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Abstract

Scientific workflows provide a widely accepted programming model that
allows scientists to model their scientific experiments focusing on computa-
tional models, simulations and analysis, facilitating an integral part of the
e-sciences paradigm. Scientific workflows are designed around static data,
yet there are many scientific domains that process continuous event streams.
These are not well captured by the current scientific workflow programming
model. A hybrid programming model will enable data mining of high vol-
umes of event streams, and facilitate setting up gateways for much needed
features such as triggered computing, alert systems and real time analysis.
One of the contributions of this thesis is a programming abstraction that
preserves the simplicity and user friendliness of scientific workflows while
allowing event streams to be first class citizens in scientific workflows. It is
necessary to overcome the static nature of the conventional workflow inputs
before event streams can be introduced. This can be accomplished by in-
troducing streaming semantics that allow a pipelined execution model over
the scientific workflow service components. The composition, execution and
monitoring framework proposed in this thesis is called Streamflow.

Implementation of the stream semantics presented in this thesis requires
consolidation of different technologies such as existing scientific workflow
technologies and stream processing technologies. Because of the varying in-
tensity of computer and data resource requirements, the Streamflow frame-
work needs to use different workflow and resource management components
based on the class of the computation. The framework identifies three classes
of computation to which stream semantics are compiled, requiring three new
management frameworks. The three classes are light-weight operator-based
computations, medium-size computations, and long-running computations.
The thesis argues that this classification is necessary to have a stable stream
processing system. Thus it is necessary to place the different stream seman-
tics in the right resources to be managed using right runtime framework.
Further, this classification allows matching high rates of raw data streams
with limited resources available for heavy computations. This classification
facilitates better utilization of resources, allowing pruning and mining of
streams, so their rates can be kept at manageable levels. Stream processing
systems, such as complex event processing, provide languages and operators
optimized for high throughput event streams. Long running compute in-
tensive computations, on the other hand, require supercomputing resources.
The BPEL workflow systems provides the quality of service requirements
necessary to manage such supercomputing applications. Medium-sized com-
putations take several minutes to compute. These computations are beyond
the computation capability of stream operators, yet have quick turnaround
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time. Such computations are compiled using XBaya workflow engine which
is lightweight yet highly flexible, with low turnaround time. This thesis
presents a programming abstraction that allows the different sections of the
computation to be compiled and deployed to these different runtimes, de-
pending on the characteristics of those sections; thus they can be managed
with higher quality of services and better sustainability.

Defining streaming semantics and providing a runtime that is capable
of executing such semantics may not necessarily mean the system could be
used out of the box for any stream processing application. Resources are
limited, and the rates at which each stream processing component would be
able to operate, given the resources that are available, would determine the
sustainable schedulability of a given event processing application. Another
contribution of this thesis is dynamic analysis of a given Streamflow to find
its schedulability given its resources and the event rates.
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1 Introduction

The computational sciences have contributed considerably towards scientific re-

search and development. As science moves towards the fourth paradigm identified

in the book ”Fourth Paradigm”, this is unlikely to change[59]. The insight and per-

spective that scientific computing provides to the scientific community, although

vast, is impeded by the complexities associated with mapping a specific domain

science application into compute infrastructure, both hardware and software. The

underlying compute infrastructures that facilitate scientific computing can be both

expensive and complicated. The learning curve for domain scientist to use such

systems is relatively steep.

Grid computing [41] , scientific gateways [27] [83] , workflow infrastructures

[112][92][34] and others [25] promise to mitigate the challenges posed by the man-

agement of scientific computing infrastructures and to ease the burden on domain

scientists. One popular programming abstraction is scientific workflows. Many

geosciences and life sciences [93] have, over the years, adopted scientific workflows

as a suitable abstraction for capturing scientific experiments [113]. Scientific work-

flows have contributed towards scholarly activities including publications. The

importance of such workflow systems is further expanded in [68].

Because of the maturity of e-science, usage and sharing of research applications,

data, and distributed computing resources among end user communities has ac-

celerated. These collaborations are multi-disciplinary in nature and are building

gateways to empower seamless access to high-end integrated infrastructure like

TeraGrid and cloud resources. Figure 1 depicts a generic computer science archi-

tecture which is often referred to as a science gateway. Most science gateways use

scientific workflow systems as an abstraction to access the underlying computer

resources and to manage the scientific experiments below the workflow layer of

Figure 1 .

Experience with geoscience workflows suggests that scientists are more likely

to reuse a workflow than create a new one. This is partly influenced by the domain
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Figure 1: Layered diagram for science gateways consisting of the compute and data
resources at the bottom layeR, grid and cloud middleware sitting as an abstraction
on top of it. The scientific gatewaysaccess layer makes use of grid and cloud
middleware to provide a domain specific compute infrastructure.

knowledge required to compose a semantically accurate workflow that solves a real

research problem. In addition, the reusability of a scientific workflow is oftentimes

shaped by the repetitious nature of the problem, and of the input datasets. Sci-

entific workflow systems in many science gateways [120] such as LEAD (Linked

Environment for Atmospheric Discovery) [32], ACES (Asia-Pacific Cooperation

for Earthquake Simulation) [45] and Astroportal [106], deal primarily with the

sensor data produced by scientific sensors; workflows are rerun with different data

sets produced by different sensors.

Solutions to data streams such as sensor sources that interact with grid services

[40] are sometimes loosely referred to as grid data streaming. The survey of Zang et

al [126] classifies and identifies characteristics of such data streams. We identify the

following data stream characteristics hich fit into the stream processing framework

proposed.

• Tend to produce data regularly over an interval of time unlike static datasets

or static finite file sets

• Transient data that normally passes through a system once

• Data event for different processes may arrive at different rates

9



• Large volumes of continuous data, potentially infinite

• May require different levels of processing requiring and have varying resource

requirements

• Data events may be large files so stream processing system may process

metadata or references to big data files in place of moving the big files

• Data can be structured or unstructured

It is important to identify the distinction between the data stream rate and

the event stream rate in the context of a stream processing application. The event

stream rate captures the rate of occurrence of discrete events at some point of

time. An event could be of any size. For example an event could be few a GBs

of weather forecast data, a few MBs of NEXRAD [12] radar file, or FIX protocol

[105] events of a few KBs each in a stock market event setting. Event streams

rate is expressed as events per second. Data stream rate, on the other hand, refers

to the amount of data that flows through the system and is expressed as bits per

second (bps). If the event stream rate is steady and the data size per event is

the same for all events, the data event rate is the product of event size and event

rate. For event streams that have non uniform interarrival rates and events that

are non-uniform in size the data event rates are calculated based on time window

averages.

There are many science gateway applications where the data streams and

stream processing seem to find suitable applications. Some of the science gate-

ways that deal with data from instruments includes LEAD (Linked Environment

for Atmospheric Discovery) [32], which uses Doppler radar [76] data for detecting

event storms, ACES (Asia-Pacific Cooperation for Earthquake Simulation), [45]

that uses seismic sensors to detect movements in the tectonic plates, Astropor-

tal [106] a project that takes in telescope imaging, and environmental monitoring

using DataTurbine [42] to manage sensor data from coral reefs.

Given the increasing volume of instruments generating data in real time, well

grounded integration of event streams with the workflow paradigm is important.
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The operators or processors that evaluate streams continously monitor current

and past events in the stream. Workflow activities, on the other hand, are mostly

discrete request response based invocations. Workflow execution shows clear ev-

idence of control flow dominance, though it has data dependencies. The control

structure in workflows is, in most cases, precompiled and preserved during execu-

tion. The stream processors follow a clear dataflow execution approach where the

data flows are triggers with the availability of the data. Further, the continuous

operation of stream operators makes it hard to sort out a clear control structure

[17].

The scientific computing experiments appreciate the determinism in the com-

putational model whenever possible. For example consider a scientific computation

that has four components A, B, C and D, as shown in Figure 2. The component

D depends on outputs of component B and C. Components B and C depend on

the output of component A; assume A has a single input. The computational

model will be different when this simple graph is processed in a pure control-flow

environment versus an event processing environment. In a control-flow environ-

ment the inputs for component A need to be available before the computation can

start. Once the graph starts executing components B and C will produce exactly

one output sets OB1 and OC1 which will become inputs to components D. This

makes the computation deterministic after the input to component A is specified

the inputs to component D does not depend on the compute time of any of the

components not the time at which the input arrived at A.

In an event processing environment components will start executing imme-

diately when their local data inputs are available. Also in an event processing

environment as and when the multiple events arrive at these components they will

continue to execute and produce output events. In such an environment there

can be certain amount of non determinism for various reasons. Multiple events

may arrive at component A which will trigger outputs of A to execute components

B and C. If the components B and C have different computation duration, their

outputs may be sparsely distributed in time. Because of the output events from

11



A

B

C

D

Figure 2: Simple task dependency graph to illustrate the control-flow and data-
flow distinction. Control-flow has an execution instance per event that doesn’t
interact with executions of other instances. Data-flow may have events that exe-
cute activities as data becomes available.

components B and C may arrive at different times at component D, it is necessary

to define when cmponent D should be invoked. Assume that component D is trig-

gered at every distinct input set. If the component B produced two events, OB1

and OB2 when component C produced one event OC1, component D will be in-

voked with inputs (OB1, OC1) and (OB2, OC1). This might be different from the

original expectation of this computational graph. This will mean that component

D needs to be aware that the events produced by different input events may arrive

at its input at different times and needs to provide for this non-determinism. The

non-determinism can also be due to external input event stream inter-arrival time

delays.

There are ways to mitigate this by using queues or correlations but the purpose

of this example was to illustrate the contrast in the computational models of the

two paradigms, control-flow and event processing systems sometimes referred to

as data-flow. This example demonstrates that preservation of the control-flow

is a useful feature because it removes the non-determinism, thus simplifying the

processing components and making it simple to follow the computational trace to

understand the application. Such deterministic control structures make it easier

for scientist to setup their experiments.

Scientific workflows are a good abstraction for scientific experiments, but they

are not designed to work with stream operators. This thesis explores the possi-
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bilities of integrating high volumes of sensor data event streams into a scientific

workflow abstraction extended with support for events to form a coherent program-

ming model [102]. This approach was chosen because the workflow abstraction is

well known. The breadth of the acceptance is arguably due to its ability to veil

the complexity while giving perspective of the scientific experiment that allows

the scientists who use these systems to focus on their science problem rather than

the complexities of the compute infrastructure.

Scientific workflows are parallel by nature and support for them is often built as

distributed systems. Models exist [53] to analyze the parallelism and the possible

performance improvements that could be reached given the structure of a partic-

ular workflow. Sensor events are discrete by nature and may or may not trigger

computations. When sensor events do trigger computations, the computational

time may very well exceed the inter-arrival time of the sensor events. This leads

to a new dimension of parallelism sometimes referred to as pipeline parallelism

where the computations that are triggered by different events can be interleaved

and run in parallel. The potential problems with allocating resources will be dis-

cussed in detail in chapter 5; but despite these issues, the possibilities of this new

parallelism are worth exploring.

There have been different approaches to scientific sensor event stream process-

ing. One possible approach is to build a decoupled stream processing system [102]

where event streams are processed by an event processing system with trigger

mechanisms used to launch experiments [98]. There is also a pure workflow ap-

proach [14] where the repetitive nature of the event streams is captured in pure

workflow abstraction. These approaches and other related work will be compared

in detail in the section to follow. The proposed approach lies in between these two

alternatives by introducing workflow semantics that are equipped to handle data

streams and stream inputs; stream components are considered to be first class

components.

The consumption of scientific data in scientific workflow systems provides use-

ful insights on potential challenges facing event streaming frameworks. The sensor
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event streams have a relatively high event rate which normally drives the rate of

the rest of the system. In a typical event driven scientific workflow system, most of

the events that are generated by input sensors may not contain interesting data,

but occasionally some of them carry events of significance that require further

investigation. Such investigations may lead to further experiments that would

provide further insight. Most experiments of this nature are scientific workflows.

When considering the percentage of events that trigger such compute intensive

workflows relative to the total amount of events generated, it is a significantly

low percentage. Figure 3 depicts the change in event rate, information rate, and

resource requirements. The data rates are high at the input end of an event pro-

cessing system, where information content may actually be quite low. As more

computation is done, information content increases requiring significant comput-

ing power to process such information. In order to sustain such a system, it is

necessary to manage and reduce event rates using filtering and mining techniques,

to a level that can still be serviced using the available resources when they trigger

scientific workflows and other compute intensive tasks. Figure 4 shows data and

compute needs of a typical compute intensive workflow. Data production may

yield higher data rates due to the production of more data during the workflow,

yet the event rate normally stays close the input event rate. There are certain

workflow patterns [107] and applications that may yield higher event rates, but

the premise of compute intensive tasks yielding similar event rates continue to be

the case in many applications.

Scientific workflows can consume significant amounts of data. As the exper-

iment evolves, they tend to produce less amounts of data yet contain greater

insight. This can be viewed as a system that has high event rates at the beginning

and the data rates are shed as the experiments progress. Workflow programming

semantics[48] of conventional workflows are primarily focused on static, single run

dataflow and control flow executions based on Directed Acyclic Graph (DAGs).

Coupling programming semantics of static workflows with the event processing sys-

tem tend to provide an effective way of reducing data rates. Introducing stream
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Figure 3: In a typical scientific event processing gateway event rate and informa-
tion rate vary in an inverse relation. At the begining of the gateway the system
has to process and mine lot of events and as important event are mined event rates
will reduce and information rate would increase.

Figure 4: Data production and compute power requirement in a LEAD workflow.
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aware workflow semantics will allow the scientists to compose scientific workflows

that can directly interface with the data stream yet preserve the abstraction that is

provided by the scientific workflow which would give an overview of the experiment

so the scientist can still keep track of the big picture.

1.1 Contributions

The main contribution of this thesis is threefold; the first is a programming ab-

straction that allows for seamless integration of data event streams with the sci-

entific workflow programming model. To achieve this, we propose new stream-

ing scientific workflow semantics, and we present a framework to compile these

workflow semantics to a scientific workflow and stream processing environment.

This programming abstraction is referred to as Streamflow. We evaluate this new

framework by measuring compilation and deployment overhead of Streamflows

in comparison to conventional scientific workflows. The evaluation measures the

completeness of the stream semantics in comparison to data streaming semantics.

Secondly we propose a formal model that attempts to analytically solve the

schedulability of a given Streamflow and a set of input event rates. Given the diffi-

culty of finding an analytical solution, we evaluate runtime health monitoring of a

given Streamflow to monitor bottlenecks. In this analysis, we propose a workflow

infrastructure and a stream processing system that caters to the processing needs

of a given Streamflow and explain how design decision were made based on this

analysis. We evaluate this by measuring the pipeline performance of data events

in the Streamflow and latencies introduced by the framework.

Thirdly, we propose a Streaming Map Reduce framework based on Apache

Hadoop that is capable of interacting with data streams instead of the static data.

In this framework, we define slight variations to the programming interface and

introduce a windowing technique and buffer while allowing garbage collection thus

utilizing the resources optimally. We evaluate this by measuring the comparison

of the stream implementation with the conventional Hadoop Map Reduce frame-

work. Performance improvements may be made for specific applications that may
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capitalize on windowing based caching techniques.
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2 Related Work

Related work appears in four main areas of stream processing programming ap-

proaches. The first is workflow approaches and workflow execution environments.

The second is database continuous queries and related approaches. The third area

is the sensor networks and overlay networks designed for stream processing and the

dataflow approach. The final area is on the related work in streaming approaches

to Map reduce.

2.1 Workflow approach to data streaming

The conventional workflow management systems are good abstractions to capture

control structures and control flows [123]. This is often cited as a strength of the

workflow management systems because of the ”what you see is what you get”

nature of the computational trace that a given workflow may exhibit when it is

scheduled for execution [82]. The data streams are repetitive in nature and require

iterative triggering of activities for each element in the data stream. Most of the

proposed approaches that have tried to address stream processing requirements

within a workflow management system stream identify the lack of out-of-the-box

control structures that can meet the repetitive processing requirements demanded

by the data streams. The most recent proposal for defining structures in con-

ventional workflows was presented in [14] and that thesis introduces flow control

semantics that work within the workflow system and then compile into a workflow

execution environment by defining buffers and queues to handle and manipulate

streams in the runtime. The stream integration to workflow is either a push or

pull mechanism [13] where the push mechanism resemblances the Event Condi-

tion Action (ECA) rule model and the pull mechanism shows striking similarities

to the lazy evaluation of streams model that is discussed later. From the point

of workflow execution, an idea of ”continuous workflow” is introduced in [91]

where workflow enactment semantics are laid out to further the understanding

of how the workflow systems underlying execution engines may facilitate the data
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streams. This work refers to window and queue based implementation mechanisms

to manage the repetitive nature of the data streams. This windowing approach in

workflow management system implementation allows the streams to be part of the

control structure. Changing the pure workflow abstraction to incorporate the data

streams somewhat complicates the programming model. The workflow program-

ming languages like WS-BPEL [4] are not equipped to facilitate data structures

such as queuing or windowing. The Dryad framework [61] along with DryadLINK

[125] programming language allows pipelining of compute tasks in much more

general way than the constraints imposed by Map Reduce. Dryad provides means

to configure these compute tasks in a computational graph, allowing a dataflow

pipeline.

2.2 Database approach to streaming

Stream processing and workflow programming form two different paradigms of

computing. Most early approaches kept the two systems decoupled and developed

each separately; in many cases a stream processing system triggers the workflow

system. The stream processing framework developed by NCSA in [78] is a stream

processing engine that can trigger a scientific workflow toolkit, CyberIntegrator,

[11] thus keeping the stream processing separate from workflow systems. There-

fore, no significant are required modifications to the control flow system to which

conventional workflows adhere.

Early work by Pale [103] proposed a model and system for stream processing

that utilized a declarative query language and event-action construct for query

rules[101]. Calder [79] extended this to query processing over streams in a grid

setting using a web service that abstracted a set of sensors into a single source[51].

The stream processing language of Calder was then extended to call out to arbi-

trary functions and this was applied in the LEAD project to continuously mine

[100] an incoming radar stream for severe storm signatures [77][116]. The work in

this thesis addresses the limitations inherent in the model used in [77] where contin-

uous query [10] processing was poorly integrated with the graph oriented workflow

19



processing. Continuous query based stream processing system that allows a flow

networks composition mechanism similar to that of the workflow management sys-

tems is explored to Aurora [22] [1]. The operators available for composition are

primarily stream operators such as join, split, aggregate, etc. A similar system

for data mining in data mining workflows, exploring Event-Condition-Action ECA

rules instead of continuous queries is presented in [38].A grid middleware that is

built upon the Globus toolkit named GATES [21] allows distributed streams to be

implemented using pipelining and presented dynamic and static resource allocation

using the Grid resource allocation. The work presented in this thesis distinguish

with this work by presenting its programming model and iterative approach to

event processing and ability to pick the Model of Computation depending on the

runtime behavior of the event processing application.

2.3 Process networks and dataflow

Filter networks have been used for processing data streams, and [43] provides a

message brokering approach to handle the stream processing by setting up bro-

ker network paths and routing the message streams through these paths. Stream

Based Functions as a computational model proposed in [67], is a combination of

the dataflow model [73] and the process network model [74]. Narada broker is an

event brokering system that is utilized to manage real-time data management [95]

[44] for grid services, and these grid services may be used in this context [43]; they

can be orchestrated as a dataflow system using the event brokering system. This

provides a possible stream processing mechanism that is built upon the event bro-

kering system Dataflow systems based on the dataflow architecture are a popular

programming model particularly in DSP systems because of the data flow nature

of the signal processing discipline. This ability to have loose control flow over

sequence of event makes it a candidate for data stream processing. The Kepler

workflow system [81] provides a dataflow director which is an enactment mech-

anism, allowing workflows such as DAG to be integrated with data streams; the

pipelined execution that is [3] triggered by the availability of the data in the stream
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makes it a dataflow execution model. The Ptolemy framework [18] designed as

a simulation framework supports the Dynamic Data Flow computational model,

among others, that would enable the extension of the data flow principles used

in Digital system processing and used for data streaming. The Triana [23] work-

flow system and proposed supporting data stream processing based on system

named Styx [15] for interfacing data streams with grid services. European work-

flow management system ICENI workflow management system [83] also proposed

a dataflow based computation model that may allow event streams [84]. IBM

Spade and System S [47] provides a comprehensive stream processing framework

that includes declarative query based event processing. The work presented in

this thesis is distinguished from System S and kepler/Ptolemy by its ability to

actively preserve controlflows that suits well with the scintific computing environ-

ments as well as presenting the ability to pick the Model of computation based on

the runtime requirements.

