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The aim of this study was the creation of a procedure for determining the cognitive complexity of
stoichiometric tasks and its validation. The created procedure included an assessment of the difficulty of
concepts and skills, and an assessment of the concepts’ interactivity. There were 82 students who
participated in the study, with an educational profile of a pharmaceutical technician. As a research
instrument for assessing performance, test of knowledge was used. Each task in the test was followed by a
seven-point Likert scale for the evaluation of invested mental effort. The validity of this instrument for
the assessment of cognitive complexity was confirmed by a series of linear regression analysis where
extremely high values of correlation coefficients are obtained among the examined variables: student’s
performance and invested mental effort (dependent variables) and cognitive complexity (independent
variable).
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PA3BOJ HA IOCTAIIKA 3A ITPOINEHA HA KOTHUTUBHA CJIOXEHOCT
HA CTEXUOMETPUCKUTE 3AJAYN

Ilenta Ha OBa WCHHWTYBamkE € CO34aBambE€ HA IOCTAIllKa 32 OMNpeZeTyBamkbeé Ha KOTHHTHBHATA
CIIOKEHOCT Ha CTEXMOMETPHCKUTE 33/Ja4M M Hej3MHA Baiuganuja. PazpaboTeHara mocranka BKIydyBa
IIPOIIEHA Ha TE)KMHATA HAa KOHIENTHTE M BEIITHHHUTE W MPOLCHA Ha HHTEPAKTUBHOCT Ha KOHIENTUTe. Bo
UCTINTYBameTo Oea BKIydeHH 82 cTyIeHTH co oOpaszoBeH mpodwi dapmaneBTcku TexHmdap. Kako
HCTpaXyBauku MHCTPYMEHT 3a IpoleHa Ha nepdopmaHcute Oeme ynorpebeH Tect Ha 3Haewe. Cekoja
3aja4a BO TECTOT Oemre cieaeHa Ha ckamara Ha Likert ox ceaym Touku 3a eBanmyalja Ha BIOXKCHHOT
MEHTaJeH TpyA. BamumgHocTa Ha OBOj MHCTPYMEHT 3a MpOLEHAa HAa KOTHUTHBHATAa CJIOXEHOCT Oele
HOTBPJICHA CO CepHja aHAIU3H CO JMHeapHa pPerpecuja co Kou Oea J0OMEHH MHOTY BUCOKH BPEJHOCTH Ha
KOe(pHUIHUEHTOT Ha Kopenaiyja Mely HWCHUTYBaHWTE NPOMEHJIMBU: MepPOpPMAaHCUTE HAa CTYINCHTUTE U
BJIOXKCHHOT MEHTAJICH TPy (3aBHCHO ITPOMEHJIMBH) M KOTHUTHBHA CJIOXKEHOCT (HE3aBHCHO NMMPOMEHIINBA).

Kayunu 300poBu: MeHTaJIEeH TpyA; neppopMaHCH; peniaBamke Ha MPoOJIeMH; CTEXHOMETPHja

1. INTRODUCTION

There are several reasons why chemistry is
considered a difficult subject to teach and learn.
Namely, chemistry is an abstract science, and
chemical concepts are unintuitive by nature. Fur-
thermore, materials are often presented in the form
of lectures with many students not understanding

the meaning of the words used during lectures,
because chemists readily use a specific language
that can be a barrier to the understanding of chemi-
cal concepts [1].

Certain chemical concepts, which are studied
at the secondary school level, constitute the basis for
the establishment of correct correlations with other
subjects (mathematics, biology, and physics); one of
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these chemical areas is stoichiometry. It is one of the
basic and core areas of chemistry, which requires
students' problem solving skills. However, students
consider this area difficult, abstract and unattractive
[2], because solving stoichiometric problems and
mastering stoichiometric concepts requires skills,
such as writing and balancing chemical equations,
and the quantitative chemical calculations of mass,
volume, quantity, number of particles and others [3].
In addition, the complexity of calculations, requiring
mathematical skills and the transformation of text
into procedural steps, contributes to the unpopularity
of stoichiometry as well [4].

