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Preface
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Although my interest in .NET goes back to the early 20008lJwd t 2 6 RARY Qi ONZR a
year ago, wetting my appetite for this topic even more.
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cutting edge technology and to support this thesis. FEESNXY 2 NB> L OF y Qi
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for the technology at INTEC.
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writing a scientific paper entitledDynamic workflow instrumentation for Windows Workflow
Foundatiort for the ICSER7 conferenceWithout the support from Bart, Filip, Kristof and Sofie this
g2dZ Ry Qi KI @ Shebik@gbledye raddtalbas idvaluable to deliver a high quality
work and made it a unigue and wonderful experience.
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Microsoft Beluxto support this trip and to provide lots of other opportunities to speak at various
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US headquarters of Microsoft Corporation in Redmond, Wfer two stressful daysvith flight
delays, tough interview questions and meeting a bunch of great people, | returned home on m
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Software Design Engineer atA ONR A2 FG / 2NLIR2 NF A2y d LQY LINE dz
starting from October this year.
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Samenvatting

In november 2006 brachWicrosoft de Windows Workflow Foundation (WEit als deel van de .NET
Framework 3.0 releas&Vorkflow stelt ontwikkelaars in staat om businessprocessamen te stellen

op een grafische manieiliareen designerin dit werk evalueren we de geschiktheid van workflow
gebaseerde ontwikkelingindelpl 6 A21 = G2S3SLI ad 2L YSRAAOKS
de dienst Intensieve Zorgen (1Z) van h#tiversitaire Ziekenhuis Gent (UZ Gemeer specifiek
onderzoek we hoe workflows dynamisch aangepast kunnen worden om tegemoet de komen ac
dringende structurele wijzigingen of om aspecten zoals loggen en authorizatie in een workflow t
injecteren Dit deel van het onderzoek resulteerde in het bouwen van een zogenaamd
instrumentatieraamwerkVerder werd ook onderzoek verricht naar het bouwen van een generieke
set bouwblokken digkunnen helpen bij het samenstellen van daggdreven workflows zoals dit
typA A OK 3IS06SdzNli 6A2 KSiO 0 DdugefpifesligBinggn WOrBeR Aird dRtiilS
besproken en prestatieanalyses worden uitgevoerd om de toepasbaarheid van wqnkifiode in dit
werk gebouwde techniekente toetsen.

Trefwoorden .NETworkflow, dynamic adaptation, instrumentation, generic frameworks
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Summary

Recently, Microsoft released Windows Workflow Foundation (WF) as part o551 Akamework 3.0
release. Using workflow, business processes can be developed much like user interfaces, ir
graphical fashion. In this work, we evaluate the feasibility of workilioven development in
practice, applied on medical agents from the depaht of Intensive Care (I1Z) of Ghent University
Hospital (UZ Gent). More specifically, we investigate how workflows can be modified dynamically
respond to urgent changes or to crosscut aspects in an existing workflow definition. This resulted
the creation of an instrumentation framework. Furthermore, a generic framework is created to assis
in the development of datariven workflows by means of composition of generic building blocks.
Design decisions are outlined and performance analysis is condiectadhluate the applicability of
workflow in this domain using the techniques createtl describedn this work.
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Dynamic and generic workflows in .NET

Bart De Smet

PromotersBart Dhoedt, Filip De Turck

Abstracti Workflow -based programming is a recent
evolution in software development. Using this technology,
complex longrunning business processes can be mapped
to software realizations in a graphical fashion, resulting in
many benefits. However, due to their longunning
nature, the need for dynamic adaptation of workflows
grows. In this research, we investigate mechanisms that
allow adapting business processes at execution time. Also,
in order to make composition of busines processes easier
to doi ultimately by the endusers themselves a set of
domain-specific building blocks is much desirable. The
creation of such a set of generic and flexible blocks was
subject of our research as well.

Keywordsi .NET, workflow

I.  INTRODUCTION

Recently, workflowbased development has become
a mainstream programming technique. With workflow,

software processes can be represented graphically asho n 0t ) i
workflow with such aspects. Instrumentation helps to

composition of building blocks that encapsulate variou
kinds of logic, much like flowchart diagms. Not only

does this close the gap between software engineers anl

business people, it has several technical advantages
This research focuses on MicrosoftWindows
Workflow Foundation (WF]1].

One typical type of applation that greatly benefits
from a workflowbased approach is the category of

dynamic update feature we
tool to assist in dynamic workflow adaptation and
instrumentation.

Dynamic workflow adaptation can be summarized as
the set of actionshat have to be taken in order to
change a workflow instance at runtime. For example,
the processing of an order or a set of orders might
require additional steps based on business decisions.
Using our tool, such an adaptation can be applied in a
safe manne without causing any downtime of the
order processing application and with guarantees
concerning the workflow ir

Instrumentation on the other hand has a more
technicallyd r i ven background. (.
software to contain Istof boilerplate code in order to
authorize users or to log diagnostic information at
execution time. In workflowbased environments we
want t o spoi l t he
inject these agrts dynamicallysee Figure 1)At the
ft-hand side of the figure the original workflow
definition is shown. This workflow has been
instrumented with timers, an authorization mechanism
and a logging activity at runtime, the result of which
can be seenmthe righthand side of the figure.

long-running business processes. For example, in orde
processing systems an ordgpically goesthrough a
series of human approval steps and complex service
interactions for pament completion and order delivery.
Workflow helps to build such processes thanks to the
presence of runtime services that keep ioungning
state information, track the stage a workflow is in, etc.

However,the use ofong-running processing results
in new challenges that have to be tackled, one of which
is dynamic adaptation of workflaavimagine the case
in which company policies change during thietime
of an order process workflow, e.g. concerning payment
validation checks. In order to reflect sustructural
changes we need a mechanism to modify running
workflow instances in a reliable manner.

Another research topic embodies the creation of a se
of domainspecific building blocks that allow for easy
workflow composition, ultimately putting business
people in control of their software processes. The
results of this research were put in practice based on
practical eHealt applications from the UZ Gent where
patient info is processed in an automated manner.

II.  DYNAMIC ADAPTATION

WF comes with a feature dh allows a workflow
instance to be adapted at runtime. Based on this

viii
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Figure 1- Example of workflow instrumentation



As part of our research we investigated the impact ofa workflowrbased variantVarious design decisions

the
pe

dynamic adaptation and instrumentation on
applicationds overall
various shape of dynamic adaptation have ntivial
costs associated with them, especially in castoad
updates are applied to a running workflow.
Instrumentation has a significant cost too but its

advantages of increased flexibility and the preservatiorp at i en't

of a workfl o w@guse and smoottgraphical nature
outweigh the costs.

This part of the research was the subject of a papei nc e

entitted A Dy nami ¢ wor kfl ow i
Wi ndows Wor kf | thatvwa§ submittddatd i
and accepted for t[2.e

Ill. GENERIC COMPOSITION

Another important aspect when creating workflows is
the use ofspecializedbuilding blocks that reflect the
business the workflow is operating in. In our research
we created a set of generic building blot&setrieve

and manipulate data from databases as part of a

medical agent used in the Intensive Care (I12)
department of Ghent University Hospital (UZ Gent)
The sample AAB Switchbo
medical patient data on a daily basis to prepes
switch of antibiotics for patients that match certain
criteria[3].

Using a fewwell-chosen building blocks we were
able to express the AB Switch agent in workflow using
graphical composition.
based implementation is shown in Figure Phe
yellow, green and red blocks in the displayed workflow
fragment are highly specialized components written

ag:

have been outlined in our research, including the
applioabilityannsendcebasdd architectusé¢d].f o u n d
Another important consideration is performance. It
was shown that wor kfl ow
performance when exploiting the intrinsic parallelism
of workflow instances. For example, when processing
data itods benefi
an individual workflow instance, allowg the decision
logic for multiple patientsto be executed in parallel.
devel opers donodt
complexitiesn @fn mudtithreaded prdgramming when
working with WF, this should be considered a big plus.

| C S ETA& erformarcen fesilts fquacaklel data processing

using workflow compared to a procedural alternative
are shown in Figure 3.
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IV. CONCLUSION
Workflow seems to be a valuable candidate tfor

during the research. For example, the yellow datamplementation of various typeg applications. Using

gathering block can execute a query against a dsgaba
in a generic manner, boosting its flexibility and
usability in various kinds of workflows, hence the label
6generico.

|
=
! |

Figure 2- A part of the AB Switch agent workflow

4
Of course one should take various quality attributes[ ]

into account when replacingdebased applications by

iX

dynamic adaptation and instrumentation workflows can
be made highly dynamic at runtime. Generic building
blocks allow for easy composition of pretty complex
(datadriven) workflows, while having the potential to
raise the performandzar.
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Chapter 1¢ Introduction| 1

Chapter 1z Introduction

1 7 E A O drkflonx ?

