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Abstract. Systems Thinking Competencies have become extremely important and widely studied due to
increasing systems complexity. Because of this, when they are taught, it is extremely useful to identify whether
or not students own Systems Thinking Competencies in order to design a specific teaching strategy. This
research applied an Adapted Holistic Scoring Method to assess Concept Maps developed by postgraduate and
undergraduate engineering students in order to identify Systems Thinking Competencies. It had two phases. At
the first one, Students showed an acceptable knowledge of cost estimation drivers, and a certain level of
Systems Thinking Competencies. In the second phase, both cost estimation drivers and Systems Thinking
Competencies showed an improvement. Mann-Whitney U-test was applied in order to identify if there were
significant differences between Phase 1 and Phase 2. Confidence level of 95%, and a significance level of 0.05
was considered.
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AnHoTanmsi. CocOOHOCTb K CHCTEMHOMY MBIIIUICHHIO CTalla Ype3BbIYaifHO BAXKHOU U IIUPOKO H3ydaeMoil 13-
3a BO3PACTAIOIEH CIOXKHOCTU cucTeM. M3-3a 3TOro nmpu o0y4eHHH CTyAEHTOB OYEHb MOJIE3HO OMNPENEIUTh,
00J1aIaloT TN OHH CHIOCOOHOCTSMH K CHCTEMHOMY MBIIUICHHIO, YTOOBI Pa3padoTaTh KOHKPETHYIO CTPATETUuIo
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oOyueHnsi. B Hamem wHccIeOBaHUM TPHMEHSICS AafaNTUPOBAHHBIA LEJOCTHBIE METOX Ul OLEHKH
KOHIIETITYaJIbHBIX KapT, TIOCTPOEHHBIX ACHHUPAHTAMH M CTYJEHTAMH TEXHHUECKUX CIELUATBHOCTEH C LENbIO
BBIIBJICHHS CIIOCOOHOCTEH K CHCTEMHOMY MBIIUTEHHIO. MccnenoBanue cocrosuto u3 1Byx da3. Ha nepsoit daze
CTYIIEHTHI TIOKa3aly IpHeMiIeMoe 3HaHHe (haKTOPOB OLEHKH 3aTpaT W HEKOTOPHIH ypOBEHb CIIOCOOHOCTH K
cucTeMHOMY MbInuteHnio. Ha BTopoM stamne o6a 3Ti nmokasaresnst Obut yimydmieHsl. [Ipumensincs U-kpurepuit
Manna-YuTHH, 9TOOBI OIpEeNeNNTh, €CTh JIM CYIIECTBEHHbIE paszmmums Mexay dasoir 1 u dazoit 2.
VYuuThIBaIHCh YPOBEHDb H0CTOBEPHOCTH 95% 1 ypoBeHb 3HaunMocT 0,05.

KnroueBble cjl0Ba: CHCTEMHOE MBILIUIEHUE; CHOCOOHOCTH CTYAEHTOB; aAalTUPOBAHHBIN LENOCTHBIH METOJ
OLIEHKH; KOHLENTYallbHble KapThl; U-Kpurepuii

s uutupoBanus: Armnap-Cucuepoc X.P., Banepau P., Camnmusan B.I1. Onpenenenue ypoBHs ciocoOHOCTH
CTYJIEHTOB K CUCTEMHOMY MBILIUICHUIO C TOMOIIBIO OLIEHKHU KOHLeNnTyaabHbIX KapT. Tpyast UCIT PAH, Tom
35, Bemm. 1, 2023 ., cp. 101-112. DOI: 10.15514/ISPRAS-2023-35(1)-7

1. Introduction

Systems Thinking is a holistic approach to analyze, and solve complex problems and systems [1, 2].
It means looking for an acceptable solution among several potential solutions. These solutions will
own relationships of correlation, some of them may involve cause and effect. Systems Thinking
emphasizes the complexity of relationships, seeking out webs of causality rather than single, linear
causes [3]. In this regard, this study focuses on, firstly, identifying how students change their mind,
over time, about cost estimation drivers while they receive an academic course related to this topic.
Secondly, how students represent their change of mind through a concept map, and finally how those
Concept Maps shed light on Systems Thinking. Particularly, one Systems Thinking Competence
defined by [4], was analyzed. The study was applied to undergraduate and postgraduate students.
They were enrolled in a cost estimation course during the spring 2020, where, among several
concepts, cost estimation drivers were studied. This paper took into account the COCOMO model
[5].

