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Abstract: The paper is devoted to the knowledge assessment system that has been
developed at the Department of Systems Theory and Design of Riga Technical Uni-
versity for the last four years. The system is based on concept maps that allow
displaying the knowledge structure of a particular learner in the form of a graph.
Teacher’s created concept maps serve as a standard against which learner’s concept
maps are compared. However, it is not correct to compare teacher’s and learners’ con-
cept maps by examining the exact equivalence of relationships in both maps, because
people construct knowledge in different ways. Thus, an appropriate mechanism is
needed for the flexible evaluation of learners’ concept maps. The paper describes the
algorithm implemented in the concept map based knowledge assessment system and
its evolution through four prototypes of the system.
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1 Introduction

Rapid development of information and communication technologies and availability of huge amount
of electronic information resources has led to changes in the roles of the main actors of the educational
process, namely, a teacher and a learner. Nowadays teachers should guide learners through the learning
process by advising them and providing necessary stimuli while learners search information in different
places, inter alia in e-learning environments (for example, [1, 2]) and turn it into knowledge. Special
methods are needed for the evaluation of learners’ knowledge structures created in such conditions and
one of them is concept maps that allow displaying the knowledge structure of a particular learner in the
form of a graph.

The Department of Systems Theory and Design of the Faculty of Computer Science and Informa-
tion Technology of Riga Technical University has been developing the concept map based knowledge
assessment system since the year 2005. The system has twofold goals in the context of the integration of
technology into the traditional educational process: 1) to promote learners’ knowledge self-assessment,
and 2) to support the teacher in the improvement of the learning course through systematic assessment
of learners’ knowledge and analysis of its results. The goals are reached by the use of concept maps
as an assessment tool. Three prototypes of the system have been already implemented and the fourth
one is under development at the moment [3]. The paper is a logical continuation of the description of
the system’s working principles presented in [4] by focusing on a different aspect of its functionality,
namely, on the algorithm for the comparison of learner’s and teacher’s concept maps and its incremental
improvement through system’s prototypes.

The paper is organized as follows. Section 2 gives an overview of the system. Section 3 discusses re-
lated works concerning scoring systems of concept maps. Evolution of the algorithm for the comparison
of learner’s and teacher’s concept maps is described in Section 4. Finally, conclusions are presented.
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2 Overview of the system

As it was mentioned in Introduction concept maps are used as an assessment tool in the developed
knowledge assessment system. According to [5] they can foster the learning of well-integrated structural
knowledge as opposed to the memorization of fragmentary, unintegrated facts and externalize the con-
ceptual knowledge (both correct and erroneous) that learners hold in a knowledge domain. A concept
map is a graph with labeled nodes corresponding to concepts in a problem domain and with arcs indi-
cating relationships between pairs of concepts. Arcs can be directed or undirected and with or without
linking phrases on them. A linking phrase specifies the kind of a relationship between concepts. Con-
cept map based tasks can be divided in 1) "fill-in-the map" tasks, where the structure of a concept map
is given to the learner and he/she must fill it using the provided set of concepts and/or linking phrases,
and 2) "construct-a-map" tasks, where the learner must decide on the structure of the concept map by
him/herself.

The developed concept map based knowledge assessment system is used in the following way. The
teacher defines stages of knowledge assessment and creates concept maps for all of them by specifying
relevant concepts and relationships among them in such a way that the concept map of each stage is
nothing else then an extension of the previous one. Thus, the concept map of the last stage includes
all concepts and relationships among them. Teacher’s created concept maps serve as a standard against
which the learners’ concept maps are compared. During knowledge assessment the learner solves a
concept map based task corresponding to the assessment stage. After the learner has submitted his/her
solution, the system compares the concept maps of the learner and the teacher, calculates the score of the
learner’s result and generates feedback.

