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A Portable Finite State Machine Module Experiment for In-Class Usein
L ecture-Based Course

Abstract:

This paper presents an experimental module forhtegcfinite state machine concepts. This
module, designed for lecture-based courses, has besd in 11 classes, and assessment has
included 471 students. Students design the stathime circuitry as a pre-lab and then build the
design on a protoboard in class. The experimgtéiiorms are low weight and powered by 3-
AA batteries for portability. The challenge of cpleting experiments during one 50 minute
class session is discussed in this paper. Webosuppcludes an instructional video, a
fundamental concepts tutorial, a virtual experimamt-line quiz questions and assistance for
instructors.
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Introduction:

Laboratory experiments are an essential sourceingtructors who want to include active
learning instructional methods in their engineeongrses, yet the format is often not well suited
to incorporate into lecture-based courses. Labeix@nts are generally performed in lab
courses in centralized locations. A new extensthe laboratory experience is distributed
laboratories, which consist of experiments thatlwaronducted in a variety of locations such as
a standard classroom, common area, or even a dwm.rAs such, they can be incorporated
into traditional lecture courses or distributedhirdecentralized locations.

The challenge presented in many engineering progjiarhow to integrate experimental design
into courses that are not coupled with lab comptme®ince the dissemination of the findings
from the groundbreaking study by Hake, engineedi@gartments recognized and implemented a
range of innovative pedagogical styles in an efforadvance the value of interactive learning
strategies Hence, the engineering field has experiencewiferation of “interactive learning”
models, many of which report the positive impactstudent attitudes and knowledge. Buck
and Wage have used an array of what they termv&aand cooperative learning (ACL)”
methods to enhance courses in signal procéessinkhe model developed by Gleixner and
Lackritz included weekly in-class activities foctare-based introductory Materials Science and
Engineering classés Typically, using a problem-based learning appnomeans that the entire
course is framed around that paradigm, yet datdiroting the effectiveness is mixéd For
example, a study using problem-based learning inn&moduction to electrical engineering
course with four topic phases replaced two of tgectlecture-based components with problem-
based techniqués While there were some promising results, thplémentation called for a
major course overhaul. The process of incorpora#iotive learning opportunities in lecture-
based courses presents challenges for instructdre must often make major course
modifications to accommodate these enhancements.
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A primary goal of this research is to develop a elddr widespread use of portable laboratories
throughout the curriculum as a way of enhancinguiecbased courses. This approach has the
potential to have extensive impact on student lagrand mitigate the challenges and resistance
faced by other engineering education reforms. Tieted development required for
incorporating hands-on experimental platforms fogireering students to use in the classroom
or to take home shows promise towards reachingadistie modification of lecture-only
engineering cours&s

The Finite State Machine Module described in fraper is one of the modules developed as
part of a project funded by the NSF CCLI programd&velop labs that can be distributed
throughout the curriculum, with emphasis on coursed do not have associated labs. The
Teaching Enhancement via Small-Scale AffordablesLGlESSAL) Center was established to
provide cohesive support for the laboratory modulsls of the educational modules in the
TESSAL Center share common features:

e Demonstrate fundamental concepts that are oftdicwdtfto comprehend in a lecture
setting

e Have portable platforms so that they can be perarin class or at home
o Be affordable for mid-sized lecture courses (3G&@ents)
e Have web support to promote wide-spread adoption

The TESSAL websité , , houses the components of each lab module hwhatude:
e Experimental platform description
Tutorial on the fundamental theoretical concepts
Laboratory instructions for students
Video or interactive demo to demonstrate operadicthe experiment
Quiz questions that are representative of testtiqunssgiven in a lecture-based course
Instructions for instructors to build the platfoemd to implement the lab

Much of details of the experiment itself were fipsesented in®, but that paper did not present
any assessment results. This paper reiterates ciiine details of the experiment for
completeness sake and presents the assessmentdsnaticoresults.

