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Abstract To be able to support students’ competence development in solving physics problems over 
the course of a lesson series effectively, teachers need a proper appreciation of students’ deficiencies. 
As teachers commonly assess students’ competence by means of written tests, teachers are challenged 
to interpret students’ work on these tests and to intervene when some students fail to understand the 
proper application of solution methods in different contexts. This paper evaluates a formative assessment 
practice where teachers have been instructed to pinpoint students’ level of understanding of kinematics 
problems by means of a cognitive diagnostic instrument and to provide personalized hints that match 
students’ current level of understanding. The study is novel in this sense that the assessment of writ-
ten tests results of students’ problem solving is not expressed in grades and pass rates, but in terms of 
cognitive level of understanding. The results show that teachers can determine and monitor shifts of 
performance of students’ cognitive level of understanding by using this instrument. Second, the results 
indicate that among students with low initial results, the group that received sufficient feedback via 
sticky notes made significantly more progress in solving problems than the group that did not receive 
feed forward on sticky notes. Third, the timing of feedback in the form of sticky notes did not affect on 
students’ progress in achieving mastery at the end of the instruction period. Our conclusion of this study 
is: Cognition develops through levels and tiers and support is essential to move to the Zone of Proximal 
Development. Subsequently, we evaluate group and subgroup implications for didactic interventions 
and propose suggestions for further investigations.

Résumé Pour pouvoir soutenir efficacement le développement des compétences des élèves en résolu-
tion de problèmes de physique sur un ensemble de leçons, les enseignants ont besoin d’une appréciation 
juste des lacunes des élèves. Comme les enseignants évaluent généralement les compétences des élèves 
au moyen de tests écrits, il devient difficile pour eux d’évaluer le travail des élèves lors de ces tests et 
d’intervenir quand certains de ces élèves ne parviennent pas à comprendre comment bien appliquer 
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des méthodes de résolution dans différents contextes. Dans cet article, nous examinons une pratique 
d’évaluation formative dans le cadre de laquelle les enseignants ont reçu comme directive de déterminer 
le niveau de compréhension des élèves à l’égard des problèmes de cinématique à l’aide d’un instru-
ment de diagnostic cognitif et de fournir des indications personnalisées qui correspondent au niveau 
de compréhension actuelle des élèves. Les résultats indiquent qu’en utilisant cet instrument, les ensei-
gnants sont en mesure de constater et de suivre les écarts de performance en ce qui a trait au niveau de 
compréhension cognitive des élèves. Deuxièmement, on constate que, parmi les élèves qui ont obtenu 
de faibles résultats initiaux, le groupe qui a reçu une rétroaction appropriée par le biais de papillons 
adhésifs a beaucoup plus progressé dans la résolution de problèmes que le groupe qui n’a pas bénéficié 
de rétroaction par papillon adhésif. Troisièmement, le moment choisi pour la rétroaction sous forme de 
papillon adhésif n’a pas eu d’incidence sur la progression vers l’atteinte de la maîtrise des élèves à la fin 
de la période d’enseignement. De plus, on aborde ensuite les implications didactiques en ce qui a trait 
aux écarts de performance des niveaux de compréhension cognitive des élèves, les tactiques à adopter 
pour fournir des conseils d’orientation et les limites entourant cette étude.

Keywords Secondary science education · Formative assessment · Problem solving · Cognition · 
Diagnostic assessment · Mastery-oriented instruction

Introduction

To solve physics problems is a demanding challenge for science students, because it requires integration 
of knowledge about specific concepts and solution methods. Students therefore regularly need feedback 
to master problem solving in different physics topics. However, the common approach of teachers to 
provide students feedback by means of grades on summative tests often fails to promote students’ reflec-
tion on their solution methods (Khan et al., 2020). Without receiving hints on incorrect parts of their 
solution methods, students may lose faith in being able to master solving science problems and turn 
away from mathematics, STEM-related subjects, or careers in technical occupations (Gottfried et al., 
2013; Taconis & Kessels, 2009; Mangels et al., 2012; Li & Schoenfeld, 2019). There is therefore an 
urgent need to investigate how teaching practice in physics can be improved to inform science teach-
ers by effective formative assessment methods to support students in their learning progress, with the 
focus on basic cognitive processes (Chi et al., 1981; McDermott & Larkin, 1978; Mayer & Wittrock, 
2009; Pressley et al., 1996). In this paper, we evaluate a formative assessment practice that addresses 
the close alignments of hints with respect to the integration of concepts and solution methods of that 
part of students’ solutions method that indicates lack of understanding.

Formative Assessment Cycle

Essential in any instruction period are three components of the formative assessment cycle: (1) setting 
the desired learning goals, (2) assessing students’ level of mastery of these goals, and (3) feedback 
and feed forward with adequate support to achieve the set learning goals (Black & William 2009; 
Ramaprasad, 1983; Taras, 2010). Each of the elements of the formative assessment cycle is intercon-
nected and forms a sequentially influencing active part of the cyclical triangle, as described by Van den 
Berg et al. (2018). Vardi (2013) has described the “dialogue feedback cycle” of Beaumont et al. (2011), 
and links the subsequent actions of teachers’ written comments to “allowing” students to move to the 
next stage of learning—in accordance with the “Zone of Proximal Development” of Vygotsky (1986; 
Kozulin, 2012, p. xxi). The Zone of Proximal Development refers to a range of abilities a student can 
already perform under guidance of an instructor, but not yet on his own.
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These theories view the mastery of skills as a context-dependent process consisting of a sequence in 
restructuring students’ conceptions of ways to complete sets of tasks. The development of a skill requires 
students to understand connections between these conceptions to allow for integration of these insights 
in students’ metacognition concerning the execution of the skill.