2.4 Map Reduce Streaming

There have been applications of lightweight xml processing through streaming

data into Map Reduce in [127]. There are other efforts such as Apache Hadoop

PIG [94] which introduces notions of streaming into Map Reduce programming.

Apache Hadoop introduced a script based programming model that can be used

similar to Unix piping. The Twister iterative Map Reduce [33] programming model

allows map tasks to be called iteratively with an access to a data cache that would

fit very soundly for certain iterative scientific applications that require iteration

before converging. The semantics of streaming in the Twister system follows the

idea of the feedback loop in control circuits where the semantics of PIG streaming

in Hadoop is more focused on piping a file into Map Reduce as it is.
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Figure 5: XBaya Workbench is a scientific workflow woorkbench that allows service
discovery, workflow composition, workflow execution and monitoring environment.

3 Background

This chapter describes the author’s contribution to the XBaya workbench shown

in Figure 6 which drew upon the Indiana University Computer Science department

thesis work of S. Shirasuna[110]. XBaya is relevant because the Streamflow model

presented in this thesis is implemented using it. XBaya enables composition, ex-

ecution and monitoring of scientific workflows. Three aspects built into XBaya

serve as prior contributions of this thesis and will be described in this chapter.

First,XBaya is a high level workflow description language, so it allows the ab-

stract description to be compiled into different workflow runtimes like BPEL[65],

PEGUSUS [28] and Taverna [114]. Second, is a lightweight and flexible workflow

enactor/ workflow engine that was designed to handle short running jobs with

high throughput execution. Third a widget framework that allows inference and

implementation of on-the-fly service widget components that would allow flexible

workflow composition.
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3.1 High level Workflow abstraction

Most workflow systems like Taverna, Triana and Kepler provide a visual workflow

composition tool (sometimes referred to as a workflow workbench) which enables

workflow modeling while providing facilities for workflow enactment or execution.

In most workflow systems, workflow enactment is easily distinguishable from work-

flow composition and the monitoring framework; for example the Kepler workflow

system uses the Ptolemy framework and the, Pegasus workflow system [26] uses

Condor DAGMan [46]. Workflow enactment systems normally support a workflow

language that provides workflow execution semantics for a given workflow execu-

tion system, and these languages try to capture semantics that are common in the

science domains in which the workflow system is designed to operate. There have

been attempts to standardize web service based workflow systems by defining a

standard, WS-BPEL, but scientific workflow languages in general have semantics

that are more far-reaching than what is defined in WS-BPEL specification; for ex-

ample, the Pegasus workflow system uses DAG, which is used for heavy parametric

studies in seismology use the SCUFL workflow language, and Kepler actor-based

workflow description use MoML [72].

Most workflow systems share common workflow semantics so they utilize a high

level workflow description language that is independent of a given workflow run-

time. At the time of execution, XBaya compiles its high level workflow description

to the target runtime making it an interoperable workflow management system.

This ability to compile workflows to different workflow execution engines is used

to implement the Streamflow framework. The main advantage of a system with

high level workflow description, which can be compiled into different target exe-

cution engines, is the ability to select the most suitable target workflow execution

system, depending on the nature of the work and capitalize on its strengths.

The workflow composition interface of XBaya provides an easy to use drag-

and-drop graphical user interface that allows scientific workflow users to compose

workflow using activities such as static inputs, services, conditional branch activi-

ties, and so on. Once the workflow is composed the user can execute the workflow

23



Composi�on 

and 

Monitoring Abstract DAG Model 

BPEL  1.1 

BPEL  2.0 

SCUFL 

Python 

Dynamic 

Enactor/Interpreter 

Jython  

Based Enactor 

GPEL  

Engine 

Apache  

ODE Engine 

Taverna 

Python Run�me 

Message Bus 

Figure 6: XBaya High level workflow description DAG model with the ability to
get compiled into different workflow execution environments

and for that execution XBaya provides a few options. XBaya provides a Jython

based enactment engine which compiles the workflow into a Jython script and

executes it. Furthermore XBaya provides the option of deploying the workflow

into a WS-BPEL based workflow engine such as Apache ODE. The emphasis in

this thesis is a dynamic enactment engine which is designed specifically to cater

for dynamic interactive workflows. Graphical representation of the workflow in

XBaya and the actual enactment of the workflow are decoupled so the workflow

monitoring is achieved through asynchronous messaging using a WS-Eventing [16]

based notification broker [60]. As the workflow enactment engine (whether WS-

BPEL or something else) executes the workflow, it publishes notification to an

event broker; the XBaya monitoring system subscribes to this event broker and

thus gets notified about the progress of the workflow.

3.2 XBaya workflow engine

Out of the different workflow script compilers and workflow execution runtimes

shown in Figure 6, two are used extensively in this thesis, the BPEL Apache ODE
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Figure 7: XBaya workflow running instance states where different nodes are in
different execution states

runtime [54] and the Xwf XBaya Engine that is used for dynamic workflow exe-

cution, debugging and steering. Xwf is the workflow scripting format that XBaya

uses for its runtime based on directed acyclic graph scripting. The distinction

between the XBaya Engine and the ramainder of the workflow runtime of XBaya

is that the XBaya Engine executes the workflow against a Xwf DAG and during

the execution of a particular instance of a workflow, execution can be paused and

the DAG may be dynamically changed. Those changes will be incorporated once

execution is resumed.

The individual nodes representing workflow activities have one to one corre-

spondence to the graphically composable components available in the workflow

composer. A particular workflow can be identified as a collection of such activities

that have control and/or data dependencies to one another. When considering

the point of view of the XBaya workflow engine an individual activity can be in

six different states, as represented by the state machine in Figure 7.

A given workflow activity will have certain data and/or control dependencies

and the activity will remain in a ”waiting” state until its dependencies are satis-

fied, both data and control dependencies. Then the activity moves into a Ready(1)

state and waits for the interpreter to schedule the activity (2) with successful com-

pletion of the activity invoking a Finished state (3). Such finished activities may

satisfy the control or data dependencies of other activities in the workflow, thereby

allowing the workflow to progress. When the XBaya workflow engine is execut-
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ing a workflow activity there is a possibility that the activity may not complete

execution successfully. Subsets of such failures are transient and retrying the exe-

cution of activity may lead to success. Retrying is only effective when an activity

is idempotent, because the retrying process is unable to recognize application side

effects. Such activities move into the Retry state(5) which implements the retry

policies such as the time delay before retry and the number of times it should be

retried and it would become ready to be executed(6). In the state diagram the

thick arrows (7, 8, and 9) represent the workflow being interrupted by the user

and the user performing user interactions. Before the user can intervene with the

workflow, workflow execution must be paused. For example, a user interaction

like a rerun or a smart rerun could trigger the 7, 8, 9 paths. It is important

to note that already running activities will not be interrupted by the workflow

pause and to avoid race conditions the workflow would pause once the currently

executing activities have finished or failed. The individual Finished activities in

the workflow model is required to save the output port values so that in an event

of a smart rerun those values will be used as already computed data dependency

values. This can be viewed as check pointing the results of the workflow activity

after its successful completion. Following is a listing of different functionalities

designed by the author in XBaya workflow Engine.

• Derivations during workflow Execution

– Fault handling.

– Dynamic change workflow inputs, workflow rerun.

– Dynamic change in point of execution, workflow smart rerun.

• On the fly workflow composition

– Dynamic addition of activities to the workflow.

– Dynamic remove or replace of activity to the workflow.

• Reactive workflow evolution
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– Reactive rescheduling of resource adaptively

– Reactive addition of activities that is a possible next step in workflow

evolution

3.3 Workflow service creator for dynamic composition

In addition to an interoperable abstraction and a high throughput enactment

engine, XBaya also provides a just-in-time service definition feature which includes

the capability for the workflow user to create a web service on-the-fly. During the

workflow composition or when changing the workflow, there are situations where

the output types of one activity slightly mismatch the input types of another

service. The user has prior semantic knowledge of the compatibility of the inputs

and outputs of the two services. XBaya enforces type safety based on WSDL

schema based type checking so it prevents the workflow from composing tasks

having incompatible types or even what is referred to as duck types, yet have

different schema definitions. In such cases XBaya would allow the user to create

a new activity on the fly while the workflow is active, thus allowing scientist to

make the maximum use of the workflow run.

The usability of this option goes well beyond the type incompatibility problem,

even though that was the motivation that led to this feature. When the user

creates this new activity the user will be presented with a java skeleton capturing

the type incompatibility. For example if Service A has an output type of type T1,

Service B has an output type of T2 and Service Chas an input type of T3,then

the assumption is that the user knows an algorithm to make an object of type T3

using the objects of type T1 and T2. In such a case the java skeleton presented

to the users is shown in Figure 8.

An interesting aspect is that if the types T1 and T2 are complex types, then

XBaya can generate java types using xml-beans [7] and allow the user to save the

jar file containing the type classes. Once the user fills in the implementation of the

above class it can be made a java widget and can be included in the execution as a

temporary workflow activity, or if the user wants this activity to be preserved for
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1 public class ServiceName{
2
3 public T3 operationName (T1 t1 , T2 t2 ){
4 // F i l l in the implementat ion
5 return null ;
6
7 }
8
9 }

Figure 8: Template generated for new activity. User will implement the method
signature and will be able to deploy this java based activity as a widget component
to be included during execution.

later use then XBaya will allow the user to export the activity as a web service. The

web service that is generated is an Apache Axis2 [96] service, and for this feature

to be available the user should provide an endpoint reference of an Axis2 service

with a special service called ServiceCreator already deployed in it. This approach

is taken to make sure that this would not lead to any security vulnerabilities.
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4 Programming abstraction for data event stream-

ing in scientific workflows

The research proposed here builds upon earlier work with XBaya and workflow

systems and proposes a model for extending a workflow system with support for

data streams. This solution is not only a natural evolution of scientific workflow,

but it also allows the use of existing programming models of scientific workflow

composition without major changes and alienations of users. A typical workflow

system provides a means to compose, orchestrate and monitor workflows, and in

this framework we use a WS-BPEL [4] based generic scientific workflow system

developed for the LEAD workflow system [25]. We described XBaya in section 3

[110]. The WS-BPEL based workflow execution engine is Apache ODE [5]. The

interaction between these components and how they fit in a larger workflow system

is described in [97].

As described in section 3, a workflow composition tool allows a scientist to

compose a workflow from existing software and service components without hav-

ing to be familiar with workflow languages. Further, workflow composition tools

allow for optimizations that can occur when compiling a workflow graph into an

executable workflow language [29]. The proposed programming model is based on

the programming abstractions XBaya offers. XBaya workflow composer provides

a high level workflow description language called Abstract DAG model that is

independent of conventional workflow execution languages. This independent rep-

resentation decouples workflow composition and workflow execution and allows the

internal representation to be transformed to multiple execution languages. XBaya

currently supports BPEL 1.1, BPEL 2.0, SCUFL [49], and Python scripts. The

different workflow enactment environments have their merits and demerits, and

depending on the domain science the optimal workflow enactment environment

should be chosen to capitalize on the merits. For the purpose of this paper we

focus only on the BPEL execution environment. The work presented in this paper

builds upon the functionalities and the programming model presented in scientific
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workflow systems and provides a programming abstraction for processing data

streams.

4.1 Requirements

Our goal is to extend the existing support for workflow execution such as that

accomplished through XBaya in a way that satisfies the following requirements:

• Preserve the workflow programming model. Users are familiar with DAG

execution. Stream processing is an event driven paradigm that when put

side by side in an interface to the user during workflow composition, it tends

to confuse the scientists [56][115]. In this research we strive to integrate

continuous events processing into the familiar DAG model while preserving

the familiar DAG control flow. Other research directions have proposed a

pure workflow approach which has made the programming model somewhat

complicated or completely disjointed the workflow and stream processing

[14].

• Make the changes transparent to the workflow execution engine so the ap-

proach works with an out-of-the-box engine. Not making changes to the

workflow execution model means using existing functionalities provided by

workflows as they are and using an external system that reduces the burden

on the workflow system in terms of available functionality. This external

system we call a Complex Event Processing system.

• Keep the simple, simple. If users do not need support for streams, the system

should act and feel the same as it always has.

• Define workflow patterns for use as new workflow semantics that provide a

computational model where Complex Event Processing is a first class entity

in the workflow.

The initial focus is to identify the best approach to integrate stream processing

into workflows without disturbing the existing workflow paradigm. This leads to
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the formalization of several patterns that are discussed in the formal model in

section 5.

The integration of the Streams into the workflow system is addressed as a pro-

gramming model in workflow composition. The graphical workflow composition

has been very successful as a programming model and has had enormous success

among the community as the means for representing scientific experiments. In

extending this programming model to encompass stream processing, special con-

sideration is given to not alter the existing workflow programming model that is

comfortable for most scientists.

4.2 Programming model - Streamflow

A top down approach is taken in defining the programming model. The main

focus is to identify the best approach to integrate stream processing into workflows

without disturbing the existing workflow paradigm. This leads to the formalization

of several patterns.

When dealing with live observational data feeds during workflow composition,

a researcher continues to use a workflow composer under our new model. If the

experiment involves a data stream of a particular data type, the scientist would

focus on setting up the workflow as if this workflow is going to process a single

event of the data stream. XBaya builds a mechanism to remove the static work-

flow inputs and connect a data stream of the same type to that workflow node. At

the time of execution of the workflow it is necessary to understand that this work-

flow has different execution semantics because of the stream nature of the inputs;

the XBaya workflow system manages the execution in a way that is complexity

transparent to the user.

This new node type is configured through setting a query, an EndPoint Refer-

ence (EPR) and a time range. The query represents a subsequence of events within

a temporally ordered data stream that are of interest to the researcher. Since a

workflow executes once from beginning to end in a linear fashion, yet the data

stream is continuous, a time range defines the period of time for which the data
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Figure 9: Example Streamflow that shows how streams of different cardinalities
can be composed together

stream should be monitored. Finally the EPR indicates to the event processing

service where to send data events matching the given query.

The objective of defining a programming model is to define programming con-

structs that enable users to compose workflows that have streaming in them. In

doing so we first define the Streaming entities that are introduced in this thesis.

The different streaming workflow components available for Streamflow program-

ming model are listed in the following listing and the Figure 9 shows a composition

that involves some of these components.

• Streamflow node - This is the most common node in Streamflow graph and

represents a typical dataflow node that supports pipelining of event streams.

• Filter node - Filter node represents a filtering mechanism based on a pred-

icate provided. It acts on a input event stream and based on the predicate

of on individual event, it filters out certain events.

• Event generator - Event generator represents an external event source or a

service that produces a stream of events.
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• Stream sink node - Stream sink node allows streams to be published back

to the CEP Engine

• Aggregator Node - This is a stream node that allows events in a stream to

be integrated or bundled together to generate another stream.

• Merge Node - Merge node merges events into a single event stream.

• Join Node- This is a stream node that allows two event streams to be joined.

• CEP node - This is a generic node that allow Complex Event Processing

query to be run against an event stream.

To enable the user to incorporate real time, data streams into workflows, XBaya

introduces a general workflow abstraction type we call streaming node type. The

significance of this type that is all the nodes that belong to this general category

show one of the Streamflow patterns listed below and shown in Figure 41. When

these Streamflow patterns are used during a workflow composition, we refer to the

resulting control-flow and data-flow structure as a Streamflow.

4.2.1 Streamflow node

The Streamflow nodes are for all practical purposes web service nodes that might

be found in a conventional scientific workflow. A node becomes a Streamflow node

because of the context in which it appears in the Streamflow. A web service node

that appears downstream from a stream generator node, Streamflow node, and

other streaming nodes is a Streamflow node. The Streamflow node V2 in Figure

9, takes a data stream of e1, e2, and e6 as input and produces a data stream as

output, subject to the following rules:

• The Streamflow node executes a web service component over each event in

the data stream.

• Simplifying assumption: a Streamflow node has only 1 stream input and

may have one or more static inputs, this does not affect the model’s gener-
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ality because the stream join node could facilitate any other combination of

different input streams.

4.2.2 Filter Node

The filter node V3 has the effect of reducing the stream rate by discarding events.

A stream of events with 1 second inter-arrival rate and a filter that filters ev-

ery other event would output a stream with a 2 second inter-arrival rate to a

downstream node. Filter Nodes do not exhibit a 1-to-1 mapping between input

events and output events; that is they exhibit properties of a mathematical partial

function, being single valued, but not necessarily total.

In workflow context, the partial function behavior is a side effect of publishing

all the events in the event stream to a CEP system and running a CEP query

against them. Some events in the event stream would satisfy the CEP query and

others would not, thus giving the behavior of a filter or a partial function.

The filtering logic for filter node needs to be specified using a CEP language,

EPL (Event Processing Language). An example of a filtering configuration used in

context of a Filter node could look like the following declarative query. It maintains

an event window of five events of type RadarDataStream and this event type has a

property called reflectivity. Events are selected that have reflectivity higher than

3.2. The query produces a combined data event containing five RadarDataStream

events.

Select * From RadarDataStream(reflectivity > 3.2).win:length batch(5)

Most complex event processing languages provide a means for selection, pro-

jection, joins, event windows and event window operators, grouping, reordering,

pattern matching and other useful declarative semantics.

4.2.3 Stream sink

Stream sink may be viewed as a sink for every stream in Streamflows where the

event stream would be published to the CEP Engine. This would exhibit function-

ality similar to that of an output node in a workflow. Output nodes in Streamflows

34



are not a single output but rather a time series of events thus it is difficult to quan-

tify an output as such. Thus for Streamflows the outputs are normally published

back to the CEP Engine; interested parties can subscribe to this particular event

stream.

4.2.4 Stream generator

Stream generator is a special service call that initiates a time series of data as

its output, so output of the Stream generator always needs to be connected to

a Streamflow type node, i.e. an active node or a filter node and need to have a

viral effect on the downstream. The sensors that produce data streams would be

abstracted using Stream generators.

4.2.5 Aggregator Node

The Aggregator node makes uses of a sliding window to aggregate the events of a

given stream to one event within a finite history. It could behave as bundling the

last n events together or bundling the events occurred in the last t time together.

If a sliding window length is l and the input event stream is E1, E2, . En the

output event stream will be event of the form E1,E2, El, E2,E3, El+1,

4.2.6 Merge Node

The merge node merges event in different streams into a single event stream. This

does not require nor does join events, rather inserts all the incoming events into a

single event stream in the order the different events arrived at the node. If there

a n event streams where first stream is E11, E12, E13 , second stream is E21,

E22, E23, and so on the output events will be some order of these events one after

another with time ordering based on arrival time of the events at the node.

4.2.7 Join Node

The Join node joins events from different streams to a single stream by selecting

one or more events from each of the stream and building a composite event. The
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output stream can be clocked to one of the event streams, i.e. the output events

will be produced when one of the streams receive an event. If there are n streams

getting joined there need to be caching of events of at least n-1 streams to some

defined history window, so when the join is triggered the values for the composite

event can be found in the history.

4.2.8 CEP Node

The CEP node is a generic Complex event processing node that has a EPL query

associated with it. EPL is a declarative Stream processing query language and

the behavior of the node will entirely be governed by this query.

The Streamflow framework deals with other intricacies like promoting Edge

Weight of a Workflow-Edge to match the edge weight of a Stream-Edge. For

example, the V2 active node in Figure 41 has two inputs: one is a Stream-Edge

and the other is a static workflow input. During the execution, the Streamflow

framework ensures the input set to V2 takes the form of e1,d, e2,d ...e6,d, thus

the Edge Weight of the static input may appear to have been replaced by a data

stream of repeating elements that would match the data stream of the Stream-

Edge. So if the data stream is modeled as time series I1, I2, In , it would produce

a sequence of outputs O1, O2, On.

Although we define the different streaming nodes in this section, the rules that

govern the composition of these components into a Streamflow need to be defined

separately. In programming language theory the programming syntax defines the

rules that need to be adhered to when writing a program. Similarly, there are

grammar rules that define how these components can be used with each other

and with conventional workflow components. The formal listing of these grammar

rules is presented in Figure 40. For the completion we would articulate the rules

qualitatively in this section. We would use the term pure workflow to identify

the workflow nodes that are not intended for the stream and are used with static

input data in conventional scientific workflows.

• Pure workflows components with static data can be part of any Streamflow
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and they would run as a pure workflow if all its upstream inputs are static.

• Pure workflow components will be promoted to Streamflow nodes depending

on the input data context the pure workflow components may appear. For

example, if the workflow user composes a pure workflow and to one input he

connects a stream generator as the input to the workflow, all the downstream

nodes from that stream generator will be promoted to streaming nodes.

• Implicit promotion of a pure workflow web service node because of stream

promotion action by the user will always be treated as a promotion to a

Streamflow node.