Finite State Machine M odule

Digital logic courses incorporate many conceptsiftanary logic and arithmetic and logic gates
through memory units and possibly up through ddkepa One of the difficult transitions for
students in the course is the step from combinatitgic to sequential circuits since time is
now a factor. State machines are difficult fardents in that they add a dynamic dimension to
the circuit. The output of the circuit depends ooty on the inputs, but also on the previous
state of the circuit. There are many softwareusators of state machines, for example, a
MATLAB © toolbox* and a Java appfét yet these fall short because students do note hav
tangible, hands-on experience that fosters a de@pédo real life situations nor do they give
students experience with a high level system iatégn activity. The State Machine Module is
an interactive approach that provides students thighopportunity to experience firsthand the
complex behaviors due to memory in sequential @¢scuMoreover, this module reinforces the
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state machine concepts that would be covered trle@nd also provides an in-class problem-
solving experience where students design and imgiém state machine using simple chips and
a protoboard. A standard lecture class period esoactive and dynamic in nature where
learning is achieve through inquire and experi¢eigerience.

The associated web site augments the experien@aldipng multi-media content that parallels
the experiment. Since this module is made forimg®urses that do not have concurrent labs, it
also introduces students to basic physical compgenen

The general steps of finite state machine designraplementation are listed below. Students
are required to perform steps 2)-8) in a classreetting and step 1) in a prelab. CMOS chips
are used for low power, and a battery pack is @zedortability.

1) Convert a description of the problem into aestednsition diagram

2) Transfer the information from the state trapsitdiagram to a state transition logic table that
has inputs consisting of system inputs and cunralites of the state,;,%nd outputs consisting
of system outputs and next state values, NS

3) Design a combinational circuit to implement kbgic in the table.

4) Select the chips to implement the combinati@irauit and to implement the memory portion
of the state machine, for example, D flip flops b&nused to implement registers.

5) Draw a pin diagram to illustrate how to wire ttieps together to implement the state machine
logic.

6) Insert the chips into a protoboard and wiregtaind, high voltage, enables, and clock pins.
7) Complete the circuit by making the connectioridgated from Step 5).

8) Test the circuit.

The state machine module consists of a protob@a88 decoder, a battery pack (using 3 AA
batteries), dip switches, LEDs, D flip flops, andR @ate chips as shown in Figure 1. The
experiment requires students to design a state imadtom a state transition diagram. This is
similar to standard homework and test problemshensubject. However, the module requires
that students go one step further and build theuitiin class and test its behavior. They input
signals through the dip switches and observe ositpatthe LEDs. The experiment is followed

by a set of on-line quiz questions that resemhbdseahthat might be found on a test in a lecture
course on the material.

For the lab experiment, students are required fosbuild and test the example finite state
machine shown in Figure 2. This machine only rezgua 2-input OR gate chip, the decoder, and
the flip-flop. The pin diagram for the circuit ggven to the students and is shown in Figure 3.
The students must use the procedure outlined insdmple state machine to design and
implement a different machine, such as the one showigure 4.
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Figure 3: Pin diagram for the example systém.
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Supplemental Resour ces

The intent of the supplemental resources is botlertbance the learning experience of the
students and also to provide a “package” of mdeefiar instructors to use. The “package”
creates a more comprehensive unit and gives inetaiseveral sources to use for students to
earn points. Thus, in addition to the experimeptatform, the components of the Finite State
Machine Module include:

Fundamental Concepts tutorial — containing a summary of state transition diagrand state
tables, decoders, registers, and state machingtcirc

Pre-lab and Lab Instructions — the prelab is to be completed prior to class thedemainder of
the lab is to be completed in class

Instructional Video — introduction to protoboards and how to wire tlkareple circuit; video is
available for viewing online or for downloadingda IPOD.

Virtual Experiment — a Flash demo is available that is built uponith@ge of the partially wired
protoboard shown in Figure 1. Students can use theuse to complete the wiring for the
example state machine. They can then test thait&roperation by clicking on the input dip
switch (to toggle between an input of 0 and 1) #re circuit’s clock button. The LEDs “light
up” in the image according to the example statehimacogic.

