


ErrorScan algorithm that analyzes a partial workflow, and 
generates suggestions that will lead the user to compose 
an error-free workflow. Finally, we present CAT’s 
contributions in context of related work. 
 
Motivation 
 

 
 
Figure 1. An example computational workflow in the 
earthquake science domain. 
 
Scientific progress is significantly accelerated by 
integrating components that model different aspects of the 
phenomena being studied. Projects investigating large-
scale scientific applications include [SCEC 03, GriPhyN 
03,Geodise 03, MyGrid 03].  We take an example from 
our collaboration with SCEC (Southern California 
Earthquake Center); similar issues arise in other scientific 
applications. 
Figure 1 shows an example of a completed workflow for 
from seismic hazard analysis (SHA) to enable building 
engineers to estimate the impact of potential earthquakes 
at a construction site and on their building designs. 
Scientists have developed many models that can be used 
to simulate various aspects of an earthquake: the rupture 
of a fault and the ground shaking that follows, the shape 
of the wave as it propagates through different kinds of 
soil, the vibration effects on a building structure, etc.  The 
models are complex, heterogeneous, and come with many 
constraints on their parameters and their use with other 
models.   
 In their work, scientists and engineers often want to 
sketch the workflows themselves, influencing the choices 
of the software components and the links between them. 
In many cases end users have requirements and 
preferences that often depend on how the workflow 
unfolds and cannot be specified beforehand.  For 
example, users may not know which wave propagation 

model is appropriate until the distance from the fault 
rupture to the location is determined.   
 
An important aspect of our approach is verifying 
workflows by detecting errors and missing steps. In this 
paper, we focus on the use of these verification techniques 
in an interactive setting.  However, workflow verification 
is useful in other contexts.  For example, users may 
compose workflows using editors off-line, then invoke a 
workflow verification to report problems with the 
workflow.  This is typical in scientific environments 
today, where scientists use text editors to create 
workflows.  There are also many workflow editors that 
provide useful graphical capabilities [SmartDraw 03, 
Khoros 03, BizTalk 03] but have no comprehensive error 
checking facilities. Our workflow verification techniques 
would be useful addition to these workflow editors.  
Another context in which workflow verification would be 
beneficial is reuse, adaptation, and merging of previously 
existing workflows.  In scientific applications, retrieval of 
past successful workflows as a starting point to design 
new ones is commonplace.  Our workflow verification 
techniques can help a scientist during the process of 
adapting these workflows to the new situations.  Finally, 
workflow verification techniques would be useful in 
assisting users to develop end-to-end applications by 
merging previously existing workflows that address 
smaller aspects of the overall application.  In merging 
workflows, many inconsistencies, gaps, and overlaps may 
occur. Ultimately, user-guided workflow composition 
would involve not only interactive development but also 
the abovementioned modalities of one-shot editing, 
retrieval and adaptation, and merging of existing 
workflows.  
Another crucial user of workflow verification is to enable 
integration of interactive and automatic techniques for 
workflow development. After a user sketches a workflow, 
an automated planner could fill in the details and missing 
steps.  However, in order for this to work it is necessary to 
ensure that errors in the workflow created by a user, such 
as redundant steps or inconsistent components, are 
removed before an automated planner takes it and starts 
expanding it with more detail. 
 
APPROACH 
Figure 2 below shows the CAT interface that we built to 
support interactive workflow composition. The CAT 
system has been used to support developing 
computational workflows in earthquake science domain 
like the one for seismic hazard analysis that is shown in 
Figure 1.  The details on the CAT interface and user 
interactions are described in [Kim et al 2004]. 



Figure 2. The CAT interface for composing workflows 
for seismic hazard analysis. 
 
