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Abstract. Since cognition could be treated as problem-solving issues based on 
dynamical knowledge transferring and propagation, the meta-learning and 
group learning are put forward in conformance with meta-cognition and group 
cognition through New Product Development (NPD) analysis. To meet the 
globally distributed tendency of problem solving with cognitive intention based 
on Internet technology, a P2P-based Problem Solving Environment (PSE) is 
explored to facilitate Web-based knowledge transferring and propagation. By 
taking advantage of P2P-based PSE, an infrastructure of knowledge grid ori-
ented toward cooperative cognition is structured to support E-Science.  

1   Introduction 

Now, knowledge management (KM) is a topic of considerable interest. However, the 
majority of extant KM research treats knowledge as a static object that can be ac-
quired, stored, and retrieved through information technology [1]. Generally, there 
stand two fundamental problems in domain of KG from this current viewpoints: (1) 
many researchers view knowledge as distinct from information, and (2) very little 
attention is paid to the dynamics of knowledge processing which is often called as 
“knowledge flow” [1,2,3]. Universally, the concept and the methodology employed in 
knowledge flow research can be popularized in cognition-based problem-solving 
process executed in cooperative way. Problem-solving process is often executed in a 
Problem Solving Environment (PSE) that is a complete, integrated environment for 
composing, compiling, and running applications in a specific area [4].  

As a tendency, the Internet technology enables the cognition-based problem solv-
ing to be globally distributed for upgrading the competitiveness and promoting the 
innovation of teams that collaborate in a virtual organization [3], which underlies an 
e-Science infrastructure. To facilitate Web-based knowledge transferring and propa-
gation, Knowledge Grid and semantic web attract more and more attentions.  

Roughly, Knowledge Grid and semantic web are treated as the high-level applica-
tion of the Grid that is advocate as the next generation web [5]. PSEs provide some 
backend computational resources and convenient access to their capabilities, and the 
integration of different PSEs oriented toward Web environment make up of the 
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backend of Grid computational, especially the Knowledge Grid. [4]. As suggested in 
[4], knowledge flow features the dynamical environment of Knowledge Grid, typi-
cally. Accordingly, the infrastructure of grid middleware plays a critical role in facili-
tating knowledge flow execution and knowledge discovery when Knowledge Grid is 
exploited for their application needs [6]. For mental learning for problem solving is 
always companied by cognition–compliant that are often performed by individual 
participator or work group based on questions understanding, this paper focuses on 
the cognition-compliant learning mechanism from the viewpoint of knowledge flow 
to facilitate teams’ collaboration. Furthermore, the P2P technology is exploited to 
structure the middleware infrastructure and web-based portal supporting Knowledge 
Grid application oriented toward cooperative cognition.  

The remainder of this paper is organized as follows. In section 2, meta-learning 
and group-learning mechanism supporting meta-cognition and cooperative cognition 
were explored based on new product development analysis. In section 3, by taking 
advantage of P2P technology, a P2P-based PSE was structured based on the frame-
work of cooperative cognition. In section 4, the integrated infrastructure of coopera-
tive cognition oriented knowledge grid based on P2P technology was presented. Sec-
tion 5 presented the conclusions of this paper. 

2   Cognition Framework and Learning Mechanisms with 
Cognitive Intentions 

According to the participator’s intervention, the cognition process was classified, in 
this paper, into individual cognition process, i.e. meta-cognition, and cooperative 
cognition.. Question understanding and individual reflection characterizes the meta-
cognition; problem discussion based on knowledge interaction, and cognitive conse-
quence’s refinement and formalization based on meta-cognitions make up of the evo-
lution steps of group cognition process [1, 7, 8].  
 

 
  
 
 
 
  
 
 
 

 
Fig.1 illustrated a framework of cooperative cognition. For learning has been a 

central aspect of AI from its earliest days and is a vital characteristic of any intelligent 
system that has to deal with changing environment, certain learning mechanism is 
indispensable, during cognizing, to pilot and promote cognitive activities, which may 
be the only way to discover complex problems or systems. And learning algorithms 
could be classified into supervised learning, unsupervised learning, and reinforcement 
learning [9]. In conformance with the meta-cognition and group cognition, the learn-

Meta-Cognition 
(understanding + reflection) 

Knowledge Interaction Interface 

Cooperative Cognition 
(refinement + formalization) 

Fig. 1. A Framework of Cooperative Cognition Process 



 Implementation of Cooperative Cognition Under Web Environment 581 

ing mechanisms with cognitive intentions are categorized into meta-learning mecha-
nism and group learning mechanism in this paper. 

