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Abstract. Integrating brain big data is an important issue of the sys-
tematic Brain Informatics study. Provenances provide a practical ap-
proach to realize the information-level data integration. However, the
existing neuroimaging provenances focus on describing experimental con-
ditions and analytical processes, and cannot meet the requirement of in-
tegrating brain big data. This paper puts forward a provenance model
of brain data, in which model elements are identified and defined by ex-
tending the Open Provenance Model. A case study is also described to
demonstrate significance and usefulness of the proposed model. Such a
provenance model facilitates more accurate modeling of brain data, in-
cluding data creation and data processing for integrating various prim-
itive brain data, brain data related information during the systematic
Brain Informatics study.

1 Introduction

Brain Informatics (BI) is an interdisciplinary field among computing science,
cognitive science and neuroscience [I5]. It carries out a systematic study on hu-
man information processing mechanism from both macro and micro points of
view by cooperatively using experimental cognitive neuroscience and Web In-
telligence centric advanced information technologies [14]. BI can be regarded as
brain science in IT age and characterized by two aspects: systematic brain study
from informatics perspective and brain study supported by WI-specific informa-
tion technologies. A systematic BI methodology has been proposed, including
four issues: systematic investigations for complex brain science problems, sys-
tematic experimental design, systematic data management and systematic data
analysis/simulation [516].
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Systematic brain data management is a core issue of the systematic BI method-
ology. Systematic investigations and systematic experimental design have re-
sulted in a brain big data, including various primitive brain data, brain data
related information, such as extracted data characteristics, Related domain
knowledge, etc., which come from different research groups and include multi-
aspect and multi-level relationships among various brain data sources [9]. It is
necessary to realize systematic brain data management whose key problem is
to effectively integrate multi-mode and closely-related brain big data for meet-
ing various requirements coming from different aspects of the systematic BI
study [I6]. Brain data provenances provide a practical approach to realize the
information-level (i.e. metadata-level) integration of brain big data. However,
the existing neuroimaging provenances focus on data sharing and automatic
data analysis, and cannot meet requirements of systematic brain data manage-
ment. The systematic Bl study needs to construct Bl-specific provenances of
brain data, i.e. BI provenances [16].

In this paper we put forward a provenance model for constructing BI prove-
nances. The remainder of this paper is organized as follows. Section 2 discusses
background and related work. Sections 3 and 4 describe such a provenance model
and its conceptual framework, respectively. Section 5 provides a case study in
thinking-centric systematic investigation. Finally, Section 6 gives concluding re-
marks.

2 Background and Related Work

Provenance information describes the origins and the history of data in its life
cycle and has been studied based on the relational database, XML, etc [TI3Ig].
In brain science, the metadata describing the origin and subsequent processing
of biological images is often referred to as “provenance”. For example, Allan J.
MacKenzie-Graham et al. divided neuroimaging provenances into data prove-
nances, executable provenances and workflow provenances [12]. However, the
existing neuroimaging provenances mainly focus on describing experimental con-
ditions (e.g., parameters of devices and subject information) and analytical pro-
cesses for data sharing and automatic data analysis. Because of lacking of some
important contents, including relationships among experimental tasks, relation-
ships among analytical methods, analytical results and their interpretations, etc.,
these neuroimaging provenances cannot meet the requirements of systematic
brain data management.

BI provenances have been proposed as Bl-specific brain data provenances
for realizing systematic brain data management. They are the metadata, which
describe the origin and subsequent processing of various human brain data in
the systematic BI study [I6]. In our previous studies, a Data-Brain based ap-
proach has been developed to construct BI provenances [6]. The Data-Brain is a
conceptual model of brain data, which represents functional relationships among
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multiple human brain data sources, with respect to all major aspects and ca-
pabilities of human information processing system, for systematic investigation
and understanding of human intelligence [16]. Owing to the BI-methodology-
based modeling method, the Data-Brain and its own domain ontologies provide
a knowledge base to guide the construction of BI provenances. By the Data-
Brain-based approach, multi-aspect and multi-level data-related information can
be integrated into BI provenances which connect the Data-Brain and heteroge-
neous brain data to form a brain data and knowledge base for meeting various
requirements coming from the systematic BI study.