The concept of workflow exists faiges.On daily basis humarexecute workibws to get their jobs
done. Examples include shopping, decision making process during meetings, etc. All of these h:
one thing in common: the execution of a flow of individual steps that lead to some desired result. |
case of the shopping example, on®sses a market place with a set of products in mind to find the
best buy available, performing decision making based on price, quality and marketing influences.

In the computing space, programmers have been dealing with workflow for ages as well. Applicat
development often originates from a flowchart diagram being translated into cbd2.6 S @S NI
where it often ends these days. The explicitness of a visual representation of a workflow is turne
into some dark piece of code, which makes it less apginable by managemepeople not to speak
about the problem of code maintenance especially when code is shared atR®F St 2 LIS N& ¢
workflow concept is all about keeping the graphical representation of some kind of business proce
that can be tuned to execution by a set of runtime services.

Workflow is based on four tenets. Although not so vkelbwn (yet) as the web service SOA tenets or
the database ACID properties, these four tenets are a good starting point for further discussion:

T Workflows mordinate work performed by people and software
This first tenet categorizes workflows in two major groups: human workflows and automated
system processes. The former one involves direct interaction with humans, such as approve
of invoices as part of ailger workflowwhile the latter one is situated in the business
processing space and involves communication between services and machines.

1 Workflows are longrunning and stateful
Using workflow, business processes are turned to execution. Since humeactita or
reliance on external parties is often part of such a business process, workflowstbad t
longrunningand keep stateL 0 Q& y 20 FG@LIAOKE G2 KI @S | ¢
hours, days or even months. Runtime services are requirsdpport this.

1 Workflows are based on extensible models
To deal with ever changing business processes and changes of business rules, workflows
need a big deal of flexibility that allows for rapid modification without recompilation and a
deep knowledge of th software internals of the business application. In the end, this should
allow managers to adapt the business process themselves without developer assistance.

1 Workflows are transparent and dynamic through their lifecycle
The longrunning characteristicaf 2 N Ff 2 6a aK2dzZ R y2d GdzNy
0A3 YySSR F2NJ N yaLIlI NByoOe GKIFG tt2a |yl
a near reakime fashion. Also, workflows should allow for dynamic chargeantimeto
deal with chaging requirementswWhen poviding services to™3LJF NIiA S&43 A G Qa
meet Service Level Agreements (SLA) which further strengthens the need for transparency.

LGQa ftaz2 AYLRNIIFyd G2 NBlohgmidingand Istatefull diasetersos O 2
workflows is in strong contrast to the stateless character of web services. The combination of bot
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principles can unlock a lot of potential however, for instance by exposing a workflow through a we
service to allow crossrganization business peessing (e.g. a supply chain).

2 Why workflow?

In order to be successful, workflow needs a set of compelling reasons to use it. In the previol
paragraph a few advantages were already pointed @me good reason to use workflows is the
visual representatiorof workflows that makes them easier to understand and to maintain. This
graphical aid provided by tools makes workflows approachable to a much broader set of peopl
including company management.

Furthermore, the need for lorgunning workflows implies t availability of a set of runtime services

to allow hydration (i.e. the persistence of a running workflow when it becomes idle) and dehydratiol
(i.e. the process of loading a workflow in memory when it becomes active again) of a workflow. In
similar way the need for transparency leads to the requirement of having runtime services for
trackingand runtime inspection. Considering these runtime services (amongst others like schedulir
and transactions)workflow usage becomes even more attractive. Haviogcode these runtime
services yourself would be a very timensuming activity and lead to a productivity decrease.

In the end, workflow is much more than some graphical toy and has a broad set of applications:

1 Business Process Management (BleMjorkflowsallow for rapid modification in response
to changing business requirements. This makes software a real tool to model business
processes and to use software for what it should be inahtbr. supporting the business.

1 Document lifecycle managemeqtersiaing, online document management systems and
interactions between people have become a must for companies to be productive when
dealing with information. Approval of changes is just one example workflow can be used for

1 Page or dialog flow A typical sesen when working with an application consists of a flow
between input and output dialogs or pages. Using workflow, this flow can be modeled and
OKI'y3adSR ReylYAOLFLftfe olFlaSR 2y GKS dzaSNDa A

1 Crossorganization integratiorg Combining workflow with the power of web services, one
can establish a more dynamic way to integrate businesses over the inferylet | &-. dza A
to-. dz& A yB3Bfaskion, e.g. imrder-supply chain processing.

1 Internal application workflovg The use otworkflow inside an application can allow of
extension and modification by endsers. Pieces of the application that rely on business rules
can be customized more easily and with -@dithe-box tool support.

3 Windows Workflow Foundation

The last couple of ys, workflow has evolved from a niche to an applicable paradigm in software
development. Products like Microsoft BizTalk Server have been successful and intredwkédw

to enterprises as an approach teal with inter-organization process integratioa & 6 A T Indi I €
BizTalk we often talk about orchestration rather than workflow. Orchestration helps developers t
automate business processes that involve multiple computer systems, for example in a B2B scena
Workflow can be seen as a way to composehsan orchestration in an easier way.
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With Windows Workflow Foundation (WF), a technology introduced in the .NET Framework 3.
workflow is brought to the masses and becoreeB A NE G Of  aa OAGAT Sy 27
The .NET Framework 3.0yfieerly known as WinFX, a3 SG 2F YI yIF 3SR O0O2RS f
in the Windows Vista timeframe and ships with Windows Vistaafitihe-box but is also ported back

to run on Windows XP and Windows Server 2003. Other pillars of .NET Framewoi{L®18 (see
Figurel):

f  Windows Presentation Foundation (WRBey  YSR a! @l f 2y é 3 | 3INI |
unifies the worlds of GDI, Windows Forms, DirectX, media and documents based on a new
graphical composition engine. WEB&n be programmed using XAML (eXtensible Application
al N dzLJ [ Fy3dz- 3S0 6KAOK 6SQff dzaS Ay (KS 2
Paper Specification, used for document printing.

f  Windows CommunicatioRoundation (WCF) codél Y SR & L y fied ap@rdach tol  dzy
serviceoriented programming based on the principles of SOA (seoriemted architecture),
ONARY3IAYy3T (23SHGKSNJ GKS 62NIRA 2F 5/ haxX ®bg
built around key concepts of service and data contractstasia higlamountof codeless
XML:based configuration support.

f Windows CardSpace (WCS)cgde YSR aGLYy T2/ NRaé¢s> | (SOKy2
identities and to establish an Identity Metasystem, based on a set ef $#&hdards. WCS
can be seen as a naapproach to federated identity which was formedgnsidered in the
.NET PassPort initiative that lack&genness and wide customer gation due to trust
issues. The use of open standards should Hajjial identity managemerib become a
more widely acepted paradigm.

.NET Framework 3.0

EE - -

2JOS0JIIW w

Common Language Runtime
version 2,0.50727

.NET Framework 2.0 Base Class Library i g
1

¥ ADO.NET i ?i.
¥ Windows Foms . N
Y ASP.INET E
¥ Etc Q.
(@)

N

o

()

A

Windows
{Windows XP, Server 2003, Vista)

Figurel- .NET Framework 3.0

wdzad tA1S 6SQ@S aSSy GKS F@FAtlLoAftAGE 2F GKS
2005 Express and more recently SQL Server Everywhere Edition, WF brings tip¢ abwoekflow
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processing to the desktofessentially WF is an-process workflow processing engine that can be
hosted in any .NET application, ranging from consgiglications over Windows Forassed GUI
applications to Windows Services and web service

Compared to BizTalk Server, WF is a pluggable lightweight component that can be used virtus
anywhere but lacks owubf-the-box support for complex business integration (e.g. using data
transformations), business activity monitoring (BAM), adapterbridge with external systems (like
MQ Series, SARSiebeland PeopleSoft) and reliability and scalability features. Although there is a
0ft dz2NNB T 2yS 0S8SiG6SSy o020(GK GSOKy2ft23A8asz AlG-Qa
organization busiess integration scenarios while WF benefits from its more developgented
fashionand is to be used more often inside an applicatibor the record, Microsoft has already
announced to replace the orchestration portion of BizTalk by WF in a futureseelgfathe BizTalk
product, leading to convergence of both technologies.

