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Abstract
Biological web data sources have now become essential 
information sources for researchers. However, their use is tedious, 
labor-intensive, repetitive, and possibly involve the integration of 
data from multiple web data sources. In this paper, as a first step 
towards the full integration of web data sources, we propose a 
framework that allows an integrated use of biological sources in a 
task-oriented manner. We define and experimentally evaluate a 
toolkit-based framework for semi-automatically constructing an 
integrated (software) system that automates and optimizes the 
execution of a biology-related computational task at hand. To test 
and refine the principles of the framework, we build and evaluate 
“Pathway-Infer” as a benchmark integrated system. 

1. Introduction 

In recent years, the number of biological web data 
sources on the web, and the quality and the quantity of 
information available to biologists have increased at a 
very fast rate [8, 9]. Such data sources are now 
essential to biologists. However, for computational 
tasks involving an answer to a biological question, 
biologists often extend large amounts of time and 
effort to (a) manually use the web interfaces of 
biological data sources, (b) extract and import data into 
their own environments, (c) relate various 
disconnected information found in the extracted data, 
(d) refine the search criteria, and (e) repeat the whole 
process from the beginning. The characterizing 
property of the computational tasks referred to here is 
that they all involve repeated access to biological web 
data sources, and integration/interpretation/analysis of 
the accessed data. We give an example. 
       Example 1. (Inferring metabolic pathways). Presently, 
there are a large number of organism-specific pathways on the 
web (e.g., Kegg [18] and aMaze [2]).  Case Pathways Database 
(PathCase) [11] contains human and mouse metabolic pathways 
as well as pathways that do not directly belong to an organism 
(from [21]) (i.e., generic pathways). We would like to 
implement a software system, called Pathway-Infer, that allows 
users to infer organism-specific versions of a given pathway. In 
other words, the system allows users to execute tasks of the type 

T: “Find, using the biological data sources on the web, 
organism-specific versions of a generic pathway P”.

Pathway-Infer is an “integrated” system in that it integrates 
data obtained by repetitive querying/accessing of possibly 
multiple web data sources.  The goal of integrated software 
systems is to facilitate a wet-lab verification process by 
providing the user with the data of interest through 
integration of relevant information, database comparisons, 
literature search, and other web-based searches.  This 
serves in reducing the search space and provides a starting 
set of steps to be verified in the wet-lab. 
       In this paper, to illustrate the issues and as a running 
example of an integrated system, we build and 
experimentally evaluate the Pathway-Infer system. And, to 
simplify the presentation, we assume that Pathway-Infer 
integrates data from a single web data source, e.g., NCBI 
[18] or KEGG [22]. Our goal is to enable biology 
researchers to build an integrated software system which 
accesses multiple biological web data sources, integrates 
the retrieved data, and solves the task at hand.  Our 
approach is toolkit-based and employs (i) human-assisted 
and task-oriented data and functionality modeling of 
biological web data sources--for only the information 
needed for a given computational task, and (ii) component-
based and interactive integrated system construction.  More 
specifically, in this research project, we build a framework 
and a toolkit for the following tasks. 
       1. (Data source) model (construction) toolkit for a 
data source allows the designer of an integrated system to 
model parts of a biological web data source in terms of 
entities, attributes, and relationships of the ER data model 
[13]. This tool allows the designer to extend the data 
model as and when needed. (We distinguish two types of 
individuals: the designer of the integrated system is a 
computational scientist who designs and builds semi-
automatically the integrated system targeted to solve the 
given task. The designer needs to be knowledgeable 
about biology, and is not necessarily the end-user of the 
integrated system. The end-user, referred to as the user, is 
a biologist who uses the integrated system for the 
research problem at hand.) 
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       2. (Data source) functionality (construction) 
toolkit: Each web form/page/service of a data source 
represents a certain functionality for that data source. 
A toolkit is built to identify each data source function 
needed, and to define the associated input and output.  
       3. (DesignerDefinedFunction) DDF library: To
generate an integrated system for a given task, various 
functionalities (e.g., output filtering, scoring, etc.) are 
defined and coded by the designer, and made available 
in the DDF library. 
       4. (Integrated task-based) system (construction) 
toolkit: This toolkit allows designers to put together 
the desired integrated system, component-by-
component, using (i) the available data models of data 
sources, (ii) functionalities of data sources, and (iii) 
functionalities made available via the DDF library.  
       We make the following observations about the 
toolkit approach. First, the data models of web data 
sources should be extracted--with guidance from the 
designer and only for the task at hand. This involves 
discovering entity and relationship types and their 
instances, for a given data source. Second, the generated 
integrated system needs to be capable of optimizing its 
execution via a “task implementation plan”. In this 
paper, we characterize various cost measures and 
discuss task implementation plan optimization.  
       Note that the integrated system needs to be 
“parameterized” in that it not only solves the task at 
hand, but also it is useful for a class of tasks. And, once 
an integrated system is built for a given task, extending 
it to similar tasks is likely to be easy—to the point that 
the user, not the designer, can revise it unaided. 
Moreover, the level of integrated systems is such that 
computationally-aware biologists as users are able to 
generate integrated systems for relatively simple tasks 
(and simple task changes). Finally, the integrated system 
needs to be enhanced with additional capabilities, 
namely, score management functionality, ontology 
modeling, and text management capabilities—to save 
space, these issues are not discussed in this paper. 
       The main contribution of this paper is to define 
and experimentally evaluate the first version of a 
toolkit-based framework approach for semi-
automatically constructing a software system that 
automates a biology-related computational task at 
hand. To illustrate, test and refine the principles of the 
task-oriented biological web data source integration 
framework and to generate the first versions of the 
three toolkits and the DDF library, as a benchmark 
system, we discuss the generation of the Pathway-Infer
system. Our long-range objective in this research is to 
develop a task-oriented biological web data source 
integration framework and a toolkit for a number of 
bioinformatics-related computational tasks, as well as 
for distribution to the research community.  