Students have a negative attitude towards
and fear of stoichiometry [5]; its study is followed
by the formation of a number of misconceptions in
this area. Namely, Dahsan and Coll [6] identified
the students’ misconceptions which are closely
related to stoichiometry and found that students
had a problem with understanding scientific con-
cepts since they do not differ between macroscopic
and submicroscopic levels of knowledge represen-
tation. It was found that students are under the
delusion that one molecule is equal to one mole, or
that, under standard conditions, one mole of the
substance occupies the same volume, regardless of
the physical state of the substance. The same
authors suggested that students have had dif-
ficulties with the concepts of relative atomic and
molecular mass in stoichiometric problems be-
cause they consider relative atomic and molecular
mass to represent the mass of an atom and a
molecule, respectively. They also identified stu-
dents' problems regarding the concept of a mole,
which is essential for almost all calculations in
stoichiometry, the concentration of a solution,
chemical equations and quantitative relationships
in chemical reactions. Many years before, Duncan
and Johnstone [7] reported their findings that
difficult topics were Avogadro's number of parti-
cles, volumetric calculations involving molarities
and stoichiometric calculations when proportions
were not 1:1. Astudillo and Niaz [8] reported that
students achieved better results when given and
requested substances were expressed in moles than
when they were expressed in units of mass. Finley
et al. [9] have identified the concept of mole, oxi-
dation-reduction reactions and stoichiometric cal-
culations as the most difficult concepts in chem-
istry. The same authors reported that the concept of
solution, which is frequently present in stoichio-
metric tasks, is at the top of the list in difficulty.
Ngu and Yeung [10] noted that students’ errors in
problems with solutions were a combination of a
lack of proper understanding of both mathematical

and chemical concepts. For students, the concept
of concentration is very similar to the concept of
density. They consider that mass concentration is a
mass per unit volume, without properly under-
standing what the mass is related to: the mass of
solute or the mass of solution [11]. In addition,
students have problems with converting units, as
well as with algebraic transformation skills. Hence,
all of the above research show that students expe-
rience difficulties related to stoichiometry, which
undoubtedly affect the tasks’ performance [12].

Previous research in the field of stoichi-
ometry revealed that there is a significant relation-
ship between students' performance realized on
stoichiometric tasks and their working memory
capacity, which is indicated by a moderately high
correlation coefficient of 0.52 obtained in Karup-
piah's study [13]. This research has found that the
increase in students' performance requires a re-
duction of working memory load, which can be
achieved by implementing effective methods and
strategies of problem solving. That could be
achieved by organizing incoming information into
schemes in the long-term memory. This includes
strategies of information "chunking” that will help
students to keep resources free for information
processing, that is, to maintain the total load of
working memory within the limits of its capacity.
Limited capacity of working memory has been
well known in the literature, ever since Miller [14]
summarized the observations that people can hold
a maximum of 7 £ 2 pieces of information in their
working memory. This result was also confirmed
in chemistry. Johnstone [15] first found a strong
negative correlation (r = —0.80) between perfor-
mance and the amount of information needed to
solve the task. After that, Johnstone and El-Banna
[16] obtained similar results by observing the
dependence of performance on the number of steps
needed to solve the task. Later studies have also
shown that working memory capacity is an
important factor which reflects not only perfor-
mance, but also a greater understanding and used
reasoning strategies in chemistry problem solving
[17]. The basic assumption that the working
memory has limited capacity and that its overload
inhibits learning, was the basis for setting up the
Theory of cognitive load [18].

Cognitive load is a multidimensional concept,
which consists of three measurable components:
mental load, mental effort [19] and performance
[20]. Mental load is related to teaching parameters,
mental effort to the available capacity of working
memory that is assigned to the task requirements,
while the performances are students' achievements.
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Since the manipulations in mental load will only
have an influence on the effect of the teaching
process if the student is motivated to invest mental
effort in problem solving, it is considered that the
mental effort is actually the indicator of the real
cognitive load [19].

