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Abstract. In this paper, by using Fuzzy Cognitive Mapping (FCM) technique, 
we developed the metacognitive models for team-based dynamic environment. 
Preliminary findings from our metacognitive studies provided a possible meta-
cognitive framework in dynamic control tasks [1, 2]. By analyzing metacogni-
tion, performance, and communication data between team, we are able to  
develop the team-based evolving metacognitive models for the dynamic envi-
ronments using a fuzzy cognitive map. In this research, a human-in-the-loop 
simulation experiment was conducted to collect communication data, objective 
performance data (operator on-time action performance), and subjective rating 
data (retrospective confident metacognitive judgment) from 6 dyads (12 partici-
pants). Within the Anti-Air Warfare Coordinator (AAWC) simulation domain, 
the simulation test bed provides an interactive simulating condition in which the 
monitoring team must communicate with their team member to defend their 
ship against hostile aircraft. 

Keywords: Metacognition, Team Performance, Human-in-the-loop simulation, 
Fuzzy Cognitive Map. 

1 Introduction 

The need to develop more advanced on-the-job training methods has become a grow-
ing concern in many industries because people not only work as individuals, but as 
members of teams. Although advanced technology provides the ability to develop 
more effective training approaches to novice workers, building effective team training 
methods is still on-going research area. To address this critical need, this research 
investigated the different behavior models based on metacognition and communica-
tion between team members using Fuzzy Cognitive Mapping (FCM) techniques. FCM 
is a “mental landscape” of the elements (e.g. actors, values, goals, and trends) in a 
fuzzy feedback system. FCM can demonstrate the links between causal events of 
dynamic tasks and human behavior with the change of time. The map lists the fuzzy 
rules related with events to show causal flow paths like Hasse diagram [3]. The FCM 
enables job trainers to evaluate trainees’ internal learning states, and to help the in-
structors to choose several possible actions. In this research, we developed a human-
in-the-loop simulation, which emulates a computer-based dynamic control task to 
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identify navigational cognitive behavior in order to collect metacognition and com-
munication data in a team-based training environment. The domain of this simulation 
test bed is AAWC (Anti Air warfare Coordinator). This is an interactive simulation in 
which a controller must defend his/her ship against hostile aircraft. Data from the 
experiment indicated that metacognitive monitoring behaviors which were measured 
using subjective rating methods showed different patterns between teammates. Role A 
(executing appropriate actions based on Rules of Engagements (RoE)) showed a sig-
nificant positive correlation between the metacognition and performance1of identifica-
tion rules while Role B (controlling Defense Counter Aircrafts (DCA) to update the 
information of unknown hostile aircrafts) was not (Role A: r =0.474, p <0.05; Role 
B: r =-0.28, p =0.184).  Since teammates communicated with each other only 
through the telephone, Role A had to obtain and understand information of unknown 
hostile aircrafts through the communication with Role B, and this contributed to dif-
ferent metacognitive judgments between teammates [1]. It has been suggested that the 
key to success in teamwork lies to a great extent in achieving not only successful team 
cooperation, but also efficient team communication [4]. In this paper, by using FCM 
techniques and data (metacognition and communication) from the previous team-
based AAWC experiment, we develop the team-based metacognitive mapping models 
in a dynamic control tasks. This work provides understanding on how the communi-
cation and metacognitive behavior influence team members.  

2 Literature Review 

2.1 Metacognition 

Metacognition is mainly the mind’s ability to monitor and control human cognition. 
According to the Nelson and Narens’s metacognitive model [5], human metacognition 
is significantly influenced by information flows between “meta-level” and “object-
level”.  The object-level consists of ongoing cognitive processes, such as perception, 
problem solving, and learning. The meta-level is about a persons’ own understanding 
related to his or her object-level cognition. The information flows between these le-
vels are unidirectional. The information channel from object-level to meta-level is 
called metacognitive monitoring, while the other channel from meta-level to object-
level is called metacognitive controlling. The data entity of the information flows 
between these levels consists of metacognitive knowledge or meta-memory. The me-
ta-memory is a self-awareness of memory which can reflect how people learn and use 
their memories.  In other words, it is the awareness of one’s own cognition. These 
meta-memories can be transferred to meta-level through the metacognitive monitor-
ing. It is the ability to make accurate accessing the current state of cognitive activities 
on object-level. By using metacognitive monitoring process, people will produce 
more effective regulation to improve their learning [6]. After that, the metacognitive 
control can regulate ongoing cognitive activities such as a decision-making procedure 

                                                           
1 Correct response rate for identifying hostile aircrafts: number of correct responses/ total num-

ber of identification tasks for unknown hostile aircrafts. 
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for using new tactics to solve a difficult problem. In this paper, we focus on the ability 
to make accurate monitoring judgments for the current state of cognitive activities 
because accurate monitoring of learning is one of the critical elements in metacogni-
tion [7]. 

