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Abstract— Divergent thinking is the process of generating
multiple solutions for a given problem, while convergent thinking
is evaluating and selecting accurate solution based on constraints,
assumptions, and pros and cons analysis. Divergent and
convergent thinking is an important thinking skill needed to
generate novel or innovative solutions to a given problem.
According to ABET guidelines, it is also one of the important
skill to design an engineering solution to a given open problem.
The training in developing both divergent and convergent
thinking during multiple phases of problem solving can allow
students to design a better solution. In this paper, we propose an
intervention to develop divergent and convergent thinking skill
through open problem solving in data structures course. The
research methodology followed is Design Based Research (DBR)
and the intervention proposed in this paper is operationalized
and evaluated by following first cycle of DBR. A preliminary
study was conducted on second year Computer Engineering
students to study the effects of intervention. The results show
significant improvement in learners’ thinking in both divergent
and convergent thinking during open-problem solving.

Keywords—Divergent thinking, Convergent thinking, Open
problem solving, Data Structures, Multiple solution generation.

1. INTRODUCTION

Divergent thinking is the process of generating different
possible solutions for a given problem, while convergent
thinking is evaluating and selecting accurate solution based on
constraints, assumptions, and pros and cons analysis
[12,7,5,13,14,8]. Both divergent and convergent thinking are
important thinking skills to generate novel or innovative
solutions to a given open problem. According to ABET
guidelines, it is also one of the important thinking skill for
developing engineering design competency. The students need
to design an engineering solution or product by generating
potential solutions by thinking from multiple perspectives and
evaluate them based on pros and cons analysis and constraints
[7, 13]. In Computer Science & Engineering(CSE) education,
the divergent and convergent thinking skills are important in
subjects such as software engineering, computer network, and
data structures, in which a system or solution is to be designed
for an open problem.

The content and procedures to taught to solve a simple
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problem may not help student in applying them to solve
unfamiliar open problem. Today’s workplaces demand people
who can solve non-routine complex problems [2, 3]. This gap
between academia and industry can be bridged by training and
nurturing students to develop the cognitive thinking skills
needed to solve an unfamiliar problem effectively [5].

In engineering design subjects like software engineering,
students are taught to follow engineering design process
having phases: requirement gathering, analysis, design and
implementation. The engineering design process support
convergent thinking as the focus is on evaluating and selecting
the single correct solution. This process does not encourage
student to do lateral thinking or brainstorming to generate
divergent ideas and then converge to evaluate and select idea
based on judgment, evidence, assumptions and principles. The
integration of divergent and convergent thinking in each phase
of engineering design process can enhance the creativity and
quality of the product designed [9]. Thus training in
synchronizing both divergent and convergent thinking can
allow students to generate varied solutions and then select to
get an innovative or creative solution [5].

In this paper, we propose an intervention to develop
divergent and convergent thinking skill through open problem
solving. The open problems posed are ill-structured, real-life
problems and students are asked to apply data structures
concepts to solve them. The intervention is based on
systematic problem solving models used to solve engineering
design and creative problems [5, 21]. The intervention aims to
develop divergent thinking skills- looking at the problem from
multiple perspectives and generating multiple solutions, and
convergent  thinking  skills- identifying  constraints,
requirements, pros and cons analysis and justification of the
selected solution. The intervention consists of question
prompts to start with divergent thinking and gradually shifts to
convergent thinking. For a given open problem, students are
prompted to elicit multiple solutions, and then to converge by
filtering the solutions based on constraints and requirements.

The research methodology used to design the intervention
is Design Based Research (DBR). In this paper the design and
evaluation of the intervention in first cycle of DBR is reported.
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The broad research question investigated is: Does training on
divergent and convergent thinking improve student open-
problem solving ability? A preliminary study was conducted
on second year Computer Engineering students to study the
effects of intervention in improving student’s open-problem
solving ability by developing divergent and convergent
thinking skill.