Setting the Desired Goals

This study is situated around the instruction of the goal/subject kinematics. To set the learning goals is 
then to clarify concepts of, for instance (instantaneous) speed, acceleration in combination with graphical 
representations and calculations with adequate units. Once the instructions have been given, students 
have to reach (actively) the desired goals in these lesson series with interaction of teachers and peers.

Assessment: The Need to Distinguish Student’s Actual Level of Understanding

During the course of teaching with respect to setting the desired goals, teachers have to decide (Moon, 
2005), at the start of physics and/or mathematics support (Anderson, 2007), what additional informa-
tion students need in order to continue to master problem solving, for teachers assessing students’ level 
of mastery of learning goals and providing appropriate feedback to students is not as easy as it seems 
(Alonzo, 2018; Amels-de Groot, 2021; Gotwals et al., 2015; Heritage et al., 2009; Khan et al., 2020; 
Schneider & Gowan, 2013; Tolboom, 2012; Van der Steen et al., 2019). To determine deficient parts of 
students’ solution methods and being able to align feedback and further instructional support to support 
students’ understanding of solution methods can be a huge challenge. A possible method to accurately 
determine students’ current deficiencies in problem solving is described by the skill theory (Fischer, 
2008; Fischer & Bidell, 2006) and dynamic systems theory (Van Geert & Fischer, 2009). These theories 
describe and suggest that support that aligns closely with students’ current level of skill mastery provides 
a solid basis for contemplation of next steps for skill improvement.

In an earlier stage, we have developed a diagnostic instrument (Pals et al., 2023), based on principles 
laid out by Fischer (1980, 2008; De Bordes, 2013), and adapted this instrument for physics education. 
This instrument focuses on two kinds of levels of understanding in particular. First, the cognitive func-
tional level of understanding students have reached (Fischer, 1980; Schwartz & Fischer, 2005; Pals et al., 
2023). This means: Students can complete a task (or a part) without additional teacher assistance. Second, 
if students complete all (or a part) of a task with additional teacher (or peer) assistance, they reach the 
cognitive optimal level of understanding, the so-called Zone of Proximal Development (Fischer, 1980; 
Schwartz & Fischer, 2005; Vygotsky, 1978, p. 85).

The instrument was developed to allow teachers to determine students’ functional level of understand-
ing in mastery of problem solving in a specific physics area and to use this knowledge for providing 
students to reach the cognitively optimal level of understanding by personalized hints, with respect to 
the formative assessment cycle. The change between the functional and optimal level of understanding 
can give teachers insight how students develop over the series of lessons and can encourage students to 
overcome challenges and stumbling blocks (Galbraith & Stillman, 2006).

Pinpointing Students’ Level of Understanding with the Instrument

To develop a solid integrated knowledge base, it is important that students link between accurate self-
generated representations (such as reading and drawing, memories, and calculations). Monitoring 
changes of students’ cognitive levels of understanding how to solve science problems, teachers need to 
evaluate systematically students’ understanding of three basic sequential cognitive activities for correct 
physics problem solving (Table 1): sensorimotor level of understanding (a graphical representation of 
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the problem), representational level of understanding (applying right formulas), and abstract level of 
understanding (applying correct formulas).

After a first crude assessment of student’s ability to deploy these three activities correctly, teachers 
can then refine the diagnosis by indicating the highest (i.e., functional) cognitive level of understanding 
in the eleven levels of understanding as starting point for responding (Table 2).

The Provision of Personalized Hints

The application of the diagnostic instrument provides teachers a possibility to pinpoint systematically 
students’ functional level of understanding and deficiencies in level of understanding. In the current 
study, the pinpointing of the functional level of understanding is followed by the provision of personal-
ized hints (reaching the optimal level of understanding), by means of written feedback on sticky notes, 
to improve students’ mastery of reaching the desired goals and self-regulation in problem-solving skills 
(Bao & Koening, 2019; Tolboom, 2012; Scholtz, 2007; Shute, 2008; Vardi, 2013). The personalized 
hints are teachers’ feedback/feed forward given on sticky notes on what went wrong and how to proceed, 
and tailored to match each students’ level of understanding. Learning with understanding is essential 
to empower students to solve problems they face in the future. According to Mayer (2014), teachers 
had to provide feedback specific to errors with content-specific next step information (feed forward).

In this study, we opted for a switching replications design. Although the possibilities to provide 
personalized hints in a classroom setting using such a design are limited, several options of oral, audio, 
or written feedback and/or feed forward are available (Mayer, 2014). To achieve the desired goals, we 
selected a written feedback approach. The reasons for selecting this approach were pragmatic. A written 
feedback approach allowed us to split classes into two groups on which teachers could provide classroom 
instruction to all students and alternatively additional personal written information to only one group 
following a written test to asses students’ problem solving. A second reason was to provide teachers a 
qualitatively personal communication method, which had to be closely aligned with students’ level of 
understanding. Third according to Moser (2020, p. 105), to give students the possibility in “contribut-
ing to their own cognitive development and classmates.” These considerations lead to the following 
research questions.