       The toolkit approach to solving biological problems is 
not new; see myGrid [36], BioSpice [3] and Seed [29]. The 
novelty of our approach can be summarized as follows. (a) 
It is targeted for task-oriented web data source integration 
in such a way that it can answer the immediate needs of 
biologists. (b) Once the toolkits are in place, the integrated 
system building effort will be relatively easy and 
automated. (c) The framework is firmly grounded in data 
modeling, providing an information-rich framework, 
allowing further advanced extensions to the toolkits such as 
adding data mining functions. Note that biological data 
sources on the web are autonomous--maintained and 
managed independently and with little coordination with 
each other. For flexibility and usability, we also develop a 
framework that does not rely on a cooperation from (the 
administrators of) data sources.  
       Section 2 elaborates on execution steps of the 
integrated system, pathway-infer, and presents data 
model, functionality model and task implementation 
plan representations. In section 3, we discuss designer-
guided data model extraction from web data sources. 
Section 4 describes alternative task implementation plan 
discovery and optimization issues and, finally, in section 
5 we present experimental results to evaluate the cost 
and optimization models described in section 4.  

2. Inferring Metabolic Pathways  

       Task T of Example 1 can be implemented roughly as 
follows: given a catalyzing enzyme of a process p in a 
generic pathway P (of PathCase), the integrated system 
checks whether a homologous enzyme for organism o is 
known to exist in biological web data sources.  If it does then 
the inference is that p also exists for organism o. 
Additionally, assuming that the process p for organism o has 
all the compounds participating in the generic process p 
(which is commonly the case), and repeating this procedure 
for each process in pathway P, the system infers the version 
of P specific to organism o. Next we list the implementation 
steps of task T using the existing functions of data sources.  
Steps of Task T:

1. Query Entrez:Gene, and locate all (Entrez:Gene) 
gene id’s using either the enzyme name and/or its EC#. For 
this step, there are two alternative ways: (a) query (using a 
web form) the NCBI E-utilities http site [22], or (b) query 
NCBI ESearch web services [23].Let the resulting gene set 
(with Entrez:Gene gene ids) be Ge. This step has several 
possible outcomes with potential problems:  (i) generic 
enzyme names result in too many results, (ii) typos or 
incomplete enzyme names lead to no genes/proteins, (iii) 
no genes are returned for an enzyme.  To solve these 
problems, step 1 is interactive, and includes a feedback loop 
and filtering. That is, the results are verified interactively by 
the user before the system moves on to the next step. 
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2. Locate the gene product (protein) ids (gi) for each gene 
in Ge. For this, there are two alternative ways: (a) download 
gene2refseq data file (available at [25]) that lists all protein 
gis for each gene id. This step is to be implemented by the 
designer, possibly as a designer-defined function, and stored 
into the DDF library. (b) Query using the NCBI ELink web 
services [23] to locate gene product ids. 

