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Abstract. Workflow Management Systems (WFMS) coordinate execution of log-
ically related multiple tasks in an organization. Each workflow that is executed
on such a system is an instance of some workflow schema. A workfloenszis
defined using a set of tasks that are coordinated using dependakioidflows
generated from the same schema may differ with respect to the taskgeke

An important issue that must be addressed while designing a workflowndis-to
cide what tasks are needed for the workflow to complete — we refer toethis s
tasks as theompletion setSince different tasks are executed in different work-
flow instances, a workflow schema may be associated with multiple completion
sets. Incorrect specification of completion sets may prohibit someflearkrom
completing. This, in turn, will cause the workflow to hold on to the resouacels
raise availability problems. Manually generating these sets for large warkfl
schemas can be an error-prone and tedious process.

Our goal is to automate this process. We investigate the factors that #féect
completion of a workflow. Specifically, we study the impact of control-flbey
pendencies on completion sets and show how this knowledge can beaused f
automatically generating these sets. We provide an algorithm that candbyuse
application developers to generate the completion sets associated withflawork
schema. Generating all possible completion sets for a large workflowripwco
tationally intensive. Towards this end, we show how to approximately estimate
the number of completion sets. If this number exceeds some threstedifiep

by the user, then we do not generate all completion sets. In such vaseso-

vide two options. The first is to generating the fikstompletion set. However,
generating the firgt completion sets may not be very meaningful. We provide a
second approach in which the users identify one or more vital node$ whist

be contained in all completion sets.

1 Introduction

Workflow management systems (WFMS) recently have gaineddf kttention. They
are responsible for coordinating the execution of multipleks performed by differ-
ent entities within an organization. A group of such taska fbrms a logical unit of
work constitutes a workflow. To ensure the proper coordamatif these tasks, various



kinds of dependencies are specified between the tasks ofidlevarThe execution of

a workflow must preserve the dependencies and eventuallpletan Although a large
body of work appears in the area of workflows, very few redeanshave addressed the
issue of workflow completion. In almost all these works, thezarchers assume that the
application developer specifies what is needed for the wawkiib complete. However,
manually evaluating the conditions needed for workflow clatipn may be a tedious
and error-prone process. In this paper, we aim to automit@ihcess.

A workflow is an instance of some workflow schema. A workflowestla formally
specifies the tasks in a workflow and the dependencies betiveaasks. Not all tasks
specified in a workflow schema may be executed in a workflovaircs. We refer to the
set of tasks that are needed to complete a workflow instaniteeaempletion setThe
set of tasks needed to complete different workflows gengtfaten the same schema
may vary because not all instances execute the same setkef Tdwus, a workflow
schema may be associated with multiple completion sets.

Improper specification of completion sets in a workflow maguiein deadlock and
availability problems. If a completion set violates som@eledency constraints, the
states required for the workflow to complete can never behexhcand the workflow
will be in the execution state infinitely. It will hold resaes forever, and cause deadlock
and/or unavailability problems.

Let us illustrate one such problem with a simple example.s@her a workflow,
that has a large number of tasks and dependencies. Spégificate is anexclusion
dependency existing between tadkg, and Tk, which requires that,x must abort if
Twm cOmmits. In other words, it is not possible for both thesé&gsae commit in the
same instance. This implies th&ty, and T,k can never be placed in the same com-
pletion set. Now, suppose an application developer, whpésif/ing completion sets
for this workflow, overlooks this dependency and places Bgthand T, in the same
completion seCT;. The consequence is that this workflow will never complet the
resource availability of the system will be compromised.

Checking such things manually is impossible for real-wagglications. This is be-
cause real-world workflow applications or web service tagtisns can be composed of
hundreds of tasks and dependency relationships. For egaaplonline service trans-
action is composed of various tasks, such as, login, autation, inventory brows-
ing, searching, ordering, payment management, fulfillmeofirmation, calculation,
rejection, reviewing, and credit checking. Each of thes&ganay be performed at a
different server or service holder, and the dependencikemforce an the ordering or
constraints between the tasks. Identifying possible patttscompletion sets is very
meaningful and crucial; some paths can lead to successfaliérn, some paths may
be prone to scams and attacks, some paths must be fine-tunagrtove customer
experience, and so on.

The numerous tasks and dependencies may generate an dytggedependency
graph with a huge number of completion sets. However, naifahe completion sets
are meaningful to the service provider. The service pravigeterested in only some
particular paths ending with specific sink nodes, such ateraronfirmed or payment
rejected. We can identify the paths with these vital noded,generate completion sets
that involve such nodes. The proposed algorithms provideehanism to analyze the



dependency graph, find the completion set and help servizédar/workflow planner
to build and optimize workflow execution.

