services mainly offers IaaS, which in the case of its EC2
service means offering VMs with a software stack that can be customized
similar to how an ordinary physical server would be customized. Users are
given privileges to perform numerous activities to the server, such as: starting
and stopping it, customizing it by installing software packages, attaching
virtual disks to it, and configuring access permissions and firewalls rules.

1.3.2 Platform as a Service

In addition to infrastructure-oriented clouds that provide raw computing and
storage services, another approach is to offer a higher level of abstraction to
make a cloud easily programmable, known as Platform as a Service (PaaS). A
cloud platform offers an environment on which developers create and deploy
applications and do not necessarily need to know how many processors or how
much memory that applications will be using. In addition, multiple program-
ming models and specialized services (e.g., data access, authentication, and
payments) are offered as building blocks to new applications [40].

Google AppEngine, an example of Platform as a Service, offers a scalable
environment for developing and hosting Web applications, which should
be written in specific programming languages such as Python or Java, and use
the services’ own proprietary structured object data store. Building blocks
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Figure 2.3: The Cloud Computing Stack [VBB11]

Platform-as-a-Service: The consumer can deploy consumer-created or acquired applications
onto the Cloud infrastructure using programming languages and tools supported
by the provider. The access to the Cloud infrastructure is limited,. The consumer
has only control over the deployed applications and possibly applications hosting
environment configurations.

Infrastructure-as-a-Service: The provider offers virtualized processing, storage, network, and
other fundamentel resources. The consumer can run arbitrary software on that,
including the operating system. Therefore, he has control over the operating sys-
tems, storage, deployed applications and possibly limited control of networking
component, but not on the underlying Cloud infrastructure.

Cloud computing do not only differ in its offered services, but also on the environment
which the services are deployed. In [MG11] are defined four different kinds of cloud-based
deployment models are defined: Private Cloud, Community Cloud, Public Cloud and Hybrid
Cloud.

Private Cloud: The Cloud infrastructure is operated solely for an organization. It may be
managed by the organization or a third party and may exist on premise or off
premise.

Community Cloud: The cloud infrastructure is shared by several organizations and supports a
specific community that has shared concerns (e.g., mission, security requirements,
policy, and compliance considerations). It may be managed by the organizations
or a third party and may exist on premise or off premise.

Public Cloud: The Cloud infrastructure is made available to the general public or a large
industry group and is owned by an organization selling Cloud services.
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2 Foundation

Hybrid Cloud: The Cloud infrastructure is a composition of two or more clouds (private,
community, or public) that remain unique entities but are bound together by stan-
dardized or proprietary technology that enables data and application portability
(e.g., cloud bursting for load balancing between clouds)."

A private cloud is often a data center which is extended by virtualization and cloud-like
interfaces [VBB11]. Due to this, security and privacy is better than in a public cloud, where
multiple users share the same resources. However, the cost of a private cloud is constant. It
does not matter, if the resources are used or not. As opposed to the data center, the resource
can be more utilized. The big advantage of public cloud is the “pay-as-you-go”-manner,
this reduces the running cost. The problem is that Cloud provider typically offers only
standardized sizes of the resources as small, medium and large. Thus, the resources are not
optimized on the consumer requirements.

The following section describes more precisely IaaS, because in this work we will focus on
that layer.

2.3.1 Infrastructure-As-A-Service

As mentioned in the introduction virtualization is an important topic in Cloud Computing
and one key feature of IaaS. To make that clear, it is just needed to look at the past. It
was very difficult to install a new server for a particular task. The IT-administrator had to
investigate a lot of time going through the whole checklist doing the specific procedure.
With the virtualization technology involved in Cloud Computing it takes quite fewer time
to do the same. The consumer has only to define the properties of the virtual server and
provision it over a self-service interface. In shortest possible time, the new server with all
requirements is available. [ER11]

As we can see in the example, virtualization allows allocating new resource easily. Additional,
the flexibility increased, because virtual machine can be scaled up and down on demand
and on consumer side it seems, that there is an infinite availability of resources.

In Figure 2.4 the lifecycle of a virtual machine in a Cloud is shown. With that it obvious, that
no immediately after sending the allocation request the new virtual machine is available for
the user. If the allocation request is received by the Cloud provider, the IT administrator has
to find a good place for the virtual machine according to its requirements. The operating
system and the applications has to be load as well as customizing and configuring the virtual
machine. Then the server starts and the virtual machines is available by a web service for
consumer. During the operation, services can be migrate and the compute resources can be
scale. After the deallocation request service is ended and the compute resources deallocate
to other virtual machines.

An example for a Public Cloud providing IaaS is the Amazon Elastic Compute Cloud
(EC2). Users can provision new virtual machines into the amazon’s virtualized infrastructure
through a web service. Additional features are rebooting their instances remotely, scaling
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2.3 Cloud Computing

� Vendors of grids/clouds to offer standard interfaces for dynamically
scalable service’s delivery in their products.

5.3 VIRTUAL MACHINES PROVISIONING AND MANAGEABILITY

In this section, we will have an overview on the typical life cycle of VM and its
major possible states of operation, which make the management and automa-
tion of VMs in virtual and cloud environments easier than in traditional
computing environments.

As shown in Figure 5.3, the cycle starts by a request delivered to the IT
department, stating the requirement for creating a new server for a particular
service. This request is being processed by the IT administration to start seeing
the servers’ resource pool, matching these resources with the requirements, and
starting the provision of the needed virtual machine. Once it is provisioned
and started, it is ready to provide the required service according to an SLA, or a
time period after which the virtual is being released; and free resources, in this
case, won’t be needed.