The system offers five concept map based tasks that are ranged from the easiest to the most difficult
(Figure 1) [6]. Eight transitions between tasks are implemented allowing the learner to find a task most
suitable for his/her knowledge level. Four transitions increase the degree of task difficulty. They are
carried out after the analysis of the learner’s solution if the learner has reached the teacher’s specified
number of points in the current assessment stage without reducing the degree of difficulty of the original
task. So, this is a system’s adaptive reaction to the learner’s behavior. Other four transitions reduce the
degree of task difficulty and they are carried out by the voluntary request from the learner during the
solving of the task.

Thus, the system supports knowledge self-assessment as it makes the analysis and evaluation of
learners’ concept maps, as well as provides feedback about the learner’s errors. It promotes systematic
knowledge assessment because it allows the extension of the initially created concept map for other
assessment stages. Moreover, statistical information about differences between learners’ concept maps
and teacher’s concept map is collected providing opportunities for the teacher to improve the learning
course [4].

The system is implemented as a Web-based three-tier client-server application [4, 7] consisting of the
following architectural layers (Figure 2): 1) a data storage layer represented by Data Base Management
System (DBMS); 2) an application logics layer composed of the application server and the server side
code running on it; a special persistence and query framework is used to communicate with the DBMS;
and 3) the representation layer or graphical user interface.

As it is shown in Figure 2 the concept map based knowledge assessment system can be divided
into three logical domains: administrator, teacher and student. Each domain has its own goal, but they
are strictly linked together. Functionality of each domain can be used by one of three user roles which
names correspond to the names of the domains. An administrator is responsible for the administration
and maintenance of the whole system using such functions as input, editing and deleting of data about
users (teachers and students), courses and student groups. The teacher domain provides all necessary
functions for the creation of concept maps and defining of their attributes, as well as for the viewing of
learners’ results. Functionality of the student domain includes all things related to the completion of the
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concept map based tasks by learners and providing of feedback after the completion of the task.

Figure 1: Tasks offered in the concept map based knowledge assessment system

Figure 2: The three-tier architecture of the system

3 Related works

There are a lot of research related to scoring systems of concept maps. In [14] three main approaches
are highlighted: evaluation of components of a concept map, comparison with the expert concept map, or
combination of both previously mentioned kinds. Novak and Gowin [11] have offered a scheme in which
different number of points are assigned to such components of a concept map as propositions, levels of
hierarchy, cross-links, specific examples of concepts. In [13] the previously described set of components
is extended by number of branchings in the concept map.

For the comparison of the learner’s concept map with the expert map Goldsmith [8] has offered "the
closeness index" indicating the degree of similarity between the expert and the learner’s concept map.
In turn, Herl and colleagues [9] use a matching algorithm that includes several expert maps evaluating
each learner’s concept map. In their work two evaluation indicators are calculated: (a) stringent semantic
content score on the basis of the exact relationships matches between learner’s and expert’s concept
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maps, and b) categorized semantic content score, when learner’s defined relationship matches some set
of possible relationships in the expert concept map. In [10] concept maps are scored by comparing each
learner’s concept map with two expert maps. The learner receives half a point for each relationship
that matches with an expert relationship and a full point, if the relationship matches with both experts’
relationships. Learners also receive additional points for relationships that are more valued by experts
("critical relationships") and relationships that are less like what experts might include.

Both the evaluation of components of concept maps and the comparison with the expert concept
map are combined in [12], where three different approaches to the scoring of concept maps are used:
(a) a total score, defined as a number of valid learner’s relationships, (b) a congruence score, defined as
a proportion of valid learner’s relationships to all relationships in the expert map, (c) a salience score,
defined as a proportion of valid learner’s relationships to all relationships in the learner’s concept map.

