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Abstract – Taskflow-oriented programming merges concepts from
structured programming, hardware description, and mark-up lan-
guages. A mark-up language such as XML supports a well-defined
schema that can capture the decomposition of a program into a hi-
erarchy of tasks. A hardware description language such as VHDL
relies on well-defined and explicit input/output port definitions
to create, at any level of hierarchy, explicit data dependencies
among tasks. A structured programming language provides con-
trol to sequence the execution of all tasks. We apply these concepts
to the design of a distributed user-configurable environment that
supports project-specific collaborative, networked, and taskflow-
oriented programming as well as computing. Starting with the top-
down decomposition of a computing project into task, we capture
not only the hierarchy of tasks but also explicit and user-defined
dependencies, i.e. directed task=>task control edges. Data depen-
dencies are created implicitly only during the detailed bottom-up
implementation of input/output assignments for each task.

Task-flow programming is not about programming the tasks.
Rather, it is about programming dependency edges between the
tasks, task=>task control edges in particular. An executable pro-
gram is written simply as a (hierarchical) taskflow in XML, in-
terconnecting tasks and data. Most task=>task edges are in the
’enabled’ state by default and require no programming, while con-
ditions to ‘enable/disable’ the state of task=>task edges are short
and simple and are an integral part of the task node encapsula-
tion. Similarly, the data->task and task->data edges are always
‘enabled’.

Keywords: taskflow-oriented programming, collaborative com-

puting, Internet.

I. Introduction

The notion of collaborative computing has been applied
in several contexts. In our work, we consider a collabora-
tive computing project as an entity that engages a project
leader and a team of distributed participants in creating
an environment to work on the project phases such as
• project decomposition into tasks and assigning tasks
to project participants;
• finding or creating software programs and procedures
to complete each task;
• assigning programs and libraries of procedures to host
computers;
• deciding the sequence in which tasks are to be exe-
cuted;
• choosing most appropriate data structures and proto-
cols to protect, share, move, and archive data required
by and generated by task-executing programs and pro-
cedures;
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• creating a client GUI that features shared views of the
project, including browsing, data editing, and execution
of a task or a task sequence;
• interfacing clients to a server on a dedicated host to
support all phases of the project, including asynchronous
mode of collaboration where each participant works on
the assigned tasks independently, and a synchronizing
collaboration mode where tasks executions are being
synchronized with other participants.

Groupware environments, supporting e-mail, chat
rooms, video conferencing, shared white boards, are fre-
quently equated with ‘collaborative computing’. How-
ever, we view them as facilitators of communication be-
tween collaborating participants, rather than a collab-
orative computing project per se. A collaborative com-
puting project, as defined in this paper, typically engages
a team of distributed participants to create domain-
specific environments, each of which would progress
through the project phases listed above. For example:
• OpenDesigns projects [1] address VLSI design flows in
IC design;
• OpenExperiments projects [2] demonstrate an exper-
imental design environment to evaluate heuristic algo-
rithms solving NP-hard problems;
• OpenWriter project [3] demonstrates an environment
and utilities to support collaborative writing and com-
pilation of a report or a book.
The most distinguishing feature of each project environ-
ment is the capability not only to encapsulate a num-
ber of tasks, represented by distributed stand-alone pro-
grams, but also to configure the seamless execution of
the task sequences over the network. Here, project par-
ticipant’s immersion in collaborative computing tasks is
clearly beyond communication via email, chat-rooms,
or whiteboards. Each of these projects relies on the
collaborative client/server architecture (OmniDesk) and
the features of the user-configurable client GUI (Omni-
FlowLite), described in [4] and [5].

There are relatively few publications in the area of
‘task-oriented programming’. The same web engine that
returns 153,000 hits on the query of ”object-oriented
programming” returns only 46 hits upon the query of
”task-oriented programming”, e.g. [6]. Most publica-
tions on task-oriented programming appear linked to
groups involved in robotics, also pointing to research in
‘programming-by-demonstration’, ‘session-oriented pro-
gramming’,and ‘event-oriented programming’, e.g. [7, 8].