Release Ms

VMs In Operation VM Provision

IT Service Request

• End of service
• Compute resources
 deallocated to other VMs

• Serving web requests
• Migration services
• Scal on-demand
 compute resources

• Infrastructure
 Requirements Analysis
• IT request

• Load OS � Appliances
• Customize and Configure
• Start the server

FIGURE 5.3. Virtual machine life cycle.

130 VIRTUAL MACHINES PROVISIONING AND MIGRATION SERVICES

Figure 2.4: The lifecycle of a virtual machine [ER11]

capacity quickly and using on-demand service when needed. They get full root access
and can install almost any OS or application in their machines. Amazon offers 6 different
types of instances: Standard Instances (Sizes: Small, Large, Extra Large), Micro Instances,
High-Memory-Instances (Sizes: Extra Large, Double Extra Large, Quadruple Extra Large),
high-CPU Instances (Medium, Extra Large), Cluster Compute and Cluster CPU. They differ
at the rate of CPU-performance and memory.
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Chapter 3

Related Work

As pointed out in the introduction a main problem in CEP are the peaks in the workload,
where more and more events have to process. There are several approaches to smooth the
workload by load balancing. The simplest one is load shedding. Load shedding is dropping
events in order to decrease the load. The problem of load shedding is that omitting events
leads to less accuracy in the result. Tabul et al. [TÇZ+

03] developed various techniques for
inserting dynamically drop operators. They specify Quality of Service (QoS) rules in order
to determine events having the less impact on the accuracy of the result. These events are
candidates for dropping.

Another approach without load shedding offer distributed CEP systems, because there are
multiple node performing various rules. Load balancing can be done by migrating rules
between different nodes. Nodes with a high working load migrate rules to other nodes with
less workload. Cherniack et al. discuss in [MHM+

03] the architectural issues to extent their
existing centralized stream processing Aurora, shown in Figure 3.1, into a distributed one.
The focus is on load management, high availability and federate operation issues. Aurora*
is a network consisting of several Aurora nodes, which acts like a centralized streaming
processor. Each node monitors its local operation, its workload and available resources. If
more resources are needed, it will consider offloading rules to another appropriate Aurora
node. They introduce two techniques box sliding and box splitting to distribute rules. One

Input data 
streams

Output to 
applications

Continuous & ad hoc
queries

Operator boxes Historical
Storage

 
Figure 1: Basic Aurora System Model 

1. (A = 1, B = 2) 
2. (A = 1, B = 3) 
3. (A = 2, B = 2) 
4. (A = 2, B = 1) 
5. (A = 2, B = 6) 
6. (A = 4, B = 5) 
7. (A = 4, B = 2) 

    … 
Figure 2: A Sample Tuple Stream 

found in most process flow and workflow systems. Here, 
tuples flow through a loop-free, directed graph of 
processing operators (i.e., boxes), as shown in Figure 1. 
Ultimately, output streams are presented to applications, 
which must be constructed to handle the asynchronously 
arriving tuples in an output stream. 
 Every Aurora application must be associated with a 
query that defines its processing requirements, and a 
Quality-of-Service (QoS) specification that specifies its 
performance requirements (see Section 7.1).  

2.2 Query Model  
Queries are built from a standard set of well-defined 
operators (boxes). Each operator accepts input streams (in 
arrows), transforms them in some way, and produces one 
or more output streams (out arrows). By default, queries 
are continuous [5] in that they can potentially run forever 
over push-based inputs. Ad hoc queries can also be 
defined and attached to connection points: predetermined 
arcs in the flow graph where historical data is stored.   

Aurora queries are constructed using a box-and-arrow 
based graphical user interface. It would also be possible 
to allow users to specify declarative queries in a language 
such as SQL (modified to specify continuous queries), 
and then compile these queries into our box and arrow 
representation.  

Here, we informally describe a subset of the Aurora 
operators that are relevant to this paper; a complete 
description of the operators can be found in [2, 4]. This 
subset consists of a simple unary operator (Filter), a 
binary merge operator (Union), a time-bounded 
windowed sort (WSort), and an aggregation operator 
(Tumble). Aurora also includes a mapping operator 
(Map), two additional aggregate operators (XSection and 
Slide), a join operator (Join), and an extrapolation 
operator (Resample), none of which are discussed in 
detail here. 

Given some predicate, p, Filter (p) produces an output 
stream consisting of all tuples in its input stream that 
satisfy p. Optionally, Filter can also produce a second 
output stream consisting of those tuples which did not 
satisfy p. Union produces an output stream consisting of 
all tuples on its n input streams. Given a set of sort 
attributes, A1, A2, …, An and a timeout, WSort buffers all 
incoming tuples and emits tuples in its buffer in 

ascending order of its sort attributes, with at least one 
tuple emitted per timeout period.* 

Tumble takes an input aggregate function and a set of 
input groupby attributes.† The aggregate function is 
applied to disjoint “windows” (i.e., tuple subsequences) 
over the input stream. The groupby attributes are used to 
map tuples to the windows they belong to. For example, 
consider the stream of tuples shown in Figure 2. Suppose 
that a Tumble box is defined with an aggregate function 
that computes the average value of B, and has A as its 
groupby attribute. This box would emit two tuples and 
have another tuple computation in progress as a result of 
processing the seven tuples shown. The first emitted 
tuple, (A = 1, Result = 2.5), which averages the 
two tuples with A = 1 would be emitted upon the 
arrival of tuple #3: the first tuple to arrive with a value of 
A not equal to 1. Similarly, a second tuple, (A = 2, 
Result = 3.0), would be emitted upon the arrival of 
tuple #6. A third tuple with A = 4 would not get emitted 
until a later tuple arrives with A not equal to 4. 