Due to the large number of tasks and dependencies that carreicomplex work-
flow, correctly calculating all the completion sets mangatn be a time-consuming
and error-prone work. To solve this problem, we need an abrthat generates all the
possible completion sets automatically from a given wovk#ghema. In this paper, we
propose one such approach. We begin by identifying the ibgdatependencies on the
completion set of a workflow. We then show how the knowledgthefdependencies
can be exploited to generate the completion sets. Every letioyp set produced by our
approach will satisfy the dependency constraints and iteifeasible to execute all the
tasks in a given completion set. This, in turn, will ensura the workflow completes.

Generating all completion sets for a large workflow havinghynaodes and de-
pendencies may be computationally intensive. We providalgorithm that estimates
the number of potential completion sets for a given workfldwhis number exceeds
a given threshold that is set by the application developen &ll the completion sets
are not generated. We provide a simple approach that gesetat firskk completion
sets of a workflow. An alternate approach is to designataicentodes as vital to the
workflow and generate completion sets that involve thesigdated nodes.

The research results obtained is also applicable to welcssriransactions [3, 17].
A web services transaction specification describes an sikiencoordination frame-
work for coordinating tasks. The web services transacsaoften a long duration ac-
tivity and the tasks are executed asynchronously by diftgrarties. Dependencies can
be used to coordinate the different tasks of a web servieesdction. Our analysis
techniques can be applied to the web services transactiomissure that it is indeed
possible to complete such a transaction. This will be a steppwards standardization
of web services.

The rest of the paper is organized as follows. Section 2 dgsirelated work.
Section 3 defines our workflow processing model and desctiteedifferent kinds of
dependencies that may be associated with it. Section 4ides¢he impacts of depen-
dencies on building completion sets. Section 5 presentddtals of the algorithm and
shows how to generate all the possible completion setsattyr&ection 7 concludes
the paper with pointers to future directions.

2 Related Work

In the past two decades, a variety of transaction models aclthblogies support-
ing workflow and other advanced transactions have been peahd&xamples include
ACTA [9], ConTracts [19], nested transactions [14], ASSE], EJB and CORBA ob-
ject transaction services [16], workflow management systé concurrency control
in advanced databases [6] etc. Chrysanthis and Ramamiittiaduce ACTA [9], as a
formal framework for specifying extended transaction med&CTA allows intuitive
and precise specification of extended transaction modethasacterizing the seman-
tics of interactions between transactions in terms of diffié dependencies between
transactions, and in terms of transaction’s effects on dajacts. During the past few



years, ACTA has become a standard for formally specifyingj r@asoning about ad-
vanced transaction models.

Workflows are composite activities typically involving ariety of computational
and business activities. The importance of workflow modgiséreasing rapidly due
to its suitability for business applications. For thesesozes, a lot of research appears in
workflow management systems [2, 4, 13, 18].

Reliable scheduling and failure recovery for workflows hlgen discussed by Ray,
Xin and Zhu in papers [18, 23, 25]. Damage assessment ani fepaorkflows from
malicious attacks are discussed in paper [26]. In theserpaihe authors consider the
constraints of different control-flow dependencies andwulis how to ensure satisfac-
tion of dependencies in execution and recovery.

A large body of work appears in the formal analysis of workBosind advanced
transactions [1,5, 8, 10,12, 15, 21, 22]. Davulcu et al. [afjvide a framework for
specifying, analyzing, and executing workflows based onolioent Transaction Logic.
Using this logic, the authors describe how to verify whethevorkflow is consistent
and can be scheduled. Other properties can be verified Usim@pproach. Mukher-
jee et al. [15] discuss the relative merits and demerits afyamng workflows using
temporal logic, event algebra, and Concurrent Transaatibogic. The Concurrent
Transaction Logic is the most suitable for expressing wovksl because it can handle
generalized constraints and can represent control flonhgrajth transition conditions
on the arcs. Bonner [8] investigated the expressive powe&asfcurrent Transaction
Logic and proposed some theoretical results in this regémdex [11] workflows are
not based on logic. However, abstractions can be derived Yfartex workflows. This
abstraction can be represented in temporal logic which eaaubomatically verified
using model checkers. Singh has discussed the semantieatask dependencies on
workflows [21]. The author used algebra format to expresd#pendencies and an-
alyze their properties and semantics in workflow systemse/Att el. [5] discussed
means to specify and enforce intertask dependencies. Tastyate each task as a set
of significant events (start, commit, rollback, abort).emiésk dependencies limit the
occurrence of such events and specify a temporal order atheng In an earlier work,
Rusinkiewicz and Sheth [20] have discussed the specifitatim execution issues of
transactional workflows. They have described the diffestaties of tasks in execution
for a workflow system. They also discussed different schedwdpproaches, such as,
scheduler based on predicate Petri Nets models, schediging logically parallel lan-
guage, or using temporal propositional logic. Another dbation of their paper is that
they discussed the issues of concurrent execution of wevkfloglobal serializability
and global commitment of workflow systems.