• Streamflow nodes, Filter nodes, Stream aggregator nodes and CEP nodes

can be arbitrarily connected to each other while preserving the Directed

Acyclic Graph rules and type matching rules.

• Stream sink acts as termination point by simply publishing the inputs it

receives to a CEP Engine.

• Stream generators represent sensors or other type of event streams upon

which the Streamflow will act.

4.3 Architecture

The architectural framework of the Streamflow framework facilitates programma-

bility of the data streams with scientific workflows. The architecture of the frame-

work can be decomposed into three architectural layers as shown in Figure 10.

The framework proposed consists of the workflow composition tool which makes

use of composition and configuration modules in layer 1, the execution and orches-

tration components in layer 2, and the pluggable service components and stream

operators in layer 3. An analogy can be drawn from programming languages

where there is the language itself and then the language runtime. The first layer

of the framework provides Streamflow composition related modules that allows,

the scientific workflow users to build their experiments and this could be seen as
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analogous to writing and compiling a program. Once the Streamflow graph is com-

piled and ready to run it will be schedule to different runtimes depending on the

runtime characteristics of the sub-graphs and this is captured by the second layer

. Layer 2 is responsible for orchestrating the execution of components and man-

aging the event streams, and is analogous to the programming language runtime.

The orchestration engines in the middle layer interact with service components and

stream components of the bottom layer, which are pluggable application wrappers

for scientific applications.

Composition and configuration layer provides a Graphical User Interface based

programming abstraction very similar to the Scientific Workflow programming

abstraction. This can be used by the domain science user to formulate their ex-

periments. The Streamflow composition module makes use of other modules like

service discovery, stream data binding and hot deployment to provide a richer

workflow composition experience for the scientific workflow user. In addition that

the responsibility to compile and deploy the composed Streamflows is done through

the framework components at this layer. The compilation of a given Streamflow

involved using partitioning graphs, such that the sub-graphs would have coherent

runtime characteristics based on throughput/ event rates and resource consump-

tion. It is also necessary to identify the most suitable runtime engine that a given

sub-graph should be deployed to and to manage the deployment order of the sub-

graphs such that there will not be inconsistent sub-graphs in an event of partial

compilation failure. Also once a given Streamflow is deployed and running it is

necessary for the scientific user to monitor the health of the system; this is also

handled by layer 1 using a publish/subscribe system [37], particularly using Web

Service Notification [117] based asynchronous messaging system.

The static nature of workflow inputs makes it challenging to integrate the data

streams directly into the workflows, thus the Streamflow framework in layer 2

uses complex event processing systems in conjunction with the scientific workflow

system to make this integration more flexible. The Streamflow [57] [99] framework

uses Esper [35] complex event processing system to manage high volumes of data
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events coming in from different event sources. The workflow sub system is purely

SOA based; thus the complex event processing system is wrapped in web services

with extra functionality to manage the different streams and this service is referred

to as the CEP Engine. The CEP Engine is built on the reasoning that data

streams have increased value when centralized decision logic exists, and its not

just limited to localized decision logic [56]. It is a global repository for all the data

streams system-wide, and all the data streams are channeled through the CEP

Engine which makes it a single stream repository against which all the stream

queries could be run against. On the other hand, the CEP Engine sits in between

workflows and data streams and thus allows the flexibility of letting data streams

be pre-processed and filtered before they reach the workflows. For example a

weather forecasting workflow may be interested in radar data streams in a certain

region to do a local weather forecast. But the CEP Engine may receive radar

events that are specially distributed all across the country. So it is necessary to

filter out the radar events that fall out of the interested region: because the CEP

Engine sits between the data streams and the workflows, allow unnecessary events

can be filtered out. Thus workflows will not be run on unnecessary data sets and

this will save compute cycles.

XBaya engine and the BPEL workflow engine both provide similar orchestra-

tion functionality for the frameworks runtime yet they differ based on the runtime

event throughputs that they are able to handle and the reliability of the service

that they offer. BPEL [4] based workflow engines, particularly the Apache ODE

workflow engine [5] used in this framework, supports features like persistent busi-

ness processes, fault tolerant and transaction based business process execution

which has supports for check pointing, making it a good candidate for long run-

ning compute intensive scientific workflows. But the event rates supported by

Apache ODE is relatively low as shown in Figure 51 later. The XBaya engine is

a scientific workflow enactment engine that is used in multiple science gateway

projects and is capable of handling higher event rates in the streaming mode. The

tradeoff is it does not support the check pointing and failure recovery features like
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Figure 11: Streamflow event interaction showing stream interaction from event
sources, CEP Engine and the workflow engines.

that of Apache ODE.

Figure 11 shows an interaction between the runtime orchestration engines and

CEP engine. Once the user composes the Streamflow using the available seman-

tics, depending on the different semantics that were used, the system would com-

pile the necessary workflow scripts and queries to actually produce an executable

Streamflow.

Besides being used for filtering, the CEP Engine provides a means to facilitate

data binding of streams to workflows. Assume that there exists a data stream S

and there exists a type T to which every event in the data stream conforms. If

this data stream needs to be processed using a workflow, it is necessary that the

workflow be able to process inputs of type T. THis problem needs to be resolved

and typed checked during the process of deployment, as explained in the following

section.
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4.3.1 Workflow Composer

Similar to most scientific workflow systems, the Streamflow system provides a

composition interface for the science domain user to define and interact with the

workflows. The composition allows users to use workflow activities, Stream op-

erators and event sources to compose scientific experiments by defining data de-

pendencies among the workflow activities and stream operators. This essentially

builds a workflow Directed Acyclic Graph (DAG) similar to that of a workflow

but having flexibility to process event streams if necessary.

The workflow Composition interface provides the necessary functionality to

make the job of the domain scientist much easier. In any workflow system it is

essential for the composition tools to provide means for service discovery. This

requires the system to find service registries and process service descriptions and

understand those descriptions so that those services can be used in the workflow

during composition. The XBaya composer provides service discovery interfaces by

allowing the users to add service registries as well as a event stream registry so

the user can load available services as well as currently active event streams.

From the perspective of the workflow composition, when dealing with live

observational data feeds, a researcher will continue to use a workflow composer

as the tool for experimental setup. If the experiment involves a data stream of

particular data type, in the simplest case the scientist would focus on setting up

the workflow as if this workflow is going to process a single event of the data

stream. XBaya builds a mechanism to replaces an static workflow inputs to one

of its nodes and connect a data stream of the same type to be connected to that

node. At the time of the execution of the workflow it is necessary to understand

that this workflow has different execution semantics because of the stream nature

of the inputs and XBaya workflow system manages all that execution complexity

in a way that is transparent to the user.

To accomplish this we introduce new workflow semantics to the workflow sys-

tem in the form of a streaming data source. From the perspective of the exper-

imenter the stream data source is an abstract concept representing a continuous
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data stream. From an architectural standpoint it represents a service that ingests

events posted by the data stream service to a workflow that is waiting for an

external event to continue execution.

This new node type is configured through setting a query, an EPR and a time

range. The query represents the events within the data stream that are of interest

to the researcher. Since a workflow executes once from beginning to end in a linear

fashion, yet the data stream is continuous, the time range defines the period of

time for which the data stream should be monitored. Finally the EPR indicates to

the event processing service where to send data events matching the given query.

Many scientific sensors produce large continuously generated observations and,

in some cases, much of the data is not very interesting. Weather radar, for example,

produces events occurring regardless of weather conditions. Occasionally an event

occurs that needs urgent attention and evaluation: for example, a tornado may

starts forming in the atmosphere. Thisrequires urgent forecasts to determine the

strength and path of the weather system. In such a situation, it is necessary to

trigger much larger experiments to evaluate the event. The pattern matching and

other declarative programming constructs supported by complex event processing

systems provide a sufficient programming model to capture such scenarios. A rule

based system is another possible way of detecting such trigger scenarios.

In the simplest case, the programming model allows the user to compose a

workflow as a normal static input workflow and then add a streaming data source

to the workflow. This is done by identifying the particular input that will be fed

from an event stream and configuring it to be interfaced with an event stream, via

the convienient drag and drop composition functionality provided by the compo-

sition tool. Once such a configuration is done it is represented during compilation,

and deploying the Streamflow framework would initiate the execution of a graph

instance for every incoming event in the event stream. This simple programming

model extension makes it easy for the scientist to adopt because it is very similar

to composing conventional scientific workflow. This section will first focus on how

such a simple use case is handled by the framework and later it will move on to
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explain how generic graph structures with unforeseen complexity can be compiled

and scheduled using the Streamflow framework.

For simplicity, we will consider an example where a user will use an existing

pure workflow which runs on static data and tries to interface it with an event

stream. This is very likely scenario whenever the user has setup a workflow to

evaluate a single sensor event, and then decides to plug the stream into the work-

flow and run it for every event that the sensor generates. Figure 12 shows how

this interaction will take place. Figure 12(a) shows the existing pure workflow and

in Figure 12 action (1) the user would simply drag and drop a stream source to

the workbench and drag the workflow input to the stream source: what could be

read as the workflow input now comes from the newly added stream source. This

stream source is now a stream generator node type and thus all the down stream

nodes would become implicit Streamflow nodes. During the compilation of this

Streamflow, the framework compiles the workflow, and generates two workflows

as follows:

• Control Streamflow that initiates the execution and receipts of messages

from a CEP system and dispatch to the child workflow as needed.

• Child workflow representing the actual scientific workflow without any

streaming in it. This is the same as the static data set workflow.

Once these two workflows are deployed the system exists in a runnable state.

The dataflow of a conventional workflow is normally represented by an edge from

one workflow node to another and represents a single message or event flowing from

data out-port to a data in-port. It is important to note that when a streaming data

source is introduced to a workflow the cardinality of the dataflow edge changes

and edges connected to stream data sources and all subsequent data dependencies

represent data streams instead of a single data event. These changes are reflected

in the workflow system using the thick blue edges in the control Streamflow 3 and

can be clearly seen in Figure 12. These workflows are then compiled to WS-BPEL

scripts and be deployed to the workflow engine used by the framework, Apache
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Figure 12: Conversion of workflow to Streamflow and how deployment of Stream-
flow connects events with processing components
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Figure 13: Compilation and deployment Streamflow DAG. A DAG may be com-
piled to any of the three target runtimes using the workflow DAG abstraction
provided by XBaya

ODE [5].

4.3.2 Streamflow compiler

Streamflow composer allows the users to compose experiments using the Graph-

ical User Interface as DAGs. Using these DAGs as a running system, requires

compiling the DAG structures into runnable scripts specific to the runtime or-

chestration and execution engines. Given a particular Streamflow DAG, its dif-

ferent sub-graphs may have different runtime properties such as different runtime

throughputs and runtime resource requirements. Depending on these aspects the

Streamflow framework will partition the user composed DAG into different sub-

graphs. The algorithms and justification of such partitioning is described in the

following subsection. This section focus on illustrating how a given sub-graph will

be compiled and deployed into to a particular runtime engine.

Figure 13 shows the architectural aspects of the compilation of a given Stream-

flow DAG. During the compilation XBaya will provide the Streamflow DAG to the
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graph partitioning module and it will identify the biggest deployable sub-graphs.

The runtime scheduling module will determine which runtime engine will be the

best fit for a given sub-graph. This is based on number of factors such as the

semantics of the activities in the sub-graph, expected runtime throughput, and

expected resource requirements. Once a particular sub-graph is assigned to a run-

time engine, it will be fed into a compiler for that particular runtime engine and

the compiler will transform the sub-graph structure into an executable workflow

script. As shown in Figure 12 graph a partitioning algorithm will produce mul-

tiple workflow graphs and they will be fed into the scheduling module that will

try to identify which target runtime is the best fit for executing the sub-graph.

The sub-graphs are described in the high level workflow description language de-

scribed in previously and workflow compilers in XBaya are capable of generating

executables for target runtime for a given graph or a sub-graph. The Streamflow

framework will use three graph compilers, BPEL Compiler, XBaya Compiler or

CEP Compiler depending on the scheduling decision. Once the executables for

all the sub-graphs are generated the deployment model will interact with the de-

ployment mechanism of the runtime engines. There are aspects like static input

registering, hot deployment and protocol resolution that need to be resolved in

the deployment module.

Compilation of BPEL sub-graphs The compilation of BPEL scripts and

XBaya Engine scripts are functionally similar apart from the syntactic differences

in the scripts. Both the algorithms are based on topological sorting algorithm

[64][63] that will produce the ordering of the tasks that will be executed based

on the dependencies in the graph. Such ordering would produce the maximum

level of parallelism within the workflow graph that is being compiled [9]. It is

important to note once a particular sub-graph is compiled and it starts executing

it will behave as a running instance of a conventional scientific workflow.

Compilation of CEP sub-graphs If a particular sub-graph entirely consists

of CEP nodes, it is defined as ”CEP reducible” and it can be compiled entirely

47



in the CEP engine. The Esper Complex Event Processing system used in this

framework does not provide means for graph structures;thus, the CEP compiler

must convert the graph structure into a linear set of queries that would provide

the functional dependencies exhibited in the DAG. This subsection illustrates how

a DAG will be transformed into a set of queries while preserving the structural

dependency shown in the DAG.

Normally orchestration of DAG activities is done using a workflow engine and

workflow engines are well equipped for that. One choice in this case is to run the

events through the CEP engine to process against the query, and then route that

event to a workflow engine for orchestration and resolving dependencies. But if

all those events need to be routed to a workflow engine, either XBaya engine or a

BPEL engine, the throughput of those event streams will be upper bounded by the

rates handled by the workflow orchestration engines. The event rates that Com-

plex Event Processing systems could handle are much higher than the throughputs

of the workflow systems. In such an architecture, the workflow engines will become

a bottleneck and the high throughput event rates that the Complex Event Pro-

cessing Systems are able to handle will go under-utilized. Therefore if the event

flows are kept within the Complex Event Processing system when possible, it will

significantly increase the maximum throughput that particular ”CEP reducible”

sub-graph could handle.

If the Stream related event flow can be handled within the Complex Event

Processing CEP Engine itself, then the bottleneck that was described can be

removed and the event that only involve CEP can run at the throughput supported

by the Complex Event Processing system. There are certain nodes that would

definitely warrant the orchestration of a workflow engine and there is also a class

of nodes that can do without the workflow engine. In particular, the CEP node and

its child nodes such as join node, split node and filter node, can be made to work

in a runtime without a workflow engine. Compiling a single CEP node to work

in an environment without a workflow engine is fairly straightforward. Consider

a sub-graph or even an entire graph of CEP nodes haw to make all of them
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Figure 14: CEP Graph compilation to CEP Engine using the CEP queries that
listen to the streams depicted by the edge dependencies in the graph

enforce the event flow dependencies is much more challenging. The conventional

Complex event processing systems do not provide a means for dependency flow

management; thus, there is a need for such dependencies to be incorporated to

the Complex Event Processing system using existing EPL [36] functionalities.

Given a sub-graph in a Streamflow there can be a property that can be iden-

tified as ”CEP reducible” defined as all the nodes in the sub-graph that are CEP

nodes or a CEP child nodeslike join node, filter node. In otherwords, the process-

ing tasks or kernels in the sub-graph are such that they can be expressed only

using Complex Event Processing queries and do not require external service or

component interactions such as web services. If a given sub-graph of a Streamflow

is ”CEP reducible” it can be shown that there is an algorithmic way of defining

Complex Event Processing queries in such a way that it would preserve all the

relevant event flow dependencies associated with the edges in the sub-graph.

Figure 14 shows a CEP node only Streamflow sub-graph and illustrates how
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the components shown in the sub-graph will be reduced into queries and streams

in the CEP Engine.

Stream1 −→ Node1(Q1) −→ Stream3

Above notation states that there is a Complex Event Processing node named

Node 1 which has a CEP query, Q1, associated with it; this node will have an

incoming stream Stream1 and will produce an output stream Stream3.

The query will be of the form Select * from Stream1 where ...

Now consider a downstream Node3 that uses Stream3 as an input to that node.

Stream3 −→ CEP Node3(Q3) −→ Stream5

To make this stream dependencies to be orchestrated at the runtime one option

is registering a listener to Stream3 and sending them through a workflow engine so

those events can be orchestrated to the Node3. But this is exactly the throughput

bottleneck that was mentioned earlier, that was discussed to be undesirable. The

other approach is to publish all the events back to the CEP Engine and get CEP

Node 3 to listen to that stream. This would include slightly changing the Event

Processing Language query associated with CEP Node1 to publish the event back

to the CEP Engine.

Insert Into Stream3 Select * from Stream1 where ...

As shown above, the introduction of a new stream name and adding an Insert

clause will signal the CEP Engine to publish the events back to the stream. The

selection of the output stream name will be done during the configuration of the

node in the XBaya composer and all the downstream nodes that would use this

output stream need to utilize that stream name.

It should be noted that there is a strong possibility that two output streams

may be given the same name. This could be seen as a feature or an issue that

could lead to nondeterministic behavior. The default mode would be to produce

a Universally Unique Identifier (UUID) [71] which would be relatively unique. To

guarantee the uniqueness of the stream name chosen at the end of configuration

of a given CEP node the Stream will check with the CEP Engine to ensure the

selected name is not in conflict with an already existing stream name. On the
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other hand the user might be interested in publishing events to an existing event

stream in which case the user would be required to confirm his/her action to make

sure it is not an accidental selection.

Once the naming issue is resolved, the Complex Event Processing queries can

be registered with the CEP Engine. It will be necessary to resolve the required

flow dependencies that are represented by the edges in the graph. Because the

uniqueness of the output stream name is guaranteed unless otherwise is intended,

the fact that the downstream nodes listen to that particular stream name ensures

the semantics implied by the edges in the Streamflow graph are met. This allows

the notion of a dependency graph to be encoded into a set of EPL queries in a

CEP Engine.

stream1 −→ Node1(Query1(stream1)) −→ stream3

stream2 −→ Node2(Query2(stream2)) −→ stream4

Above set of graph edges will produce the following queries in the CEP Engine;

the CEP compilation Algorithm explains exactly how this matching of streams is

done:

Insert into stream1

Insert into stream3 Query1(stream1)

Insert into stream4 Query2(stream2)

Such dependency based stream insertions and matching stream names would

facilitate the implied semantics shown in the graph structure of the Streamflow.

This also removes the bottlenecks introduced by the workflow engines because the

entire event interaction happens within the CEP Engine so the event throughput

rates are bounded by the rates of the CEP Engine which are significantly higher,

relative to workflow systems. Figure 15 lists the compilation algorithm for sub-

graphs that consist entirely of CEP components. The Algorithm makes sure that

the dependency edges shown in the DAG are enforced when the sub-graph is

compiled into set of queries.

The algorithm would first topologically sort the graph [69] to obtain the nodes

in the order of the dependency graph. For example if Node 3 is dependent on
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1 compileToCEP(Graph g ) {
2 Ver t i c e [ ] sortedNodeOrder = t op o l o g i c a l l y S o r t ( g ) ;
3 Map portStreamLookupMap = new HashMap ( ) ;
4 L inkedLis t inputStreamComponents = g . get InputSources ( ) ;
5 for ( Ver t i c e source : inputStreamComponents ) {
6 portStreamLookupMap . put ( source . getOutputPort ( ) ,
7 source . getStreamName ( ) ) ;
8 }
9 for ( Ver t i c e nodei : sortedNodeOrder ) {

10 Edge [ ] inputEdges = nodei . get inputEdges ( ) ;
11 St r ing [ ] nodeInputStreams = new St r ing [ inputEdges . l ength ] ;
12 for ( int i = 0 ; i < inputEdges . l ength ; i++) {
13 Edge edge i = inputEdges [ i ] ;
14 OutputPort fromPort = edge i . getFromPort ( ) ;
15 St r ing portStreaName = portStreamLookupMap
16 . get ( fromPort ) ;
17 nodeInputStreams [ i ] = portStreaName ;
18 va l i d a t e ( nodeInputStreams , nodei . getCEPQuery ( ) ) ;
19 }
20 St r ing newStreamName = generateUniqueStreamName ( nodei
21 . getOutputPort ( ) ) ;
22 registerWithCEPEngine (newStreamName , nodei . getCEPQuery ( ) ) ;
23 portStreamLookupMap . put ( nodei . getOutputPort ( ) , newStreamName ) ;
24 }
25 }

Figure 15: CEP compilation Algorithm

Node2 then it is necessary for the Node 2 related queries to be registered with

the CEP Engine before the Node 3 can be registered. Also, if the CEP graph

contains dependency cycles, there will be event build up in the loop which would

eventually crash the system, so the graph is strictly a Directed Acyclic Graph.