In next section, the research in divergent and convergent
thinking is synthesized. Then the first cycle of DBR is
reported to explain the design process of the intervention
followed by evaluation of the intervention using experiment.
Later the results are discussed and analyzed to refine the
intervention in next cycle of DBR.

2. RELATED WORK

Divergent thinking is process of generating large number
of ideas with focus on quantity and not on quality [12, 7, 5].
The sub-skills associated with divergent thinking are -fluency:
the ability to generate many responses or ideas, flexibility. the
ability to generate varied ideas from different perspectives, or
the ability to change the form, modify information, or shift
perspectives, originality: the ability to generate unusual or
novel responses and elaboration: the ability to embellish an
idea with details [19].

In contrast to divergent thinking, convergent thinking is
associated with critical thinking where importance is given to
systematically making decisions based on judgment, evidence,
assumptions and principles or concepts [14, 8]. The focus is
on systematically evaluating and selecting a single correct
solution based on assumptions, constraints and principles. The
sub-skills needed in convergent thinking are- pros & cons
analysis of various solutions, making suitable assumptions for
a given problem, selection of accurate solution based on
constraints identified in a given problem and justifying
selected solution [13].

Both divergent and convergent thinking skills are
important in generating innovative or creative solutions for an
open problem. These skills can be encouraged in engineering
curriculum by incorporating following pedagogical changes:

1. Projects in design classes must have open-ended
solutions [7].

2. Train students to think divergent to convergent in
all phases of problem solving [5]

3. Encourage students to take different viewpoints
while solving problems [6, 7].

Grading process should be based on problem

solving process as opposed to merely on outcome

[7].
2.1 Divergent-Convergent Problem solving models

Literature suggests numerous models of systematic
problem solving categorized into engineering design thinking
models and creative thinking models. The engineering design
thinking models have following common stages — Establishing
a need, Analysis of tasks, Design and Implementation. These
are convergent models which are focused on evaluating and
selecting a single correct solution thus resulting in designing a
conventional solution. The cognitive psychology literature
proposes creative thinking models which separate the idea
generation and evaluation phases. The phases of creative
process models are- Analysis, Generation and Evaluation [9].

The creative thinking models are more focused on
divergent thinking while engineering design models are more
focused on convergent thinking. To encourage engineering
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students to design better solutions it is important to integrate
creative thinking and engineering design models.

Basadur[4 ,5] proposed an integrated model in which
divergent and convergent thinking is incorporated in all three
phases of problem solving- problem finding, solving and
implementation. The study was done to investigate the effects
of training in integrated problem solving model. The
participants of the training were professionals at various levels
from senior manager to junior engineers from various
organizations. They were made to practice the cognitive
process and techniques of divergent thinking to solve real-
world, open creative problems. The attitude towards divergent
and convergent thinking of the participants was measured
before and after the training using survey. The increase in
preference for divergence was significant for managers than
non managers.

We have adopted the Basadur’s integrated model to solve
real-world, open design problems to train engineering students
in developing both divergent and convergent thinking as
shown below:

e Establishing a need and analysis of task (outcome is
problem statement)
o Divergence to convergence
e Design (outcome is design of the solution)
o Divergence to convergence
¢ Implementation (outcome is the final product)
o Divergence to convergence

In the first phase of problem solving- Establishing a need
and analysis, student has to understand the problem and restate
the problem statement. In this phase, divergence is encouraged
using the design thinking principles stated as looking at the
problem from different stakeholders viewpoints [6] and then
converge to restate the problem based on the requirements and
constraints of the problem.

In the second stage of problem solving- Design, the
student start with divergent thinking by providing prompts to
generate multiple solutions and then converge to evaluate and
select the best solution among the solutions generated. During
divergent thinking, students should be encouraged to use
various divergent thinking techniques- analogical thinking:
transfer an idea from one context to a new one, brainstorming:
encourage to individually generate ideas with focus on
quantity and not quality in less amount of time, mind
mapping: variant of brainstorming, where ideas are
represented in pictures as well as words and attribute listing:
identify attributes of a subject and think up ways to modify,
reverse, combine or improve on each [12]. Once the possible
repertoire of solutions are available, perform pros and cons
analysis and select a solution or filter them based on
constraints, preferences, assumptions and converge to single
solution.