3. Locate the protein (amino acid) sequence for each 
protein gi by querying NCBI EFetch web services [23]. 

4. Get homolog gene products by running BlastP (on a 
local machine) using the protein sequence (and properly-
chosen parameters, such as “E-value”) to obtain similar 
protein sequences. Call this set HomGP. In this step, the 
user needs to experiment with the proper input parameters, 
e.g., E-value of the blast search. Also, this step is likely to 
be time-consuming due to multiple blast searches. 

5. Get homolog protein genbank identity number gi for 
each gene product in HomGP. Let the resulting set be 
HomGPid. This step is pre-implemented by the designer, 
and stored into the DDF library. 

6. Obtain gene id for each gi in HomGPid. There are two 
alternatives: (a) Download and access the file gene2refseq
(as in step 2). (b) Use NCBI ELink web services function 
(as in step 2). Let the resulting gene id set be HomGid.

7. Get detailed information for each gene (gene id in 
HomGid) and gene product (gi in HomGPid) from the 
gene2refseq file and the gene_info file [25]. 
       Currently, the steps itemized above can only be done by 
the user directly accessing each data source, manually 
analyzing each output (likely to contain thousands of entries), 
manually extracting the data for the next query, and posing 
the next query to the next data source. Considering that each 
input to the next web data source needs to be 
entered/processed one-by-one through a web form interface, 
obtaining the results is labor-intensive, and takes a long time.  

Figures below present (a) (parts of) the ER data model 
(i.e., entities and relationships) used to implement task T
(Figure 1), and functions provided by the data source (i.e., 
NCBI for our running task) and DDF library (Figure 2.a-c), 
and (b) the task implementation plan, i.e., functionality 
implemented at each step, possible feedback loops and 
filtering (indicating returns back to earlier steps), and the 
needed interaction points (Figure 3). We make the 
following observations. First, from Figure 1, the data model 
needed to implement task T involves few entities and 
relationships, and is not complicated. Second, the 
functional data model of Figure 1 and the task 
implementation plan of Figure 3 can be defined semi-
automatically with assistance from the designer relatively 
easily (i.e., designer-assisted data and functionality 
modeling). Third, once the data model and functionality are 
defined, with careful system-building techniques, they can 
be extended to other tasks by adding new data model 
entities and relationships, new data source functions, or 

new designer-defined functions (i.e., extensible data and 
functionality modeling). Fourth, the integrated system gets 
feedback from the user and filters its output at any step (i.e., 
interactive system with feedback loops and filtering). Fifth, 
in step 1, in addition to Entrez:Gene, another data source 
about gene ids may be used to enrich the output of step 1 
(i.e., entity enhancements).  Task T demonstrates the 
advantages of task-based integrated systems employing 
autonomous data sources with a specific research task in 
mind. We have illustrated with an example that developing 
a component-by-component solution (one component per 
task implementation step) for the integration of biological 
web data sources is a promising research direction, 
considering the benefits and the usefulness of the resulting 
integrated system. 
       A web data source provides a two-folded view, i.e., 
data stored in the data source, and a set of functionalities 
made available through web forms. And, in order to build a 
task-oriented integrated system based on the available 
functionality, a task implementation plan needs to be 
constructed. In the following section, we discuss the 
representation and formalization of such structures for the 
Pathway-Infer system.     

2.1. Data Model 

       To simplify presentation, Pathway-infer is 
constructed using the data and the functionality provided 
by only one data source, namely NCBI. Figure 1 
illustrates the data model of NCBI, involving only those 
data components which are required for Task T. In this 
model, entities, attributes, and relationship between the 
entities are represented in ER notation [13]. Each entity 
name is preceded by the data source name, and 
concatenated with type information which is required for 
modeling the functionality of web data sources. As 
discussed in Section 3, the data model can be extracted in 
a designer-assisted manner. 

NCBI:
Enyzme

Name:str

EC#:str

ID:str

Seq.:str

GeneID:str

NCBI:GeneName:str

ID:str

E-G

E-E

Homologous

Homologous

Organism:str

Figure 1.  NCBI Data model for Task T

Data Source

Web Form/Page,
or Function Group
Function

Function
input/output

LEGEND

Data Source:
Entity:Attr

Function input/output,
not included in the
data model

Func:cost

Attr:type

Figure 2. (a) Legend forFunctional Models
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