2.3 Run-time Operation 
The single-node Aurora run-time architecture is shown in 
Figure 3. The heart of the system is the scheduler that 
determines which box to run. It also determines how 
many of the tuples that might be waiting in front of a 
given box to process and how far to push them toward the 
output. We call this latter determination train scheduling 
[4]. Aurora also has a Storage Manager that is used to 
buffer queues when main memory runs out. This is 
particularly important for queues at connection points 
since they can grow quite long. 

Aurora must constantly monitor the QoS of output 
tuples (QoS Monitor in Figure 3). This information is 
important since it drives the Scheduler in its decision-
making, and it also informs the Load Shedder when and 
where it is appropriate to discard tuples in order to shed 
load. Load shedding is but one technique employed by 
Aurora to improve the QoS delivered to applications. 
                                                           
* Note that WSort is potentially lossy because it must discard any tuples 
that arrive after some tuple that follows it in sort order has already been 
emitted. 
† Aurora’s aggregate operators have two additional parameters that 
specify when tuples get emitted and when an aggregate times out. For 
the purposes of this discussion, we assume that these parameters have 
been set to output a tuple whenever a window is full (i.e., never as a 
result of a timeout). 

 

Figure 3.1: Aurora system model [MHM+
03]
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3 Related Work

problem obtained, there are limited resources. If every node reach its limit, no ruler can be
migrate and the nodes overload.

Therefore, Kleiminger et al. introduce in [KKP11] a combined stream processing system.
Events are processed locally as well as in the Cloud. The advantage for processing events
in the Cloud is the seeming unlimited availability of resources. As shown in Figure 3.2,
there are a centralized load balancer, a local stream processor and a Cloud stream processor.
The local stream processor handles the average load and the Cloud stream processor is
responsible for the peaks in the workload. The load balancer monitors the state of the input
queue and decides on this state which processor is used. The state is depended on the size
of the queue. If a specified size is reached, not only the local stream processor processes
event but also the Cloud processor. The problem is, that a centralized load balancer is not
scalable.

demands and can scale processing across many machines. The
stream provider delivers raw data streams to the front-end
node. Clients can submit queries to access the stream data. The
front-end node runs a load balancer that is the key component
of our system. It dynamically distributes the load between the
local processor and the cloud processor. In this way, cloud
processing remains transparent to the user. Once stream tuples
have been processed by the combined system, a result stream
is delivered to the client.

In practice, such an approach requires a high bandwidth
network link (e.g. 10–100 Mbps) between the local node and
the cloud, otherwise the network is unable to handle bursts in
the input data rate as mentioned before. The processing in the
cloud is bounded by the number of windows that it receives.
If the bandwidth between the local node and the cloud is not
sufficient, we can only “outsource” a limited amount of data.
These limitations can be overcome partly with techniques such
as tuple filtering [12] and compression [13]. Our system uses
the zlib compression library to reduce windows sizes prior
to transmission, with an observed reduction by a factor of 6
on average.
Cloud Stream Processor. The cloud stream processor consists
of a front-end node called a JobTracker and worker nodes
called TaskTrackers. Its architecture is inspired by a batch
processing system such as MapReduce [1]. In contrast to other
stream processing systems [7], we have followed Condie et al.
[14] and chosen a simple query semantics using map() and
reduce() functions over the more widely used SQL-like
approach. The resulting architecture allows for the seamless
addition and removal of resources in a cloud environment.

The map function takes a (key, value) pair and pro-
duces a list of pairs in a different domain. These tuples are then
grouped under the same key. The resulting tuples of (key,
[value]) pairs are processed by the reduce function that
produces output values in a (possibly) different domain.

When a user submits a query to the system, it is au-
tomatically distributed over all available TaskTrackers. The
cloud stream processor manages the addition and removal
of TaskTrackers to enable cloud scaling. The input stream
is received by the JobTracker and then partitioned over the
TaskTrackers. Once the output has been computed, the set of
result tuples is sent back to the client through the JobTracker.

The cloud stream processor operates at a window granu-
larity. Each TaskTracker computes the submitted query over
a whole window. If n TaskTrackers are registered with the
JobTracker, it is possible to compute n windows in parallel.

Given a sufficiently large window and a complex query,
a cluster of machines can also parallelise the query at tuple
granularity. In this case, the JobTracker receives a window,
partitions it into equally-sized chunks, and orders the Task-
Trackers to use the map and reduce functions for computing
the output in parallel. As our experimental evaluation reveals,
this approach does not work well because of the small size of
the input window, the simplicity of the query and the overhead
due the transmission of intermediate results between the nodes.
These problems are discussed further in Section V.

Cloud

Processed window Unprocessed window

Load balancer
Local stream processor

Stream provider
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Input queue

Output queue

1

4
3

2

Fig. 2. Queue management performed by load balancer. The numbers show
the sequence of steps.

idle local dual

item in queue window dropped
item in queue window dropped

queue empty
queue empty

dropped below threshold

item in queue
threshold exceeded

overloaded

Fig. 3. State diagram of transitions between local and cloud-assisted stream
processing.