For better understanding the cognitive principle, cognitive pattern in New Product 
Development (NPD) are exploited to illustrate generic cognition based on meta-
learning and group learning. Roughly, NPD is a knowledge-driven action that concen-
trates on the transformation from tacit knowledge to explicit knowledge. Generally, 
the conceptualization of existed and expected product is indispensable in reifying the 
tacit knowledge. By conceptualizing the product, categorizing, correcting and con-
densing the related data in enterprise’s repository becomes effective, which are im-
portant in decision discovery, concept design and early decision-making [10]. Here, 
the hierarchical reification relation from tacit knowledge to explicit knowledge is 
identified as following 4 stages. 

 (1) Conceptualize the expected product and existed product; 
(2) Frame case structure and gather related decision cases; 
(3) Learn from feedback; and  
(4) Develop solution through iteration of ideas exchange. 

Now, access to a wide range of information is easy, while the increasing size and 
complexity of database or repository make it more and more difficult to analyze this 
vast amount of data by hand with the goal of gaining new insights. Conceptualizing 
and formalizing the existed and expected product could lay a foundation for data 
mining or knowledge discovery. 

For facilitating the following discussion, some hypotheses are presented, firstly. 
Let Set_of_Product = {Product_1, Product_2, …, Product_n} be the product set that 
have been developed related to expected product, i.e. there are n feasible design pat-
terns or cases that have been proved practicability and can be consulted as design 
guidelines in NPD. These accumulated effective design proposals can be treated as a 
knowledge base of an enterprise that underlies a NPD. Moreover, let Set_of_CA = 
{c_a1, c_a2, …, c_an} be set of expected product’s characteristic attributes in model-
ing from functional aspect, which is treated as a basic set of attribute piloting deci-
sion-making. Let Set_of_CA_Inherited be the subset of Set_of_CA, which stands for 
the inherited characteristic attributes that could be mapped into some existing prod-
ucts. The image of element c_ai is presented as c_ai’ in this paper. Obviously, there 
could be more than one image in relation to c_ai in practice. Let 
Set_of_CA_Innovated be the subset of Set_of_CA, which stands for the original 
characteristic attributes without images in existing products. The number of elements 
contained in Set_of_CA_Innovated measures the innovation of NPD. The smaller it 
is, the less innovative NPD is. If Set_of_CA_Innovated = Set_of_CA, the product 
development could be treated as a totally innovation. Obviously, 
Set_of_CA_Inherited or Set_of_CA_Innovated is a partition of Set_of_CA and there 
are some relationships among those sets: 

i) Set_of_CA = Set_of_CA_Inherited ∪ Set_of_CA_Innovated 
ii)Set_of_CA_Inherited ∩ Set_of_CA_Innovated=Φ 

According to the rough set theory [11], a reified attribute defined above can factor 
a partition related to expected product and aggregate all the related information from 
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enterprise knowledge base. Here, the reification from tacit knowledge to explicit 
knowledge can be defined as follows. 

Definition 1. Let element_i∈Set_of_CA_Inherited, in the mapping from Set_of_CA_ 
Inherited to enterprise knowledge base, the collection of images of element-i is 
viewed as the reification of tacit knowledge in related to element-i, which is formal-
ized as Set_of_CA/element_i in the paper. 

Definition 2. Let SubSet_of_CA_Inherited ⊆ Set_of_CA_Inherited, in the mapping 
from Set_of_CA_Inherited to enterprise knowledge base, the image collection of all 
the elements belong to SubSet_of_CA_Inherited is viewed as a reification of tacit 
knowledge in related to new product from a dimension, which is formalized as 
Set_of_CA/ SubSet_of_CA_Inherited in the paper.  

If SubSet_of_CA_Inherited = Set_of_CA_Inherited, Set_of_CA/Set_of_CA_In-
herited can be viewed as a complete reification of tacit knowledge in related to ex-
pected product from enterprise’s repository. Accordingly, a cognitive pattern directing 
NPD can be formalized as follows [11]. 

Definition 3. The cognitive pattern supporting NPD can be presented as a quadruple 
form of (Q, A, Θ, f ).  