Research Questions

This study focuses on two aspects of formative assessment. First, identification of the primary cause 
of students’ failure: an incorrect representation of the problem, the selection of an incorrect formula, 
or executing incorrect calculations. The second aspect is the effectiveness of teachers’ provision of 
targeted help to students by giving hints on sticky notes. These two focuses are articulated by the fol-
lowing questions:

Table 1  Code table 
developed by Fischer (1980) 
and De Bordes (2013) 
containing three tiers of 
level of understanding, with 
numbers and descriptions of 
observations

SRs self-generated representations

Level of understanding n Description of observation

Sensorimotor 1 SRs* that link to visual information of the task
Representational 2 SRs that link to visual information of the task to  

unobservable relations (e.g., thoughts, formulas)
Abstract 3 SRs that link to the formulation of mathematical expressions



648 Can. J. Sci. Math. Techn. Educ. (2023) 23:644–663

1 3

Ta
bl

e 
2 

 C
od

e 
ta

bl
e 

de
ve

lo
pe

d 
by

 F
is

ch
er

 (1
98

0)
 a

nd
 D

e 
B

or
de

s (
20

13
), 

ad
ap

te
d 

to
 in

cl
ud

e 
11

 le
ve

ls
 o

f i
ns

ig
ht

 (c
ap

ab
ili

ty
)

SR
s s

el
f-

ge
ne

ra
te

d 
re

pr
es

en
ta

tio
ns

, n
 le

ve
l o

f i
ns

ig
ht

Le
ve

l o
f i

ns
ig

ht
n

D
es

cr
ip

tio
n 

of
 o

bs
er

va
tio

n

Se
ns

or
im

ot
or

 a
ct

io
n

1
Si

gn
s o

f d
el

in
ea

tio
n,

 e
.g

., 
m

ar
ks

, s
ym

bo
ls

, o
r d

ra
w

in
gs

, w
hi

ch
 c

an
no

t b
e 

co
de

d 
in

 te
rm

s o
f l

ev
el

s o
f i

ns
ig

ht
Se

ns
or

im
ot

or
 m

ap
pi

ng
2

SR
s*

 v
is

ua
liz

in
g 

in
fo

rm
at

io
n 

of
 th

e 
ta

sk
 w

ith
ou

t r
el

at
io

n 
an

d/
or

 d
el

in
ea

tio
n 

be
tw

ee
n 

ob
je

ct
s, 

or
 w

ith
 re

la
tio

n 
w

ith
ou

t 
ca

us
al

ity
Se

ns
or

im
ot

or
 sy

ste
m

3
SR

s v
is

ua
liz

in
g 

in
fo

rm
at

io
n 

of
 th

e 
ta

sk
 w

ith
 tw

o 
or

 m
or

e 
re

la
tio

ns
 a

nd
/o

r d
el

in
ea

tio
n 

be
tw

ee
n 

ob
je

ct
s o

r r
el

at
io

ns
 w

ith
 

ca
us

al
ity

Re
pr

es
en

ta
tio

na
l a

ct
io

n
4

SR
s l

in
ki

ng
 to

 n
ot

 o
bs

er
va

bl
e 

re
la

tio
ns

 a
nd

/o
r a

 li
nk

 b
et

w
ee

n 
a 

SR
 a

nd
 a

 fo
rm

ul
a

Re
pr

es
en

ta
tio

na
l m

ap
pi

ng
5

SR
s l

in
ki

ng
 to

 u
no

bs
er

va
bl

e 
re

la
tio

ns
 a

nd
/o

r a
 li

nk
 b

et
w

ee
n 

a 
SR

 a
nd

 a
 fo

rm
ul

a 
(e

.g
., 

s =
 vt

)
Re

pr
es

en
ta

tio
na

l s
ys

te
m

6
SR

s i
nd

ic
at

in
g 

th
e 

un
de

rs
ta

nd
in

g 
of

 th
e 

so
lu

tio
n 

m
et

ho
d

Si
ng

le
 a

bs
tra

ct
io

n
7

St
ud

en
t s

ho
w

s u
nd

er
st

an
di

ng
 th

e 
re

gu
la

rit
y/

pa
tte

rn
/c

ho
ic

e 
of

 a
n 

ad
eq

ua
te

 fo
rm

ul
a

M
ul

tip
le

 a
bs

tra
ct

io
n

8
St

ud
en

t s
ho

w
s u

nd
er

st
an

di
ng

 in
 c

or
re

ct
 a

pp
ly

in
g 

th
e 

fo
rm

ul
a

A
bs

tra
ct

 c
on

du
ct

in
g

9
St

ud
en

t s
ho

w
s u

nd
er

st
an

di
ng

 in
 c

al
cu

la
tin

g 
a 

fo
rm

ul
a

C
on

du
ct

in
g

10
St

ud
en

t p
ro

du
ce

s a
n 

an
sw

er
A

bs
tra

ct
 m

ap
pi

ng
11

St
ud

en
t c

or
re

ct
ly

 re
la

te
s t

he
 a

ns
w

er
 to

 th
e 

as
si

gn
m

en
t c

on
te

xt



649Can. J. Sci. Math. Techn. Educ. (2023) 23:644–663 

1 3

1. Do students who receive classroom instruction and additional personalized hints on sticky notes 
show more progression in physics problem-solving skill development than students who receive 
classroom instruction only?

2. Does the timing of application of additional personalized hints affect on students’ cognitive progress 
in achieving mastery at the end of the instruction period?

3. Are there features that may be of interest to teachers and researchers using this cognitive diagnostic 
instrument to increase the match between the form of support and the need in support of students 
who are at various stages of competent scientific problem solvers during the formative period?

Method

Treatment

According to Wiklund-Hörnqvist et al. (2014), repeated testing in formative assessment is a proven 
method to stimulate education, and to McDaniel et al. (2015) who concluded that a test-restudy-test 
sequence has a higher learning and retention rate compared to a sequence of 3 times of restudy or a 
series of 3 times testing the material. To address the research questions, we used a pre-test–post-test 
design (Abbasian, 2016; Vygotsky, 1986) with switching replication design: the Formative Assess-
ment Model (FAM). The FAM (Table 3) covered a period of 16 lessons as part of an existing course 
of science lessons in four weeks in each of the grades and followed by a school test (Lesson 17).