Adam, Atluri and Huang [1] have discussed modeling and aislgf workflows
using Petri Nets. The authors show how to use Petri Nets teehtiod workflow system
at a conceptual level. They identify some structural propgeof Petri Nets and demon-
strate its use for the analysis and verification of workflowdfications. The authors
discussed different control-flow dependency types — stamgal type, weak-causal
type and precedence type. They also mentioned value depgiedeand temporal de-
pendencies. The authors show how to use Petri Nets to repicesarol-flow, value and
temporal dependencies; they also demonstrate how to us&lEtt to conduct analysis



on workflow structures — like inconsistent dependency gipations, terminable with
an acceptable state, feasible to complete execution wétlgitten temporal constraints.
This work is very useful as it demonstrates Petri Nets asfactefe tool for modeling
and analysis of workflows. However, to the best of our knogéedone of these work
address issues pertaining to the complete execution offleark

In an earlier work [24], we discussed about the completiowarkflows. Specifi-
cally, we identified the impact dependencies have on the &mp sets and proposed
algorithms for automatically computing completion setsisipaper augments the pre-
vious mentioned work by providing a complexity analysis lod talgorithm for com-
puting completion sets. We also provide an algorithm fomeeing the number of
completion sets. If the number of completion sets is largegive two approaches for
producing a subset of the completion sets. The first is byrg¢ing the firstkk comple-
tion sets. The second approach generates completion aepsats through one or more
vital nodes.

3 Our Model for Workflows

3.1  Workflow

We begin by presenting the concept of workflow schema anduslisthe kinds of
control-flow dependencies that can be supported. A workfidresha is specified by
the set of tasks, the dependencies between these taskegarahipletion sets. wvork-
flowis an instance of some workflow schema.

All tasks specified in a workflow schema may not execute or civrdtompletion
set gives the set of tasks that needs to be committed for etimglan instance of the
workflow. Some of these tasks must be committed in a specifierar the completion
set also needs to specify this ordering relation. Moredberset of tasks that commit
may vary with different instances of execution. Thus, a Vlork schema may have
multiple completion sets.

Definition 1. [Workflow Schema]: Aworkflow schema\, is a triple<SD,C>, where,

S -is aset of tasks,
D -is the set of dependencies used to coordinate the exaaiftihe tasks in S, and
C -isthe set of completion sets ip,W

Definition 2. [Task] A taskT,; is the smallest logical unit of work in an workflow. It
consists of a set of data operations (read and write) and paskitives (begin, abort
and commit). The begin, abort and commit primitives of taglafie denoted by, awi
and g,; respectively. The execution of these primitives is oftésrned to as an event.
Thus, we can have begin, commit or abort events. The commhiabort events are
referred to as termination events.

We use the notatiow, to denote a workflow, and the notatidg; or Ty to denote
tasks of the workflow\.



Definition 3. [Completion Set]Consider the workflow \W=< S D,C >. The comple-
tion component C defines the set of completion sets,irBAthcompletion se€; € C

is specified byCT;, <), where CTis the set of tasks that must be committed &ads
the order in which they must be committed. Formally, CT is the set of tasks which
must be committed for this workflow to complete, andis the ordering relation that
specifies the commit order of tasks ingGT

3.2 Dependencies

In order to properly coordinate the different tasks in a vlork, control-flow dependen-
cies are specified on the task primitives, which control tbeuorence and/or ordering
of thebegin, commit, and aborvents of different tasks.

Definition 4. [Control-flow Dependency] A control-flow dependencgpecified be-
tween a pair of tasks;jTand Tk expresses how the execution of a primitive (begin,
commit, and abort) of T causes (or relates to) the execution of the primitives fhegi
commit and abort) of another task T

A set of control-flow dependencies has been defined in the wb&kCTA [9].
A comprehensive list of transaction dependency definiticars be found in [4,7,9].
Summarizing all these dependencies in the previous workg,ollect a total of fifteen
different types of dependencies. These are given belovhdrdllowing descriptions
Tij andTik refer to the tasks anldlj, cjj, aj refer to the events ofF; that are present in
some historyH, and the notatio®; < ey denotes that ever; precedes everdy in
the historyH.

[Commit dependency](Tij —¢ Tik): If both Tj; and Ty, commit then the commitment
of Ty; precedes the commitment §k. Formally,ci; = (Cik = (Gij < Cik)).

[Strong commit dependency](Tij —sc Tik): If Tij commits thenTyc also commits.
Formally,cjj = Cik.

[Abort dependency] (Tij; —a Tik): If Tjj aborts therT aborts. Formallya; = a.

[Weak abort dependency](Tij —wa Tik): If T aborts andix has not been committed
thenTy aborts. Formallya;; = (— (Cik < &j = ai)

[Termination dependency] (Ti; —t Ti): Task Ty cannot commit or abort until;;
either commits or aborts. Formallgy, = &; < ek, wheree; € {Gj,ajj}, ex €
{Cik, @ik }-

[Exclusion dependency](Tij —ex Ti): If Tij commits andTy, has begun executing,
thenTix aborts. Formally(cij = (bik = ai)

[Force-commit-on-abort dependencyTij — fca Tik): If Tij aborts,Tix commits. For-
mally, aj = Ci.

