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Abstract— Workflows are at the heart of data processing
solutions. Because of the poor performance and the license cost,
traditional relational database management systems are no longer
good choices for processing huge amount of data. Nowadays
many data processing companies turn to the workflow grid
to process huge amount of data. Currently, the generation of
workflow is made by human being, which is very tedious, labor
intensive, and error prone, and hence becomes the bottleneck of
the performance of data processing in the grid architecture. This
paper proposes a workflow automation strategy that can replace
the human being by a workflow generator that can automatically
generate a workflow from given input. A prototype has been
implemented and a simulation has been designed.
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I. I NTRODUCTION

Traditionally, relational database management systems
(RDBMS) are widely used to build data product. As the data
size grows larger and larger, the RDBMS is no longer a
good choice because of the poor performance and expensive
storage. Nowadays, data processing companies tend to use
Grid computing as a replacement of RDBMS because of the
high performance and the low cost.

A Grid is a set of commodity computers that are connected
together to form a parallel and distributed system. Those
computers can be geographically distributed and there is
no centralized resource management system to control the
coordination of resources [9], [17]. It has been shown that
Grid computing can provide nontrivial quality of service at an
affordable cost [8], [7], [5].

The Grid architecture can be used to do data processing. In
this computation model, data is evenly distributed among the
Grid nodes. A set of operators are also distributed on some
nodes. A workflow is constructed for each data processing
job. When the system is at a heavy load, many worksflows
run concurrently in the data Grid. Data flow from data grid
to a workflow that consistss of a sequence of operators.
Each operator sends requests to data Grid, gets results back,
and sends data to following operators. The performance are
guaranteed by two kinds of parallelism: pipeline parallelism
and partition parallelism. Many workflows are pipelined to
run concurrently within the data Grid. The data are evenly
distributed among data Grid nodes so that many queries can
be processed simultaneously. See Figure 1 for an illustration.

Data processing in the grid architecture relies heavily on the
workflows. A data-processing workflow has three components:
primary inputs, primary outputs, and a set of operators (trans-
forms). An operator or transform is an entity that transforms
a set of input fields to a set of output fields. Data flows from
data grid to a workflow that consists of operators and flows
back to data grid again. The operators within the workflow
enhance the data by querying the data grid.

With the performance improvement of the workflow grid
and data grid, the generation of the workflow itself becomes a
bottleneck of the overall performance. Currently, the workflow
is generated by human beings. Given a set of primary inputs,
a set of primary outputs, and a set of operators, a data expert
looks for a set of operators that can transform the primary
inputs to the primary outputs and connects them correctly
to form a workflow. Figure 2 illustrates the generation of a
workflow.

This process requires a data expert to know the detailed
information of each operator and data dependencies within
the operators. It is not efficient, tedious, and error prone.
Moreover, for the same input and output, different data experts
many generate different workflows. Thus the result may not
be consistent. Therefore, an automated workflow generation
solution is demanded and it will greatly improve the overall
performance of the data processing in grid architecture. Many
papers has been published on the workflow generation and
analysis [4], [10], [16], [12], [1], [2], [3], [6].

The benefits of a workflow automation system are obvious.
Redundant steps can be found by the workflow automation
system and will be eliminated, which will greatly simplify
the entire processing system [14]. The number of errors can
be dramatically reduced with the help of automatic error
checking system [11]. The customer service can be greatly
enhanced by providing a higher throughput capabilities and a
decreased turnaround time [13]. The training of new personnel
on the workflow system is made much simpler [15]. The entire
system is more flexible to the changes and improvements.

This paper proposes a workflow automation strategy to
automatically generate a workflow in the grid architecture. It is
a backtracking based exhaustive search algorithm that explores
the solution space and finds the operators, connects the input
fields and output fields of the operators, and generates the



workflow. Section 2 gives a formal description of the problem
to be solved. The formal description is based on the abstraction
of a real business problem that is investigated. Section 3 intro-
duces the algorithm in detail. Section 4 describes the system
architecture framework for workflow automation. Section 5
considers the future work and concludes the paper.

II. PROBLEM DESCRIPTION

The workflow automation problem can be described as
follows. To simply the discussion, a field is represented as an
integer in the range of 1 ton. The set of fieldsF is denoted
as F = {1, 2, · · · , n}. The primary inputPI is denoted as
PI = {a1, · · · , al}. The primary outputPO is denoted as
PO = {b1, · · · , bk}. Here l andk are the number of primary
inputs and outputs respectively.

An operator consists of a set of inputs and a set of
outputs. A finite set of operators are numbered from 1 to
m. The input of an operatorTi is denoted byI(Ti) =
{Ii1 , Ii2 , · · · , Iik

} and output of an operatorTi is denoted by
O(Ti) = {Oi1 , Oi2 , · · · , Oil

}.
Each input, either in the primary input or of an operator, is

mapped to a field, which is referred to as the input field. The
input fields of an operator are distinct. So are the output fields.
Let f denote the mapping function that maps fields to inputs
and outputs. The domain off is defined asdomain(f) =
{{Iij | 1 ≤ i ≤ m, 1 ≤ j ≤ ki} ∪ {Oij | 1 ≤ i ≤ m, 1 ≤
j ≤ li} ∪ {a1, a2, · · · , al} ∪ {b1, b2, · · · , bk}}. The range of
f is defined asrange(f) = F . The following conditions are
satisfied byf .