Three tests were administered by applying the cognitive diagnostic instrument (Table 1) to deter-
mine students’ level of understanding of two groups in this period.

Each of the two formative tests lasted for maximal 10 min. Test 3 was a part of the final test. 
Every sequential test contained a corresponding task content type. Teachers conducted tests in real 
classroom setting, determined students’ written responses by means of the diagnostic instrument, 
and formulate additional personalized hints on sticky notes based on the observed cognitive level 
of understanding.

Test 1 is a pre-test without intervention. After Test 1 was accomplished, Group I received addi-
tional personalized hints on sticky notes as intervention. After Test 2, Group II received additional 
personalized hints on sticky notes as intervention. Both groups received feedback in daily routine 
classroom moments after both tests. The first two tests were not calculated toward their grade. The 
third test was a summative test and contained a similar assignment as in the two formative tests. The 
similarity between the tasks is reflected in the outlining of the context, a similar graph, and the same 
type of question about calculating the vehicle’s acceleration at a point in time.

Table 3  Formative Assessment Model (FAM) consists two formative tests and a school test, Group I and Group II, and 
number of lessons

a Both groups received class explanation

Lesson

1–7 8 9 10a 11 12 13 14a 15–16 17

Group I Test 1 Sticky notes Test 2 Test 3
(exam)

Group II Test 1 Test 2 Sticky notes Test 3
(exam)
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Instruments

The cognitive diagnostic instrument has a hierarchical structure divided in three categories: a senso-
rimotor, a representational, and an abstract category (Table 1). Those three categories are subdivided 
into eleven cognitive levels of understanding (Table 2). The instrument has a satisfactory reliability 
for assessing students’ level of problem solving (estimated Krippendorff’s alpha of .84) (Hayes & 
Krippendorff, 2007; Pals et al., 2023). In real-time education, the intervention was organized as 
additional personalized hints on sticky notes (Table 3).

Participants

All participants were students of a school in the northern rural part of the Netherlands. The students 
followed two streams of education: 26 students followed Senior General Secondary School and 56 
students followed Pre-University Education. Two qualified and experienced teachers taught these 
students and were involved with the tests and integrated these tests in their lesson series—students 
knew the “learning goal,” according to the curriculum. In the Netherlands, the curricula have similar 
descriptions of the basic principles of kinematics (according to the level of the stream). Both teachers 
received individual training about the diagnostic instrument from the researcher in approximately 
half an hour. From a total of 82 students (Table 4) who completed three tests, 93 data were obtained. 
One class (11**) made two tasks.

The students were told that they participated in an investigation about how they solved science 
problems and students of each class were randomly assigned into two groups: Group I and Group II. 
Students of Group I received sticky notes and were allowed to use the sticky notes in Test 2 and both 
groups were allowed to use the sticky notes in Test 3. All students were allowed to use a formula 
book (Verkerk et al., 2004).

Data Collection

Students’ mastery level of problem solving on the three test occasions was assessed by the teachers 
by means of the diagnostic assessment instrument and resulted in scores on a scale from 0 to 11. 
These scores were used to analyse the effects of using personalized hints on sticky notes as feedback/
feed forward after test administration on students’ test performance.

Examples of Diagnosing and Responding

Figure 1 (College voor Toetsen en Examens, HAVO, 2012; Pals et al., 2023) is an example of a 
realistic STEM-related assignment of physics problems by which we want to illustrate applications, 
results, and considerations of the diagnostic instrument (Bao & Koenig, 2019) to identify science 
students’ problem solving in terms of cognitive level of understanding.

It shows the (v, t) diagram, depicting the velocity v as a function of the time t. The corresponding 
text of the assignment states: “Aircraft are regularly subjected to severe tests. An example of such a 
test is the rejected take-off test (RTO). During an RTO, an aircraft accelerates to the speed to take 
off. Then the brakes are applied as hard as possible.” In this study (not in the exam), students had to 
answer the question: “Determine the acceleration on time t = 10 s.”

The answer of student A (Group II) in Test 2 (Fig. 1) has been chosen at random and is used as 
an example of teacher’s decision-making and the application of feedback/feed forward (for decision 
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rules, see Pals et al., 2023). This includes student’s drawing and calculation (the two bowed descend-
ing lines in the diagram of student’s answer are the “attention” lines of the teacher).

This example shows the considerations teachers face: There are several cognitive levels of understand-
ing of student A present to determine at the same time. Science teachers have to be emphatic in their 
contact, when they receive signals of lack of understanding. In daily classroom, many students experi-
ence “cognitive load” (Sweller et al., 2011). It is the teachers’ task to observe and to note students, who 
do not know how to convert appropriately the received information into action (for instance, in this task: 
to draw a tangent line). Tracking back the incorrect solutions of student A: First, student A must draw 
a tangent line at t = 10 s and not the line connecting points (0,0) and (10,140). Second, student A did 
not notice the differences of the units listed in the axes. And third, incorrect calculation with units. This 
student needs additional differential support to improve problem-solving skills to reach the desired goals.