Local Stream Processor. The local stream processor is a
simplified version of the cloud stream processor. Similar to
the cloud stream processor, the local stream processor uses
map() and reduce() functions to compute the query over
the data. Since it communicates with the load balancer over
network sockets, it does not have to run on the same node as
the load balancer. This means that our load balancer could be
used with a different stream processor such as Cayuga [8].

IV. ADAPTIVE LOAD BALANCING

When adaptively balancing the workload between the local
processor and the cloud processor, we expect the local node to
process the stream most of the time. Without load balancing,
the local stream processor would have to discard windows
when the incoming data rate increases beyond its processing
capacity. At this point, the load balancer forwards the excess
windows to the cloud processor in order to sustain throughput
at an increased input rate.

The operation of the load balancer using multiple queues
is illustrated in Figure 2. We assume that the client fulfills a
dual role of being both the stream source and consumer of the
result stream. Incoming windows are added to an input queue
(step 1). The load balancer monitors the size of this queue to
decide when to make use of the cloud processor. Depending on
the state of the load balancer, windows are assigned to the local
stream processor, or to both, the local and the cloud stream
processor (step 2). The output from both stream processors is
sent to an output queue (step 3). The output queue is needed
to ensure that the output tuples are returned in the correct
order. Due to the different processing latencies between the
local and the cloud stream processors, windows might have
been re-ordered. In step 4, the output windows are sent back
to the client.
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Figure 3.2: Kleiminger’s approach [KKP11]

Randels et. al in [RLTB10] recognized that a centralized load balancer is a bottle neck in
distributed system. Therefore, they present a distributed load balancing approach on the
basis of natural inspired algorithms for the Cloud. Three methods are introduced in order
to maximize the global goal by local node interaction. Their goal is to make the best use
of the resources. The methods are honeybee, random sampling and active clustering. For
example, the honeybee is a biologically inspired searching algorithm that mimics the food
foraging behaviour of honey bees swarms. They try find the best feeding place for the
swarm by the local search of each bee. For our application good food are resources that
have high effective usage. Resource usage is measured locally by the profit function. Hence,
unprofitable resources are abandoned and profitable ones are allocated more task. The
approach is deveolped for balancing load in the cloud but maybe, it should apply on load
balancing in CEP systems as well.

Hummer et al. [HLSD11] have introduced a method for dynamic migration of processing
elements between different nodes. This method is developed for WS-Aggregation. The
processing elements are event buffer, preprocessor and queries including the subscribing
metadata. An example is shown in Figure 3.2. An aggregator node can execute multiple
queries. An event buffer has to be duplicated if two queries located on different nodes use
the same input data source. During runtime queries can be added and deleted on the system.
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Additionally, queries can be migrate from one node to another one for load balancing. The
migration method does not only respect on load balancing, the look as well for avoiding
duplicating buffers and minimizing the data transfer between nodes. Therefore, the method
tries to find a valid solution for the query placement under the given constraints. The load
of each node is determine by the stress level provided by a metadata interface of the Cloud
node. If the stress level is at the maximum, queries should be migrate to another node. If
the algorithm can not found a valid solution, an new machine is requested from the cloud
environment and the optimization is restarted.

of the service and the filter expression determines which types of events should
be returned. That is, different data sources may be accessed under the same
service endpoint. The filter may be empty, in which case events of all types are
returned.

The reason for abstracting inputs from data sources is that different queries
may require different data from one and the same source. As an example, assume
a data source which every second emits an event with the market price of two
stocks, and two queries which compute the Pearson correlation as well as the
Spearman correlation of the historical prices. This means that each of the inputs
needs to be processed (computed) separately, but the same underlying event
buffer can be used for both inputs. We use the function buf to determine the data
sources from which an aggregator “currently” (at some point in time) receives
and buffers events.
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s3 Query q2
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Client for
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Query q2

           . . .
Event Buffer

Input i4

Fig. 1. Illustrative Instantiation of the Model for Distributed Event-Based Queries

The key aspects of the processing model are illustrated in Figure 1, which
depicts two aggregator nodes (a1,a2) executing two queries (q1,q2) consisting
of five inputs (i1,. . . ,i5) in total. The query execution happens in two steps:
firstly, the incoming events are buffered and preprocessed to become the actual
inputs (e.g., average value of previous stock prices), and secondly the inputs are
joined and combined as defined in the query specification. Dashed lines in the
figure indicate aggregator-internal data flow, whereas solid lines stand for data
exchanged with external machines. Aggregator a1 orchestrates the execution
of query q1 and notifies the client of new results. We hence denote a1 as the
master aggregator for q1 (analogously, a2 is the master of q2). The data source
s3 provides data for one single input (i5), whereas inputs i1/i3 and i2/i4 are based
on the events from s1 and s2, respectively. We observe that the events from s2 are
buffered both on a1 and on a2, which we denote buffer duplication. In Figure 1,
an arrow pointing from an input ix to iy indicates a data dependency, i.e., that ix
provides some data which are required by iy. In the case of i1 and i2, this passing

Figure 3.3: Hummer’s approach [HLSD11]
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Chapter 4

The System Model

The following section describes the system model developed for CEP in the Cloud.