After Students’ Concept Maps (SCMs) were assessed in phase 2, the outcomes showed an increasing
knowledge on estimation cost drivers regarding the first evaluation on phase 1. Additionally,
Systems Thinking Competence #3 was identified in the same way at a higher level on phase 2 than
phase 1.

2. Background

The term Systems Thinking is known as “the art and science of making reliable inferences about
behavior by developing an increasingly deep understanding of an underlying structure” [6]. Systems
Thinking has been applied in a wide number of areas [7-9]. Based on these cases, Systems Thinking
has demonstrated an ability to manage the complexity of systems, technical and societal, by
considering the future implications of decision making and their long-term consequences.
Additionally, Systems Thinking can be applied to decision making, and it often involves
understanding the complexity of the situation, to see causal relationships, identify dynamic
relationships among variables, and so on. In order to identify relationships [10, 11], and complex
relationships [12, 13], Conceptual Maps are often used for modeling.

2.1 STC and Skills

There is neither an agreement about competencies definition nor its interpretation. The interpretation
ranges from a description of competency in terms of performance and competence in terms of skills
acquired by training to a broad view that encompasses knowledge, understanding, skills, abilities
and attitudes [14].

This paper uses the term competence instead of competency. Competence is defined as a set of skills
acquired by training or teaching. Systems Thinking can be described as a dual ability to understand
systems and analyze circumstances, questions, or problems from a systems perspective [15].
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Systems can be divided into three aspects, function (utility), structure (form) and behavior
(dynamics) [16]. When both terms, Competence and Systems Thinking, are put together. Systems
Thinking Competence (STC) arises. STC can be defined as: “Aspect that implies skills, knowledge,
attitudes and behavior applied to tasks or activities where Systems Thinking perspective is needed”.
[1] stated, Systems Thinking can help to develop higher-order thinking skills, such as critical
thinking, in order to understand and address complex, interdisciplinary, real-world problems. In this
sense, some critical thinking skills (competencies) were defined by [17].

This paper was focused on just one of the eight STC defined by [4]. The competence selected, among
eight of them, was the number 3. Competence #3: Ability to see relationships, a system can be
understood in the context of relationships.

The competence #3 (STC #3) was selected because this competence is most closely related to cost
modeling and allows to isolate a single competence without worrying about the confounding or
mediating effects of others.

2.2 Cost Estimation

There are several Effort Estimation Methods, among them, COSMIC [18], User Stories [19].
COCOMO model was used in this research, it estimates the amount of effort in person-months (PM).
COCOMO’s equations require effort multipliers (EM) and scale drivers/factors (SDF) as inputs.
COCOMO defines five Scale Drivers Factors: PREC, FLEX, RESL, TEAM, and PMAT.
Additionally, COCOMO defines several Effort Multipliers: RELY, DATA, CPLX, RUSE, DOCU,
TIME, STOR, PVOL, ACAP, PCAP, PCON, APEX, LTEX, PLEX, TOOL, SITE, and SCED.
Effort Multipliers and Scale Drive Factors were searched out on each SxCMs (Student x’s Concept
Map) in order to identify how many of them were used to build their SXCM. Depending on this, a
rate was assigned to each SXCM [20].

2.3 CMs and Scoring

Concept Maps were developed by [21] at Cornell University, in order to understand changes in
students’ knowledge, mainly because CMs are graphical tools for organizing and representing
conceptual understanding [22]. Additionally, CMs and Systems Thinking can be used together
because they share common characteristics such as structure, dynamism and hierarchy, and some
researchers indicate that increase in the number of concepts, connections and diversity in CMs are a
reliable parameter for measuring students’ systematic thinking [23, 24]. CMs have been used in a
wide spectrum of areas due to its advantages [25-29].