The notion of taskflow-oriented programming as de-
fined in this paper is clearly motivated and structured
by factors that are different. In fact, our approach
is rooted in the experiences with REUBEN and Om-
niDesk/OmniFlowLite [4, 5, 9] and we argue that the
taskflow-oriented programming concepts as introduced
in this paper are well-suited to support collaborative and
distributed user-configurable project environments.

The paper is organized into several sections as fol-
lows: (1) Taskflow-oriented Programming Concepts; (2)
Graphical User Interface; (3) Collaborative, Networked,
Taskflow-Oriented (CNT) Structures (4) Scheduling and
Execution; (5) Summary and Conclusions.

II. Taskflow-Oriented Programming:
Concepts

Taskflow-oriented programming merges concepts from
structured programming, hardware description, and
mark-up languages. This section introduces simple def-
initions and a representative example of the first two
concepts. We discuss the extensible mark-up language
(XML) in the sections that follows.
Background and Definitions. All computer pro-
grams can be expressed in terms of four basic structures:
(1) a sequence of instructions, executed one after the
other; (2) a decision, allowing data to control the se-
quence; (3) an iteration, to execute the same sequence a
number of times; (4) a procedure, replacing a group of
instructions with a name that denotes the group.

Most importantly, a procedure can also invoke other
procedures. This feature allows us to decompose a pro-
gram into a hierarchy of tasks and subtasks, each im-
plemented by a procedure. Data associated with each
procedure must be specified precisely:
• input data, used but never changed by the procedure;
• output data, returned by the procedure;
• inout data, used as input data and returned as output
data by the procedure;
• local data, declared and used only locally within in the
procedure;
• global data, used in the procedure but not defined in
the procedure. Changing global data within the proce-
dure can cause serious side effects.
Programming languages do not support explicit declara-
tion of data types input, output, inout when passed as
arguments of the procedure. This is in contrast to hard-
ware description languages. Based on the attributes of
hardware description languages, we postulate two basic
tennets of taskflow-oriented programming:

(1) declaration of I/O data types is mandatory;
(2) the global data type is not allowed.

Any computer program can be modeled as a control-
data flow graph. Graphs at specific level of granularity
may be be applied to synthesis of hardware systems [10]
or instruction scheduling for RISC computers [11]. To
introduce the taskflow-oriented programming concepts,
we consider a hierarchy of interactive programs or pro-
grams decomposed into a hierarchy of procedures. We
represent each program and each procedure as a task
node that may expand into other task nodes:

(1) a task node, encapsulating a procedure or a pro-
gram, is defined by its input/output data;
(2) a task node, encapsulating another task node or a
collection of task nodes, is defined by its input/output
data and a directed graph in terms of task=>task control
edges;
(3) a taskflow is a directed graph that intersects the task
data flow graph and the task data control graph;
(4) an executable program can be written by creat-
ing a (hierarchical) taskflow as an interconnection of
tasks and data. Programs to ‘enable/disable’ the state
of task=>task edges are short and simple and are an
integral part of the task node encapsulation. Most
task=>task edges remain in the ’enabled’ state by
default and require no programming. Similarly, the
data->task and task->data edges are always ‘enabled’.

A hierarchy of task control flows and an instance of a
taskflow is shown in Figure 1. This example illustrates
a representative program whose purpose, functionality,
and implementation will be described later. Each task
control flow has the four attributes of the program de-
scribed in generic terms at the beginning of this section:
(1) the sequence of tasks, expressed by enabled
task=>task control edges. To invoke a task, the con-
trol edge incident at the task node must be enabled.
(2) the decision about tasks to be executed, ex-
pressed by task=>task control edges that may be en-
abled/disabled, subject to conditions created by tasks
executed earlier. Two such edges are rooted in the task
evaluate treatment.
(3) the repetition of a task, subject to terminating
conditions for the task control self-loop. The task
single treatment is shown with a self-loop.
(4) the encapsulation of task nodes into another task
node. For example, node Treatment C encapsu-
lates three tasks, including single treatment, which
in turn encapsulates three more tasks: apply C,
evaluate treatment, and compress results.

