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Abstract Several factors have hindered effective use of information and
resources related to food safety due to inconsistency among semantically
heterogeneous data resources, lack of knowledge on profiling of food-borne
pathogens, and knowledge gaps among research communities, government risk
assessors/managers, and end users of the information. This paper discusses tech-
nical aspects in the establishment of a comprehensive food safety information sys-
tem consisting of the following steps: a) computational collection and compiling
publicly available information, including published pathogen genomic, proteomic,
and metabolomic data; b) development of ontology libraries on food-borne patho-
gens and design automatic algorithms with formal inference and fuzzy and proba-
bilistic reasoning to address the consistency and accuracy of distributed informa-
tion resources (e.g., PulseNet, FoodNet, OutbreakNet, PubMed, NCBI, EMBL,
and other online genetic databases and information); c) integration of collected pa-
thogen profiling data, Foodrisk.org (http://www.foodrisk.org), PMP, Combase,
and other relevant information into a user-friendly, searchable, “homogeneous” in-
formation system available to scientists in academia, the food industry, and gov-
ernment agencies; and d) development of a computational model in semantic web
for greater adaptability and robustness.

INTRODUCTION

Food-borne illness is an important public health concern in developing, as
well as developed countries. Prevention of food-borne illness and outbreaks
through effective interventions, availability of early warning systems, and reliable
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detection methods for food-borne pathogens is a critical issue worldwide. It is es-
timated that food-borne pathogens cause approximately 76 million cases of ga-
strointestinal illnesses, 325,000 hospitalizations, and 5,000 deaths in the United
States annually [2, 18].

Over the last three decades, remarkable advances in information and commu-
nication technologies (ICTs), genomics and other cutting-edge “omics” technolo-
gies have dramatically improved our ability to rapidly determine and interpret the
mechanisms of survival and pathogenesis of human food-borne pathogens. Data
collection, analysis, and the timely dissemination of these data are essential com-
ponents for the planning, implementation, and evaluation of public health practic-
es. There are over numerous important mechanisms (Uniform Resource Locators
[URLSs]) for data sharing and accessing of food safety information, related to mi-
crobial and chemical contamination, pathogen characteristics and predictive mi-
crobiology, public health surveillance, risk assessment and risk analysis, inspec-
tion, management and regulation, recalls, violations, prevention and control, and
others [26]. However, a centralized information system to handle the data flow
from these information resources, to standardize the content of these resources and
to integrate this information with data in public repositories is sorely lacking.

The purpose of this paper is to discuss how an integrated information system
could be used to integrate data from heterogeneous resources to strengthen food-
borne pathogen risk management, surveillance, and prevention systems and to lay
the groundwork for a standard interoperable protocol that could serve as a nation-
wide food-borne pathogen-related warning system.

CHALLENGES

There are many challenges associated with establishing a centralized Food
Safety Information Reporting System (FSIRS), including data access issues, stan-
dards and data format issues. One of the largest challenges when creating a
FSIRS is accurate and reliable prediction of the combined effects of complex mul-
ti-factorial factors on the growth and inactivation of food-borne pathogens. The
development of predictive models involves conducting extensive scientific expe-
riments to investigate the biological behaviors of microorganisms under a variety
of conditions and fitting the experimental data into appropriate primary and sec-
ondary models. Data sharing is another large challenge facing the development of
FSIRS. Data mining and large scale statistical data analysis is a time-consuming
process. The presentation of food-borne pathogen surveillance and prevention
systems must be accurate and be ready to detect changes in complex heterogene-
ous data systems very quickly. This requires advanced algorithms, data structures,
and dynamic communication tools (e.g. web) for detection and prediction of
transmission patterns of food-borne pathogens. Advances in algorithms, data
structures, and artificial intelligence allow for practical applications of data-driven
outbreak detection methods, which can handle the complexity of the task at hand
by learning from examples in historical data and from real or simulated recorded
outbreaks. The Semantic Web first was considered by Tim Berners-Lee, inventor



