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ABSTRACT 

 

 

Many engineering and computer science instructors desire to improve their teaching, 

to meet ABET accreditation requirements, and to address the need for quantitative evaluation 

of pedagogy.  In order to meet these goals, instructors require effective, concise assessment 

tools such as concept inventories.   

Concept inventories are proven tools for classroom assessment.  The Force Concept 

Inventory (FCI) has been used to successfully determine the effectiveness of active 

engagement techniques in introductory physics courses.  Despite the critiques of the FCI, 

instructors are working to develop concept inventories in other engineering and science 

fields.   

To identify student misconceptions in digital logic, we interviewed 16 students who 

had previously completed either ECE 290 or CS 231.  We then created a multiple-choice 

problem for each misconception.  After tuning the problems, we compiled them into a draft 

assessment test, which we administered to over 200 ECE 290 and CS 231 students. 

Unsurprisingly, students had the most difficulty with concepts involving abstraction 

and with transferring concepts to different contexts.  We could assess many of these 

misconceptions using multiple-choice problems, and found that students who took the 

assessment tests showed the same misconceptions as the students we interviewed.  We also 

found that students in CS 231 performed similarly to students in ECE 290, despite 

pedagogical differences between the two courses. 

. 
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CHAPTER 1 INTRODUCTION 

Engineering and computer science instructors have many reasons to assess student 

learning outcomes.  First, the program accreditation standards of the Accreditation Board for 

Engineering and Technology (ABET) requires “a system of ongoing evaluation that 

demonstrates achievement of these objectives and uses the results to improve the 

effectiveness of the program” [1].  Second, instructors who want to improve their teaching 

effectiveness require an objective, reliable tool to evaluate the effects of different teaching 

methods.  Third, education researchers need a standard tool to compare pedagogies.  I believe 

that classroom assessment can be used to achieve institutional, faculty, and research 

assessment objectives [2].   

In this thesis, I describe initial steps toward a concept inventory to assess student 

understanding of digital logic.  A concept inventory is a short, multiple-choice test that 

assesses students’  conceptual understanding of a field.  Concept inventories have proven 

valuable in science and engineering.  In particular, the Force Concept Inventory (FCI), which 

probes conceptual understanding of Newtonian mechanics, has revolutionized the teaching of 

introductory physics courses.  Chapter 2 of this thesis describes the history and impact of 

concept inventories; it also describes one method used to develop concept inventories. 

We conducted our research at the University of I llinois at Urbana-Champaign, which 

offers two introductory logic design courses.  ECE 290, Computer Engineering I, is offered 

by the Department of Electrical and Computer Engineering, and CS 231, Computer 

Architecture I, is offered by the Department of Computer Science.  Both courses are 

sophomore-level courses that are required for the departments’  undergraduate majors.  The 

two courses cover almost identical material: representation of information, combinational 

and sequential circuit analysis and design, and computer organization and control.  Both 

courses use the same textbook [3], but they are not jointly offered, primarily due to their 

large enrollments of about 200 ECE 290 students and 120 CS 231 students per semester.  

Most of the students are traditional age, residential students.  About 90% of ECE 290 and CS 

231 students are male, and most are white or Asian.  In both courses, students attend three 
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hours of class every week: two hour-long lectures taught by faculty, and one hour-long 

recitation taught by a graduate teaching assistant.  Students in both courses complete bi-

weekly schematic-capture and simulation-based laboratory assignments.  Students submit 

written homework every other week for CS 231 and every week for ECE 290.  In addition, 

students complete frequent Web-based homework problems and receive instant feedback.  

During the semester, students take two mid-term exams and a comprehensive final exam.  

Further information can be found at http://courses.ece.uiuc.edu/ECE 290 and 

http://www.cs.uiuc.edu/class/CS 231. 

To develop a concept inventory, we needed to identify which concepts students find 

difficult to understand and to determine why students find those concepts difficult.  During 

the 2005–2006 academic year, we identified student misconceptions in digital logic through a 

series of 16 interviews with students who had completed either CS 231 or ECE 290.  To 

check whether other students held these misconceptions, we developed and administered two 

multiple-choice assessment tests; the first test was administered to 28 ECE 290 students at 

the end of Fall 2005, and the second test was administered to over 200 ECE 290 and CS 231 

students at the end of Spring 2006.  I describe the method we used to identify student 

misconceptions in Chapter 3 of this thesis. 

Our first research goal was to identify common student misconceptions in digital 

logic.  As we identify these misconceptions, instructors of introductory digital logic will 

know which concepts might require more explanation.  Further, instructors of subsequent 

courses will know which concepts they might need to reinforce for students. 

 Our second research goal was to determine whether the different pedagogies used in 

ECE 290 and CS 231 affect students'  conceptual understanding of course material.  ECE 290 

instructors use rigorous and time-consuming problem sets to “drill”  concepts, whereas CS 

231 instructors believe that complex, repetitious problem sets are not needed for students to 

gain a conceptual understanding of digital logic. 

Student interviews and the assessment tests revealed a number of misconceptions 

about digital logic: 

·  Students are often content to have a level of understanding consistent with the 

“Remember”  level rather than the “Apply”  level of the revised Bloom's 

Taxonomy of Anderson et al. [4]. 



 

 3 

·  Students are uncertain about the output dependencies of different logic devices 

such as latches, flip-flops, and combinational logic gates. 

·  Students have difficulty applying previous knowledge to new situations.  

·  Students have difficulty designing with medium-scale integration (MSI) 

components such as multiplexers and decoders. 

·  While students do understand some of the implications of complements and duals 

of Boolean expressions, they often cannot derive the complement and the dual of 

a particular expression. 

·  Many students do not understand the concept of state in sequential design.  They 

do not always know how to describe a state or how to tell when transitions 

between states occur.  Students also have difficulty distinguishing an abstract state 

machine from specific implementations of that state machine. 

·  When they analyze a complex circuit, students rarely abstract functionality from 

subsystems of the circuit. 

·  Students are sometimes uncertain about when combinational circuits should be 

used and when sequential circuits should be used. 

 

Despite significant differences between CS 231 students'  performance and ECE 290 

students'  performance on a few problems on the Spring 2006 assessment test, we found that 

average assessment test scores were not significantly affected by course choice.   

In Chapter 4 of this thesis, I discuss student misconceptions, student performance on 

the Spring 2006 assessment test, and the differences between CS 231 and ECE 290 student 

performance. 

Although we did not develop a finished concept inventory in digital logic, our work 

represents a promising first step.  We identified a number of student misconceptions in 

digital logic and developed a draft assessment test that can be the basis for future work.  

Much work remains before we create a valid, reliable concept inventory, however.  In 

Chapter 5 of this thesis, I describe some of the lessons that future concept inventory 

developers could learn from our research as well as future work needed for a concept 

inventory in digital logic. 
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CHAPTER 2 BACKGROUND 

In this chapter, I review the literature on the development and use of concept 

inventories in science and engineering.  I will describe the history, critiques, and impact of 

the Force Concept Inventory (FCI), and I will discuss recent attempts to construct concept 

inventories in other fields. 

2.1 The Force Concept Inventory 

Hestenes et al. [5] developed the FCI to demonstrate the extent to which students 

became ªNewtonian thinkersº after formal instruction in Newtonian mechanics.  Hestenes et 

al. identified six different dimensions of the Newtonian force concept.  To test each 

dimension, they created several multiple-choice problems.  They used 29 of these problems 

in the original version of the FCI (the current version has 30 problems).  The problems 

require little or no calculation, and each problem focuses on only one concept.  Each problem 

contains one correct answer choice based on Newtonian understanding and four alternatives 

based on commonly held misconceptions.  Although physics professors who had reviewed 

the inventory considered the problems too trivial to be useful, initial administrations of the 

FCI showed that students did not understand these basic concepts as well as their professors 

had hoped.  Early data showed that students who had completed a semester of introductory 

Newtonian physics had average FCI scores between 63% and 77% correct. 

2.1.1 Critiques of the FCI 

The earliest critique of the FCI focused on the division of the concept of Newtonian 

force into six dimensions.  Huffman and Heller [6] performed a factor analysis on the student 

FCI scores reported by Hestenes et al. and found that students did not conceive of force in the 

six dimensions Hestenes had described.  Because the FCI did not measure the concept of 

force in the way that students conceived of force, Huffman and Heller believed that the FCI 

was not a good measure of student understanding.  Hestenes and Halloun [7] replied that true 

Newtonian thinkers did conceive of force in those dimensions, and that the correct 

interpretation of the factor analysis was that students did not think of force in the same way 

as Newtonian thinkers.  They believed that FCI results were valid because the FCI measured 



 

 5 

the difference between student thought and Newtonian thought.  This disagreement was 

never fully resolved and was left as a difference in interpretation of FCI results.  The 

disagreement highlights how difficult it is to create a concept inventory that assesses 

conceptual understanding in a manner that is acceptable to all educators.   

Another set of critiques focused on the multiple-choice format of the FCI.  Although 

the FCI was designed to reduce the number of false positives (non-Newtonian thinkers 

selecting Newtonian answer choices) and false negatives (Newtonian thinkers selecting non-

Newtonian answer choices), some educators worried that contexts of the problems and the 

candidate answer choices could affect test results.  Mahajan [8] found that students with 

significant physics experience might select the correct answer choice only after great 

deliberation and without being fully convinced of their answer.  His administration of the 

FCI to 10 physics students resulted in very high scores with an average of about 90%.  

However, he found many students revealed non-Newtonian thinking when the problems were 

recast as circular motion problems.  Steinberg and Sabella [9] also found that student 

performance depended on the context of the problem.  In their study, students performed 

better with open-ended problems testing the same physics concepts as FCI problems.  

Rebello and Zollman [10] examined the effects of the distracters on students.  They created 

open-ended problems from FCI problems by removing the choices, and they compared 

student open-ended responses with the choices offered in the original FCI problem.  They 

found that the students correctly answered a similar number of problems on both the 

multiple-choice format and the open-ended format, but that students'  incorrect solutions on 

the open-ended format did not align to FCI distracters. 

Finally, some researchers have found that student background affects FCI results.  

Mahajan' s students, who had more physics background than the average American physics 

students, answered correctly even when they did not fully understand the concepts behind 

their answers [8].  McCullough [11] found that gender also affected students'  responses.  She 

found that changing some of the stereotypically male contexts of the problems (cannons, 

rockets, hockey pucks, etc.) to stereotypical female contexts (shopping, family, etc.) affected 

students'  responses to those problems.  However, the effects were not predictable.  Cultural 

context also affects students'  responses, as Schecker and Gerdes [12] show.  Simply 

changing the context of a problem from golf to soccer can affect student responses. 
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No assessment tool is appropriate for all students in all cases.  While there is still 

work to be done, few educators familiar with the FCI can doubt its impact on physics 

education. 

2.1.2 Impact of the FCI 

The developers of the FCI suggested three uses for the inventory [5].  First, the FCI 

could be given early in the course, to show professors which concepts were misunderstood 

by students.  Second, it could be used as a placement exam.  However, because the FCI is not 

designed to test students'  ability to perform physics calculations, Hestenes et al. suggested 

that students also take a math test to determine whether they have the necessary background 

for a more advanced course.  Third, the FCI could be used to evaluate instruction.  The 

inventory could be administered to students at the beginning and the end of the semester, and 

the gain in scores should relate to the effectiveness of instruction.  It is with this third use that 

the FCI has had the most impact on physics education. 

From the reports of its initial administrations, the FCI began to point out the 

shortcomings of traditional, lecture-based physics education [5].  Posttest scores were much 

lower than many instructors had expected.  Some instructors believed that their students had 

low posttest scores only because their students had little previous physics experience.  

However, FCI data showed that pretest scores varied little with previous physics experience, 

so it was more likely that low posttest scores were a result of teaching methods.  Many 

educators were surprised by the small differences between pre- and posttest scores.  In some 

courses, students'  posttest scores were only 11% higher than their pretest scores.  However, 

the number of students tested was still small.  A larger dataset was needed to give educators a 

baseline measure for the effectiveness of their own teaching.   

Hake ([13-15], summary in [16]) surveyed 62 introductory physics courses enrolling 

6542 high school, college, and university students.  He examined whether teaching methods 

based on student-student and student-teacher interaction (interactive engagement methods) 

resulted in more effective student learning than teaching methods based on passive-student 

lectures.  Hake calculated a student' s relative gain by dividing the difference between pre- 

and posttest scores by the difference between the pre-test score and the highest possible 

score.  He then used the average relative gain for all students in a course to measure the 
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effectiveness of instruction.  Hake found that the average relative gain in courses using 

interactive engagement methods was more than two standard deviations greater than the 

average relative gain in courses using traditional lecture methods.  Further, Hake found that 

high FCI gains had a strong positive correlation with the Mechanics Baseline Test [17], a test 

designed to measure problem solving ability rather than conceptual understanding. 

Educators continued using the FCI to conduct research into teaching methods at 

multiple institutions.  These institutions include the University of Maryland [18-21], the 

University of Montana [22], Rennselaer and Tufts [23], North Carolina State University [24], 

Carnegie Mellon University [25, 26], The Ohio State University [27], and upper secondary 

schools in Finland [28].  These studies have provided statistical evidence to support 

interactive engagement methods.  Some researchers believe that, without the evidence proved 

by a simple, effective assessment tool like the FCI, physics instructors would not realize the 

increase in student learning that results from interactive engagement methods [29] and thus 

would not have seriously considered interactive engagement methods. 

2.2 Other Concept Inventories 

In an attempt to replicate the success of the FCI and produce similar pedagogical 

change in other disciplines, concept inventories are being developed for other science and 

engineering fields.  Many of the teams developing concept inventories are working as part of 

the Foundation Coalition [30] to share best practices and disseminate information [31].  

Concept inventories are being developed in chemistry [32, 33], dynamics [34, 35], electricity 

and magnetism [36-39], fluid mechanics [40], heat transfer and thermodynamics [41-43], 

materials [44-47], signals and systems [48-51], statics [52-54], and statistics [55, 56]. 

We are aware of only one prior attempt to develop a concept inventory for digital 

logic.  This concept inventory, developed at The University of Massachusetts at Dartmouth 

and The University of Alabama, consists of 13 problems over seven different topics [57].  

However, this concept inventory remains incomplete.  Further, some problems cover 

computer organization, a topic not covered in all introductory digital logic courses.   Other 

problems rely too deeply on formalism such as register transfer notation, or on algorithms 

such as binary to decimal conversion that can be applied without a firm understanding of the 

underlying concepts. 
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2.3 Concept Inventory Development 

Richardson [58] describes concept inventory development as an iterative process 

consisting of five steps:  determine the concepts to be included in the inventory; study and 

articulate the student learning process regarding those concepts; construct several multiple 

choice problems for each concept; administer the inventory and perform statistical analysis to 

determine validity, reliability, and fairness; and revise the inventory to improve readability, 

validity, reliability, and fairness. 

In order for a concept inventory to be useful in evaluating teaching methods, it must 

assess the student' s understanding of a set of concepts that is widely accepted as foundational 

knowledge in the tested field.  The creation of this set of concepts can be particularly difficult 

if similar courses at different institutions cover significantly different topics.  Including all 

possible concepts would artificially lower inventory scores and would cause the inventory to 

take too much time for students to complete.  Good concept sets should arise from the 

agreement of multiple experts.  Some professional organizations, such as the Association for 

Computing Machinery, have developed ªmodel curriculaº which could provide the topic set 

in those fields [59].  For fields without model curricula, concept inventory developers would 

work with experts both in the university and industry to define a set of topics.  One method 

mentioned in concept inventory literature [60] is the Delphi method.  To follow the Delphi 

method, concept inventory developers first select a panel of experts in the field the concept 

inventory will test.  The developers then send the experts a survey asking them to submit 

important concepts.  These experts anonymously submit their concept lists to the developers, 

who compile the data and then send an aggregated concept list and relevant statistics back to 

the experts for comment.  This process repeats until the results stabilize.   

After concept inventory developers have a list of concepts, they determine how 

students think about and learn those concepts.  One way developers can determine how 

students think about concepts is through interactions with students.  These interactions could 

include individual interviews, focus groups, and surveys.  Developers can synthesize the data 

obtained by these methods to devise a comprehensive model of student understanding.  

Knowledge of cognitive psychology and consultation with cognitive psychologists can 

increase the effectiveness of this step. 
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Developers who understand the nature and causes of student misconceptions can then 

construct multiple-choice problems.  Ideally, for each concept, developers should construct 

several problems to reduce the likelihood of false positives because students will be less 

likely to guess correct answers for all of the problems on that concept.  Distracters can be 

created by examining student responses to open-ended versions of the problems, [5, 31].  The 

interpretation of student performance is simplified when each problem focuses on only one 

concept. 