Another indicator of cognitive load, quite
often mentioned in the literature, is cognitive com-
plexity. Bieri [21] was the first to introduce the
concept of cognitive complexity which reflects a
high degree of differentiation of construct systems
among individuals. In his work, Campbell [22]
stated how the complexity could be conceptualized
— it is associated with the task's characteristics that
increase information load, as well as with the in-
formation diversity in the task. According to
Burleson and Caplan [23] (cited in [24]) cognitive
complexity is associated with the content
properties, and the basic structure of the cognitive
system. Nadolski et al. [25] divided the task com-
plexity construct into two components that can be
regarded as objective (the result of the task cha-
racteristics) and subjective complexity (determined
by both task and task solver characteristics).
Maynard and Hakel [26] found excellent reliability
(0.904) between objective and subjective complex-
ity, which means that a higher level of objective
complexity results in higher level of subjective
complexity. Lee and Heyworth [27] presented the
cognitive difficulty of a problem as complexity,
and concluded that the students' perceptions of
complexity roughly correspond to the cognitive
difficulty of the problem. Robinson [28] performed
a study which showed that cognitive complexity
had a significant impact on students’ perception of
task difficulty. With increasing complexity, stress
increases, while motivation and interest stay un-
changed. In his research, Johnstone [29] noted that
with increasing complexity, which is calculated as
the sum of "chunks" of the information given in the
task, the percentage of correct answers decreases.

A valid and reliable instrument for assessing
the cognitive complexity of chemistry tasks was
developed by Knaus et al. [30]. This instrument
provides the quantification of cognitive demands
of chemistry tasks.

Determination of the cognitive complexity
of a task using this instrument is a four-step
process: Counting the number of concepts or skills
in tasks, assignment of rating (easy, medium or
difficult), usage of a rubric for the determination of
numerical cognitive complexity rating, and an esti-
mation of interactivity. Following this procedure, a
numerical value of the objective complexity is
obtained. Knaus et al. [30] proposed this method
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for ACS general chemistry practice exams, and
later modified this instrument and used it on
organic chemistry items [31].

A created rubric presents a good method for
calculating the complexity of tasks as it decreases
the subjectivity of experts in calculating the nu-
merical values of cognitive complexity. However, it
is not simple to develop a universal rubric. There-
fore, it is necessary to develop rubrics for certain
areas of chemistry and levels of education. In ad-
dition, it is necessary to further develop rubrics with
a detailed analysis of the basic concepts and to
introduce additional concepts, specific for the topic.

Stoichiometry is a unique topic of chemistry,
which is present in almost all chemistry subjects. It
contains many specific types of problems, indi-
cating the need for the development of procedures
that will take into account additional concepts.

2. EXPERIMENTAL SECTION
2.1. Aim of the research

The aim of this study was to create a
procedure for determining the cognitive complex-
ity of stoichiometric tasks, and to validate this
procedure.

The specific research objectives for deter-
mining cognitive complexity are:

e The construction of a table for assessing
the difficulty of concepts needed for the assessment
of cognitive complexity of stoichiometric tasks;

e The construction of a table for assessing
interactivity;

e Combining a constructed table for assessing
the difficulty of concepts with a cognitive com-
plexity rating rubric proposed by Knaus et al. [30];

e The assessment of concept interactivity in
tasks;

¢ Determination of the cognitive complexity
of the analyzed tasks.

The specific research objectives for valida-
tion of the procedure are:

e Correlation of students' performances with
cognitive complexity;

e Correlation of students' evaluation of
invested mental effort and cognitive complexity;

e Correlation of students' performances and
students' evaluation of invested mental effort.

2.2. Participants

There were 82 participants in the study (three
classes, Secondary medical school "Dr Andra Jova-
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novi¢" from Sabac, Serbia) from the educational
profile of pharmaceutical technicians. The students
were 15-18 years old, and the research was
conducted in 2011. The testing was anonymous.
Pupils entered self-selected passwords and their
average chemistry grade during school. The
average class grade was 3.61 (SD = 0.36) in the
five-point grading system. The chemistry
curriculum in this educational profile was realized
through the following subjects: Chemistry (3 hours
per week during the first and second grade),
Analytical chemistry (4 hours per week during the
second grade), Medical biochemistry (4 hours per
week during the third grade), Pharmaceutical
chemistry (3 hours per week during the third and
fourth grade) and Sanitary chemistry (2 hours per
week during the fourth grade). It is worth
mentioning that all students completed the stoi-
chiometry course within their chemistry lessons.