4.1 The CEP Network

A CEP application is modeled by a rule network. The rule network in standard distributed
CEP Systems is mapped to a physical network by deploying the rules on physical nodes.
Often, multiple rules are deployed on one physical node. An example is given in Figure
4.1. In this work the rule network is mapped to a virtual network. The virtual environment
allows to deploy every rule on a single virtual machine provided by the cloud as shown in
Figure 4.2.

r1

r2

r3 r4

physical node
physical node

Figure 4.1: Old mapping

4.1.1 Eventrate

The eventrate defines the number of incoming events per seconds. The incoming events have
to be processed by a specific rule. In order to determine the eventrate, the incoming events
per second are counted. The measurement unit is events per second (e/s). For instance, if
the eventrate is 100e/s, then 100 event arrived within the last second.
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4 The System Model

Cloud Provider

r1

r2

r3 r4

VM

VM

VM VM

Figure 4.2: New mapping

The eventrate is not constant over the time. There are peaks with more incoming events and
minima with smaller number of events. The function rate(t) : time− > eventrate defines the
change of the eventrate. An example is given in Figure 4.3.

time
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e/s

rate(t)

s

1 2 3 4 5 6 7 8 9 10

Figure 4.3: The-function-rate()
The x-axis is the time dimension and the y-axis is the eventrate. For example between second
2 and 3, there are 300 events being processed. One second later, there are 400 events. Thus,
the eventrate changes.
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4.1 The CEP Network

4.1.2 Virtual Node

A virtual node vi is a virtual machine which performs rule ri. Each virtual machine has
the same fixed size of maximum computing power. The larger the eventrate is the more
computing power is needed. Furthermore, the higher the complexity of the rules is the
more computing power is needed [Ste]. Due to the fixed maximum computing power of
each node and since one node performs exactly one rule, for each node vi a maximum
eventrate emax can be defined as the eventrate which effects that the workload of vi is 100%
and, simultaneously, no events are stored in the queue. We assume, that all virtual machines
have the same maximum computer power and therefore, emax is equal for all virtual nodes
deploying the same rule. If two node perform different rules, emaxcan vary.

In order to process more events than emax, a new node with the same rule can be allocated.
The two nodes share the workload.

4.1.3 Event Stream Splitting

In order to distribute the workload to multiple nodes, the input event stream has to split. In
general, this is not easy, because events are not independent from each other and some rules
need the event stream history to get the result. For example, a rule should be recognizing, if
the event A is directly follow by event B. The result is wrong, if event A is passed to another
node as B. The solution of this problem is not in the focus of this work. There are related
works, which have already considered this problem [BKS+99, LRE09]. In the following, we
assume that well-performing splitting components are already available.

4.1.4 Rule Cluster

All nodes vi performing the same rule ri belong to the same cluster Ci:

Ci = {vi, v′i, v′′i , v′′′i , ...} (4.1.1)

The first node vi in a cluster is the major node, which cannot be deleted and the resource
manager is located on it. The function of the resource manager is explained in the next
section. Every cluster has a branch and a merge component. The branch component divides
the incoming event stream equally to the node within the cluster. An example is given 4.4.

The function rateri() returns the number events, which have to be processed by the rule ri.
The input of node vi is

ratevi = rateri(t)/|Ci| (4.1.2)

The merge component merges all output events into one stream.
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4 The System Model

Every node within a cluster has the same emax, because all perform the same rule. Therefore,
the maximum eventrate of a cluster is is:

eCi
max = ev1

i
max + ev2

i
max + ev3

i
max + ... (4.1.3)

It follows, the more nodes are in the cluster, the more events can be processed without
delay.

Resource
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Figure 4.4: Cluster

4.2 Cloud Provider

For our approach a cloud provider should be used, that offers IAAS. Therefore, it is possible
to allocate a new node on demand as well as deleting an existing one. One inconvenience is
that the new node is not available directly after the request. According to this, the following
parameter are defined

• ta: Point of time of the allocation request

• tb: Point of time, when the node is available for the customer

• λ: Time between request and node is available

This leads to the following equation:

ta + λ = tb (4.2.1)

The value of λ is given by the Cloud Provider and differs from Cloud Provider to Cloud
Provider.
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Chapter 5

Resource Manager

The resource manager, located on each major node of a cluster, has to ensure that a cluster
has enough computing power, that no event is stored in the queue. This is the case as long
as the maximum eventrate of the cluster is higher than the incoming events:

eCi
max(t) >= rateri(t) (5.0.1)

Additionally, the resource manager arrange that as less as possible resources are allocated.
This is the case as long as inequation 5.0.1 is valid and if the total eventrate of the cluster
with one node less is smaller than the incoming events:

eCi
max(t)− eni

max < rateri(t) (5.0.2)

Once equation 5.0.1 is false, that means the eventrate is greater than emax, we have to allocate
additional resources. We denote this as critical point in time as tc. The resource manager has
to send an allocation request to the Cloud Provider in order to add a new node to the cluster,
when the inequation 5.0.1 is not valid. Otherwise, if the equation 5.0.2 is not valid, it has to
send a deallocation request. The challenge is to determine the point of time ta, when the
resource manager has to send the request. For the allocation request the following has to be
considered.