Developers should then administer the inventory to as many students as possible and 

should analyze the data to determine the validity, reliability, and fairness of the inventory 

[56].  A valid concept inventory measures what it claims to measure.  A reliable inventory 

would result in similar scores for similar populations.  A fair inventory would result in 

comparably valid scores regardless of the student' s gender or ethnic group.  Because the 

analysis of validity, reliability, and fairness requires sophisticated statistical methods, 

concept inventory developers may need the assistance of an expert in psychometric analysis.  

Statistical analysis of a concept inventory might reveal changes that need to be made in 

inventory problems or answer choices.  The developers then repeat the process of 

administration and analysis with a revised inventory. 

The research described in this thesis corresponds with the first two steps Richardson 

describes, even though we produced problems that test student misconceptions in digital 

logic.  Although the long-term goal is to develop a concept inventory in digital logic that is 

statistically sound and can be used nationally, our initial goals are to identify student 

misconceptions in digital logic through a small number of student interviews and to verify 

that we could assess the misconceptions we found using multiple-choice problems.  The next 

section describes the method we used to accomplish these goals. 

 



 

 10 

CHAPTER 3 METHODOLOGY 

3.1 Concepts 

Before we could identify which concepts students have difficulty understanding, we 

needed a list of concepts that students who completed a digital logic course would be 

expected to know.  We started with the list of ECE 290 course objectives compiled for 

accreditation with ABET because this document was specifically developed to capture the 

key concepts of the course.  ECE 290 includes some topics on computer organization, but we 

removed those topics.  Not every digital logic course covers these topics, and we wanted our 

list to be as general as possible.  I include the ECE 290 list as Appendix A.1. 

We validated our list of concepts using multiple methods.  The final list, found in 

Appendix A.2, corresponds with two textbooks used to teach digital logic design [3, 61].  We 

asked an experienced CS 231 instructor to provide a list of topics covered in CS 231.  The 

CS 231 list was almost identical to the ECE 290 list, but the similarity was not surprising 

because both courses use the same textbook.  We showed our list of concepts to students 

whom we interviewed during Spring 2006, and we asked them whether other concepts should 

be added.  No student suggested additions.  Finally, we examined course descriptions and 

syllabi from digital logic courses at institutions that had detailed syllabi on the Web, 

including the University of Texas [62], the University of Maryland [63], the University of 

Colorado [64], and the Association for Computing Machinery (ACM) Computer Science 

Model Computing Curriculum 2001 [59].  Although the ACM Computer Science Model 

Curriculum does not have the same detail as the course descriptions, the topics on the ECE 

290 objectives roughly match the topics in the Architecture and Organization 1 (AR1) – 

Digital Logic and Digital Systems area of the model curriculum [65]. 

3.2 Student Interviews 

After we created a candidate list of concepts, we needed to determine which concepts 

students found difficult to understand.  Based on suggestions from previous concept 

inventory developers, we decided to conduct individual student interviews to explore how 

students understood digital logic concepts [66].  We conducted 16 student interviews during 
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the 2005–2006 academic year; each interview lasted about one hour.  I conducted the 

interviews, and Craig Zilles was present for many of them.  Most interviews were 

videotaped.  Each interviewed student received compensation of $20.  Because our research 

involved human subjects and required IRB approval, we created an informed consent form 

for students to sign.  This form is found in Appendix A.3. 

We interviewed eight students during Fall 2005.  Student volunteers were identified 

through three rounds of e-mail.  In the first round, we contacted students who had taken ECE 

290 and CS 231 during Summer 2005, and all three respondents had received ªAº grades.  

To achieve a diversity of achievement levels in our interview subjects, we contacted students 

who had taken these courses during Spring 2005 and had received course grades of ªC and 

lowerº and ªB/B-º in the second and third solicitations, respectively.  Five additional 

students volunteered for the interviews.  Of the eight students whom we interviewed, three 

had taken CS 231, and five had taken ECE 290.  Two students were women.  The ratio of 

men and women we interviewed is representative of engineering students at the University of 

I llinois. 

We first asked students to reflect on their experiences in either ECE 290 or CS 231 

and to share their perceptions of the most important, the easiest, and the most difficult topics 

in the courses.  Because students'  responses were too general to be useful, we provide no 

data here on their responses.  The time between instruction and interview may have 

contributed to the lack of meaningful responses. 

For the remainder of the interview, we asked students to explain digital logic concepts 

and perform ªthink alouds,º during which students solved logic design problems — either on 

the whiteboard or on paper — while verbalizing their thought processes.  We asked follow-

up questions to probe why students chose particular techniques and how they arrived at their 

answers.   

The interview problems can be found in Appendix A.5. 

Initially, many problems were similar to problems students would encounter in a 

textbook or in a course problem set.  The initial set of problems consisted of at least one 

problem testing each course objective.  As the interviews progressed, we removed from the 

interviews the problems that students correctly answered most often.  For example, we 

removed problems on converting binary numbers to decimal numbers and on drawing timing 
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diagrams for combinational circuits.  The remaining problems contained at least one concept 

that students found difficult.  If students found only one difficult concept in a problem, we 

simplified the remaining parts of the problem to highlight the difficult concept.  If students 

had difficulty with multiple concepts in a problem, we created separate problems so that each 

problem would focus on only one concept. 

During the Fall 2005 interviews, we found that we could not cover material for both 

combinational and sequential logic during the hour we allocated for the interviews.  We 

found that students performed poorly on problems about latches and flip-flops, but we did 

not know what misconceptions drove the poor performance.  Because we did not have 

sufficient data about students'  understanding of sequential logic concepts, we interviewed 

eight more students during Spring 2006 to probe their understanding of sequential logic.  Six 

of the students had taken CS 231 in Fall 2005 and two students had taken ECE 290 in Fall 

2005. 

 The format of the Spring 2006 interviews was similar to the format of the Fall 2005 

interviews with some minor changes.  Instead of asking students to recall difficult, easy, and 

important concepts, we gave students the list of course objectives created for ABET 

accreditation for ECE 290.  We then asked students to mark the objectives they found easy, 

difficult, or important.  We also asked students to mark the objectives they did not encounter 

in the course and to add any objectives they felt should be on the list.  Student responses 

exceeded student responses from Fall 2005, but mostly validated information we had already 

discovered during previous interviews.  No student suggested additions to the objectives, and 

a few students said that some objectives were not covered in the course. 

Questions and problems in the Spring 2006 interviews focused primarily on 

sequential logic concepts, but otherwise the format of the Spring 2006 interviews differed 

little from the Fall 2005 interviews.  We asked questions about the difference between 

combinatorial and sequential logic, latch and flip-flop operation and design, transforming and 

analyzing information from next-state tables, state diagrams, timing diagrams, and creating 

sequential logic designs from word problems. 
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3.3 Assessment Tests 

We developed two assessment tests to verify the presence of misconceptions that we 

found during the interviews.  For each misconception, we developed a multiple-choice 

problem that tests for a deep, conceptual understanding and that requires little or no 

calculation.  Among the answer choices, we included incorrect answers that we heard during 

student interviews.  We also included nonobvious or nonintuitive correct answer choices for 

some problems.  Problems that had more than one correct answer instructed students to select 

all correct answers.     

We administered the first test to 28 students in two recitation sections of ECE 290 as 

a review during the final class period of the Fall 2005 semester.  One test problem is shown 

Figure 3.1; the full test with results is in Appendix B of this thesis.  The Fall 2005 assessment 

test validated many of the misconceptions we had found during the Fall 2005 interviews, but 

we realized that students could have correctly selected or rejected answer choices for reasons 

that were not related to the concept the problem was based on.  For example, students might 

reject answer choice c in the problem in Figure 3.1 because it does not follow the pattern of 

the other answer choices. 

 

A sequential state diagram with n states and requires at least m flip-flops.  If a 

different state diagram has 2*n states, what is the minimum number of flip-flops? 

 

a.) m e.) 2*m + 1 

b.) m + 1 f.) m^2 

c.) m + 2 g.) m^2 + 1 

d.) 2*m h.) None of the above 

Figure 3.1.  An example Fall 2005 assessment test problem 

 

In the Spring 2006 semester, we created a second assessment test.  We used five of 

the problems from the first test without change and modified four problems to fix errors in 

the problem statements or change the answer choices based on the results of the first 

assessment test.  We removed problem 1 and problem 10 from the Fall 2005 assessment test 

because neither problem tested a misconception.  We also removed problem 11 from the Fall 
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2005 assessment test because the problem was too complex.  We added four problems 

(problems 1, 5, and 6 on Form 1 and problem 4 on Form 2) to the Spring 2006 assessment 

test based on the misconceptions that we had found during the Spring 2006 interviews.  We 

pilot-tested the Spring 2006 test with three students who had completed ECE 290 in Fall 

2005 to ensure that the problem statements and answer choices were clear and made sense. 

To reduce the time required for students to take the second assessment test, we 

divided the 13 problems of the second assessment test into two test forms, each with 7 

problems; one problem appeared on both test forms.  These test forms appear in Appendix 0 

of this thesis.  We administered each test form to about half of the students in ECE 290 

during the final lecture period on May 3, 2006.  We gave students 30 minutes to complete the 

test, but most students finished within 15 minutes.  Because students had taken a quiz in 

every ECE 290 lecture during the Spring 2006 semester, the assessment test served as the 

quiz for May 3.  Lecture quizzes did not affect students'  grades, but were used only to take 

attendance.  Similarly, students'  performances on the assessment test did not count toward 

their course grades.  On each test form, the top sheet explained our research.  Students wrote 

their names on this sheet, detached the sheet from the test, and submitted the sheet for 

attendance credit. 

CS 231 students took the second assessment test as part of their final exams on May 

6, 2006.  About half of the students received each of the two test forms.  Unfortunately, the 

CS 231 students received slightly different versions of some of the problems.  The test forms 

for CS 231 appear in Appendix C.3, and the differences between the ECE 290 and CS 231 

test versions are discussed in Section 4.1. 
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CHAPTER 4 RESULTS 

We found that students held many misconceptions after they took an introductory 

digital logic course.  We anticipated some student misconceptions.  These anticipated 

misconceptions include students'  inability to use MSI components such as multiplexers and 

decoders to implement arbitrary Boolean functions, students'  uncertainty about the output 

dependencies of elements in sequential logic circuits, and students'  inability to derive the 

complement and dual of a Boolean expression.  We were surprised about some student 

misconceptions that we found.  The most surprising misconceptions were students'  

reluctance to use Karnaugh maps in unfamiliar problems, students'  inability to correctly 

identify logically complete sets, and students'  unwillingness to abstract functionality from 

subsystems of complex circuits.  We could assess many misconceptions using multiple-

choice questions.  I list misconceptions that we confirmed using the assessment test below 

along with the subsections where I discuss them further. 

·  Students often have a level of understanding consistent with the ªRememberº 

level rather than the ªApplyº level of the revised Bloom' s taxonomy of Anderson 

et al. [4].  We identified some instances specific to digital logic: 

o While most students know that a NAND gate is logically complete, 

many students cannot determine whether other sets of logic gates are 

logically complete (Section 4.2.4). 

o Students do not always reason correctly about the effect of constant 

inputs on logic gates.  For example, some students believe that a logic-

1 input has no effect on the output of a NOR gate (Section 4.2.3). 

o Some students think that every sequential logic device changes output 

only on clock edges (Section 4.2.5). 

o Students may recall that a state diagram with n states requires at least 

log2n flip-flops to implement, but have difficulty determining the 

number of flip-flops needed to implement a state diagram with 2n 

states (Section 4.3.3). 
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·  Students are uncertain about the output dependencies of different logic devices 

such as latches, flip-flops, and combinational logic gates (Sections 4.2.5 and 

4.2.7). 

·  Students have difficulty applying previous knowledge to new situations:  

o Students think that Karnaugh maps are solutions for particular types of 

problems rather than tools to be used in a variety of situations.  As a 

result, students are reluctant to use Karnaugh maps in problems that do 

not specifically call for them (Section 4.3.6). 

o Some students are unable to implement arbitrary Boolean expressions 

with MSI components (Section 4.3.7). 

o Students do not understand that a combinational circuit has a unique 

output for every combination of inputs (Section 4.2.1). 

o Students have difficulty determining when the output changes in 

circuits that have both sequential and combinational logic, particularly 

in Mealy machines (Section 4.2.5). 

·  Students have difficulty designing with MSI components (Section 4.3.7). 

·  While students do understand some of the implications of complements and duals, 

they often have difficulty deriving the complement or dual of a particular 

expression (Section 4.2.2, Section 4.3.1, and Section 4.3.2). 

 

While we could assess many misconceptions using multiple-choice problems, we 

found that some misconceptions were too abstract to assess using multiple-choice problems.  

We mention these abstract misconceptions here as a starting point for future work: 

·  Many students have difficulty with the concept of state in sequential design.  They 

do not always know how to describe a state or how to tell when transitions 

between states occur.  Students also have difficulty distinguishing an abstract state 

machine from specific implementations of that state machine. 

·  When students analyze complex circuits, they do not simplify the analysis by 

abstracting functionality from subsystems of the circuit.  In particular, when 

students are presented with gate-level implementations of larger components like 



 

 17 

latches or MSI devices, they are reluctant to replace a gate-level implementation 

with a box that contains the functionality of the larger device. 

·  Students are sometimes uncertain about when combinational circuits should be 

used and when sequential circuits should be used. 

 

During the interviews, CS 231 students performed poorly on sequential logic 

problems.  Because of this performance, we hypothesized that CS 231 students would 

perform worse on the Spring 2006 assessment test, particularly on the sequential logic 

problems.  Assessment test data suggest no statistically significant differences between the 

two student populations overall, however.  Although there were a few questions on which the 

two populations had statistically significant response rates, we cannot draw any strong 

conclusions because CS 231 students and ECE 290 students took slightly different versions 

of the test under different testing conditions.  I discuss these differences in the next section of 

this chapter, and discuss each assessment test problem in subsequent sections. 

4.1 ECE 290 and CS 231 Students and the Spring 2006 Assessment Test 

Though both ECE 290 and CS 231 cover a similar set of topics, the two courses have 

very different philosophies:  ECE 290 incorporates a large number of exercises in homework, 

interactive Web assignments, and simulation labs to teach students digital logic concepts.  In 

contrast, CS 231 has a slightly larger number of shorter, less complex assignments.  ECE 290 

and CS 231 students also have different backgrounds.  Most ECE 290 students have taken 

ECE 110, a first-year course that covers basic logic gates and introduces digital systems.  For 

most computer science students, CS 231 is their first experience with logic gates and digital 

systems. 

Although we wanted to see which course resulted in a better conceptual 

understanding of course material, CS 231 students received an older version of the 

assessment test.  The basic idea of each problem was the same on both versions of the test, 

but the differences between test versions preclude a decisive comparison between the 

conceptual understanding ECE 290 students and CS 231 students.  We discuss some of the 

insights that we gained, but we do not give a full discussion of the CS 231 version of the test.  
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The test version given to CS 231 students and the data from our administration of that test are 

included in Appendix C.3 of this thesis. 

Further, we cannot make a full comparison between ECE 290 and CS 231 students 

because they took the assessment test under different conditions.  The ECE 290 assessment 

test conditions may have artificially lowered ECE 290 students'  scores.  First, we did not 

give ECE 290 students advance notice about the assessment test.  Second, we administered 

the assessment test as an attendance quiz on May 3, 2006, during the final ECE 290 lecture 

period.  Because attendance was required for ECE 290 students, they received an attendance 

quiz every lecture period.  ECE 290 teaching assistants looked only at the names on the 

quizzes for attendance purposes and rarely examined the answers closely.  Consequently, 

many students did not take the attendance quizzes seriously, and their attitudes about the 

attendance quizzes may have affected their attitudes about the assessment test.  Finally, the 

instructor allotted the final 30 min. of the lecture period for the assessment test; the average 

attendance quiz was allotted five minutes.  Although most students finished the test in less 

than 15 minutes, students who became bored may have hurried through the final problems in 

the test. 

We administered the assessment test to CS 231 students as part of the final exam on 

May 6, 2006; each test question was worth one percent of the final exam grade.  Because the 

assessment test was part of the final exam, CS 231 students probably had reviewed the 

material covered by the assessment test and took the test seriously.  In contrast with ECE 290 

students, we do not know whether CS 231 students had time to review their solutions to 

assessment test problems before submitting them. 

4.1.1 Overview 

I measured performance on the assessment test by the number of decisions students 

needed to make.  A problem with just one correct answer required one decision, and a 

problem with multiple correct answers required one decision for each answer choice.  