As shown in Fig. 2, the teacher responded to at least three deficiencies in the student A’s problem-
solving skill. Although level of understanding 2 can be coded, because of incorrect reading and drawing, 
the basis of the incorrectness of student A is the choice of an inappropriate physics concept. The instru-
ment advises the teacher to code for level 4 as assessment to reach the desired goals. This example shows 
that teachers had to prioritize (to decide) at which students’ level of understanding the personalized 
hints had to be addressed (the “where”), in order to increase the match of form of support and students’ 
learning needs (the “close alignments”) to reach the desired goals.

In Test 1 (Lesson 8), the answer of student A was (too) coded as cognitive level of understanding 4, 
because of an inappropriately chosen concept (the functional level of understanding). Figure 1 shows 
student A’s answer of Test 2 in Lesson 12. In the previous eleven lessons, student A had not been able 
to internalize the information from class instructions needed to solve the problem by an appropriate 
concept (there is no difference between the functional level of understanding and the optimal level of 
understanding). After Test 2, this student received additional support and in Test 3 student A has reached 
the desired goal (the optimal level of understanding): the progression of student A’s cognitive level of 
understanding has changed from 4 to 11. This example (at random chosen) does show that this student 
understands what he had do to resolve these errors.

Table 4  Grades, number of teachers, male and female science students in the subject kinematics (without force), mean 
and standard deviation of age, and types of assignments and tests

a Senior general secondary school; H
b pre-university education; V
c at assignment acceleration at specific time
d va and  vmax assignments of average speed and assignments of maximum speed

Grade

10a 10b 11b

Teacher I II II

Gender Male 40 14 14 12
Female 42 12 14 16

Total 82 26 28 28
Age M

SD
15.8
0.90

14.96
0.45

16.35
0.75

Type and number of assignments

Test 1
Test 2
Test 3

at
c

at
at

at
c

at
at

va and  vmax
d

va and  vmax
va and  vmax



652 Can. J. Sci. Math. Techn. Educ. (2023) 23:644–663

1 3

Gain Scores and t‑Tests

As shown above, student’s level of understanding of problem solving was determined by applying the 
cognitive diagnostic instrument on three tests (Table 1). For each student, differences in scores on sub-
sequent occasions (gain scores) were computed to assess student’s progress in problem solving a physics 
task. To analyse the effectiveness of the personalized hints by means of sticky notes, we analysed the 
gain scores for both groups of students.

We ran separate analyses on the complete sample including students who already performed on 
a maximum level, and on a subsample of students who had not yet reached the maximum skill level 
(scores ≤ 10 on the assessment instrument). The reason for analysing this specific subset of students 
is that students who reach cognitive levels of understanding less than or equal to ten are the ones who 
clearly need additional support to improve their problem-solving skill (research questions 1 and 2).

Fig. 1  The (v,t) diagram of an RTO test (College voor Toetsen en Examens, HAVO, 2012) administered of student A, in 
class 10**, Teacher II in Test 2, Lesson 12
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We used independent t-tests to evaluate whether the scores of subtractions between subsequent test 
occasions differed significantly between groups.

Results

Results Between Groups in Three Tests

Table 5 displays the means and standard deviations of cognitive levels of understanding for Group I 
(n = 54) and Group II (n = 54) in three tests.

Table 5 shows an increase of the mean scores for both groups on T2 and T3. It turns out that the 
increase between Test 1 and Test 2 is higher in Group I compared to Group II, while the increase 
of Group II is higher between Test 2 and Test 3 compared to Group I. However, independent t-tests 
showed no significant differences in mean gain scores between both groups between Test 1 and Test 2 
and between Test 2 and Test 3. But since a substantial number of students (37%) already performed at 
the maximum level of understanding at Test 1 and therefore could not achieve positive gain scores, we 
subsequently analysed the difference for the group of students who start at a level of understanding up 
to and including 10.

Fig. 2  An example of teacher’s responding of student A’s descriptive answer in Test 2 (Lesson 12, Group II) of the task 
mentioned in Fig. 3, subsequently researcher’s diagnosing and coding. Note: Translation of text: Tangent, no intersec-
tion; convert properly; read properly

Table 5  Number of students 
of Group I and Group II, 
mean and standard deviation, 
and level of understanding of 
three tests, in eleven levels of 
understanding

a The group received additional personalized hints on post-t notes after Test 1
b The group received additional personalized hints on post-t notes after Test 2

Test T1 T2 T3

Group  Ia Number 53 49 54
Mean 6.53 8.18 8.96
St dev 3,70 2.84 2.79

Group  IIb Number 50 49 54
Mean 6.62 7.42 9.04
St dev 3.64 2.99 2.63
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Effects of Treatments on Students Starting at a Level of Understanding ≤ 10

Table 6 displays the means and standard deviations in eleven cognitive levels of understanding of stu-
dents in Group I and Group II, who started in a level of understanding ≤ 10 (these students can make 
progression) in three tests. Logically, the means of the groups are lower than those in Table 5, especially 
for both groups in Test 1 (students whose result is level of understanding 11 will not be counted now).

For the group of students with scores from 0 up to and including 10, the independent one-tailed 
t-test revealed a significant difference between the two groups in mean gain scores between Test 1 
and Test 2: t(59) = 2.03, p = 0.02, r = 0.52. This result answers research question 1: “Do students who 
receive classroom instruction and additional personalized hints on sticky notes show more progression 
in physics problem-solving skill development than students who receive classroom instruction only?”. 
With one constraint: the proposition applies only to students with level of understanding 10 or below. 
Results show that the timing of the personalized hints has no significant effect on results between the 
two groups, eventually. This result answers research question 2: “Does the timing of application of 
additional personalized hints affect on students’ cognitive progress in achieving mastery at the end of 
the instruction period?”.