The topological sort on a graph also allows the identification of cycles and thus

the line2 topological sort serves two purposes.

It should be noted that the Algorithm is designed to work with nodes with

the same cardinality and it is much easier to identify subsets of nodes with the

same cardinality by using a technique similar to Information Flow control [109]

labeling.

Next the loop in line 18 makes sure the query in the CEP node is in fact working

with the input stream names and not referring to unbounded streams. This is

necessary to guarantee that the visual semantics of the edges in the graph are

preserved. It is necessary to assign unique stream names to the output streams of
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Figure 16: Streamflow CEP graph that can be configured to any EPL query
supported by the CEP engine.

each CEP component and this is achieved by assigning by default trying to assign

the output port name of the CEP name to the particular output stream name;

this name will be looked up with the CEP Engine which will act as a register for

all the stream names and will return a unique stream name if there is a conflict.

In fact that the CEP Engine assigning the Stream name will remove any possible

synchronization issues that might occur. Next, in line 22, the system will register

the Query as well as the Stream name with the CEP Engine. The time complexity

of the CEP compilation is O (N+E) based on the visitation of the nodes and edges

during the algorithm.

Figure 16 shows a typical CEP graph and this graph can be entirely reduced

to single as sub-workflow component assuming the event cardinalities of the nodes

are the same. It should be noted this entire graph can be reduced to single Sub

Workflow if necessary.

4.3.3 Graph Partitioning

The overall Streamflow DAG composed by the domain scientist consists of activ-

ities of different semantics and different runtime characteristics. The underlying

execution runtime consists of CEP engine and workflow engines which can handle

different runtime characteristics. The goal of the graph partitioning is to partition

the user composed DAG into sub-graphss such that each of the sub-graphs runtime

characteristics will match to the underlying execution environments. Sometimes
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the DAG as it is may exhibit matching characteristics to a particular execution

environment and in such cases graph partitioning is not necessary. But as men-

tioned in the introduction there are many scientific applications that require dif-

ferent phases of computations that will warrant partitioning of the DAG into

sub-graphs.

When considering the compilation of generic Streamflows the framework will

use several strategies to compile workflow and query scripts that would orchestrate

the running instance of a Streamflow of a specific graph. Figure 17 shows an

example Streamflow and how it would be compiles into different sub workflows

that are ready for execution. Sub workflow 1 was mined based on the fact that it

consists of pure workflow nodes consisting of a connected sub-graph. The Stream

input to node 5 made the all the rest of the downstream nodes to be Streamflow

nodes and Cardinality of the nodes 5, 6, 7, 8 and 9 are the same, 1 to be precise

thus sub workflow 2 is considered as a unit of execution. Node 10 is a filter

node thus it has cardinality less than 1 this stops node 10 being included in sub

workflow 2 because of two reasons. First being a filter node it forces involvement

of queries thus it needs to be considered as an isolated case. Considering nodes 11,

12 and 13 they have the same cardinality again cardinality of 1 to be precise thus

would qualify to be a considered as a separate sub workflow. But there is some

further complication that needs considering if sub workflow 3 is considered as a

separate sub-graph the input streams to the sub workflow 3 has different input

rates thus it would require a stream join. This means to upgrade the slower input

rate to a higher rate by repeating event values or downgrade the higher input rate

to a lower input rate by throwing away extra events and synchronizing with the

slower event stream or some other combination of join. In theory id pure dataflow

model is used similar implicit join would happen at some point of time so such

assertion of an explicit join will not curtail the expressiveness in any significant

way. Once the sub workflows are identified the Streamflow compiler would generate

the workflow scripts using the workflow language compilers introduced in section

3. The extra effort that was put into the having an abstract workflow graph and
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Figure 17: Sub Workflow mining during Streamflow compilation. The seperation
of sub-graphs are governed by the cardinality of the nodes and edges

having compilers that generate different workflow language scripts for the same

abstract graph becomes very useful during the Streamflow compilation process.

Whether the sub graph mining algorithm finds the optimal sub-graph is an

important theoretical question that needs to be raised. This thesis argues that

the query language predicates the change of rates in the dataflow and the data

rates drives the optimal sub workflow identification. Given a query which can

very well include arbitrary user defined functions which could be written in any

Turing complete language, the question of asking how it affects the event rates is

an extensional problem thus Rice’s theorem [108] would make it an un-decidable

problem.

But in most cases users may be able to provide clues as to how rates may

change. By forcing explicit joins the need to programmatically analyze how queries

affect the event rate can be eliminated for most of the cases. There is an incentive

for the users to identify these event rates if possible because that would give

much more abstract view of the dataflow, for example Figure 17 Streamflow would

be reduced to a Streamflow of three sub workflows which would much better

perspective to the user about the control flow as well as it would be easier to
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Figure 18: Labeling Algorithm that is used to partition the Streamflow graph
based on the event streams that the edges carry. The graph structure shows what
happens to an already partitioned graph if one of the nodes change from a web
service node to a filter node

estimate resources for such a structured graph.

Consider the Streamflow that is shown in Figure 17. Assume the graph was

initially a graph of web service components of three inputs and at one point the

user selected one of the inputs to be streamed in from an event stream(shown in

yellow input arrow). Such a change would imply that for each event in the event

stream the workflow graph should be recalculated at least a portion of it.

A closer examination of the implications of such stream input to a workflow

reveal that part of the workflow will be recalculated just to satisfy the data de-

pendencies of the computation instead of it having anything to do with the new

events arriving at the event stream. To understand how to identify which of the

nodes need to be recalculated the Streamflow framework uses labeling algorithm.

The labels correspond to the cardinality of the stream in the edges of the graph.

The intuition behind the labeling is if a stream source is connected to a node, all

its downstream nodes will have to handle the time series of outputs produced by
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1 labelGraph (Graph g ){
2 de f L i s t<Node> streamInputs = getStreamInputs ( g ) ;
3 de f L i s t<Node> s t a t i c I n pu t s = ge tS t a t i c I npu t s ( g ) ;
4 de f Queue<Node> queue // a l l i npu t s are l a b e l e d
5
6 // I n t i a l i z e s t a t i c inpu t s to a one l a b e l
7 fo r each ( inputNode in s t a t i c I n pu t s ){
8 inputNode . s e t S t a t i cLab e l ( ) ;
9 addInputLabeledDownstreamNodesToQueue ( inputNode , queue ) ;

10 }
11 // inven t l a b e l f o r stream sources
12 fo r each ( inputNode in streamInputs ){
13 inputNode . ass ignUniqueueLabel ( ) ;
14 addInputLabeledDownstreamNodesToQueue ( inputNode , queue ) ;
15 }
16 // queue i n v a r i e n t : a l l nodes have a l r eady l a b e l e d inpu t s
17 while ( queue not empty ){
18 Node node = queue . dequeue ( ) ;
19 i f ( node . hasSameInputLabels ( ){
20 i f ( node . isCanonicalOneTOOneNode ( ) ){
21 node . setSameLabelAsInput ( ) ;
22 } else {
23 node . inventLabe l ( ) ;
24 }
25 } else {
26 node . inventLabe l ( ) ;
27 i f ( node . isCanonicalOneTOOneNode ( ) ){
28 node . r e qu i r e Jo i n ( ) ;
29 }
30 }
31 node . checAndAddAllLabeledDownStreamNodes ( node , queue ) ;
32
33 }
34 }

Figure 19: Graph Cardinality Labeling Algorithm

their previous components. The labeling algorithm labels the edges in the graph

in such a way that the edges with same label are expected to carry same number

of events over the lifetime of the Streamflow run.

Out of the node types there are some that would present themselves as the

canonical one to one input-output correspondence and these can be programmat-

ically labeled. For other types of nodes it is not always straightforward to define

the output label because the query associated with the node can change the output

rate. Optionally the user can specify the input-output correspondence for nodes

without canonical input output correspondence and it will be taken into consider-
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ation to refine the labeling. At the point when the algorithm cannot determine a

label mapping from the already assigned labels, it will invent a new label. Reusing

the labels where possible lead to identification of bigger sub-graphs improves the

effectiveness of the partitioning algorithm.

The significance of the labeling of the edges is, once the graph is labeled it

identifies the sub-graphs that can be considered as a single one computational

unit or a single sub-workflow. For such sub-workflows at each invocation it would

behave as a pure workflow where the control-flow is deterministic and well defined.

These sub-graphs essentially have different stream rates, although the stream rate

within a sub-graph is the same. Figure 17 shows a graph that is labeled and the

different labels are shown in different colored edges graphs. Based on this labeling

the Framework will partition the original graph in to sub-graphs of workflows.

Although when considering the irregularities of the control-flow in the entire graph,

the individual sub-graphs behave more like workflow invocations for input set in

the event stream. This is the reasoning behind considering these sub-graphs as

single computational units. Although the entire graph shown in Figure 17 cannot

be deployed to an off the shelf workflow engine, the individual sub-graphs can be

deployed to standard workflow engines because they have regular control-flow.

The graph partitioning identifies the biggest sub-graph that qualifies as a pure

workflow deployable to a workflow engine. The Figure 20 shows the algorithm that

partitions a Streamflow graph into sub-graphs. Topological sorting [64][63] is used

to orders the nodes of the graphs in an order that they can be scheduled based on

the dependencies of the nodes. There are certain graphs that will not produce such

an order because the graph contain cycles. The topological sorting also identifies

these cycles and thus it can be used to parse a given graph for its validity and

to check whether it is a Directed Acyclic Graph (DAG). The algorithm identifies

cycles by traversing the graph in near topological order and clustering sub-graphs

with connected nodes with same labels assigned by labeling algorithm. Once the

sub-workflows are identified a high level graph abstraction of the original workflow

can be reconstructed as shown in Figure 17.
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The identification of the sub-graphs of an original graph is used to reveal the

boundaries where the event stream rates do not match. This would mean that

there need to be some kind of event matching at the boundaries. For example

consider the input edges to the workflow 3 in Figure 17. Two of the three inputs

are of same cardinality and other edge is of different cardinality. It means the

event streams the edges represent would produce events at different rates, for

example in Figure 17 workflow3 operates at 1 event per second and the second

event stream producing events at 2 events per second. There needs to be an

explicit decision made on how the two stream sets should be joined. Normally

for practical circumstances the slower event stream will be matched to the faster

event stream by caching the most recent event of the slower event stream. If

stream1 is represented by S1T1,S1T2, S1T3 time series and stream2 is represented

by S2T1, S2T1.5, S2T2, S2T2.5, S2T2, where the subscripts represent the clock

reading. There need to be explicit join that decides how these two event streams

can be joined and fed into workflow3. If the user wants to match the faster

stream by caching the slower stream which would produce (S1TI,S2T1), (S1T1,

S2T1.5), (S1T2,S2T2) , (S1T2, S2T2.5), stream. Or the user could match the

faster stream with the slower stream by throwing away events which would produce

(S1TI,S2T1), (S1T2,S2T2), stream.

4.3.4 Inter-sub-graphs Event Orchestration

The graph partitioning module and the run-time schedule mole will partition the

Streamflow graph and deploy it to different orchestration run-times. When the

events start flowing through the system there needs to be transition between these

sub-graphs running in one system to another. This sub-section explains how it

will be done canonically.

In Figure 21 consider that workflow 1, workflow 2, workflow3 got scheduled

to CEP Engine, XBaya engine and BPEL engine respectively. Workflow1 and

Workflow2 has two input event streams and produce two stream event streams as

output. Since the origins to the two input event streams are not the same the two
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1 par t i t i onSt r eamf low (Graph g ){
2
3 de f Map<Label , L i s t<Node>> part it ionMap ;
4 t op o l o g i c a l S o r t ( g ) ;
5 labelGraph ( g ) ;
6
7 Foreach ( node in g ){
8 part it ionMap . add ( node . label , node ) ;
9 i f ( node . r e qu i r e Jo i n ( ) ){

10 in t roduceJo in ( node , g ) ;
11 }
12 }
13 de f Set<Graph> p a r t i t i o n s
14 Foreach ( key in part it ionMap ){
15 List<Node> subGraphNodes = part it ionMap . get ( key )
16 Graph pa r t i t i o n = createSubGraph (g , subGraphNodes ) ;
17 p a r t i t i o n s . add ( p a r t i t i o n ) ;
18 }
19 return pa r t i t i o n ;
20 }

Figure 20: Graph Partitioning ALgorithm

Workflow 

1 

Workflow 

2 

 

Workflow 

3 

 

Join Node 

 

Figure 21: Sub-graph boundary join insertion. If a particular subgraph has
streams of different cardinality as inputs a join node is explicitly inserted to pre-
serve the correctness of the graph
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output streams generally will have different cardinality. The outputs of a given

sub-workflow need to be fed to the sub-workflows that have stream dependency

to it. One approach is to slightly modify each workflow to include a publisher at

the end of the sub-workflow to the dependent sub-graph. Other approach is to

publish all the outputs of the producing sub-workflow to the CEP engine and the

consuming sub-workflow to listen to the events published by the producer. There

is reasoning for and against whether all the events produced by such sub-workflows

should go through the CEP engine.

Obviously going through the CEP Engine would introduce extra latency to

the graph pipeline where as direct approach would by-pass such latency. Often

there is a need for joins at the boundaries of such sub-workflows because one of

the reasons the sub-workflows got partitioned is because of their discrepancies in

the event rates that would prompt stream joins. In such cases going through CEP

engine is mandatory like in the case of workflows shown in Figure 21. Further the

outputs of these sub-workflows are derived event streams and could be of some

significance and having it published to the CEP engine would allow it to be used or

monitored by a different process. Also this will allow the Streamflow monitoring

system to intercept the output streams of a given sub-workflow thus allowing the

monitoring system to be coherent with the rest of the CEP events. Going through

the CEP engine will provide a means for lose coupling between the sub-graphs.

A given sub-workflow would produce all the outputs at the same time so all of

those outputs can be published to the CEP Engine as a composite event which will

capture the correlation between those outputs. Such events can be published as a

stream with a unique name so the subsequent stream connections or the stream

joins have unique stream reference. Once the partitioning identifies there need

to be joins that has to be resolved because of different stream cardinalities, the

deployment time will prompt the user to introduce a join node in place. Once the

joins are resolved the resulting stream is registered with endpoint reference which

would indicate the endpoint reference that the stream events should be sent to.

For example the Figure 21 ’s Workflow3 once deployed would have a web service
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EPR which will accept events.

Assume that the output of Workflow1 is stream1 and workflow 1 has two

outputs and this would mean each event in stream1 is a composite event of the

two outputs denoted by s1.p11, s1,p12. Assume a similar case for Workflow2 where

the composite event is denoted by s2.p21,s2p22. Say the input to WF3 has input

p11 and p22 from the two streams, and assume that the event rates of stream1

and event rated of stream2 has some disparity. This would mean that inputs to

workflow 3 have to be prepared by joining the two streams. This would prompt

some join condition that needs to be specified by the user. If the join condition is

captured by Query1 this would provide much cleaner abstraction in terms of how

the join transitions take place in a given Streamflow. Following Query1 shows a

possible joining of the two streams where there will be pair of events be generated

matching the past phased stream.

Select s1.p11,s2.p22 From stream1 as s1, stream2 as s2;

The CEP node that captures Query1 would have two input event streams and

will produce one output event stream. Given the fact that stream1 and stream2

stream names are unique and they are outputs of Workflow1 and Workflow2 re-

spectively, Query1 will produce the correct input event stream for workflow 3.

To complete this connection at the time of the deployment of the CEP join node

need to be aware that every output event from Query1 need to be sent to Work-

flow3. This is achieved by associating a publish EPR with the query during the

deployment to the CEP engine. The expectation is the CEP engine will honor the

contract that every output event from the query will be published to the EPR.

Esper Complex event processing system allows an API to register event listeners

with streams with the contract that event listener will be invoked for every event

output in the stream. These listeners could have invoker hooks that would publish

events to the EPR registered during the deployment of the join node.
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1 <radar>
2
3 < l o c a t i o n>

4
5 <c e n t e r l a t>40</ c e n t e r l a t>
6
7 <c en t e r l on>−86</ c en t e r l on>

8
9 </ l o c a t i o n>

10
11 </ radar>

Figure 22: Example metadata event form an instrument

4.3.5 Data Binding

The workflow system primarily deal with web service based activities and the

events are Xml messaged. The Complex Event Processing queries make references

to the properties of the events and this brings up the need to bind the xml event

tags with the properties referred by the CEP queries. This subsection explains

how the framework allows users to map event data to queries and this is referred

to as data binding from here fourth.

Most of the Event that are focused in this framework are Xml events and the

Queries defined during composition refer to property values of the events. These

event properties are usually the values in the Xml TextNodes and the EPL specifi-

cation allows reference to such properties to be done independent of the structure

of the properties inside the xml messages. This is achieved by defining references

to the event properties inside the xml message event using Xpath expressions and

assigning property names that can be referred in the EPL query.

Consider query that would filter event based on the location properties of

the radar event. Above xml shows a possible metadata event from a radar and

assume that the query that run over the stream of events will produce a event

stream with radar events which falls in a particular special area. This will mean

the query would have to refer to the location properties in the event and filter

out the events that will not fall within the required spatial bounds. The query for

such a setup would look like the EPL query given below.
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Figure 23: CEP Node Configuration where the declarative query can be declared
for as the processing component. It shows the sample of the last fetched event.
Variables used in the query can be data bound using xpaths.

Select * from RadarEvent where lat > 38 and lat < 42 and lon > -87

and lon < -85

The variables lat and lon referred in the query need to map to the cernterlat

and centerlon Xml element values in the Xml event. This is achieved by specifying

aliases for Xpath properties that will map the variable names used in the query

to the Xml element values found in the Xml Event.

Query Variable Name := XPath expression :Type

lat := /radar/location/centerlat :NUMBER

lon := /radar/location/centerlon :NUMBER

Mapping shown in the above would allow the CEP Engine to write queries

with the ability to be data bound to the values in the Xml event. Besides the

event properties it is also necessary for the user to specify the root event so the

CEP Engine can associate the stream name with the xml events that that gets

published to the system.

Figure 23 provides a configuration options available for a given CEP Node and
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these include the immutable input stream name and then configurable parameters

like the EPL statement and other data binding related aspects.

4.3.6 Hot Deployment and Stream registry

When a domain scientist is composing a Streamflow it would be extremely useful

to know what will be the event rates that a particular node will have to handle.

The runtime throughput depends on many factors so it is hard to calculate this

in general. But if the framework is capable of deploying Streamflow components

as and when the user composes it, the system can monitor the affect of adding

a particular node to the Streamflow in real-timeand notify the user about the

throughputs it is dealing with. The hot deployment model allows users to do

exactly this where they can examine the stream rates of the newly added nodes to

the Streamflow during the composition phase so the user can incrementally build

the experiment while keeping an eye on the event rates.

There are two aspects that a particular CEP node has to focus during compo-

sition. They are the functional aspect and the runtime aspects of the node. The

functional aspect deals with identifying the input data streams, the EPL query

associated with the node, data bound parameters and other aspects that are re-

quired to deploy the query associated with the node to the CEP Engine. The

other aspect is how the node would perform during the runtime. That is to say

what will be the input event rates the node has to handle and the output event

rate the node would produce. This would become particularly important when a

particular node has an EPL query that would increase the event rates and whether

the system will be able to handle such rates. More frequent example is where out-

put stream of the particular node is connected to a web service node which has

much lower maximum throughput rates. Given this it can be argued that it will

be useful to know the effect of adding a particular node to the system.

XBaya Streamflow provides two modes of composition which would be referred

to as online and offline. The offline mode is the conventional workflow or dataflow

composition mode where the entire graph is composed and completed before any
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Figure 24: Listing of the available streams by quering the stream registry.

deployment and running is done. But the fact that the CEP Engine and Complex

Event Processing systems are real-time systems allow the users to deploy the

components as they compose the graph and this would allow the user to see the

real-time effect of that component and the output stream rates that particular

node would produce. It should be noted there is a possibility that the output

stream rate can be predicted by only looking at the input rates and the nature

of the query, but the general case this would reduce to an extensional problem[ref

Rice] and will be undecidable.

XBaya composition tool allows the user to connect to the CEP Engine and

load the available streams in the CEP Engine that are currently active. Figure 24

shows the interface where it lists the streams and the stream related metadata.

The metadata include the sequence of event rates calculated at the time interval of

the event arrival and by providing multiple event rates the system allows the users

to get an idea of short term fluctuations of the event rates of the stream. It also

provides a time stamp of the last known event that arrived at the stream. This

would allow the user to determine whether the data is current or is it a zombie

stream that has not been active for a while. Interface also provide management

functionalities like refreshing stream metadata and also stopping removing streams

from the CEP Engine.