2.2 Fuzzy Cognitive Mapping (FCM) 

Fuzzy cognitive mapping (FCM) was developed by Kosko in 1986. FCM is an exten-
sion of conventional cognitive maps of binary logic set theory. Cognitive maps (CMs) 
are defined as a type of mental processing composed of a series of modeling decision 
making in individual mind maps and social political systems. CMs have been studied 
in various fields due to a strong visual representation of causal relationships and a 
clear comparison of mental models to reality. However, conventional cognitive maps 
make knowledge acquisition oppressively burdensome from insufficient decision 
information, different experts. Hence, a need to represent causal relationships of lin-
guistic quantities becomes very important. FCM can express various degrees of in-
crease or decrease of casual relationships. It is a very powerful tool to represent and 
compute the “strength of impact” of causal flow paths in dynamic environment. Fuzzy 
set theory is behind the computational theory of FCM.  Since Lotfi Zadeh published 
a paper titled “Fuzzy Sets” [8], the various applications using fuzzy sets have been 
successfully tested in the control engineering distributed networks [9], health care 
[10], decision support systems [11], and situation awareness for army infantry [12].   

3 Method 

Our current work focuses on developing the representation of metacognitive mapping 
model in team-based dynamic control tasks by using FCM technique.  

3.1 Dynamic Decision-Making Task Human-In-The-Loop Simulation 

The AAWC (Anti Air warfare Coordinator) test bed is interactive simulation in which 
a controller must defend his/her ship against hostile aircraft.  
 

 

Fig. 1. AAWC interface (left) and experimental setup (right) 
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A total of 12 male engineering graduate students (age 18 or older) participated with 
little to no previously established relationships. The experiment was single gender to 
avoid potential gender interactions in the current study. Participants were voluntary 
and screened for prior experience with the task domain. The experiment consists of 
two sessions – a training session and an experiment session. The participants partici-
pated in an initial training session (Day 1), which lasted 60 minutes. During this ses-
sion the participants were trained on the specific skills and provided with feedback on 
their task. Participants gained experience and understanding of the tasks based on the 
feedback provided by the instructor. The practice scenario lasted approximately five 
minutes with a task complexity that was easier than the actual experiment. Based on 
the result of the pilot test, participants were ready to engage in the actual experiment 
after they executed the practice simulation for the third time. The participants after 
being trained underwent an experiment session (Day 2), which lasted approximately 
90 minutes. During this session the participants were required to perform certain tasks 
based on the scenario. In the experiment, four scenarios are developed and events in 
each scenario have their specific sequence to occur. Each scenario was designed to 
run 15 minutes long. Freeze occurred randomly between 10 and 15 minutes after the 
start of the scenario. Once the simulation was frozen, participants required answering 
retrospective confidence judgment (metacognition) probes. Retrospective confidence 
judgment comes from metacognitive monitoring processes associated more directly 
with retrieval [13]. The probes used for measurement are shown below: 

• How well do you think you have detected the objects in your airspace? 
• How well do you think you are aware of the current overall situation of your 

airspace? 
• How well do you think you are aware of where the overall situation of your air-

space is heading? 