Inspecting the representations of single treatment
as the task control flow and the taskflow demonstrates
that the taskflow is indeed an intersection of the task
control flow and the task data flow. The task data flow
itself is a directed bipartite graph where all edges are
static, i.e. always ‘enabled’, and have two directions:
data->task and task->data. In order to accommodate
the data of type ‘inout’, data nodes of type ‘input’ are
also represented as aliases of type ‘output’.
Illustrative Example. The hierarchy of taskflows in
Figure 1 is based on the implementation of a program
that captures the control and data description in a uni-
fied collaborative, networked taskflow-oriented (CNT)
taskflow structure. More details about this structure
are given in sections that follow. The specific purpose of
this program is to create an experimental design environ-
ment for a team of distributed collaborating participants
whose main tasks are shown in doeFlow of Figure 1:
• Generate classes task engages D. Ghosh to create
classes of graphs that will test the performance of place-
ment and routing algorithms used in the design of IC
circuits [12]. The software to generate the classes and
the class archives are on the server vela.cbl.ncsu.edu.
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Fig. 1. An expansion of a task control flow hierarchy and an instance of a task flow.

• Treatment A, Treatment B, Treatment C engage
three research teams to develop and evaluate algorithms
in the area of placement and routing, e.g. M. Stallmann’s
team, on euler.eos.ncsu.edu, is working on graph place-
ment for crossing number minimization [13]. Each team
expands the tasks into three subtasks: download class,
single treatment, and upload results. The sub-
task single treatment expands further into apply C,
evaluate treatment, and compress results. Here the
infrastructure of tasks for Team A, Team B, Team C is
identical – each team is only concerned with developing
the specific algorithm, here labeled as apply A, apply B,
and apply C respectively.
• Generate summary task is assigned to H. Lavana,
working on gemini.cbl.ncsu.edu.
• Publish report task is assigned to F. Brglez, working
on zodiac.cbl.ncsu.edu.
The project scenario of the experimental design project
as outlined above is realistic. Its first implementation
did not have the benefit of the hierarchical structures;
more details are available in [2]. With some simplifica-
tion, the example is well suited to introduce and illus-
trate our current implementation of the taskfow-oriented
programming concepts.

Participants in the experimental design project are ex-
pected to work in a stand-alone or asynchronous mode
for much of the time; only occasionally would the project
leader convene a meeting of distributed participants to
execute the entire taskflow in a synchronizing mode. The
asynchronous mode implies that participants can invoke
only the programs they own, using data they own. We
achieve such control by introducing two types of control
edges for each flow graph: program-defined control edges
and user-defined control edges. The state of the program-
defined control edges is subject to conditions evaluated
after task execution as described earlier, the state of the
user-defined control edges can be changed by the user
via a graphical user interface.

A brief overview of the GUI features and environment,

one expects to be supported when creating and executing
a taskflow-oriented program, is described next.

III. Graphical User Interface

We describe the graphical user interface in two parts: (1)
user-view of the experimental design taskflow described
earlier, now executed in the OmniFlow client; and (2)
librarian-view, using an XML editor during the creation
of the experimental design taskflow.
User-view of the taskflow. The hierarchy of task-
flows in Figure 1 is displayed in the tree browser shown
as the left-most part of Figure 2. In a tree browser, and
at any given level of hierarchy, it is difficult to repre-
sent task node dependencies. Using the tree browser,
user can select and load any taskflow and display it as a
graph. Two such graphs are shown: one represents the
task node dependencies for the taskflow treatment C,
whereas the node Single Treatment is expanded into
another taskflow (following the illustration in Figure 1).

Consider first the taskflow treatment C. The graph is
always acyclic and no nodes are isolated; the edges shown
are control edges. Each control edge has two states: we
say that the edge task=>task is the ‘enabled’, and the
edge task==task is ‘disabled’. User can click on any
control edge to enable and disable its state. A task node
with incoming control edges that are disabled can never
be invoked by other task nodes. However, if the taskflow
is in the execute mode, user can invoke the task node
by simply clicking on it. The flow itself is depicted in
the state where the two top-most nodes have completed
execution, shown by the darkened rectangles at the head
of the control edges. This includes a number of iterations
of the second task, controlled by the self-loop control
edge. Other task nodes, reachable from a given node,
may also be automatically invoked, depending on the
settings of the user-defined edges.