In our approach as implemented in CAT, users form a 
workflow incrementally, and the system checks the 
validity of the workflow and suggests what to do next. In 
the process of constructing a workflow, users can add a 
component to the workflow and make links between the 
components. When adding a component, the user may 
indicate an abstract type of component that will be further 
specialized at a later step. For example, the user may 
specify that the workflow will include a fault rupture 
model, and not decide which model to use until the wave 
propagation model is selected. The user may start from 
the end results, or from a set of known data, or from the 
components they want to include. 
The analysis of partial workflows created by the user is 
done using an AI planning framework [Weld 99]. Each 
component is treated as a step in the plan, the inputs of a 
component are the preconditions of that step, and the 
component’s outputs are the step’s effects.  The links 
between components are treated as causal links; any data 
provided by the user form the initial state, and the desired 
end results are the goals for the planning problem.  Each 
action taken by the user (add/remove component, 
specialize component, add/remove link) is akin to a 
refinement operator in plan generation. While automatic 
planning systems can explore the space of plans 
systematically and guarantee that the final plans are 
correct, interactive workflow composition requires an 
approach that lets the user decide what parts of the search 
space to explore and that can handle incorrect partial 
workflows.   
The next subsection describes how we represent 
components, abstract types of components, and their 
constraints. 

Supporting Knowledge Base 
Figure 3 shows a portion of a sample CAT Knowledge 
Base (KB) for a travel domain.  In the KB’s Domain 
Ontology, there is a hierarchy of data types represented in 
Loom classes [MacGregor 90]. In the Task Ontology, 
each component is represented in terms of its input and 
output parameter data types. For example, component 

Car-Rental-by-Airport needs an airport (as arrival-place) 
and a Date (as arrival-date) as input, and produces a Car-
Reservation. Abstract components may have more 
abstract types of parameters. For example, a more abstract 
component Car-Rental has an input parameter arrival-
place with type Location instead of Airport. Since each 
parameter of the component is defined in terms of the data 
types in the Loom KB, CAT can exploit Loom’s 
reasoning capabilities and use them in helping users 
construct correctly formulated workflows. 

 

 

 
Figure 3.  An example CAT Knowledge Base. 
 
The knowledge base supports the following queries: 

• components(): returns a set of available components 
(including abstract ones) defined in the KB 

• data-types(): returns a set of data types defined in the KB 
• input-parameters(c): returns input parameters of 

component c  
• output-parameters(c): returns output parameters of 

component c 
• executable(c): returns false iff c is not an executable 

component.  
• range (c, p): returns a class defined (or derived) as the 

range of parameter  p of c. Here we assume that there is 
only one class that represents the range of the given class 
and the parameter. 

• subsumes (t1, t2): returns true iff  class t1 subsumes class t2  
in the KB 

• specializations(c[,r,v]): returns subconcepts of c, optionally 
where value for role r is v. 

• component-with-output-data-type(t): returns a set of 
components c ∈ components() s.t. ∃ p ∈ output-
parameter(c) and subsumes(range(c,p),t), where t is a data 
type 

• component-with-input-data-type(t): returns a set of 
components c ∈ components() s.t. ∃ p ∈ input-
parameters(c) and subsumes(t, range(c,p)), where t is a data 
type. 

 
Examples:  



• input-parameters (Rent-Car) = {arrival-date 
arrival-place}.   

• range (Rental-Car, arrival-date) = Date.   
• subsumes (Rental-car, Airport-Car-Rental)= true.    
• subsumes (airport, place) = false. 

 
WORKFLOW  
A workflow W is a tuple <C, L, I, G> where C is a set of 
workflow components, L is a set of links, I is a set of 
Initial-Input components and G (for Goals) is a set of 
End-Result components.  Initial-Input components and 
End-Results are handled in most respects as any other 
component.  Initial-Input components  (user-input data) 
can be handled as components with one output parameter 
and no input parameters.  End-Result components are 
components with one input and no outputs. 
Each link is a tuple <co,po,ci,pi> where po is an output 
parameter of a component co ∈ C U I, and pi is an input 

parameter of component ci ∈ C U  G. For example, the 
link between flight-arrival-date parameter of Reserve-
Flight and arrival-date parameter of Rent-Car in Figure 4 
below can be represented as <Reserve-Flight, flight-
arrival-date, Airport-Car-Rental, arrival-date>. When 
representing parameters and components in examples, we 
may use their KB names for convenience, as in this case.  
 

Figure 4.  a simple workflow sketch.   
 