That Microsoft puts a bet on workfloWwased technologies should be apparent from the adoption of
the WF technology in the next version of the Microsoft Office System, i.e. OfficenSg&ie7
OF2NNX¥SNI & 1y26y a hFFAOS Gmué O | ofoByfoll doGmentA y |
management scenarioOther domains where WF will be implemented are ASP.NET to create
foundation for page flow, future releases of BizTalk as mentgoeviouslyand Visual Studio Team
System for work item processing

More information on Windows Workflow Foundation can be found on the official technology website
http://wf.netfx3.com.

4 Problem statement

Thisfirst part of this work focuses ordynamic adaptatiorof workflows at runtime. Without doubt,
scenarios exist wherk 1 Qa RS & A NI oNJST (226 YRYRAAGFIeY OS 42K (1 Q&
consists of varioubusiness reasonthat mandate a dynamic chande.g. introducing an additional
human approval step after visual inspectionloK S g2 NJ Ff 2¢ Ayadl yoSQa 3
situations dynamic adaptation can be beneficial, for example to weave aspects in a workflol
definition without making the are workflow heavieor clumsier

In the second part, focus is moved towards the creation of generic workflow building blocks the
makes composition of datdriven workflows easier. The results of this research and analysis are
applied on workflowbased agnt systems that are used lige department of Intensive Care (1Z) of
Ghent University HospitalUgZ Genx

For both parts, performance tests are conducted to evaluate the feasibility of the discusse
techniques and to get a better image of possible parfance bottlenecks.
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Chapter 2z Basics of WF

1 Architectural overview

On a macroscopic levehe WF Runtime Engineggets hosted inside some host process such as a
console application, a Windows Forms application, a Windows Service, a web application lor a w
service.Thetasksof the runtime engine are to instantiate workflows and to manaigeir lifecycle.
This includes performing the necessary scheduling and threading.

The conceptvorkflow is used to refer to the definition of a workflow, which is defiresla class, as
discussed further on. Each workflow is composed from a seriestivities which are the smallest
units of execution in the workflow era. One can reuse existing activities that ship with WF but th
creation of custom activities either froscratch or by composition of existing activities is supported
tood 2SQff RAAOdzaa G(GKAA O2yOSLIi FdzZNIKSNJ 2y @

A single workflow can have multiple workflow instances, just like classes are instantiated. The k
RATFSNBYOS O2YLI NBR (itine suppbrivthaf workfdve ies@uidésdeteivd, for (
example todehydrate arunningworkflow instancewhen it is suspended. The services in charge of
these things are called tRuntime Services

Figure2 outlines the basic architeate of WF.

Host Process

A workflow
| |

]
o
‘1—'_'\ AR activity

Custom Activity Libraries

Windows Workflow
Foundation

Base Activity Library
and Framework

| Runtime Engine |

|  Runtime Services |

Figure2 - General architecturgl]
Next to the runtime, theres tools support as well. In the future these tools will become part of
+Addzrf {0dzRA2 GhNOI a¢ 0 dxiisuaFSulib 30@85a@pon iKstaliaton & Hel
Windows SDK. An interesting feature of the graphwatkflow designer is that it allows for re
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hosting in other applications, effectively allowing developers to expose a designer to thesersd
(e.g. managepsto modify workflows using graphical support.

2 Workflows and activities

2.1 Types of workflows

WEF distinguishes between two types of workflows. The first type areséiygiential workflowsthat
have a starting point and an ending point with activities in betwégat are executed sequentially.
An example of such a workflow is depictedrigure3.

L - L
Sequential Workflow
9
= autolpproval
&
]
autodpproval Activ_ askConfirmation
- waitForResponze
approval Activity timeDutdctivity rejectfctivity
i = -
e o ez
. | | .
r Ny
gﬁ"-l'lail oy 4 approval &rri ﬂ 0 4 rejectirrive
h =+ ved +d
#'\ #'\ #'\
Jsenﬂﬂpprﬂv zssen\dﬂemin zssen\dﬂejem
alMail2 der Mail
%, ) h g - -
L ¥
t | & |Ep |
L - L

Figure3 - A sequential workflow
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The second type of workflow supported by WF isdkete machine workflow This ype of workflow
is in fact a state machine that has a starting state and ending state. Transitions between states &
triggered by events. An example of a state machine workflow is showigime4.

1 State Machine WWorldflow

| 2 ‘\wiaitingForOrderState

;Etj OnOrderCreated [ ‘

.,

|"'j OrderCpenState

;ftj OnOrderlpdated  +—0o

;th OnOrderProcessed  + l

I . I j OrderProcessedState

;ftj OnOrderlpdated?
;ftj OnOrderShipped  +

741 OnOrderCanceled Fo ]' = .
| 8| OrderCompletedState |

Figure4 - A state machine workflow
2.2 Definition of workflows

As mentioned in the previous paragraph, workflows are defined as classsemtially bycomposing
existingactivities. There are different ways to define a workflow

2.2.1 Code-only

When choosing the codenly approach, thentegrated DevelopmentEnvironment (IDEgreates at
t8Had G2 FAESa0 hy$S 02yl e thaicknér cantiids addiflofid NJ
code added by the developer, for example the code exechied CodeActivity activitgCpdel).

public  sealed partial class SimpleSequential . SequentialWorkflowActivity

public  SimpleSequential()

{
InitializeComponent();
}
private  void hellowWorld_ExecuteCode( object sender, EventArgs e)
{
Console .WriteLine(  "Hello World" );
}

}

Codel - Developer code for a sequential workflow
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partial class SimpleSequential

{

#region  Designer generated code

/Il <summary>

/Il Required metho d for Designer support - do not modify
/Il the contents of this method with the code editor.

/Il </[summary>

[System.Diagnostics. DebuggerNonUserCode ]
private void InitializeComponent()
{
this .CanModifyActivities = true ;
this .helloWorld = new System.Workflow.Activities. CodeActivity  ();
1l
I/l helloWorld
1l
this .helloWorld.Name = "helloWorld" ;

this .helloworld.ExecuteCode +=
new System. EventHandler (this .helloWorld E  xecuteCode);
1l
/I SimpleSequential
1l

this .Activities.Add( this .helloworld);
this .Name = "SimpleSequential” ;
this .CanModifyActivities = false ;
}
#endregion

private CodeActivity helloWorld;
}

Gode 2 - Designer generated code of a sequential workflow

2.2.2 Markup -based definition with  XOML

Automatically generated code like the one Gode 2 consists of the same elements all the &m
classes (the actiwitobject typeskre instantiated, properties are set, event handlers are registered
and parentchild hierarchiesare established (e.g. this.Activities.Addhis structure is an ideal
candidate for specification usingML. This is what ., the eXtensibl®bjectMarkup Language,
does. The equivalent d@bde 2 in XOMLis displayed ir€ode3.

<SequentialWorkflowActivity
x:Class =" WorkflowConsoleApplicationl.SimpleSequentialMarkup
x:Name=" SimpleSequ entialMarkup
xmins:x =" http://schemas.microsoft.com/winfx/2006/xaml

xmlns =" http://schemas.microsoft.com/winfx/2006/xaml/workflow ">
<CodeActivity x:Name =" helloWorld
ExecuteCode ="helloWorld_ExecuteCode ">

</ SequentialWorkflo wActivity >

Code3 - XOMIL representation of a sequential workflow

XOa[ 3ASGa ddNryatlradSR Ayid2 (GKS SljdaAgdltSyi O0O2R¢
a codebased definitionL (i @@mmeén misunderstanding that X@. isonly used by WPF (where it is
called XAML) to create GUKOMLOlF Yy 06S dzaSR F2NJ AN dzZr tf& Iy
composition including user interfaces and workflows
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2.2.3 Conditions and rules

Beside of the workflow definition itself, a workflositen relies on conditional logic. Such conditions
can be defined in code or declaratively using XML. The latter option allows for dynamic changes
rules at runtime without the need for recompilatiprnvhich would causeervice interruption.The
creationof such a declarative rule condition is illustrated-igureb.