The most useful functionality the stream listing provides is the ability for the

users to use a stream in a Streamflow. User during the Streamflow composition

can use a stream from the listing and add it to the workspace and one such stream

sources are shown in Figure 25 as a Stream Source. Now this source can be

used for composition of Streamflow and normally the composition happen in such
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Figure 25: XBaya Dynamic composition mode where the cep nodes are deployed
during composition and the XBaya will show some metadata about the new output
stream

incremental manner. During composition as shown in Figure 25 the Stream Source

is connected to the CEP Node which is obviously an CEP Node and XBaya will

immediately show the event rate that the particular edge implies by listing a set

of last known event rates so the user would have an immediate understand what

would be the rate at the CEP Node.

Once the CEP node is connected the user has to configure the node using the

Figure X3 configuration window and if the user selects the ”Hot deploy during

composition” option the EPL associated with the Node will be immediately de-

ployed and the EPL will go into effect in the CEP Engine. This Is the online

composition mode that was referred to earlier. The enhancement that this system

provides is that when user tries to connect another CEP component to the output

of this node, that particular edge will also be annotated with the event rate and

thus the user can make an judgment on whether the node down stream could

handle the rate produce by the node just got deployed.

Also the CEP nodes are known as dynamic nodes where user can drag and

drop multiple input stream to the node and node will create a port dynamically

and accommodate the docking of the edge. This allows the user to configure the

number of stream inputs to a given CEP node.
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Figure 26: Simple Streamflow showing a web service component that initiates a
stream feeding a down stream Streamflow node

4.3.7 Streamflow Runtime

Once a give Streamflow DAG is partitioned into the respective sub-graphs and the

sub-graphs are deployed to the most suitable runtime. Figure 10 shows the three

possible runtime orchestration engines a given subgraph can be scheduled to run.

The CEP Engine is different from the other two engines because the sub-graphs

that get scheduled to CEP Engine need to be entirely of CEP nodes. The XBaya

Engine or BPEL engine support similar workflow semantics and this mean that a

given sub-graph can either be deployed into the XBaya Engine or BPEL Engine.

This decision is mainly based on the runtime characteristics of the sub-graph.

The execution of the composed and deployed workflow begins by invoking the

control Streamflow and as shown in Figure 12 the first activity of the control

Streamflow is to contact the complex event processing system to register a query

that was specified by the users about the type of events that this workflow is

interested in and the duration that the continuous query should be valid. This is

shown as step 4 in Figure 12.

The workflow then waits for the first message to arrive from the CEP Engine

and when the CEP Engine finds an event that satisfies the query, it sends a

message to the waiting workflow process. Once the workflow receives the message

and invokes the child workflow that it starts executing. Meanwhile the control

Streamflow’s Active node would loops back and waits for another observational

event and the process continues.

A given workflow component may be viewed as a function with or without

side effects that is invoked upon receiving the data events from the stream. The
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workflow takes the input and a global state and produces an output and depending

on whether the workflow is side effect free or not it may not or may change the

global state, respectively. The static nature of the workflow inputs can be observed

in this notation because of the workflow execution begins only when all the inputs

are available. Once the workflow starts executing the inputs cannot be changed

nor is lazy evaluation [70] of inputs allowed.

The edges in the workflow graph are denoted as:

Workflow-Edge = ((Service1, outputPort1) −→(Service2, inputPort1))

where Service1 has outputPort1 which is connected to the inputPort1 of Service

2. This represents a single data event over the lifetime of the workflow passed

from Service1 to Service2. The Streamflows supports the Workflow-Edge and also

introduces the Stream-Edge denoted by:

Stream-Edge= ((Service1, outputPort1) stream−−−−→ (Service2, inputPort1))

where Stream-Edge represent a stream of data that may pass through the edge

over the lifetime of the workflow. In other words Service1 would produce a data

stream and that stream is channeled to Service2 via the Stream-Edge.

For the purpose of completion we would allow Input nodes and Output nodes be

connected to services input ports and output ports respectively and as a convention

they will be names Input-Nodei or Output-Nodei. These will only be mentioned

when necessary and it is assumed the workflows always have Input nodes and

Output nodes connected to the remainder of the data ports when not specified.

Some services have one output port and one input port in such cases we would

adopt the notion where Service1 −→ Service2 represents the edge and when there

is no ambiguity we would use this notation in a sequence such as S1 −→ S2 −→

S3.

Sometimes the number of events that may be channeled via a different Stream-

flow edges may vary and where possible we try to quantify the events that may

pass through an edge. We define Weight of a Streamflow edge as follows to capture

this information.

• Weight(E) = 1 if Workflow-Edge
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• Weight(E) ≥ 1 if it s a Stream Edge and would be a number of events or a

time in units depending on how the stream is bounded or simply unbounded

if the Stream in indefinite.

4.3.8 CEP Engine Interface

The CEP Engine is a persistent service that would provide a web service interface

to existing Complex event processing system. The CEP Engine provides interfaces

that would facilitate four major functionalities.

• Query registration and adding listeners to query results. - The CEP Engine

allows users to register EPL queries and at the event of queries are satisfied

the user can register an web service Endpoint Reference or a stream name

to redirect the resulting events.

• Available streams. - The interface provides a mechanism for the user to

query existing streams that are active in the CEP Engine. These can be

used during the composition phase to develop the Streamflow.

• Publish(push) API or pluggable pull extension - CEP Engine provides a

web service interface for publishers to publish events. If the event rates are

higher than the rates supported by the publish web service interface the

CEP Engine provide a pluggable extension mechanism to pull event from

other source and be published to the engine against the existing queries.

• Unregister query - A Stream that has timed out or due to other reasons it

is necessary to unregister streams and queries, and CEP Engine provides a

API call to unregister queries. Another use case that the unregistering of

the queries that are produced as outputs of Nodes. So it is important to

unregister the streams when the node is no longer active.

Once a sub-graph is deployed it is ready for execution whenever the driving

event source has incoming events. One particularly significant transition point

to note is graph edges that cross the different engine boundaries. For example if
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the Streamflow DAG has an edge in such a way that From node of the edge got

scheduled to the CEP Engine and the To node of the Edge got scheduled to the

XBaya Engine. Now there needs to be routing of messages from the output stream

of the From node to the input of the To node in the XBaya engine. During the

deployment process all such cross boundary dependencies will be resolved and End

Point Reference (EPR) of the To node workflow will be sent to the CEP Engine

when the sungraphs are getting deployed. There is a publish mechanism in the

CEP engine that will honor the contract that if there is a EPR associated with a

given CEP query, it will ensure all the output events of the query will be published

to that EPR. This arrangement ensured flow of events from one runtime engine

to another.

4.3.9 Iterative programming approach

Event processing is an evolving process unlike compiling and running programs.

It could be discovery oriented or simply iterations are performed to match the

processing requirements with the available resources. Streamflow framework try

to facilitate such iterative approach to programming Streamflows. System provides

interfaces for hot deployment as well as monitoring of the system state due to the

last change. Figure 27 shows the interaction between the user and the Streamflow

graph where use will make changes to the existing Streamflow graph and hot

deploy those changes and monitor the effects on the system to determine whether

he did the right change or whether he needs to undo those changes and try a

different approach. The monitoring will give statistics such as execution rates,

internal queue length and workflow notifications that will aid the users decission.

4.4 Weather use case

The use case presented in this section involves in processing large number of radar

events from weather radars and processing them in a coherent manner, using both

the Complex Event Process and Workflow processing techniques. It will use the

graph partitioning techniques presented in the earlier section to pin the sub-graphs
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Figure 27: Iterative programming approach

to the right runtime framework based on runtime characteristics.

There are 121 NEXRAD Level II [55] weather radars distributed across United

States. These radars produce radar data for every sweep thus publishing events

per every sweep. These events are distributed using a binary publish subscribe

framework named LDM [20].

The latest weather forecasting models proposed by Weather Research Fore-

casting model WRF [87] allows mesoscale forecasts with higher accuracy. But the

computational requirements for such high resolution forecast are significant. A 36

hour forecast for a 800kmx800km spatial region with 5km grid spacing would run

for around 2 hours with 1024 nodes in Indiana University BigRed super computing

resources.

Even with access to the supercomputing launching high resolution compute

intensive forecasts for all the data sets produced by the weather radars is infea-

sible. The severe weather conditions happen occasionally and most of the time

the light weather readings do not require highly compute intensive forecasts. The

approached proposed in this case study is to data mine the data sets using compu-

tationally feasible techniques to identify the severe weather datasets and selectively
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1 <radar>
2 < f i l e>/ldm/datamining /datamining /ITSC SDA/Level2 KLIX 20050829 0542 . bz ip2</ f i l e>

3 </ radar>

Figure 28: Weather radar event for a NEXRAD Level 2 data

launch computationally intensive high resolution forecasts which would make it

manageable weather monitoring system. The data mining algorithms to identify

possible severe weather also requires execution of a small workflow, but this is

relatively less computationally intensive thus being able to keep up with the real

time radar event throughput.

The use case focuses on three phases of computation, CEP phase, high through-

put low computationally intensive phase and low throughput computationally in-

tensive phase. Each of these phases will have intermediate CEP phase as necessary.

It is assumed that the radar events are published to the CEP Engine as an

xml event as shown. Although it will be a metadata event of the location of the

radar data, it has sufficient metadata in the event including the encoding of the

file name to do meaningful processing.

The composition would start with this stream which is named ”radar” and is

shown as the Stream_Source_radar in Figure 2A. This stream consist of all the

radar events distributed across United States. To find this event source XBaya

allows a registry lookup which lists the existing active streams and displays some

metadata about it. Figure 29 shows such a registry table and it shows metadata

like, last event, last event time, last few known event rates.

Assume the case study involve in monitoring weather in Indiana. It is necessary

to select the radar events from Indiana. There are three NEXRAD radar station in

Indiana (Evansville, Indianapolis and Fort Wayne). In the first phase the objective

is to produce a single stream of event that has radar events from Indiana. This

is done by defining three event streams for the three radar stations by matching

regular expressions on radar event name that identifies the radar station. For

example KIND is radar id for Indianapolis radar station and this is encoded in

the event name of the xmlradar event that was introduced earlier.
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Figure 29: Stream Registry showing the currently deployed streams. It shows the
status of hot deployed streams generated by CEP Nodes

TO achieve this there need to be definition of stream properties. For example

the EPL query make reference to the file element value with the alias radarfile-

name. There need to be data binding of the alias name to the element value. This

is done using xpath [24] based referincing to identify a property value and binding

it to a property name. For the following CEP query to be valid it is necessary to

bind the /radar/file xpath expression to radarfilename property. Once bound Es-

per is capable of executing the following query where it will select the events from

the ”radar” stream which has a radarfilename property matching the given regular

expression. Defining the query, defining the properties defined by the query and

choosing the output stream name is part of configuring the CEP node as shown

in 30.

SELECT * FROM radar WHERE radarfilename REGEXP ’./*Level2_KIND_./*’

The 31 shows the overall Streamflow graph starting from the ”radar” Stream

Source and identifying the three radar streams that belong to Indiana called Indi-

anapolis,Evensville and FOrtWayne processed by CEP nodes CEP_NODE_Indianapolis,

CEP_NODE_Evensville and CEP_NODE_FOrtWayne respectively. Once the three

streams are identified it will be merged to one stream called IndianaRadar.

It is important to note that this is not join where three events Ai, Bi, Ci

from three streams are joined together to form composite events of the type

(Ai,Bi,Ci). But rather the events from the three streams will be inserted to the

new stream independently in the order they arrive. This is shown in Figure 2A as

Combine_Stream_indianaRadar. Althose user need not worry about the under-
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Figure 30: Configure a CEP node with data binding to the file element in the event
and query that does a regular expression match against the defined property name
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Figure 31: Weather Streamflow that does event filtering for the Indiana state and
running storm detection workflow against that stream and running a scientific
workflow against that stream
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lying characteristics

Once IndianaRadar Stream is in place next step is to identify the possi-

ble storms in this stream. This is done by running a Storm Detection Algo-

rithm published as a web service LocateStormsPortType_findStorm that iden-

tifies locations with high radar intensity. Once these high intensity radar lo-

cations are identified it will be sent to a clustering algorithm service named

ClusterStormPortType_cluster, that would try to identify storm clusters and

Clustering Algorithm that would cluster the possible storm locations together to

identify a possible storms. This can be viewed as a simple sequential workflow.

Looking at the resource consumption for each of these services and the rates that

it will have to deal with it is well suited for low resource consuming yet high

throughput, thus would fit in the operating range of XBaya Engine. This is fur-

ther confirmed by the dynamic queue monitoring interface provided by XBaya

shown in Figure 33. The computational requirement for such a workflow is less

than 20 seconds in a 2.4 GHz Linux node. The IndianaRadar stream will be fed

into two such workflows that would look for two different intensities 20 dB repre-

senting light rain and 35dB representing severe weather conditions. These two web

service nodes are one to one nodes thus its control flow can be clearly identified

and during the partitioning these two nodes will be labeled into one workflow.

The expectation of the storm identifier is to identify storm and it will return

an array of possible storm locations. Most of the times there will be no storms

and this workflow would return an empty array. It is necessary to filter out those

event that do not have storms. The predicate whether there are storm coordinates

in the cluster output will be a filtering predicate. The output from the cluster

output would be of the form shown below.

To filter out event that do not have storms it is necessary to define a property

that we will call numberOfStorms and the xpath expression that will be data bound

to this property will be count(/Cordinates/Cordinate). The XPath expression will

simply count the number of Cordinate elements in the event where each event

represent a possible storm location. This filter nodes is shown in Figure 31 as
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1 <Cordinates>
2 <Cordinate>
3 < l a t>−89.827118</ l a t>
4 <lon>30.337002</ lon>

5 </Cordinate>
6 <Cordinate>
7 < l a t>−88.481018</ l a t>
8 <lon>29.529257</ lon>

9 </Cordinate>
10 . . .
11 <kml>ht tp : // pagodatree . c s . ind ina . edu:8081 /kmls/kml−893028539834.kml</kml>
12 </Cordinates>

Figure 32: Possible Storm Locater responce

Figure 33: Dynamic Queue Monitoring for ClusterStorm workflow

CEP_NODE_IndianaStorm20dB and CEP_NODE_IndianaStorm35dB respectively for

possible storms of different intensities. Figure 34 shows the visualization of the

kml file using Google Earth showing one storm location.

There are two reactions to these two streams. Events in the stream where it

shows intensity over 35dB the experiment not only issues a email alert but also will

launch a high resolution WRF forecast. For possible storm over 20dB we will only

issue an email alert. Since this is a long running forecast during to composition

we will force the WRF forecast workflow to run in BPEL environment. Once the

selected labeling is done user can deploy the Streamflow at which point it will be

partitioned to different graph components. Once it starts running it will send out

notifications showing the current execution. The output can be visualized using

tools like Grads [31] or Integrated Data Viewer [90].

The other approached is to publish the IndianaStorm35dB stream back into
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Figure 34: Google Earth visualization of the kml that is generated by the storm
detection algorithm

Figure 35: Phase 1 and Phase 2 of weather Streamflow where event filtering storm
detection and notifications are done

the CEP Engine as shown in Figure 35 and the high resolution WRF forecast can

be coupled with that stream in a separate Streamflow as shown in Figure 36.
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Figure 36: Phase 3 of weather Streamflow where ther previously published stream
is used to launch a scientific workflow

5 Formal model for Stream semantics

The programming model proposed in the earlier section integrates two program-

ming paradigms, event stream processing and scientific workflow systems, defining

Streamflow semantics and a framework that allows a user to compose different

Streamflows and have the framework compile it into runnable system. The re-

source requirements of the various components in a particular configuration may

differ from one another. The ability to compose any Streamflow and compile

them into a running event processing system does not mean the system is able

to sustain the event rates through the system given the resource requirement. So

it is important to analyze whether a given Streamflow is able to handle a given

input event rate given the available resources. The two paradigms have different

resource requirements and flow rates. Scientific workflows are long running with

high resource requirements whereas the stream processing tend to have high flow

rates and low resource requirements. The schedulability of the two systems are

quite different and there have been studies to evaluate resource requirements of

the two programming paradigms independently [89] [124] [119]. The schedulability

of the unified programming model introduces new challenges.

Since the long running complex scientific workflows require significant re-

sources, and given the limited computing resource available for scientific work-

flows, there is a rate at which the workflows can be launched without running out

of resources and queuing up jobs indefinitely which will eventually crash the sys-
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Figure 37: Resource consumption and event rate showing different operating areas
that the sub-graphs of the Streamflow is classified to

tem. So a balance needs to be achieved that minimizes compute intensive tasks in

combination with stream processing to reduce the event flow rate to an acceptable

level that will not exhaust available resources. Experimental evaluation of such

system will be discussed later in this section.

From the perspective of trying to understand how a given Streamflow can be

compiled in to a runnable framework and when trying to analyze a given such

setup can sustain over the event rates that the Streamflow would have to support

there are two key aspects that require close attention. They are availability of

compute resources for each node in the Streamflow and the different event rates

that particular node required to support. Figure 37 shows how a compute resource

requirement and event rate affect the computability of a running Streamflow. For

simplicity we consider high and low quantities of each of these aspect and that

would produce four combinations shown in the following listing.

• Low resource consuming high event rates - Event processing systems pro-

vide in-memory stream operators such as selects, aggregate, join and pat-

tern matching and these operators can support high event rates from few

thousand events per second to in some cases tens of thousands of events
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per second [121].Significant portion of such continuous queries that occur in

practice can be computed using a bounded memory [8] thus would fit well

into the low resource consuming category that can support very high event

rates. The computability of stream processing systems will in many cases

not restricted the primitives mentioned earlier because of the extensibilities

they provide to plug in user defined functionality.

• Low resource consuming low event rates - ere are certain activities that re-

quire more processing than is provided by traditional query operators. For

instance activities need access to scientific libraries or may require embed-

ded processing such as data mining an incoming event. In these cases ser-

vice component is introduced that encapsulates functionality for inclusion

in Streamflow The use cases that fall into this category will have a upper

bound imposed upon the event rates supportable by the web service engines

at the least.

• High resource consuming low event rates - The type of jobs falling within

this category are the multiprocessor long running jobs that require high

performance compute resources. The WRF model is a good example of such

long running high resource consuming jobs that may take an hour to run a

24 hour forecast over a 800kmx800km at 5km resolution with 512 processors.

Even if a particular system has access to Teragrid supercomputing resources

it is not sustainable to launch such a job each second, each minute or each

five minutes.

• High resource consuming high event rates - From a practical point of view

this is unsustainable because it is hard to meet the resource requirements.

By closely observing the classification mentioned above leads us to the conclu-

sion that the operational semantics of Streamflows need to be based on the event

rates and the resource needs. Figure 38 shows a fully spectrum Streamflow from

operational point of view where different stages of the stream processing will re-

quire different sub systems of the Streamflow framework to be active and brought
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Figure 38: Operational sub-graphs of a Streamflow based on different event rates

to bear. The canonical use case is where the Streamflow will have inputs with high

event rates and the first phase of the Streamflow would utilize Stream Operators

such as selections, joins, aggregations and pattern matching to reduce the event

rates to a manageable level for high throughput workflows without losing the in-

teresting event in the process. Once the event rates are at a rate that is acceptable

for the high throughput web service based workflows the XBaya workflow engine

can handle the event rates. The activities at this stage are able to make much

more fine grain analysis because these activities can launch low resource consum-

ing applications. But this stage assumes that the activities resources are already

allocated and when launched the job need not sit in a queue of a supercomputing

resource. These kind of jobs could run in a dedicated machine or a cloud com-

puting resource. Such activities would further prune the event rates to a level, if

necessary to launch long running scientific workflows to further the findings. The

long running scientific workflow would normally mean running scientific applica-

tions on supercomputing resources and the rate at which launching such workflows

can be sustained is relatively low.

This thesis proposal propose to define semantics that would not only formalize
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the workflow semantics that were presented in chapter 4 but also to propose a

formal model that is the basis for calculating the schedulability of a given Stream-

flow setup given the flow rate are the resource availability. An example Streamflow

that make use of the strengths of the semantics is shown in Figure 38 demonstrat-

ing the reduction of events rates to a level that can promote meaningful scientific

experiments with available resources.