[Force-begin-on-commit/abort/begin/termination depemlency] (Tij — tuc/ tbay fbb/ bt
Tik): TaskTix must begin ifTi; commits(aborts/begins/terminates). Formatly(a;;

/ Bij/ Tij) = bik.

[Begin dependency]Tij —p Ti): TaskTix cannot begin execution uniij; has begun.
Formally, bix = (bij < bi).

[Serial dependency](Tij —s Ti): TaskTik cannot begin execution unij; either com-
mits or aborts. Formallypix = (& < bi) wheres; € {cjj,a;j }.



[Begin-on-commit dependency)(Tij —nc Tik): Task Ty cannot begin untilljj com-
mits. Formally,bi = (Gij < bik).

[Begin-on-abort dependency](Tij —na Tik): Task Tk cannot begin untill;; aborts.
Formally, bix = (a;j < bik).

Note that, the constraints placed by different dependsemight conflict with each
other. In this paper, we assume that the workflow specifioatare free of such con-
flicts. For the algorithms to detect and remove dependenagilict) please refer to an
earlier paper [23].

A workflow W, can be represented in the form of a grapf =< V,E > which
we term as thelependency grapfThe taskTyi, Twe, - - ., Twn defined inS correspond to
the different nodes of the graph. Each dependency betwaesattiondy,; andTy;j is
indicated by a directed edd@y;, Twj) that is labeled with the name of the dependency.

The following example shows how a real-world workflow makinavel arrange-
ments can be represented by our model.

Fig. 1. Dependencies in the Workflow of Example 1

Example 1.LetW; =< SD,C > be a workflow wheres = {T11, Ti2, T1z, Taa}, D =
{T11 —be Ta2, Tia —be Tiz, Tz —ex T13, Taz —a Taa}, andC = {({T11, Taz, Taa}, {Tia <
Tiz}), ({Tag, Tas}, {Tor < Taz}) )

The labels on each edge corresponds to the dependenciexxiftabetween the
tasks.L(Tll,le) = {bC}, L(Tll, T13) = {bC}, L(T12,T13) = {ex}, L(T12,T14) = {a}
This transaction has two completion sé#St11, Ti2, Tia}, {Ti1 < Ti2}) and({Ta1, Taz},
{T11 < T13}). This transaction can be represented graphically as showigure 1.

A real world example of such a transaction may be a workflovocated with
making travel arrangements. The tasks perform the follguéisks.

(i) TaskT11 — Reserve a ticket on Airlines A,
(i) Task T12 — Purchase the Airlines A ticket,
(iii) Task T13 — Cancels the reservation, and



(iv) TaskTi4 — Reserves a room in Resort C.

There is abegin-on-commitlependency betweehi; and Ti> and also betweefi;;
andTy3. This means that neithdk, nor Ty3 can start beford;, has committed. This
ensures that the airlines ticket cannot be purchased oelhbefore a reservation has
been made. Thexclusiondependency betweéh, andT;3 ensures that eithéli, can
commit orTy3 can commit but not both. In other words, either the airlinelset must
be purchased or the airlines reservation canceled, butatiot Binally, there is aabort
dependency betweél4 andT12. This means that i1, aborts therT;4 must abort. In
other words, if the resort room cannot be reserved, thenitles ticket should not be

purchased.

4 Impacts of Dependencies on Completion Sets

Recall that a workflowM, =< S D,C > specifies the set of tasl& the dependencies
between these task¥ and the se€ that contains the completion setsWf,. A com-
pletion set of a workflow specifies the tasks that need to beitied and the order in
which they must be committed for successful execution ofesoratance of the work-
flow.

Different control-flow dependencies have different imgamt deciding the comple-
tion set. For instance, withlzegin-on-abortdependencilyi —ba Twj, Twj cannot begin
and hence it cannot commit without the abort eventgfin the history. Therefore, if
one wants to havé,; in a completion seCT;, Ty cannot be in the same completion
set—Twj € CTk = Twi ¢ CTi. A complete list of the control-flow dependencies and their
impacts on deciding a completion €&F; is given in Table 1.