Rule Condition Editor lil&]

? Edit constraints to create a rule condition.
Example: this.Propl == "Yes" || this.Propd ==

Condition:
this.Age] > 18 -
w AddHandler -
oY age [

g

2 fnnh A nrlFlaase ™ hanner

0K ] ’ Cancel

Figure5 - Definition of a declarative rule

2.3 Compilation

Workflow compilation is taken care of by the Visual Studio 2005 IDE using th&ltM&BId system.
Under the hood, the Workflow Compilevfc.exe is invoked to build a workflow definition. This
workflow-specific compiler validates a workflow definition and generates an assembly out of it. Th
commandline output of the compiler ishown inListingl.

C\UsersBart Document$WF>wfc sample.xoml sampbs
Microsoft (R) Windows Workflow Compiler version 3.0.0.0
Copyright (C) Microsoft Corporation 2005. All rights reserved.

Compilation finished with 0 warning(s)e@or(s).
Listingl - Using the Windows Workflow Compiler

Additionally, WF supports dynamic compilation of XOML files using\idwkflowCompilerclass, as
shown inCode4. This allows a new workflow dsiiion to be compiled and executed dynamically. An
applicable scenario is when the workflow designer is hosted in an application and amsend
defines a workflow using that tool.

WorkflowCompiler compiler = new WorkflowCompiler  ();
WorkflowCompilerParamet ers param = new WorkflowCompilerParameters 0;
compiler.Compile(param, new string ] { "Sample.xoml" b;

Code4 - Invoking the workflow compiler at runtime
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2.4 Activities

The creation of workflows is based on the principle of compositfoset of activities is combined
into a workflow definition in either a sequeatior eventdriven state manner, in a similar way as GUI
applications are composed out of controls.

WEF ships with a series of buwiit activities that are visualized in the Vadstudio 2005 Toolbox while
working in a workflowenabled project. An extensive discussion of those activities would lead us toc
TIENE a2 6SQff 2 dzaEigurkd Whiza réghitedi tBroughKhe &ourde2oR thisvigE
additional explanation of individual activities will be given in a suitable place.

=I Windows Workflow

|k Pointer |
1 CallExternalMethod

5 Code

o Compensate

#i| CompensatableSequence
%) ConditionedActivityGroup
r:'::;_- Delay

:»’ft] EventDriven

4| EventHandlingScope

& FaultHandler

1 HandleExternalEvent

%4 IfElse

@t InvokeWebService

@ InvokeWorkflow

:f;] Listen

fig Parallel

Policy

gl Replicator

EI Sequence

Ul Suspend
SynchronizationScope
Terminate

Throw

Transaction5cope

g ©

H
EI CompensatableTransactionScope
#}. WebServicelnput

@, WebServiceOutput

#, WebServiceFault

3 While

Figure6 - Built-in activities

Remark that a large portion of these activitiesslam equivalent in classic procedural programming,
such as ielse branches, whioops, throwingexceptionsand raisingevents. Others enable more
complex scenarios such as replication of activities, parallel execution and parallel event listening.
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A powerful feature of WF and the corresponding tools is the aliitgombine multiple activities
into another activity. Using this feature, one is able to credaenainspecificactivities thatallow for
reuse within tle same project or crogsroject by creating a library of custom activities. This also
creates space fo3? party independent software vendors (ISVE) create a business out of
specializedvorkflow activity creation.

3 Hosting the workflow engine

As mentioned a couple of times already, WF consists of a workflow engine that has to be hosted
some kind of mnaged code process. Visual Studio 2005 provides support to create consol
applicationsas well aother types of application projects with workflow support. A simple example
of a workflow host is displayed (Dode5 .

3.1 Initializin g the workflow runtime and creating workflow instances

The most important classes in this code fragment\alarkflowRuntimeand Workflowlnstance The
former one effectively loads the workflow runtime engine in the process; the latter one instantiates
an irstance of the workflow in question. Generally spoken, there will be just one WorkflowRuntime
object per application domain, while there will be one workflow instance per invocation of the
workflow. For example, when using a web service host, the invocafiarcertain web method could
trigger the creation of a workflow instance that then starts its own life. This effectively allows tc
expose longunning stateful workflows through web services.

class Program

{
static void Main( string [] args)
{
using ( WorkflowRuntime  workflowRuntime = new WorkflowRuntime ()
{
AutoResetEvent  waitHandle = new AutoResetEvent (false );
workflowRuntime.WorkflowCompleted +=
delegate (object sender, WorkflowCompletedEven tArgs e)
waitHandle.Set();
5
workflowRuntime.WorkflowTerminated +=
delegate (object sender, WorkflowTerminatedEventArgs e)
{
Console .Write Line(e.Exception.Message);
waitHandle.Set();
h
Workflowlnstance instance = workflowRuntime.CreateWorkflow
(typeof (WorkflowConsoleApplicationl. Workflowl ));
instance.Start()
waitHandle.WaitOne();
}
}
}

Code5 - A console application workflow host
2SS g2y Qi O20SNJ +fft LkRaaraofsS K2ada Ay KSNBI |
to note that the web servicelosting model relies on the WebServicelnput, WebServiceOutput and
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WebServiceFault activities to take data in and send data or faultsfmather interestingthing to
know is the lack of direct WCF supportWt, something that can only be established tmanual
coding. According to Microsoft this is due to timing issues since WF was introduced relatively late
the .NET Framework 3.0 development cydlris shortcominwill be fixed in a future release.

3.2 Runtime services

We already discussed the need foseries of runtime services in order to enable a set of workflow
specific scenarios such dshydration, which is the act of persisting runtime data when a workflow
goes idle. A brief overview of runtime services and their role is given below:

I Scheduling &vicesare used to manage the execution of workflow instances by the
workflow engine. The DefaultWorkflowSchedulerService is used irtASPhNET applications
and relies on the .NET thread pool. On the other side, the ManualWorkflowSchedulerServic
is usedoy ASP.NET hosts and interacts with the ASP.NET host process (e.g. the worker poc

1 CommitWorkBatch Servicesnable custom code to be invoked when committing a work
batch. This kind of service is typically used in combination with transactions andlisouse
ensure the reliability of the workflovdased application by implementing additional eror
handling code.

1 Persistence Servicdg] play a central rolén workflow instance hydration and dehydration.
Putting aworkflow in§  y 0SQa NHzyGAYS RIFGF 2y RA&]l Aa
long-running workflows and to ensure scalability. By default SQL Server isaused
persistence

1 TrackingServiced3] allow inspection of a workflow inifiht by relying on events that are
raisedby workflow instances. Based on a Tracking Profile, only the desired data is tracked b
the tracking service. WF ships with a SQL Server database tracking service out of the box.

1 LocalCommunication Servicesnablecommunication of data to and from a workflow
instance. For example, external events carseptto aworkflow instance and data can be
sentfrom a workflow instancéo the outside world, based on an interface type. The type of
service is oftenreferredtb & a RI G SEOKI y3Sé¢ o

Services can be configured through the Xbélsedapplicationconfiguration fileor through codeAll
of these services are implementations of a documented interface in the Windows SDK which alloy
for custom implementation, e.g. tpersist stateto a different type of database.

4 Dynamic updates

[ KEy3aAy3a | 2Nl Ft26 AyaialyOS (KFGQa Ay LINEIN
rapid changing business requirements, workflow changes at runéinreea common requirement.
WilK 2C2 Ad0Qa LIaaArotsS G2 Y2RATE | @g2NyFt20 |

and the outside (i.e. the host application). This is accomplished by means WdahdlowChanges
Of aa 6KAOK gSQfft RSIf gAGK ljdzZAdS | f23G Ay
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Chapter 3 z Dynamic updates

1 Introduction

Due to the typical longNdzy y Ay 3 OKI N} OGSNJ 2F g2N] Fft26asx Al
G2N] Ft26 oKAES AGQa Ay Tt A3IKIUI dusinedBsegairgmertsing v |
adaptation ofcompanypoliciesthat need to be reflectedn running workflow instancesVindows
Workflow Foundation recognizes this need and has support for dynamic updates built in. This way
business process can be adapted dynamically, reducing dowrttiaie would occur in ypical
procedural code due to recompilations. Furthermore, workflow adaptation occurs on the level o
workflow instances which reaches far beyond the flexibility one would have with procedural coding.

2 The basics

In order to make changes to a workflow iaste, one has to create an instance of the type
WorkflowChanges This class takes the-salledtransient workflow which is the activity tree of the
running workflow, and allows application of chandest. Once changes have been proposed, these
have tobe applied to the running instance. At this point in time, activities in the tree can vote
whether or not they allow the change to occur. If the voting result is positive, changes are applie
and the workflow instance has been modified successflilhjs kasic process is reflected in code
fragmentCode6.