3.2 Team Selection 

Team assignments were determined based on the Big Five Inventory (BFI) as the 
specific measurement tool for FFM personality conducted on the first of the two days 
of the study [14]. FFM extraversion formed the basis for dyad membership, wherein 
dyads were either two introverts (II), or one introvert and one extravert (EI). Each 
dyad had at least one introvert, also as a part of variance reduction, and that introvert 
was always assigned to the second of the two task roles (DCA). To construct these 
dyads, Ward’s clustering [15] was used as an iterative pairwise comparison of Eucli-
dean based distances, in order to group participants with similar extravert scores. The 
remaining introverts were then added to the heterogeneous EI groups, wherein as-
signments were optimized based on the maximum variance between the levels of 
extraversion-introversion, while minimizing the variation among the remaining four 
FFM factors. The result was three distinct teams in each category of dyad. The 
placement of the extraverts within roles in the dyads did not convey any particular 
status to either individual within the dyad (e.g., [16, 17]). Both the extrovert or the 
introvert were responsible to take appropriate actions based on the Rules of Engage-
ment (RoE); where the introverted individual always remained responsible to control 
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[18]. In our experiment, the main goal is correctly identifying every unknown hostile 
aircrafts at appropriate times. Here, we only consider hostiles or assumed hostiles. 
Operator on-time Action Performance is simply calculated by: 

 OIP = CR × 100 / TW_id (1) 

Where: 
 

─ OIP: operator on-time identification performance 
─ CR: number of correct identification responses  
─ TW_id: total number of time window assigned for unknown identification task 

 
Retrospective Confidence Judgment (RCJ): Participants state their confidence level 
for their responses before knowing whether they are correct or incorrect. Confidence 
level ratings are compared to the accuracy of past retrieval. We collected self-rating 
scores (scale: 1 to 100) during the testing sessions. 

 

Communication Data: The participants for the two roles were kept in separate 
rooms, thereby eliminating gestural non-verbal communication and other sight related 
cues. Therefore Role A had to obtain and understand information of unknown hostile 
aircrafts through verbal communication with Role B. Although, the two monitors are 
synchronized, no direct communication was available through the computer. Commu-
nication metrics were the number of utterances (e.g. Table 1 has 7 utterances; 4 RoE 
and 3 DCA), word count (e.g. 10 words in the first utterance in Table 1), and duration 
([19-21]). For each of the 24 dyad and trial combinations, the audio was transcribed, 
timed, with words, utterances, and durations determined by two raters. The analysis 
on communication data between team members provided valuable insight on how to 
effectively support human cognition within the decision-making process.  Based on 
the communication and performance data between teammates, we developed eleven 
important behavior concepts that directly relate to the task at hand (see Table 2).  

Table 1. Example of Role Dialogue to Complete ID Tasks 

Role Dialogue Request Type 
ROE: Unknown aircraft number 17, bearing 106, range 21.6 nautical miles. Call ID (C1) 
DCA: Yes. I’ll send something towards it.  Response ID (R1) 
ROE: Anything on number 17? Re-Call ID (C2) 
DCA: Target 17 is a hostile strike aircraft. Identification (I) 
ROE: Got it. Thanks. Re-Affirm ID (A2) 
ROE: It did not respond to my warnings, so I shot it down. Shot (S1) 
DCA: Got it. Thanks. Response Shot (S2) 

Table 2. Description of Behavior Concept Nodes 

Behavior Concepts Description 
Call ID (C1) Ask for identification of an Unidentified track Number 
Response ID (R1) Recognizing the Call ID 
Affirm ID (A1) Confirming the ID 
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Table 2. (Continued) 
 

Re-Call ID (C2) Re-asking for the identification of a unknown aircraft 

Re-Response ID (R2) Recognizing the Re-Call ID 
Re-Affirm ID (A2) Re-conforming the ID 
Shot (S1) Shooting of the Aircraft which poses a potential threat to the ship 
Response Shot (S2) Confirming the Shot 
Wait (W) Searching the Unidentified or Hostile or Assumed Hostile Aircraft 
Identification (I) Identification action of selected unknown aircraft 
Noise (N) Conversation that have nothing to deal with the task at hand 

FCM inferences: After the FCMs were delineated, we could determine the system’s 
steady state by using the auto-associative neural network methods [22]. This method 
only considers outcomes and dynamics of each node. Following this method, the val-
ue of each node (Ci) in iteration (t) can be computed as: 

 ∑  (2) 

Where: 

─  : Values of the node i at the end of the iteration. 
─  : Values of the subsequent node j at the beginning of the iteration 
─ : Corresponding strength of the link from node j to node i 
─ :  Threshold function that transforms the result of the multiplication. Usually 

the logistic function that assumes the form 1/ 1  is used. 