Consequently, a student' s score on a test is the total number of correct decisions.  Although 

this scoring policy places larger emphasis on problems with multiple correct answers, I 

believe the larger emphasis is justified because students have to make several, often 
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independent, decisions about the answer choices for these problems.  Table 4.1 shows 

statistics for both forms of the test. 

 

Table 4.1.  Statistics from the Spring 2006 assessment test 

Form 1 Maximum possible score – 28  
 Mean Standard Deviation Sample size 
ECE 290 22.0 9.7 51 
CS 231 22.2 8.5 51 
Form 2 Maximum possible score – 26  
 Mean Standard Deviation Sample size 
ECE 290 19.9 8.9 56 
CS 231 19.7 7.1 43 

 

Since all distributions appear to be approximately normal (see Figures C.1 and C.2 in 

Appendix C for histograms), a t test will tell whether there is a significant difference between 

the ECE 290 scores and the CS 231 scores.  This statistical test determines the probability 

that two normal distributions belong to the same population.  I used a two-tailed t test to 

determine whether there is any difference between ECE 290 scores and CS 231 scores; I 

would use a one-tailed t test if I expected CS 231 scores to be higher than ECE 290 scores or 

vice versa.  The t test showed that there was no statistically significant difference between 

ECE 290 scores and CS 231 scores on either Form 1, t(100) = -0.23, p = 0.82, or Form 2, 

t(95) = .42, p = 0.67.   

Based on the interviews, we found that CS 231 students usually had more difficulties 

when asked about gate-level details of sequential design such as flip-flop implementation, the 

difference between flip-flops and latches, and signal transitions.  Thus, I hypothesized that 

CS 231 students and ECE 290 students would perform similarly on the combinational portion 

of the exam, but ECE 290 students would perform better on the sequential portion of the 

exam.  Except for problem 3 on Form 2 of the assessment test (relating number of states to 

the number of flip-flops needed to minimally implement a sequential design), all sequential 

problems focus on gate-level details. 

Students'  performance during this administration of the assessment test did not 

confirm our hypothesis.  I measured students'  performance on combinational problems only 

(problems 1-4 on Form 1 and problems 1-3 and 6-7 on Form 2) and sequential problems only 

(problems 5-7 on Form 1 and problems 4 and 5 on Form 2) in the same way that I measured 
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performance for the whole test.  The statistics for the combinational logic questions and 

sequential logic questions are shown in Table 4.2.  Two-tailed t tests showed no significant 

difference between ECE 290 scores and CS 231 scores for the combinational logic problems 

on Form 1 (t(100) = -1.52, p = 0.13), the combinational logic problems Form 2 (t(90) = -0.28, 

p = 0.78), or the sequential logic problems on Form 2 (t(94) = 1.33, p = 0.19).  ECE 290 

scores and CS 231 scores were significantly different (t(100) = 2.18, p = 0.03) for the 

sequential logic problems on Form 1, but this difference is likely due to differences in the 

problem statement of the latch timing problem on Form 1, discussed in the next section. 

 

Table 4.2.  Statistics for combinational and sequential problems on the Spr ing 2006 assessment test 

Form 1 Combinational Maximum possible score ± 21  
 Mean Standard Deviation Sample size 
ECE 290 16.6 6.4 51 
CS 231 17.4 5.8 51 
Form 1 Sequential Maximum possible score ± 7  
 Mean Standard Deviation Sample size 
ECE 290 5.4 1.9 51 
CS 231 4.8 2.1 51 
   
Form 2 Combinational Maximum possible score ± 19  
 Mean Standard Deviation Sample size 
ECE 290 14.6 4.3 56 
CS 231 14.7 4.4 43 
Form 2 Sequential Maximum possible score ± 7  
 Mean Standard Deviation Sample size 
ECE 290 5.3 1.9 56 
CS 231 4.9 1.7 43 

 

4.1.2 Differences between problems 

I used Pearson's chi-square test to test for any correlation between the course a 

student took and the likelihood that the student would select only the correct answers for a 

test problem.  A test problem that has a strong correlation could show a correlation between 

pedagogy and conceptual understanding.  In this section, I show how I used Pearson's chi-

square test for the first problem of Form 2 of the Spring 2006 assessment test.  Table 4.3 

shows the data for students of each course for this problem. 
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Table 4.3.  Data for  problem 1 on Form 2 

 ECE 290 students CS 231 students Total 
Solved correctly 13 11 24 
Solved incorrectly 43 32 75 
Total 56 43 99 

  

I calculated the expected value for the number of ECE 290 students who should solve 

this problem correctly by multiplying the proportion of the total number of students who 

correctly solved the problem (24/99) by the number of ECE 290 students who took the test 

(56) to get 14.  The other expected values are shown in Table 4.4. 

 

Table 4.4.  Expected values for  problem 1 on Form 2 

 ECE 290 students CS 231 students 
Expected to solve correctly 14 10 
Expected to solve incorrectly 42 33 

 

I squared the difference between the expected values and the observed values and 

divided that sum by the expected value to get four numbers that are a measure of the 

difference for each cell, shown in Table 4.5. 

 

Table 4.5.  Measure of difference between expected values and actual values for  problem 1 on Form 2 

 ECE 290 students CS 231 students 
Solved correctly 0.02 0.03 
Solved incorrectly 0.01 0.01 

 

I then summed all of the differences from Table 4.5 to get the chi-square statistic 

(0.07).  Finally, I found the probability that the chi-square sampling distribution is equal to or 

greater than the chi-square statistic.  The chi-squared distribution assumes there is no 

association between the course taken and the likelihood of solving the problem correctly.  

Using the chi-square distribution with one degree of freedom, the probability that the 

distribution is equal to or greater than the calculated chi-square statistic is 0.79.  Because the 

probability value is greater than 0.05, I cannot statistically reject the null hypothesis that 

there is no association between the course taken and the likelihood of solving the problem. 

Because Pearson's chi-square test can be used only when all options are mutually 

exclusive, I tested only whether students'  answers were fully correct (they selected all of the 
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correct answers and only the correct answers) or not fully correct for most problems.  Testing 

only whether students'  answers were fully correct may mask some results from the data, such 

as whether CS 231 students preferred one distracter for a problem but ECE 290 students 

preferred a different distracter.  Although we are interested in whether ECE 290 students and 

CS 231 students approached the problems differently, Pearson's chi-square test cannot 

analyze answer distributions for problems with multiple correct answers, and I lack the 

statistical background to perform a more thorough analysis.  Future work towards a concept 

inventory would benefit from a more thorough statistical analysis of student data. 

Table 4.6 compares the CS 231 performance with the ECE 290 performance for each 

test problem; the problems are listed in the order they appear in the ECE 290 version of the 

test.  An asterisk denotes a statistically significant difference.  I discuss problems that have 

statistically significant differences between ECE 290 students and CS 231 students after the 

table. 

 

Table 4.6.  Chi-square statistics for  Spring 2006 assessment test problems 

Problem ECE 290 
% fully 
correct 

CS 231 % 
fully 

correct 

Chi-square  
statistic 

p 

Form 1     
1. Combinational Extrapolation 65% 61% 0.2 0.69 
2. Complement and DeMorgan's Law 29% 53% 5.8 0.02*  
3. Nontrivial Output 57% 53% 0.2 0.69 
4. Logical Completeness 16% 18% 0.1 0.79 
5. Sequential Timing ± FF Output 53% 49% 0.2 0.69 
6. D-Latch Identification 65% 76% 1.7 0.19 
7. Latch Timing ± Form 1 Version 57% 12% 23. < 0.005*  

Form 2     
1. Implementing a Complement 23% 26% 0.1 0.79 
2. Implications of Equality 46% 23% 5.6 0.02*  
3. Minimal Number of States 63% 65% 0.1 0.79 
4. Sequential Timing ± Z Output 45% 53% 0.8 0.38 
5. Latch Timing ± Form 2 Version 57% 49% 0.7 0.41 
6. Minimal Gate Implementation 43% 79% 13.2 < 0.005*  
7. MSI Implementation 11% 30% 6.0 0.01*  

 

Implications of equality (Section 4.3.2):  ECE 290 students (46% fully correct) 

outperformed CS 231 students (23% fully correct) on this problem about the implications of 
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functions with equivalent truth tables.  The only difference between two test versions is that 

the ECE 290 version calls the functions ªBoolean functions,º whereas the CS 231 version 

calls the functions ªfunctions.º  The answer choice stating that the duals of two functions 

with the same truth table are equal accounts for most of the student differences; ECE 290 

students were much more likely to select this answer choice than CS 231 students (� 2(1) = 

9.6, p < 0.005).  If this answer choice were removed, then CS 231 students would perform 

about the same (56% fully correct versus 54% fully correct for ECE 290 students).  We are 

not sure whether CS 231 students forgot that the duals of two equivalent expressions are also 

equivalent or whether they were not taught that the duals of two equivalent expressions are 

also equivalent. 

Complementation and DeMorgan’s law (Section 4.2.2):  CS 231 students (53% 

fully correct) outperformed ECE 290 students (29% fully correct) on this problem, which 

asked students to use DeMorgan's law to determine whether expressions were equivalent.  

There is no difference between the problems on different versions.   Because this problem 

was located at the end of the ECE 290 version of the test, ECE 290 students may have 

approached the problem less carefully than problems at the beginning of the test. 

Karnaugh maps (Section 4.3.6):  CS 231 students (79% fully correct) outperformed 

ECE 290 students (43% fully correct) on this problem, which asked students to determine the 

number gates needed to minimally implement an expression.  The problem statement was 

different on the two versions of the test.  The ECE 290 version includes this text:  

The truth table below defines a Boolean function. Suppose you plan to implement this 
function as a combinational circuit specified by a sum-of-products expression.  
Assuming only AND and OR gates are available, determine the minimum required 
number of gates. Assume you have inputs { a, b, c}  and their complements { a©, b©, c©}  
available as inputs to the circuit. 
 
The CS 231 version is shorter and less precise.  While the general idea remains the 

same, students may have required more time to understand the CS 231 version of the 

problem.  The CS 231 version includes this text: 

If you implement the following truth table as a sum of products, what is the minimum 
required number gates, assuming only AND and OR gates are available?  Assume 
you have inputs and their complements available as inputs to the circuit. 
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More ECE 290 students (21%) than CS 231 students (7%) selected answer choice f, a 

significant difference (� 2(1) = 5.6, p = 0.02).  We believe students who selected answer 

choice f tried to implement the product-of-sums form of the expression.  Even with answer 

choice f removed, the difference between ECE 290 performance and CS 231 performance is 

still significant (� 2(1) = 9.1, p < 0.005). 

MSI implementation (Section 4.3.7):  CS 231 students (30% fully correct) 

outperformed ECE 290 students (11% fully correct) on the problem, which asked students to 

select which circuits using MSI components were implemented correctly.  The problem 

statements are similar except the ECE 290 version referred to the function in the problem 

statement as a ªBoolean functionº while the CS 231 version just says ªfunction.º  The 

difference between students'  performance on answer choices corresponding to decoder 

implementations was not significant (� 2(1) = 3.65, p = 0.06), but the difference between 

students'  performance on the answer choices corresponding to multiplexer implementations 

was significant (� 2(1) = 8.43, p < 0.005).  

Latch timing (Section 4.2.7):  ECE 290 students outperformed CS 231 students on a 

problem present in both forms asking students to find the output of a small latch circuit at 

different times, but the difference was significant only on Form 1 (see Table 4.6).  The 

problem statement was significantly different between the ECE 290 version and the CS 231 

version.  The ECE 290 version explicitly stated that the latch was not a positive-edge 

triggered flip-flop, whereas the CS 231 version lacked this statement.  As a result, CS 231 

students might have mistaken the latch for a flip-flop.  Consequently, no meaningful insight 

can be gained from the difference between students'  performance. 

4.2 ECE 290 Spring 2006 Assessment Test Form 1 Problems 

The sections below describe the problems in Form 1 of the ECE 290 Spring 2006 

assessment test in the order they appear on the test.  Form 1 of the ECE 290 Spring 2006 

assessment test is in Appendix C.2 of this thesis. 

 

4.2.1 Combinational extrapolation 

Students often create timing diagrams from circuit designs, but they rarely derive 

circuit designs from timing diagrams.  We hoped that asking students to derive a circuit 
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design from a timing diagram would reveal students'  understanding of sequential circuits and 

sequential design.  Thus, during the interviews, we asked students the problem in Figure 4.1. 

 

The sequential circuit below has a positive-edge-triggered T flip-flop and a combinational 

circuit G whose output is the function g(x,Q). Complete the timing diagram by showing the 

waveform for g, assuming that the delay in G is negligible.  Also specify g with a  

truth table. Explain your reasoning. 

 

T

> C
G

x

c

x

c

Q

g
Q

 

Solution: 

 According to the specification of the T flip-flop, if Q changes at a positive clock edge 

(when c rises from 0 to 1), then g must be 1 immediately before that clock edge.  If Q does 

not change at a positive clock edge, then g must be 0 immediately before that clock edge.  

Because every possible combination of x and Q is present immediately before some clock 

edge, g can be determined at all places in the timing diagram.  When x = Q = 0 or x = Q = 1, 

then g is 1.  When x �  Q, then g is 0. 

Figure 4.1.  A problem on the derivation of a circuit design from a timing diagram 

 

Students'  solutions to this problem revealed two misconceptions.  Although most 

students realized that g was 1 immediately before positive clock edges (when c rises from 0 

to 1) where Q changed values and g was 0 immediately before positive clock edges where Q 

did not change values, many students would assign that value to g for the entire clock period.  

We believe students did not realize that g could change when either Q or x changed.  This 

misconception about combinational circuits is discussed in Section 4.2.5.  Even after students 

determined the value for g for all values of x and Q, many students believed the values of g 

could not be determined before the first change of x or after the last positive clock edge.   

We created the problem in Figure 4.2 to focus on the concept that each set of input 

values in a combinational circuit always produces the same set of output values. 
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ECE 290 Spring 2006 Assessment Test Form 1, Problem 1 

 

The block N below represents some combinational circuit that implements an unknown 

Boolean function. It has one output { d}  and three inputs { a, b, c} . 

 

 

What are the values of d in the boxes?  

 

Unknown 1 Unknown 2 

a. 0 a. 0 

b. 1 b. 1 

c. Cannot be determined c. Cannot be determined 

Solution: 

 Unknown 1 can be determined because the input { a = 0, b = 1, c = 0}  is the last set of 

inputs in the timing diagram with a 1 output.  Unknown 2 cannot be determined because the 

input { a = 1, b = 0, c = 0}  is not present anywhere else in the timing diagram. 

Figure 4.2.  A problem on finding unknown outputs in a combinational circuit 

 

Table 4.7 shows students'  results for this problem.  The bottom rows indicate the 

number of students who selected a particular combination for the unknowns.  For example, 

the row for a / b indicates the students who selected answer choice a for Unknown 1 and 

answer choice b for Unknown 2. 
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Table 4.7.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.2 

Form 1 Problem 1 49 of 51 students answered this problem 
Unknown 1  Number of Students Percentage of Students Correct answer 

a   1 2%  
b 41 80% *  
c   7 14%  

Unknown 2    
a   7 14%  
b   2 4%  
c 40 78% *  

Combinations    
b / c 33 65% *  
c / c   7 14%  
b / a   5 10%  
b / b   3 6%  
 

The combinations in Table 4.7 reveal the most about student understanding.  The 

students who selected c for both unknowns likely believed that there was not enough 

information to solve the problem.  Some students selected the correct answer for Unknown 1 

but did not select the correct answer for Unknown 2.  These students may have reasoned that 

Unknown 1 must be 1 because the input combination associated with Unknown 1 is seen 

later in the timing diagram, but were uncomfortable with the ªcannot be determinedº answer 

choice for Unknown 2.  These students may have guessed both unknowns.   

A fully correct answer to this problem reveals a deep level of student understanding 

since the student must know both when an unknown can be determined and how to determine 

an unknown value when it can be determined.  Although students could guess both correct 

answers, we believe the correct combination of answers would seem inconsistent to students 

who do not know how to solve the problem.  Rather, we believe they would surmise that 

either both unknowns can be determined or neither unknown can be determined. 

4.2.2 Complement and DeMorgan’s law 

During the Fall 2005 interviews, some students could not derive the complement of 

the Boolean expression in Figure 4.3.  Students were asked to fully propagate the 

complement until only literals were complemented:  for example, students should answer (x� 

+ y�) instead of (xy)�. 
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What is the complement of wx(y�z + yz�) + w�x�? 