WorkflowChanges changes = new WorkflowChanges (this );

/IChange the transient workflow by adding/removing/... activities
changes.TransientWorkflow.Activities.Add(...);

foreach  (ValidationError error in changes.Validate())
{
if  (‘error.IsWarning)
{
string txt = error.ErrorText;
/IDo some reporting and/or fixing
}

}
this .ApplyWorkflowChanges(changes);

Code6 - Basic use of WorkflowChanges

2.1 Internal modification

Code fragmenCode6 employs secalled internal modification of a workflow. Basically, this means
that the workflow change is applied from inside the kibow itself. So, the piece of code could be

f AQGAY3 AyaARS | /2RS!O0GABAGEeQa 9ESOdziS/I 2RSS ¢
22N] Ft26/ KFHy3aSa dzaSa WiKA aghancéf@dm Bekinsiged S G KS Od

This type of modificatio can be useful in circumstances where the change can be anticipatec
upfront. As an example, the workflow could add a custom activity somewhere in the activity tree
when certain conditions are fulfilled. Needless to say, a similar effect could be actgvedans of

an IfElseBranchActivity. However, one could combine this with reflection and instantiate the desire
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activity by loading it from an assembly. For instance, some custom order delivery processing activ
could be inserted in the workflow defimin. If another shipping company requires a different flow of
activities, this could be loaded dynamicallpstead of bloating the workflow definition with all
possible side paths, dynamic adaptation could take care of special branches in a runningwvorkfl
GNBS® CdzNIKSNN2NBZ Ay O2Yo0Ayl A2y gAGK a[ 20l
NBGNRSGHS AyF2NXIGAZ2Y FNRY (KS Kz2ad 0(0KFdQa dz

2.2 External modification

The opposite of internal modificatiois external modification, where a workflow instance is adapted
by the host applicationAlthough this limits the flexibility for investigation of the internal workflow
instance state, one has full access to the context in which the workflow is operattegn& stimuli
O2dzZA R 06S |4 (GKS olaira 2F GKS OKFy3dSs SAGKSNI
state that external modification is the better candidate of the two to apply unanticipated changes.
External modification is applied ing the sameWorkflowChangesclass that exposes theansient

workflow. In order to apply changes, the workflow instance has to be in a suitable state that allow
for dynamic adaptation. Typically, this is the suspended state, as illustrated in code fitaQaue7.

WorkflowRuntime  workflowRuntime = new WorkflowRuntime () ;
workflowRuntime.WorkflowSuspended +=
delegate  (object sender, WorkflowSuspendedE vent Args e) {

WorkflowChanges changes = new WorkflowChanges ( e.Workflowlnstance );

/IChange the transient workflow
changes.TransientWorkflow.Activities.Add(...);

foreach  (ValidationError error in changes.Validate())

{

if  (error.IsWarning)

{

string txt = error.ErrorText;
/IDo some reporting and/or fixing

}

e.Workflowlnstance. ApplyWorkflowChanges(changes);
h

Code7 - External modification duringvorkflow suspension

3 Changing the transient workflow

As mentionedbefore, changes are applied on teansient workflowthat represents a workflow
instance that is in flight. One obtains access to this transient workflow by using the WorkflowChang
class. In this paragraph, wekia closer look at dynamic adaptation using this transient workflow.

3.1 Inserting activities

! GeLIAOIE aAlddzr A2y GKIFIG YAIKG FNRAS Aa GKS
example, in an order processing scenario it might be desirathémge running workflovinstances

to incorporate a newstep in the(typically longrunning) order processingorkflow.
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Adding a new activity to a transient workflow is accomplished byAtigvitesO2 f f S&ddang y Q
Insert methods. The former one adds activity to the end of the activities collection which might
not be the best choice since a change typically employs locality. Using the Insert method, one h
more control over the position where the activity will be inserted.

However this is often ot enough to accomplish the required level of flexibility since the positions of
activities in the tree are often not known upfront. If changes are applied only oncéjgoomdices
could be easily fierred from the compiled workflow definition by humanspection. Things get
worse when the original definition changes and when dynamic updates are made accumulative.
order to break the barrier imposed by this limitation, th@etActivityByName method was
introduced. For example, one could insert an addisil step in a workflow right after the submission
of an order, as illustrated in code fragmeode8.

WorkflowChanges changes = new WorkflowChanges (instance );
/I Find the location to insert
Activity a = changes.Transien tWorkflow.GetActivityByName( " SubmitOrder ");

int i =changes.TransientWorkflow.Activities.IndexOf(a) + 1;

SendMailA ctivity mailer = new SendMailA ctivity  ();
changes.TransientWorkflow.Activities. Insert ( maliler, i );

instance.  ApplyWorkflowChanges(c  hanges);
Code8 - Applying positional workflow changes

Composite activities, like a WhileActivity or an IfElseActivity, are a bit more difficult to chanuge
one needs to touch thé& 0 2 Rftheseactivities Basically, the samgrinciples apply, albeit a bit
lower in the tree hierarchytypically using tree traversal code

3.2 More flexible adaptations

More powerful mechanisms can be employed to find the place where a change needs to be applie
Because the Activities collection degg from the collection base classes in the .NET Framework, al
the power of System.Collections.Generic comes with it for free in the context of workflow. As a
example, one could use tHendAlimethod to locate activies that match a given predicate:

WorkflowChanges changes = new WorkflowChanges (instance );

/I Find activities to adapt

List <Activity >Ist = changes.TransientWorkflow.Activities.FindAll(
delegate (Activity a){
Int erestCalculatorActivity ica=a as Int erestCalculatorActiv ity ;
return  (a'!= null  &&ica.Intrest > 0.05);
b;
foreach  (Int erestCalculatorActivity ica in Ist)

/I Change parameterization, delete activites, add activities, etc

}
Code9 - Advanced activity seldéwn
Of courseh 1 Qa | f a2 LIaairofsS (2 Ré&ioRméhod oOther Adtivities S &
collection.



Chapter X Dynamic update$ 16

3.3 Philosophical intermezzo zwEAOA AT AADPOOI AOET 1T OAIl
All of this dynamic update magic comes at a cost. Encapsulation of activitieseinddmposition in

I 62N} Fft26 Aa STl O0SKAYR 2y0S ReylYAO dzLRI
considered. Therefore, one has to consider carefully whether or not dynamic updates from th:
outside are really required. At the stage of appty external modification, the black box of the
workflow definition has to be opened in order to apply changes.

2 KSYS@OSNJ GKS 2NAIAAYIE 2Nyl Ft2¢ (8LIS RSTFAYAGA
important to realize that theras nostrongtyped binding between the transient workflow and the
underlying workflow definition by default. In the code fragm&@ude8s ¢S Q@S Af f dza (|
finding activities by name, which clearly is very dependent on internahildedf the workflow
definition.

This being said, adaptation logic is often sHomtd and created to serve just one specific type of
adaptation associated with a given version of a workflow definition (e.g. because the underlyin
business process has ctgedc a change that could be incorporated statically in the next version of
the workflow definition).Furthermore, when creating adaptation logic on thedlwith the aid of a
graphical workflow designeg the verification of adaptation logic against thuderlying workflow
definition becomes easier because of designer support, e.dintbthe names of activities in the
workflow.

3.4 Establishing data bindings

Adding an activity somewhere in a workflow instance dynamically is one thing; connecting it to othe
colleague activities is another thing. Essentially, we want to be able to bind input properties on th
newly inserted activity to some kind of data sources in the workflow definition; the other way
around, we want to be able to feed the output propertie$ our inserted activity back to the
surrounding workflow class for further consumption down the line.