The differences between the two groups mentioned above can be visualized by means, additionally 
into box-plots. If students started at level of understanding ≤ 10, the differences of students’ scores in 
T2 show that the median of Group I is at the same level as the third quartile of Group II.

An Analysis of Students’ Change of Cognitive Categories of Problem‑Solving Skill Development

Figures 3 and 4 display the categorization of students’ understanding of problem-solving performance 
in the three main cognitive categories (sensomotoric, representational, and abstract) of both groups.

Figure 3 shows the increase of absolute numbers of students of Group I (n = 48) in the abstract cat-
egory (mathematics) in three tests: from 22 students in Test 1 to 40 students in Test 3 (respectively in 
percentages from 46 to 83%).

Table 6  Number of students 
of Group I and Group II, 
who started at level of 
understanding ≤ 10, mean and 
standard deviation, in three 
tests

Group I Group II

Test 1 2 3 1 2 3

n 30 30 30 30 30 30
Mean 4.29 8.25 8.32 4.2 6.63 8.4
St dev 2.25 2.81 3.13 2.13 2.97 2.87

Fig. 3  Numbers of level of 
understandings of Group I 
(n = 48) in three cognitive 
categories in three tests, in one 
series of 17 lessons
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Figure 4 shows the numbers of students of Group II (n = 45) increasing from 19 to 38 (respectively 
in percentages from 40 to 84%).

The frequencies show drops of numbers of students of both groups in the sensorimotor and 
representational categories (respectively), and the increase of numbers of students in the abstract 
category. Second, the numbers of students of both groups in the abstract category in Test 3 almost 
doubled compared to the numbers of students in the abstract category in Test 1. Third, comparing 
the observed levels of understanding as depicted in Figs. 3 and 4, it is noticeable that a number of 
students in Group 1 who still need help with drawing after three tests are higher than in Group 2.

Results show a total of 51 students of both groups have reached level of understanding 11 in Test 
3 (55%): 27 students in Group I and 24 students in Group II. In Test 1, a total of 34 students started 
at level of understanding 11 (37%).

The changes of level of understanding of individual students are not (yet) noticeable. In the next 
section, the performances of cognitive levels of understanding of individual students in consecutive 
tests are determined and considered.

Identifying Differences of Subgroups of Students of Cognitive Level of Understanding 
and Consequences for Teachers’ Personalized Support

By analysing randomly chosen examples of results of students in Group 1, we attempt to answer 
question 3: “Are there features that may be of interest to teachers and researchers using this diagnos-
tic instrument in increasing the match between the form of support and students who are at various 
stages of competent scientific problem solvers during the formative period?”

Example 1: The ideal development? Figure 5 shows the progress in cognitive development of 12 
students in Group I who started in the sensorimotor or representational category and concluded the 
lesson series at the (abstract) level of understanding 11.

Students who are determined (in the first test) in a level below level of understanding 7 have to 
be considered as students who need additional instruction.

Students in the sensorimotor category need specific support, i.e., to master correct reading and accurate 
drawing and need to receive suggestions to choose the correct concept to remember (because a well-
executed reading/drawing can provide for instance a basis for a correct representation or executive calcu-
lation). This example shows one of the conclusions of this study: Students’ cognition develops through 
levels of understanding and providing support is essential to move to the Zone of Proximal Development.

Students in the representational category need instruction to memorize and to connect the correct math-
ematical concept (formula) to see the problem and can be provided by suggestions about calculation. The 
students of both categories have to overcome many cognitive levels of understanding and may benefit from 

Fig. 4  Numbers of level of 
understandings of Group II 
(n = 45) in three cognitive 
categories in three tests, in one 
series of 17 lessons
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targeted support/worked examples to grow and move into the abstract category and master problem-solving 
skills in a specific subject (Cooper & Sweller, 1987; Van Merriënboer & Sweller, 2005).

Example 2: Figure 6 shows 18 students in Group I who received the maximum score (level of under-
standing 11!) on Test 1, and shows changes to lower levels of understanding in the consecutive tests. 
These students need specific attention. We placed an exclamation point here, because teachers need to 
be aware of the decline in subsequent results of students who perform well at first glance.

Two-thirds of this group did not show the optimal level of understanding 11 in three tests, and five 
students (about one-third) were unable to stabilize at the level of understanding 11 in the final test. 
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Fig. 5  The change of level of understanding of 12 students in Group I who ended in level of understanding 11 after 
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ing 11 in Test 1 (Test 1 is not included)
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Although these students can be considered good students (they have started at level of understanding 
11), the figure shows they still need close monitoring to prevent any relapse in a second (or third) test, 
as stated in the “Results” section. These students probably have built appropriate solution schemas to 
solve this type of science problems, and receive a positive result. To counteract, teachers have to appeal 
to their empathy to stimulate students’ motivation and conscientiousness to continue performing at level 
11 of understanding to reach the desired goals. Citing Kalyuga et al. (2011, p. 29): “More expert learners 
already have such [incorporated of interacting elements, red.] schemas; thus, asking them to study the 
material is likely to constitute a redundant activity.” Teachers can pinpoint that building routine is now 
the emphasis for problem-solving skill and transfer (Cooper & Sweller, 1987).

Example 3: Figure 7 shows an erratic impression. This group of students of Group I started in cogni-
tive level of understanding 4 in Test 1. Level of understanding 4 is the first level in the representation 
category and means—considering the instrument—students have chosen an inappropriate concept or 
an incorrect formula. It seems that this group can be divided into two groups. One part of this group is 
mentioned in Example 1 (increasing trend), but another (larger) part falls back into the sensorimotor 
category and/or was coded at a lower level of understanding in Test 3 than in Test 2.