Additionally, [26] did an evaluation of six scoring methods: 1) holistic, 2) holistic with master map,
3) relational, 4) relational with master map, 5) structural, and 6) structural with master map. To
calculate similarity between subjects’ Concept Maps, and the Master Concept Map (MCM), [30] a
set of theoretic methods described by [20] can be used.

In general terms, there is a big quantity of research where Concept Maps have been used in order to
identify Systems Thinking skills or competencies [31-35].

3. Research Methodology

This section describes the research methodologies’ main elements and instruments used to gather
and analyze data.

3.1 Research General Background

In [36], authors analyzed whether particular features (medium) of Concept Maps affect the
assessment of student’s Systems Thinking. They found that the medium rarely influenced the
validity of Concept Maps for Systems Thinking. Furthermore, the authors suggest Concept Maps as
an appropriate assessment of Systems Thinking.
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However, for this research neither specific tool to build Concept Maps was requested nor specific
instructions to build them was given. Additionally, for this study an Adapted Holistic Scoring
Method (AHSM) was used together with a Master Map Methodology.

The original holistic methodology was adapted because of the type of raw material gathered.

There were two assessments. The first one was applied in January (Phase 1) and the second one in
February (Phase 2), both of them in 2020. The assessments consisted, basically, about identifying
how many Cost Estimation Drivers terms the students were able to use, and how many Scale Factors
and Effort Multipliers they were able to specify when they developed their Concept Maps,
additionally the level of Systems Thinking Competence #3 embedded into their Concept Maps was
tried to identify. The second assessment analyzed if students used specific cost estimation drivers.
System Thinking Competence #3 embedded into their Concept Maps was evaluated. Particularly,
we identified if students have reached a better level.

3.2 Research Problem

Solving complex problems is one of the main activities in some industries, where, in the future,
students could be hired. In this sense, identifying Systems Thinking Competencies owned by
students can be useful. With this identification, training activities to strengthen them could be
planned and managed. This research identified one Systems Thinking Competence owned by a
group of students (graduated and ungraduated) The Systems Thinking Competence identified was
STC #3.

3.3 Research Focus

This research was focused on identifying a STC owned by students, particularly we were focused
on how students change their ability to see relationships after they received theory about cost
estimation drivers and how they were able to represent it through a Concept Map. Applying the
Adapted Holistic Scoring Method together with the assessment rubric, Concept Maps were assessed.

3.4 Research Aim and Research Questions

Research questions guidelines this study:

RQ1: How does ability to see relationships (STC #3) change over time as a result of learning cost
modeling?

RQ2: How do students’ mental models of the factors that impact project costs change over time?

3.5 Participants

This research was applied to a sample of participants consisting of undergraduate and postgraduate
students. All of them were enrolled at different Systems and Industrial Engineering Department
careers. The first study was applied to 61 students and the second to 45 students. The survey wasn't
mandatory in order to avoid any kind of bias. The study was applied in the spring 2020.

3.6 Instrument and Procedures

The methodology included two phases. The first one (see Figure. 1) assess the degree of similarity
between Students’ CMs (SxCM) and the Master Concept Map (MCM). High levels of similarity
indicate SXCMs own a considerable quantity of Cost Estimation Drivers in their Concept Maps. In
order to do this assessment, the Adapted Holistic Scoring Method [30] was used (See Figure 1).
According to [30] in order to assess CMs similarity, these have to be constructed using the same set
of concepts. However, when SxCMs was requested for this research, and when MCMs were
developed, both of them used different sets of concepts because our students did not receive a
common set of concepts. Our students did not receive specific information about how to build CMs.
During the first assessment, students did not know Cost Estimation Drivers.
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Fig. 1. Adapted Holistic Scoring Method (AHSM)

These equations were used:
a) S, =MCMnNS,CM;
b) SxU = (Z?:i MCMtermi + Z?:l SxCMtermi) - le;

Syl .
0 SeSn =

d) Gy =S5,Sm *10;

e) EG = ExpertGrage;
f) FG,=(EG+Gy)/2.