5.1 Abstract Syntax

Figure 39 presents the abstract syntax production rules for the Streamflows which

is defined by a set of edges connecting two nodes. This constitutes a complete

description of the Streamflow because all the Streamflow graphs are connected

graphs. The grammar rules are defined such that the part of the Streamflow could

be conventional scientific workflows and there are transition edges that would

change the streaming nature of the dataflow in the edges. Because the Stream-

flowEdge is between the nodes that support the streaming dataflow nature and the

rules are such that a TransitionEdge may sit in the boundary of scientific work-

flow and Strict Streamflows and once the boundary is crossed all the subsequent

downstream Edges are StreamflowEdges and all the downstream nodes belong to

the StreamingNode node set. The StreamingNode node set is the building block

of the Streamflows and they are designed to handle the streaming semantics which

will be discussed in detail in the Operational Semantics section.

5.2 Model of Computation (MOC)

There is a need for clearly identifying the semantics of each individual node that

is introduced in the Streamflow framework without ambiguity. The Actor model

[58] offer a widely accepted formal model that defines semantics of processing

components in a distributed system. Actors are abstractions in a distributed com-

puting environment that encapsulate computations that have input parameters

and output parameters. Each of their input parameters are received from exter-

nal messages known as tokens and the Actors expose input ports to receive these
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Streamflow :: StrictWorkflow | StrictStreamflow | TransitionEdges
TransitionEdges :: ǫ | TransitionEdges, TransitionEdge
StrictWorkflow :: ǫ | StrictWorkflow , WorkflowEdge
StrictStreamflow :: ǫ | StrictStreamflow , StreamflowEdge
TransitionEdge :: ( WorkflowNode , port) −→ ( StreamGeneratorNode , port)
WorkflowEdge :: ( WorkflowNode , port) −→ ( WorkflowNode , port)
StreamflowEdge :: ( StreamingNode , port) stream−−−−→ ( StreamingNode , port) |

( StreamingNode , port) stream−−−−→( StreamSinkNode , port) |

( StreamingGeneratorNode , port) stream−−−−→( StreamingNode , port)

WorkflowNode :: WebserviceNode | IfElseNode | ReceiverNode
StreamingNode :: StreamflowNode | FilterNode | StreamJoinNode |

AggregatorNode | CEPNode

Figure 39: Streamflow grammer

tokens. The result produced by Actors computation will be sent out as a token

from its output port to other Actors. In this thesis the Actors are considered not

to have side-effects on the global system and some actor definitions may carry

internal state. The firing mechanism of the Actors based on the availability of the

input tokens makes It a appropriate model to be considered for Streamflow and

Simple Actor Language (SAL) [2].Further there are known Models of Computa-

tions (MOC) built on top of the Actor model that can be used to identify how the

actors are orchestrated and the interaction between them can be managed.

The Model of Computation defines how the individual components in a dis-

tributed computing graph may interact with each other. There will be few Models

of Computations that will be considered to define the interaction between the

actors and they are based on the MOCs defined by Goderis et al in [50]. The

models of computations that will be considered are Synchronous Dataflow (SDF),

Dynamic Dataflow (DDF), Process Networks (PN), Finite State Machines (FSM)

/Modal Models. The SDF is a MOC where the firing schedule of the Actor graph

is statically decided and its different from DDF because DDF has a dynamically

scheduled Actor firing schedule. Process network is a asynchronous MOC where

each Actor runs in its own thread. FSM/Modal model is different from actors be-

cause these Actors maintain state and Modal model defines the MOC that updates

the state of the Actor and firing of the Actor is based on the inter state.
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Figure 40: Input stream Vs Output stream of a streaming node

5.3 Operational semantics

For the purpose of modeling a data stream we define a standard inter arrival rate,

made arbitrary small to ensure that no two events occur within the same time

interval. Th following random variable X(t) is defined such that:

z(t) =











0 if event did not occur at time t

1 if event occured at time t

An example sequence may be defined (1t=0, 0t=1, 1t=2, 0t=3, 1t=4, 0t=5, ...)

when an event exists at time o but not at time 1 and so on. Although this discrete

time sampling may appear to be too coarse grain, the discretization could be made

arbitrarily small. The event sequence above implies that an event arrives at every

alternate timestep. This notation is useful when considering how a particular node

as shown in Figure 40 may alter a given input event sequence. This notation will

be referred to during the evaluation of event queues later in this section.

Some Streaming nodes behave as true mathematical functions and for each

individual event in the input stream, one and only one output event is produced.

Some nodes may filter out event thus they may behave as mathematical partial

functions and produce an output event for some input events. There are other

possibilities where the node may produce two output events for each input event.

It is important to understand this relationship and we define a quantity Cardinality

of a node defined as shown in equation 1. Cardinality of a node is the ratio between
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the output event rate and input event rate of a given node. The limit n → ∞

is necessary because there are event delays and computational delays that may

produce local deviations thus producing inaccurate readings.

Cardinality = lim
n→∞

∑n

t=0 Xoutput(t)
∑n

t=0 Xinput(t)
(1)

Following is an example of a Filtering node cardinality that filters two out of

three events: Input sequence: Xinput(t) = (1t=0, 1t=1, 1t=2, 1t=3, 1t=4, 1t=5, ...)

Output Sequence:Xoutput(t) = (1t=0, 0t=1, 0t=2, 1t=3, 0t=4, 0t=5, ...) )

Cardinality = lim
n→∞

∑n

t=0 Xoutput(t)
∑n

t=0 Xinput(t)

Cardinality = lim
n→∞

∑n

t=0 1/3
∑n

t=0 1

Cardinality = lim
n→∞

n/3

n

Cardinality = lim
n→∞

1

3

So the cardinality of this node is 1/3 meaning that the output event rate of the

node is one third of the input event rate, over a long period of time. It is useful

to identify the cardinalities of the different nodes available in the Streamflow pro-

gramming model. Figure 41 shows the input event stream and respective output

streams of different Streamflow nodes and it is important to note that cardinality

is quantitative analysis of how a given event stream is affected when it is sent

through a given Streamflow node.

• Streamflow node cardinality = 1

• Filter node cardinality = m/n < 1

• Event aggregator cardinality = 1/aggregation factor < 1.
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Figure 41: Stream cardinality of different nodes

• CEP node cardinality depends on the particular query

In the subsequent sections we identify the operational semantics of some im-

portant programming nodes available in Streamflow programming model.

5.3.1 Streamflow Node

The Streamflow node is implemented in the BPEL engine and the XBaya Workflow

engine. Streamflow node is always associated with an underlying web service that

is invoked for each event that arrives at the Streamflow node. Streamflow node

exhibits a cardinality of 1 where it behaves as a pure mathematical function and

thus every output event’s provenance can be traced backed to a one and only one

event from the input event stream. So in essence Streamflow Node is a receive-

invoke loop with a web service associated with it. That is to say it is a never

ending control structure which would be used to wait for an incoming event and

at an arrival of such an event it would invoke some web service/component and

loop back and wait for another event to arrive. The nodes exhibit push behavior
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1 def streamflow−node (m1,m)
2 [ sender , arg ]
3 l e t k = f ( arg )
4 { send [ k ] to m}
5 send ready to m1
6 become streamflow−node (m1,m2)
7 end def

8
9 //m1 input port

10 //m2 − output port

Figure 42: SAL Actor definition for Streamflow node

1 <bpe l n s :wh i l e>
2 <bpe l n s : c ond i t i o n />
3 <bp e l n s : r e c e i v e />
4 <bp e l n s : a s s i g n />
5 <bpe ln s : i nvoke />
6 </ bpe l n s :wh i l e>

Figure 43: BPEL structure for Streamflow node

where the events will be pushed to the workflow process instead of a pull model.

This control structure will be reused again and again in the rest of the streaming

nodes in the Streamflow framework.Figure 42 shows the definition of Streamflow

node written using SAL language used in Actor theory. The model of computation

that is required to execute a Stremflow node can be Synchronous Dataflow.

The BPEL implementation uses existing BPEL semantics (Figure 43)to achieve

the repetitive nature of the stream processing where the BPEL process has to wait

till the arrival of an event and then it may invoke another web service which could

be a web service or another sub workflow.

Streamflow node is a defined as a loop activity that contains a receive activity

followed by a invoke activity. The receive activity receives an event from the time

series and invokes some service with the incoming event as the argument.

BPEL correlation - During the execution of above BPEL construct it is nec-

essary for a particular even to be delivered to the right running instance of the

workflow. This achieved using BPEL correlation where a set of domain specific

variable set is defined and the values of these variables at the creation of the BPEL
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1 Def f i l t e r (m1,m) [ sender , arg ]
2 l e t p = pred i c a t e (m1)
3 i f p then { send [m1] to m}
4 send ready to m1
5 become f i l t e r (m1)
6 end def

7
8 //m1 input port
9 //m output port

Figure 44: SAL Actor definition for Filter node

process is matched against the variable values of the incoming messages to do the

correlation of incoming events with the proper BPEL process.

XBaya workflow engine supports similar constructs that support the pipeline

behavior that allows the Streamflow node semantics.

5.3.2 Filter Node

Filter node exhibits operational semantics similar to that of the Streamflow node

when it comes to the repetitive nature of the execution driven by the incoming

events. The Filter Node has a cardinality <= 1 and it exhibits the properties of

a partial function. There is a predicate associated with a given Filter Node and

a continuation which is mostly a web service. Whether a given input event is

be passed on to the web service depends on whether the predicate returns true

for that particular event. Binding of a web service with the node is optional.

Figure 44 shows the Filter node definition using SAL Actor language. Model of

Computation that is used for execution of Filter Nodes is Process Networks.

The association of a web service component within the filter node is optional

and is put in place as a convenience API, Figure 45 provides a view of internal flow

control of a Filter node where the input event sequence is filtered out based on

the predicate outcome. Filter node without the web service components is more

fundamental and important than the other because it provides a means for the

much needed event rate reduction down to a manageable level.

The predicate is compiled using the functionalities of the Complex Event Pro-
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Figure 45: Filter node operational semantics, filter node without web service for
mere filtering

Figure 46: Aggregate node of batch length l aggregating events in the stream to
events of length l

cessing system. Complex event processing systems allow predicate constructs us-

ing SQL where clauses can refer to the properties of the event. For example if

a particular event E consist properties xi then a CEP query can be written to

define the predicate as follows where predicateFunction(x1, x2, .. xn) is predicate

function that refers to the event properties during its predicate calculation.

Select * From E Where predicateFunction(x1, x2, ..xn);

5.3.3 Event Aggregator node

The necessity for events to be bundled together to produce composite events or

produce event batch based on a sliding window maintained on a continuous event

stream, is useful for many applications for staging datasets for scientific experi-

ments.

Aggregation is realized using the sliding window Complex event processing
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1 Def aggregate−1 (m1, q , m) [ sender arg ]
2 q . remove ( )
3 q . add ( arg )
4 { send [ content (q ) ] m}
5 become aggregare −1(m1, q ,m)
6 end def

7 Def aggregate−2 (m1, q , m) [ sender , arg ]
8 q . add ( arg )
9 become aggregare −1(m1, q ,m)

10 end def

Figure 47: SAL Actor definition for Aggregator node

semantics as shown in Figure 46. Aggregation of an even stream of E events

into batches of l events can be realized using a CEP query of the following form.

Figure 47 shows the definition of Aggregator node using SAL Actor language.

Singe aggregator need to maintain the state of the window it requires Model of

Computation FSM/Modal model for its execution.

Select * From E.win:length batch(l)

5.3.4 Merge Node

Merge Node merges one or more streams to one output stream. The event ordering

is decided by the arrival timestamp of the event at the merge node. Merge node

with n input streams names I1, I2... In will yield following CEP queries during

compilations given its output stream name is MergeOut. Figure 48 shows the

SAL Actor definition of a merge node. The Model of Computation required for

execution of Merge Node is Process Network.

Insert INTO MergeOut Select * From I1

Insert INTO MergeOut Select * From I2

...

Insert INTO MergeOut Select * From In

5.3.5 Join Node

Join Node joins one or more streams to one output stream of composite events.

The trigger mechanism is often synchronised by one of the input stream. This is
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1 Def n−merge (m1, ,mn, m) [ sender , arg ]
2 { send [ arg ] to m}
3 i f sender = mi
4 then send ready to mi f i
5 become n−merge (m1, ,mn, m)
6 end def

Figure 48: SAL Actor definition for Merge node

1 def two−inputs−needed (m1,m2,m) [ sender , arg ]
2 i f sender = m1
3 then become one−input−needed (m1,m2, second , arg )
4 else become one−input−needed (m1,m2, f i r s t , arg )
5 f i end def

6 def one−input−needed (m1,m2,m, new−arg−pos i t i on , old−arg ) [ sender , new−arg ]
7 l e t k = ( i f new−arg−p o s i t i o = second then f ( old−arg , new−arg ) else f (new−arg , old
8 { send [ k ] to m}
9 send ready to m1

10 send ready to m2
11 become two−inputs−needed (m1,m2)
12 end def

Figure 49: SAL Actor definition for Merge node

done used the ”unidirectional” keyword in CEP language. Join node with n input

streams names I1, I2... In will yield following CEP queries during compilations

given its output stream name is JoinOut with output stream synchronized with

I2. Figure 49 shows the SAL Actor definition of a merge node. The Model of

Computation required for execution of Join Node is Sybchronous Dataflow.

Insert INTO JoiOut Select * From I1, unidirectional I2, ... In

5.3.6 CEP Node

CEP Node is a generic node that capture any kind of Complex Event Processing

query that one may come up with. It is difficult to make any kind of assessment

of the cardinality of this node in a quantitative way because the query may result

in a spectrum of output stream behaviors (Figure 50).
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Figure 50: CEP node with query q

5.4 Evaluation

The evaluation of the Streamflow presented in this section focuses on the compile

time, deployment time and runtime performance of the Streamflow framework.

Most of them are organized as micro-benchmark evaluations of important compo-

nents of the framework.

5.4.1 Throughput

One of the motivating reasons behind the graph partitioning algorithm is to iden-

tify the sub-graphs of different runtime characteristics and deploy them to the

different runtimes. The reasoning behind the selection of the right runtime is

based on the nature of the activities of the Streamflow and the event rates the

sub-graph will serve. The nature of the activities is largely qualitative and hard

to quantify, although a metric is proposed later in the section to partially quantify

it in terms of resource consumption. The other aspect, event rate, is measured in

this section to identify the operating range of the different runtime engine, BPEL,

XBaya Engine or CEP Engine. Figure 51 plots the behavior of the event latency

with the event throughput. The throughput is measured in the setup shown in Fig-

ure 53 where the Streamflow1, Streamflow2, Streamflow3 is deployed to measure

the latencies of BPEL Engine, XBaya Engine and CEP Engine respectively.

Streamflow1 is defined as:

CEP Node1 stream−−−−→ Workflow1 Workflow1 is workflow with single web service

node WS Node1

Streamflow2 is defined as:
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CEP Node2 stream−−−−→ Workflow2 Workflow2 is workflow with single web service

node WS Node2

Streamflow3 is defined as:

CEP Node3 stream−−−−→ CEP Node 4

The latency measurement in micro benchmarks are (T2-T1), (T4-T3) and (T6-

T5) as shown in Figure 53 for BPEL Engine, XBaya Engine and CEP Engine

respectively. These measurements were done in Environment2.

Figure 53 shows CEP engine operates in maximum throughput of 1114 events

per second and BPEL engine’s message correlation system cannot sustain Event

rates beyond 2 events per second. XBaya engine has an operating range in between

the other two systems. This falls within the thesis premise presented earlier in

graph partitioning. Thus the sub-graphs of different event rates should be deployed

into different runtime engines depending on the rates that the sub-graphs are

expected to operate.

It should be noted that the BPEL engine have high workflow launch rate than

2 events per second, but here the measurement is driven by the ability of the

BPEL process to correlate and sustain event into a receive-invoke-loop activity for

the CEP Node in BPEL.

This latency throught graph provides different insight to why a Continuous

Time Model of Computation defined by Goderis et al [50] will not be a suitable

model for Streamflows and why applications that exhibit Continuous Time Model

of Computation will not suit the Streamflow model. Given a task in a Streamflow

node that takes time T to compute. This T is purely the compute time for the

computation associated with the node. In a workflow it would be a time taked

forrunning the services, for a CEP it would mean time taken for evaluation of the

stream operator. Assume this Streamflow node is connected to an input stream.

The model of computation implies the nodes computation will be triggered for

each event in the stream. Figure 53 shows the latencies of each of the execution

runtimes and given the latencies it is possible to analyze the how the overall

efficiency of the computation will behave. Efficiency can be defined by:
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Figure 51: Throughput Vs Latency in different Streamflow runtimes showing the
Operating areas of CEP, XBaya and BPEL

NodeComputaionalEfficiency =
NodeComputetime

NodeComputetime + Frameworklatency

Figure 52 shows the plot of efficiency variation with node compute time for

three different runtimes. This shows the minimum compute time the node need

to send in its computation for it to achieve at least 90 percent efficiency. Higher

latency runtime, BPEL would require the node to have minimum 20 seconds to

achieve 90 percent efficiency. On the other hand CEP engine would reach 90

percent efficiency with 50 miliseconds. This allows the users to pick the right

target runtime depending on the computation that they are trying to compose.

Figure 54 and Figure 55 shows the saturation of event latencies with the event

rates for CEP Engine and XBaya Engine repectiely.

5.4.2 CEP Engine Web Service Interface

The CEP engine introduced earlier in the section provides a Web Service API

for event sources to publish events to the system so they could participate in
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Figure 52: Synthetic Computational Efficiency given the processing time per event
for different Streamflow runtimes.

Figure 53: Throughput Measurement setup where one streamflow consist of CEP
node and BPEL workflow node, another consist of CEP node and XBaya workflow
node and another consist of two CEP nodes
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Figure 54: The latency between nodes in the CEP engine is measured as Latency
Vs Throughput

Figure 55: The Latency between a CEP node and XBaya workflow node measured
as Latency Vs Throughput
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Figure 56: CEP Engine performance setup for multi threaded event publish per-
fromance on the CEP engine web service interface

the larger Streamflow execution framework. The experimental setup is shown in

Figure 56 where multiple event sources are publishing events to the CEP engine

in an attempt to find the external event publishing throughput.

Figure 57 shows the performance evaluation done with using up to 128 nodes

and the publish rate saturates just over 2000 messages per second. The x-axis

shows the number of parallel publishers for the CEP Engine and for a given number

of such clients the total sustainable throughput at the CEP engine is measured.

The y-axis shows the median messages per second for a given number of parallel

publishers. System shows degradation of the performance after that but also shows

a throttling effect on the publishing clients so that the system would operate in

much lower message rate yet continue to show healthy operation at the CEP

Engine.

5.4.3 Graph Partitioning

This section focuses on quantifying the costs associated with the graph partition-

ing algorithm presented in the previous section. It should be noted, measured cost

included both labeling as well as partitioning yet it does not include the deploy-

ment time. The graph partitioning is largely dependent on the complexity of the

graph. The time complexity of the graph partitioning algorithms are calculated

99



Figure 57: CEP Engine external event publishing performance measured as
throughput as the publishing threads are increased

to be Θ(V+E) where V and E and Vertices and Edges of the graph. This sec-

tion evaluates a linear graph with single edged connections and intree graph with

double edged connections.

The analysis of time complexity of the graph partitioning algorithm is rela-

tively straight forward. Since the graph partitioning algorithm make use of the

labeling algorithm it is convenient to analyze the time complexity of the graph

partitioning algorithm. Since it is an iterative algorithm, the key to unlocking the

time complexity of the labeling algorithm is to understand the queue invariant in

the iteration. The initialization in lines 7 to 10 and lines 12 to 15 are bounded by

the input nodes so it may be absorbed to any Θ(V). The iteration in line 17 uses

a queue which has a invariant, that is all the nodes in the queue are ready to be

labeled and a node will be added to the queue only once. Once the node is added

to the queue it will read all its outgoing edged to identify possible candidates for

the queue. This process will read all the out edges from a given node thus the

entire iteration will have Θ(V+E) complexity.

Graph Partition algorithm on the other hand is much more straight forward

for complexity analysis. The toplogical sorting and labelGrap methods exhibit

ΘV+E) individually and loop in line 1-11 exhibits Θ(V) . The partiotionMap will

have at most Θ(V) keys and it will at most read the entire graph and edges which

yield Θ(V+E). Thus overall time complexity still adds up to Θ(V+E)

Figure 59 shows the behavior of graph partitioning as the number of nodes

grows in the two graph structures. It shows the linear behavior as anticipated.
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Figure 58: Graph structures used for partitioning performance measurement. One
is a sequential workflow and other is a intree graph workflow

The two graphs one linear graph and the other Intree (shown in Figure 58) , both

with the same number of nodes, show different compilation times, because Intree

graph has higher edge density than the linear graph.

