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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 distinction among levels of cognitive learning, ranging from level-1 (memorization) to level-6 (evaluation).  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’ capacity to transfer knowledge to new contexts.  This paper provides techniques to differentiate among levels of cognitive learning of students in engineering and technology classes, and to elevate students’ learning levels.  Most importantly, it focuses on distinguishing between level-4 knowledge of working expertise and level-3 knowledge requiring prompting by an expert to trigger its use.  
Index Terms ( Evaluation, Bloom’s Taxonomy, Cognitive Learning.

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 [1].  Bloom’s Taxonomy is a broadly used framework categorizing and differentiating desired learning objectives.  Bloom understood that educational goals helped to define the desired level of learning, proposing that, “teachers and curriculum makers should find this a relatively concise model for the analysis of educational objectives in the cognitive area of remembering, thinking, and problem solving.”  [2]   This classification scheme is a strong model for measuring the quality of learning or knowledge.


Bloom’s Model of Knowledge Levels consists of six different levels of educational objectives which classify intended student behaviors from the simplest to the most complex, as shown in the following table.  
TABLE I

Bloom’s Model of Knowledge Levels

	Knowledge Level
	Description

	1.  Recall (knowledge)
	Memorization of information

	2.  Comprehension
	Understanding and meaning

	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
	Ability to create or build new knowledge from basic elements and logical constructs

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



Bloom’s Model, which was designed for educational intent, can also be used effectively for outcomes assessment.  Most learning outcomes can be defined by the level of knowledge the students are expected to be able to demonstrate in practice.  This demonstration of working expertise is a complex structure of factual, conceptual, procedural, and metacognitive knowledge and skills [3].  Engineering and technology faculty have increased their appreciation of the need to distinguish among levels of cognitive learning in order to design curriculum, facilitate learning, and evaluate student learning in view of the philosophical and practical implementation of ABET 2000. 


The process of elevating the level of student knowledge in most engineering courses begins with a presentation of the material by an expert.  Building on this initial understanding, an educator then usually provides a set of skill exercises similar to those illustrated within the expert presentation.  Initially, these are simple problems and exercises based only on the newly presented information in familiar contexts.  Then the problems and exercises are made more difficult by integrating the need for application of prior knowledge within less familiar contexts.  This progression increases students’ ability to transfer knowledge to new contexts, raises their level of understanding, and eventually builds knowledge to a solid application level.  Although this strategy has been used successfully by many educators, what is not well understood is the process of raising knowledge to the working knowledge or analysis level (Bloom’s Level-4).  Understanding of this process requires a more complete understanding of problem solving capacity of the learner in relationship to the problems and exercises given.  It is, therefore, important to differentiate skill exercises from problem solving, not only in the challenges we give to students, but also within our assessment and evaluation systems.
Learning Process Methodology

If we accept Bloom’s Taxonomy of knowledge levels, then a learning model can be used to explain how to steadily advance the level of student knowledge.  The Learning Process Methodology (LPM) is a practical process for both teachers and students to increase the quality or level of student knowledge in an efficient and effective manner.  [4] 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. 
TABLE II

Learning Process Methodology

	Level
	Learning Process Step
	Bloom’s Level

	1
	Why
	Pre-learning

	2
	Orientation
	Pre-learning

	3
	Prerequisites
	Pre-learning

	4
	Learning Objectives
	Pre-learning

	5
	Performance Criteria
	Pre-learning

	6
	Vocabulary
	Level 1

	7
	Information
	Level 1

	8
	Planning
	Learning

	9
	Modeling
	Level 2

	10
	Critical Thinking
	Level 2

	11
	Skill Exercises and Applications
	Level 3

	12
	Problem Solving
	Level 4

	13
	Assessment
	Assessing Learning

	14
	Research
	Level 5


Recognizing Level-3 Knowledge

The authors believe that in engineering education today most engineering courses and programs are designed with the intent to raise student knowledge to at least Level-3.  Achieving a desired learning outcome at an intended level requires that the previous levels have been successfully achieved.  Therefore, in order to reach Level-4, the development of Levels 1 through 3 must be assured.  The elevation of knowledge to the level of application and working expertise requires the student to integrate several connected forms of knowledge and to apply them effectively in a new context.  

Students who have achieved Level-3 knowledge can be differentiated from those at Level-2 by means of the traits shown below.  [5] 

· 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.”
Recognizing Level-4 Knowledge

Likewise, the additional characteristics exhibited by someone with Level-4 Knowledge are the following:

· 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 trait defines an “expert” in a particular field.

Describing the Complexity of Level-4 Knowledge

Most engineering and technology programs have difficulty in developing Level-4 knowledge (working expertise) within their students and subsequently their graduates.  Also, the faculty and others responsible for many such programs have not effectively discussed or articulated whether or not Level-4 knowledge should be a targeted learning outcome for their students.  If Level-4 performance is a program outcome, then it is necessary to identify courses and activities designed to produce this outcome.

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 facilitate the student’s ability to achieve working expertise, more detailed models of problem solving regimes are needed.  Furthermore, the interdependence of problem complexity and context along with the learner’s capacity and achievement level must also be recognized.  Consider the classification of the levels of difficulty of a problem-solving situation shown in Table III.