Solution: 

 (w� + x� + (y + z�)(y� + z))(w + x) 

Figure 4.3.  An interview problem on complementation 

 

Students incorrectly solved this problem for multiple reasons.  Some students had 

forgotten DeMorgan's law and could not begin the problem.  Some students did not 

remember how to apply DeMorgan's law while taking operation precedence into account and 

they omitted the parentheses around w� + x� + (y + z�)(y� + z).  Other students did not 

propagate the complement and gave answers like (w + x + (y�z + yz�))(w�x�).  We constructed 

the problem in Figure 4.4 based on how students derived the complement of an expression.  

Table 4.8 shows ECE 290 student performance on the Spring 2006 assessment test. 

 

ECE 290 Spring Assessment Test Form 1, Problem 2 

 

Which of the following expressions are equivalent to (a + b©)(bc + a©c©) ? 

 Select all correct answers. 

 

a.) (a + b©)((b© + c©)(a© + c©))© b.) ((a© + b)(b©c© + ac))© 

c.) (a©b)+(bc + a©c©)© d.) ((a©b) + (b© + c©)(a + c))© 

e.) (a©b)©((b© + c©)© + a©c©) f.) (ab©) + (b + c)(a© + c©) 

Solution: 

 Answer choice a is incorrect because the right half of the expression is equivalent to 

(bc + ac).  Answer choice b is incorrect because only the literals are complemented.  Answer 

choice c is incorrect because students cannot transform (a�b) to (a + b�).  Answer choice d is 

correct; the expression inside the outermost parentheses is equivalent to the complement of 

the expression in the problem statement.  Answer choice e is also correct.  Answer choice f is 

incorrect because it is the dual of the expression in the problem statement. 

Figure 4.4.  A problem on complementation and DeMorgan©s Law 
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Table 4.8.  ECE 290 Spr ing 2006 assessment test results for  the problem in 

Form 1 Problem 2 48 of 51 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 4 8%  
b 3 6%  
c 4 8%  
d 31 61% *  
e 25 49% *  
f 5 10%  

d, e 15 29% *  
 

Most distracters were ineffective and were selected less than 10% of the time.  

Answer choice f was the most effective distracter.  Unfortunately, this distracter could be 

selected for multiple reasons.  Students might recognize this expression as the dual of the 

expression in the problem statement and think that the dual expressions are equivalent.  They 

might also view the expression in answer choice f as the complement of the expression in the 

problem statement and believe that an expression and its compliment are equivalent.  More 

students selected answer d than answer e, even though the expression in answer e requires 

fewer algebraic steps to match the expression in the problem statement.   

It is difficult to measure student understanding of complementation.  The expression 

must capture some of the finer points of DeMorgan's law by having students complement 

expressions that OR product terms, such as (ab� + a�b) �, but complex expressions require 

more time to derive.  This problem does not check students'  understanding of complementing 

the constants 0 and 1. 

4.2.3 Nontrivial output 

Students sometimes make mistakes when handling extra input lines to logic gates, 

particularly NAND and NOR gates.  In both real designs and classroom problems, devices 

with the required number of input lines are not always available.  Some input value must go 

into these lines, but students do not always know what input is needed.  We first saw this 

uncertainty when interviewed students tried to solve the problem in Figure 4.5 with a limited 

set of devices.  Function F uses only three of the four NOR gate inputs.  One student 

reasoned that, since an OR gate requires a 0 to result in nontrivial output (not a constant 1 or 

0), a NOR gate would require a 1 to result in nontrivial output.   
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 F(x, y, z) = AND(M1, M4, M6) 

 G(x, y, z) = OR(m1, m3, m5) 

 H(x, y, z) = x XOR z 

 

Draw a circuit which implements the three functions F, G, and H.  You may use only one 3-

to-8 decoder, two 4-input OR gates, and one 4-input NOR gate. 

Solution: 

 The OR gate for G and NOR gate below could also have the constant 0 going into the 

bottom input. 

 

 

 

Figure 4.5.  A problem on implementing functions with a decoder  

 

We constructed a multiple-choice problem to examine students'  knowledge about 

when the output of common logic gates is nontrivial.  Our first attempt was problem 7 of the 

Fall 2005 assessment test in Appendix B.2.  Because this problem used two-input logic gates, 

students could base their answers on a small truth table rather than a conceptual 

understanding about NAND and NOR gates.  Because we wanted to discourage the use of 

truth tables, we added three inputs to each gate for the Spring 2006 assessment test, resulting 

in the problem in Figure 4.6.  Student performance on this problem is tabulated in Table 4.9. 
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ECE 290 Spring Assessment Test Form 1, Problem 3 

 

Which of the following will result in nontrivial output (not always 0 or 1)? 

 Select all correct answers. 

 

 

 

 g.) None of the above 

Solution: 

 Answer choice a should be selected and answer choice f should not be selected 

because AND and NAND gates will have trivial output with a constant 0 input.  Answer 

choice b should not be selected and answer choice d should be selected because OR and 

NOR gates will have trivial output with a constant 1 input.  Answer choices c and e should be 

selected because XOR and XNOR gates do not have trivial output. 

Figure 4.6.  A problem on nontr ivial input 

 

Table 4.9.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.6 

Form 1 Problem 3 50 of 51 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 42 82% *  
b   2 4%  
c 37 73% *  
d 40 78% *  
e 43 84% *  
f   6 12%  
g   3 6%  

a, c, d, and e 29 57% *  
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As expected, students performed better on AND, OR, and XOR gates (answer choices 

a, b, and e) than on NAND, NOR, and XNOR gates (answer choices c, d, and f).  Some 

answer patterns raise interesting questions.  The three students who selected answer choices a 

and f probably believed that the constant input value should be complemented when the gate 

is a NAND gate.  We would expect these students to either select both answer choices b and 

d or reject both answer choices b and d because the gates in answer choices b and d have a 

complemented input value when the gate is a NOR gate.  One of the three students did 

choose similarly for answer choices b and d, but the other two students selected only answer 

choice d.  It is not clear whether the students who selected answer choices a, d, and f were 

using different reasoning for the AND/NAND pair than the OR/NOR pair or whether the 

students hurried through the problem. 

Some students may have misinterpreted the problem statement.  Two students 

selected answer choices b and f, which were the answer choices corresponding to the gates 

that did have trivial output.  The students who selected answer choices b and f may have 

thought the question was actually asking them to select gates that had trivial output.  The 

three students who selected answer choice g may have selected different answer choices if 

the phrase ªnontrivial outputº was more clearly defined.  We expected all students to 

correctly select answer choice a, but some students did not.  These students may have also 

misinterpreted the problem statement.  Interviews with students about this problem should 

point out any ambiguity in the problem statement. 

4.2.4 Logically complete sets 

Although logical completeness is not a major concept in digital logic, we believe that 

students who understand logical completeness will also thoroughly understand Boolean 

logic.  One interview question asks students to explain when a set of logic functions can be 

used to express all Boolean functions.  During the interviews, we found that few students 

could answer this question precisely.  As a result, we began to ask students if particular sets 

of logic gates were logically complete.  The problem in Figure 4.7 contains the most 

interesting sets of logic gates, and it was included in the assessment tests. 
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ECE 290 Spring Assessment Test Form 1, Problem 4 

 

Which of the following are complete logic families (i.e., all possible Boolean functions can 

be implemented using just these gates and the constants 0 and 1). 

 Select all correct answers. 

 

f.) None of the above 

Solution: 

 The circuit in answer choice a is complete because three gates can implement a 

NAND gate, which is complete. 

 

 The set of circuits in answer choice b is not complete because there is no inverter.  

The NAND gate in answer choice c and the NOR gate in answer choice d are both complete.  

The XOR gate in answer choice d is not complete. 

Figure 4.7.  A problem on logical completeness 

 

ECE 290 student Spring 2006 assessment test results for the problem in Figure 4.7 are 

tabulated in Table 4.10. 
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Table 4.10.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.7 

Form 1 Problem 4 51 of 51 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 13 25% *  
b 22 43%  
c 44 86% *  
d 37 73% *  
e 3 6%  
f 2 4%  

a, c, and d 8 16% *  
 

Students'  answers reveal the depth to which they understand logical completeness.  

Students who selected answer choice c most likely recalled that a NAND gate is complete; 

the NAND gate is a common example of logical completeness in introductory digital logic 

courses.  Students who selected the NOR gate either recalled that a NOR gate is also 

complete, realized that NOR gates can be used to construct NAND gates, or guessed due to 

the symmetry between the NAND answer choice and the NOR answer choice.  One student 

selected the NOR gate as logically complete but not the NAND gate. 

Students who did not select answer choice b with just the AND and OR gates likely 

recalled that a logically complete set must be able to implement AND, OR, and NOT.   

Students who selected answer choice a were able to implement a NAND gate or 

AND, OR, and NOT gates out of the gate in the answer choice.  These students revealed the 

deepest level of understanding of logical completeness tested by this problem. 

4.2.5 Flip-flop and combinational circuit timing 

ECE 290 and CS 231 focus on sequential circuits that implement Mealy machines.  

The output of a Mealy machine depends on the current state and the current input.  We found 

that students do not understand when and under what conditions the state and output change.    

When the flip-flops are edge triggered, the state, based on flip-flop outputs, can change only 

on clock edges, but the output of the whole circuit may change on clock edges or on input 

changes.  Some students do not understand when flip-flop outputs change, and other students 

do not know which inputs cause the circuit output to change.  We used the problem in Figure 

4.8 on the Fall 2005 assessment test and during Spring 2006 interviews to explore how 

students understand when the state and the circuit output change. 
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ECE 290 Fall 2005 Assessment Test Problem 11  

 

Select which combination of Z and Q1 are correct.  Assume gate delays and flip-flop 

propagation delays are negligible.  All flip-flops are positive edge triggered D flip-flops. 

 

 

a.) 1 and 3 b.) 1 and 4 c.) 2 and 3 d.) 2 and 4 

Solution: 

 Waveform 2 has Q1 state transitions between positive clock edges so it cannot be the 

waveform of a flip-flop output.  Waveform 3 changes only on positive clock edges and 

ignores the effect of the input X.  Waveforms 1 and 4 are correct, resulting in answer b. 

Figure 4.8.  A problem on output dependencies in sequential circuits 

 

Although 62% of ECE 290 students correctly selected answer choice b on the Fall 

2005 assessment test, we were not convinced that students approached the problem in Figure 

4.8 as we had intended.  For example, we wanted students to reject waveform 2 because it 

had transitions when there was no positive clock edge, but Spring 2006 interviews showed 

that many students based their answers on the combinational logic generating the input to the 

D1 flip-flop.  None of the six students who solved this problem during Spring 2006 

interviews based their rejection of waveforms 2 and 4 on when the outputs should change. 

As a result, we split the problem in Figure 4.8 into two new problems to separate the 

flip-flop output dependencies from combinational output dependencies.  We also replaced the 
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AND gate that generated the Z output and the logic gates that generated the D1 flip-flop input 

with combinational circuit boxes to hide implementation details.  We adjusted the waveforms 

in response to student interviews until students based decisions on answer choices on a 

conceptual understanding of output dependencies. 

The problem focusing on flip-flop output dependencies is shown in Figure 4.9. 

 

ECE 290 Spring Assessment Test Form 1, Problem 5 

 

The sequential circuit below has two positive-edge triggered D flip flops D0 and D1 and two 

unknown combinational circuits N and L.  Which of the following waveforms could be 

waveforms for Q1?   

 Select all correct answers. 

 

 

a.) 1  b.) 2  c.) 3  d.) 4  e.) 5 

Solution: 

 Waveform 1 is for a negative-edge triggered flip-flop.  Waveform 2 is a correct 

choice (N implements the expression X� + Q1�).  Waveform 4 is a correct choice (N 

implemented the expression X�Q1� + Q0).  Waveforms 3 and 5 have transitions when there is 

no positive clock edge. 

Figure 4.9.  A problem on flip-flop output dependencies 
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ECE 290 Spring 2006 assessment test results for the problem in Figure 4.9 are 

tabulated in Table 4.11. 

Four of the six students who selected answer a also selected answers b and d.  These 

students might have known that the output of a flip-flop changed on a clock edge but did not 

notice that the problem statement specifies positive-edge flip-flops.  The students who 

selected answer choices c or e likely only examined the waveforms at the clock edges.  

 

Table 4.11.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.9 

Form 1 Problem 5 49 of 51 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a   6 12%  
b 36 71% *  
c   5 10%  
d 39 77% *  
e   4 8%  

b and d 27 53% *  
 

We constructed the problem in Figure 4.10 to focus on the output Z of a 

combinational logic block that has an input from the D0 flip-flop.  This problem is the same 

as the problem in Figure 4.8 with the D1 flip-flop and the N combinational block removed 

because those elements added unnecessary complexity.  ECE 290 student Spring 2006 

assessment test results are tabulated in Table 4.12. 

Students selected the distracters from the problem in Figure 4.10 more frequently 

than they selected the distracters from the problem in Figure 4.9.  This result could indicate 

that students are less certain about when outputs based on both sequential and combinational 

logic change than they are certain about when outputs based on sequential logic alone 

change.  This may not be the best interpretation, however, because the waveforms for the 

problem in Figure 4.10 are more complicated than the waveforms in the problem in Figure 

4.9.  While the waveforms in the problem in Figure 4.9 could be selected or rejected based on 

the sole criteria of transitions that were not around a clock edge, the waveforms in the 

problem in Figure 4.10 required closer examination to select or reject them.  Waveform 2 in 

the problem in Figure 4.10 is particularly complicated since it has no apparent relationship to 

the clock edges. 
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ECE 290 Spring Assessment Test Form 2, Problem 4 

 

The sequential circuit below has a positive-edge triggered D flip flop D0 and a combinational 

circuit L.  Which of the following waveforms could be waveforms for Z?   

 Select all correct answers. 

 

 

a.) 1 b.) 2 c.) 3 d.) 4 e.) None of the above 

Solution: 

 Waveform 1 is the Boolean expression X� evaluated only at positive clock edges.  

Waveform 2 is the Boolean expression Q0�X + Q0X� evaluated only when X changes.  

Waveform 3 is the Boolean expression Q0�X evaluated when either Q0 or X change.  

Waveform 4 is a waveform that has changes without any X or Q0 change. 

Figure 4.10.  A problem on the output dependencies of combinational logic in sequential circuits 

 

Table 4.12.  ECE 290 Spr ing 2006 assessment results for  the problem in Figure 4.10 

Form 2 Problem 4 54 of 56 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 10 19%  
b 17 32%  
c 40 74% *  
d   5 9%  
e   4 7%  
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The problem in Figure 4.10 might be unfamiliar to some students who have 

completed a digital logic course whose topics differ significantly from ECE 290 and CS 231.  

Courses that teach digital logic but focus on computer organization or on discrete 

mathematics may not cover sequential design in enough detail to prepare students for this 

problem.  Students who take courses that focus on Moore machines, in which the output is 

based only on the state, might not have seen circuits where the input directly affected the 

output.  Although we hope that students who have focused on Moore machines would still be 

able to solve this problem, students who have significant experience with Mealy machines 

would have an advantage.  Students who studied both Moore and Mealy machines should 

perform equally well on the flip-flop output problem and will have an advantage over 

students from courses that do not cover sequential design thoroughly. 

The problems in Figure 4.9 and Figure 4.10 can take a lot of time for students to 

solve.  Students who understand when the outputs change could quickly reject waveforms 3 

and 5 from the flip-flop output problem and waveform 4 from the problem in Figure 4.10.  

Students who do not understand when outputs change could spend a lot of time looking at the 

waveforms to make sure every part of those waveforms are correct.  We could reduce the 

time needed to solve this problem by including only one right answer per problem or 

eliminate the ªnone of the aboveº answer choice in the problem in Figure 4.10, but removing 

these options increases the chance that students could simply guess the correct answer.  If we 

reduced the number of clock cycles in the waveform from eight to three or four, we could 

still retain the fundamental nature of the distracters.  

4.2.6 Latch identification 

During the interviews, we asked students to examine the circuit element shown in 

Figure 4.11, to identify the element, and to explain how the element works.  The element is a 

positively-clocked D-latch:  E is the data input, F is the clock, and G and H are the outputs Q 

and Q�, respectively.  None of the students identified the element as a clocked D-latch even 

though many students tried multiple approaches.  Further, although most students recognized 

that the cross-coupled NAND gates were some kind of latch, no student specifically 

mentioned an SR-latch.  Students'  approaches revealed a significant deficiency in students'  

problem-solving ability and student misconceptions about latches. 
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Identify the circuit element below: 

 

 

Figure 4.11.  A problem on identification and analysis of a clocked D-Latch 

 

Even though abstraction is a fundamental process to solve problems, we found 

students rarely used abstraction to solve problems.  In particular, no student used abstraction 

in the problem in Figure 4.11 to replace the cross-coupled NAND gates with an SR-latch.  