Regardless of the diversity of schemes for scoring of concept maps, it is necessary to note that basi-
cally they are developed for the evaluation of tasks, in which learners must create their own concept maps.
Thus, a question about the evaluation of fill-in-the-map tasks remains open. Moreover, the greater part
of the offered schemes are not considered in the context of computer-assisted assessment systems, thus,
it is very difficult to evaluate, whether they are feasible and useful in the concept map based knowledge
assessment system. These factors motivated the authors of the paper to develop an algorithm suitable for
the evaluation of both fill-in-the-map tasks and construct-a-map tasks in the concept map based knowl-
edge assessment system.

4 Evaluation algorithm

The developed algorithm is sensitive to the arrangement and coherence of concepts in the learners’
concept maps. It is based on the assumption that the learner’s understanding of the presence of a relation-
ship between concepts has the primary value, while other aspects such as the type of the relationship, the
linking phrase, the direction of the arc and the places of concepts are secondary things. The algorithm is
capable of recognizing different patterns of the learner’s solution. Two kinds of relationships are used in
concept maps: 1) important relationships which show that relationships between the corresponding con-
cepts are considered as important knowledge in the learning course, and 2) less important relationships
that specify desirable knowledge. For each correctly provided important relationship the learner receives
5 points, but for each less important relationship only 2 points are assigned.

In the first system’s prototype developed in 2005 only one fill-in-the-map task was offered to learners.
Thus, all learners received the same structure of a concept map and a list of concepts. Learners must
insert provided concepts in correct nodes of the concept map structure. Arcs were undirected and did
not have semantics. Taking into account that the value of a completely correct relationship is 100 %,
the following contributions of its constituent parts were defined: the presence of the relationship in the
learner’s concept map - 50% (a fact that the learner understands the presence of the relationship between
concepts has the primary value), the correct type of the relationship - 30% (the learner should be able to
distinguish, what is important and what is less important in the learning course), both concepts related
by the relationship are placed in the correct places - 20% (this factor has the greatest subjectivity).

Thus, the patterns of the learner’s solution which the algorithm was capable of recognizing are the
following [15, 16]:

• Pattern 1. The learner has interrelated concepts in the same way as they are related in the teacher’s
concept map. In this case the learner receives the maximum score regarding the type of the rela-
tionship. Figure 3.b. shows that the concepts A and E in the learner’s concept map are interrelated
in the same way as they are interrelated in the teacher’s concept map (Figure 3.a).

• Pattern 2. The learner has defined a relationship that does not exist in the concept map of the
teacher. In this case he/she does not receive any points. Figure 3.c demonstrates that the learner
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Figure 3: Patterns of the learner’s solution that the first system’s prototype was able to recognize: a) the
teacher’s concept map; b)-f) the patterns in the learner created concept map

has made a relationship between the concepts A and H that are not interrelated in the teacher’s
concept map (Figure 3.a).

• Pattern 3. The learner’s defined relationship exists in the teacher’s map, the type of the relationship
is correct, but at least one of the concepts is placed in an incorrect place. The learner receives 80%
of the maximum score for the correct relationship of this type. Figure 3.d shows that the learner
has interrelated the concepts B and D. A similar relationship exists in the teacher’s concept map
(Figure 3.a). However, both concepts are located in incorrect places, although the type of the
relationship is correct.

• Pattern 4. The learner’s defined relationship exists in the teacher’s map, the type of the relationship
is wrong, and at least one of the concepts is placed in an incorrect place. The learner receives
50% of the maximum score for the correct relationship of this type. This pattern is displayed in
Figure 3.e. Comparing the learner’s defined relationship between the concepts A and F with the
same teacher’s relationship (Figure 3.a) it is possible to notice that the concept F is located in the
incorrect place, as well as the type of the relationship is a less important relationship instead of an
important relationship.

• Pattern 5. A concept is placed in a wrong place, but its place is not important. The learner receives
the maximum score for a corresponding relationship. Figure 3.f demonstrates that the learner has
changed places of the concepts M and L.