Dependency Includes

Twi —sc Twj Twi €CT = Twj €CT

Twi —a Twj |Twj €CT = Twi € CTe ATwj < Tuwi
Twi —wa ij -

Twi —ex Twj Twi €CTy = Twj ¢CT

Twi — fca Twj|Twi € CTt = Twj € CTt A Twj < Twi
Twi — be Twj -

Twi — fbb Twj -

Twi — fba ij -

Twi — ot Twj -

Twi —c Twj |Twi €CTATwj € CTy = Twi < Twj
Twi =t Twj |Twi € CTt ATwj € CT = Twj < Twj
Twi —b ij -

Twi —s Twj |Twi €CTtATwj € CT = Twi < Twj
Twi —be Twj | Twj € CT = Twi € CT A Twi < Twj
Twi —ba Twj Twj €ECTt = Twi ¢ CT

Table 1.Impacts of Dependencies on Deciding Completion Sets



The completion sets specified by a user in a workflow may ndioconto the given
dependencies. Based on the analysis in Table 1, we provi@dgarithm that checks
whether the completion set complies with the dependenaiaa ivorkflow.

Algorithm 1

Check Whether Completion Set Conforms to Dependency

Input: Specification of workflowlT =< SD,C >

Output: Returns true if completion set conforms to the dependenfzbse otherwise

begin
for eachCr, € C whereCpy, = (CTi, Ilm)
if (Twi —sc ij S D) A (Twi S CTm) A (TWj 4 CTm)
return false
return false
return false
return false
return false
return false
return true
end

The algorithm looks at each completion set to check whethasmplies with the
dependencies. Not all dependencies impact a completiofisetalgorithm begins by
checking whether the completion set complies with the giimmit dependency. The
strong commit dependendy;; —sc Twj requires that ifl,; commits, therly,j must com-
mit. Hence, if the completion set contaifig and notTy;, then the algorithm reports
false signifying that the completion set does not conforrtheodependency. Next, we
consider the begin-on-commit dependefigy —uc Twj. In this case, the algorithm re-
ports false ifTy; is not in the completion set but,j is present. The algorithm then
checks for exclusion or begin-on-abort dependency betWgemndTy;. In such cases,
if the completion set contains bot,; andTy;, then we have a problem because the
completion set violates the dependency. Finally, if thera commit, termination, se-
rial, and begin-on-commit dependency betwdgnandT,j, and the commit order re-
quired by these dependencies does not comply with thatfsgmban the completion
set, the algorithm returns false. The force-commit-onraiependencylyi — fca Twj
has the similar effects as a reversed begin-on-commit gy Ty; —be Twi [23], SO
we also examine this dependency in the algorithm. If no impprespecification is de-
tected, the algorithm returns true indicating that the cletign set conforms with the
dependencies.



5 Generating Completion Sets Automatically

The algorithm for generating completion sets automaticafdil use the graph rep-
resenting the workflow which will henceforth be referred wweorkflow DAG The
dependency graph will include both the directly given dejeties and the implicit
dependencies. Implicit dependencies [23] arise becaueodfteraction of the given
dependencies. For instance, thg —sc Twk and Tyk —ex Twm dependencies will imply
an implicit dependency¥yi —ex Twm- An example of the dependency graph is shown in
Figure 2. The steps for generating completion set for thikflamv are shown in Figure

3.

Fig. 2. An Example of Workflow and its Dependency Graph
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Fig. 3. Generate Completion Sets for Workflow in Figure 2

We assume that every dependency graph has a start node whiehdne that has
no incoming edges. For instance, in Figure 2, the fsk the start node. We assume



that the start node represents the first task to be executagiankflow and is present in
all completion sets. When generating completion sets fonibréflow, we construct a
tree structure. Each node of this tree is associated withaf sasks. This set represents
the prefix of a completion set which we obtained by traversireggraph so far. The root
of this tree contains the start node of the graph. Each ledd nepresents a completion
set. The strategy for computing completion sets is dest filedow.

(i) We insert the start node into the root of the tree as showigure 3.

(i) We consider one dependendym —q Twn at a time, and insert new child node(s)
into the tree. We add the taSkm or Tyn into the completion set of the child node(s), if
it does not violate the dependency constraints. We use Tafolethis purpose.

1. Ifitis astrong commibr aforce-commit-on-aborlependency and the completion
set contain3ym, then we only generate one child node, where we irggrinto the
existing completion set. For the force-commit-on-abogietelency, we also have
to add theTyn < Twm in its new completion set.

2. Ifitis anexclusiondependency and the completion set contdjpg we only gen-
erate one child since we cannot insggt. The child node has the same completion
set as the parent node. However, if we already have Bgttand Ty, in the com-
pletion set, we have to remove this node from the tree sinoevit contains an
incorrect completion. This is shown in the rightmost nodEigure 3.

3. Forcommit, begin-on-commit, termination, sertipendencies, if the completion
set containgym, We generate two nodes — one that contdigsand one that does
not. With the child that containkyy, the ordering requiremeiifym, < Twn is inserted
into the completion set.

4. Ifitis anabortdependency, and the completion set of this node confgipghen
we only generate one child node, whé&g, is inserted into the completion set, and
also haslyn < Twm in the new completion set.

5. If it is a begin-on-aboridependency, and the completion set of this node contains
Twn, We only generate one child node since we cannot inggftiinto the existing
completion set. However, if we already have bdh, and Ty, in the completion
set, we have to remove this node from the tree.