• for 1 ≤ i ≤ m, f(Iij ) 6= f(Iik
) iff j 6= k

• for 1 ≤ i ≤ m, f(Oij ) 6= f(Oik
) iff j 6= k

• for 1 ≤ i, j ≤ l, f(ai) 6= f(aj) iff i 6= j
• for 1 ≤ i, j ≤ k, f(bi) 6= f(bj) iff i 6= j

Given a set of input fields or output fieldsS, f(S) = {f(x) |
x ∈ S}.

Given primary inputPI, primary outputPO, and a set of
operatorsOP = {T1, T2, · · · , Tp}, the input setI of PI, PO
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Fig. 1. Data processing workflow in Grid architecture

andOP is defined asI = {b1, · · · , bk}∪{Iij
| 1 ≤ i ≤ m, 1 ≤

j ≤ ki}. The output setO is defined asO = {a1, · · · , al} ∪
{Oij | 1 ≤ i ≤ m, 1 ≤ j ≤ li}.

A connection (workflow) is a subset ofI×O (ordered pairs
of input and output). A valid connection (valid workflow)C
is a connection that satisfies the first four conditions of the
following. A complete connectionCC is a connection that
satisfies all of the following conditions.
• Equal field property:∀ < x, y >∈ C, f(x) = f(y).
• Complete input property:∀y ∈ I(∃x ∈ O(< x, y >∈

C)).
• Anti-Symmetric property:< x1, y1 >,< x2, y1 >∈

C ⇒ x1 = x2.
• Acyclic property: when operators are viewed as nodes

of a graph and elements of C are viewed as directed
edges, the resulting directed graph is acyclic.

• Complete operator output property:∀x ∈ O \ PI, ∃y ∈
I, < x, y >∈ C.

Notice that it is possible in a valid connection that some
of the elements inO are not connected. We may view these
elements as part of primary output field that has not been
filtered yet. The given primary output field is the filtered one.
In a complete connection all elements are connected.

For the field based workflow automation problem, we are
given PI, PO, and a set ofm operators{T1, T2, · · · , Tm},
and are asked to find a valid connection (or a complete con-
nection) for some subsets of the operators if such a connection
exists.

Figure 3 illustrates a workflow generated by a workflow
generator. The primary input fields arePI = {1, 2, 3, 4}. The
primary output fields arePO = {5, 6, 7, 8}. There are totally
four operators,A,B, C, and D. The mapping function is a
one-to-one mapping, i.e., the input field of an operator can only
be mapped to the same output field of another operator. For
example, the operatorB has three input fields: 9, 3, and 4. The
input fields 3 and 4 has no corresponding output fields in other
operators. The input field 9 has a corresponding output field 9

Data Expert

Primary Inputs
Primary Outputs

OP-2

OP-7

OP-5

OP-4

OP-1

OP-2 OP-7 OP-5

Primary Inputs Primary Outputs

Operator Set

Fig. 2. A workflow generated by data experts



in operatorA. Therefore, operatorA is a necessary predecessor
operator for operatorB to be used in a valid workflow. As
can be seen in Figure 3, more than one valid workflow can be
generated from the given instance.
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Fig. 3. A Workflow Generation Example

III. A LGORITHMS

A backtracking based exhaustive search algorithm is pro-
posed to explore the solution space, and hence to solve
the valid connection problem. The algorithm consists of two
procedures: engine and connect.

• WorkflowEingine() has four parameters: three inputs and
one output. The inputs are primary input set, primary
output set, and operator set. The output is theOP set
with connectionC.

• connect() also has four parameters: three inputs and one
output. The inputs are available output set, desirable
output sets, and operator set. The output isOP set with
connectionC. connect is recursive and returns true if a
valid connection is found and false otherwise.

Algorithm 1: Given primary input PI, primary output PO, and m
operators, return a workflow.

WorkflowEngine(PI, PO, m, OP )
1 Y = f(PO) ∩ f(PI);
2 AO = PI;
3 DO = {x | x ∈ PO, f(x) 6∈ Y };
4 if (connect(AO, DO, m, OP ))
5 AddSimpleConnection(OP , PI, PO, Y );
6 else
7 no solution;

Fig. 4. Workflow engine.

The setY is the intersection of primary output fields and
primary input fields. It contains all the fields that flow directly
from the initial state to the final state without going through

any operator, thus they need not to be considered in the
workflow generation. The setAO contains the available output
fields, which are used for mapping to the input fields of an
operator. The setDO contains the desired output fields, which
are all the fields yet to be generated by operators to be added
to a workflow.