At time tc a new node has to be added. This is the case when for the first time the incoming
events are more than the maximum eventrate of the cluster:

eCi
max(t) > rateri(t) (5.0.3)

However, the new virtual machine is provided by the cloud provider. Therefore, the equation
4.2.1 has to be considered. The time tb is the time, when the new node is available for the
customer. Thus, this should be equal to tc. Then the maximum eventrate is decrease and the
equation 5.0.1 is valid. For ta follows:

ta = tc − λ (5.0.4)
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5 Resource Manager

If the new node is available at time tc, eCi
max is increased and the equation 5.0.1 is valid. The

request has to be sent before the critical time is reached. The problem is, that rate() is not
given in advanced. Thus, time tc has to be estimate and as a consequence ta. Therefore, it can
happen that tc and tb are different. The goal should be to minimize the difference ∆terror:

∆terror = tb − tc (5.0.5)

A criterion to determine ta is introduced in the next section.

A deallocation request can be sent if the maximum processable eventrate of the cluster is
still greater than the incoming events, if one cluster node is dropped

eCi
max(t)− eni

max > rateri(t) (5.0.6)

Immediately after sending the request the node is no longer available. It is desirable, that
the deallocation request is not send at the first time, when equation 5.0.6 is valid, because
otherwise is can happen, if the incoming events varies only by a few events, every time a
allocation or deallocation requests is sent. Therefore, the difference between the maximum
eventrate with one node less and the incoming events should be greater than a specific
constant:

eCi
max(t)− eni

max − rateri(t) > const. (5.0.7)

5.1 Decision Criterion: Critical Workload

In our approach, the criterion in order to decide the time of sending the request is to define
a critical workload. The critical workload specifies the state of a cluster, where it is highly
probable that a new node is need soon in order to handle the increasing workload. Thus,
at this state a new node has to be allocated.It is defined by threshold h and the maximum
eventrate of the cluster.

h ∗ eCi
max

The value h is between 0 and 1. Therefore, the critical workload is between h ∗ eCi
max and eCi

max.
A allocation request has to be sent if at the first time the incoming eventrate is greater than
the threshold:

h ∗ eCi
max(t) < rateri(t) (5.1.1)

The higher h is chosen, the later the request is send. It has to be ensure, that only once the
allocation request is sent as long as the rate is in the same critical workload. An example is
shown in figure 5.1. .
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5.1 Decision Criterion: Critical Workload

The critical workload should be also considered by sending a deallocation request in order
that equation 5.0.7 is valid. It follows, the request should be sent if the incoming eventrate is
smaller than the critical workload from the cluster with one node less

h ∗ (eCi
max(ta)− eni

max) > rateri(t) (5.1.2)

With this equation it is avoided that the next critical workload is reached and a allocation
request is sent. An example is given in Figure 5.2.
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The threshold is reached at ta. Thus, the allocation request is send. At time tb the new node
is available. Therefore, the maximum eventrate is increase and can processed more events
without delay.

Figure 5.1: Allocation process
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The deallocation request is sent after rate() is smaller than the threshold. If the request is
sent after 5s, rate() will be in the next critical workload and a allocation request will be sent.

Figure 5.2: Deallocation process
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Chapter 6

Evaluation

In this chapter the introduced threshold criterion is evaluated. Therefore, the correlation
between the threshold and the function rate and the impact on the error is considered.

6.1 Implementation

To evaluate the suggest criterion a test environment was developed in Esper. In the test
environment, there are two components: the event generator and the major node. The event
generator produces events and sends them to the major node that performs a rule and runs
the resource manager.

The event generator sends every second a specified event number to the major node. To
test the behavior of an increasing eventrate, the number of events is increased every second
by f , which specifies the number of the additional events per second. For example, if the
increasing factor is 100, then at the first second 100 events are sent and at the next second
200 events and the next second 300 and so on. The value of f has impact on the function
rate(). The higher f is chosen the larger is the gradient of the function rate(). In addition,
the event generator splits the event stream to the several nodes. Therefore, it stores the
number of the virtual machines. On the basis of this number, the event generator sends
only the correspondent proportion to the major node. For instance, if there are two virtual
machines and 400 events should be processed, the event generator sends 200 events to the
major node.

The major node performs the rule presented in 6.1. The rule produces every second a result
counting the incoming events. On that rule an update listener is installed, which is called, if
a new result is produced. The update listener contains the resource manager, if the counting
result is greater than the specified threshold h, then a new virtual machine is allocated by
sending a request to the event generator. It is ensured that only one request is send for the
same critical workload.
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SELECT count(*)
FROM Incoming_Events.win:time_batch(1 sec)

Listing 6.1: Example

6.2 Error description

As mentioned in the chapter before (5.0.5), the goal is to minimize the difference (∆terrror)
between the time when a new node is available (tb) and the time when the node is needed
(tc) .

There are two different possibilities that terror arise.

1. The new node is available before it is needed:

tc > tb (6.2.1)

This mean, for terror seconds, more resources are allocated than needed. Hence, the
equation 5.0.2 is not valid.

2. The new node is later available as it is needed

tc < tb (6.2.2)

This means, for ∆terror seconds, events are stored in the queue. Hence, the equation
5.0.1 is not valid.

In order to compare the different results a mapping between terror and the events should be
done. Therefore, the number of affected events of the error is calculated. In case 6.2.1, this
are the events which can be potential processed more. In opposed to case 6.2.2, that are the
events which are stored in the queue. The number of the affected events can be calculated
through the integral of rate(). The boundaries are tc and tb.