of the WWW, URIs, HTTP, and HTML in early 2001 “-semantics is considered to
be the best framework to deal with the heterogeneity, massive scale, and dynamic
nature of the resources on the Web” [23]. The semantic web services can search
and evoke over thousands of internet URLs quickly to embrace multi-inputs and
multi-outputs for accurate and rapid food-borne pathogen emergency decision
making. Several information technologies such as the extensible Markup Lan-
guage (XML), the Web Ontology Language (OWL), and the Resource Description
Framework (RDF) could be used to reduce the syntactic diversity and enable the
system to manipulate and make inferences about the data, thereby defining mea-
ningful relationships between the items. A deductive query language based on the
semantic web ontology, OWL-QL, or other advanced technologies could facilitate
user queries. The extended semantic markup language should be considered to
represent both logical and probabilistic relations in web resources on a unified se-
mantic basis. The developed reasoning methods are capable of resolving semantic
differences between web resources, making probabilistic reasoning over the se-
mantic web possible. Capability of resolving semantic differences is a significant
advance in the area of distributed BN where existing methods all rely on exchang-
ing beliefs via shared identical variables. This work also offers a solution to a per-
sistent problem facing current semantic web ontologies, namely, their inability to
represent and reason upon uncertain relations and inputs. In particular, treating
probabilistically enhanced OWL ontologies as probabilistic resources, concept
mapping between ontologies can be accomplished as evidential reasoning using
the developed reasoning method. From both surveillance and prevention points of
views, some critical challenges need to be addressed:

Heterogeneous Data Representation: There is a tremendous amount of on-
line scientific literature, regulations, and pathogen profiling data. However, there
is no standard language to represent semantics and heterogeneities of mined
knowledge in the semantically heterogeneous scenario. Although manual transla-
tion is possible, it is time consuming and error prone if the size of knowledge is
large.

The Correctness and Accuracy of Knowledge Prediction: The key prob-
lems associated with the correctness and accuracy of knowledge prediction is
short of a unified data annotation ontology standard, corrected applied algorithms,
and timely entry of public health data. Therefore, it is important to set up an on-
tology standard and develop a dynamic user interface by using semantic web tech-
nology.

Timing of Food Safety Emergency Responses: An important part of food-
borne pathogen surveillance and prevention is the timing of food safety emergen-
cy responses. In some cases, determining the geographical scope of food safety
emergency and/or investigating the course of the food safety “crisis” is difficult.
Therefore, it is important to quickly compile multivariate data (ideally, in real
time) through neural network analysis to maintain the data correlation ability of
prediction hypotheses, regulatory threshold, and the individual cases. Advances in



algorithms, data ontology analysis, and neural network allow for practical applica-
tion of data-driven outbreak investigation methods.

DATA SOURCES

Pathogen profiling of food-borne pathogens: The accurate classification of
food-borne pathogens through integration of microbial genomics data with clinical
and phenotypic observations is an inportant tool for the detection of patterns of
food-borne pathogen transmission and the construction of epidemic trees.

PMP: The Pathogen Modeling Program (PMP), established and maintained at
the USDA-ARS-Eastern Regional Research Center (ERRC), is a package of mod-
els that can be used to predict the growth, survival, and inactivation of food-borne
bacteria, primarily pathogens, under various environmental conditions [17, 22, and
27]. The PMP is periodically updated as new models and/or changes in the model-
user interface become available.

Combase: This freely accessible Combined Database of Predictive Microbi-
ology Information (ComBase) database was jointly developed by the USDA-ARS-
ERRC, the Institute of Food Research, Norwich, U.K., Food Standards Agency,
London, U.K., and the Food Safety Centre, Australia. ComBase [3 and 4] contains
data sets submitted by researchers and from publications that describe the rate of
growth, survival, and inactivation of bacteria under diverse environments relevant
to food processing operations.

PMIP portal: The Predictive Microbiology Information Portal (PMIP) con-
tains three major sections [14], which provide access to predictive models for
food-borne pathogens, relevant regulatory policies and guidelines, and microbial
data related to pathogenic and spoilage microorganisms in a wide variety of food
products.

Foodrisk.org: Foodrisk.org is an online resource managed by the Joint
Institute for Food Safety and Applied Nutrition (JIFSAN), a joint Institute
between the United States Food and Drug Administration (FDA) and the
University of Maryland at College Park. Some of the content of Foodrisk.org is
unique to the website and can only be found there.

Other online information resources: CDC’s databases (PulseNet, FoodNet,
and OutbreakNet) are already used to detect outbreaks early based on pathogen
pulsed-field gel electrophoresis (PFGE) patterns.