In the quadruple, Q is the domain of expected product, i.e. Q = Set_of_CA; A is a 

set of attributes; Θ = U
Aa

a
∈

Θ ,Θa is value collection of attribute of a; and f: Q×A→Θ 

is a cognitive function, i.e. ∀a∈ A, x∈ Q, f(x, a) ∈ Θa. 
Essentially, cognizing process is a learning process from some cognitive ground of 

some related data, information or cases based on personal knowledge or past experi-
ence [9]. Decisions in the early design phase of NPD are often based on incomplete, 
ill structured and poor quality information. So, they are often made in an empirical 
manner by using only personal knowledge and experience achieved during the past 
problem solving processes [10]. It is widely cited that most managers/designers refer 
to previous solutions to related problems as a first step in the design process. So, the 
solution of a problem or difficulty that was found in an earlier project, and subse-
quently resolved, could be consulted in a new project. Accordingly, a meta-learning 
pattern performed by an individual person is defined as follows by what-if analysis 
method [12].  

Definition 4. Let f be the cognitive function, θj be a cognitive ground. So, the cogni-
tion-intended meta-learning performed by participator i can be formalized as below: 

 
  
 

Where Θi-Q is the cognized output, i.e. collection of cognitive results. The cognitive 
ground could be instantiated into Set_of_CA/element_i or Set_of_CA/SubSet_ 
of_CA_Inherited, as defined in Def.1 and in Def.2, in NPD. Let Sub-
Set_of_CA_Innovated ⊆ Set_of_CA_Innovated, the cognition-intended meta-learning 
pattern can be demonstrated in details as shown in Fig.2.  

In Fig.2, fi, f'i and f''i are cognitive functions, respectively, but their cognitive 
ground are different in details. The cognitive ground of f'i is Set_of_CA/SubSet_ 

fi: Q                           Θi-Q 
θj 
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of_CA_Inherited, the cognitive ground of f''i is personal knowledge or past experience 
in design related to Set_of_CA_Innovated, while that of fi is the cognized output of f'i 
and f''i. 

 
 
 
 
 
 
 
 
 
When dealing with a product, value analysis shows that the product can be consid-

ered either by customers as a set of functions or by designers as a set of components. 
It is difficult to prescribe the correlations among the components in details based on 
individual personal knowledge. Iterative detailed design just comes from the impossi-
bility to provide a direct detailed description of the expected product in terms of de-
tailed functions or correlations among the components designed by distributed indi-
vidual technical personnel, which necessitates the group learning based cognitive 
cooperation and knowledge sharing in NPD [13].  

NPD is typically carried out in a validating manner in terms of generating the ini-
tial design and then testing. Other team members’ assessment of the acceptability of 
the decision should be based on decision support data or knowledge. Group learning 
provides an interdisciplinary fashion that harmonizes contributions from nearly all the 
functions of team group. The appreciation of upgrade/improvement of an exiting 
product will greatly benefit the expected product. Figure 3 demonstrates the group 
learning or team learning mechanism based on meta-learning pattern. 

 
 
 
 
 
 
 
 
 
The group learning can be treated as a knowledge configuration process that is 

composed of various functional activities performed in stages from concept develop-
ment to product delivery. It degrades the disadvantage of mismatch understanding 
among teams, iterative detailed design or upstream reconsideration thanks to product 
knowledge gathering and sharing.  

As we know, cognition of some problems is usually a recursive process in a pro-
gressive way with respect to the grain size of the defined attributes. The cognition’s 
evolution results in the hierarchy of learning process in design analysis and decision-
making. According to the learning fashion discussed above, the learning hierarchy can 
be formalized by Fig.4, where Θ’i-Q ⊆Θi-Q. Fig.4 could be also treated as a reinforce-
ment-learning pattern. 

f'1 ∧ f'2 ∧…∧ f'n 

Θ1-Q ∧ Θ2-Q ∧…∧Θn-Q 
f1 ∧ f2 ∧…∧ fn 

f''1 ∧ f''2 ∧…∧ f''n 

Set_of_CA_Inherited 

Set_of_CA_Innovated 

Fig. 3. Group Learning with Cognition Intentions Based on Meta-Learning 

fi 
f''i 

SubSet_of_CA_Inherited 
f'i 

Θi-Q 
SubSet_of_CA_Innovated 

Fig. 2. Meta-learning Mechanism with Cognition Intentions in NPD 
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Taking into consideration the evolution during cognizing demonstrated by Fig.4, 

especially the alternate evolution in cooperative cognition inspired each other, group 
learning with cognition intentions based on meta-learning illustrated by Fig.3 can be 
improved as shown in Fig.5.  

 
 

 
 
 
 
 
 
 
According to those two cognitive patterns, a generic cognitive pattern based on in-

ductive learning and case based reasoning can be defined as follows. 

Definition 5. The generic cognitive pattern based on inductive learning and case 
based reasoning can be formalized into a quintuple form of (Q, A, Θ, f, Q’ ). Where 
Q’ is the case set for case based reasoning, i.e. domain related to NPD, which is, ob-
viously, helpful in reinforcing the cognitive validity. 