6. For all other dependencies (likerce-begin-on-begidependency), if the comple-
tion set of this node containgym,, we will generate two child nodes. One node
containsly, and one does not, because these dependencies have no impagt-0
pletion sets.

(iii) The operations in step (ii) continue until all the deykencies are considered in the
dependency graph. Finally we have the complete tree whemy éxaf node contains
one completion set.

Algorithms to Compute Completion Sets Automatically: We next give the algorithm
for building all possible completion sets. The algorithnoiganized in two steps - (i)
build the derived dependency set and (ii) compute all ptessitmpletion sets based on
the derived dependency set.

In the first step, the specification of the workflow is used tibdbilne initial depen-
dency set (IDS), which records every dependeRgy—q, Twj as an edge of the form
(Twi, Twj, Ox), whereTyi, Twj, anddy represent the source node, the destination node ,
and the dependency respectively. Then the IDS is used to thélderived dependency



set (DDS). This procedure has several rounds of iterationeach iteration, the al-
gorithm scans all the dependencies currently in the DDS hadicwhether new edges
could be implied by the existing edges. The process is redeattil no more new edges

can be derived.

Algorithm 2

Input: the workflow specificatiodT; =< S D,C >
Output: a derived dependency set (DDS) of the workflow
Procedure GenerateDDS(T;)

begin

//Build the initial dependency set, according to the speaiifon

IDS = {}; // set of edges

for every dependencyii —q, Twj) € A& (D)
generate an edgdwi, Twj,dx); //dependency of type from Ty to Ty;
IDS=1DS + (Twi, Twj, dx);

[/ initiate the derived dependency set

done == false;

DDS==1DS;

mark every edge iDDSasunchecked

while (done = false)

begin

for each edg€Twi, Twj,dx) € DDS

begin

end

/1 1f this dependency implies a relationship, insert thelinipedge
if this edge isunchecked
if dy =sc
generate an edg@wj, Twi,C);
else ifdy = a
generate an edg@wi, Twj,C);
else ifdy = fca
generate an edg@wj, Twi, bc);
/I insert the implied edges based on interaction of deperegn
for each edgé€Tyj, Twk,dp) € DDSthat isunch ecked
if (Twi, Twj,dx) and(Twj, Twk, dp) imply an i mplicit dependencgk
generate an edddwi, Twk, tt);
for each edg€Twi, Twk,dq) € DDSthat isunch ecked
if (Twi, Twj,dx) and(Twi, Twk, dg) imply an implicit dependencyls
generate an edgdwj, Twk, Os);

/I mark existing edges ahecked
for every edges DDS
set edge ashecked
/l insert newly generated edges, make thermraheckeqd
for every newly generated edegg. in this round
set edgeenew asunchecked
DDS=DDS+ éhew



if there is no new edge inserted in this round
done = true;
end
end

Following, we compute all the possible completion sets tasethe DDS obtained
above. A queue is used to simulate the breadth-first travefdhe tree. The queue
maintains the part of completion sets we have obtained s@v&first consider the start
node, generate a completion set containing only this tadkirssert it into the queue.
Then we take one dependency at a time, and compute the neWw@nhpletion sets
that can be obtained by applying this dependency with th&tiagi completion sets in
the queue. The rules for computing new set of completion @aetdased on Table 1.
The newly obtained set will replace all the old completiotssa the queue and the
process is repeated until all the dependencies are coadider

Algorithm 3
Input: a derived dependency set (DDS) of the workflow
Output: a set containing all possible completion set for this workflo
Procedure GenerateCompletionSet
begin
create two queues, one completion sets queue, and one te&ue qu
generate a completion s@T, <) whereCT = {Tws}, <t= {}, Tws = Start node
insert this initial completion set into the completion seege
for every edgéTwi, Twj,dx) in the DDS
/* consider this dependency with every completion set inctheue */
for every completion se€T; in the completion set queue
if Twi ¢ CT AND Tyj ¢ CT;
[* this dependency is not relevant with this completion det *
continue; /* do nothing here */
else ifTy; € CT;  /* this completion set contai nky; */
if dy =sc
Ch =CThU{Tw;}
insert(CT, <) to the temp queue
if dy = fca
Ct=CTu {TWJ'}
<i=<t U({Twj < Twi)
insert(CT, <) to the temp queue
if dx =ex
if Twi € CTiATwj €CT
remove(CT; <), this set is infeasib le
else /* cannot havely; in the new set */
insert(CT, <) to the temp queue
if di=cORdy=bcORdy=tORdy=5s
I* generate two new sets, one contaiis and one not */
insert(CT,lt) to the temp queue
CTs=CT U {TWJ'}



insert(CTs, <) to the temp queue
if dx = ba
if Twj €CT /* have bothTy;, Twj */
remove(CT;, <), this set is infeasi ble
else /*for all other dependencies */
I* generate two new sets, one contaig and one not */
insert(CT, <) to the temp queue
CTls=CTU{Tw;}
insert(CTs, <) to the temp queue
else ifTy; € CT,  /* this completion set contai rkyj */
if dg=a
Ch=CTU{Twi}
<=<¢ U{Twj < Twi}
insert(CT, <) to the temp queue
if dx =ba
insert(CT, <) to the temp queue /* canno t haVg; in the new set */
endfor
/* let temp queue be the new completion set queue, clean ugetie queue */
let completion set queue equals to the temp queue
reset the temp queue to be empty
end for
return the completion set queue
end