4 Results 

4.1 Descriptive Statistics 

EI group’s OIP performance mean is higher than II group (see Table 3), but there is 
no significant performance difference between these groups based on the result of 
ANOVA test (F = 0.68,  p = 0.418). In addition, RCJ means show that there is no 
significant different between EI and II group (F = 0.00, p = 0.977).   

Table 3. Metacogntion and Task Performance results 

Team Variable N Mean StDev Minimum Median Maximum 

EI 
RCJ 12 66.00 5.7 40 65 86.75 
OIP 12 45.84 19.82 28.6 42.9 85.7 

II 
RCJ 12 66.25 22.27 20 70 90 
OIP 12 40.48 10.71 21.4 42.9 50 

4.2 Team-Based Metacognitive Models Using Fuzzy Cognitive Mapping 
(TBM-FCM) in AAWC System  

After combining team communication and metacognition data, we are able to con-
struct FCM matrices for each team using the nodes in Table 1. It allows developing 
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different cognitive map patterns between groups by including the union of the causal 
concepts of the system. Figure 3 and 4 show examples of the augmented TBM-FCM 
for both EI and II group.  
 
 

 

Fig. 3. TBM-FCM for EI Group  

 

Fig. 4. TBM-FCM for II Group 

4.3 Simulation of Steady State for the FCMs 

According to the task performance and metacognition data, both groups show either 
Over-Confident (RCJj > OIPj)

♣ or Under-Confident (RCJj < OIPj)
♣ metacognitive 

behavior during the experiment. Moreover, the communication data reveals that Noise 
node can cause the misunderstanding between teammates. Hence, we designed two 
conditions for both metacognition (Over and Under-Confident) and communication 
status (“Clean” and “Noise”) in each group. Based on our experimental data, we are 

                                                           
♣  j = 1,..m;  m = number of dyad and trial combinations. 
 



Developing Metacognitive Models for Team-Based Dynamic Environment Using FCM 333 

able to generate three different cases for each group and simulate them until the sys-
tem reach to the steady state (see Table 4) using equation 2. The values show the ef-
fect of communication status and metacognition in the team performance. 

Table 4. Steady State Results for the FCMs 

 EI II 

Communication Noise Clean Noise Noise Clean Noise 

Metacognition 
Over  

Confident 
Over  

Confident 
Under  

Confident 
Over  

Confident 
Over 

 Confident 
Under  

Confident 

C1 0.41 0.38 0.37 0.44 0.40 0.42 

R1 0.455038 0.482606 0.515562 0.533515 0.514912 0.5 

A1 0.556693 0.433616 0.548736 0.536218 0.534958 0.576646 

C2 0.509092 0.571576 0.509636 0.475688 0.472333 0.468993 

R2 0.541461 0.580115 0.529245 0.496961 0.523599 0.498708 

A2 0.569649 0.569476 0.632333 0.545937 0.579218 0.524008 

S1 0.569141 0.547754 0.553558 0.5 0.527899 0.5 

S2 0.523696 0.500000 0.523049 0.500000 0.500000 0.500000 

W 0.592464 0.626849 0.617619 0.629986 0.610936 0.609462 

I 0.498017 0.518059 0.519041 0.500000 0.500000 0.500000 

N 0.521807 0.500000 0.523049 0.500000 0.500000 0.524008 

5 Discussion 

By using FCM technique and metacognition and communication data from team-
based AAWC experiment, we are able to develop the cognitive mapping models in 
dynamic environment. It shows how the communication noise and metacognitive 
behavior (over or under confident) influence the different team selection (EI and II 
group). For example, according to the steady state results (Table 3), EI group shows 
that the identification task of the unknown aircrafts can be influenced by the unneces-
sary conversation between teammates (± 0.012). However, it does not have influence 
on II group (± 0). In addition, for EI group, the under-confident metacognitive beha-
vior increases the frequencies of recognizing the Call ID (R1) and reconfirming the 
identification of unknown aircrafts (A2) as compared to the over-confident judgment 
condition (R1: +0.06, A2: +0.06). However, for II group, under-confident condition 
decreases frequencies of both R1 and A2 as compared to the over-confident metacog-
nitive behavior (R1: − 0.03, A2: − 0.02).  Our preliminary findings of this study show 
that FCM technique is useful to understand evolving metacognitive process in terms 
of the team performance and communication between teammates.  The next step of 
the analysis is identifying the navigational training impact of the metacognitive beha-
vior derived from team-communication.  
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