However, an important step in the Data-Brain-based development approach
of BI provenances is to identify key concepts based on the Data-Brain, brain
data and data-related information, for creating a conceptual framework of BI
provenances. This means all of key concepts should be included in the Data-
Brain before constructing BI provenances. Such a Data-Brain based approach
often cannot be completed based on the existing prototype of the Data-Brain
which only focuses on an induction-centric systematic BI study. The developers
still need a provenance model which can provide a conceptual framework to tell
the developers: what brain data related information should be obtained? How
to organize the obtained information?

The Open Provenance Model (OPM) is a general provenance model to pro-
vide an effective conceptual framework for obtaining important information of
biological logic origin and sequence processes [7I11]. By extending the OPM,
a BI provenance model can be developed. The detail will be discussed in the
following sections.

3 A Brain Informatics Provenance Model

As stated in our previous studies, BI provenances can be divided into data
provenances and analysis provenances [16]. Data provenances describe the brain
data origin and analysis provenances describe what processing on a brain dataset
has been carried out.

The BI provenance model provides a conceptual framework for constructing
data provenances and analysis provenances. It includes two types of model ele-
ments, basic elements and extended elements.

3.1 Basic Elements

During the systematic BI study, both experiments and data analysis consist of
many human actions involved with actors, actions and results. Hence, based on
the OPM, three basic elements of BI provenance model can be defined as follows.

Definition 1. An Artifact, denoted by Ar, is an immutable piece of state used
or produced during BI experiments or data analysis, which may have a physical
embodiment in a physical object, such as a MRI scanning equipment “Siemens
3T Trio Tim Scanner”, or a digital representation in a computer system, such
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as a neuroimaging analytical software “Statistical Parametric Mapping(SPM)”.
The artifact is represented by a circle, as shown in Figure 1.

Definition 2. A Process, denoted by Pr, is an action or a series of actions
performed on or caused by artifacts or others during Bl experiments or data
analysis. For example, an experiment is a process. The process is represented by
a square, as shown in Figure 1.

Definition 3. An Agent, denoted by Ag, is a contertual entity acting as a
catalyst of a process enabling, facilitating, controlling, or affecting its execution.
For example, an experimental operator is an agent. The agent is represented by
an octagon, as shown in Figure 1.

Artifact Process Agent Attribute Process-Set

Fig. 1. The elements of the BI provenance model

3.2 Extended Elements

Three basic elements cannot meet the requirements of modeling BI data prove-
nances and analysis provenances. Hence, two extended elements are defined in
the BI provenance model.

Different artifacts, processes and agents have their own characteristics which
are very important for identifying and understanding each type of artifacts,
processes and agents. For describing these characteristics, an extended element
Attribute is defined as follows.

Definition 4. An Attribute, denoted by At, is a mapping:

At E— C,S,T,N,or @

where E={e | e is an Ar, Pr, or Ag}, C is a set of characters, S is a set of strings,
T is a set of texts, and N is a set of numbers, for describing a characteristic of
artifacts, processes or agents. For example, the age is an Attribute which is a
mapping between the set of the agents “operator” and the set of numbers. The
Attribute is represented by a rectangle, as shown in Figure 1. At(e) is the image
of e under the mapping At and used to denote the value of attribute At of e.

There are many similar processes during systematic Bl experiments and data
analysis. For example, researchers often obtain brain data by a group of experi-
ments which are same except for subjects. For describing such a similarity among
processes, an extended element Process-Set is defined as follows.
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Definition 5. A Process-Set, denoted by PrS, is a set of processes:

{prs |3At, At(prs;) = v Aprs;isa Pryi=1...n},

where v is a character, string, text or number. For example, an experimental
group is a Process-Set which is used to describe a group of experiments which
are same except for subjects. The Process-Set is represented by two squares, as
shown in Figure 1.