While students may have considered this circuit too simple to warrant abstracting out a 

functional unit, we were surprised that no student mentioned any kind of abstraction when 

they had failed in other attempts to determine how circuit element worked.   

In place of abstraction, students used other approaches that revealed misconceptions 

about sequential circuit elements, particularly latches.  Most students tried to derive Boolean 

expressions for G and H, or they set values for E, F, G, and H and traced through the circuit.  

Students using these methods rarely viewed G and H as both inputs and outputs.   Students 

who used Boolean algebra often visualized the circuit as seen in Figure 4.12.  These students 

did not always consider the output G of one SR-latch NAND gate and the corresponding 

input M of the opposite SR-latch NAND gate to be connected.  These students derived 

expressions for G in terms of L and expressions for H in terms of M, but these expressions 

did not help students understand the circuit.   
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Figure 4.12.  Students© conception of the D-Latch from Figure 4.11 

 

Students who traced through the circuit varied E and F but kept G and H constant.  

They created non-symmetric excitation tables like in Table 4.13. 

 

Table 4.13.  An example excitation table for  the circuit element in Figure 4.11with G = 1 and H = 0 

E F G Result H Result 

0 1 Set to 0 Set to 1 

0 0 Remain the same Remain the same 

1 0 Remain the same Remain the same 

1 1 Remain the same Remain the same 

 

Although we think that abstraction is important, we do not think it is easy to assess 

using a multiple-choice problem.  We constructed the problem in Figure 4.13 to assess 

student understanding of G and H as both inputs and outputs.   
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ECE 290 Spring 2006 Assessment Test Form 1, Problem 6 

 

The inputs E and F are applied as shown to the circuit below when G and H are in a steady 

state.  What are the final values of G and H after these inputs are applied? 

 

 

 

a.) G = 0, H = 0 

b.) G = 0, H = 1 

c.) G = 1, H = 0 

d.) G = 1, H = 1 

e.) Cannot be determined 

Solution: 

 Since F is never 1, G and H will not change based on E but will retain their original 

values.  Since these values are never provided, they cannot be determined. 

Figure 4.13.  A problem on D-latch response to input 
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Table 4.14 shows the ECE 290 Spring 2006 assessment test results for this problem.   

 

Table 4.14.  ECE 290 Spr ing 2006 assessment results for  the problem in Figure 4.13 

Form 1 Problem 6 51 of 51 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 4 8%  
b 3 6%  
c 7 14%  
d 4 8%  
e 33 65% *  

 

Students who selected any answer choice other than answer choice e probably 

assigned values to G and H.  These students likely believed that G and H were only outputs, 

and so they did not examine all possible values of G and H.  Students who selected either 

answer choice a or answer choice d did not recognize the right half of the circuit as an SR 

latch, or they did not remember that an SR latch is never in a ªsteady stateº when outputs are 

both 0 or 1.  Students could have selected answer choice e without understanding the 

operation of a latch, however. 

4.2.7 Latch timing  

Students commonly misunderstand the difference between flip-flops and latches.  

One interview question asked students whether there was a difference between latches and 

flip-flops, and few students answered correctly.  Most answers were very general, such as ªa 

flip-flop is more complicated,º or, ªI know they' re different, but I don' t remember how.º  On 

the Fall 2005 assessment test, 40% of students correctly solved the problem in Figure 4.14.  

Almost as many students (30%) selected answer choice b, which is consistent with positive-

edge triggered flip-flop operation.   

We gave this problem to students during Spring 2006 interviews and found that most 

students did not understand the operation of the clocked latch.  We first asked students to 

describe the timing of a clocked latch; most students gave the definition of a positive-edge 

triggered flip-flop.  When the operation of a positively clocked latch was defined, most 

students correctly solved this problem. 
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ECE 290 Spring 2006 Assessment Test Form 1, Problem 7 and Form 2, Problem 5 

 

What are the values of Z at times 1, 2, and 3 if the logic element below is a positively clocked 

latch (not a flip-flop)?  Assume that propagation times for the XOR gate and the latch are 

negligible and that Z is initially one. 

 

 

 

a.) 0, 0, 0 f.) 1, 0, 1 

b.) 0, 0, 1  g.) 1, 1, 0 

c.) 0, 1, 0 h.) 1, 1, 1 

d.) 0, 1, 1 i.) Not enough information 

e.) 1, 0, 0 

Solution: 

 Before time 1, while CLK is high, D input is first 1 (when X = 1, Y = 0), then 0 (when X 

= Y = 1).  When CLK first falls from 1 to 0, the value 0 is stored as the state of the latch.  

Thus, the output Z is 0 at time 1.  Since CLK is high during times 2 and 3, the output Z at 

those times is the same as the D input.  At time 2, the output Z is 1 because X = 1 and Y = 0.  

At time 3, the output Z is 0 because X = Y = 1.   

Figure 4.14.  A problem on completing a latch timing diagram 
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We included this problem on both forms of the Spring 2006 assessment test.  On both 

forms, we added the words ª(not a positive-edge triggered flip-flop)º to the problem 

statement.  On Form 2, we added the sentence ªA positively clocked D latch will change 

values only when the clock input is highº to the end of the problem statement. The results 

from both forms are in the Table 4.15.  The number before the slash represents data from the 

problem on Form 1, and the number after the slash represents data from the problem on Form 

2. 

Table 4.15.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.14 

Form 1 / 2 Problem 7 / 5 49 / 55 of 51 / 56 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 1 / 0 2%  /   0%  
b 1 / 5 2%  /   9%  
c 29 / 32 57%  / 57% *  
d 3 / 2 6%  /   4%  
e 2 / 0 4%  /   0%  
f 1 / 1 2%  /   8%  
g 8 / 12 16%  / 22%  
h 1 / 3 2%  /   5%  
i 3 / 0 6%  /   0%  

 

As seen above, the extra sentence in Form 2 had little impact on students'  

performance. A chi-square test also indicates that the sentence was not related to the 

probability that a student would correctly answer the problem (� 2(8) = 5.23, p = 0.73), but the 

chi-square test is weak since expected values are low for some answer choices (see Section 

4.1.2 for more on the chi-square test).   

Students who viewed the latch as a positively-edged flip-flop would select answer 

choice f.  Because Form 2 had an incorrect diagram (the Z waveform was initially 0 on the 

diagram instead of the stated 1), students who received Form 2 and viewed the latch as a 

positive-edged flip-flop could select answer choice b if they looked primarily at the diagram.   

It was not clear initially why answer choice g was selected so often, but the 

waveforms for Z that students drew on the tests revealed two potential reasons.  Students may 

have mistaken the long vertical lines crossing all the waveforms for the clock edges.  If these 

students believed that the latch was actually a flip-flop, they would have looked at the values 

of X and Y immediately before the times and obtained Z values consistent with answer choice 
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g.  Students also may have viewed the latch as an unclocked D-latch.  These students also 

would have obtained Z values consistent with answer choice g from the values of X and Y 

immediately before times 1, 2, and 3. 

Because some distracters could be chosen for multiple reasons, we cannot determine 

students'  misconceptions from their selection of distracters.  Our understanding of students'  

misconceptions is also confounded because the XOR gate adds unnecessary complexity.  If 

we removed the XOR gate, we could be more certain that incorrect answers were a result of 

misconceptions about latch timing. 

In both CS 231 and ECE 290, latches are covered only briefly, usually on the way to 

a discussion of flip-flops.  Students might see latches on only one homework assignment.  

Consequently, students may believe latches are less important than flip-flops, so they forget 

the differences.  CS 231 students in particular may consider latches less important because 

many computer science students do not focus on hardware; CS 231 students'  explanations 

during interviews about the differences between flip-flops and latches tended to be less clear 

than ECE 290 students'  explanations.  Even though latches are not well understood by either 

ECE 290 or CS 231 students, we are not certain that a deep understanding of latch timing is 

important long term. 

4.3 ECE 290 Spring 2006 Assessment Test Form 2 Problems 

The sections below describe the problems in Form 2 of the ECE 290 Spring 

Assessment Test in the order they appear on the test.  Form 2 of the ECE 290 Spring 

Assessment Test is in Appendix C.2.2. 

4.3.1 Alternate implementations of expressions 

Although there are many ways to implement Boolean expressions as combinational 

circuits, students often consider only a few of these ways.  For example, implementing the 

complement of an expression as a sum-of-products and then changing the OR gate to a NOR 

gate is sometimes simpler than implementing the original expression directly.  During the 

Fall 2005 interviews, we found that students were reluctant to use this method when they 

solved the problem in Figure 4.15. 
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F(x, y, z) = AND(M1,M4,M6) 

G(x, y, z) = OR(m1,m3,m5) 

H(x, y, z) = x XOR z 

 

Draw a circuit which implements the three functions F, G, and H. You may use only one 3-

to-8 decoder, two 4-input OR gates, and one 4-input NOR gate.  

Solution: 

 

 

Figure 4.15.  A problem on implementing functions with a decoder  

 

During the interviews, many students could implement function G easily, but they 

could not use the NOR gate to implement function F.   

We constructed the problem in Figure 4.16 based on the interview results and 

included it on the Spring 2006 assessment test.  This problem required students to understand 

the operation of a decoder and to perceive that G could be implemented with either a NOR 

gate or an OR gate. 

Students'  performance on this problem is summarized in Table 4.16.  While the 

decoder may introduce unnecessary complexity, many students showed their understanding 

of decoder operation by correctly selecting answer choice b.  Further, nine students who did 

not select answer choice b did select answer choice e based on the minterm form of G.  This 

combination of answer choices indicates understanding of decoder operation.   
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ECE 290 Spring 2006 Assessment Test Form 2, Problem 1 

 

G(a, b, c)= AND(M1,M3,M5) = (a + b + c©)(a + b© + c©)(a© + b + c©) 

 

Which of the following could be used to implement Boolean function G?  Assume that the 

constants 0 and 1 are not available and that all gates must have unique inputs.   

Select all correct answers. 

 

a.) A 3:8 decoder and a 3-input OR gate b.) A 3:8 decoder and a 3-input NOR gate 

c.) A 3:8 decoder and a 4-input OR gate d.) A 3:8 decoder and a 4-input NOR gate 

e.) A 3:8 decoder and a 5-input OR gate f.) A 3:8 decoder and a 5-input NOR gate 

Solution: 

 The Boolean function G has five input combinations that result in an output of 1, and 

it has three input combinations that result in an output of 0.  We can implement G by ORing 

any decoder output that could be 1 when G = 1.  We can also implement G by NORing any 

decoder output that could be 1 when G = 0.  If the order of decoder inputs from most to least 

significant bit is { a, b, c} , then we can OR decoder outputs 0, 2, 4, 6, and 7, or we can NOR 

decoder outputs 1, 3, and 5.  Thus, the correct answer choices are e and b. 

Figure 4.16.  A problem on implementing a function using a decoder  

 

Table 4.16.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.16  

Form 2 Item 1 52 of 56 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 6 11%  
b 35 63% *  
c 5 9%  
d 4 7%  
e 24 43% *  
f 7 13%  

b and e 13 23% *  
 

Students who selected either answer choice b or answer choice e, but not both, most 

likely did not realize that they could implement expressions with decoders using both OR and 

NOR gates.  The student who selected only answer choices a and f and the student who 
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selected only answer choices c and d tried to implement the expression with both an OR and 

a NOR gate, but they did not determine the correct number of gate inputs. 

While students should understand both that decoders are minterm generators and that 

an expression can be implemented by implementing the sum-of-products form of the 

complement and replacing the OR gate with a NOR gate, these two concepts would ideally 

be explored in separate problems to remove unnecessary complexity.  Also, using the 

maxterm form for G may lead students to recall that an expression can be implemented with 

a decoder and a NOR gate.  If we used the minterm form of G in the problem statement, then 

students could forget that the expression could be implemented by NORing the decoder 

outputs that would be a 1 for the combinations of input values that cause the function to be 0. 

 

4.3.2 Duality and implications of equality 

During the interviews, very few students correctly derived the dual of the expression 

in Figure 4.17 on their first attempt.  The types of errors varied widely.  Some errors were 

typographical, such as removing the complement from the first occurrence of y while 

copying from one line to another.  Other students confused taking the dual with 

complementing the expression; their answer was the same as the solution with every literal 

complemented.  The expression requires an understanding of operation precedence; students 

must remember to separate (y� + z) from (y + z�).  We found that most students understood 

operation precedence.  The expression does not contain a constant 1 or 0 to see if students 

remember to complement constants. 

 

What is the dual of wx(y�z + yz�) + w�x�(y� + x)(y + z�) ? 

Solution: 

 (w + x + (y� + z)(y + z�))(w� + x� + y�x + yz�) 

Figure 4.17.  An interview problem on duality 

 

It is unclear exactly why students had so much difficulty with this problem.  Students 

may have forgotten the duality concept because they thought that duality is unimportant.  

Also, duality is covered very quickly near the beginning of the term and usually is not seen 
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again.  However, we believe that some students might have some conceptual understanding 

of duality without having a procedural understanding of how to derive the dual of an 

expression.  Conversely, some students could perform the derivation without having a 

conceptual understanding of duality.  While we want students to have both a procedural and 

conceptual understanding of duality, we decided to test conceptual understanding.  The 

problem in Figure 4.18 assesses students'  understanding of duality in the context of asking 

about the implications of equality.   

ECE 290 Spring 2006 assessment test results for the problem in Figure 4.18 are 

tabulated in Table 4.17. 

 

ECE 290 Spring Assessment Test Form 2, Problem 3 

 

Let F, G, and H be Boolean functions of x, y, and z. The truth tables of F and G are the same. 

Which of the following must be true? 

 Select all correct answers. 

 

a.) F = G  d.) F�G=0 

b.) F� = G�  e.) FH = HG  

c.) Dual(F) *  G = 0 (Dual of F AND G)  f.) Dual(F) = Dual(G)  

Solution: 

 If the truth tables of two functions are the same, then those functions are equal, so 

answer choice a is true.  Answer choice b should be selected because if two functions are 

equal, then their complements are equal.  Answer choice c should not be selected:  for 

example, if F = G = x, then Dual(F) = x and Dual(F) *  G = x.  Answer choice d should be 

selected because a function AND its complement is 0.  Answer choice e should be selected 

because of the commutative property of AND.  Answer choice f should be selected because if 

two functions are equal, then their duals are equal. 

Figure 4.18.  An assessment test problem on the implications of equality 
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Table 4.17.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.18 

Form 2 Problem 3 56 of 56 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 53 95% *  
b 50 89% *  
c 11 20%  
d 49 88% *  
e 50 89% *  
f 48 86% *  

a, b, d, e, f 26 46% *  
 

Specifically, answer choice f tested whether students understood that, if two functions 

are equal, then the duals of those functions are also equal.  Most ECE 290 students selected 

answer choice f.  While this apparent understanding of a main idea of duality is encouraging, 

it is possible that students selected answer choice f because the same operation is performed 

on both sides of the equation and not because they understood duality.  Also, the students 

who selected answer choice c may have thought that the truth table of the dual was the same 

as the truth table of the complement.  All of the students who selected answer choice c 

selected all of the answer choices.   

The five students who selected answer choice f on item 2 of form 1 (see Section 

4.2.2) may also have recognized the expression as the dual of the expression in the problem 

statement, but incorrectly believed dual expressions to be equivalent.   

More investigation is needed to understand how students understand duality on a 

conceptual level.  A problem that focuses more specifically on the implications of duality, 

such as the problem in Figure 4.19, would expose students'  conceptual understanding of 

duality (answer choices would be determined through student interviews). 

 

If E, F, G, and H are Boolean expressions and EF = G + H, then what is Dual(E) + Dual(F)? 

Figure 4.19.  A problem on duality 

4.3.3 M inimum number of flip-flops needed in a minimal state diagram 

In most introductory digital logic courses, students learn how to design a sequential 

circuit from a state diagram specification.  Transforming a state diagram into a sequential 

circuit design is an algorithmic task that students can execute without a firm understanding of 
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why or how the transformation works.  We designed the problem in Figure 4.20 to capture a 

part of students'  conceptions of this process. 

 

ECE 290 Spring Assessment Test Form 2, Problem 3 

 

A state diagram with n states requires at least m flip-flops to implement a sequential circuit.  

If a different state diagram has 2n states, what is the minimum number of flip-flops needed 

for an implementation? 