The nodes BEGIN and END are primitive task nodes,
the nodes enclosed in bold boxes are hierarchical task
nodes. With each task node, we associate 0 or more



Fig. 2. Taskflow hierarchy, taskflow selection, and taskflow execution in OmniFlow.

data node inputs and outputs. These are represented as
small circles and ingoing/outgoing edges within the bold
box of the task node. When two tasks depend on the
same data node, a data node may be shared by more
than one task node, either as an input or as an out-
put. Such dependencies are not shown explicitly in this
representation, however they are declared in the XML
description of the taskflow and maintained during the
taskflow execution.

The taskflow Single Treatment on the right-most
side is an expanded view of the hierarchical node in
treatment C. There are two outgoing control edges from
the Eval Treatment task. In addition to user-defined
state of these two control edges, their state is controlled
also by status of postconditions evaluated during the last
phase of the Eval Treatment task. If user left both edges
in the ‘enabled’ state, either or both may be disabled by
the postconditions. However, if user left both edges in
the ‘disabled’ state, then the state of these edges can-
not be changed by the postconditions. Note also that
there are two incoming control edges to the node END.
Here, in the first phase and before invoking the task, we
evaluate WaitConditions status of all incoming control
edges. The task is invoked only if the WaitConditions
status is true. In the example shown, the control edge
Eval_Treatment => END has been disabled by the user
prior to the taskflow execution. With this configura-
tion, (1) the Single Treatment taskflow completes only

if Compress Results task has been invoked and com-
pleted, and (2) the Single Treatment task node trig-
gers the invocation of the Upload Class only when the
Single Treatment taskflow completes.
Librarian-view of the taskflow. The taskflow config-
uration that generated user-view in Figure 2 is an XML
document. As such, it could have been created by a
taskflow librarian with or without using an XML editor.
However, the preferred choice is to use an XML editor,
and the reason is clear once we examine the interface as
shown in Figure 3. The entry of the taskflow configura-
tion is well-structured, moreover, we get the benefit of
the validating editor.

Consider the taskflow treatment C as shown. First,
for TaskFlow we enter the name, inputs, outputs, and
graph. The graph is a connected DAG, consisting of a
number of task nodes connected by user-defined control
edges. The simple format we use has been described
in [14]. Second, we list (in any order) the task nodes
and their attributes such as file locator (href), host, and
protocol. Third, for each task node we specify data ele-
ments and control elements. The data elements consist
of data input pairs and data output pairs, listed under
AliasInput and AliasOutput. The control elements con-
sist of WaitConditions, LoopConditions, and PostCon-
ditions. In the example shown, the loop conditions for
the Single Treatment task are controlled by ForEach
parameters.



Fig. 3. A view of a CNT taskflow in an XML editor.

For completeness, we also display the XML source file
of treatment C in Figure 4. The file is well-structured
and the major advantage of the XML editor is the vali-
dation of its syntax during editing. On the other hand,
consider that a taskflow itself, upon execution, may gen-
erate an XML description of another taskflow. The XML
schema that determines the structure of such and any
other CNT taskflows files is introduced in the next sec-
tion.

IV. CNT Structure: An Overview

A document in a mark-up language such as XML is
structured like an object model: it supports a well-
defined schema [15] that can capture the decompo-
sition of any project or any program into a hierar-
chy of tasks. A schema that implements a hierarchi-
cal collaborative, networked taskflow-oriented CNTML
structure, proposed in this paper, is shown in Figure 5.
At the top level, we have two elements: single occur-
rence of MainTasks or multiple occurrences of TaskFlow
elements. The MainTasks element invoke any number of
MainTaskNode and MainPrimitiveNode elements, each
of which relies on a Data element and its attributes.

A MainTaskNode instantiates a TaskFlow by refer-
ence. The attributes of the TaskFlow are inputs, out-
puts, and graph, while its elements are single occurrences
of (BeginNode, EndNode) and multiple occurrences of
TaskNode or PrimitiveNode. Both of the latter rely
on a Data element as well as a Control element and

the respective attributes. Since a TaskNode may itself
be hierarchical, it can instantiate another TaskFlow by
reference.