ROADMAP TO INTEGRATED INFORMATION SYSTEM OF FOOD-
BORNE DISEASES AND FOOD SAFETY

This FSIRS will be based on three different methodologies: Neural Network
analysis, Bayesian Network Modeling, and Semantic Web (OWL/RDF) technolo-
gy. The input to this system will include risk assessment information, document
(rule)-based regulation policies, publications on experimental-based pathogen pro-
filing, large scale statistical data sets, and predictive modeling from real-time data
and/or simulated outbreak analyses. The overall execution and management of



this information system will be divided into three main sub-stages as illustrated in
Fig. 1.

Annotation Stage (Fig. 1): Ontology development is the fundamental part of
semantic web. Web search engines and the richest information resources such as
Google using keywords, PubMed (indexed for MEDLINE) of NCBI, the European
Molecular Biology Laboratory (EMBL), DNA Databank of Japan (DDBJ) through
terminologies, and the most usable food safety knowledge via open URLs, such as
Combase, foodrisk.org, PulseNet (http://www.cdc.gov/pulsenet/), Food Net
(http://www.cdc.gov/FoodNet/), Outbreak Net
(http://www.cdc.gov/OutbreakNet/), etc. to automatically retrieve text exemplars
for each standardized ontology concept from the web could be used at this stage.
Here, ontology is a formal, explicit description of concepts, their properties, and
relationships among the terminology of food-borne pathogens. Note that the defi-
nition of terminology and standardized ontology will not generated by Data Ana-
lysts alone, instead it will be a widely agreed-upon standard determined by experts
in different fields. All these documents will then be classified into individual
subcategories based on classifications related to food-borne pathogens and food
safety.
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Figure 1: Semantic Ontology Driven Information Systern Architecture

Fig. 2 describes the details of the food-borne pathogen ontology categories
and subject descriptors. The flow chart of the categories and subject descriptors
for food-borne pathogen ontology development in Fig. 2 not only includes the de-
finition of classes, relationships, and attributes, but also defines a set of subcatego-
ries for further classification. To guarantee relevancy, the search will be guided
by semantic information given in the ontology where the concept is defined. For
example, instead of using “Escherichia coli O157:H7”, the term for the concept,
as search query, we can form the query by including all terms on the path from the
root to this class in the ontology, e.g., “food-borne pathogen + bacteria +
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Escherichia coli O157:H7” for positive exemplars and “food-borne pathogen +
bacteria — Escherichia coli O157:H7” for negative exemplars. Other ontological
information can also be included, e.g., “non-pathogen” which is another super
class of bacteria, “pink” which is the value for Escherichia coli O157:H7 colony
color cultured on the agar medium called sorbitol MacConkey agar (SMAC) (a
property), and “toxB” which is a property inherited from “Escherichia coli
O157:H7”.
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Figure 2: The Categories and Subject Descriptors for Food-borme Pathogen Ontology Development.

Algorithms Development Stage (Fig. 1): Research in this direction could
focus on methods to form search queries that best utilize available semantic in-
formation. Questions that will be addressed include, for example, what semantic
information should be included; how to order the terms so that their semantic dis-
tances to the concept is reflected; and if and how to form alternative queries to
represent disjunctive relations and synonyms [9, 10, 15, 19, and 21]. In addition,
methods for processing returned pages to filter less relevant ones by, say, various
data mining techniques such as clustering will be investigated. Research methods
will be empirical. Computer experiments will be conducted to assess if and how
much improvement can be gained with a particular technique. To formally cate-
gorize and resolve the semantic heterogeneity problems in food safety information
resources, an ontology mining framework will first be to extend to discover se-
mantics from both relational data and semi-structured data and represent the
mined knowledge with ontologies, which have been used for the formal specifica-
tion of conceptualization in traditional knowledge engineering and the emerging
Semantic Web. The heterogeneities between different data resources will be
represented as formal ontological mappings. The mappings could be specified by
humans manually or discovered by mapping tools automatically. However, the
automatically discovered mappings will have some uncertainty. It should provide
a formal representation of uncertain heterogeneities as fuzzy and probabilistic
mappings by distinguishing subjective perceptions from objective measurements.