In third phase of problem solving- implementation, the
selected idea is to be implemented using appropriate
technology. The divergent thinking is needed to list possible
technologies to implement the idea and converge to select
technology based on viability and feasibility at the user or
client side.

2.2 Teaching Divergent and Convergent thinking in
Engineering Education

Design is an important part of the engineering curriculum
where the students need to develop the ability to solve open-
ended problems to design an engineering solution or product
[7, 13]. In Section 2.1 we discussed the engineering design



process and the importance of integrating both divergent and
convergent thinking in all phases of design process to improve
the quality of the product.

Training in an applied research organization and with
manufacturing engineers showed improved performance in
creative problem solving attitudes and practices [4]. These
problem solving practices can be taught early during
engineering education by training students to develop
divergent and convergent thinking and synchronize the shift
from divergent to convergent thinking. We have adopted the
Basadur model to teach divergent and convergent thinking
skills to engineering students by providing question prompts at
different phases of open problem solving in data structures
course. Basadur used survey to measure the attitudes towards
divergent and convergent thinking, we propose to measure the
sub-skills associated with divergent and convergent thinking
before and after the training of using divergent and convergent
techniques through open problem solving.

The learning objectives of teaching divergent and
convergent thinking skills are:

1. Student will be able to solve an open-ended problem
by generating multiple ideas or solutions without
focus on quantity rather than on quality.

2. Student will be able to do pros and cons analysis of all
the solutions based on the constraints or assumptions
identified.

3. Students will be able to select the most suitable
solutions based on the constraints or assumptions
identified. J42w

4. Student will be able to justify the selection of solution.
2.3 Teaching Divergent and Convergent thinking in Computer
Science & Engineering(CSE) education

Based on the analysis of current work in Computer Science
& Engineering(CSE) education most of the technology
enabled innovative are focused on teaching content or
concepts and less on developing skills needed for an engineer
to sustain in industry. The teaching techniques used are game
based learning or visualization used to teach fundamentals of
programming [16], the working of an algorithm or process like
packet transfer in computer network [11].

We further analyzed the teaching of the data structures
course and found that most of them are based on teaching
content —programming in data structures, data representation
and operations of various data structures, working of
algorithm using animation or simulation [20, 23]. The problem
based learning approach is used to develop skills to construct
counterexamples[10] and to find the optimal selection function
for a greedy algorithm [22]. Some studies are based on
developing conceptual understanding using Think-Pair-Share
activities in Computer Programming course and data
structures course [17] with focus on generating multiple
solutions and analyzing in collaboration. Still the students as
individuals are not trained to think divergent to convergent in
a systematic manner to solve open-ended problems. Thus, it is
seen that open problem solving using divergent and
convergent thinking is used rarely in CSE education in spite of
its importance in generating innovative and better solutions.

The divergent and convergent thinking in open problem
solving can be used in teaching the CSE courses whose course
outcomes are aligned to the outcomes of divergent and
convergent thinking like computer networks, circuit design,

180

software engineering and data structures. In these courses,
open-ended design problems can be asked, for example in
computer network course the open-problem posed is “design a
computer network for the college campus to connect
computers in all departments”.

We have chosen data structures course to teach divergent
and convergent thinking skills as the course outcome:
“Student should be able to design solution by identifying
appropriate data structure to solve a real-life problem”
matches with learning objectives of divergent and convergent
thinking skills.

For example, the following open, real-world problem can
be posed to students assuming the student has knowledge of
data structures:

“Given a bank, that has thousands of customer records
and wants to build an online service for its customers to check
their account details online. The requirement of the online
service is that the customer should get the response quickly
once the request is given. Design an efficient solution for the
above stated requirement.”