To support data bindings by means of properties, WF introduces the concegep#ndency
propertieswhich act as a centralized store for workflow staféie code to create a sample activity
with dependency propertiethat allow for databinding is shown in code fragme@odel0.

public class DemoActivity : Activity

{

private  double factor;

public  DemoActivity() {
public  DemoActivity(  double factor) { this .factor = factor; }

public  static DependencyProperty InputProperty =
DependencyProperty  .Register(
"Input"
typeof (double ),
typeof (DemoActivity )

);

public  double Input

{
get { return (double ) base .GetValue(InputProperty); }

set { base .SetValue(lnputProperty, value );}
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public  static DependencyProperty OutputProperty =
DependencyProperty  .Registe r(
"Output"
typeof (double ),
typeof (DemoActivity )

)i
public  double Output
{
get { return (double ) base .GetValue(OutputProperty); }
set { base .SetValue(OutputProperty, value );}
}
protected override  ActivityExecutionStatus Execute(
ActivityExecutionContext executionContext)
{
double input=( double )GetValue(InputProperty);
double res = input * factor;
SetValue(OutputProperty, res);
return  ActivityExecutionStatus .Closed;
}

}

Codel0- Using dependency propertiefor data binding flexibility

This sample activity opens the doors to ddtimding. The use of the custom activity in th&F
designer in Visal Studio 200% shownin Figure?.

Sequential Waorkflow | | JIIE'
\9 Properties |§|
l demoActivityl MultiDynamicChange Demold -
L . #== }s‘L
Ell A
o 4 demobctivit 4 o= .
F oyl (Mame) demolctivityl
- 1 . Description
w Enabled True
P Gelayactivi EEE o (]
Output a0
Generate Handlers; Promote Bindable
E Properties; Bind Property 'Mame
Input
AL

Figure? - Designtime support for bindable properties

Binding support at desigtime is visualized by the presence of a small bidréte information icon in
the right margin of the property names column. Clicking it allows to bind the property of the activity
to a property of theenclosingvorkflow definition, as shown iRigure8.

However, when applying dynamic updates we want to be ablkestablish such a binding at runtime.
This is made possible through the use of thetivityBindOf 84 Ay 2C® !y SEI
usage is illustrated in code fragmebodell.
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Bind Tnput’ to an activity's property

D |-l

{ Bind to an existing member | Bind to a new member

EI‘} Workflowl
---_tJ demohctivityl

{’_?’f' Output

1‘_%?' DynamicUpdateCondition

Select a target property of type 'Systern.Double’ from an activity.

Ok l I Cancel

Figure8 - Binding aproperty at designtime

C2NJ aAYLX AOAG& Q&

that would otherwise return the same value as the input value. By feedingitBeNJ, T ifp2tdoQ a

al 1 SI Ackvityat thelend loff aSequential Sdvdilc

the dynamically added DemoAdtivand the5 S Y 2 | O (oatginitBe ®e¥erse direction, we can
adapt the original input value dynamically. This mechanism could be used to apply a coriaction
to numerical data that flows though a workflow, e.g. to account for increased shippstg.

private  void UpdateWorkflow(

WorkflowChanges

changes =

Workflowlnstance instance)

new WorkflowChanges (instance.GetWorkflowDefinition());

DemoActivity da= new DemoActivity (2.0);

ActivityBind
da.SetBinding(
MultiDynamicChange.

bindInput =

ActivityBind bindOutput =
da.SetBinding(
MultiDynamicChange.

new Activ ityBind ("Workflowl" , "Input" );

DemoActivity  .InputProperty, bindinput);

new ActivityBind ("Workflowl" , "Output" );

DemoActivity . OutputProperty, bindOutput);

changes.TransientWorkflow.Activities.Add(da);
instance.ApplyWorkflowChanges(changes);

}

Codell - Establishing dynamic data binding
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4 Changing sets of workflow instances

Rarely one needs tohange just one instance of a workflow. If this is the caddijtional logic can be
added to code fragmentode7 in order to select the desired workflow instance, e.g. by means of its
unique workflow identifier gsing the Work® ¢ L y a (Insiéroeiopréperty).

In the majority of scenarios however, changes have to be applied to all workflow instances i
LINPAINBaa 2NJ I OSNIFAYy adzoaSi 2F 62Nl FfE26 Ay
often desirable tobe abléd 2 | LILJX & OKIlIy3aSa 2dzi 2F o6FyRZ YS|
suspension to happen due tsome workflow instancestate transition, for examplebecause of
workflow instancestate persistenceBased on human inspection of one workflow instancejriass
people might decide to change a whole set of workflow instarered they want the change to
become effective right away.

To support this oubf-band multiinstance adaptation, the host application can query the runtime
for all running workflow instares, as illustrated in code fragmebbdel?2.

foreach  ( Workflowlnstance instance  in wr.GetLoadedWorkflows())
UpdateWorkflow(instance);

Codel2 - Querying loaded workflows

EachWorkflowlnstancecanbe queried for the underlying workflow definitiamsing a method called
GetWorkflowDefinitionthat obtains a reference to the root activity. Based on the workflow instance
information, additional filtering logic can be applied to select a subset of wevkifistancesand/or
workflow instances of a given typ®nce such a set of workflow instances is retrieved, changes car
be applied usinyVorkflowChangesThe WF runtime takes care of suspending the workflow prior to
making the dynamic update and resumingight after the change was applied. Since changes are
applied on an instaneper-instance basis, exceptions thrown upon failure to change an instance only
affect one particular workflow adaption at a time, so rich failure reporting and retry logic can be
added if desired.

5 Aninstrumentation framework for workflow

b2¢ GKIFIG 6SQNB OF LI o6tS 27F | L)we éantgkd it tO &bthyeAl&a.
Ly GKA& LI NI} INILKZ ¢gSQft RAaAOdzaa (GKS Llvwsih o A
dynamic aspect insertion into a workflow instance at runtime. A few usage scenarios include tt
instrumentation of workflows for debugging purposes, adding logging logic, insertion of timing
constructs to measure average delays and waiting timesdigtomers, dynamic addition of security
checks to protect certain workflow branches from being executed byaughorized users, etc.

2 KSYy O2yaARSNAY3I AyadNHzySydlrdizysz 6SQNB G
NHzy G A YS® ¢ K dyaami¥ bptlafedeattretiedideal candidate to build an instrumentation
FNIYSG2N] 2yd 9aaSyidalrttes ¢gSQtf AyadNHzySyi
The instrumentation process can be driven by a wide variety of decision logidésed on input
values), additional data (such as threshold values), dynamic assembly loading using reflection (e.g
add more flexibility to the instrumentor itself), or ultimately another workflow itself.
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5.1 A simple logging service
An example of a sin@ workflow instrumentor that tracks progress via a logging service is illustrated
in code fragment£odel3andCodel4.

The former oneshowsthe interfacec anda simple implementatiow for a logging S NI A OS (G K |
in the logging activity itself to submit logging information to. Notice that this way of tracking is
slightly different from the builin tracking service in WF. Tracking is either enabled or didabieile
instrumentation can be doneetectively, meaninghat a specific subset of the created workflow
AyaillyoSa O2dZ R 0S AyadNHzySyGdSR olFaSR 2y RS
can be limited to a few interesting placesorder to reduce overall overhead

Code fragnent Codel4 illustrates a logging activity that pushes data to the registered logger service
through its interface contract. We limit ourselves to simple (positional) tracking messages.

[ ExternalDataExchange ]

interface ILog ger
{
void LogMessage( string  message);
}
class Logger : ILogger
{
private TextWriter tw;
public  Logger( TextWriter tw) { this .tw=tw; }
public  void LogMessage( string  message)
{
tw.WriteLine(message);
}
}
Codel3- Local Communication Service definition and sample implementation for logging
class LogActivity : Activity
{

private string message;

public  LogActivity() { }
public  LogActivity( string  message) { this .message = message; }

public  string Message

{

get { return message;}

set {message = value ;}
}
protected override  ActivityExecutionStatus Execute

( ActivityExecutionContext executionContext)

{

executionContext.GetService< ILogger >().LogMessage(message);

return  ActivityExecutionStatus .Closed,;
}

}

Codel4 - A static messag#gging activity
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[ 233Ay3 06S02YSa& Y2NB Ayl SNBHIR yHEH2 NGYK Sy  AdySICONS
fueling the workflow instance, i.e. some kind of white box inspection on dem@nul. generic
approach to data processing workflows in Chapter 4 makes such inspection even more manageabl

5.2 Instrumentation for dynamic upda tes

Although instrumentation itself is driven by dynamic updates, it can be used as a starting point fc
dynamic updates on its turtso far, the discussed methodologies of adapting a workflow in progress
FNBE FFEANI & NRAl& Ay ke thaShessvicd ik in & staiekvBaxsSatinamyic?
dzLJRIF GS Aa LRaaroftsSe 'fazs AGQa LlaarotsS GKIF G
instance, for example to an execution patheady belonginghe past.