 

a.) m 

b.) m + 1 

c.) 2m 

d.) 2m + 1 

e.) m2 

f.) m2+ 1 

g.) None of the above 

Solution: 

 A state diagram with n states requires at least ceiling(log2(n)) = m flip-flops to 

implement.  If the number of states is doubled to 2n, then at least ceiling(log2(2n)) = m + 1 

flip-flops are needed to implement the state diagram. 

Figure 4.20.  A problem on the number  of flip-flops needed to implement a state diagram 

 

This problem probes students'  understanding of the relationship between states and 

flip-flops.  Many students remember that the minimum number of flip-flops needed for n 

states is log2(n), but this problem cannot be solved by merely recalling that fact.   

The version of this problem on the Fall 2005 assessment test did not include the 

correct answer of m + 1 as an option.  We believed students would find answer choices that 

contained various combinations of the number ª2º more compelling distracters and that m + 

1 would be out of place as an answer choice.  However, we could not tell whether students 

selected ªNone of the aboveº because they knew the answer was m + 1 or for some other 

reason.  Few students selected answer such as m + 2 or 2m + 2 during the Fall 2005 test, so 
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we decided to include the correct answer as an answer choice for the Spring 2006 test and 

modify the remaining answer choices so that m + 1 did not appear different from the other 

answer choices.  The results from the Spring 2006 assessment test are in Table 4.18. 

 

Table 4.18.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.20 

Form 2 Problem 3 54 of 56 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a   1 2%  
b 35 65% *  
c   9 17%  
d   1 2%  
e   5 10%  
f   0 0%  
g   3 6%  

 

As expected, answer choices c and e were the most effective distracters.  The other 

distracters were not very effective, but are necessary to maintain the symmetry of the answer 

choices.  Since few students chose ªNone of the above,º it could be removed. 

The process implementing a state diagram may not always be taught with the goal of 

minimum flip-flop design.  For example, courses that cover sequential design quickly may 

teach students one-hot design, which allocates one flip-flop for every state.  Courses that 

cover digital logic as only part of the course may not cover sequential design techniques at 

all.  While many of the basic concepts are the same regardless of the goal, students who did 

not learn minimal flip-flop design techniques would have a disadvantage on this problem. 

4.3.4 Flip-flop and combinational circuit timing 

See Section 4.2.5. 

4.3.5 Latch timing 

See Section 4.2.7. 

4.3.6 Karnaugh maps   

Even though Karnaugh maps are a major topic in both ECE 290 and CS 231, students 

are generally reluctant to use them in all but the most obvious of circumstances.  During the 
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interviews, we asked students to solve two problems that required the use of Karnaugh maps 

to complete quickly.  We first presented the open-ended problem in Figure 4.21. 

 

Find a two-level multiple-output AND-OR gate network to realize the following expressions 

using 6 gates. 

a�c + a�d� + b�c and c�d� + ab� + ac� 

Solution: 

 Below are Karnaugh maps for both expressions.   

 

 a�c + a�d� + b�c  c�d� + ab� + ac� 

 cd    cd 

 00 01 11 10   00 01 11 10  

00 1  1 1  00 1     

01 1  1 1  01 1     

11      11 1 1    

 

 

ab 

10   1 1  

 

 

ab 

10 1 1 1 1  

 

 We can implement the gate network with four AND gates and two OR gates.  The 

AND gates implement a�c�d�, ab�c, a�c, and ac�.  We implement the first expression by ORing 

together a�c�d�, ab�c, and a�c, and we implement the second expression by ORing together 

a�c�d�, ab�c, and ac�. 

Figure 4.21.  A problem on implementing two expressions using a limited number  of logic gates 

 

To solve this problem, students must find the common product terms a�c�d� and ab�c.  

Although students could find these terms using Boolean algebra, it is easier to construct 

Karnaugh maps for both expressions.  Students usually tried Boolean algebra or truth tables, 

and many of these students either gave up or gave an incorrect solution.  One student said he 

was looking for common product terms but decided that a truth table was a better tool than a 

Karnaugh map.  Only the top students instinctively used a Karnaugh map for this problem; 

other students would use a Karnaugh map only after we asked follow-up questions that 

suggested a Karnaugh map would be useful. 
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We constructed the multiple-choice question in Figure 4.22 to test whether students 

would use a Karnaugh map to solve a minimization problem.  The problem indicates that a 

Karnaugh map might be needed because it asks for the ªminimum number of gates,º 

phrasing that both ECE 290 and CS 231 students would associate with Karnaugh maps.  

Results from the problem are summarized in Table 4.19 

 

ECE 290 Spring 2006 Assessment Test Form 2, Problem 6 

 

The truth table below defines a Boolean function. Suppose you plan to implement this 

function as a combinational circuit specified by a sum-of-products expression.  Assuming 

only AND and OR gates are available, determine the minimum required number of gates. 

Assume you have inputs { a, b, c}  and their complements { a©, b©, c©}  available as inputs to the 

circuit. 

 

Solution: 

 The minimal sum-of-products expression for this function is a�b� + ab + c�.  This 

expression can be implemented with two 2-input AND gates and one 3-input OR gate. 

Figure 4.22.  A problem on the minimum number  of gates needed to implement a truth table 

 

Most students who correctly selected answer choice e had drawn correct Karnaugh 

maps on their test papers.  A few students had correct Karnaugh maps but did not derive the 

minimal expression.  Students who selected answer choice f most likely implemented the 
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product-of-sums expression for the function because they did not read the problem statement 

carefully.  Future revisions of the problem statement could put more emphasis on ªsum-of-

products expression.º 

 

Table 4.19.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.22 

Form 2 Problem 6 54 of 56 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 2 4%  
b 1 2%  
c 0 0%  
d 1 2%  
e 24 43% *  
f 12 21%  
g 4 7%  
h 5 9%  
i 4 7%  
j 1 2%  

 

We want students to learn to use Karnaugh maps correctly and at the appropriate 

times.  Introductory digital logic courses require students to use Karnaugh maps in limited 

contexts, such as problems that specifically require students to use Karnaugh maps, and 

problems that ask students to ªfind the minimal number of gatesº for an implementation of 

an expression.  As a result, students may not realize they can use Karnaugh maps when 

problems are presented in different contexts, such as the assessment test problem asking 

students to analyze MSI implementations in Section 4.3.7. 

4.3.7 MSI devices 

Interviews revealed that students have difficulty understanding and using decoders 

and multiplexers.  These devices are usually introduced to students as the devices are used in 

real designs; for example, a multiplexer would be introduced as a device that selects one of 

many inputs to appear on the output.  Many course problems ask students to use the devices 

to implement arbitrary Boolean expressions, however.  These problems can confuse students 

because students cannot use the devices in the ways that the devices were introduced.  

Rather, students must develop a deeper understanding of how MSI devices work. On the 

Spring 2006 assessment test, we asked students the problem in Figure 4.23 to test their 
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understanding of MSI components.  Spring 2006 assessment test results for this problem are 

in Table 4.20. 

 

ECE 290 Spring 2006 Assessment Test Form 2, Problem 7 

 

Which of the following is an implementation of the following Boolean function: 

F(a, b, c) = OR(m1, m3, m6, m7) = a©b©c + a©bc + abc© + abc 

 Select all correct answers. 

 

f.) None of the above 

Solution: 

 Answer choices a and d are correct implementations; answer choice a ORs together 

the decoder outputs that would have value 1 for the input combinations at which F outputs 1 

and answer choice d NORs together the decoder outputs that would have value 1 for the input 

combinations at which F outputs 0.  Answer choice b is a correct two-level multiplexer 

implementation.  Answer choice c would be correct if the In1 and In2 inputs are swapped.  

Answer choice e is a correct AND-OR implementation. 

Figure 4.23.  A problem on implementing an expression with MSI devices 
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Table 4.20.  ECE 290 Spr ing 2006 assessment test results for  the problem in Figure 4.23 

Form 2 Problem 7 55 of 56 students answered this problem 
Answer  Number of Students Percentage of Students Correct answer 

a 53 95% *  
b 23 41% *  
c 15 27%  
d 38 68% *  
e 28 50% *  
f 0 0%  

a, b, d, and e 6 11% *  
a and d 38 68%  

b and not c 14 25%  
 

Except for answer choices a and d, it is difficult to tell why students would choose 

some and not others.  We found that students understand decoders better than they 

understand multiplexers.  Students selected both answer choice a and answer choice d, the 

correct decisions for answer choices based on decoders, 68% of the time.  In contrast, 

students selected answer choice b and did not select answer choice c, the correct decisions for 

answer choices based on multiplexers, only 25% of the time.  However, we do not 

understand what conceptual misunderstandings drive this difference.   

Finally, we do not understand the low performance on answer choice e.  Although 

students could have easily determined whether answer choice e is correct by using a 

Karnaugh map, few students drew Karnaugh maps on their tests (see Section 4.3.6 for more 

information on students and Karnaugh maps).  Because most students correctly selected 

answer choice a, it is unlikely that students misunderstood the problem statement.  As a 

result, low performance on other answer choices more likely results from student 

misconceptions. 

Students'  conceptual understanding of MSI components should be explored further so 

that misunderstandings of individual components are more clearly identified.  The problem in 

Figure 4.23 could be broken up into a problem focusing on decoders and another problem 

focusing on multiplexers.  Each of these new problems could then have a more distracters to 

focus on student misconceptions. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

5.1 Student Preconceptions 

While the Force Concept Inventory (FCI) has been used to successfully determine the 

effectiveness of active engagement techniques in introductory physics courses, not all 

concept inventories will be successful in the same way.  Because Newtonian mechanics 

describes common, physical phenomena, most students hold well-defined preconceptions 

that can be accurately measured by the FCI.  Introductory physics instructors who use the 

FCI as a pretest can then address student preconceptions as they teach.  In contrast, digital 

logic instructors will not need to overcome student preconceptions because most introductory 

digital logic students lack the experience to form preconceptions.  Consequently, students'  

performance on a pretest concept inventory in digital logic would likely be similar to their 

performance if they randomly guessed all answers. 

Because students have few preconceptions about digital logic, we assumed all 

concepts were equally likely to be misunderstood.  Based on this assumption, we used a 

ªshotgunº approach and selected different kinds of problems about different topics for our 

initial interview problem set.  Our approach limited the effects of our biases about which 

concepts should be ªeasyº or ªhard.º  Nevertheless, I believe we could have better focused 

our problem set using cognitive development theory [67].  An expert on cognitive 

development theory may have identified classes of concepts that students would find 

difficult, such as concepts that required abstraction and knowledge transfer.  Then we could 

have ensured that our interview problem set covered the identified difficult concepts.  While 

we would still want to cover a wider range of concepts than the identified difficult concepts, 

we could be more confident that we had covered the concepts that students would be most 

likely to misunderstand. 

5.2 Future Work 

Students'  performance on the Spring 2006 assessment test provided evidence that we 

had identified student misconceptions.  Future research is needed to show why students find 

these concepts difficult.  It is apparent that students tend to find some classes of concepts 

more difficult than others.  These more difficult concepts require abstraction and knowledge 
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transfer.  Because we lack a good model of digital logic concepts, it is difficult to determine 

whether the concepts themselves are difficult or whether the types of problems we used to 

assess the concepts were difficult.  Two kinds of models could be helpful:  the first model 

would describe how students approach and learn digital logic concepts, and the second model 

would describe digital logic concepts similar to Hestenes et al.' s six dimensions of force.  

Both models could be useful in developing and analyzing a digital logic concept inventory.  I 

believe that an overarching cognitive model would facilitate analysis of digital logic as a 

whole, rather than just analysis of individual problems.  This deeper analysis could enable 

instructors to present digital logic concepts to best facilitate student learning.   

Although we interviewed students only individually, future developers might 

understand student misconceptions better if they interviewed small groups of students.  

While students were often reluctant to explain how they arrived at their solutions to the 

problems, they might reveal this information as they defended their solutions to other 

students.  I am not sure whether the benefits of interviewing small groups would be worth the 

increased complexity in logistics and interview protocol. 

We found that students in CS 231 performed similarly to students in ECE 290 on the 

Spring 2006 assessment test, despite pedagogical differences between the two courses.  

Because students received two different versions of the test under significantly different 

conditions, we are unable to attribute differences in performance to differences in pedagogy.  

Future administrations of the assessment test could provide more information on the 

relationship between pedagogy and conceptual understanding. 

I recommend a number of improvements for the assessment test.  First, many of the 

problems should be adjusted to minimize confounding factors from other concepts or from 

clues in the answer choices.  Some adjustments are mentioned in this thesis.  Second, the 

assessment test should undergo rigorous statistical analysis of the data and the test problems 

by psychometrics experts.  This analysis would reveal the best adjustments to make to the 

problem statements and answer choices.  Finally, instructors at other institutions should have 

the opportunity to administer and review the revised assessment test to gather data from 

different populations of students.  Data from other institutions will ensure that the test 

problems are not biased toward digital logic courses at this institution. 
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5.3 Conclusion 

The work described in this thesis makes progress toward a concept inventory in 

digital logic.  Through student interviews, we identified common student misconceptions in 

digital logic.  We confirmed these misconceptions when we administered a multiple-choice 

assessment test that we developed.  With revision and review from other disciplines and 

institutions, I believe that a digital logic concept inventory could become a catalyst to 

advance student learning. 
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APPENDIX A FALL 2005 AND SPRING 2006 INTERVIEWS 

A.1 ECE 290 Objectives 

Representation of information 

·  Convert between decimal, binary, octal, and hexadecimal representations of integers 

·  Determine the number of errors that a code can detect or correct  

·  Understand two©s complement representation of integers and determine whether 

overflow occurs in arithmetic operations  

·  Distinguish between a variety of decimal and alphanumeric codes 

Design and analysis of combinational networks 

·  Understand the operation of discrete logic gates  

·  Analyze a combinational network using Boolean expressions  

·  Convert a verbal specification into a Boolean expression  

·  Understand basic properties of Boolean algebra: duality, complements, standard 

forms  

·  Apply Boolean algebra to prove identities and simplify expressions  

·  Use Karnaugh maps to find minimal sum-of-products and products-of-sums 

expressions  

·  Design combinational networks that use NAND, NOR, and XOR gates  

·  Design with MSI components such as encoders, decoders, multiplexers, adders, 

arithmetic-logic units, ROMs, and programmable logic arrays  

·  Calculate delays in ripple carry adders and combinational arrays  

Design and analysis of sequential networks 

·  Understand the operation of latches; clocked, master-slave, and edge-triggered flip-

flops; shift registers; and counters  

·  Plot and interpret timing diagrams  
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·  Determine the functionality of sequential circuits from state diagrams and timing 

diagrams  

·  Translate sequential circuit specifications into state diagrams  

·  Design sequential circuit components (latches, flip-flops, registers, synchronous 

counters) using logic gates  

·  Synthesize general sequential circuits  

·  Understand trade-offs in register and counter design  

Computer organization 

·  Understand the operation of tri-state buffers and their uses in multiplexing outputs 

and enabling bidirectional signaling  

·  Understand the operation of random access memories  

·  Synthesize a large memory from smaller memories and decoders  

·  Design datapath components, including register files, buses, and functional units  

·  Design a hardwired control unit to implement an instruction set  

·  Design a microprogrammed control unit to implement an instruction set  

·  Understand trade-offs between hardwired and microprogrammed control  

·  Understand instruction formats and addressing modes  

·  Understand the operation of stack instructions, control flow, and interrupts  

·  Specify new instructions and addressing modes in register transfer language  

·  Translate register transfer language statements into microcode 

·  Analyze the effects of individual instructions and machine-level programs 

·  Write short machine-level programs  

Laboratory skills 

·  Use professional CAD software on engineering workstations for schematic capture 

and simulation of small digital systems 
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A.2 Final Objectives L ist 

Representation of information 

·  Convert between decimal, binary, octal, and hexadecimal representations of integers 

·  Determine the number of errors that a code can detect or correct 

·  Understand two©s complement representation of integers and determine whether 

overflow occurs in arithmetic operations 

·  Distinguish between a variety of decimal and alphanumeric codes 

Design and analysis of combinational networks 

·  Understand the operation of discrete logic gates 

·  Analyze a combinational network using Boolean expressions 

·  Convert a verbal specification into a Boolean expression 

·  Understand basic properties of Boolean algebra: duality, complements, standard 

forms 

·  Apply Boolean algebra to prove identities and simplify expressions 

·  Use Karnaugh maps to find minimal sum-of-products and products-of-sums 

expressions 

·  Design combinational networks that use NAND, NOR, and XOR gates 

·  Design with MSI components such as encoders, decoders, multiplexers, adders, 

arithmetic-logic units, ROMs, and programmable logic arrays 

·  Calculate delays in ripple carry adders and combinational arrays 

Design and analysis of sequential networks 

·  Understand the operation of latches; clocked, master-slave, and edge-triggered flip-

flops; shift registers; and counters 

·  Plot and interpret timing diagrams 

·  Determine the functionality of sequential circuits from state diagrams and timing 

diagrams 

·  Translate sequential circuit specifications into state diagrams  



 

 65 

·  Design sequential circuit components (latches, flip-flops, registers, synchronous 

counters) using logic gates 

·  Synthesize general sequential circuits 
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A.3 Institutional Review Board (IRB) Consent Form 
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A.4 Interview Questions Usage 
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A.5 Interview Questions 

1.1 Convert to decimal 

11001.1011 

1.2 Describe AND, OR, NOT, XOR, etc. in terms of everyday situations. 

1.3 What is the dual of wx(y©z + yz©) + w©x© (y© + x)(y + z©) 

1.4 A switching network has three inputs (x, y, and z) and two outputs (a and b).  The 

output variables a and b represent the most and least significant bits, respectively, of a 

binary number N.  N equals the number of inputs which are 0.  For example, if x = 1, 

y = 0, z = 1, than a = 0, b = 1. 