5.4.4 Deployment

The deployment of Streamflow involve in compiling the Streamflows into target

runtime and calling the deployment APIs of the target runtime. This section

quantifies how the deployment of a given graph would vary based on the size of

the Streamflow. It should be noted the structure of the graph has a significant

bearing on the compilation time of the Streamflow. This is captured by the graph

partitioning evaluation and this section merely focuses on the deployment aspect

of the Streamflow. The Streamflow WF1 that is used to measure deployment time

is defined as:.

S1 −→ S2 −→... Sn-1 −→Sn

This is a sequential workflow of n nodes and one of the parameters of the

measurement is to vary the number of nodes and to see how the deployment time is

affected by the variation. The partition algorithm would partition this Streamflow

as shown in Figure 12 c) with a Stream Generator SG and an Streamflow node

Active-WF1 which would dispatch events to the scientific workflow WF1. Finally
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Figure 59: Graph Partitioning time Vs the size of the graph. This include the
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the resulting output event stream from the Streamflow node is sent to a Stream-

Sink. The control Streamflow would look like what is shown in Figure 12. There

will be extra deployment overhead for generating and deploying this Streamflow

that could be defined as follows.

SG stream−−−−→ Active-WF1

Active-WF1 stream−−−−→ Stream-Sink

Figure 60 shows the cost of deployment of the Stramflow by getting using

median statistical measurements. It also tries to isolate the overhead added by

the Streamflow framework itself by comparing it with a deployment time of a

conventional scientific workflow to the same system. The deployment time of the

Streamflow increases linearly with the number of nodes in the Streamflow graph

but the micro benchmark measurement of overhead introduced by the Streamflow

framework itself remain constant as anticipated. It can be concluded that the

deployment overhead of the Streamflow remain less than one second which is an

acceptable measurement because this is triggered by an interactive user action.
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Figure 60: Deployment time comparison between Streamflow and Workflow

5.4.5 Computational gain use case

Triggered workflow systems discussed in the Related Works section, are triggered

by certain events and entire workflow is executed for each event in the stream.

There are situations where part of the workflow is independent of the incoming

events and the partial results of the stream independent sub graph of the workflow

will be recalculated nonetheless. The Streamflow systems allow possibility of not

recalculating the section of the graph that is independent of the incoming events.

The evaluation is setup with the Streamflow shown in Figure 61 where thick

input array means a input fed by a stream. The Streamflow is defined as follows

where SVSi and Si are web Services. Input-Node1−→ SVS1 Input-Node2−→ (S1,

input-port2) SVS1 −→ SVS2 −→ ... SVSm-1 −→SVSm SVSm−→ (S1, input-

port1) S1 −→ S2 −→ ... Sn-1 −→Sn

Because the Input-Node1 is a static input and all the SVSi services are side

effect free web services once it is computed there is no need for this section of the
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Figure 61: Sample workflow needing stream integration

graph to be recalculated. It is this save in computation that will be focused on

in this evaluation. The Input-Node2 is a event stream and the semantics of the

Streamflow is the workflow sill be recalculated every time an event occur in the

input event stream. Assume the input event is defined as E1,E2, ,Ek and thus the

workflow input event in a triggered workflow scenario would be (I1,E1), (I1,E2),

... (I1,Ek).

In case of a triggered workflow system the sub workflow shown in [ SVS1−→

SVS2 −→ ... SVSm-1 −→SVSm ] is repeated for every event Ei but always pro-

duces the same output because Input-Node1 is static and SVSi services are side

effect free. It would be computationally efficient to calculate this section of the

workflow thus saving compute cycles as the events arrive in the input event stream.

If the running time for a given workflow W for k events is defined as Tk(W). The

running time of WF0can be defined as follows where T(Si) and T(SVSi) are time

taken by services Si and SVSi respectively.

Tk(WF0) =
k

∑

j=1

[ m
∑

i=1

T (SV Si) +
n

∑

i=1

T (Si)

]

The evaluation removes the inter-arrival time between the events in the stream

from the calculation and introduces an event number and the measurements are

made to track and register the times at which the event arrives at each sub-graph.

This is deliberate because the time from one event to another is a subjective mea-

surement. When the Streamflow graph is partitioned it will yield a a Streamflow

as shown in Figure 62.

The Workflow WF1 is defined as follows where Si are web services and without
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Figure 62: Streamflow approach for stream integration

the loss of generality the S1 activity is selected to have two inputs and rest of the

services have one input and one output.

S1 −→ S2 −→ ... Sn-1 −→ Sn

Input-Node1−→ (S1, input-port1)

Input-Node2 −→ (S1, input-port2)

Streamflow WF2 shown in Figure 62 where SG is the Stream Generator, Active-

WF1 is a Active that represent WF1, SVSi are again pure web services with single

input port and single output port. It should be noted that S1 and Active-WF1

both have the same number of input ports.

SVS1 −→ SVS2 −→ ... SVSm-1 −→ SVSm

SVSm stream−−−−→ (Active-WF1, port2)

SG stream−−−−→ (Active-WF1, port1)

Active-WF1 stream−−−−→ Stream-Sink

This partitioning allows the WF2’s services components SVSi’s to be executed

only once and thus all the subsequent streams would reuse that result. But this

would introduce extra overhead for setting up SG - Stream generator and as calcu-

lated in the earlier performance analysis Streamflow introduces latency for event
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dispatching, the Active-Node-Latency which would be referred to as ANL. Under

the assumptions since WF0 can be functionally replaced by WF1 and WF2, we

can use this setup to compare the time taken by the Streamflow approach against

the WF0 approach for the same event stream E1, E2, ...Ek. The time taken by

the new approach to compute this event stream is as follows.

Tk(WF1 + WF2) = T (SG) +
m

∑

i=1

T (SV Si)

+
k

∑

j=1

[ n
∑

i=1

[T (Si) + ANL]

]

It should be noted that the

m
∑

i=1

T (SV Si) is independent of the event stream

now, which is a clear performance gain and it would undoubtedly improve the

performance of the Streamflow based solution. But there is a constant time ANL

which occurs for every event and finally a constant setup time of T(SG). The

critical question would be what is be the minimum number of m required to offset

the overhead added by the ANL and the following performance analysis shows

that at m=1 the Streamflow solution offsets the initial setup cost T(SG) and ANL

just after four events.

Figure 63 shows the realization of above experiment with m=1 and n=1 so it

gives a lower bound on the system performance. The higher the value of m, the

faster the Streamflow would outperform WF0. Higher the value of n, T(SG) cost

becomes less significant.

Environment1 Evaluations tagged Environment1 was run on Indiana Univer-

sity Odin cluster of 128 nodes of 64bit Dual Core AMD Opteron Processors

(2000MHz) with 4GB of memory for each node. The cluster machines were used

for clients that were executed in parallel with a job manager and the server was

running on an eight core AMD Opteron(tm) Processor 8218(1000MHz) machine

with 32GB of memory.

Environment2 Evaluations tagged Environment2 is done with server compo-

nents running in a 8 CPU machine running Duel-core AMD Opteron processors
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Figure 63: Throughput measurement that with the Streamflow optimizations and
conventional triggered workflow system

at 1000MHz, 32 GB memory and a client machine where the workflow composer

was run had a configuration of 2 CPUs with Intel Pentium 4 CPU 3.20GHz, 2GB

memory.

5.5 Sustainability of Streamflow Execution

Operational Semantics of the Streamflow describe the way a given Streamflow can

be compiled into the underlying framework components like workflow engines and

Complex Event Processing systems. Once a Streamflow is launched and coupled

with the input event streams there are many things that need to be in place for

the system to continue to operate in a sustainable manner. There are few factors

that affect the continuing execution of a particular Streamflow. They are;

• Structure of the Streamflow

• Resource allocations for each activity of the Streamflow

• External event rates to the Streamflow
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Figure 64: Event Queuing at the activities where the queue can be conbination of
job queue, operating system queue and application server queue

The external event rates is a the driving factor in overall system sustainability.

With available resource consumption and rates for a given workflow, it could be

difficult to determine an analytical solution to the sustainability of a Streamflow.

We will explore an analytical solution to this problem. We will also explore a

real-time monitoring of the system focusing on the queue sizes initially.

5.5.1 Analytical solution

We would use queuing theory to analytically solve the sustainability of a given

Streamflow composition. It should be noted that the result of this analytical

solution is constrained by several assumptions. The nature of the Streamflow

nodes is such that, if an event arrives at a Streamflow node it will trigger a job

in some backend resource. In most of the Streamflow use cases the jobs will be

launched to a Teragrid site and thus ending up in a queue. The nature of the

resource allocation in the particular resource site affects the modeling that can be

used.

The queuing systems use standard notation for its classification such as

A/B/C/D/E where A represents the probability distribution for the arrival pro-

cess, B denoted the probability distribution of service process, C represents the

number of servers, D represents the maximum number of customers in the queue

and E represent the number of customers in total. Most of the analytical solutions

for queuing systems in steady state uses Poisson distributions to model arrival pro-

cess. So M is used to denote Poisson arrival distribution as well as exponential
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service time. Also we may only specify first three configurations when latter two

are ∞. In other words M/M/c would be same as M/M/c/∞/∞ and denotes a

multi-server queuing system with c servers and with Poisson arrival rate and ex-

ponential service time. Infact this would be Queuing model that would be used

in this analysis.

Most of the grid/cloud based resource allocations can be modeled using queuing

theory with certain constraining assumptions. For example if a single job requires

n nodes and the reservation at the site consist of 3n nodes that could be looked

upon as a multiple server queuing system. If the reservation is not shared with

any other process or node it can be modeled as a multi-server system. Before an

analytical solution can be reached it is necessary to model the arrival rate and the

service time. The available analytical solution for a network of queues also known

as tandem or multistage queuing systems has the roots on Burke’s Theorem [19]

and Jackson’s Theorem [62].

The Streamflow can be modeled as network of queues at each nodes as shown in

Figure 65. Even though there are no explicit queues in the Streamflow framework,

during execution the components like back end job queues and workflow engines

will act as implicit queuing systems. Thus each node will act as a queuing system,

in fact it would be multi-server queuing systems because each node would service

its request using a pool of resources.

The Burke’s Theorem specifies that M/M/c systems when arrival process is

Poisson and is in steady state the departure process is also Poisson with same rate

parameter as input rate parameter. Jackson’s Theorem shows that if the arrival

of jobs in the network is Poisson and service time is exponentially distributed the

joint probability of the state of all the jobs is product of individual probabilities, in

other words they can be calculated as independent systems. Also [66] extended the

Jackson’s Theorem to more generalized networks of queues that handle multiple

event classes where the arrival rates and processing times could differ for each

class. Availability of more general forms of queuing models are discussed in [52].
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Figure 65: Queuing model for Streamflow using a queuing at each of the activities
in the graph

Utilization: fraction of time facility servers are busy ρ =
λTs

N
(2)

Poisson ratio K =

∑N−1
I=0

(Nρ)I

I!
∑N

I=0
(Nρ)I

I!

(3)

Probability that all servers are busy C =
1 − K

1 − ρK
(4)

Average length of Queue w = C
ρ

1 − ρ
(5)

The analytical solution for M/M/c queuing model that can be applied for a

single node is given by equation 5[111]. Jackson’s Theorem can be used to apply

the equation 5 to explore the steady state queue length of all the nodes starting

from input nodes. Such lengths would give an indication of the theoretical stability

of the system.

There can be several cases where the analytical solutions do not give valid

solutions and the most significant of them is the assumption of exponential service

time. Most tasks in a workflow have some kind of a complexity analysis that can
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be assumed. Thus the service time of the tasks in most cases depends on the

input event thus it may very well not be behaving to exponential service time

rule. Also Jackson’s Theorem assumes that the event exiting the system, such as

in the case of the Filter node would have finite and constant probability to become

an exit event. In the Filter node the predicate that decides whether a given event

needs to be filtered out will not produce a constant probability density function

in most cases. Another anomaly that can be observed is that when resources

are used sometimes multiple nodes are served from the same resource allocation.

This breaks down the multi-server model upon which the analytical solution is

Jackson’s Theorem is based.

5.5.2 Dynamic solution

The Streaming nodes in Streamflow have multiple execution contexts alive at a

given time, that is to say that multiple event have arrived at the node and are

in different stages of execution within the node. There is always finite amount of

resources that available for the processing of events that arrive at the streaming

node. Thus if the event arrival rate at a particular node is greater than the amount

of events that the Streaming node could handle, the service requests could either be

rejected or there event would be queued until such time resources will be available.

It should be noted that queuing is not part of the Streamflow framework explicitly

but implicitly queues are present in Streamflows because most of the HPC and

supercomputing resources implement job queues when job requests exceed the

allocation. Studies like [104] does explicit queues to buffer requests for streaming.

We will model an abstract queue and try to maintain the length of the queue by

book keeping the number of unfiltered events that were delivered to the streaming

node and the number of event that finished processing at the node and emitted.

Every time a new event arrives at a streaming node a new queue length is

calculated Figure 66 shows the queue length matrix kept n streaming nodes for

past m event activities. History is important to giving an insight into normal

behavior of the system as to determine anomalous behavior.
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Figure 66: Event-Queue length matrix used by the Stream registry to measure the
current length of the queue and finite history of the behavior of the queue

L = λW

An acceptable value of the queue length is an important estimate and if the

current queue length is significantly larger than the expected queue length chances

are the system crash due to the queue buildup. To estimate the expected queue

length we propose the Little’s theorem [75] stated above, where L is the expected

queue length, λ is the arrival rate and W is the average job duration. The queue

length matrix will be updated periodically and if the queue length values exceed

the expected value and monotonically increasing that is a indication where the

Streamflow in consideration cannot be sustained at the given streaming node.

Such a scenario calls for dynamic resource allocation to stop system from crashing

as well as to reduce load on existing service, although a promising research but

will not be explored in this thesis.

The modeling of the queues in the framework level shows allows much simpler

modeling and because it will abstract the different queuing behaviors in different

layers, namely operating system, web server and application layer. It is hard to

model the effects of these queuing models individually thus defining an abstract

queue at the level of the Streamflow nodes would make it more manageable as well

as easier to measure.

Each CEP Node that gets deployed has two streams associated with it and

these two shall be referred to as source and the sink. if the node has one to one

input output correspondence like a web service node or workflow then measuring

the number of events that went through event source and number of events that
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went through event sink will give an estimate of how many events are in transit

within that particular Streamflow node. If the node does show one to one input

output correspondence it is safe to assume the difference between the source events

and sink events will be the queue length.

The evaluation done using these queuing models discussed earlier does show

coherent results. The following experimental setup is used to demonstrate the

nature of the queues of the systems and its ability to grow and shrink as the load

on the system vary. The Poisson processes that generate events produce analytical

solutions to single server or multi-server queues with Poisson waiting time. But

it is hard to look at such results to identify the event signatures and correlate it

graphically.

The input event stream is modeled such that the event rates in the event stream

varies according to the following formula and the workflow that is launched com-

putes the Linpack benchmark[30], which is a compute intensive CPU benchmark.

The Linpack input size is selected such that it produces service time delays that

would reveal the event rate signatures in the output stream. This evaluation

uses three stream rate distribution setup run on Environment2 and measure the

variation of the queue lengths.

Stream1:

Strem1 is defined as:

y = Max[0, 3sin(πx
4 ) + 1]

which will produce the following sequence for y that will be used as event rate

in the input stream. It will be a repeating sequence of the form 1, 3, 4, 3, 1,

0, 0, 0, 1, 2, 4 ... . This sequence represents the number of events that will be

published in xth second from the start of the experiment. Figure 67 shows the event

rate distribution in Stream1 and the queue length measured by the Streamflow

framework. It should be noted the tests are done in an experimental setup where

the input values to the Linpack workflow is selected to show the correlation of the

queue length to event rates. Figure 67 shows a clear building up of the queue which

will lead to eventual crashing of the workflow engine. The Asynchronous nature
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Figure 67: Queue Length behavior of for Event Stream1 where queue growth shows
the characteristic event rates that were modeled by the publishing setup and the
queue length continue to grow

of the launching the workflows by the Streamflow makes sure the Streamflow will

not build up queues internally.

Stream2:

Stream2 is defined as:

y = Max[0, 3sin(πx
8 ) + 1]

which will produce the following sequence for y that will be used as event rate

in the input stream. It will be a repeating sequence of the form 1, 2, 3, 3, 4, 3, 3,

2, 1, 0, 0, 0, 0, 0, 0, 0, 1, 2, 3 ... . Figure 68 shows the event rate distribution in

Stream2 and the measured Queue length variation. The distribution has different

harmonics and the queue length growths follow the new harmonics.

Stream3:

Stream3 is defined as

y = Max[0, 3sin(πz(x)
4 ) + 1]
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Figure 68: Queue Length for Event Stream2 where the average rate is less than
Stream1. Although the queue lengths still ingrease, the rate of increase has re-
duced.

z(x) =











0 if x even

x if x odd

which will produce the following sequence for y that will be used as event rate

in the input stream. It will be a repeating sequence of the form 1, 0, 3, 0, 4, 0, 3,

0, 1, 0, 0, 0, 0, 0, 0, 1, 0, 3, 0, 4, 0 ... . The rates are published every other second

thus the events are sparsely distributed than in Stream1 or Stream2. Also the

average event rate in this Stream is less than the average events in Stream1 and

Stream2. . Figure 69 shows the system working with perfect expected throughput

model where the queue lengths grow and shrink as the event rates in the stream

increase and decrease.

Figure 70 shows the queue length fluctuation at much higher event bursts and

how system behaves in such burst conditions. The experimental setup involves

a workflow that runs a linpack application in a single node thus simulating a

bottleneck in the application by running compute intensive application in a single

node. As the event stream receives the event bursts the workflows are launched
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Figure 69: Queue Length for Event Stream3 where the system has a healthy queue
where queue lengths grow and shrink with the event rates of the input stream

but the resource will for the workflows to queue up because the compute intensive

linpack application will consume much of the compute resources in the node.

System show queuing up of requests and gradually queue getting reduced as the

compute resource gets freed up and subsequent workflows are run.

Cascading Queue behavior is observed in the experiment shown in Figure 71

where a stream source is connected with six sub-workflows connected in the given

topology. It should be noted that A,B,C,D,E,F are workflow produces by the

partitioning algorithm. and G is a join node that joins the two output streams from

workflow C and F. Figure ?? show the measured queue length for this experimental

setup and it shows the cascading behavior of the queues which are grown and

shrink with the input event stream. The signature of the input event rate is

visible down to the third sequential component in the Streamflow

5.6 Type validation

Type safety in workflow systems allows verification of the correctness during com-

position. This sub-section discuss the possibility of validating type safety in a

stream processing environment where strong typing is not a prerequisite. The
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typing is based on the Xml message types because the data flow edges in the

Streamflows are based on Xml message based events. The control flow of the

Streamflow is strongly types based on the WSDL type definitions which provide

Xml Schema Definition and these can be used for checking type safety. Type

matching of pure control flow sub-graphs is based on the guidelines in BPEL spec-

ification and XBaya is BPEL compliant thus providing type safety for pure SOA

control flows. The focus in this will be on the type safety of CEP based stream

processing. The Streamflow composition does not enforce strong type safety be-

cause it is intended to be flexible and at times it is allowed to do CEP based

processing without knowing the full structure of the event. Sometime the CEP

processing only focus on few elements of the event and system is expected to op-

erate without having the full knowledge of the event but have partial knowledge

of the structure. Also some streams may consist of events of different structure

and it will still continue to operate because all the event of the stream satisfy the

structure required by the propertied defined on the stream. This is similar to duck

typing in type theory. First it is useful to identify where the type systems play

a role in the stream processing. The CEP nodes make reference to properties in

the events in the stream. They will be data bound using XPath expressions and

it is not necessary for the system to be fully aware of the complete schema of the

event. Yet the stream properties will be referred to in the CEP query and it would

be useful to validate where possible that the property refer to a valid element in

the event. Invalid property definition, for example, due to a typographical error,

would not throw an error yet continue to search for an nonexisting element and

will continue to return null results. It useful to validate that such errors will not

occur during the time the property is defined so the debug cycle will be much

shorter. There are cases where the system can guarantee the type safety given

certain conditions are met. It is important to understand that this is not an” if

and only if” condition. In other words there may be instances where the system

will not be able to guarantee the type safety yet the system is entirely safe, just

that it does not have sufficient information to prove type safety. The type verifi-
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cation in this framework is inspired by type systems for multiple inheritance and

record concatenation [118].

Definition: Structurally Unaltered Derivation of the stream Stream A is struc-

turally unaltered derivation of stream B if Stream A is produced by query without

projection, without join or aggregation.

The query would take the form of:

INSERT INTO A SELECT * FROM B [predication|pattern]

The intuition behind the Structurally Unaltered Derivation stream is the events

in the derived stream will have the same structure as the parent stream events.