This example shows another feature that teachers can look out for when providing specific support 
to students in this category. It seems that for students in Test 1 the cognitive level of understanding 4 
can be considered as threshold: The personalized hints were sufficient as help in Test 2 (now, these 
students have reached the optimal level of understanding). But apparently, these hints have not been 
(fully) internalized for some students in Test 3.

This group of students (Fig. 7) can pose a real didactic challenge for teachers. These students seem 
to be unable to make connections between the information as described in the assignments and the prior 
knowledge they have of the instructions in preceding lessons. Even though this group received feed for-
ward support on sticky notes after Test 1, more than six students ended on a lower level of understanding  
in Test 3 than in Test 2. Some students may escape from the teacher’s attention. A formative assess-
ment method like the one presented here make this explicit, so the teacher can undertake action.

These three examples in kinematics (and the comparison of Figs. 3 and 4) show that students’ mastery 
of problem solving happens in leaps and bounds (cognitive and emotional) and is not predetermined 
as successive continuous increase of cognitive levels of understanding (Fischer, 2008; Schwartz and 
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Fischer, 2005; Van der Steen et al., 2019, pp. 6 and 7; Van Geert & Steenbeek, 2005, 2014) and have 
consequence for teachers’ didactic actions and instructions. Investigations of reasons of backwards and 
forwards of results is beyond the scope of this study.

Discussion

Didactical Considerations

In this study, we explored the effectiveness of personalized support after formative tests by assessment 
of students’ solution methods on tests by means of a cognitive diagnostic instrument. Teachers used this 
instrument to diagnose systematically the three core sets of cognitive categories of levels of understand-
ing—sensorimotor, representational, and abstract category—which provide teachers a first indication 
of the students’ cognitive level of understanding in applying formative assessment.

The first two categories (sensorimotor and representational) in student’s orienting tasks should not 
be underestimated. According to Salleh and Zakaria (2009) and Norhatta et al. (2011), students tend 
not to take enough time to read and understand an assignment; reserving time and practicing patience 
ultimately have a positive effect on a thorough basis for the mathematical continuation of the task. 
Performing adequate mathematical operations is represented by the third cognitive (abstract) category.

By subdividing each of these three cognitive categories into a total of eleven levels of understanding, 
refinement of determination and monitoring can be achieved. The information obtained from deter-
mination can give teachers implications to provide students informed feedback/feed forward to solve 
problems, and educational adjustments. According to Bitchener and Storch (2016), could it give students 
something to hold on to if they know that science teachers are reviewing tests according to this proce-
dure? First: Assessment of reading and drawing. Second: Assessment of remembering. And finally: 
Assessment of mathematics.

Applying the instrument and judicious assessment for close alignments can enhance the match of stu-
dents’ need to master problem solving (Shute, 2008; Vardi, 2013). At micro level, this diagnostic tool can 
provide teachers an accurate picture of how and where problems occurred in the subject matter, in class 
and individually. In other words: Provision of tailored feedback/feed forward and the decision-making 
skill can have an added value to whole classroom explanation of students’ test performance. It would 
be interesting to investigate the relation between the decision-making skill of science teachers using 
this diagnostic instrument and the change of the professional subject-didactic capability of teachers.

When students receive their personalized hints (in this study on sticky notes), they have to motivate 
themselves to encounter a compliment or an error (sometimes several). And if it is an error, students must 
first recognize an error, acknowledge it, and finally erase the “old learning route” and apply and embed 
a “new learning route” as a pattern. These cognitive efforts can be: “What is the information - what do 
I need (what do I know or do not know yet) - how can I ‘place’ it (what do I need to know, to remember 
or to understand?) - and what should I do with it?” That is why it is important that a teacher discusses 
common mistakes afterwards with students, preferably at the end of a lesson so that all students may 
benefit from it. According to Kirschner et al. (2006, p. 77): “Learning is defined as a change in long-
term memory.” During physics lessons, students can experience excessive, confusing, and disappointing 
feelings while processing these cognitive efforts (Sweller et al., 2011; Hays et al., 2010). It could be 
interesting to investigate students’ cognitive efforts by providing students with additional personalized 
hints on sticky notes and how students decide what the optimal benefit of information presented might 
be (Montague, 2002).
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Two Sides of Cognitive Progress: Teaching and Learning

The personalized hints can be applicable as a tool for formative assessment for science teachers and 
researchers in monitored tests and lesson series, and can reveal students’ progress in terms of cognitive 
level of understanding, from sensorimotor, representational to the abstract category, individually and as 
class. In addition to the three examples described, teachers can use the diagnosing and monitoring as 
reference how to group students and then to respond to this group in an adequate way to guide students 
or an individual student in the “Zone of Proximal Development.” What is striking in the data is that the 
numbers of students in the abstract category in Test 1 (42%) are nearly the same as the numbers of stu-
dents with level of understanding 10 or 11. This means (in this study) that half of the students (already) 
acquired an adequate solution method in the first formative test in Test 1. That may mean teachers can 
anticipate about two things at least: to try to stabilize half of this group at level of understanding 11 (see  
Example 2) and guide the other half of the students to change to a higher level of understanding (see 
Example 4). This can be a subject for further investigation: What does this dichotomy mean for science 
teacher’s professionalism in dealing with educational demands in practice? Because guiding “weak and 
good” students with additional support has practical, organizational, didactical, and time management 
implications, and challenges to do justice to meet individual students’ need (Amels-de Groot, 2021). We 
advocate that the teachers’ attention at this point in students’ learning process (see Examples 2 and 4) is 
crucial to avoid possible students’ demotivation because of disappointments of one’s own inability and as 
a result of experiencing this feeling (several times) the loss in interest in science. In general, a personalized 
dialogue can have added value, because then the possible cause of the lack in making content connec-
tions of an unexperienced learner, or an overload of information to the experienced learner can be traced 
to minimize “the expertise reversal effect” (Kalyuga et al., 2011). According to the conclusion of the 
authors: “To be efficient, instructional design should be tailored to the experience of the intended learn-
ers.”, adequate contact between teachers and students enables novices to construct underpinned mental 
schemas, and can reduce cognitive load (Van Merriënboer & Sweller, 2005) and chronic stress (Tyng 
et al., 2017, p. 3). Teachers should be aware of the level of understanding of the second test of this group, 
because in the personalized contact after Test 2 they can assess whether student’s level is stabilizing.