Eerror =

ˆ t2

t1

rate(t)− eCi
max(t) (6.2.3)

t1 = tc and t2 = tb for 6.2.2 otherwise t1 = tb and t2 = tc

As shown in Figure 6.1, in the test cases the rate() is linear function, therefore the integral
is a rectangle triangle. The area can be calculated by A = 1

2 ∗ a ∗ b, where a and b are the
catheti of the rectangle triangle.

Through the measurement we get following results

rate(t1) = r1

rate(t2) = r2
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Figure 6.1: Error Area

It follows, that the area is

Eerror =
1
2
∗ (t2 − t1) ∗ (r2 − r1) (6.2.4)

6.3 Test Series

The correlation between the threshold and the function rate() should be investigated focusing
as the impact on terror. In the first test series, the number of the additional events f is
different in each run. In test series two the threshold h is different. In the last case a long
term observation is done.

In every test, the emax of one virtual node is 1000e/s. The delay λ of the cloud provider is
2s.

Every second the actual eventrate rate(), the maximum evenrate of the cluster eCi
max and the

threshold workload h ∗ eCi
max are recorded. The results are shown in the respective figures.

6.3.1 Test Series 1: Different Gradients

In the first test series the gradient of the function rate() are different, each run has a different
number of the additional events f . The threshold h is 0,8.

Following tests are conducted:
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6 Evaluation

Test a) f=100

Test b) f=30

Test c) f=200

Test a) f = 100

The first test the number of the additional events f of 100. The result is shown in Figure
6.2. At t1 the allocation request is sent. At time t2 the two function eCi

max and rate() has a
interception point and therefore terror is zero as well as Eerror. Hence, the new node is exactly
available when it is needed and no events have to been stored. It follows the relation between
rate() and threshold h is perfect.

Test b) f = 30

In the next run, f is 30. In Figure 6.3 the effect is shown. At time t1(28s) the request is sent,
the new node is available at t2(30s), but the new node is needed at time t3(35s). It follows
that 4terror = 5s and 6.2.1 is the kind of error. The Eerrorcan be calculated by

Eerror =
1
2
∗ (t3 − t2) ∗ (r3 − r2) =

1
2
∗ (35s− 30s) ∗ (1000e/s− 900e/s) = 250e

Hence, the 250 events could be processed more.

Test c) f = 200

In the next the number of the additional events f is 200. As shown in Figure 6.4 at time
t1(5s) the allocation request is sent. A new node is needed at t2(6s), but the new node is not
available until t3(7s). It follows 4terror = 1. At time t3 should be processed 1200 events, only
1000 can be processed, because of the maximum eventrate. Therefore, 200 events are stored
in the queue and are processed in the next period The kind of the error is 6.2.2.The Eerrorcan
be calculated by

Eerror =
1
2
∗ (t3 − t2) ∗ (r3 − r2) =

1
2
∗ (7s− 6s) ∗ (1200e/s− 1000e/s) = 100e

Hence, 100 events have to stored in the queue.

Result

Based on the perfect relation as in test a), it follows: The flatter the gradient of the function
rate, the larger is the error of kind 6.2.1. The steeper the derriation of the function rate() the
larger is the error of kind 6.2.2.

In summary, the gradient has impact on the error.

36



6.3 Test Series

t2

t1

rate()
emax

Ci

h*emax
Ci

Ev
en

tra
te

 [ 
se ]

0

500

1000

1500

2000

Time [s]
2,5 5 7,5 10 12,5 15 17,5 20

Figure 6.2: Test b: Increasing 100 Events per second

Figure 6.3: Increasing 30 Events per second
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6.3.2 Test Series 2: Different Thresholds

According to the perfect case shown in Figure 6.2 with a number of the additional events
f = 100 and a threshold h = 0.8, in the following test series the the increasing factor is fix
and the threshold is varied. Two test has been run:

Test a) h = 0.9

Test b) h = 0.7

Test a) h =0.9

Figure 6.5 shows the results of test a). At t2(12s) the new node is needed, because the
maximum eventrate and the rate() has an interception point, but eventually the new node is
available at t3(13s). It follows that ∆terror = 1s. Case 6.2.2 arises. The Eerror can be calculated
by

Eerror =
1
2
∗ (t3 − t2) ∗ (r3 − r2) =

1
2
∗ (13s− 12s) ∗ (1100e/s− 1000e/s) = 50e

Test b) h=0.7

In test b), the threshold is 0.7. This results in case 6.2.1, shown is figure 6.6. At t2(10) the
new node is available and at t3(11s) the function rate() has reach the maximum eventrate.

Eerror =
1
2
∗ (t3 − t2) ∗ (r3 − r2) =

1
2
∗ (11s− 10s) ∗ (1000e/s− 900e/s) = 50e

Result

Based on the perfect relation between the function rate() and the threshold as shown in
Figure6.2, it follows: The smaller the threshold is the greater the error of kind 6.2.1 is. The
greater the threshold is the greater is the error of kind 6.2.2.

In summary, the threshold has impact on the error.

6.3.3 Test 3: Long-term observation

In this test, the long-term behavior of the correlation between rate() and threshold is
investigated. Therefore, the best case parameters are chosen: h = 0.8 and f = 100. As we
can see in Figure 6.7, at t1 the function rate() and the maximum evenrate has a interception
point and, therefore,∆terror is zero. With every additional virtual machine terror is increased.
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6.3 Test Series

Figure 6.4: Increasing 200 per second

Figure 6.5: Test a: Threshold = 0,9
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6 Evaluation

At time t(35s) the new virtual machine is available, but at t3(41s) the new node is recently
needed.terroris 6s. Additionally, the next threshold is reached, and a new allocation request
is sent. The problem is, that the threshold is fix and the critical workload is increasing, the
more virtual machine is in the cluster.