3.7 Assessment Rubric

The assessment was done through a rubric (see Table 1). This rubric was used to evaluate each
SXCM, and level of System Thinking Competence #3 (STC#3) was identified. The elements of
STM#3 identified indicate whether students saw relationships between the cost estimation drivers
(direct costs) and the costs around the project (indirect costs). Regarding relationships, three levels
were defined: Low, Medium and High. A SxCMs got low level, if 0 or 1 related element with STC
#3 was identified, when O elements were identified, it means SXCMs only contains Cost Drivers
Estimation related with the cost estimation project itself (direct costs). A SXCMs got medium level,
if two related elements with STC #3 were identified. Finally, a SXCMs got high level, if three or
more related elements with STC #3 were identified.

Table 1. Rubric to assess SXCMs vs STC #3

SxCM Assessment STC #3 Identified Level
Low Medium High 1 2 3
Low. If1or | Medium. If High. If 3
0 external 2 external or more
elements elements external
were were elements
identified identified were
identified

The methodology to assess the STC #3 in each SXCMs is shown in figure 3. Figures 11 and 12

represent the outcomes.

Apply Rubric to S,CM

Analyzing results

Creating graphics

Fig. 2. Methodology to identify STC #3 into SXCMs
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3.8 Statistical Test

The Mann-Whitney U-test was used to compare SXCMs developed at the first phase vs SXCM
developed at the second phase

Two Mann-Whitney tests were applied, one of them to assess Cost Estimation Drivers. The second
test to assess STC#3’s level reached.

The first Mann-Whitney test was applied to Cost Estimation Drivers. The Null Hypothesis (Ho), and
the alternative hypothesis (H1) were defined:

Ho=NCED; >= NCEDy;

H1=NCED; < NCED:.

NCED: represents the number of Cost Estimation Drivers included by students in their CMs in the
first phase study, and NCED; represents the number of Cost Estimation Drivers included by students
in their CMs in the second phase study. A confidence level of 95%, and a significance level of 0.05
(oo = 0.05) were defined.

The size sample was 105, in the first phase study there were 60 students (one of them was eliminated)
and in the second phase there were 45 students. It means, 105 Concept Maps were analyzed.

The second Mann-Whitney test was applied to Systems Thinking Competence Level #3 reached by
students. The Null Hypothesis (Ho), and the alternative hypothesis (H1) were defined:

Ho=STCL1 <= STCL;

H1=STCL; > STCL..

STCL; represents the level of Systems Thinking Competence #3 reached by students in their CMs
in the first phase study, and STCL represents the level of Systems Thinking Competence #3 reached
by students in their CMs in the second phase study. A confidence level of 95%, and a significance
level of 0.05 (a = 0.05) were defined.

The size sample was 95. In the first phase study there were 54 students and in the second phase there
were 41 students. Some students were eliminated because they didn’t reach any level of STC#3.
Some parameters have to be computed, U and Z,,, according with the following equations:

n,(n, +1)
U1 = n1n1 % - Rl; (1)
n,(n, + 1)
U2 = n1n1 % - Rz; (2)
_nhny
~ u-m
Z, = ) 3)
i/nlnl (ny+n,+1)
12

4. Research Results

This section presents the outcomes regarding degree of similarity between Students’ CMs (SXCM)
and the Master CMs (MCM). Additionally, the results regarding the level of Systems Thinking
Competence (STC #3) reached are shown.

4.1 AHSM and Rubric Results

The first assessment (phase one), maximum and minimum scores reached for SXCMs (see Table 2)
were calculated. The SXCM’s results showed low grades but it was due to, at this point of time, the
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students had not received formal teaching about cost estimation drivers and they had a whole
freedom to develop their own Concept Maps.

As it can be seen in Table 2, due to low standard deviation, most of the students got around 4.2
points and an average of 4.15

Table 2. Phase one outcomes (First assessment)

MCMvsS1CMtoS61CM
Average Max. Min. Mean Standard
grade grade grade Deviation
4.15 6.42 2.69 4.18 0.98

Approximately one month later second assessment was applied, and the same task was requested.
There was an increase of almost two points, from 6.42 to 8.06 (See Table 3)). Additionally, more
specific cost estimation factors were used by students.