From the distributed computing point of view, engineers may need to design
knowledge translation algorithms for distributed data mining (DDM) systems in a
client-server model. The clients will be data analysts from a domain (e.g., food
processing industries or government agencies) and a DDM server will connect to
local data resources. A software engineer will also ensure that the server will in-
clude a meta-data (e.g., ontologies and mappings) repository. The principle for
this knowledge translation algorithm design is that the only thing transferred from
local individual information resources (local miners) to the user (server) side is the
translated knowledge through the Ontology & Mapping Repository. Engineers
should avoid transferring data back and forth in order to achieve communication
efficiency and good scalability. The data mining tasks could run on local re-
sources to achieve locality of the computation. The XML namespace (XML+NS),
XML schema, and RDF schema will be developed at this stage (Fig. 3).

Web Presentation Stage (Fig. 1): The semantic web (SW) extends the cur-
rent web by specifying the semantics or meaning of information on the web using
markup languages so that it can be understood and processed not only by humans
but also by machines and programs [6]. Meanings of terms (or concepts) in web
resources are defined unambiguously using ontologies stated at the “annotation
stage”, which are written using SW languages, to represent conceptualization of
application domains. Existing SW languages are all logic based (e.g., RDF and
OWL are based on description logic [DL], and ontologies [11] are based on first
order logic), and representation of meanings is expressed as logical sentences, and
reasoning is done using logical inference. The SW languages are inadequate in
specifying the semantics of probabilistic information. The final FSIRS web pres-
entation can be classified into 6 different reporting categories, which will cover
Pathogen Profiling, PMP Modeling Analysis, Microbial Risk Assessment, Out-
break Simulation Prediction, Rules, and Outbreak Trace Data Analysis as listed in
Fig. 3. All the processed data in this system could be processed and presented for
public reasoning with confidence, “trust” and “proof” with the help of dynamic
advanced query algorithm “heuristic engine” (Fig. 3). As depicted in Fig. 1 and
Fig. 3, this final FSIRS web presentation would consist of six modules:

Profiling Module: an expert, easily viewed annotated system, which makes
formulation recommendations based on experimental data that include biomarker
detection for identification; standardized pulsed-field gel electrophoresis (PFGE)-
based molecular subtyping; and molecular profiling based on new technologies,
such as microarray, biometrics, and next-generation sequencing technologies.

PMP Modeling Module: a back propagation neural network, which predicts
dissolution rate of the recommended formulation using the mapping between for-
mulation parameters and dissolution rates learned from samples of lab test data.

In order to increase accuracy in this module, each model will consist of two sets of
supporting prediction modeling: one predicted through Bayesian Network Model-
ing and the other obtained from actual laboratory experiments.

Outbreak Trace Data Analysis Module: a database-based tracking system for
surveillance.
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Figure 3: Knowledge based translation framework and the flow chart of research implementation plan
(modified from Tim Berners Lee's vigion of the Semantic).

Outbreak Simulation Prediction Module: based on simulation software to al-
low regulators and industry users to adjust variance factors when the predicted
performance is not acceptable.

Risk Assessment Module: food-borne pathogen risk assessment is the quan-
titative or qualitative value of risk related to public health and the estimated poten-
tial loss through prediction modeling.

Government Response, Regulations Module: a regulation-based expert sys-
tem.

CONCLUDING REMARKS

This paper has discussed a solution to a persistent problem facing current se-
mantic web ontologies, namely, their inability of representing and reasoning upon
uncertain relations and inputs. In particular, treating probabilistically enhanced
OWL ontologies as probabilistic resources, the concept mapping between ontolo-
gies can be accomplished as evidential reasoning using the developed reasoning
methods. Once this system is created, it will cover all important aspects of food-
borne pathogens and cost less [20] considering that resources are routinely under-
funded, technically “isolated”, or less comprehensive.

Robust, flexible, and extensible intelligent systems can be built in which both
logical and probabilistic data of enormous quantity and variety in the web can be
understood, utilized, and exchanged; knowledge can be continuously learned, in-
tegrated, and updated; and new and more complex problems can be solved. This
means that food-borne pathogens are more likely to be detected and investigated
comprehensively and sooner, whether they are in non-outbreak or outbreak status.
Many new applications, which are not possible to accomplish at present, may
emerge in the near future. These include, for example, data mining from data



sources with different semantics, and probabilistic semantic integration and inte-
roperation of software systems.

This work is only a step toward bringing the Information and Communication

Technologies into the food safety research area. Its success will likely inspire
more research in this direction. Richer representation and information may be de-
veloped, and new methods (e.g., reasoning with distributions or other probabilistic
relations embedded in food-borne pathogen surveillance data) may appear.
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