2.3. Description of the instruments

Instrument for assessing performance. As
a research instrument, this study included a
specifically designed test of knowledge. The time
for test solving was limited to three school classes
(one class is 45 minutes long). The test contained
20 tasks. Each correctly solved task was scored
with one point, so that the maximum possible score
in the test was 20 points. The concepts, which were
necessary for solving the test tasks, had been
acquired in the first grade. These concepts are:

o chemical equation,

e stoichiometric calculation, and

o mixture.

The quality of the test was estimated by
considering pre-test and post-test assurance
parameters according to the model described in
Segedinac et al. [32]. Pre-test assurance parameters
were estimated by evaluation of the chemistry
education experts: one university professor, two
teaching assistants, and one high school chemistry
teacher. The experts evaluated the test validity,
variety of the test tasks, clarity and meaningfulness
of the tasks requirements and length of sentences.
In addition, they assessed whether the test was
constructed in accordance with the curriculum
regulations of selected chemistry courses and
recommended textbooks. Post-test assurance pa-
rameters will be presented in the results section.

Instrument for assessing invested mental
effort. Apart from performance, invested mental
effort for each student and each test task was also
assessed. Invested mental effort was measured by
applying a subjective technique with the use of the
Likert rating scale. This technique is based on the

assumption that respondents are able to perceive
their own cognitive processes and to assess the
amount of invested mental effort. Subjective rating
scales for measuring mental effort developed by
Paas [19] are simple to use and have proven to be
extremely reliable, with a reliability coefficient of
0.90. In addition, Paas and Van Merriénboer [33]
have found that subjective assessment of the
amount of invested mental effort using Likert
scales is sensitive to differences in task character-
istics, that are expected to have an influence on
mental effort (reliability coefficient was 0.82). For
the mental effort measurement, a great advantage
of using the Likert scale is that it requires very
little time to administer, and does not interfere with
the process of problem solving [34]. According to
Kalyuga [35], the most precise rating scales are
those with 7 or 9 degrees. Although Knaus et al.
[30], on whose results this study relies, used a five-
point scale, we decided to use a seven-point scale,
which proved to be a successful instrument in the
assessment of mental effort [36-40]. After each
solved or unsolved task, students were asked to
evaluate invested mental effort by selecting the
appropriate descriptive mark "extremely easy",
"very easy", "easy", "neither easy nor difficult",
"difficult”, "very difficult" and "extremely difficult".
During the statistical analysis of the results,
descriptors were numerically coded as follows:
"extremely easy" — numerical value 1 to "extreme-
ly difficult” — numerical value 7.

The obtained results were analyzed using
StatGraphics Centurion XVI and IBM SPSS
Statistics 22 software programs.

Table for assessing the difficulty of concepts
or skills. Knaus et al. developed a cognitive com-
plexity rating rubric (see Knaus et al. [30], p. 555),
which has proven to be very reliable. This rubric is
based on the addition of the concepts' difficulty or
skills needed to solve the task by considering their
mutual interactions in order to obtain numerical
values of cognitive complexity rating. However, in
the case of stoichiometry, this estimation could be
difficult. To ensure objectivity when assessing the
difficulty of concepts, the authors of this paper
have developed Table for the assessment of
difficulty of concepts or skills needed to solve
stoichiometric problems (Table 1) in which chem-
ical equations, stoichiometric calculations and mix-
tures are represented. All of these concepts were
further structured according to Table 1. In this
table, the most common stoichiometry concepts are
presented. At the beginning, each concept was
estimated by its difficulty as easy, medium or
difficult, which was followed by the determination
of cognitive complexity of the problem by sum-
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ming up the difficulty of these concepts using the
rubric developed by Knaus et al. [30].

All stoichiometric tasks include the concept
of the equation of chemical reaction. There were
three possible types of chemical equation concept
included in the task:

1. Tasks containing a chemical non-oxi-
dation-reduction reaction equation without co-
efficients (easy).

2. Tasks containing a chemical oxidation-
reduction reaction equation without coefficients
(medium).

3. A student needing to write oxidation-
reduction reaction equations and determine the
coefficients (difficult).

The following concept included in stoichi-
ometric tasks was the concept of stoichiometric
calculations. Namely, given and required substances
can be expressed in the same physical quantity —
(easy), in the physical quantity amount (mole): X
(medium), and finally in a different physical quantity
except for amount (difficult). Another very common
concept present in stoichiometric tasks is concept of
mixture. If this concept is present, the following two
cases are considered. When the given or required
substance is mixture and expressed through quan-
titative composition (for example mass fraction), the
concept is considered easy. On the other hand, the
concept is considered difficult when both given and

Table 1

required substances are mixtures and are expressed
as different quantitative physical quantities (given
substance is expressed through mass concentration
and required substance is expressed through mass
fraction).