Find the minterm and maxterm expressions for a and for b. 

1.5 Find a two-level multiple-output AND-OR gate network to realize the following 

functions using six gates. 

a©c + a©d© + b©c and c©d© + ab© + ac© 

1.6 Show how two 2-to-1 MUXes can be connected to form a 3-to-1 MUX with AB = 00 

select I0, AB = 01 select I1, and AB = 1X select I2 

1.7 For the following network, find the output and design a similar network having the 

same output.   

 

1.8 What is the complement of wx(y©z + yz©) + w©x©?  

1.9 Why can we design any combinational system using only NAND gates?  
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1.10 Design a network that will add either 2 or 3 to a 3-bit binary number X.  Let the inputs 

X2, X1, X0 represent X, and C be a control signal.  Let S2, S1, S0 represent the output S.   

When C = 0, let S =  2 + X.  When C = 1, let S = 3 + X.  Assume that S will never be 

greater than 111.  Design the whole circuit using only NAND and XOR gates. 

1.11 Complete a timing diagram for the following network.  Assume all AND gates have a 

propagation delay of 3 ns and that all OR gates have a propagation delay of 2 ns. 

 

At time 0, A = B = C = 0 

At time 4, A = C = 1 

At time 10, A =0 

1.12  

f(x, y, z) = AND(M1,M4,M6) 

g(x, y, z) = OR(m1,m3,m5) 

h(x, y, z) = x XOR z 

a.) Draw a circuit which implements the three functions f, g, and h. You may use only 

one 3-to-8 decoder, two 4-input OR gates, and one 4-input NOR gate.  

b.) Draw a circuit which implements f, g, and h. You may use only three 4-to-1 

MUX©s and, if necessary, one inverter.  

c.) Implement f, g, and h using only a ROM. Specify the ROM size (the number of 

words and the number of bits per word). Give the ROM truth table and draw the 

corresponding ROM programming. 
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1.13 Which of the following are equivalent to (A + B©)(BC + A©C©) ? 

 

a) (A + B©)((B© + C©)(A© + C©))© b) ((A© + B)(B©C© + AC))© 

c) (A©B)+(BC + A©C©)© d) ((A©B) + (B© + C©)(A + C))© 

e) (A©B)©((B© + C©)© + A©C©) f) (AB' ) + (B + C)(A'  + C' ) 

There may be more than one right answer. 

1.14 If you implement the following truth table as a sum of products, what are the 

minimum required number of AND and OR gates.  Assume you have inputs and their 

complements available as inputs to the circuit. 

 A B C |  Out put  

- - - - - - - +- - - - - - - -  

 0 0 0 |    1 

 0 0 1 |    1 

 0 1 0 |    1 

 0 1 1 |    0 

 1 0 0 |    1 

 1 0 1 |    0 

 1 1 0 |    1 

 1 1 1 |    1 

a)  one 2-input gate 

b)  one 3-input gate 

c)  two 2-input gates 

d)  two 3-input gates 

e)  one 2-input gate and one 3-input gate 

f)  three 2-input gates 

h)  two 2-input gates and one 3-input gate 

i)  one 2-input gate and two 3-input gates 

j)  three 2-input gates and one 3-input gate 

k)  one 2-input gate and three 3-input gates 

l)  two 2-input gates and two 3-input gates 
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1.15 Which of the following are complete logic families (i.e., all possible combinational 

logic circuits can be implemented using just these gates and the constants 0 and 1). 

 

There may be more than one right answer. 

1.16 Which of the following will result in the output being the input A? 

 

There may be more than one right answer. 

1.17 Which of the following is an implementation of the following function: 

F(a, b, c) = OR(m1, m3, m6, m7) = a©b©c + a©bc + abc© + abc 
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1.18 The block N, below, is a combinatorial function such that d = N(a, b, c).  It has one 

output, { d} , and three inputs, { a, b, c} . 

 

 

 

What are the values of d in the boxes?   

 

The answer of 0,1 corresponds to Unknown 1 = 0, Unknown 2 = 1. 

a. 0, 0  

b. 0, 1 

c. 0, can' t be determined  

d. 1, 0 

e. 1, 1  

f. 1, can' t be determined 

g. can' t be determined, 0  

h. can' t be determined, 1 

i. can' t be determined, can' t be determined 
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2.1 Why don' t we put a latch with combinational elements?  How do we solve this 

problem? 

2.2 What kinds of flip-flops are there?  How are they different?  List as many as you can 

remember. 

2.2.1 What kinds of flip-flops will act differently if implemented as master-slave instead of 

edge triggered? 

2.2.2 Identify this circuit element: 

 

 

 

2.2.3 Design an SR latch using 2-input logic gates. 

2.3 Design a counter that counts backwards from 1111 to 0000 using any kind of flip-

flops and gates. 

2.4 A network has one input, { X} , and two outputs, { Y1, Y2} .  An output of Y1 = 1 occurs 

every time the input sequence 001 is completed provided that the sequence 111 has 

never occurred.  An output Y2 = 1 occurs every time a sequence 111 occurs.  

Construct a state graph and state table. 

2.5 A network has one input, { X} , and one output, { Y} .  The output is the same as the 

input two cycles previously.  The first two values of the output are zero.  Construct a 

state graph and state table for this network. 
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2.6 Synthesize the following state diagram using any type of flip-flop.  The labels on 

edges are input/output. 

 

 2.7 For the circuit below, compute the state (0 or 1) for points Q1 and Q2 as a function of 

time (the initial state is 0 for both points). Both D-type flip-flops are triggered on the rising 

edge. 

 

  2.8 Complete the timing diagram for flip-flop states D0 and D1 and output Z.  All flip-

flops are positive-edge triggered. 
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2.9 A sequential state diagram with n states and requires at least m flip-flops.  If a 

different state diagram has 2*n states, what is the minimum number of flip-flops? 

a.)  m b.)  m + 2 

c.)  2*m d.)  m^2 

e.)  2*(m^2) f.)  None of the above 

2.10 A clocked circuit has two inputs { c, d}  and one output { Q} .  The output changes only 

on a positive clock edge. 

If c = d = 0, then the circuit output Q = 0 on the next positive clock edge. 

If c = 0 and d = 1, then the circuit output doesn' t change. 

For example, if the previous output was Q = 1, and the current output is Q = 0, then 

the next output would be Q = 0. 

If c = 1 and d = 0, then the circuit output becomes the output immediately before the 

last clock edge. 

For example, if the previous output was Q = 1, and the current output is Q = 0, then 

the next output would be Q = 1. 

If c = d = 1, then the circuit outputs Q = 1 on the next positive clock edge. 

 

Implement this circuit using any digital logic elements you'd like. 

2.11 What is the function of this state diagram? 

Note: edges are labeled input/output.  The unlabeled edge points to the start state. 
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2.12 Given the following state diagram, describe the process you would use to create an 

implementation of the state diagram.  Explain each step and why you would use that 

step. 

 

2.13 The sequential circuit below has a positive-edge-triggered T flip-flop and a 

combinational circuit G whose output is the function g(x,Q). Complete the timing 

diagram by showing the waveform for g, assuming that the delay in G is negligible.  

Also specify g with a truth table. Explain your reasoning. 

T

> C
G

x

c

x

c

Q

g
Q

 

2.14 You have know that a sequential circuit has three states, { a, b, c} , with one input 

variable, { x}  and one output variable, { z} . A portion of the state diagram is shown 

below; arcs are labeled with x/z. Through careful testing, you have obtained the 

timing diagram shown below, where the initial state is a. The delays in the 

combinational part of the circuit are negligible. 

a b

c

0/ 1 cl ock

x

z

10 20 30 40 50Ti me  

Determine the complete state diagram. 
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2.15 Select which combination of Z and Q1 are correct.  Assume gate delays and flip-flop 

propagation delays are negligible.  All flip-flops are positive edge triggered D flip-

flops. 

 

 

 

 

a.) 1 and 3 

b.) 1 and 4 

c.) 2 and 3 

d.) 2 and 4 
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2.16 What are the values of Z at times 1, 2, and 3 if the logic element below is a positively 

clocked D latch?  Assume that propagation times for the XOR gate and the latch are 

negligible and that Z is initially zero. 

 

 

a.) 0, 0, 0 

b.) 0, 0, 1 

c.) 0, 1, 0 

d.) 0, 1, 1 

e.) 1, 0, 0 

f.) 1, 0, 1 

g.) 1, 1, 0 

h.) 1, 1, 1 

i.) Not enough information 

2.17 Explain a flip-flop in a way that an intelligent high school senior would understand. 

a.) Why do we use flip-flops? 

b.) How does the input relate to the output? 

c.) What is the deal with the clock?  Why is it important? 

d.) What, if anything, differentiates a flip-flop from a latch? 
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2.18 The sequential circuit below has two positive-edge D flip flops D0 and D1 and two 

combinatorial circuits N and L.  The output of N is N(X©, Q0), and the output of L is 

L(X, Q0) = Z.  Which of the following waveforms could be waveforms for Q1?  There 

may be more than one right answer. 

 

a.) 1 b.) 2 c.) 3 d.) 4 e.) None of the above 

2.19 The sequential circuit below has two positive-edge D flip flops D0 and D1 and two 

combinatorial circuits N and L.  The output of N is N(X©, Q0), and the output of L is 

L(X, Q0, Q1) = Z.  Which of the following waveforms could be waveforms for Z? 

 

a.) 1 b.) 2 c.) 3 d.) 4 e.) None of the above 
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2.20 The circuit below has 3 inputs { a, b, c}  and one output { d} .  If you were given a 

timing diagram, what would you look for to determine if the logic block X was 

combinatorial or sequential logic? 
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APPENDIX B FALL 2005 ASSESSMENT TEST 

B.1 ECE 290 Fall 2005 Assessment Test Results 

We administered the Fall 2005 assessment test to 28 students.  The number in the 

second column underneath the problem number indicates the number of students who 

skipped the problem.  Percentages are calculated out of number of attempts. 

Problem 1
Answer a b c d e

0 0 0 7 2 20
0% 0% 25% 7% 64%

Problem 2  
Answer a b c d e f

0 26 12 5 20 18 0
93% 43% 18% 71% 64% 0%

Question 3  
Answer a b c d e f g

2 26 26 3 24 23 24 21
100% 100% 12% 92% 88% 92% 81%

Problem 4  
Answer a b c d e f

2 5 15 3 2 17 8
19% 58% 12% 8% 65% 31%

Problem 5   
Answer a b c d e f

5 0 1 3 19 15 2
0% 4% 13% 83% 65% 9%

Problem 6  
Answer a b c d e f g h i j k l m

6 0 0 0 1 0 0 1 14 0 1 0 2 3
0% 0% 0% 5% 0% 0% 5% 64% 0% 5% 0% 9% 14%

Problem 7  
Answer a b c d e f g

2 25 0 25 2 22 2 0
96% 0% 96% 8% 85% 8% 0%

` 8  
Answer a b c d e f g

4 0 2 7 1 2 0 12
0% 8% 29% 4% 8% 0% 50%

Problem 9
Answer a b c d e f

2 8 10 24 24 2 0
31% 38% 92% 92% 8% 0%

Problem 11
Answer a b c d

4 1 15 1 7
4% 63% 4% 29%

Problem 12
Answer a b c d e f g h i j

6 2 7 9 0 1 0 1 1 0 0
9% 32% 41% 0% 5% 0% 5% 5% 0% 0%  
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B.2 ECE 290 Fall 2005 Assessment Test Questions 

1.) What is the decimal equivalent of 1001100? 

a.) -12 

b.) -51 

c.) 76 

d.) None of the above 

e.) Insufficient information 

 

2.) Which of the following is an implementation of the following function: 

 F(a, b, c) = OR(m1, m3, m6, m7) = a©b©c + a©bc + abc© + abc 

 There may be more than one answer 

 

 

 

 

f.) None of the above 
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3.) Let F, G, and H be functions of x, y, and z.  The truth tables of F and G are the same.  

Which of the following must be true?  There may be more than one answer 

 

a.) F = G 

b.) F© = G© 

c.) Dual(F) *  G = 0  (Dual of F ANDed with G) 

d.) F©G = 0 

e.) FH = HG 

f.) FH = GH 

g.) Dual(F) = Dual(G) 

 

4.) G(a,b,c)= AND(M1,M3,M5) = (a + b + c©)(a + b© + c©)(a© + b + c©) 

Which of the following could be used to implement function G?  Assume that 

the constants 0 and 1 are not available.  There may be more than one right answer. 

 

a.) A 3:8 decoder and a 3-input OR gate 

b.) A 3:8 decoder and a 3-input NOR gate 

c.) A 3:8 decoder and a 4-input OR gate 

d.) A 3:8 decoder and a 4-input NOR gate 

e.) A 3:8 decoder and a 5-input OR gate 

f.) A 3:8 decoder and a 5-input NOR gate 

 

5.) Which of the following are equivalent to (a + b©)(bc + a©c©) ? 

 There may be more than one right answer. 

 

a.) (a + b©)((b© + c©)(a© + c©))© 

b.) ((a© + b)(b©c© + ac))© 

c.) (a©b)+(bc + a©c©)© 

d.) ((a©b) + (b© + c©)(a + c))© 

e.) (a©b)©((b© + c©)© + a©c©) 

f.) (ab©) + (b + c)(a© + c©) 
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6.) If you implement the following truth table as a sum of products, what are the minimum 

required number of AND and OR gates.  Assume you have inputs and their 

complements available as inputs to the circuit. 

 

 A B C |  Out put  

- - - - - - - +- - - - - - - -  

 0 0 0 |    1 

 0 0 1 |    1 

 0 1 0 |    1 

 0 1 1 |    0 

 1 0 0 |    1 

 1 0 1 |    0 

 1 1 0 |    1 

 1 1 1 |    1 

 

a.) One 2-input gate 

b.) One 3-input gate 

c.) Two 2-input gates 

d.) Two 3-input gates 

e.) One 2-input gate and one 3-input gate 

f.) Three 2-input gates 

g.) Three 3-input gates 

h.) Two 2-input gates and one 3-input gate 

i.) One 2-input gate and two 3-input gates 

j.) Three 2-input gates and one 3-input gate 

k.) One 2-input gate and three 3-input gates 

l.) Two 2-input gates and two 3-input gates 

m.) None of the above
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7.) Which of the following will result in nontrivial output (not always 0 or 1)? 

 There may be more than one right answer. 

 

      a.)                                      b.)                                    c.) 

 

    d.)                                        e.)                                   f.) 

 

h.) None of the above 

 

8.) A sequential state diagram with n states and requires at least m flip-flops.  If a different 

state diagram has 2*n states, what is the minimum number of flip-flops? 

a.) m 

b.) m + 2 

c.) 2*m 

d.) 2*m + 1 

e.) m2 

f.) 2*m2 

g.) None of the above 
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9.) Which of the following are complete logic families (i.e., all possible combinational 

logic circuits can be implemented using just these gates and the constants 0 and 1). 

 There may be more than one right answer. 

  

a.)  b.) 

 

 

 

 

 

c.)    d.) 

 

 

 

e.) 

f.) None of the above 

 

10.) For each of the following situations, would you want to use combinatorial logic  

 ( C ), sequential logic ( S ), or neither ( N )?  Circle one. 

a.) You want to go on a trip by plane.  To save money, you look for a plane ticket that has 

an overnight Saturday stay, has at least one stop, and takes off early in the morning.  