For simplicity, in the following discussion, we assume that the level (or difficulty) of a problem solving task is a function of only three variables: 

· individual capacity of the learner, 
· problem complexity, and 

· problem context.  
TABLE III

 Levels of Difficulty of Problem Solving Situations
	Designation
	Description

	1 
	Automatic
	Performance of a task without thinking (like washing a dish)

	2  
	Skill Exercise
	Consciously involved, but minimal challenge using specific knowledge

	3  
	Problem Solving
	Challenging, but possible with current knowledge and skills through a strong problem-solving approach

	4 
	Research
	Requires additional knowledge that currently doesn’t exist within a learning effort to effectively accomplish the task.

	5 
	Overwhelming
	Cannot be accomplished without a significant increase in capacity, most likely by bringing in additional expertise.


Capacity means the individual’s ability to solve problems.  It represents a combination of traits including the following:
· Experience

· Ability to apply a variety of concepts across boundaries 

· Internalization of the problem solving process
· Problem solving skills
· Critical thinking skills

· Portfolio of problem solving techniques and models 

· A personal attitude that includes persistence, coping, recovering from failure, etc.

· Adventurousness, including playfulness, creativity, open-mindedness, etc.

· Access to additional capacity as needed to expand beyond the learner’s current limits
· Ability to remain objective

· Understanding of the significance of the problem
Complexity of the problem itself is characterized by the following:

· Number of knowledge items involved

· Number of schemas crossing discipline boundaries 

· How recently the knowledge area has been practiced

· Extent of direction or guidance provided

· Number of key issues to be addressed

· Subtlety of the assumptions

· Availability of information or misinformation

· Resource constraints

· Clarity of problem definition

· Difficulty in validating solutions either through estimation or alternative solutions.
· Large scale integration of information 
· Complexity of the relationships among aspects of the problem

· Ease of partitioning the problem into sub-problems
· Degree of historical extent of the problem

· Level of emotional commitment or involvement

The context in which a problem is presented also influences the ability of a learner to address it.  The learner’s familiarity with the context significantly enhances his or her ability to effectively and efficiently employ knowledge concepts and to apply devices and tools to accomplish various portions of the process.  Therefore, moving a problem to an unfamiliar context may make it more challenging for the students, even though there are no new tools needed to effect a solution.  For example, transferring a statics problem, initially illustrated with trusses, frames, and simple tools, to the skeletal system of a living organisms is a change of context that some students may find disorienting at first.  Nevertheless, their recognition that the laws of mechanics are applicable in other situations extends their ability to recognize the universality of principles first presented in a narrower context.

Two schematic plots of the effects of these variables upon the resultant problem solving regime are shown in Figures 1 and 2.  








FIGURE. 1
Effect of Capacity and Complexity on Problem Solving Level










FIGURE. 2

Effect of Capacity and context on Problem Solving Level


These figures illustrate that, at a low level of problem complexity and high individual capacity, the problem solving experience is merely a skill exercise without any additional movement towards working expertise.  As the complexity of the 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.  However, if the complexity continues to increase further, eventually another boundary is crossed, and the problem solving regime can become utterly overwhelming for the student and fruitless as a learning experience.  

Strategy for Increasing Problem Solving Capacity
The instructor has the ability to design the level of complexity in a problem solving situation to provide challenges appropriate to elevate student knowledge to Level-4.  By controlling the factors of problem complexity and context, the learning experience can be optimized to ensure that it is neither simply a skill exercise nor overwhelming for individual students.


Unquestionably, the best means for a learner to approach a complex 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 becomes lowered until a solution appears.  [6]
Elevating Student Knowledge to Level-4

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.  Any of these techniques should be helpful in increasing students’ capacity and experience in learning:
1. Generalize understanding: Ask the students to write a paragraph to apply their knowledge in a familiar context, then a paragraph for an unfamiliar context, and then a final paragraph that illustrates the generalization of the knowledge.

2. Practice problem solving: Work with other teachers, mentors, or peers in a variety of contexts.  Develop a set of problems for students to solve, and have students and faculty rank these in level of difficulty.  Then help relate student problem-solving capacity to problem complexity by starting at the lowest level and let the students chose the manageable level to start with.

3. Assess the problem solving experience: After each situation, use assessment methods to grow problem-solving skills.  Have students document their problem solving performance by identifying the areas of strength, areas for improvement, and some insights or generalizations from the experience.  An assessment form can be used to provide feedback in their process [7].

4. Assess the use of the problem solving methodology:  Assessment of the methodology itself (as distinguished from the students’ performance) adds richness and also provides links with other teaching and learning methodologies.

5. Continuously increase the complexity of problems:  It is important 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.  
6. Require an explanation or assessment of the problem solution:  Ask students to write 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 were changed, and then a final paragraph that describes at least one insight gained from the process.
7. Use alternative methods to approach a problem:  Instead of having students provide a formal solution to the problem, instead as them to explain how to solve the problem and to provide an estimate of the answer.


In order to fully build Level-4 proficiency or working expertise, other aspects of student development should also be considered.  Particularly, development of the learner’s affective skills is needed to counter learner frustration as the complexity of the problem-solving situation goes up and the comfort level decreases.
Suggestions for Further Study

· The relationships among the learner’s problem solving capacity, problem complexity, and problem context are, as presented, only conjecture and common sense.  These relationships 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 (Application), 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?  

· How much time is and should be spent in Engineering Programs elevating knowledge to Level-4?  
Conclusions
As engineering and technology faculty become more familiar with the concepts of levels of learning, it becomes possible for them to recognize and distinguish among the levels of student performance.  With the tools available faculty can now employ techniques to raise the learning levels of their students so that students are able to leave with working expertise within their disciplines.
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