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Abstract

Bloom’s Taxonomy is a broadly used framework categorizing and differentiating the outcomes of learning and acquisition of knowledge.  Among the three domains of learning, identified almost 40 years ago as cognitive, affective, and psychomotor domains, outcomes assessment in engineering and technology education has focused principally on the cognitive domain.  Recently, university faculty have increased their appreciation of the need to distinguish among levels of cognitive learning:  Knowledge (memorization of information - level 1), Comprehension (understanding - level 2), Application (ability to apply knowledge in a new context - level 3), Analysis (ability to understand the logical constructs and apply or modify knowledge without expert prompting - level 4), Synthesis (create or build new knowledge from basic elements and logical constructs – level 5), and Evaluation (ability to select and judge among alternatives and select the best – level 6). 

The Critical Thinking movement led by people like Paul, Chaffey, and Debono determined that learners must think critically to process information and to construct understanding.  Building knowledge in most engineering courses begins with skill exercises, which are initially simple problems in familiar contexts.  The problems are then made more difficult by integrating with past knowledge and new contexts.  This progression increases students’ ability to transfer knowledge to any new context.  

It is important to differentiate skill exercises from working expertise, not only in the challenges we give to students, but also within our assessment and evaluation systems.  This paper provides techniques to differentiate among levels of cognitive learning of students in engineering and technology classes.  Most importantly, it will focus on distinguishing between level 4 knowledge of working expertise and level 3 knowledge requiring prompting by an expert to trigger its use.  Examples from several engineering disciplines will be provided.

Introduction

In 1956, Benjamin Bloom edited the now standard work on knowledge levels entitled “Taxonomy of Educational Objectives,” which created a model for evaluating the quality of the goals of our educational system.
  Bloom’s Taxonomy is a broadly used framework categorizing and differentiating desired learning outcomes and by extension the quality or levels of knowledge.  Bloom understands that educational goals define desired learning outcomes, offering that, “teachers and curriculum makers should find this a relatively concise model for the analysis of educational outcomes in the cognitive area of remembering, thinking, and problem solving.”
  By extension this classification is in actuality a means of measure the quality of learning or knowledge.

Bloom’s Model of Knowledge Levels consists of six different levels of educational objectives or outcomes for the cognitive domain, which classify intended student behaviors from the simplest to the most complex.  

	Knowledge Level
(Bloom’s Term)
	Characterization

	1). Recall 
(Knowledge)
	Memorization of information

	2). Comprehension
	Understanding at the minimum level

	3). Application 
	Ability to apply knowledge in a new context

	4). Working Knowledge
(Analysis)
	Ability to understand the logical constructs and apply or modify knowledge without expert prompting

	5). Synthesis --
	Create or build new knowledge from basic elements and logical constructs

	6). Evaluation --
	Ability to select and judge among alternatives and choose the best


Table 1.  Classification of Knowledge Levels

The cognitive domain has been the principal focus of outcomes assessment in engineering and technology education.  Recently, university faculty have increased their appreciation of the need to distinguish among levels of cognitive learning in order to assess learning objectives, design curriculum, and evaluate student outcomes.  The process of elevating student knowledge levels in most engineering courses begins with skill exercises at the comprehension level, which are initially simple problems in familiar contexts.  The problems are then made more difficult by integrating with past knowledge and new contexts.  This progression increases students’ ability to transfer knowledge to any new context and raise their knowledge to the application level.  What is not understood well is the process of raising knowledge to the analysis level, or working expertise, which also requires a more complete understanding of problem solving capacity.

It is, therefore, important to differentiate skill exercises from working expertise, not only in the challenges we give to students, but also within our assessment and evaluation systems.  This paper provides techniques to differentiate these levels of cognitive learning of students in engineering and technology classes.  It will focus on distinguishing between level four knowledge of working expertise and level three knowledge requiring prompting by an expert to trigger its use.  Examples from several engineering disciplines will be provided.

A Process Model for Learning – The Learning Process Methodology

If we accept Bloom’s Taxonomy of knowledge levels, then a learning model is needed to explain how to steadily advance the level of student knowledge along this scaffold.  The Learning Process Methodology (LPM) component of Process Education is a practical process for both teachers and students to increase the quality or level of student knowledge in an efficient and effective manner.  