LRSI ffez ¢S Qpmlobekdyamiddbdated nich like fe/hixd in the internal modification

scenario but without sacrificing the cleanliness of the underlying workflow definition. To state i
FY20KSN) gl @2 6S R2y Qi SFYY A2 2 YIpdsstolwe migr&rideds 2 |
to adapt at this poinsometimes O2y a i NHzOGad ! FGSNI FffX AT 48

workflow definition itself, we really do need to ask ourselves whether dynamic updates are require
in the first place

Dynamic update insumentation combines the best of both world§irst of alE ¢ S Qf € K I
control over when an update takes place, bycsdledsuspension points Secondly, we preserve the
flexibility of external modification to consume data and context availabléhéworkflow hosting

LI AOFGA2Yy f1F&8SNW CAyrfftes AGQa LkraaraofsS G2
much like we have in pure internal modification.

[ SGQa adGINI ¢gAGK +y 2dz2ifAyS 27F Gunéntatiod:SLIA G |

1. When a workflow instance is created, suspension points are added to the workflow
definition based on configuration. All these points are uniquely identified.
2. The workflow host application responds to workflow instance suspension events lzastd
on configurationg decides whether or not action has to be taken at that point in time.
a. If an update islemanded different options are available:

. {fA3IKG OKIFIy3aSa GKIFG R2y Qi NBIj dzA NB
modification.

ii. More advaned changes that require internal statean be realized by
injecting a customactiviy that carries update logic intahe workflow
instancefrom the outside.

b. Regardless of the application of apdate, the workflow instance is resumed.

5.2.1 Instrumentation with suspension points

Step one involves the instrumentation itself. During this step, SuspendActivity activities are added
the workflow at configurable places. This realizes our requirement to have control over the timing c
workflow modifications. For exapte, we could inject a suspension point right before an order is
submitted to a courier service to account for possible-tagtute market changes or courier service
O2y iGN Ol OKIy3aSad 9aasSydaAalrtftezr ¢SQNBEImEMBwut A Y
having to change the original workflow definition and allowing for flexible configuration.

Code fragmen€Codel5 shows simple instrumentation logic.
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WorkflowInstance instance =
workflowRuntime.CreateWorkflow( typeof ( SampleWorkflow ));

WorkflowChanges ¢ = new WorkflowChanges (instance.GetWorkflowDefinition());
SuspendActivity s = new SuspendActivity (" suspendl ");

s.Error = "between 1 and 2 "
int  pos = c.TransientWorkflow.Activities.IndexOf(

c.Tr ansientWorkflow.GetActivityByName( " demoCodel"));
c.TransientWorkflow.Activities.Insert(pos +1,5s);

instance.ApplyWorkflowChanges(c);
instance.Start();
Codel5 - Injecting a suspension point

Needless to say, this code caa bxtended to inject multiple suspension points in a configuration
RNAGSY YI yySN® b23iA0S GKIFIG SOSNE adzZaLISyai?2,)
which can be generated at random. Next, an Error property value has to be set. This wgiidie

the decision logic of step tw(see next section) to identify the suspension locati&nror really is a
OAG 2F I YAAY2YSNE aAyOS 62Nl Ff29 adzallSyarzy
our situation it really means that we waito give the host application a chance to take control at
that point in time. Finally, the suspension point has to be inserted at the right place in the workflow
e.g. before or after an existing activity in the workflow. In our sample, the suspensiamt i
Ay2SO0GdSR I Fii S Nemogodet @he origihah samp@ lworkfl&Randéthe corresponding
instrumented one are depicted fRigure9.

Sequential Workflow Sequential Workflow

) )

| & demoCeei) | | & demoCodel |
¥ L

|_5derrmCDdEZ| | Il suspend? |
‘ ¥ ‘
E‘] |_5derrmCDde2 |

|
0

Figure9 - Dynamic workflow instrumentation before (leftand after (right)

When making this more flexible, we end up with a configurable table of suspension point ingection
that consists of tuples {Before/After, ActivityName}. Based on this, instrumentation can be applied |
a rather straightforward iterativéashion.Changing this table, for instance stored in a database, at
runtime will automatically cause subsequent workflow instances to be instrumented accordingly.
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If desired, existing workflows could be (re)instrumented too at database modification kieeging

AY YAYR GKIFIG a2YS adzallSyairzy LRAyda s2yQi o
temporal nature. This effect could be undesired since intermediate states could be intrqdeiged
when implicit assumptions are made on different suspengoints and actionsAn example of this
pathological situation is instrumentation and adaptation for performance measurement. Conside
GKS aArddz G6A2y Ay 6KAOK ¢S glyld G2 AyeSOou I ¢
activity on pogtion B. If position A already belongs to the past in some workflow instance, an injecte
Gaid2L) O2dzy iSNE | OGA@AGe ¢ Atimight tidR tRedztkBow Ingtatidef A |
aAYyO0S GKS O2NNBaLRyRAYy3I Gaitir NI O2dzy i SNE | OG A

5.2.2 Responding to suspensions

Ly GKS LINB@OA2dza aiGSLE ¢S (2D diaK3iRAyaE MKISC
instance will be suspended, allowing the surrounding host application to take control. This is th
place where further actiongan be taken, such as modifying the workflow. A bushoeEnted
sample usage is the injection of additional order processing validation steps due to company poli
changes before the workflow continues to submit the order.

Code fragmentCodel6 outlines the steps taken irhe workflow host to respond tthe suspension
point introduced earlier byodel5. Observe the consumption of the e.Error property in the decision
making process to trace back the sampion point itself.

workflowRuntime.WorkflowSuspended +=

delegate (object sender, WorkflowSuspendedEventArgs e)
{
switch  (e.Error)
{
case "between_1 and 2 "
/ladaptation logic goes here
Console .WriteLine(  "Instrumentation in action!" );
e.Workflowlnstance.Resume();
break ;
}

h
Codel6 - Adaptation in response to a suspension point
Again, additional flexibility will bRS & A NI 6f S aAyO0S 4SS Ol y Qtid enh&O 2
this switching logicDifferent approaches exisanging from simple adaptations to far more complex
ones. An overview:

1 The tuple {Before/After, ActivityName} could be linked to a set ofgsigontaining actions to
be taken when the suspension point i8t, optionally with additional conditions. Such an
Gl OGA2y GdzL) S¢ O2dA R 221 fA1S 9. SF2NB«k!
activity of type ActivityType has to be insertedftore or after ActivityName in the workflow.
Evaluation of conditions could be expressed using the rule engine in WF and by serializing t
rules in an XML file.

1 A more generic approach would use reflection and application domains to load the switchin
logh O ReYIYAOlFItftted C2NJ SI OK adza LISy aai2y(seed2 A
tuple representationin Codel7). At runtime, these response logic typ@shich implement
the interfaceof Codel8) ¢ are loaded dynamicallfCodel9). When the WorkflowSuspended
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SOSyidi Aa GNARIISNBRI GKS GONNRBNE S@Syid N
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enum InstrumentationType { Before, After }
class InstrumentationPoint {
private Guid id;
private InstrumentationType t;

private  string  p;
private  string  a;

public  Guid Id{ get {return id; } set {id= wvalue ;} }

public  InstrumentationType Type{ oget {return t;} set {t = value ;} }
public  string Point { get {return p;} set {p = value ;} }

public  string  ActionType { get {return a;} set {a = value ;} }

}
Codel7 - Type definition for instrumentationtuples
interface |AdaptationAction : IDisposable {
void Initialize( Workflowlnstance instance);
void Execute();
}
Codel8- A generic adaption action interface
private Dict ionary <string , |AdaptationAction > actions =
new Dictionary <string , I|AdaptationAction >();
Workflowlnstance instance =
workflowRuntime.CreateWorkflow( typeof ( SampleWorkflow ));
WorkflowChanges ¢ = new WorkflowChanges (instance.GetWorkfl owDefinition());
int i=0;
foreach  ( InstrumentationPoint ip in GetlnstrumentationPoints() )
{
SuspendActivity s= new SuspendActivity ("suspend" =+ ++i);

s.Error = ip.1d. ToString();
int  pos = c.TransientWorkflow.Activities.IndexOf(
c.TransientWorkflow.GetActivityByName(ip.Point));
c.TransientWorkflow.Activities.Insert(
ip.Type == InstrumentationType After ? pos + 1: pos, S);
actions.Add(ip.ld. ToString(),
( IAdaptationAction ) Assembly .Load(ip.As  sembly).GetType(ip.Type));