Stoichiometry is conceptually complex —
besides these basic concepts of chemistry (Table
1), it may also include concepts of physics, biology
and other natural sciences. These concepts could
be found in addition to stoichiometric calculations,
such as for instance Archimedes' principle, re-
activity series of metals, calculations based on
molecular formulas, etc. However, stoichiometric
tasks do not need to include these additional
concepts, as they are not essential. Their presence
in the task results in increased interactivity.

Table for assessing interactivity. Upon
evaluation of difficulty rates for various concepts
using Table 1, overall cognitive complexity is
determined by adding values estimated for inter-
activity. Interactivity could get a value of 0, 1, or 2
(Table 2). If there are up to two concepts,
interactivity is considered nonsignificant and has
the value Q. If there are three concepts within the
task, interactivity is basic and has the value of 1.
Finally, if a stoichiometric task contains more than
three concepts, interactivity is considered complex
and has a value of 2.

Table for assessing difficulty of concepts or skills in stoichiometry problems

CHEMICAL EQUATION CONCEPT

Determination of the coefficients in non-oxidation-reduction reaction equations Easy
Determination of the coefficients in the given oxidation-reduction reaction equations Medium
Writing oxidation-reduction reaction equations and determination of the coefficients Difficult
STOICHIOMETRIC CALCULATIONS

Given and required substances are the same physical quantities (mass:mass, amount:amount, Eas
volume:volume) y
Given and required substances are expressed as the following physical quantities, amount:x (x = volume, Medium
mass, number of particles)

Given and required substances are expresses as different physical quantities excluding amount Difficult
(mass:volume, mass:number of particles)

MIXTURE CONCEPT

Given or required substance is mixture and expressed through quantitative composition (mass fraction, Eas
concentration and mass concentration) y
Given and required substances are mixtures and expressed as various physical quantities (mass fraction Difficult

and mass concentration)

Maced. J. Chem. Chem. Eng. 35 (2), 275-284 (2016)
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Table 2

Table for assessing interactivity
in stoichiometric tasks

Interactivity

Description

value
Task contains up to two concepts 0
Task contains three concepts 1
Task contains more than three concepts 2

3. RESULTS AND DISCUSSION

This procedure provides a method for easier
assessment complexity of stoichiometric tasks. The
principle of using this procedure is a very simple
and objective. We are going to explain the proce-
dure of calculating the cognitive complexity of one
simple and one more complex task.

As an example of simple task, we suggested
task number 9:

Calculate the volume of carbon monoxide
(STP), which is produced from the oxidation of 3.6
g of carbon by the following chemical equation:

2C + 02— 2CO.

In the first step, it is necessary to calculate the
number of concepts and their difficulty according to
Table 1. This task contains one concept — the concept
of stoichiometric calculation. In this task, given and
required substances are expressed as different
physical quantities (mass : volume). In accordance
with Table 1, this concept is difficult.

According to the rubric from Knaus et al.
[30], the cognitive complexity of the task, which
contains one difficult concept, has a rating value of
4. Since this task contains only one concept,
according to Table 2, interactivity is nonsignificant
and has a value of 0.

Hence, the overall cognitive complexity of
thistask is4 + 0 = 4.

As an example of a complex task, we
suggested task number 20:

A sample of aluminum and copper alloy has
a density of 1.13 g cm™. Inserting the sample into
the beaker with distilled water, the level of water
increases by 9.70 cm®. Dissolving the sample in
hydrochloric acid releases 6.72 dm® of hydrogen
measured under STP. Calculate the percentage of
aluminum in the alloy. The reactivity series of
metals table is given below.