LPM & Bloom.  An examination of the LPM shows how it relates to advancing the level of student knowledge.  The 14 steps of the LPM are shown below.  (Institute Handbook)


[Insert Tables From Institute Handbook, LPM, p. 39 and/or p. 48]

Elevating Knowledge to Level three, Application.  

The authors believe that in engineering education today, most engineering programs are designed to raise student knowledge to level three, comprehension, at best.  Therefore, very few, if any, programs are actually capable of developing level four, working expertise, in their graduates.  Without discussing whether level four is the right outcome 

The realization a desired learning outcome level necessitates that the previous level has previously been successfully achieved.  The elevation of knowledge to the level of application requires the student to integrate several forms of knowledge into the problem solving process applied to new context.  

Methodology for Elevating Knowledge to Level 3, Application (Institute Handbook, p. 44)
a) Establish and Solidify an information base (level 1).  Directed questions help to activate prior knowledge

b) Identify the “cornerstones” for the knowledge (level 2).  Knowledge is built upon a foundation of prior knowledge.  Identify and use the most important information/knowledge.  For conceptual knowledge, there needs to be a directed focus or a concrete example.

c) Identify the key inquiry questions for comprehension (“the supporting cross beams” for knowledge) and key issues to construct the knowledge (level 2).

d) With the framework in place, test the conditions of the structure (e.g. the validity of the assumptions, the logic, value or benefits) (level 2).

e) Applying knowledge in a familiar context.  Concretize, transfer, and apply the knowledge to a familiar contest (low level 3).

f) Transfer and apply knowledge to another context that is similar.  (low level 3)

g) Enrich knowledge mastery by transferring and applying the knowledge to a different contest.  (level 3)

h) Transfer and apply the knowledge to a completely new and unfamiliar context (e.g. different culture, discipline ).  Play role of consultant (level 3).

i) Generalize understanding of the new knowledge (level 3).

Students that have achieved level three knowledge can be differentiated from those at level two by means of the traits shown below.  (From Institute Handbook, p. 46)

· The learner has the skill to apply and transfer the particular item of knowledge to different situations and contexts.

· The learner has taken the time to generalize the knowledge to determine ways to apply it, testing boundaries and linkages to other information.

· The learner can recognize situations and skillfully make use of this knowledge in new contexts and situations.

· The learner is able to teach this knowledge to others; “knowing he/she knows” rather that just “thinking he/she knows.”


Two examples might be included at this point.

Knowledge Level Four.

The capacity to solve problems at the level of working expertise is a complex topic that has not received much attention from those interested in the learning process.  In order to be able to facilitate the student’s ability to achieve working expertise, a more detailed model of problem solving capability is needed.  Consider the classification of the levels of difficulty of a problem-solving situation shown below.

Levels of Problem Solving

Description
1). Automatic.
Perform without thinking

2). Skill Exercise.
Consciously involved by no challenge

3). Problem Solving.
Challenging but possible with current knowledge and skills

4). Research.
Requires additional knowledge not currently existing to accomplish.

5). Overwhelming.
Cannot be accomplished without a significant increase in capacity. 

To keep the model within our grasp, consider that the level (or difficulty) of problem solving is a function of only three variables:  individual capacity, problem complexity, and problem context.  These variables are defined below.  Two plots of individual capacity versus complexity and versus context are shown in figures 1 and 2.  The axes on the plot are defined as shown below.











Figure 1.  Capacity vs. Complexity
Figure 2.  Capacity vs. Context


Capacity.  A measure of an individual’s ability to solve problems and is a combination of several items to include:  experience, the ability to apply a variety of concepts, the internalization of the problem solving process, skill at various devices and tools to accomplish portions of the process, and the proper attitude.

Context.  The problem solvers familiarity with the context significantly enhances their ability to effectively and efficiently employ knowledge concepts, apply devices and tools to accomplish various portions of the process.


Complexity.  A primary characteristic of accelerating change that will continue to increase with the exponential evolution of technology.  Some measures of problem complexity would include:

· Number of knowledge items involved

· Number of Schemas used

· How recent is practice or application in the knowledge area

· Extent of Direction or Guidance provided

Factors that Increase the Difficulty of a Problem Solving Situation.

The teacher has the ability to design the complexity and set the context of a problem solving situation to provide appropriate problem solving exercises the will stimulate the elevation of student knowledge to level 4.  By controlling the factors listed below, the learning experience can be optimized to ensure it is neither simply a skill exercise nor overwhelming for individual students.