Another point of interest is the preservation of level of understanding. In education, it is common sense that 
students make progress in a period and increase their cognitive level of understanding by teacher instruction 
in daily class routine. This study shows that although personalized hints have a positive effect on students’  
progress on cognitive level of understanding, Fig. 7 (and the comparison of observed levels of under- 
standing among students in the two research groups, depicted in Figs. 3 and 4) show profiles of whimsical 
performance shifts of student problem-solving skill development and suggest the impression that personal-
ized hints and class instruction do not provide every student or group with adequate information to enhance 
problem-solving skills. Two questions for further research remain: How do students process information as 
written support in the lessons before a following test? And: How can teachers optimize the quality of personal-
ized hints? In other words: How to reduce a possible mismatch in the quality of the information?

Although with research limitations (Van Geert & Steenbeek 2014, p. 34), this study endeavours to 
underline that formative assessment can provide science teachers with information and understanding 
about the cognitive development of students and what they can do with the information to provide 
feed forward and stimulate individually students’ problem-solving skills, as complement of summative 
assessments (Scholtz, 2007).

Noteworthy is that results show that both groups’ mean ended at level of understanding 8 (of students 
which started with levels below 11), and there is nearly no difference of the means of Group I between 
Test 2 and Test 3. This could have a reason in the differences of character and history between the 
subjects: physics and maths. The emphasis (of students) of math is about the calculation (level 8); the 
emphasis of physics (teachers) is the appropriate completion in terms of units and the use of significance 
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in physics (level 11). This means that these last levels have to be automized too. Are math and physics 
really integrated in science education?

Conclusions

In this study, science teachers are challenged to provide timely appropriate personalized hints on sticky notes 
to improve students’ competence in solving physics problems. By using the developed diagnostic instrument, 
teachers can monitor and evaluate students’ deficiencies in problem-solving skills by determining their cog-
nitive level of understanding (from level 0 up to including 11), and can adjust their formative assessment.

The emphasis of this study is to analyse data of groups of students with scores below a maximum 
score of level of understanding 10 (≤ 10). Applying the independent t-test to evaluate whether the (gain) 
scores of Group I, which received additional personalized hints on sticky notes, differed significantly 
from Group II in the subject of kinematics between subsequent test occasions Test 1 and Test 2.

This study shows that classroom instruction after a test can already make a difference in progress of 
students’ cognitive level of understanding, and additional personalized hints on sticky notes increases 
this progression. Provision of tailor-made feed forward/feedback has an added value compared to solely 
explaining the test performance of students in class. Answering the first question: “Do students who 
receive classroom instruction and additional personalized hints on sticky notes show more who receive 
classroom instruction only?” The answer is yes, with one constraint: the proposition applies only to 
students with level of understanding 10 or below.

The answer of the second question: “Does the timing of the application of additional personalized 
hints affect on students’ cognitive progress in achieving mastery at the end of the instruction period?” 
The answer is no. The timing of personalized support provides a booster in students’ learning, but results 
show that it does not matter when the additional information is received eventually, as long as students 
receive the appropriate information that allow them to improve their problem solving timely before the 
final test (Van Merriënboer & Sweller, 2005). After two formative tests with similar physics tasks in 
17 lessons compared with two classroom instructions and one group with additional personalized hints 
on sticky notes, there was no significant difference between the results of both groups in the final test.

To answer the third question: “Are there features that may be of interest to teachers (and research-
ers) using the diagnostic instrument in increasing the match between the form of support and the need 
in support of students who are at various stages of competent scientific problem solvers during the 
formative period?” Two features can be concluded: (1) Students might show several errors simultane-
ously in a task—teachers must prioritize in order to increase the match of form of support and students’ 
learning needs. (2) Students’ functional level of understanding can change (grow) to an optimal level of 
understanding (the level of understanding with support by a teacher). That does not mean that progres-
sive cognitive change always will be stable over time. Guiding to the “Zone of Proximal Development” 
(Vygotsky, 1978) does not always lead to a stable higher cognitive level of understanding.

Two investigations can be recommended as formative assessment subjects for further research in two 
sides concerning the improvement of teaching and learning of cognitive progress and transfer of knowl-
edge by using the diagnostic instrument: First, to set up a more intensive assessment teachers’ practice to 
improve students’ problem-solving skill, which is provided by Van den Berg et al. (2018). And second, 
to improve teachers’ capacity to chance didactically, which is investigated by Amels-de Groot (2021).

The study shows that students’ progression of cognitive development of solving specific physics 
problems can be measured in terms of levels of understanding and that the progression can increased 
by personalized hints, which are closely aligned with the level of students’ understanding. The results 
indicate that feed forward as formative assessment is an ongoing process of skills development support 
and is a challenge for teachers and students.
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