4 A Conceptual Framework of Brain Informatics
Provenances

Data provenances describe the brain data origin by multi-aspect experiment in-
formation, including subject information, how experimental data were collected,
and what instrument was used, etc. As shown in Figure 2, a general conceptual
framework of data provenances can be described by using the BI provenance
model. Table 1 gives major elements in this conceptual framework. All attributes
are not included in this table because of limitation of space.

has-
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Fig. 2. A conceptual framework of data provenances

Figure 2 is only a general conceptual framework of data provenances. For
describing a given dataset, it is necessary to construct a specific conceptual
framework in which more specific artifacts, processes, agents, process-sets and
attributes are used. The detail will be introduced by the case study in the next
section.

Analysis provenances describe what processing in a brain dataset has been
carried out, including what analytic tasks were performed, what experimen-
tal data were used, what data features were extracted, and so on. Figure 3
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Table 1. All elements of a conceptual framework of data provenances

ID TYPE NAME

001 Artifact Experimental-
Task

002 Artifact Subject

003 Agent Operator

004 Artifact Experimental-
Materials

005 Process Experiment

006 Artifact Brain-Data

007 Artifact Experimental-
Means
008 Process Cognitive-
Function
009 Process- Experimental-
Set Group

DESCRIPTION

a group of tasks which need to be completed, such as the
addition task “2+43=7"

a man or woman who performs experimental tasks

a man or woman who carries out the experiments

a group of digital representations, such as figures, pro-
grams and texts, which are used to represent tasks

a virtual concept which is used to record the process in-
formation and integrate related concepts

experimental data which record physiological changes of
brains during performing tasks

a measuring device or technology which is used to collect
brain data during the experimental process

a kind of capability of human brain which is used to com-
plete experimental tasks

a group of experiments which are same except for subjects

represents a general conceptual framework of analysis provenances by using
the BI provenance model. Major elements in this framework are introduced in

Table 2.

Similar to data provenances, Figure 3 is only a general conceptual frame-
work of analysis provenances. For describing a given data analysis, it is neces-
sary to construct a specific conceptual framework for the corresponding analysis

provenance.

status
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manufacturer

Y [Experimental-]
Task

Analytical-
Task

Analytical-
Tool
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-

Analytical-
Process

types-of-stimuli-
resentation
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Fig. 3. A conceptual framework of analysis provenances
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Table 2. All elements of a conceptual framework of analysis provenances

ID TYPE NAME DESCRIPTION

001 Artifact Experimental-Task a group of tasks which need to be completed, such
as the addition task “2+3=7"

002 Artifact Brain-Data experimental data which record physiological
changes of subjects’ brains

003 Process Cognitive-Function a kind of capability of human brain which is used
to complete experimental tasks

004 Process Analytical-Process a virtual concept which is used to record the pro-
cess information of BI data analysis and integrate
analysis-related concepts

005 Artifact Analytical-Task a group of tasks which need to be completed during
the analytical process

006 Artifact Analytical-Tool a software which is used to analyze brain data

007 Artifact Data-Feature a spatio-temporal characteristic of human infor-
mation processing courses which is extracted from
brain data

008 Artifact Activation a brain component or part which is reacted

009 Artifact Brain-Area a part in the brain

010 Agent Operator a man or woman who carries out data analysis

5 A Case Study in Thinking Centric Systematic
Investigations

The BI study is data-driven and can be divided into four stages, question def-
inition, experiment design, data analysis and result interpretation. In order to
carry out the systematic BI methodology, the implementation of every stage
should be based on a large number of experiences about experiments and data
analysis. Before defining questions, researchers need to find similar studies and
understand their experimental tasks, analytical methods and research results.
Before designing experiments, researchers need to find similar experiments and
understand their key experimental information, including types of experimental
materials, the number of sessions, etc. Before analyzing data, researchers need
to find similar analytical processes and understand their analytical informa-
tion, including analytical methods, parameters, etc. Before interpreting results,
researchers need to find related physiological characteristics of brain, including
activated brain regions, functional connections, etc. However, it is difficult to
complete above work only depending on individuals because of involving a large
amount of knowledge about existing experiments and data analysis. BI prove-
nances provide an effective way to support the above work. Their significance
and usefulness will be introduced by the following case study.