Following recursive property validation rules will be used to infer the validity

of a property:

• A property definition on a stream is valid: if stream has defined schema for

its events and elements referred to in the property are valid elements in the

schema graph.

• A property definition on a stream is valid: if property is an already validated

property on the same stream or Structurally Unaltered Derivation of the

stream.

eg: Given property definition for B reflectivity= /radar/maximumreflectivity

INSERT INTO A SELECT * FROM B WHERE maxreflectivity>50 And given

property definition reflectivityis valid in B Then property definition of the

following form is valid for A <propertyname>=/radar/maximumreflectivity

• A property definition on a stream is valid: if property is a substructure of

already validated property on the same stream or Structurally Unaltered

Derivation of the stream.

eg: Given property definition for B reflectivity= /radar/maximumreflectivity

INSERT INTO A SELECT * FROM B WHERE reflectivity>50 And given prop-

erty definition reflectivity is valid in B Then property definition of the fol-

lowing form is valid for A <propertyname>=/radar
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• A property definition on a stream is valid: if stream is generated by merging

of n streams and the property definition is valid in all the n streams. eg:

Given property definition for A1

maxreflectivity= /radar/maximumreflectivity

INSERT INTO A SELECT * FROM A1 WHERE maxreflectivity>50 And given

property definition for A2 reflectivity= /radar/reflectivity

INSERT INTO A SELECT * FROM A1 WHERE reflectivity>50 And given prop-

erty definition reflectivity and maxreflectivityis valid in A1 and A2 re-

spectively Then property definition of the following form is valid for A

<propertyname>=/radar

During user definition of the stream properties above inference rules can be used

to give an indication if the newly defined property can be guaranteed to be valid.

Other than the above rules user can examine the last event in the stream using

the stream metadata to verify the Xpath is valid on an example event. It should

be noted that the inability to validate a given property does not imply an error.

It could very well mean the structure of the event is not fully understood or this

could be the base case where the first valid property for the stream is defined.
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6 Map Reduce Streaming

The Map Reduce programming model is mainly focused some of the applications

that follow the Single Instruction Multiple Data model yet by carefully constrain-

ing the control structure it has the ability to build a simple yet scalable parallel

computing systems. One of the key aspect to note about the current Map Reduce

frameworks is they support static input datasets, that is the input data files to

the Map Reduce framework need to be present at the beginning of the execution.

This premise will be revisited in this chapter and we will evaluate the ability to

relax this constraint to allow simple programming paradigm Map Reduce to be

coupled with data streams without losing the scalability, and simplicity. Further

investigations will be made on the prototyped streaming version of Map Reduce

built on Apache Hadoop on how to improve compute or data performance as well

as theoretical analysis programming abstraction.

6.1 Background

The Map reduce exposes task parallelism in a way that has proved to be used

broadly. Over the years research has been done to enhance the data parallelism

aspect of this and other parallel programming models [122] [88] [86]. It is useful

to examine the emerging programming models in in light of the broad parallel

programming models proposed by Flynn [39]. The challenges in parallel comput-

ing is made complicated because of the big data problems presented in scientific

applications so this thesis will focus on ”Multiple Data” aspects of the taxonomy.

(Single Instruction Single Data) is a parallelization strategy when the data are

partitioned and same instruction applied to each partition. (Multiple Instruc-

tion Multiple Data) MIMD model the single instruction constraint is lifted and

datasets can be bound to multiple programs thus allowing better flexibility. The

relative simplicity of SIMD model makes scheduling relatively easy and replicating

the application seems to be a probable approach among others, this has received

acceptance especially in the big data applications and providing for affinity where
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moving the application required significantly less bandwidth than moving the data

around. The MIMD model presents much more challenging resource allocation

problems and in most MIMD frameworks adopt a pipelined approach. One of the

significant issues with the modern day scientific computing is that they are very

data intensive application. So pipelining although a viable approach for MIMD

architecture the complexities associated with assigning affinity of application to

data makes the pipelined approach not so attractive. SIMD model on the other

hand is tractable enough to develop frameworks that can facilitate affinity of data

and instructions. The parallel programming techniques suits well for data stream-

ing and high throughput applications and MIMD model when applied in pipeline

fashion in fact relies on the fact that application has streaming data to achieve

high throughput.

The Map Reduce programming framework which on high volume data inten-

sive applications. The simplicity of the programming semantics allows frameworks

be designed that allow data affinity when code is moved closest to the big when-

ever possible. Map Reduce programming semantics was not designed with data

streaming in mind and it is intended more for single Map Reduce run. The par-

allel nature, availability of a barrier as synchronization mechanism (similar to

MPI barrier) as well as simplicity of the programming makes Map Reduce a good

candidate for data intensive parallel applications.

6.2 Streaming Map Reduce

Given the pipelined and streaming approach that may allow high throughput,

along with the data affinity based task scheduling, a framework auch as Map

Reduce may show potential for data intensive scientific application. It is important

to keep the aberrations to a minimum because it is important to keep the new

streaming Map Reduce programming paradigm as simple as possible, unlike the

MIMD pipeline approach with its complicated data affinity and resource allocation

needs.

The clearest most straight-forward way to use the existing Map Reduce frame-

123



works in a streaming context is to write a component that will listen to an event

stream and launch map reduce jobs for each even in the event stream. Each Map

Reduce run would have multiple maps and in most cases a single reduce, thus

each Map Reduce run is independent of previous runs. These different Map Re-

duce runs in such a situation although independent, are triggered by events from

the same event stream thus may exhibit significant correlation with each other be-

cause most event streams are a discretization of some kind of continuous process.

The Streaming Map Reduce architecture proposed in this paper tries to facilitate

this continuity by using sliding windows and adopting a pipeline like model to

produce outputs.

In the proposed approach the Map Reduce Job will accept inputs from a data

stream and new map tasks will be added to the Job as an when new data events

arrive in the input stream. The mapping of new data events to the number of

map tasks has no particular relationship, but rather will be determined by a input

formatter interface that will determine the split files for the input data events,

thus determining the number of map tasks. For simplicity, assume that a single

event launches a single map task, so each event in the input event stream will

trigger a map task. Figure 73 shows the creation of such map tasks where Map0,

Map1, and Map2 correspond to the map task triggered by events D0, D1, and D2

respectively. This would produce a stream of map outputs and using a windowing

mechanism used in complex event processing, a current map output set can be

identified. It is this current map output set that will be used when the framework

is going to trigger a reduce task.

The approached proposed is a setup where the Map Reduce Job that would

accept inputs from a data stream and new map tasks will be added to Job as

an when new data events arrive in the input stream the mapping of new data

event to the number of map task has no particular relationship but rather will be

determined by an input formatter interface that determines the split files for the

input data events thus determining the number of map tasks (Figure 73).

In any given production system, the resource consumption cannot grow linearly
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Figure 73: Streaming Map Reduce mapping of events to maps and defining a
window that caches map outputs. The window can be a length window or a time
window

with time or with a input data stream because the system will not achieve a steady

state, but it would run to the point until it consumed all the available resources

and caused a eventual system crash. By mapping the map tasks to input data

events, the system becomes vulnerable to such short comings, but this can be

mitigated by such techniques as garbage collection mechanism.

Figure 74 shows the window mechanism and how the window of map outputs

are used not only for garbage collection but also for triggering the reduce tasks.

Sliding windows on an event stream is, in most cases, defined by time or length.

The time windows maintain events within a certain time frame and any event in

the window would be removed after its time stamp expires that of the window.

The length windows are such that the window would collect events up to certain

parameter, called the window length parameter, and after that when a new event

arrives at the window, the oldest event will be removed keeping the window size

within the length parameter. In Figure 73 Map1 and Map2 show a few such

expired events removed from the window.

The triggering of the Reduce task is triggered by changes to the map output
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Figure 74: Streaming Map Reduce map output sliding window and reduce tasks
getting triggered by changes to the window

window, so the definition of the map output window in streaming Map Reduce

defines how the reduce tasks are triggered. This framework will support constant

length and time windows. Figure 74 shows how the reduce tasks are scheduled

based on a constant length window of size 3. As mentioned earlier the reduce tasks

are triggered by the changes to the window and Map0 values trigger the Reduce0

and addition of Map1 triggers Reduce1. Addition of Map2 to the window make

one of the Map0 outputs to be removed from the window because the window is

a constant length window of 3 and that change triggers the Reduce2. As these

reductions produce outputs they will be produce another event stream Ot0, Ot1
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A Streaming Map Reduce Job keeps a current map window, as a sliding win-

dow, which acts like a cache for map outputs that are currently in consideration;

any new additions to this window may trigger a reduce with the map outputs cur-

rently calculated and resident in the window. The window can be a time window

or a length window allowing limited number of maps to be active. The maps that

are expired, either because they were pushed out of the time window or pushed

out of a length window of fixed number of items, will be added to the garbage col-

lection and those resources can then be reallocated for new incoming event maps.

As the input data stream delivers data to the Streaming Map Reduce job, it will

compute new maps and that will trigger updating of the windows, thus, triggering

reduce tasks.

The implementation of Streaming Map Reduce is built on top of the Apache

Hadoop Map Reduce framework [6] which is an open source Map Reduce im-

plementation. Figure 75 shows architectural changes to the Hadoop framework

to accommodate continuous input event streams as well as providing the sliding

window of intermediate output cache.

The client interaction with the Hadoop system was changed to accommodate

the data event stream, where all the data files will not be available at the time

of the launch of the Map Reduce job but become available as time progresses

and events are delivered by the event stream. The client API allows launching

Map Reduce jobs similar to the conventional Map Reduce jobs. In addition the

client API will allow subsequent data events that arrive in the event stream to

be added to an existing Stream Map Reduce job that is currently running. These

subsequent events that are published to the existing Streaming Map Reduce Job

will go through the same InputFormatter interfaces and split files will be generated

using the existing Hadoop architecture. The Map tasks will be scheduled as and

when the split files arrive at the Streaming Map Reduce job, and the scheduling

policy will be similar to that of a conventional Map Reduce job based on factors

such as load, data affinity within the same rack and switch.

The input data stream in Figure 75 consists of discrete input events such as
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Figure 75: Architecture for Streaming Map Reduce showing the map output win-
dow and other Map Reduce framework components
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Input1, Input2 and Input3, and for simplicity it is assumed that each input file

will produce a single split file which will be processed by a single Map task. For

example, in Figure 75 input1 was scheduled to the tasktracker in Node 1, Input2

is scheduled to the tasktracker in Node 1, and so on. As the Map tasks are

launched for the incoming input event stream, the outputs produced by these

Map tasks when they finish executing will also produce a logical stream, such as

MO1, MO2, MO3, and so on. Management of such Map outputs are done using

a sliding window which is managed at the master node. In Figure 75, the sliding

window is of constant length 4 and as can be seen, 5 Map tasks are already finished

executing, so the oldest Map output MO1 is removed from the window and marked

for cleanup. Thus the sliding window of Map outputs will be maintained as a cache

in the current Streaming Map Reduce job. The Reduce tasks are triggered when

they are changes to the sliding window, or every time a new Map output is added

to the sliding window. The Reduce task will be scheduled to a node depending on

the load and where most of the Map outputs are located.

The programming pattern for the Streaming Map Reduce is deliberately kept

similar to that of the Map Reduce because the model proved to be a relatively

efficient mechanism to handle tasks of parallel data intensive applications with very

manageable resource allocation. Ground breaking changes to the Map Reduce map

push the framework closer to the MIMD pipeline approach that would make the

resource allocation as well as the data affinity issues becomes infeasible.

The deployment mechanism is solely based on moving files into a monitored

input directory. The client API is very similar to the conventional Map Reduce

jar client where the user would specify the application as a binary jar file and the

inputs to that application. The application is supposed to set the directory, and

the Hadoop stream is suppose to monitor which is mandatory. Other parameters

that need to be set are either the length window size or time window size and the

optional notification topic and notification broker URL.

The directory location can be any directory accessible by the Hadoop head-

node and outputs will be written to the output location that is specified by the
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application. Once the application is launched the system will continue to monitor

the input directory for changes and any new files added will launch new map tasks

and will become part of the streaming job. The system will continue to monitor the

input directory until the user will copies a shutdown.txt into the input directory.

6.3 Evaluation

We evaluate the Streaming Map Reduce in comparison to Apache Hadoop in an

attempt to identify the overheads introduced by the new programming model.

The caching of the map outputs allows such intermediary results to be reused

for different reductions. For example, say an output result of a particular map

reduce is needed not only for the Reduce for which it was originally intended,

but also for subsequent reductions. Since map outputs are kept in a window

they can be reused in multiple reductions instead of having to recalculate the

map outputs. Following is a theoretical graph of how map calculations can be

reduced by reusing map outputs from the window. The nature of this will entirely

depend on the application and how many reduces will reuse already calculated

map output without recalculating the Map task. If a given map output is relevant

to l subsequent reduce tasks we would define a sliding window of length l so it may

be available till l more maps be calculated in which time the earlier map output

will not be useful anymore and it will be thrown out of the window and garbage

collected. Figure 76 shows the theoretical case where the window length change

from 1 to 10 and thus the total number of map tasks that need to run per reduce

changes as some map outputs are shared among reduce tasks.

The experimental evaluation presents a jobs that would make use of incoming

data streams that consists of data events and map reduce jobs may be run on a

window of the incoming data files. For example, assume the incoming data event

stream has files F1,F2,F3,F4,F5, and assume the Map Reduce job works on a

window of inputs. Assuming the window size is 3 the first job will be launched

with file F1 second job with files(F1, F2) , the third (F1, F2, F3) and fourth (F2,

F3, F4) and so on.
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Figure 76: Total map tasks when map output are overlapped in the job

It is important to understand that file F1 is used is three jobs because of the

window size being 3 and in conventional Map Reduce, jobs may run map function

on F1 three times. If the Streaming framework presented in this thesis is used, it

will only run the map for file F1 once and it will be cached in the window and be

reused in the different reduce phases that depend on the map output of F1. Figure

77 shows n comparison of the two Map Reduce systems where the Jobs involve

sharing the data files in a window of three. The Jobs run a word count benchmark

with input files of size 32 MB and it was run on a eight processor environment

with 1 GHz clock speed with 32 GB of memory.

Both the jobs take similar amount of time to finish the initial job and as more

and as more files are streamed in, reusing of the map outputs in the window tends

to pay off and cumulative time for job completion clearly shows the Streaming

Map Reduce taking less time to finish, thus showing less cumulative time. The

cumulative time is computed such that it removes the interarrival time of the files.

It is as if jobs were launched right after one another so the cumulative time does

not include event latencies.

Figure 78 shows a better distinction between the two systems where the file

sizes were 256 MB thus showing a much bigger gradient difference and hence

showing better performance when the computations of the maps are reused.
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7 Conclusion

This thesis focuses on a programming abstraction that better enables event pro-

cessing by allowing a graph-based computational model that builds upon the sci-

entific workflow model and the declarative query based processing system. The

semantics defined in this programming model include workflow semantics, stream-

ing semantics, and Map Reduce semantics. One of the main focuses of this thesis

is not only to provide a programming abstraction, but also to make it as close to

a deterministic control-flow model as possible. Unlike workflow systems or batch

processing systems, real-time event processing systems have an implied notation

of a deadline associated with processing an event in the event stream to keep

up with the incoming events. Failure to do so will result in building up of job

queues and will lead to the eventual crash of the processing instance. This thesis

also focuses on the runtime sustainability of a given Streamflow graph given its

processing activities and the event rates needed to service in each phase of the

Streamflow.

The Streamflow programming model builds a graph structure that can be

used as a global view for a given event processing application that may allow the

scientific user to have an over all view of a given event processing application with

emphasis on event flow and dependencies. The severe weather use case presented

in chapter 4 makes use of this global view to present much a clearer view of the

overall event processing experiment. The graph structure consists of declarative

stream processing components as well as scientific workflow components. The

declarative query based processing components were useful in the event stream

processing use case presented in chapter 4. Much of the filtering and selection

of the initial high throughput event stream is reduced down to a manageable

level, using the declarative filtering of the event streams to datamine the events

that are important to the experiment. Also the workflow semantics that can be

used interchangeably in the graph allow the scientific processing components to be

encapsulated in SOA based activities, that may submit scientific computing jobs
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to HPC resource when necessary. The severe weather use case shown in chapter

4 does use SOA activities that locate storms and launched weather forecasting

models.

The graph partitioning algorithm that is presented in chapter 4 partitions

graphs in a way that it identifies the sub-graphs that operate with the same stream

cardinality and thus allows such graphs to be deployed as a single processing

unit to a workflow orchestration engine. The complexity of such portioning is

within the linear time complexity, making it an efficient algorithm and graph

partitioning provides many benefits to the programming abstraction. It helps

identify the different possible phases of the Streamflow graph that identifies the

biggest orchestration graphs with the same cardinality. Once such sub-graphs are

identified their orchestration can be delegated to a workflow orchestration engine.

Once a sub-graph is identified to have the same cardinality in a given Steamflow

the internal joins in the graphs do not require stream joins within the sub-graphs.

This will improve the deterministic nature of the overall processing structure and

this is done while preserving the correctness of the Streamflow graph. This is

shown in the weather use case where the system launches the complicated WRF

forecast towards the end of the Streamflow as shown in Figure 35. If this sub-

graph is not partitioned all the intermediary activities, such as NamLateral and

Arps2WRF, etc, would require a stream join because all those nodes have more

than one input stream. Further partitioning may provide a high level view of how

the event rates change in the Streamflow because the post partitioned graph would

show activities that have different event cardinalities.

Most of the scientific event processing applications need to process high vol-

umes of events, and once the interesting event that matches certain characteristics

is found, it will lead to a high amount of processing that may requiring significant

compute resources. Thus the characteristic evolution of the event rates of a event

processing application have high event volumes at the beginning of the application

and a phase of data mining that reduces event rates to a manageable level. The

different phases identified in a Streamflow as shown in Figure 37 have different
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resource requirements, thus different quality of service requirements and have dif-

ferent event rates. The partitioning algorithm identifies possible sub-graphs that

may be deployed to different runtime systems. The evaluation shown in Figure

51 shows that the CEP engine is able to handle very high event throughput rates

of simple event operators and the BPEL workflow engine is able to handle com-

putationally intensive workflows with higher quality of service, yet support lower

event rates. The XBaya workflow engine supports intermediary event rates and is

able to provide some level of quality of service requirements. Thus the evaluation

of the target processing runtimes match with the thesis premise. The use case

presented in chapter 4 has all three of these processing phases that gets compiled

into the three different runtime systems that match their processing requirements.

The iterative programming paradigm introduced in this thesis is well suited for

event processing systems because at the time of compilation and deployment the

user may not have a full understanding of what would the resource requirement

will be and existing resources will be able to handle it. The hot deployment and

queue monitoring APIs provided by the Streamflow workbench allows user to do

incremental changes while monitoring the changes done to the

A Streamflow graph can be viewed as a high level program that gets executed

continuously. A program may be compiled to a target runtime, but that does not

mean it will run within the expected time for a given input set. In conventional

programs this is governed by the Time complexity of the program. Similarly

a given Streamflow can be compiled into the target runtimes, but to ascertain

whether a given Stremflow will continue to sustain given its input streams there

need to be similar analysis that has stricter deadlines. For example, consider a

Streamflow with single node which requires one second of compute time on an

available resource. If the input stream to the streamflow is at one event per

second or less, the Streamflow can continue to operate indefinitely in the given

setup. But an input event rate of more than one event per second at a sustained

rate will mean the previous event processing at the node will not finish before the

arrival of the current event, so the system will build up queues and eventually the
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application will crash. This thesis discusses the possibility of achieving a steady

state and the constraints needed to be achieve that. Yet the parameters that need

to be estimated for sucha a analytical model makes it difficult to make use of

these models. The Streamflow framework uses a much more pragmatic process to

monitor the building up of the queues. The evaluation shows the reading of the

measured queue length when the event stream is modeled using a signature event

rate distribution. The queue length distributions closely follow the input event

rate distributions and as expected the queue lengths grow and shrink when the

event rate is less than the event rate that target runtime could handle. When the

input event rates are greater than the event rate handled by the target runtime,

the system is observed to build queues of increasing length which will lead to

failure at a later point. Features like hot deployment and queue length monitoring

allows the Streamflow users to be aware of the resource consumption and to build

Streamflows that will always be sustainable in the runtime.

The Map reduce framework presented in chapter four provides a means for Map

Reduce jobs to be launched to events in a stream. It has windowing concepts built

into the system which allows intermediary outputs to be reused when possible and

in cases where such window techniques are used, the system shows better compute

performance and reduces the requirement for the computer resource that will be

utilized.
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