Table 3. Phase two outcomes (Second assessment)

MCMvsS1CMtoS45CM
Average Max. Min. Mean Standard
grade grade grade Deviation
4.49 8.06 3.21 441 0.88

Additionally, an analysis about Scale Drive Factors and Effort Multipliers was applied. 64.4 % of
students included, at least, one SDF on their SXCMs (See Figure 3).

Scale Factors

= Identify  No identify

Fig. 3. Scale drive factors

Moreover, EM were identified on SXCMs 73.3% of students included it on their SXCMs. It means
almost all students increased their knowledge about specific elements that influence a project cost.

STC # 3 Assessment
25
20
15
24
21

10 0

5

Low Medium High

Fig. 4. Level of STC #3 identified. First assessment phase

Furthermore, the assessment rubric (See Table 1) was applied in order to identify aspects about
Systems Thinking Competence #3 (STC#3). It was applied in the first and second assessment phase
(See Figures 4, and 5).
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STC # 3 Assessment

15
n
10
14
5 7

Lowr Medium High

Fig. 5. Level of STC #3 identified. Second assessment phase

Furthermore, the assessment rubric (See Table 1) was applied in order to identify aspects about
Systems Thinking Competence #3 (STC#3). It was applied in the first and second assessment phase
(See Figures 4, and 5).

The S19CMs (student 19 of 61, first assessment phase), is shown in order to identify what kind of
Student Concept Map was built (See Figure 6). This student got a final grade of 4.6 points in the
first assessment phase. 4.6 means a similarity of 46% with Master Concept Map, in other words, the
student 19 included 5 of 19 cost estimation drivers expected.

e3 ot It -

N

‘\AA‘S».'\/L(‘\L*; 5)

Fig. 6. SI9CM (First assessment phase)

The same student (Student 35 = student 19 in phase 1), but in the second assessment phase (Phase
2), got a final grade of 8.1. This grade, 8.1, means a similarity of 81% with Master Concept Map. In
other words, the student 35 included 13 of 20 cost estimation drivers. There was an improvement of
3.5 points.

4.2 Mann-Whitney Results

The first Mann-Whitney U-Test applied to Estimation Cost Drivers Included by students in their
Concept Maps at first and second study gives us the next results.

The Null Hypothesis (Ho), and the alternative hypothesis (Hi) were defined to the first Mann-
Whitney test, where significant Estimation Cost Drivers included at first phase regarding Estimation
Cost Drivers included at second phase study was computed.

Phase 1 and Phase 2 were related to NCED; and NCED;, respectively. The sample size for the first
phase and the second phase was n; =54, and n, =41. The median to Phase 1, and Phase 2 was 3 and
5 respectively (See Figure 7).
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5

Phase 1 Phase 2

Fig. 7. Medians Phase 1 and Phase 2

Additionally, Figure 8 shows frequency histogram of Estimation Cost Drivers included in students’
Concept Maps. This graph represents how many Cost Estimation Drivers were included in the
Students’ Concept Maps at the first phase, and at the second phase.

Estimation Cost Drivers Included

13

Z[LJ ﬂ[l[lﬂﬁ.l'