 
Properties of a Workflow  
In CAT, the workflow composition process is guided by a 
set of desirable properties.  This section first introduces 
some features of workflow components and defines those 
desirable properties in terms of the component features.  
Given a workflow <C, L, I, G> and its component 
ci ∈ C, p ∈ input-parameters(ci) is satisfied iff ∃ a link < 
co,po,ci,pi> ∈ L s.t. pi = p.  That is, an input parameter is 
satisfied when it is linked to any output parameter of a 
workflow component.  Otherwise we call the parameter 
unsatisfied. A workflow component is satisfied if all its 
input parameters are satisfied. In Figure 4, both Reserve-
Flight and Airport-Car-Rental component are unsatisfied.  

 A Link <c1,p1,c2,p2> is consistent iff subsumes 
(range(c1,p1),range(c2,p2)). Otherwise we call it 
inconsistent.   In other words, if the link’s destination data 
type (input to) subsumes its source type (output from), 

then the data being supplied to the destination is 
guaranteed to be useful. 
Given a workflow <C, L, I, G> workflow component c1 
∈ C  U I, c1 is remote-linked to a workflow component 

c2 ∈ C U  G iff (∃ link l <co,po,ci,pi> ∈ L where co = c1 

and  ci = c2) or (∃ component c3 ∈ C  s.t. c1 is remote-
linked to c3 and c3 is remote-linked to c2).  That is, there 
exists a (directional) chain of links that connects c1 to c2 
in the workflow. In Figure 4, the Initial-Input component 
with output parameter Date-Time is Remote-Linked to the 
End-Result Flight-Res-# via Reserve Flight component.  

A Link l <co,po,ci,pi> ∈ L is redundant iff ∃ link l2 
<co’,po’,ci’,pi’> ∈ L s.t. l ≠ l2 and co = co’ and po’ = po 
and  ci =  ci’ and pi =  pi’ or if co and ci are remote-linked. 
Given a workflow <C, L, I, G> its component c ∈ C is 
justified iff c ∈ G or ∃ c2 ∈ G where c is Remote-Linked 
to c2.  Otherwise, C is unjustified.  Currently, Airport-
Car-Rental component in Figure 4 is unjustified. 
The following is a list of desirable properties of 
workflows, based on the elementary properties listed 
above. 
A workflow W<C, L, I, G> is purposeful iff ∃ G ≠ φ. 
Otherwise, W is not purposeful. That is, the workflow 
contains at least one End-Result component.  CAT allows 
users to construct sketches of workflows without 
specifying desired End-Results, but to complete a 
workflow, users need to provide the kinds of outcome 
they expect.   
A workflow W<C, L, I, G> is grounded iff ∀ c  ∈ C, 
executable(c) = true.   Otherwise, W is ungrounded.  To 
be able to execute a given workflow, all the components 
introduced to the workflow should be specialized into 
executable ones.   
A workflow W<C, L, I, G> is satisfied iff ∀ c ∈ CU G, c 
is satisfied. Otherwise, W is unsatisfied. 
A workflow W<C, L, I, G> is justified iff ∀ c  ∈ CU I, c 
is justified. Otherwise, W is unjustified.  
A workflow W<C, L, I, G> is cyclic iff ∃ c  ∈ C s.t c is 
remote-linked to c.  Otherwise, W is acyclic 

A workflow W<C, L, I, G> is consistent iff ∀ link l ∈ L, l 
is consistent.  Otherwise, W is inconsistent. 
A workflow is correct if it is purposeful, grounded, 
acyclic, satisfied, justified, and consistent.    
Given a workflow, CAT checks the above properties 
based on the features of the workflow’s components and 
links, and produces a report on the kinds of problems that 
made the workflow not correct.  The report also includes 
suggestions for fixing each error. 
 



Workflow Refinement Actions • add a link between two components (or Initial-Input, 
or End-Result) to indicate that the output of  one 
should be the input of another. 

At any time, the user may do the composition actions 
below: 

(The user can also delete anything that can be added.) • add a component to the workflow. It may be an 
abstract component, or a specific (executable) one, or 
an Initial-Input, or an End-Result.   