Ten factors that provide some measure of control on the complexity of the problem-solving situation are shown below.

1). Number of different factors and constraints involved in the problem solving situation

2). Number of inter-relationships between the factors and constraints

3). Number of different knowledge concepts and disciplines involved in realizing a solution

4). Degree of historical extent of the problem

5). Level of societal and political involvement in the problem situation

6). Size of the problem solving team required

7). Sum total of resources required to solve the problem

8). Time available to achieve and implement a solution

9). Level of emotional involvement of participants

10). Number of tools required to solve

Unquestionably, the best means of reducing the complexity of a problem is through the use of a problem solving methodology.  As the problem solver moves through the steps of a problem solving process, the complexity of the problem is reduced until a solution appears when the complexity vanishes.  A lack of clarity regarding the problem increases the overall complexity confronting the problem solver.  Conversely, clarifying the vision or objective of the solution can substantially reduce the complexity.

Referring to figures 1 and 2, it can be seen that at a low level of problem complexity and with high individual capacity, the problem solving experience becomes merely a skill exercise without any learning.  As the complexity of a problem-solving situation increases, a boundary is crossed and a skill exercise develops into a problem-solving situation that can assist in the development of working expertise.  If the complexity continues to increase, eventually another boundary is crossed and the problem solving situation can increase beyond the research stage to become utterly overwhelming for the student.  Similar situations occur when capacity is related to context familiarity as shown in the figure two.

Elevating Student Knowledge to Level Four.

The Methodology shown below is offered as means for designing curriculum and problem solving situations for the purpose of developing working expertise in problem solvers.

a) Start at the last step of the Methodology for Elevating Knowledge to Level 3 – Generalize understanding (level 3).  Can write a paragraph to apply the knowledge in a familiar context, a paragraph for an unfamiliar context, and then a final paragraph that generalizes the knowledge.

b) Practice Problem Solving with a teacher/mentor in a variety of contexts (high level 3).  See figures one and two to help relate student problem-solving capacity to problem complexity and context familiarity to individually control the level of difficulty.  

c) Assess the problem solving experience after each situation to grow problem-solving skills.

d) Assess the use of the problem solving methodology to add richness and include links with other methodologies.

e) Change either the complexity or the context or both to stay within the students problem solving capacity zone and continue to practice until the characteristics of a level 4 problem solver have been attained.  (From Institute Handbook, p. 46)

· The learner has the ability to integrate the knowledge skill with his/her other knowledge skills to produce a generalized problem solution.

· The learner is able to solve complex problems by applying many knowledge skills and integrating these knowledge skills with processes and tools to produce a quality problem solution.

· The learner has the ability to produce a general problem solution which can be reused and transferred to similar situations with minimal adjustments.  This defines an “expert” in a particular field.

[Two examples might be included at this point.]

Other Considerations in Building Working Expertise (Level 4).

· Affective skills development is needed to counter learner frustration as the complexity of the problem-solving situation goes up and the familiarity goes down.

· The relationships of problem solving capacity, complexity, and familiarity with the problem solving context are as presented are only conjecture and common sense.  This should be an area of further educational research, particularly considering that the complexity of all problems will continue to increase in the future with the exponential rate of technological change.

· How might the problem-solving threshold for an individual student be determined and how can new situations be designed to support the development of working expertise?

· The location of the overwhelming problem-solving threshold for individual students is important to know in order to avoid frustrating the student and impeding learning.  What are the indications that this point has been reached?

· Engineering Programs generally attempt to move students to Level 3 (thought), but may not actually move beyond skill exercises associated with Level 1 (Drill and Practice).  How does the teacher distinguish between Level 1 and Level 3 in problem solving?  

· Require an explanation/assessment of the result:  a paragraph to validate or describe how to validate of the result, a paragraph to explain the most important assumption and how the result might change if the assumption is changed, and then a final paragraph that describes at least one insight gained from the process.

· Instead of solving the problem, require an explanation of how to solve the problem and an estimate of the answer.

· How much time is spent in Engineering Programs elevating knowledge to Level 4?  (About 5 percent?)  How much time should be devoted to this objective?  What are examples of exercises that move students toward Working Knowledge (level 4).

Techniques for designing problem solving situations and examples.

Conclusions.
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