There can be different solutions to the above problem.
Some of them are listed below:

1. Use an array data structure to store the records in the
order the customer account was created and use linear search
algorithm to retrieve the customer account details when
requested. This solution will take at the worst case O(n) time
to search and generate response.

2. Use hash table to store the customer records using
customer id as the input to hash function to get the address of
customer record. This solution in best case takes O(1) time,
but in worst case if the collisions are more for a particular
address, then the response time may be high.

3. Use balanced binary search tree to store customer
records and use binary search algorithm to retrieve customer
record. This solution takes O(log n) time in all cases to search
a customer record.

In this problem the students are required to generate
multiple solutions and analyze to find the efficient one based
on the requirements. Students may not be able to solve such
real-world, open-ended problems efficiently as they might not
have understanding or skills in using appropriate divergent
and convergent techniques. The intervention to develop this
thinking skill is discussed in next section 3.

3. DESIGN OF THE DIVERGENT &CONVERGENT
INTERVENTION

We followed a Design Based Research (DBR) model to
design an intervention. DBR is an iterative process with
design-evaluate-redesign phases [1, 18]. The DBR cycle
consists of four stages-Problem Analysis, Solution
Development, Evaluation and Reflection as shown in figure 1.
In problem analysis phase- the problem is identified by
working with practitioners and literature analysis is done to
find how other researchers have addressed the problem and
suggested the principles and theory to approach the problem.
Next, solution development phase is used to design an
intervention based on design principles suggested in literature
to address the problem or to propose a new strategy, and then
collect data in real world context to analyze and redesign the
intervention by following multiple iterations of DBR.

Figure 2 describes how we applied design based research
in first iteration to develop the intervention. In problem



analysis phase, the open, real world problem was posed to
students in Data Structures course and the problem identified
is that students could not come up with multiple solutions and
justify the efficient solution. To analyze the problem of
teaching open problem solving and developing divergent and
convergent thinking, literature survey was done to identify the
techniques, processes and principles to teach or develop these
thinking skills.

The intervention is based on the Basadur’s systematic
problem solving model having multiple phases-Understanding
the problem, Problem solving and Implementation, and
integrating divergent and convergent thinking in each phase.
The design of the intervention is in form of worksheet for
solving open-ended problem in Data Structures. The
worksheet has set of question prompts to encourage and train
students to think from divergence to convergence in all the
phases of open problem solving.

The proposed worksheet for data structures course is
scoped to two phases of open problem solving: Phase 1-
Understand and Analyze the Problem and Phase 2-Problem
Solving. The implementation phase which is the third phase of
problem solving is out of scope for the in-class paper based
worksheet.

The open-ended problems are based on real-world
problems and students were asked to select an appropriate data
structure to solve. The open-problem posed by the instructor in
class assuming that students have knowledge of data structures
and its operations is:

The local automobile retail shop sell parts for different car

models- oil, filters, brakes, batteries and. The shop owner
notices that if any part is getting out of stock then there is a
risk of losing customers. So he wants to have a software
developer create an inventory control program that tracks the
quantity of all the parts and creates a report of the parts that
needs to be ordered so there is minimal risk of items getting
out of stock. Each night the program creates report of the
parts whose quantity is below certain value, so that they can
be ordered to bring the stock levels back up to the right
number.
Come up with multiple possible solutions by using appropriate
data structures and operations for solving the above problem.
Justify which solution is most efficient for above stated
problem.

For the above problem, in first phase- Understanding the
problem, the student has to understand the problem from
multiple users’ perspectives to find the data and operations
used in the system and then evaluate to identify the problem
statement based on constraints and requirement given in the
problem. Later in second phase, student has to generate
multiple solutions using various data structures and evaluate
and justify the selected solution.