 
 
 
 

Action Name Description Possible Fixes Possible New Errors 
Add 
Component(w,c) 

Given workflow w = <C, L, I, G> and c ∈ components(), w 
becomes <C U {c},L,I,G>.  Note: addition of an Initial-
Input or End-Result is done in a similar way for set I or G, 
respectively. 

w purposeful c not grounded or 
justified, or p ∈ input-
parameters(c) not 
satisfied 
 

Remove 
Component(w,c) 

Given a workflow w=<C,L, I, G> and c∈C, w becomes <C 
-{c}, L, I, G>.  Note: removal of an Initial-Input or End-
Result is done in a similar way, as with Add actions.  As 
RemoveComponent simply removes a component without 
deleting associated links, generating ‘dangling’ links, we 
don’t allow users to use this primitive action. Instead, users 
can use RemoveComponentAndLinks, as described below. 

c grounded or 
justified, or p ∈ 
input-
parameters(c) 
satisfied 
 

w not purposeful 
 

AddLink 
(w, c1,p1,c2,p2) 

Given a workflow w=<C, L, I, G>, c1 ∈ C U I, p1∈ 
output-parameters (c1), c2 ∈ C U G, and p2∈ input-
parameters (c2), w becomes <C,LU {<c1,p1,c2,p2>},I,G>. 

p2 satisfied, c1 
justified. 
 

New link may not be 
consistent, cause a 
cycle, or be redundant 
with an existing link. 

RemoveLink 
(w, l)  

Given a workflow w=<C, L, I, G>, l ∈ L, w becomes         
< C, L- {l}, I, G>.  

l was redundant, 
not consistent, or 
cycle-causing. 

Unsatisfied parameter, 
unjustified component. 
 

Figure 5. Primitive actions and possible resulting workflow properties. 
 
Figure 5 details primitive actions in terms of their effects 
in the workflow (add and remove actions have 
complementary effects).  In addition to these primitive 
actions, CAT allows “composite” actions, but currently 
only within suggested error fixes, in order to make the 
composition process more coherent and efficient. See 
Figure 7 below for summaries of these actions’ effects (in 
their role as suggested fixes for particular errors).  Each 
composite action, is a sequence (similar to a macro) of the 
primitive actions.  The current composite actions are: 
• AddAndLinkComponent(w, c1, p1, c2, p2): Given a 

workflow w=<C, L, I, G>, c1 ∈components(), p1∈ 
output-parameters (c1), c2 ∈ C, and p2∈ input-
parameters (c2), if c1 ∉C do AddComponent(w,c1) 
and AddLink (w, <c1,p1,c2,p2>). Otherwise just do 
AddLink (w, <c1,p1,c2,p2>). This action can be used 
in making unsatisfied parameters satisfied. That is, 
the action adds a new component and links one of its 
output parameters to an input parameter of an 
existing component.   Note: the added+linked 
component could also be an Initial-Input. 

• RemoveComponentAndLinks(w, c): Given a 
workflow w=<C, L, I, G> and component c ∈ C U I 
U G,  ∀ l <co,po,ci, pi> ∈ L s.t. c = co  or c = ci , do 
RemoveComponent(w,c) and RemoveLink (w, l).  As 
mentioned in Figure 5, this is a ‘cleaner’ version of 

RemoveComponent.  It also is currently the only non-
primitive action that can be called manually (i.e., 
outside of a suggested error fix). 

• InterposeComponent(w,c1,p1,c2,p2,c’,p1’,p2’): 
Given a workflow w=<C, L, I, G>, c1 ∈ C U I , p1∈ 
output-parameters (c1), c2 ∈ C U G, p2∈ input-
parameters (c2), l <c1,p1,c2,p2> ∈ L,  
c’∈components(),  p1’∈ input-parameters (c’), p2’ ∈ 
output-parameters (c’); if c’ ∈ C, do 
RemoveLink(w,l), AddLink(w, c1,p1,c’,p1’), and 
AddLink (w, c’, p2’, c2, p2). Otherwise, do 
AddComponent (c’) first. This action removes an 
existing link, and links a third component between 
the old link’s output, and to the old link’s input.   
This action is proposed as a suggested fix when there 
is a component such that at least one of its input 
parameters subsumes the output parameter of an 
inconsistent link, and at least one of its output 
parameters is subsumed by the input parameter of the 
inconsistent link. 

• SpecializeComponent (w,c1,c2): Given a workflow 
w=<C, L, I, G>, c1 ∈ C, c2 ∈ components(), and 
subsumes(c1,c2), do RemoveComponentAndLinks 
(w,c1) and addComponent(w,c2).  This removes an 
existing ungrounded component and adds a more 
specialized one. 
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