New tasks - 3 fill-in-the-map and 2 construct-a-map tasks (Figure 1)- were introduced in the second
system’s prototype developed in 2006. Moreover, linking phrases were added to concept maps causing
modification of points received for relationships and extension of the set of patterns recognized by the
system. Assuming that a value of the fully correct relationship is 100%, the following contributions of
its constituent parts were defined: the presence of the relationship in the learner’s concept map - 40%,
a correct linking phrase provided for the relationship - 30% (semantics of relationships are important
knowledge units), a correct type of the relationship - 20%, both concepts related by the relationship are
placed in the correct places - 10%.

Therefore, the extended set of patterns of the learner’s solution was the following [6]:
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• Pattern 1. The learner has defined a completely correct relationship. In this case the learner
receives the maximum score regarding the type of the relationship. Figure 4.b demonstrates that
the concepts A and E in the learner’s concept map are interrelated in the same way as they are
interrelated in the teacher’s concept map (Figure 4.a).

• Pattern 2. The learner has defined a relationship that does not exist in the concept map of the
teacher and he/she does not receive any points. Figure 4.c shows that the learner has related the
concepts A and H which are not related in the teacher’s map (Figure 4.a).

• Pattern 3. The learner’s defined relationship exists in the teacher’s map, both the type of the
relationship and the linking phrase are correct, but at least one of the concepts is located in an
incorrect place. The learner receives 90% of the maximum score for that relationship. This pattern
is displayed in Figure 4.d. The learner has defined the relationship between the concepts B and D
by providing the correct type of the relationship and the linking phrase. However, both concepts
are located in different places as compared to the teacher’s concept map (Figure 4.a).

• Pattern 4. The learner’s defined relationship exists in the teacher’s map, but the type of the relation-
ship is incorrect. The learner receives 80% of the maximum score for the correct relationship. This
pattern is valid only for construct-a-map tasks (Tasks 4 and 5 in Figure 1) where places of concepts
are not important. Assuming that Figure 4.e displays the learner’s created concept map, one can
see that the learner has interrelated the concepts B and C by defining the correct linking phrase,
but providing the important relationship instead of a less important one as it is in the teacher’s map
(Figure 4.a).

• Pattern 5. The learner’s defined relationship exists in the teacher’s map, but the linking phrase is
incorrect. The learner receives 70% of the maximum score for the correct relationship. Figure 4.f
shows that the learner has located the concepts A and K in the same places as they are located in
the teacher’s concept map (Figure 4.a), but the linking phrase differs.

• Pattern 6. The learner’s defined relationship exists in the teacher’s map, the type of the relationship
is incorrect, and at least one of concepts is placed in the incorrect place. The learner receives 70%
of the maximum score. Figure 4.g shows that the learner has related the concepts A and F using
the less important relationship instead of the important relationship (Figure 4.a) and has located
the concept F in other place.

• Pattern 7. The learner’s defined relationship exists in the teacher’s map, the linking phrase is
incorrect, and at least one of concepts is located in the incorrect place. The learner receives 60%
of the maximum score. This pattern is displayed in Figure 4.h, where one can see that the learner
has defined the relationship between the concepts G and F, but has pointed out the linking phrase
that differs from the linking phrase in the teacher’s concept map (Figure 4.a), as well as has located
both concepts incorrectly.

• Pattern 8. The learner’s defined relationship exists in the teacher’s map, but both the type of the
relationship and the linking phrase are incorrect. The learner receives 50% of the maximum score
for the correct relationship. This pattern is valid only for construct-a-map tasks (Tasks 4 and 5
in Figure 1), where places of concepts are not important. Assuming that Figure 4.i displays the
learner’s created concept map, one can see that the learner has interrelated the concepts O and B
that are also interrelated in the teacher’s concept map (Figure 4.a). The learner has provided an
incorrect type of the relationship (an important relationship instead of a less important relationship)
and an incorrect linking phrase.