However, you have a lot of frequent flier miles on a particular airline, so the above 

conditions apply only for flights on different airlines.    C   S    N 

b.) You run quality assurance for a potato chip company.  If you see four broken potato 

chips or make less than twenty potato chips a second, then you know the assembly line 

has problems and you must stop it to repair it.    C   S   N 

c.) You want to design a full adder with a minimum number of logic gates.    C    S   N 

d.) You want to find words of any length that are palindromes.  A palindrome is a word 

that is the same spelled both forwards and backwards.  For example, ªmomº or ªsolos.º    

C   S   N 
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11.) Select which combination of Z and D1 are correct.  Assume gate delays and flip-flop 

propagation delays are negligible.  All flip-flops are positive edge triggered D flip-

flops. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.) 

2.) 

 

3.) 

4.) 

 

a.) 1 and 3 

b.) 1 and 4 

c.) 2 and 3 

d.) 2 and 4 

e.) None of the above 
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12.) What are the values of Z at times 1, 2, and 3 if the logic element below is a positively 

clocked latch?  Assume that propagation times for the XOR gate and the latch are 

negligible and that Z is initially zero. 

 

 

a.) 0, 0, 0 

b.) 0, 0, 1 

c.) 0, 1, 0 

d.) 0, 1, 0 

e.) 0, 1, 1 

f.) 1, 0, 0 

g.) 1, 0, 1 

h.) 1, 1, 0 

i.) 1, 1, 1 

j.) Not enough information 
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APPENDIX C SPRING 2006 ASSESSMENT TEST 

C.1 Test Results 

Figure C.1 shows student performance on Form 1 of the Spring 2006 assessment test.  

Figure C.2 shows student performance on Form 2 of the Spring 2006 assessment test. 

 

Problem Form 1
ECE students Percentage CS students Percentage

51 51
Problem 1 both right 33 64.71% 31 60.78%
Problem 2 all right 15 29.41% 27 52.94%
Problem 3 all right 29 56.86% 27 52.94%
Problem 4 all right 8 15.69% 9 17.65%
Problem 5 all right 27 52.94% 25 49.02%
Problem 6 right 33 64.71% 39 76.47%
Problem 7 right 29 56.86% 6 11.76%

Average score (of 28) 22.03921569 0.787114846 22.17647059 0.792016807

Histogram of Form 1 Scores for ECE 290 and CS 231 Students
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Figure C.1.  Histogram for  ECE 290 and CS 231 Form 1 scores 
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Problem Form 2
ECE students Percentage CS students Percentage

56 43
Problem 1 both right 13 23.21% 11 25.58%
Problem 2 all right 26 46.43% 10 23.26%
Problem 3 all right 35 62.50% 28 65.12%
Problem 4 all right 25 44.64% 23 53.49%
Problem 5 all right 32 57.14% 21 48.84%
Problem 6 right 24 42.86% 34 79.07%
Problem 7 right 6 10.71% 13 30.23%

Average score (of 26) 19.89285714 0.76510989 19.65116279 0.755813953

Histogram of Form 2 Scores for ECE 290 and CS 231 Students
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Figure C.2.  Histogram for   ECE 290 and CS 231 Form 2 scores 
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C.2 ECE 290 Spring 2006 Assessment Test 

C.2.1 Form 1 

May 3, 2006 

 

Your Name: ___________________________________ 

 

Section (number or time): ___________           

 

Teaching Assistant:____________________________________ 

 

 

Today' s attendance quiz consists of seven problems covering topics from 

combinational and sequential logic design.  These problems can help you find areas you 

might want to study for the final exam. 

 

In addition, your answers to these problems may be used in research being conducted 

by James Longino, Professor Craig Zilles of the C.S. department, and Professor Loui on 

improving education in digital logic.  Your performance on this quiz (like other attendance 

quizzes) will have no impact on your course grade.  To ensure your confidentiality, please 

remove this top page and turn it in separately for attendance credit.  In the event of 

publication of this research, no personally identifying information will be disclosed. 

 

The questions and their answers will be posted on Mallard after class today so you 

can review them later. 
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1.) The block N below represents some combinational circuit that implements an unknown 

 Boolean function.  It has one output { d}  and three inputs { a, b, c} . 

 

 

 

What are the values of d in the boxes?  

 

Unknown 1 Unknown 2 

a. 0 a. 0 

b. 1 b. 1 

c. Cannot be determined c. Cannot be determined 

 

2.) Which of the following expressions are equivalent to (a + b©)(bc + a©c©) ? 

 Select all correct answers. 

 

a.) (a + b©)((b© + c©)(a© + c©))© 

b.) ((a© + b)(b©c© + ac))© 

c.) (a©b)+(bc + a©c©)© 

d.) ((a©b) + (b© + c©)(a + c))© 

e.) (a©b)©((b© + c©)© + a©c©) 

f.) (ab©) + (b + c)(a© + c©)
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3.) Which of the following will result in nontrivial output (not always 0 or 1)? 

 Select all correct answers. 

 

g.) None of the above 

 

4.) Which of the following are complete logic families (i.e., all possible Boolean functions 

can be implemented using just these gates and the constants 0 and 1). 

 Select all correct answers. 

  

a.)  b.) 

 

 

 

c.)    d.) 

 

 

 

 

e.) 

 

 

f.) None of the above 
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5.) The sequential circuit below has two positive-edge triggered D flip flops D0 and D1 and 

two unknown combinational circuits N and L which implement unknown Boolean functions.  

Which of the following waveforms could be waveforms for Q1?   

Select all correct answers. 

 

 

a.) 1 

b.) 2 

c.) 3 

d.) 4 

e.) 5
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6.) The inputs E and F are applied as shown to the circuit below when G and H are in a 

steady state.  What are the final values of G and H after these inputs are applied? 

 

 

 

 

a.) G = 0, H = 0 

b.) G = 0, H = 1 

c.) G = 1, H = 0 

d.) G = 1, H = 1 

e.) Cannot be determined 
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7.) What are the values of Z at times 1, 2, and 3 if the logic element below is a positively 

clocked D latch (not a positive-edge triggered D flip-flop)?  Assume that propagation times 

for the XOR gate and the latch are negligible and that the initial value of Z is 1. 

 

 

 

a.) 0, 0, 0 

b.) 0, 0, 1 

c.) 0, 1, 0 

d.) 0, 1, 1 

e.) 1, 0, 0 

f.) 1, 0, 1 

g.) 1, 1, 0 

h.) 1, 1, 1 

i.) Not enough information 
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C.2.2 Form 2 

May 3, 2006 

 

Your Name: ___________________________________ 

 

Section (number or time): ___________           

 

Teaching Assistant:____________________________________ 

 

 

Today' s attendance quiz consists of seven problems covering topics from combinational and 

sequential logic design.  These problems can help you find areas you might want to study for 

the final exam. 

 

In addition, your answers to these problems may be used in research being conducted by 

James Longino, Professor Craig Zilles of the C.S. department, and Professor Loui on 

improving education in digital logic.  Your performance on this quiz (like other attendance 

quizzes) will have no impact on your course grade.  To ensure your confidentiality, please 

remove this top page and turn it in separately for attendance credit.  In the event of 

publication of this research, no personally identifying information will be disclosed. 

 

The questions and their answers will be posted on Mallard after class today so you can 

review them later. 
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1.) G(a,b,c)= AND(M1,M3,M5) = (a + b + c©)(a + b© + c©)(a© + b + c©) 

Which of the following could be used to implement Boolean function G?  Assume that the 

constants 0 and 1 are not available and that all gates must have unique inputs.   

Select all correct answers. 

a.) A 3:8 decoder and a 3-input OR gate 

b.) A 3:8 decoder and a 3-input NOR gate 

c.) A 3:8 decoder and a 4-input OR gate 

d.) A 3:8 decoder and a 4-input NOR gate 

e.) A 3:8 decoder and a 5-input OR gate 

f.) A 3:8 decoder and a 5-input NOR gate 

 

2.) Let F, G, and H be Boolean functions of x, y, and z.  The truth tables of F and G are the 

same. Which of the following must be true?   

Select all correct answers. 

a.) F = G 

b.) F© = G© 

c.) Dual(F) *  G = 0  (Dual of F ANDed with G) 

d.) F©G = 0 

e.) FH = HG 

f.) Dual(F) = Dual(G) 

 

3.) A state diagram with n states requires at least m flip-flops to implement a sequential 

circuit.  If a different state diagram has 2n states, what is the minimum number of flip-flops 

needed for an implementation? 

a.) m 

b.) m + 1 

c.) 2m 

d.) 2m + 1 

e.) m2 

f.) m2 + 1 

g.) None of the above 
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4.) The sequential circuit below has a positive-edge triggered D flip flop D0 and a 

combinational circuit L which implements some unknown Boolean function.  Which of the 

following waveforms could be waveforms for Z?   

Select all correct answers. 

 

 

 

a.) 1 

b.) 2 

c.) 3 

d.) 4 

e.) None of the above 
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5.) What are the values of Z at times 1, 2, and 3 if the logic element below is a positively 

clocked D latch (not a positive-edge triggered flip-flop)?  Assume that propagation times for 

the XOR gate and the latch are negligible and that Z is initially one.  A positively clocked D 

latch will change values only when the clock input is high. 

 

 

a.) 0, 0, 0 

b.) 0, 0, 1 

c.) 0, 1, 0 

d.) 0, 1, 1 

e.) 1, 0, 0 

f.) 1, 0, 1 

g.) 1, 1, 0 

h.) 1, 1, 1 

i.) Not enough information 
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6.) The truth table below defines a Boolean function.  Suppose you plan to implement this 

function as a combinational circuit specified by a sum-of-products expression.   Assuming 

only AND and OR gates are available, determine the minimum required number of gates.  

Assume you have inputs { a, b, c}  and their complements { a©, b©, c©}  available as inputs to the 

circuit.

 

 a b c |  Out put  

- - - - - - - +- - - - - - - -  

 0 0 0 |    1 

 0 0 1 |    1 

 0 1 0 |    1 

 0 1 1 |    0 

 1 0 0 |    1 

 1 0 1 |    0 

 1 1 0 |    1 

 1 1 1 |    1 

 

a.) Two 3-input gates 

b.) One 2-input gate and one 3-input gate 

c.) Three 2-input gates 

d.) Three 3-input gates 

e.) Two 2-input gates and one 3-input gate 

f.) One 2-input gate and two 3-input gates 

g.) Three 2-input gates and one 3-input gate 

h.) One 2-input gate and three 3-input gates 

i.) Two 2-input gates and two 3-input gates 

j.) None of the above
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7.) Which of the following is an implementation of the following Boolean function: 

F(a, b, c) = OR(m1, m3, m6, m7) = a©b©c + a©bc + abc© + abc 

Select all correct answers. 

 

 

f.) None of the above 

 

C.3 CS 231 Spring 2006 Assessment Test  

Problems for this test reordered to match the ECE 290 version, with the original 

problem position indicated. 
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C.3.1 Form 1 

 

 

What are the values of d in the boxes?  

 

Unknown 1 Unknown 2 

a. 0 a. 0 

b. 1 b. 1 

c. Cannot be determined c. Cannot be determined 
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2.) (Originally problem 7) 

Which of the following expressions are equivalent to (a + b©)(bc + a©c©) ? 

 Select all correct answers. 

 

a.) (a + b©)((b© + c©)(a© + c©))© 

b.) ((a© + b)(b©c© + ac))© 

c.) (a©b)+(bc + a©c©)© 

d.) ((a©b) + (b© + c©)(a + c))© 

e.) (a©b)©((b© + c©)© + a©c©) 

f.) (ab©) + (b + c)(a© + c©) 

 

3.) (Originally problem 2) 

Which of the following will result in nontrivial output (not always 0 or 1)? 

 Select all correct answers. 

 

 

 

g.) None of the above 
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4.) (Originally problem 3) 

Which of the following are complete logic families (i.e., all possible combinational logic 

circuits can be implemented using just these gates and the constants 0 and 1). 

 Select all correct answers. 

  

a.)  b.) 

 

 

 

c.)    d.) 

 

 

 

 

e.) 

 

 

f.) None of the above 
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5.)  (Originally problem 4) 

The sequential circuit below has two positive-edge D flip flops D0 and D1 and two unknown 

circuits N and L which implement unknown Boolean functions.  Which of the following 

waveforms could be waveforms for Q1?   

Select all correct answers. 

 

 

a.) 1 

b.) 2 

c.) 3 

d.) 4 

e.) 5
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6.) (Originally problem 5) 

The inputs E and F are applied as shown to the circuit below when G and H are in a steady 

state.  What are the final values of G and H after these inputs are applied? 

 

 

 

 

f.) G = 0, H = 0 

g.) G = 0, H = 1 

h.) G = 1, H = 0 

i.) G = 1, H = 1 

j.) Cannot be determined 
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7.) (Originally problem 6) 

What are the values of Z at times 1, 2, and 3 if the logic element below is a positively clocked 

D latch?  Assume that propagation times for the XOR gate and the latch are negligible and 

that Z is initially one. 

 

 

 

a.) 0, 0, 0 

b.) 0, 0, 1 

c.) 0, 1, 0 

d.) 0, 1, 1 

e.) 1, 0, 0 

f.) 1, 0, 1 

g.) 1, 1, 0 

h.) 1, 1, 1 

i.) Not enough information 
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C.3.2 Form 2 

1.) G(a, b, c)= AND(M1,M3,M5) = (a + b + c©)(a + b© + c©)(a© + b + c©) 

Which of the following could be used to implement function G?  Assume that the constants 0 

and 1 are not available and that all gates must have unique inputs.   

Select all correct answers. 

a.) A 3:8 decoder and a 3-input OR gate 

b.) A 3:8 decoder and a 3-input NOR gate 

c.) A 3:8 decoder and a 4-input OR gate 

d.) A 3:8 decoder and a 4-input NOR gate 

e.) A 3:8 decoder and a 5-input OR gate 

f.) A 3:8 decoder and a 5-input NOR gate 

 

2.) Let F, G, and H be functions of x, y, and z.  The truth tables of F and G are the same. 

Which of the following must be true?   

Select all correct answers. 

a.) F = G 

b.) F© = G© 

c.) Dual(F) *  G = 0  (Dual of F ANDed with G) 

d.) F©G = 0 

e.) FH = HG 

f.) Dual(F) = Dual(G) 

 

3.) A state diagram with n states requires at least m flip-flops to implement a sequential 

circuit.  If a different state diagram has 2n states, what is the minimum number of flip-flops 

needed for an implementation? 

a.) m b.) m + 2 

c.) 2m d.) 2m + 1 

e.) m2 f.) 2m2 

g.) None of the above 



 

 110 

4.) The sequential circuit below has a positive-edge D flip flop D0 and a combinational 

circuit L which implements some unknown Boolean function.  Which of the following 

waveforms could be waveforms for Z?   

Select all correct answers. 

 

 

 

a.) 1 

b.) 2 

c.) 3 

d.) 4 

e.) None of the above 
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5.) What are the values of Z at times 1, 2, and 3 if the logic element below is a positively 

clocked D latch (not a positive-edged flip-flop)?  Assume that propagation times for the XOR 

gate and the latch are negligible and that Z is initially one.  A positively clocked D latch will 

change values only when the clock input is high. 

 

 

a.) 0, 0, 0 

b.) 0, 0, 1 

c.) 0, 1, 0 

d.) 0, 1, 1 

e.) 1, 0, 0 

f.) 1, 0, 1 

g.) 1, 1, 0 

h.) 1, 1, 1 

i.) Not enough information 
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6.) If you implement the following truth table as a sum of products, what is the minimum 

required number gates, assuming only AND and OR gates are available?  Assume you have 

inputs and their complements available as inputs to the circuit.

 

 a b c |  Out put  

- - - - - - - +- - - - - - - -  

 0 0 0 |    1 

 0 0 1 |    1 

 0 1 0 |    1 

 0 1 1 |    0 

 1 0 0 |    1 

 1 0 1 |    0 

 1 1 0 |    1 

 1 1 1 |    1 

 

a.) Two 3-input gates 

b.) One 2-input gate and one 3-input gate 

c.) Three 2-input gates 

d.) Three 3-input gates 

e.) Two 2-input gates and one 3-input gate 

f.) One 2-input gate and two 3-input gates 

g.) Three 2-input gates and one 3-input gate 

h.) One 2-input gate and three 3-input gates 

i.) Two 2-input gates and two 3-input gates 

j.) None of the above
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7.) Which of the following is an implementation of the following function: 

F(a, b, c) = OR(m1, m3, m6, m7) = a©b©c + a©bc + abc© + abc 

Select all correct answers. 

 

 

 

f.) None of the above 
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