Inductive reasoning is a kind of important human cognitive function. BI re-
searchers have completed a series of induction studies, involved with 28 groups
of experiments and 1130 subjects. The obtained data include fMRI(Functional



446 H. Zhong et al.

Magnetic Resonance Imaging) data, ERP(Event-Related Potential) data and
eye-tracking data. A group of BI provenances were constructed for these data.
For example, a data provenance was constructed for the fMRI dataset which
was obtained by a group of experiments on numerical inductive reasoning [10].
Figure 4 is a fragment of the corresponding data provenance and describes the
origin of a fMRI dataset which was obtained by one experiment in the experi-
mental group. Zhao Hong is the operator of the experiment and a college student
Li Pengyu is the subject. Two types of experimental tasks, including 30 induc-
tion tasks and 30 calculation tasks, were completed and experimental data were
collected by the Siemens Trio Tim 3T. All BI provenances were represented by
the RDF(Resource Description Framework) [13]. Based on these BI provenances
and the induction-centric Data-Brain, the above four stages of the systematic BI
study can be effectively supported by some SPARQL based queries [2/16]. For
example, a SPARQL query Q1 shown in Figure 5 can be used to find similar
experiments for understanding their experimental design during an induction-

centric systematic BI study.
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Fig. 4. The inductive reasoning construction of data provenances

In the Q1 “?Experimental Task URI waasb:has-experimental-purpose 7Cog-
nitive Function URI. ?Cognitive Function URI rdf:type waasb:Reasoning.”
means that the similar experiments are the experiments whose experimental pur-
poses are to study the cognitive function Reasoning, including its subclasses,
such as Induction and Deduction. As shown in Table 3, though experimental
purposes in data provenances were recorded as Induction, the corresponding
experiments can still be found by reasoning based on data provenances and the
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Q1: PREFIX waasb:

<http://www.semanticweb.org/ontologies/2011/11/DataBrain.owl#>

PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
SELECT DISTINCT ?Experimental_Group ?Experimental_Task
?Cognitive_Function ?Types_Of_Stimuli_Presentation
?Equipment WHERE {
?Experimental_Group_URI waasb:name ?Experimental_Group.
?Experimental_Group_URI waasb:has-experimental-task ?Experimental_Task_URI.
?Experimental_Task_URI waasb:name ?Experimental_Task.
?Experimental_Task_URI
waasb:has-experimental-purpose ?Cognitive_Function_URI.
?Cognitive_Function_URI rdf:type waasb:Reasoning.
?Cognitive_Function_URI waasb:name ?Cognitive_Function.
?Experimental_Task_URI

waasb:types-of-stimuli-presentation ?Types_Of_Stimuli_Presentation.

447

?Experimental_Group_URI waasb:has-experimental-means ?Equipment_URI.
?Equipment_URI waasb:name ?Equipment.

}

ORDER BY ?Experimental_Group

Fig. 5. The SPARQL query Q1

Table 3. Results of the SPARQL query Q1

ID Experimental Experimental_ Cognitive  Types_Of_Stimuli_ Equipment
_Group Task _Function Presentation

1 EGO4 The reversed Induction  Synchronous Siemens Trio
triangle inductive Tim 3T
task (FMRI)

2 EGOS5 The reversed Induction  Synchronous Four 32 Channel
triangle inductive BrainAmp MR
task (ERP) Amplifiers

3 EG08 Numerical rules Induction  Serial Siemens Trio
tests Tim 3T

4 EG11 Sentential inductive  Induction  Serial Siemens Trio
strength judgment Tim 3T

5 EG12 Sentential induction  Induction  Serial Siemens Trio
with multi-level Tim 3T

preconditions

Data-Brain because Induction is defined as a subclass of Reasoning in the Data-
Brain. More complex rules can also be used to define the “similar”, as stated in
our previous studies [16].

6 Conclusions

BI provenances play an important role in the integration and synthetic uti-
lization/mining of brain big data during the systematic BI study. This paper
proposed a BI provenance model by extending the OPM. The case study in
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thinking-centric systematic investigations shows usefulness of the proposed model
for the systematic BI study. Furthermore, the obtained BI provenances can be
used to support meta-analysis, provenances mining, the process planning of sys-
tematic brain data analysis, etc. All of these will be studied in our next work.
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