1

n o o R B @

CM Quantity

DOPhase 1 @Phase 2

Fig. 8. ECD included at CMs
The rank of Phase 1 and Phase 2 was calculated: Rank; = 2641, and Rand, = 2924.
After these calculations, the U parameter was calculated for both Groups: U; = 1889, and U, = 811
(See equation (1), (2)). Hence U = 811.
Z, was computed because our sample was larger than 20. After applying the equation (3), 3.49 was
the value obtained to Zy.
Since p-value>a (p-value=0.99, 0=0.05), the null hypothesis Hy=STCL; <= STCL, cannot be
rejected. The cost estimation drivers identified by students in Phase 1 are assumed to be less than or
equal to the cost estimation drivers identified by students in Phase 2. Additionally,
p(x<=Z=0.00095), it means that the chance of error rejecting Ho is too high:0.999 (99.9%). However,
when we estimate the common language effect size (U/(n, * n,) = 0.30, this is the probability
that a random cost estimation driver from Phase 1 is greater than a random cost estimation driver
from Phase 2. Finally, Ho cannot be rejected.
The second Mann-Whitney test was applied to Systems Thinking Competence Level #3 reached by
students. Phase 1 and Phase 2 were related with STCL; and the second with STCL,. The sample size
for the first phase and the second was n, =54, and (n, =41). The median to Phase 1, and Phase 2
was 2 and 3 respectively.
The U parameter was calculated for both phases. U; = 1321.5, and U, = 892.5. Hence U = 892.5
because the U, with fewer scores is selected, in this case U, was selected.
Z, was computed because our sample was larger than 20. After applying the equation, the value
obtained to Z, was 1.61.
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Since p-value>o (p-value=0.97, a=0.05), the null hypothesis Hy=STCL; <= STCL. cannot be
rejected. The Systems Thinking Competence #3 reached by students at phase 1 are assumed to be
less than or equal to the Systems Thinking Competence #3 reached by students at phase 2.

5. Discussion

Regarding RQ1. There was just one month between phase one and phase two, despite those, a
relevant and remarkable difference was detected. After students received a little training about cost
estimation drivers, they were able to develop Concept Maps where more cost estimation drivers
were included, and they were able to see more relationships, it means, they increased the level of
Systems Thinking Competence #3 embedded into their Concept Maps.

Regarding RQ2. It is necessary to provide training or teaching where students get information about
cost estimation drivers and this information can be internalized for each student in case they work
alone and socialized in case they work in a team. During this time, students received information
about what factors could impact project costs. The knowledge acquired allowed students to build
Concept Maps with more cost estimation drivers included. These outcomes shown it is important
include information about what Systems Thinking Competence is, and add information about the
specific topic or area to be tackled.

A Mann-Whitney U-test was applied to Cost Estimation Drivers included in Concept Maps
developed by students in both Phase 1 and Phase 2. The changes between these Phases is statistically
significant. The null hypothesis Hy=STCL; <= STCL; cannot be rejected

An additional Mann-Whitney U-test was applied to Level of Systems Thinking Competence#3
reached by students when they develop their Concept Maps, in both Phase 1 and Phase 2, as a result,
we can realize, the changes between Phase 1 and 2 were statistically significant. The null hypothesis
Ho=STCL; <= STCL; cannot be rejected.

Limitations and threats. This research was applied to a limited sample of participants, which
consisted of undergraduate and postgraduate students, where an optimal sample size wasn’t
calculated. Additionally, the sample is not heterogeneous, as a result, the outcomes cannot be
generalized to different areas of engineering. Hence, the outcomes must be taken with caution, and
the outcomes cannot be generalized.

6. Conclusions

This research has shed light on a specific Systems Thinking competence (STC #3). Particularly, it
collected evidence about STC #3 owned by undergraduate and postgraduate students. Even when
they did not know what a Systems Thinking Competence is.

Collecting this kind of information can be useful when Systems Thinking Competencies must be
taught. In other words, before a teacher or trainer will teach Systems Thinking Competencies, it is
recommended to apply an initial diagnostic test in order to identify the level of knowledge in each
competence, after that, the results can be used in order to design a strategy to teach Systems Thinking
Competencies. These actions could save training time, and reach desired objectives more quickly
and more efficiently.

Outcomes indicated engineering students own some cost estimation knowledge. This can be
understood because they own an engineer profile, and they are aware about aspects that have to be
taken into account when a project is developed and when a cost has to be estimated. For instance,
they identified aspects that imply time and money.

Outcomes obtained can be useful in order to design an educational strategy when the cost estimation
topic is taught.

Additionally, this research has shown that despite engineering students not writing specific cost
estimation’s names, they identified them, hence just teaching specific cost estimation names will be
required, and obviously, detailed theory about it.
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Mann-Whitney U Test was useful in order to show that changes between phase 1 and phase 2 were
statistically significant.
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