Accordingly, a generic cognitive cooperation description is presented in this sec-
tion. 

Definition 6. Cognition process is composed of a set of evolutionary cognition behav-
iors or evolutionary cognition stages, which could be formalized by a triple form 
Procedure-Of-Cognition-i = <PreviousState-i, ⇒, SucceedState-i >. 

A cognition behavior would often be unfolded with certain constraints such as tim-
ing, tools, explicit knowledge-related understanding or individual’s tacit knowledge 
accumulation. Where, Procedure-Of-Cognition-i stands for a cognition behavior, 
PreviousState-i stands for the set of problem for settled before the cognition behavior, 
‘⇒’ stands for the introspective process against the problem for settled, and Succeed-
State-i stands for the set of problem after the cognition behavior. For knowledge in-
novation are derived from the introspection during cognition process, the cognition 
process could be characterized by the following features: 

1. If reviousState-i = SucceedState-i, we believe that the cognition behavior 
achieve no evolutional progress, and the cognition behavior stand in a logjam with 
individual’s introspection or team’s discussion. 

2. If SucceedState-i ⊂ PreviousState-i, we believe that the cognition behavior 
achieve some evolutional progress after individual’s introspection or team’s discus-
sion. 

3. Let Q-Element be a problem element, if (Q-Element∈SucceedState-i) ∩ (Q-
Element∉ PreviousState-i), we believe that the cognition behavior achieve some evo-
lutional progress after individual’s introspection or team’s discussion. Note that the 

f i: Q                             Θi-Q’,              fi: Q                             Θi-Q 
θj θj’=Θi-j 

Fig. 4. The Hierarchy in Conformance with Cognition Evolution 

f'1 ∧ f'2 ∧…∧ f'n 

 f1 ∧ f2 ∧…∧ fn 

f''1 ∧ f''2 ∧…∧ f''n 
 

Set_of_CA_Inherited 

Set_of_CA_Innovated 

 
ΣΘ’i-Q 

Fig. 5. Group Learning with Cognition Intentions Based on Cognition Evolution 

Θ1-Q ∧ Θ2-Q ∧…∧Θn-Q 
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evolutional progress is different from 2. This evolutional progress lead a new problem 
that may be helpful for systemic evolutional.  

4. If SucceedState-i = Φ, we believe that the cognition process have finished all the 
cognitive tasks, i.e. the end of cognition process.  

For achieving system cognition, there often stand some related cooperative relation 
among individual cognitive behaviors. We call the group cognitive activities the Cogni-
tive Cooperation, which is characterized, here, with some dependency relation in cogni-
tion’s pre-condition. For example, let Cognizing-Agent-m and Cognizing-Agent-n be two 
cognition agent, <Cognition-Precondition-i: PreviousState-i, ⇒, SucceedState-i> is a 
cognitive stage of Cognizing-Agent-m based on a pre-condition of Cognition-
Precondition-i. <Cognition-Precondition-j: PreviousState-j, ⇒, SucceedState-j > is a 
cognitive stage of Cognizing-Agent-n based on a pre-condition of Cognition-
Precondition-j. Let Q-Element’ be the cognitive result of problem element of Q-Element, 
if (Q-Element∈(PreviousState-i SucceedState-i)) ∩ (Q-Element’∈Cognition-Precon- 
dition-j), we treat there stand a direct learning relation between those two cognition be-
haviors. Cognizing-Agent-n is a learner during their cognitive cooperation. 

3   Cooperative Cognition Under P2P-Based PSE 

With recent advances in pervasive devices and communication technologies, there are 
increasing computing behaviors are deployed with networked services. These services 
extend supports from Web browsers on personal computers to handheld devices and 
sensor networks. Considering the technology advance, an application paradigm would 
be discussed supporting cognitive cooperative in distributed fashion on Grid. From 
the Grid point of view, P2P’s main interesting aspects are scalability, self-
configuration, autonomic management, dynamic resources discovery, and fault toler-
ance. The P2P systems focus on promoting peers stay at the edge of a network in 
which everyone stay creates as well as consumes and P2P’s main potential is its abil-
ity to exploit idle computing resources, facilitating information exchange [7].  