Eerror =
1
2
∗ (t3 − t2) ∗ (r3 − r2) =

1
2
∗ (41s− 35s) ∗ (4000e/s− 3200e/s) = 2800e

The value of Eerror shows, that there are more computing power available to process other
events. The different between rate(t1) and rate(t2) is 800e/s this value is very high according
to the fact that the maximum eventrate of the node is 1000e/s.

It follows, that the threshold should be adaptable on the number of virtual machines.

6.3.4 Conclusion

As we can see, the threshold and the behavior of rate() influence ∆terror as well as Eerror.
There are two different kinds for arising an error, both are dependent on the relation between
rate() and the threshold. It follows, the choose of the threshold is correlated to the rate()
function. In addition, the provisioning time λ of the Cloud provider has also impact on the
error, through the bahaviour of the value eci

max. The greater λ is the greater the error of case
6.2.2 is. As opposed to case 6.2.1 where the error is reduced by a high provisioning time.
However, provisiong time of a Cloud provider is fix for all nodes and can be compensate by
the correct choose of the relation between rate() and the threshold.

For a weaker increasing eventrate the threshold can be chosen smaller than for a rapidly
increasing evenrate. The more prior knowledge about the function rate() is available,
especially its gradient, the better the threshold can be chosen. Note, that the threshold of
different clusters can be varies, because each cluster can have a different eventrate.

Furthermore, it should also be consider, which kind of error can the application better handle.
If it is important, that no events are delayed, the threshold should be chosen smaller than if
it is important. On the other hand, if the cost of the resources should be optimized than the
threshold should be higher.

As the long term observation shows, it is not good if the value of the threshold is fixed,
because the more virtual machine are exist, the greater is the critical workload and the
greater is terror. A better solution can be, if the threshold is dependent on the number of the
virtual machine.
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6.3 Test Series

Figure 6.6: Test b:Threshold = 0,7

Figure 6.7: Long-term observation
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Chapter 7

Summary and Future Work

A challenge in CEP is to cope with the possibly strongly changing number of events be
processed. The more events occur, the more events have to be processed and the more
computing power is needed. There are times when more computing power is required and
times when less computer power is required. Hence, the number of the required resources
changes. The idea is to use Cloud Computing to dynamically allocate resources. In this work
a new approach has been introduced to handle peaks in the workload by using a Cloud
environment. When the workload increases as less as possible events are stored in a queue.
Thus, as few as possible events are processed in delay.

Therefore, a system model was developed to deploy a rule network in a Cloud environment.
The core idea is to run every rule on a single virtual machine and allocate another virtual
machine with the same rule if more events have to process. Virtual machines running the
same rule belong to the same cluster. Furthermore, different components as virtual node,
rule cluster and Cloud Provider has been characterized in order to define the maximum
eventrate as well to describe the allocation and deallocation process. With the maximum
eventrate the workload can be determine.

Each cluster has a resource manager to handle the resources for one rule. The resource
manager ensures that each cluster has enough resources to process all incoming events
without delay and tries to keep the number of resources as small as possible. In addition, it
handles the equal distribution of the input events to the different nodes in a rule cluster.

A decision criterion was presented to decide, when the allocation and deallocation request
has to be sent to the Cloud Provider. Our criterion defines a critical workload for each cluster
and if the cluster reach its critical workload then the resource manager sends an allocation
request. On the other side, if the workload decline below a specified threshold, a deallocation
request is sent.

In the evaluation two different kinds of errors have been introduced. Either too less resources
are available and events has to been stored in the queue or more resources are allocated than
needed. Additionally, it has been presented two different error metrics terror and Eerror in
order to assess the results. The tests showed that it is important to have prior knowledge
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7 Summary and Future Work

about the behavior of the number of the incoming events in to order to choose a suitable
threshold, because the relation between the function rate() and the threshold has impact on
the error. Moreover, the long-term observation showed that the size of the critical workload
is larger according to the number of virtual machines. For particular application it would
be better, if the threshold is dependent on the number of virtual machines. It is difficult to
choose a suitable threshold and often no prior knowledge about the eventrate is available.
Therefore, another possibility could be to use a self-learning approach to adapt the threshold
according to the strength of the error. In detail, if it is recognized, that the error is high and
lots of the events have to be stored then threshold should be change to a smaller value.

The suggested decision criterion is used on the basis of the maximum eventrate, therefore
no access to the event queue is needed. Thus, it can be used for CEP Engines that offer no
access to the event queue as for example Esper. Additionally, no information about the CPU
workload is needed from the Cloud Provider, which can be also not available.

Every cluster has its own resource manager, with that the problem of a centralized load
balancer does not arise. Every node has the same limited resources and has to process
the same number of events due to equally dividing the event input stream. The resource
manager can be calculating with the stored current number of the virtual machines the
workload of the Cluster and no communication between the nodes and the resource manager
has to be established.

The problem is that in this approach the precondition is used, that all events can processed
independently from each other. Only with that the resource manager can split the input
stream equally. In general, this precondition is not valid. Therefore, other approach to
distribute the incoming event stream to the different nodes has to be developed. It should be
also considered how events can be processed concurrently. This could offer a possibility to
split the event stream to virtual machines.
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