We first provide an argument that Algorithms 2 and 3 generatenaplete set of
completion sets for the given workflow DAG. Algorithm 2 first generates all depen-
dencies between each pair of tasksTinThe dependency information is then used to
traverse the workflow DAG in a breadth-first manner to gemeaditcompletion sets.
Let| be the length of the longest pathTn Then, any completion set generated by the
algorithm contains at mosttasks. We describe a proof by induction on the lergtt
a completion set, to show that algorithms 2 and 3 work cdsrebr the basis case, let
k = 1. This happens when a completion set consists of a sindtevdsch is the start
node. The above algorithms generates all completion sataioing only the start node
since the start node is the first to be inserted in the congulestiet queue in Algorithm
3 to generate completion sets. For the induction case, lassisme that the algorithm
generate all completion sets of sigeorrectly. Now, we prove that the algorithms gen-
erate completion sets of lengtht 1 correctly. For every pair of nodesin Algorithm
2 applies every dependency type systematically to genalladerived and non-derived
dependencies between the nodes. Algorithm 3 considersseathcompletion set, ap-
plies each of the dependency edges computed in AlgorithmeRtend the set tli+ 1
size if possible. Sinck-size completion set is considered with each dependengy; édg
can be easily observed that kH- 1-size completion sets are generated. This completes
the proof.

We now discuss how to estimate the complexity of AlgorithnG8en a workflow
DAG, it is easy to see that a possible completion set typicalhtains all vertices on a
path from a source vertex to a sink vertex. If there@ter ba dependencies between



tasks, then that path may not lead to a legal completion satieMer, the number of
paths in the given workflow DAG between the source and anymiokides us an upper
bound on the number of completion sets. The following theosbows that there may
be exponential number of paths (or possible completior) setsworkflow DAG.

Theorem 1. The number of possible completion sets in a workflow DAG stingiof
n vertices is @2").

Proof. Each pathp can be mapped to a bit vector of sizef p contains thé!" vertex,
theit" bit in the vector is set to 1. Otherwise, it is set to 0. Sinaetare 2 bit vectors
of sizen, the number of potential completion set€O&") in the worst case.

Since the number of potential completion sets are expaaleittis going to require
exponential time to generate all of them. Therefore, Aligoni 3 runs in timeD(2").

6 Incorporating Task Importance into Completion Set
Computation

The algorithms in previous sections compute completios wétere all tasks have the
same importance. However, there may be cases some taskerargnmportant than oth-

ers. For example, while planning a vacation, hotel resemahay be more important
than renting a car. Therefore, one may wish to compute plessidmpletion sets that
include one or more tasks specified by the user. In this sgatie show how to identify

all completion sets with a given task. The same algorithm lmamasily extended to
compute completion sets that contain a subset of the useifispgeasks.

Let X be a user specified node in a workflow DAG. To compute all ptessibm-
pletion sets that includ¥, we use the following steps. In Step 1, we compute the list of
tasks that followX in some completion set. In Step 2, all nodes that predethesome
completion set are computed. In Step 3, a subgraph of the wgmkflow DAG is com-
puted that contains only those nodes that are identifiedepsSt and 2. Algorithm 3 is
then used on the subgraph to generate all completion sets.

Algorithm 4

Generate all Completion Sets that include Néde

Input: (i) Workflow DAG G = (V,E) whereV denotes the set of vertices aBdlenotes
the set of edges. The DAG is stored in the form of an adjacesicadjList (ii) Node X

— The node which must be contained in all completion sets.

Output: The data structurpathList X) gives the potential completion sets that contain
nodeX

Procedure ComputeVitalPath

begin
Ax = set of nodes reachable fraxhby depth-first traversalof G starting at Node&X
Ea = set of edge§ traversed while computingy .
Gr = Transpose o6.
Bx = set of nodes reachable froby depth-first traversal dbt starting at NodeX.