The WorkflowEngine() calculates the available outputAO
and desired outputDO, and call the connect() function to
find the necessary operators and connect them together. If all
the fields in the desired output are found in the operators, it
claims success and then call AddSimpleConnection() function
to directly connect the fields inY from the primary inputPI
to the primary outputPO. On the other hand, if there exists
some fields inDO that cannot be found in the output fields
of all operators, it reports error and claim failure.

Algorithm 2: Given available output AO, desired output DO, and m
operators, make a connection.

connect(AO, DO, m, OP )
1 if ( DO = ∅ ) return true;
2 Let Ti1 , Ti2 , · · · , Tik

be those unmarked operators
3 satisfying the following conditions. If none, k is 0.
4 a) f(I(Tij )) ⊆ f(AO), 1 ≤ j ≤ k
5 b) |f(O(Ti1 )) ∩ f(DO)| ≥ · · · ≥ |f(O(Tik

)) ∩ f(DO)|
6 c) |f(O(Tij )) ∩ f(DO)| = |f(O(Tij+1 )) ∩ f(DO)| ⇒
7 |f(I(Tij )) ∪ f(AO)| ≥ |f(I(Tij )) ∪ f(AO)|, 1 ≤ j ≤ k − 1
8 for ( j = 1; j ≤ k; j + + ) {
9 markTij ;
10 R = {x | x ∈ DO, f(x) ∈ f(O(Tij ))};
11 if (connect(AO ∪O(Tij ), DO \R, m, OP )) {
12 AddOperatorConnection(OP , AO, R, Tij );
13 return true;
14 }
15 else
16 unmarkTij ;
17 }
18 return false;

Fig. 5. Connection algorithm.

The connect() is a recursive function. It first test if the
DO is empty. If DO is empty, which means all the fields
have been found, it claim success and return. Otherwise, it
sort the unmarked operatorsTi1 , Ti2 , · · · , Tik

in a descending
order with respect to the cardinality of the intersection of the
output field and the desired output. This greedy scheme can
expedite the searching algorithm. The setR is the intersection
of the output field of current marked operator with the desired
output. It then call connect() recursively to find the remaining
fields in unmarked operators. After all the fields are found
successfully, the AddOperatorConnection() is called to connect
the necessary operators together to form a workflow.

AddSimpleConnection(OP , PI, PO, Y ) uses field based
connection to connect elements fromPI to PO using
fields given byY and updatesOP accordingly. Similarly,
AddOperatorConnection(OP , AO, R, Tij ) connects elements
from AO to I(Tij ) and fromO(Tij ) to R. In general, choices
may exist to connectAO to Tij . The connection fromO(Tij )



to R is unique.
The time complexity of the above algorithm might be further

reduced by introducing one or more bounding functions.

IV. SYSTEM ARCHITECTUREDESIGN OF THEWORKFLOW

AUTOMATION

We have designed a three level architecture for the workflow
automation system. At the highest level, data experts specify
the initial fields (primary input) and the final fields (primary
output). The operator database and mapping database are
given. The operator database specifies the functionality of the
operators and the input and output fields of each operator.
The mapping database specifies the precedence relationships
among operators and the mapping policy of each operator.
For some operators without explicit mapping policy, expert
orderings are used to finalize the topological order of the
operators. The second level is the workflow generator engine.
It takes the input from the first level and generates a workflow
automatically. The third level is the workflow generated from
the workflow engine. Figure 6 shows the current architecture
of the workflow automation system.
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Fig. 6. Current Workflow Automation System Architecture

We also designed a four level architecture to further improve
the automation of the workflow generation. The third level is
the workflow generation engine, which takes as input the initial
fields, final fields, the mapping database, the operator database,
and parameter settings, and generates a valid workflow as
the output. Although this level itself can generate workflow
automatically, it requires the user to master and specify many
detailed information for the input parameters of an operator.
It is not an easy job when the number of operators become
large. Therefore, another business language level is designed
to further liberate the users from the tedious work they have to
do in the past. With the business language, the user can simply
specify the objective of his job in a SQL like language, and the
business language interpreter will generate all the data in the
second level, which will be feed into the workflow generator
engine at the third level. Figure 7 shows the architecture of
the system.

V. CONCLUSION AND FUTURE WORKS

Grid computing is becoming a trend of the future. More
and more companies are using Grid computing to improve
the performance of information processing and hence the
performance of business. Workflow plays an important role in
data processing within the Grid architecture. The generation
of a correct and efficient workflow is not an easy job even
for an experienced employee. Therefore, automatic workflow
generation will greatly improve the overall performance of
grid computing. It has been shown that a multi-level workflow
automation architecture is applicable both in theory and in
reality. The problem of building a workflow with respect
to a given way of processing the data file is formulated
and a backtracking based search algorithm is proposed to
automatically find necessary operators within the operator set
and connect them into a workflow.

The current model simplified the workflow automation by
ignoring some details in the real world. For example, the cost
of the operator is not considered in the current solution. The
parameter setting of some operators also need the involvement
of human being. These factors will be investigated in the
future.
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