To enhance cognition’s validity and efficiency, P2P approach is exploited for sup-
porting cooperative cognition under Knowledge Grid environment. Accordingly, a 
peer could be cut out for depicting a meta-cognition process, while the P2P approach 
is exploited to explore the group cognition in cooperative cognition process in the 
paper. Cooperative Cognition in distributed, decentralized, and self-organizing envi-
ronment can be viewed as a P2P application in E-Science that is essentially a coopera-
tive cognition composed of a set of meta-cognition. Additionally, service-based archi-
tecture and decentralized coordination will take on more importance in Knowledge 
Grid. As resource-location mechanism playing in generic grid [15], knowledge-
location and collaborator-location mechanisms play a key role for facilitating coop-
erative cognition under knowledge grid environment. P2P-based Problem-Solving 
Environment supporting distributed cognition process could be illustrated as in Fig.6. 

The proposed P2P-based Problem-Solving Environment is characterized by two 
concepts of Web Knowledge-Flow Peers (WKFP) and Web Knowledge-Flow Peers 
Directory (WKFPD). WKFPD is defined dynamically by overly prescription compo-
nent and is an active directory system that maintains a list of all peers that are avail-
able to participate in Web cognition process. P2P-Based Problem-Solving Environ-

-
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ment allows a WKFP to register with the system and offer their services and resources 
to other WKFPs through P2P protocols. The services and resource would be the 
methods and knowledge helpful for certain WKFP in problem solving, i.e., WKFPD 
assists a WKFP to locate other WKFPs and use their service and resources by provid-
ing the live profile information about peer availability during the e-science develop-
ment. The dynamic knowledge-location and collaborator-location mechanism are 
based on the WKFPD-location in practice. The infrastructure of location mechanism 
is based on the overlay networks. Each WKFP encapsulates adequate functionality 
and knowledge to execute meta-cognition. Through WKFPD, a WKFP could decide 
which WKFP would be invoked next in the knowledge flow.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4   Infrastructure of Cooperative Cognition Oriented Toward       
Knowledge Grid 

An infrastructure of cooperative cognition oriented knowledge grid based on P2P 
technology is structured as shown in Fig.7. In Fig.7, the layered Semantic Web con-
sist of a set of Web resources, a set of basic services, and a set of high-level applica-
tion developed by using basic services; the Web resources is compiled from Generic 
Grid, and generally, the Web resources are described by metadata in a common and 
[16]. The basic services include reasoning and querying over metadata, and ontologies 
and semantic search engines that greatly improved the current Internet services such 
as Domain Name System and key-based search. By invoking a web service through a 
method invocation mechanism, a peer can perform complex task that is impossible to 
deal with if there stood no supporting from other peers.  

To improve the static knowledge access service, it is necessary to integrate knowl-
edge discovery and knowledge mining techniques in grid-based problem-solving 
environment. The P2P approaches reduce the increasing complexity in dealing with 
the self-management issues for such tasks. The unambiguous representation of the 
knowledge through metadata and ontologies is a key aspect in knowledge grid’s 

Knowledge Interaction Interface 

Fig. 6. P2P-based Problem-Solving Environment Supporting Distributed Cognition 
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building. Knowledge flow management based on P2P approach facilitates the dy-
namic knowledge interoperability among grid applications 

The component of Grid Application Toolkit (GAT), as shown in Fig.7, plays a ma-
jor role in providing seamless, pervasive, and secure resource use based on the Open 
Grid Services Architecture (OGSA) in which grid services conform to a set of con-
ventions for controlled, fault-resilient, and secure management of services and ex-
poses capabilities via standard interfaces. OGSI-compliant services have been reified 
into the OGSA’s Globus Toolkit 3. In practice, GAT concludes a set of functions that 
support resource management, support for security, support for defining available 
resources, monitoring and discovery service, and even I/O control (for instance, 
Globus Resource Allocation Manager (GRAM), Grid Security Infrastructure (GSI), 
Resource Specification Language (RSL), and GridFtp contained in the Globus Toolkit 
could perform those functions, respectively) [4]. 

 

5   Conclusions and Future Work 

Knowledge Grid Infrastructure provides a Grid-based problem-solving environment 
for not only data analysis, inference, and discovery, but modeling, simulation, and 
analysis of scientific experiments. In our prototype system, the cognitive cooperation 
is originated by knowledge flow that is instantiated by domain ontology, method 
ontology, and metadata ontology in a certain PSE. Additionally, the P2P technology is 
exploited to pilot the peer location mechanism as a knowledge flow engine. For our 
future research, we will apply the P2P approach to more Grid applications or para-
digm; especially Knowledge Grid in despite of additional challenges that would cause 
some new expected issues. 
 
Acknowledgement. This paper is based on Project 60303025 supported by NSFC, 
Jiangsu Provincial NSF research funds (No. BK2004411 and No. BK2005208). 
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