Using the Table 1 it is determined that this
task contains three basic concepts:

1. Concept of chemical equation which is
difficult (students need to write and balance oxido-
reduction equation);

2. Concept of stoichiometric calculations
which is difficult (given and required substances are
given in the relation mass : volume);

3. Concept of mixture which is easy
(required substance should be expressed as mass
fraction).

According to the rubric from Knaus et al.
[30], the cognitive complexity of the task which
contains 2 difficult and 1 easy concepts has a
rating value of 6.

Besides these three basic concepts, this task
contains two additional concepts: Archimedes'
principle and reactivity series. Since the number of
concepts in the task is 5, the interactivity is
complex and has a value of 2. Therefore, the
overall complexity of this task is 8.

In the same manner, the values of cognitive
complexity have been calculated for all tasks, the
results of which are summarized in Table 3.

Table 3

Cognitive complexity ratings
of stoichiometric tasks

Cognitive complexity rating Task number
1 1,7,14
2,15
4,16
3,8,9,10,18
11,17
12,19
5,13
6, 20

0 N o o B~ W DN

K, Na, Ca, Mg, Al, Zn, Cr, Fe, Cd, Co, Ni, Sn,
Pb, H, Cu, Hg, Ag, Pd, Pt, Au

3.1. Procedure validation

The created test, which was used in this
study, showed satisfactory metric properties. The
reliabilities for performance and mental effort
expressed by Cronbach o coefficients were calcu-
lated as a measure of internal consistency. The
value of 0.83 for performance and 0.92 for mental
effort indicated an excellent reliability of the
applied test. The calculated indices of item
difficulty are in the range from 2.44% to 93.90%.
The average value is 53.66%, and the test was
characterized as moderately difficult. Five tasks
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have an index difficulty less than 30%, which makes
them difficult, while eight tasks have an index of
difficulty greater than 70%, which make them easy
tasks to solve. Discrimination indices are in the
range from 0.09 to 0.86. The average value is 0.49
and presents an excellent discrimination index.
Fifteen tasks have an excellent discrimination index
greater than 0.40, while only two have a poor dis-
crimination index (between 0.00 and 0.19), so it
should be revised for further use [41]. The applied
test was characterized by basic statistical param-
eters, which are shown in Table 4.

Table 4

Descriptive statistics for the students' performance
and mental effort

Students' Students' ratings
Parameter performance! of mental effort?

(N =82) (N =82)
Average 10.73 3.87
Standard deviation 4.06 0.67
Minimum 0.00 1.70
Maximum 20.00 5.55
Range 20.00 3.85

IStudents' performances could be ranged from 0 to 20
2Possible ratings for invested mental effort could be ranged
from 1 to 7: extremely easy (1) to extremely difficult (7)

The average value of students' performances
on the constructed test was 10.73, with the stand-
ard deviation of 4.06. The average value of
students' mental effort on the test was 3.87 with a
standard deviation of 0.67.

The validity of the Procedure created for this
study was confirmed by a statistically significant
correlation between students' performances and
cognitive complexity, as well as between students'
evaluation of invested mental effort and cognitive
complexity. Therefore, the first linear regression
analysis was done by observing the dependence of
students' performances, as the dependent variable,
and cognitive complexity, as an independent var-
iable. The results of this analysis are presented
graphically in Figure 1 and in Table 5.

The coefficients obtained by regression
analysis (r =—-0.88; p = 0.00) indicate a very strong
correlation between the students' performances and
cognitive complexity. The negative value of the
correlation coefficient indicates that an increase in
complexity causes a decrease in performance. It is
important to mention that in correlation analysis,
students' performances were calculated as an
average value of the performances of all students
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for the tasks. Values of the task cognitive com-
plexity on the constructed test were in the range
from 1 to 8. Since the test has twenty tasks, there
were tasks with the same value of cognitive
complexity. In tasks with the value of cognitive
complexity 1, the values of performance are very
high (0.84, 0.91 and 0.84). On the other hand, there
were two tasks (No. 20 and No. 6) with the value 8
for cognitive complexity, and the average perfor-
mance was only 0.02 for task No. 20, and 0.06 for
task No. 6.

08 - ]

068" 7 = o .