The worksheet with question prompts posed in each phase
is as shown in figure 3. In phase 1-Understand and analyze the
problem, in step 1.1, students are prompted to list entities and
actors in a given problem, for example for the above problem,
actors are shop owner, software developer and customer, and
entities are shop, items, inventory system. In step 1.2 and 1.3,
list the data and operations from each actor’s perspective, for
example, shop owner will deal with data- items specifications
and quantity, and operations-search the item, find item with
quantity below threshold and order the item. In step 1.4,
identify the requirement, for example the requirement is-
software program to find the items whose quantity is below
the threshold. Finally in step 1.5, 1.6 identify the data and
operations to solve the requirement, for example, the data
items needed are- name, quantity and operation are- search the
item whose quantity is below threshold, update the quantity.

In phase 2- Problem Solving, step 2.1 and 2.2 will allow
students to generate multiple solutions using various data
structures to represent data and perform operations identified
in step 1.5 and 1.6.

In phase 1, the steps 1.1 to 1.3 are operationalized using
the principles of design thinking which states that designer
should understand the problem by being part of the system and
thinking from the stakeholders’ perspectives. In the worksheet
the student is prompted to look at the problem from multiple
perspectives: customer, employees, engineer, and management
to list the data to be stored and operations to be performed.
This will help to design a human-centered solution which is
aligned with requirements of the problem stated [6]. In phase
2, the steps 1.4 to 1.6 allow to converge by identifying
requirements and selecting the data and operations needed to
solve the problem.

In phase 2, the steps 2.1 and 2.2 use the divergent thinking
technique of attribute listing and modifying one of the

Problem Analysis Solution Evaluation Reflection
» » Development —> >
Refinement of problems, solutions, methods, and design principles
Figure 1. Stages in each cycle of DBR
Analysis of teaching divergent Development of intervention Evaluating and testing the Data collection and analysis to
and convergent thinking by based on existing design effectiveness of the produce design principles and
researchers and practitioners. |y principles. —»{ intervention in classroom. ] enhance solution
implementation in next
iteration

Figure 2. First cycle of DBR in creating intervention to teach divergent and convergent thinking skill.
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attribute to generate multiple solutions [12]. In the data
structures subject, the attributes that can be modified are data
structures and algorithms. In the worksheet the student is
prompted to list desirable data structures and generate
solutions using each data structure. The step 2.3 allows student
to converge by listing advantages and disadvantages of using
cach data structure and selecting the solution by filtering based
on requirement and constraints. This step develops the critical
thinking skill as students have to make decisions based on
assumptions, requirements and constraints for a given
problem.

3.1 Outcome of the intervention

The intervention is designed to improve the open problem
solving ability by developing divergent and convergent
thinking in different phases of problem solving. This will
improve the understanding of when and how to apply
appropriate thinking skill in the process of solving open
problem.

4. EVALUATION

To evaluate the effectiveness of the intervention a study
was conducted on second year Computer Engineering
students. The methodology used to conduct the study is
explained in this section.

4.1 Research question(RQ)

The broad RQ investigated during the study is: Does
training on divergent and convergent thinking improve student
open-problem solving ability? We investigated this RQ by
examining the specific RQ defined as: do scaffolding using
question prompts as an intervention for improving divergent
and convergent thinking affect problem solving ability in
terms of-

i.  generating multiple ideas or solutions with focus
on quantity rather than on quality.

il. doing pros and cons analysis of all the solutions

based on the constraints or assumptions identified.

iil. selecting the most suitable solutions based on

the constraints or assumptions identified.

iv.  justifying the selected solution.

4.2 Participants

The study was conducted in a class of 40 students in Data
Structures course. The students were second year Computer
Engineering undergraduates studying in an engineering
college affiliated to Mumbai University.

4.3 Experimental Procedure

The study conducted was pre-post test on same group of
students. It is assumed that students have knowledge of
different data structure and algorithms. The procedure
followed for the study is as follows:

e Pre-test: The open-ended problem was posed
without intervention. The problem posed does not
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Worksheet activity on solving open problem Divergent &

Convergent

Open Problem: The local automobile retail shop Thinking

sell parts for different car models....

Phase 1. Understand and analyze the problem:

1.1 List all the entities and actors (Nouns):

entities are the existing real things or objects,

for example person, organization, table, etc.
To list entities look for nouns in the above

problem

Divergence

List the data generated from the
perspective of each entity listed in step1.1:
data is the information like customer entity
will have data: customer-id, name, age.