12 Alla Anohina, Marks Vilkelis, Romans Lukasenko

Figure 4: Patterns of the learner’s solution that the second system’s prototype was able to recognize: a)
the teacher’s concept map; b)-j) the patterns in the learner created concept map (numbers on links display
different relationships and represent linking phrases)
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• Pattern 9. The learner’s defined relationship exists in the teacher’s map, both the type of the
relationship and the linking phrase are incorrect, in addition at least one of the concepts is placed
in the incorrect place. The learner receives 40% of the maximum score for that relationship.
This pattern is shown in Figure 4.j. By comparing the learner’s defined relationship between the
concepts J and N with the same relationship in the teacher’s concept map (Figure 4.a), one can see
that both concepts are located in incorrect places, and the type of the relationship and the linking
phrase are incorrect.

In the third prototype implemented in 2007 directed arcs were introduced causing the following
modifications of points received for relationships: the presence of the relationship in the learner’s concept
map - 40%, a correct linking phrase provided for the relationship - 30%, a correct direction of the arc
corresponding to the relationship - 15%, a correct type of the relationship - 10%, both concepts related
with the relationship are placed in the correct places - 10%. Totally 36 patterns were acquired for all
tasks and they are summarized in Figure 5.

No modifications of points have been made in the fourth system’s prototype. Thus, the evaluation
algorithm is based on the set of patterns specified in Figure 5. However, improvement of the algorithm
is continued by studying possibility to reveal extra relationships in learners’ concept maps [17]. Figure 6
displays a situation when some relationships are "hidden": there are only 3 relationships in the teacher’s
concept map (Figure 6.a), but 2 more relationships can be derived (Figure 6.b). These derived relation-
ships are correct too and could appear in learners’ concept maps, so it is necessary to define a mechanism
according to which the system could detect extra relationships and, thus, make assessment more flexible
and automated.

With aim to determine extra relationships 6 types of relationships are considered [17]:is a - a rela-
tionship between concepts meaning that one of the concepts is a sub-class of other, part of - a relationship
between concepts meaning that one of the concepts is a part of other, attribute - a relationship between
a concept and its attribute, example - a relationship between a general concept and a particular example
of it, value - a relationship between an attribute and its value, kind of - a relationship between levels of
hierarchy.

Figure 7 shows the structure of a pattern further explained in Figure 8. The pattern has two main
relationships (Relation 1 and Relation 2) that have types mentioned previously. In some cases combi-
nation between relationships is not allowed. In other cases an extra relationship (Relation 3) can be
formed. Column "Combination allowed" identifies either combination between Relation 1 and Relation
2 is allowed or not. The entry "Cannot be specified" in the column "Relation 3" indicates that there
can be situations when an extra relationship can be added, but not always. In turn, the entry "No extra
relationship" in the same column points out that no additional relationship of considered 6 types can be
added.

Additional relationships that can be derived from more than three concepts and two relationships
between them can be revealed as well. In such case the algorithm must iteratively go through the concept
map searching for patterns and adding extra relationships whenever it is possible. The algorithm stops
when no new relationship has been added during the last iteration.

5 Conclusions

The use of concept maps for the evaluation of learners’ knowledge structures demands an appropriate
mechanism for the comparison of learners’ concept map with the teacher’s one. The mechanism should
consider that people construct knowledge in different ways and there can be differences between con-
cept maps that are not indicators of incorrect knowledge. The paper presents the algorithm capable of
recognizing several patterns of the learner’s solution on the basis of such criteria as location of concepts,
types of relationships, direction of arcs and correctness of linking phrases allowing the learner to receive
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Figure 5: The extended set of patterns of the learner’s solution in the third system’s prototype

Figure 6: Hidden relationships (adopted from [17])

Figure 7: Structure of the pattern (adopted from [17])
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some points in case if his/her relationships match teacher’s ones only partly. Moreover, detection of extra
relationships that can appear in learners’ concept maps makes assessment more automated.

Figure 8: Patterns containing three concepts and two relationships (adopted from [17])
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