Performance

04" . T~ E

02 T~

0 2 4 6 8
Cognitive complexity

Fig. 1. Correlation of students' performances
with cognitive complexity

Table 5

Statistical parameters of the regression analysis
of students' performances and cognitive complexity

Parameter Value
The correlation coefficient -0.88
R-square 77.81%
P-value 0.00

Performance = 1.01 - 0.11

Equation .. ;
q x Cognitive complexity

In the second part of the regression analysis,
the dependence of the students' mental effort from
cognitive complexity of the task was observed.
Results of the regression analysis are presented
graphically in Figure 2 and tabulated in Table 6.

The resulting correlation coefficient (r =
0.92; p = 0.00) indicates a very strong correlation
between the dependent variable, mental effort, and
the independent variable, cognitive complexity.
The positive value of this coefficient shows that
with increased cognitive complexity, students have
to use more resources of their working memory,
and thus have to invest more mental effort to solve
the task. This is consistent with the findings of
Pollock et al. [38] and Sweller and Chandler [42],
who concluded that with increasing complexity of the
tasks, information processing in working memory
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becomes less efficient due to the imposition of
greater demands, resulting in higher mental effort
ratings.

65

45

Mental effort

35 —

25

Cognitive complexity

Fig. 2. Correlation of students' evaluation of invested mental
effort and cognitive complexity

Table 6

Statistical parameters of the regression analysis
of student evaluation of invested mental effort
and cognitive complexity

Parameter Value
The correlation coefficient 0.92
R-square 84.59%
P-value 0.00

Mental effort =2.12 + 0.41

Equation x Cognitive complexity

After we confirmed the validity of the
procedure, and obtained empirical evidence of the
linear dependence between the mean values of
performance, and mental effort as a dependent
variable and cognitive complexity as an inde-
pendent variable, the third part of the linear re-
gression included consideration of the relationship
between students' performances and students'
assessments of invested mental effort. The results
are shown graphically in Figure 3 and summarized
in Table 7.

Performance
° ° =
- [-.] [
T
|

]
N
T
1

2 3 4 5 6
Mental effort

Fig. 3. Correlation of students' performances and students'
evaluation of invested mental effort

Table 7

Statistical parameters of the regression analysis
of students’ performances and students' evaluation
of invested mental effort

Parameter Value
The correlation coefficient -0.95
R-square 91.25%
P-value 0.00
. Performance = 1.59 — 0.27
Equation

x Mental effort

This dependence is described with a very
strong correlation (r = —0.95; p = 0.00) and high R-
square value. The existence of a significant corre-
lation between performance and mental effort has
already been confirmed in earlier studies by Knaus
et al. [43], Knaus et al. [30], Murphy [44] and
Raker et al. [31]. The significance of this created
procedure is reflected by exactly defining cognitive
complexity of stoichiometric tasks. This procedure
could help teachers to facilitate dimensioning of
complexity of the stoichiometric problems during
tasks construction. First, it is necessary that teach-
ers know all of the concepts that may be present in
stoichiometric problems, as well as the relations
among them. By using the procedure, the teacher
can gradually make stoichiometry problems more
complex, thus providing development of problem-
solving skills. The design of the tasks of various
levels of complexity is a way to better assess
learning results.

4. CONCLUSION, LIMITATIONS AND
IMPLICATIONS FOR FURTHER RESEARCH

In this study, a procedure for assessing the
cognitive complexity of stoichiometric problems
has been developed. This procedure can be further
implemented in the classroom. It allows teachers to
create tasks of optimal complexity, starting from
an equation of a chemical reaction, over the
number of various basic stoichiometric calcula-
tions, until computation with the impure sub-
stances or solutions. The largest contribution of the
created procedure is that it is designed to show an
objective value of cognitive complexity in the
domain of stoichiometry. This study can act as a
potential method for constructing and evaluating
future procedures for the assessment of a tasks
cognitive complexity in other chemistry courses
and topics. Dimensioning complexity can better
predict student's success. It can enable teachers to
take into account the numerical values of cognitive
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complexity of the tasks to avoid cognitive overload
of the students' working memory.

The limitation of this study could be found in
the sample of respondents. Namely, the tested
students attended only one school and had a single
educational profile. Table 1 could therefore not
predict all of the additional concepts that may occur.
Therefore, in further research, additional concepts
should be specified in more detail. A wide range of
complex problems can be created in chemistry,
which requires skills and concepts needed to solve
them, and following that, procedures need to be
created to assess their difficulty.
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