List all the operations that are performed
on above data from the perspective of each
entities listed in step1.1: operations are the

actions performed on the data set, like
customer places an order or cancels an order.

What is the requirement in above

problem: requirement is the task to be
achieved in above stated problem.

Convergence

Identify the data (listed in step 1.2),
needed to solve the above requirement:

1.6 Identify the operations out of the list in

step 1.3, needed to solve the problem:

Phase 2. Problem solving:

2.1 List the desirable Data Structures that can

be used to solve the above problem:

Divergence

2.2 For each DS, give solution to solve
requirement given in step 1.4 using data
and operations identified in step 1.5 and

1.6 respectively:

Solution 1:
Data Structure and data:
Operations & Algorithm:

Solution 2:
Data Structure and data:
Operations & Algorithm:

Solution N:
Data Structure and data:
Operations & Algorithm:

23 Identify the efficient solution based on
constraints (space, time, complexity) and

requirement in the problem. Justify?

Convergence

Figure 3. Intervention for teaching-learning of divergent and
convergent thinking skill.

has a single correct answer and can be solved in
multiple ways. The students were instructed to write
multiple solutions by using appropriate data structures
and operations for solving the problem and justify
which solution is most efficient. The students were
given 15-20 minutes to solve the problem. The sample
of solved worksheet of pre-test is shown in figure 4.

Post-test: Later, immediately after the pre-test, same
open-ended problem was posed with intervention. The
students were asked to follow the question prompts to




AC{TWP\T d COM(\{@ Open Dudlolem
(

Figure 4. Sample of solved worksheet during Pre-test

20

=

Pha

=

el Undvatand @Amurw e problum

1o List r‘i enhities mct(vvﬁ
> ol
> brakes
1“\ lpakhits

furerws
2 Quantitu , b pe of batries f\&Ll!'Gr:, oil brares
g ’

> getbata ()
Y= To qget e cwsunr ot ok entibieo
owvtulable
puuhmﬂ)
S WpkaV e Ffﬁhu,wﬁf Pwuwanf
Stow() .
leCromunt the ameunt aftes

sclhaaed

whldn

Mo VWOmuung Massage wWhon oy

“dur  gpes lbelewo @ Costain Nouss - J
a e L SRANEES- . . .
= ‘Al\.\&\l.ul MU VUK &
awng elisptays o v
al quanbly i
v |

N TR,

nat it danle
P sdiqlat vadwe .
Ciw\ﬁ;ﬁh&

6 AR ) b w:cuw,lﬂﬂ ( 1

ke T%gi om Selyuu

Y Sbruckuns , Stack Dary iwmru‘;, Linkuise
(@ Shudwu )

)

- Sbrudtuse
- qetPatal)

Opuratuoms ~ purchas (), S50tk (), Wasning ()
1

S o -

Ds & Daka’ Sfack. - Get datet)

Not o fe oot bl goln 0 weas Moy
_*;T(k\ will have to be made for e Kl‘r‘an((
vl da
S 3 -
Déond Dalat = [ipklig — g

NOM frontaate \do MaRL  atpaxate Modes
fmuwfm“ 3 Lields — naru of product, gy,
and et peindan - : 4

“The browy & met <o officitnt qw Many

Nl will  Aowe to Yoo Thade 8

Sbruthwe - Net B wovumung \;m{f Apace o
ove net  wastad 5

Figure 5. Sample of solved worksheet during post-test

183

solve the problem. The students were given same time of
15-20 minutes. The sample of solved worksheet during
post-test is given in figure 5.

The students actively solved the problem individually on
worksheet for both pre and post test. The instructor did not
played an active role during the study.