A precise definition of an XML schema requires a tex-
tual rather than a graphical description. However, since
the standard is still evolving and validating parsers for
XML schemas are not yet readily available [15], we use
Document Type Definition (DTD) format to describe the
CNTML schema – it requires less than 2 pages and is
available as an Appendix in [16]. A segment of this
schema in DTD format is shown in Figure 6. This seg-
ment of the XML schema provides details about the
TaskFlow element that could not be addressed by the
illustration in Figure 5. Specifically, we note that the
attributes of taskflow name, inputs, outputs, graph all
require CDATA descriptions and that the attributes for
TaskNode and PrimitiveNode are identical. Default val-
ues are entered for attributes named wkdir (working di-
rectory), host, and owner. Except for attributes of row
and column that allow the user to control the position
of the node in the graphical user interface, all other at-
tributes of TaskNode are self-explanatory, with full de-
tails provided in [16].

An example, illustrating the syntax to evaluate the
PostConditions, is shown in Figure 7.

V. CNT Scheduling and Execution

Consider the doeFlow in Figure 1. It consists of a hier-
archy of taskflows captured as instances of task nodes.



<?xml version="1.0" encoding="UTF-8"?>
<!DOCTYPE CNTML

SYSTEM "http://www.cbl.ncsu.edu/OpenCNT/cntml.dtd">
<!-- treat_C.cntml -->
<CNTML>

<TaskFlow name="Treatment_C"
inputs = "(classname) (classzip)"
outputs = "(up_trtC_zip)"
graph = "

(BEGIN) => (Download_Class) => (Single_Treatment)
(Single_Treatment) => (Single_Treatment)

(Single_Treatment) => (Upload_Class) => (END)">
<BeginNode/>
<TaskNode name="(Download_Class)"

href="download_class.cntml#download_class">
<Data>

<AliasInput name="(classname)">
(classname) </AliasInput>

<AliasInput name="(classzip_remote)">
(classzip) </AliasInput>

<AliasOutput name="(classfiles)">
(class_files) </AliasOutput>

</Data>
</TaskNode>

<TaskNode name="(Single_Treatment)"
href="single_treatment_C.cntml#single_treatment_C"
host="vela.cbl.ncsu.edu" protocol="telnet">

<Data>
<AliasInput name="(ckt_name)">

(ckt_name) </AliasInput>
<AliasInput name="(classname)">

(classname) </AliasInput>
<AliasOutput name="(trtC_zip)">

(trtC_zip) </AliasOutput>
</Data>
<Control>

<LoopConditions>
<ForEach> (ckt_name) [(class_files)] </ForEach>

</LoopConditions>
</Control>

</TaskNode>

<TaskNode name="(Upload_Class)"
href="upload_class.cntml#upload_class">

<Data>
<AliasInput name="(trtC_zip)">

(trtC_zip) </AliasInput>
<AliasOutput name="(up_trtC_zip)">

(up_trtC_zip) </AliasOutput>
</Data>

</TaskNode>

<EndNode/>
</TaskFlow>

</CNTML>
<!-- treat_C.cntml -->

Fig. 4. A view of a CNT taskflow in a plain text editor.
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Fig. 5. XML schema of a CNT declaration.

<!-- element for specifying a taskflow -->
<!ELEMENT TaskFlow (BeginNode,

(TaskNode | PrimitiveNode)+,
EndNode)>

<!ATTLIST TaskFlow name CDATA #REQUIRED>
<!ATTLIST TaskFlow inputs CDATA #REQUIRED>
<!ATTLIST TaskFlow outputs CDATA #REQUIRED>
<!ATTLIST TaskFlow graph CDATA #REQUIRED>

<!ELEMENT BeginNode (SetLocal*, AliasLocal*)>
<!ATTLIST BeginNode row CDATA "" column CDATA "">
<!ELEMENT TaskNode (Data,Control?)>
<!ATTLIST TaskNode name CDATA #REQUIRED

href CDATA ""
task CDATA ""
wkdir CDATA "."
host CDATA "localhost"
protocol CDATA ""
owner CDATA "nobody"
column CDATA ""
row CDATA ""
sleep CDATA "">

<!ELEMENT PrimitiveNode (Data, Control?)>
<!ATTLIST PrimitiveNode name CDATA #REQUIRED

... same as TaskNode attributes ...
sleep CDATA "">

<!ELEMENT Data (SetInput*, AliasInput*,
AliasOutput*, SetGraph?)>

<!ELEMENT Control (WaitConditions?,
LoopConditions?,
PostConditions?)>

<!ELEMENT EndNode (WaitConditions?, SetLocal*)>
<!ATTLIST EndNode row CDATA "" column CDATA "">

Fig. 6. A CNT taskflow DTD invoked by OmniFlow.