}
instance.ApplyWorkflowChanges(c);

instance.Start();
Codel9- Fully dynamic instrumentation

Notice that the code fragments above need robust error handling to keep the workflow runtime from
crashing unexpectedly when creating workflow instances. The dynamic nature of the code make
compiletime validation impossible, so runtime exceptions will be thrown when invalid parameters
are passed to the instrumentor. For example, activities with a gngene could benon-existent or
the instrumentation action typecould be unloadable One might considerunning a different
WorkflowRuntime instance to check the validity of instrumentation logic using dummy workflow
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instances prior to pushing it to the pradtion runtime environment.Furthermore caching and
invalidation logic for the configuration will pnove performance significantly since reflection is
rather slow. A final note embodies the use of dynamic assembly loading in a rather naive way. In t
current version of the CLR, loading an assembly in an application domain is irrevigsifithés could

lead to huge resource consumptidny shortlivedda I RIF LJGA 2y | OGA2yaéd | 0o
load the assemblies in parate application domains (for example on a-patch basis for workflow
adaptations) which can be unloaded as elementary units of isolation in the CLR. However, to crc
the boundaries of application domains, techniques like .NET Remoting will be rkgBeeause of
GKAa AYONBI&ASR O0O2YLX SEAGE 6S o6 avred thSrisks mpdsdd (i S
by naive assembly loading.

workflowRuntime.WorkflowSuspended +=

delegate (object sender, WorkflowSuspendedEventArgs e)
{

using ( IAdaptationAction action = actions[e.Error])

{

action.Initialize(e.WorkflowInstance);
action.Execute();
e.Workflowlnstance.Resume();

}
k

Code20 - Dynamic adaptatio action invocation at suspension points

l'a |y SEI ¥l s$iple @ddpcatioh actifCode21) that corresponds to the one shown in
Codel1l, including the data binding functionality. However,capsulation in a |IAdaptationAction
type allows for more flexible injection when used together with the instrumentation paradigm.

public class TimesTwoAdaptor : |AdaptationAction

{
private Workflowlnstance instance
public  void Initialize ( Workflowln stance instance)
{ this .instance = instance; }

public  void Execute ()

{
WorkflowChanges changes =
new WorkflowChanges (instance.GetWorkflowDefinition());
DemoActivity da= new DemoActivity (2.0);
ActivityBind bindInput = new ActivityBind ("Workflowl" , "Input" );
da.SetBinding( DemoActivity  .InputProperty, bindInput);
ActivityBind bindOutput = new ActivityBind ("Workflowl" , "Output" );
da.SetBinding( DemoActivity  .OutputProperty, bindOutput);
changes.Tran sientWorkflow.Activities.Add(da);
instance.ApplyWorkflowChanges(changes);
}

public  void Dispose () {}
}

Code21 - Encapsulation of a workflow adaptation
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5.3 Advanced instrumentation logic

In code fragmenCodel96 SQ@S &aK2g¢y | aAYLX S gte (G2 Ayal
LRAAGAZ2YIFE §23A0 O0ADSD dIR2BEEINE2 NUKAGS & 2NBO |
complex workflow definitions which do not have a linear structure. &@mple, when a workflow
Oz2yiGrAya |y LT¥9OfaS!I OliAaAgdArAles GKS 2N}l Fft24 RS-
activities nested in the branches of the IfElseActivity. In order to instrument the workflow at these
places too, one will nekto extend the code to perform a recursive lookup, or alternatively the
activity name reference could take an XRattke form to traverse the tree up to the point where

instrumentation is desired.

An example of a recursive instrumentation implementatiwith user interaction is shown in code
fragmentCode22.

delegate  void Instrumentor  ( Activity activity,
WorkflowChanges changes,
bool before, bool after);

public  void Instrument(  Activity activity,
WorkflowChanges changes,
Instrumentor Dolnstrument) {
char r;
do {
Console .Write(
"Instrument {0}? (B)efore, (A)fter, (F)ull, (N)one " ,
activity.Name);
r= Console .ReadLine().ToLower()[O];
} while (r!= B &&r!= 'a' &&rl= T &&r!l=  'n' );

if (r'= ')
Dolnstrument(activity, changes,
r== "'p' ” == 'f! ,r== '‘a' ” r == 'f ),

if  (activity is CompositeActivity )
foreach  (Activity a in (( CompositeActivity )activity).Activities)
Instrument(a, changes, Dolnstrument);

}

Code22 - Recursive workflow definition traversal foinstrumentation

Using the Instrumentator delegate, it becomes possible to adapt the instrumentation logic at will
This further increases the overall flexibility of the instrumentation framew®tks way, one could
instrument with suspension points butsa with, for instance, logging activitieSurthermore, one
could get rid of the Consoleased interaction by querying sonuata sourcethrough a querying
interface to get to know whether or not an activity has to be instrumented.

This form of recursioibased instrumentation is mosisefulwhen lots of instrumentations will be
NBljdzZA NER YR AT GKS dzyRSNI@AYy3 1jdzSNEAY3I Ay
when only a few of sporadic instrumentations are likely to be requested and whenflawwrk
definitions are quite huge, it might be a better idea to useapproach based omstrumentation
pointswithout havingto traverse the whole workflow definition tree.

Last but not least, notice that instrumentations can be performed on alré@styumented workflow
instances too, allowing for accumulative instrumentations.
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5.4 Conclusion

la 6SQ@®S aKz2gy Ay GKA& LI NFIAINFX¥LKI ReYylFYAO
suspension points is a very attractive way to boost the flexibility of WFtddhisique combines the
goodness of external modifications on the hosting layé&avingaccess to contextual informatio

with the horsepower of internal modifications that have a positional characteristic in a workflow
RSTAYAGAZY HEHVSsAYVRI EANRY®dzaa8 NBFfATS GKS Ff
GKAY1l 2F GKS NBadzZ G 20GFAYySR o6& SyOl Lladz F 7
FOlA2yeé O0GKS ayl 1S agltt2gaya Ata 26y GFAf OO

During the previous discussion, one might/b observed a correspondence to the typical approaches
employed in the aspeatriented development, such agosscuttingL Y RSSRX | & 6SQf f
GKAA 62N] X O2YO0AYAY3I ReyFrYAO ITRIFILIWGFGAZY GA
authorization, runtime analysis, etevill open up the door for hightdynamic systems that allow for
runtime modification and production debugging to a certain extent.

The primary drawback to this methodology is the invasiaure of dynamic activity injectionthat

can touch the inside of the workflow instance, effectively breaking encapsulation. Notice that the W
architecture using dependency properties still hides the real private members of workflow types, s
dzy t Saa @&2dzQNBE NBFE SQFAVRIH HHBILISYy (R diethaReyLafrivairsSy |
members froman objectoriented (OO)perspective.

However, philosophically one could argue that the leviehlostraction that WF enables e floor
higher than the abstraction and encapsulation leirethe world of OO Based on this argument,
injection of activities in a workflow instance really is a breakage of encapsulation goals. Neverthele:
when used with care andvith rigorous testingin placeA &t & K2 dzf Ry QiU K dzNI @
developersK 2 dzf R | R2LJi AGNROG Nz S&a 6KSY gNAROGAYy3T
R2 (02 LINRPOGSOG GKSY F3FAyald YIfAOA2dza F OlAz2ya

6 A few practical uses of instrumentation
In this paragraph, we present a few ptigal usage scenarios for workflow instrumentation. First,
f SiQa RSTFAYS AyalaNHzySydalrdAzy Y2NB NAI2NRdzAf &

Workflow instrumentation is the action of adding activities dynamically ordpfimed places in the
activity tree of a newly created workflow instéic 6 ST2NBE A1 Qa adl NISRo®

With this definition, we can suggest a few uses for instrumentation in practice:

1 Addingloggingto a workflow. This can be used to gather diagnostic information, for example
to perform production debugging.

1 Measurement of service trassOF'y 6S I O02YLIX AAKSR o6& I RRA
the workflow instancej.e.d dZNNR dzy RAy 3 (G KS NBIA2Yy (GKIFG vy
YSIF&dz2NB¢ FOGAGAGE FYR | daadz2L) G2 YSIF adNBé

1 Protectingportions of a workflow fronmunauthorized acess To do this, the workflow host
application layer could add some kind of access denied activities in places that are disallow:
for the user that launches the workflow instance. This decouples the authorization aspec
from the internals of a workflow danition.