4.4 Data Collection and Analysis

The data collected are the scores of the pre and post-test
worksheets. The purpose of the pre-test and post-test was to
assess the students’ ability to view problem from multiple users’
viewpoint, identify data and operations to solve the problem,
identify requirement and constraints, write multiple solutions and
select and justify the most desirable solution, while solving the
open-problem. The divergent thinking ability is measured on the
basis of four sub-skills: fluency, flexibility, originality and
elaboration, while convergent thinking skills are measured on
basis of sub-skills: identifying constraints, assumptions, pros and
cons analysis, selecting the solution and justifying the selected
solution.

A rubric was designed to measure the sub-skills of divergent
and convergent thinking acquired during open problem solving
as shown in figure 6. The range of score for each steps in the
worksheet are high, medium, low with marks 3,2,1 respectively.
The pre and post-test worksheets were analyzed using same
rubric. The rubric reliability was validated by the instructor
teaching data structures course and research scholars having
computer engineering background from educational technology
department.

5. RESULTS

The pre-test scores and post-test scores for each sub-skill
were evaluated based on rubric given in figure 6. The average
scores out of 3 for each sub-skill for pre and post-test is shown
in table 1. The t-test was conducted to compare the
performance of pre and post-test as shown in table 1.

TABLE L. SCORES OF DIVERGENT AND CONVERGENT THINKING
Divergent Thinkin Convergent thinking
Fluen- Flexi- | Origi- Elab- Pros and | Justifica-
cy bility nality oration con tion
analysis
Pre-test 1.16 1.02 1.21 1.47 0.02 0.02
(Average)
Post-test | 1.71 1.55 1.23 1.44 0.44 0.47
(Average)
T-Test 0.0008 0.001 0.86 0.88 0.0004 0.00003
(p-value)

6. DISCUSSION

The RQ is answered by comparing the scores of divergent
and convergent thinking sub-skills of pre and post-test.

Results show significant improvement from pre-test to
post-test in divergent thinking and convergent thinking in
terms of fluency (p<0.01), flexibility ( p<0.01), pros and cons
analysis of various solutions (p<0.01) and justifying the
selection of best solution (p<0.01). The results are not
significant in terms of originality, which shows that divergent
thinking does not guarantees creation of original or creative



‘Worksheet steps Divergent and

Levels of skill acquired

Convegent 3:High 2:Medium 1:Low
Thinking Sub-
skills
Phase 1: Understanding the problem

Step 1.1, 1.2, 1.3 Fluency Student was able to list many Student was able to list data items Student was able to
possible data items and operations and operations from few list data items and

from most stakeholders’ perspective. stakeholders’ perspective. operations from
single stakeholders’

perspective.
Steps 1.4, 1.5 Identify Student identified most of the Student identified some of the The constraints

constraints

constraints and assumptions
correctly.

constraints and assumptions
correctly

identified were
partially correct.

selection of
solution
component

Student could select most of the
components correctly

Student could select some of the
components correctly

The components
identified were
partially correct.

Phase 2: Problem solving

Steps 2.1, 2.2 Fluency (count) Student was able to generate >= 3 Student was able to generate 2 Student was able to
solutions. solutions. generate 1 solution.
Flexibility Most of the solutions were based on Some of the solutions were based | Few of the ideas were
(Varied or varied concepts. on varied concepts. based on varied
diverse) concepts.
originality The ideas are similar to 20 % of the The ideas are similar to 40 % of The ideas are similar
ideas generated by others. the ideas generated by others. to 60 % of the ideas
generated by others.
Elaboration The ideas are clearly and correctly The ideas are clearly and correctly The ideas are not
explained at more detailed level by explained at more abstract level clearly explained.
showing the data representation, by showing the data
operations, input and output data of representation, operations, input
each operation, and steps to perform | and output data of each operation,
the operation. without the steps to perform the
operation.
Steps 2.3 Pros and cons The limitations and advantages on The limitations and advantages The limitations and

analysis

most of the parameters of the
solutions’ concepts analyzed.

on some of the parameters of the
solutions” concepts analyzed.

advantages of few
concepts analyzed

Justified selected
solution

evidence.

Justified the selected solution based
on most of the constraints and
assumptions and explained using

Selected the solution
without considering
the constraints or
assumptions.