<Control>
<PostConditions>

<EnableNode name="(Compress_Results)">
<GetOuput name="(ckt_cost)"/> GreaterThan 5

</EnableNode>

<EnableNode name="(END)">
<GetOutput name="(ckt_cost)"/> LessThanOrEqualTo 5

</EnableNode>
</PostConditions>

</Control>

Fig. 7. PostConditions for TaskNode Eval Treatment.

The three task nodes, Treatment A, Treatment B and
Treatment C in doeFlow are independent of one another
and hence can be invoked concurrently. However, all
the three task nodes have to wait for the task node
Generate Classes to complete before any of them can
be invoked. Similarly, the task node Generate Summary
cannot be invoked until all the three treatments have
been invoked and completed. In addition, each of the
three treatment needs to be invoked on a different host,
specific to where the associated treatment is accessible.

The doeFlow thus represents a distributed taskflow
that requires concurrent, asynchronous invocation of its
task nodes. A formal approach is necessary to schedule
and execute such a taskflow. We use Petri net model [17]
to implement the scheduling algorithm that executes the
hierarchical taskflow.

We next describe the execution of the doeFlow, as
depicted in Figure 1. First, all the task nodes in the
doeFlow are initialized to a ‘wait’ state. We invoke the
doeFlow by assigning a ‘completed’ state to its BEGIN
node. This results in evaluation of the WaitConditions
for the task node Generate Classes, thereby changing
its state to ‘enabled’. Once enabled, and if the task
is available, the task is fired. Upon task completion,



tokens are passed on to the task nodes Treatment A,
Treatment B and Treatment C for evaluation by the
WaitConditions.

Assuming that the WaitConditions for task node
Treatment C evaluates to true, the node changes to the
‘enabled’ state. Since the task node Treatment C is a
hierarchical taskflow, it is immediately invoked and ex-
panded into its corresponding taskflow which consists of
three task nodes: download class, single treatment
and upload results. As these nodes are invoked in se-
quence, each expands into subtaskflows.

The single treatment task node expands into three
primitive tasks. When the taskflow invocation reaches
a primitive task, such as apply C that can no longer be
expanded, it schedules the task associated with the prim-
itive node for execution on the specified host. The speci-
fied host executes the task apply C only after it becomes
idle and is not processing any other tasks. On its com-
pletion, the PostConditions of apply C are evaluated so
that its output program-defined control edges can be en-
abled. When the task node compress results has com-
pleted its execution, the taskflow single treatment,
which was expanded initially for invocation, is closed
and is assigned a ‘completed’ state.

In a similar fashion, the remaining task nodes in
the taskflow Treatment C are invoked and upon their
completion, the expanded hierarchy of Treatment C
in doeFlow is closed and a ‘completed’ state is as-
signed to it. In the doeFlow, however, the task node
Generate Summary cannot be invoked until all the three
Treatment A, Treatment B and Treatment C have been
assigned the ‘completed’ state. Finally, the task node
Publish Report is invoked to publish a report of the
summarized results.

A formal description and more details about imple-
mentation in general and the scheduler in particular are
available in [16].

VI. Conclusions

In this paper, we have merged simple and well-known
concepts from three areas: structured programming,
hardware description, and mark-up languages. Hard-
ware description languages and structured methodolo-
gies play a major role in supporting the productivity
and advances in the design of complex systems that rou-
tinely package millions of transistors onto a single IC.
The rapid advances in XML technology for the Web will
continue to evolve and amplify the approach proposed
in this paper.

In our experience, the approach we presented provides
freedom and flexibility we lacked in our earlier work on
distributed collaborative computing. The flexibility to
decompose and organize each project into a hierarchy of
tasks, and the ability to quickly reconfigure the control
of task execution from a single task to selected few, pro-
vides new perspectives on end-user programming and
modes of collaboration. Applications of the proposed
concepts to areas other than those presented in this pa-
per are needed to round the experience in what may
become a new paradigm for effective distributed and col-
laborative computing.
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