Eg = set of edges i traversed while computinBy .
MergeAx andBy to create the set of tasiy that appear wittX in some completion set.
MergeEa andEg to createEy.
fori=1to|V|do
if theith nodeY is not inTx then
removeY and its adjacency list frord;
remove all edges incident ohfrom edge set o6;
foreach edgee in edge set of Glo
if e ¢ Ex, delete edge from the edge set&f
Use Generate Completion Set algorithm@®io compute all completions sets that contgin
end

The algorithm uses two depth-first traversal of the DB® extract the subgraph of
G containingX. It first traverses in a depth-first manner starting’dtat nodeX to first
compute all nodes that are reachable fodrim G. To compute all nodes from whick
can be reached, we use the depth-first traversal of trangfp@starting atX. A union
of the nodes and edges traversed in these two traversalganidirate the subgraph Gf
that contains only those nodes that reach and are reachabi&Xf Algorithms 2 and 3
are then applied to this subgraph to generate all complsgtsthat include the given
nodeX.

Algorithm 4 takes timeD(|V| + |E|) to perform both the depth-first traversals and
O(|V||E|) time to compute the subgraph that contains only nodes fgrandBy. Al-
gorithm 3 takes exponential time to compute all completiets $rom this subgraph.
Therefore, Algorithm 4 takes exponential time to compute@inpletion sets contain-
ing the given nod«.

Example 2.Consider a complex workflow consisting of the following 1$ks which
are described below. (1 —login to the travel arrangement application, Tiip — input
the travel information including traveller’s name, soyreed destination cities, (iiiws
— input information needed for air travel, (i),4 — display all flight options for the
user to select, (VJus — purchase the airline ticket, (Vijyg — input information needed
for car travel, (vii)Tw7 — reserve a rental car, (viiilyg — reserve the hotel room, (ix)
Twe — indicate incomplete transaction if flight or rental carereation failed, (X)Twio
— print the travel details, and (Xily11 — logout of the travel application. The DAG for
this workflow appears in Figure 4. Suppokg is considered a vital node. The depth-
first traversal of the workflow DAG in Figure 4 starting at nofi@ results inAx = {
Twa, Tws, Tws, Twe, Twio, Twai }. All edges that are in the adjacency list of all these
nodes are added t6,. The transpos&r of the workflow DAG is shown in Figure 5.
SetBy is computed fronGt as{ Twi, Twz, Tws, Twa }. Eg contains edge$yz < Twa,
Twz «— Tus, and Ty < Tue.

After mergingAx and By, nodesT,s and Ty7 and their edges are removed from
G. In addition, edg€lys < Tw11 is removed. The resulting workflow DAG is shown
Figure 6. Algorithm 3 outputs the following completion seftswi, Twz, Twa, Twa, Tus,
Two, Twar } and{ T, Twz, Twa, Twa, Tws, Tws, Twio, Twit }-

In some workflows, there may be more than one vital node. Fonele, in addition
to Twa, the user may decide to includgs (transaction to reserve a hotel room) as an



Fig. 4. An Example of a Complex Workflow and its Dependency Graph

Fig. 5. The Transpose of the Workflow DAG in Figure 4



Twa @ Tws @
@~@p QE CRe

Fig. 6. The Subgraph for Vital Nod&.

additional vital node. In order to compute all completiotsgat contain one or more
of the specified vital nodes, we extend Algorithm 4 in thedaiing manner. For each
vital nodeX, computelx andEx. UnionTx andEx for all vital nodes to creat&,; and
Ea. Remove fromG nodes that do not appear in mergkg. Remove fromG edges
that do not appear iBy. Compute the completion sets on the remaining graph.

Figure 7 shows the graph containing the nodes and edgesniagai G whenTy,
andTyg are both vital nodes. The completion sets generated{afgi, Tw2, Twa, Twa,
Tws: Two, Twat o { Twas Twzs Twa, Twas Tws, Twss Twao, Twaz }, @and{ Twa, Tz, Twes Tw7,
Tws: Twio, Twaa }-

7 Conclusion

An workflow is composed of a number of cooperating tasks thatcaordinated by
dependencies. The dependencies make the workflow morelfexid powerful. Com-

pletion sets are also specified in the workflow to identify ptate executions. However,
incorrect specification of completion sets can lead to dekdhnd unavailability prob-
lems. The completion sets must conform to the dependencibe iworkflows. In this

paper, we looked at how the dependencies can impact the etompket, and gave
an algorithm to generate all possible completion sets aatioally. For large complex
workflows, generating all possible completion sets may bapmdationally intensive.

Towards this end, we showed how to estimate the number ohfiateompletion sets.
If the number of potential completion sets is large, we pleviwo alternatives. The



@ TW5

Fig. 7. The Subgraph for Vital Nod€eRy, andTyg

first alternative is to generate a subset of the completitsr $&e second alternative is
to identify one or more vital nodes in the workflow and genei@mpletion sets that
involve these node.

In real-world applications, all users are not given perioisén a workflow. Autho-
rization constraints are specified over the tasks in a waskfio future we plan to look
at authorization constraints specified on a workflow. Thesestraints specify which
user has the permission to execute the individual tasks inr&flow. The constraints
may be specified such that no user has the appropriate astion and the workflow
remains incomplete. In future, we plan to investigate hothatization constraints im-
pact workflow execution.
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