Justified the selected solution
based on some of the constraints
and assumptions.

Figure 6. Rubric to measure divergent and convergent thinking

solutions but develops the potential in thinking towards
creativity or innovations.

The results are not significant in terms of elaboration,
thus showing that students are able to write the solution in
detail both in pre and post-test. In next iteration of DBR, the
design will incorporate instructions to help students in
writing solutions in detail.

In pre-test, most of the students could write only one
solution in detail and they found difficult to write multiple
solutions as shown in sample worksheet of pre-test in figure
4. Also, they were not able to do the reasoning to justify
how their solution is better. This shows that students do not
had the understanding or skills in using appropriate
divergent and convergent techniques to solve real-world,
open-ended problems efficiently during pre-test.

The results of study show that question prompts to think
from divergent to convergent in multiple phases of problem
solving helped students in writing multiple solutions and to
justify the selected solution. In the first phase-understand
and analyze the problem, the question prompts to explore
the problem from multiple viewpoints of stakeholders
helped to identify the data and operations to be performed
on the data. Then they were prompted to identify
requirements and constraints needed to solve the problem.
This process of systematically shifting from divergent to
convergent thinking helped to understand the problem.
Before moving to second phase of problem solving, students
had the knowledge of which data and operations are needed
to solve the problem. As shown in the sample worksheet in
figure 5, the student is able to abstract the solution in term
of data and operations needed to solve the problem in step 5
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and 6 of phase 1.

In second phase students were prompted to use different
data structures to represent the data and algorithm to
perform the operations. This thinking process helped
students to write multiple solutions with more clarity of
solution in terms of data representation and operations to be
performed using various data structures which are not seen
in pre-test worksheet of the same student in figure 4. Then,
once multiple solutions were generated, student were
prompted to do pros and cons analysis based on time, space
and complexity of each solution and then select and justify
how the solution is best for the given requirement and
constraints. As shown in sample worksheet in figure 5, the
student is able to write 3 solutions using structure, stack and
linked list and has made an attempt to justify that structure
is efficient in terms of time and space complexity. This
process of systematically solving the problem and shifting
from divergent to convergent thinking improved the quality
of the solution and clarity on why the solution is best.

During post-test, convergent thinking improved but still
the scores are low. After analyzing the pros and cons
analysis and justification given by students in post-test, we
found that students had difficulty in comparing and
contrasting different solutions. For example, if two solutions
are generated, one using array and another using linked list
then array and linked list should be compared and contrasted
based on time, space and complexity of operations and
justify which one is most desirable for the given problem.
The comparison is that array is most suitable for search and
traversal operation and linked list is more suitable for insert
and delete operations. The justification is that array is
selected because for the above problem, insertion and



deletion of records are few and search and traversal of
records is performed at large, thus array is more suitable
than linked list in terms of time complexity. To improve the
student’s ability to evaluate and select a solution based on
pros and cons analysis, an explanatory feedback in terms of
counter example can be given to clarify the concepts.

In next iteration of DBR, the design has to be improved
using following points-

L. Develop a computer based tool based on the

intervention for divergent and convergent thinking.

il. For each step in the worksheet, identify the
instructional strategy (hints, feedback, question
prompts, simulations) appropriate to trigger the
cognitive and meta-cognitive processes of the
students.

Generate counter examples during problem solving
phase to help in doing pros and cons analysis and
selecting the best solution.

iii.

To investigate whether students have acquired the
divergent and convergent thinking skills, delayed
experiments should to be conducted on additional open
problems without scaffolds for a same set of students who
received the training.

7. CONCLUSION

Divergent and convergent thinking skills are important
in open problem solving to find better solution. The
intervention was designed using first DBR cycle to develop
the divergent and convergent thinking using question
prompts in all phases of open problem solving. The study to
evaluate the intervention show significant improvement in
solving open problem. The results and responses given by
students were analyzed to find areas of improvement in the
design of intervention for next cycle of DBR.
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