Quiz Questions — questions representative of those found in m@sthis material modified to be
completed in an on-line manner using Flash. A sampiz question is shown in Figure 5. Note
that there are several parts to this problem, bedigure only shows the first part. (Note thasthi
component is formative assessment where studeatseared on their understanding with the
goal to guide them on points lacking in their ursti@nding.)

Instructor Resources — parts list, schematic of circuit, best pradider implementation, FAQ
for common student mistakes.
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a) Draw the state transition diagram. 1 o o (4 1 o o
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Hint:

- Click pencil to connect states ( by clicking
start point, end point and arc control point),
then input A value near the line.

- Click Reset to redraw the digram,

- Click the Check Solution button to compare
__________________________________ the diagram.

b

Figure 5: Online quiz question, written in Fldéh.

The video takes students through the pin diagraowshin Figure 3 and gives them the
introductory steps needed to implement the sampdée smachine on the partially wired
protoboard shown in Figure 1. Students may try te whe circuit prior to class by using the
virtual experiment built using Flash.

I mplementation

The State Machine Module is currently used in ECE® Introduction to Computer
Engineering courses at Georgia Tech. A major implatation challenge is finishing the
experiment in a one-lecture time slot, especidltizis is the first time they have been exposed to
protoboards. Completing the in-class portion B0aminute class period is very difficult, but a
75-minute lecture is long enough to run the expentrior the state machine shown in Figure 4.
To accomplish this, students must complete thegrésefore class where they design the state
machine logic and circuit. Students are also askedew a seven-minute instructional video
that gives an introduction to protoboards and ®dkperimental platform. These platforms are
partially built and pre-wired for the students. eTplatform is given to students in the form
shown in Figure 1: the protoboard with the batgeagk mounted, chips inserted, dip switches
inserted with appropriate pull down resistors, plistions (for toggle and clear) with antibounce
filters. The ground and high voltage are pre-wiasdvell as the enable, the clock and the reset
lines. In this way, the student can see the implgat®n aspects, such as debouncing, but need
concentrate only on the connection of wires thatlément the state machine transition logic.
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Students are given the website for the State Madmadule and asked to follow these steps:
1. Read the Fundamental Concepts document
2. Download and print the Lab Instructions (includes prelab)
3. Complete the state machine design in the pre-lab
4. View the video (the description of pin diagramsis&ful for completing the pin diagram
required in the pre-lab)
Practice the wiring procedure on the virtual expemnt and test its operation
Bring the lab instructions to class and completelé in class (wire the example circuit
and their designed circuit)
7. Do the online quizzes for the material

oo

At the beginning of class, students are partnerigd tveir neighbor (2-person groups), and each
group receives one board and 8-10 extra wires.ifiineductory video is shown for those who
need it. Ideally, all students will view the videoadvance of class. They are asked to complete
the lab in-class and turn in one lab write-up peug.

Teaching Assistants play a critical role in the sthamplementation of this experiment. They
are asked to run through the lab on their own leeftass and to test the boards. They also bring
the boards to class. A ratio of one TA to be aldd in class per 10 (two-person) teams is
recommended. They are asked to circulate aroundlidss during the experiment as students are
encouraged to ask questions. (The course instrgato substitute for one TA.) Students must
demonstrate their circuits, both the example cirand their designed circuit, to the TAs. The
demonstration consists of running through a setiesace of inputs and recording the resulting
outputs. The TAs answers questions and sign ofherdemonstrations.

Students begin completing the experiment at then8fute mark with the majority finishing
around 50-60 minutes. It takes some students thiezaerlass period to finish the experiment.
Alternate forms of the state machine are availétde are a little simpler and would require less
time, hence would be suitable for a 50-minute lextirhe difference is that the machine shown
in Figure 4 uses a 3-input OR gate while the exangpicuit and the alternative machines use
only 2-input OR gates. This added complicationtted 3-input OR gate is harder for some
students than others to comprehend; hence theVarggion in completion time.

Assessment and Discussion

The State Machine Module was developed for coutsgscover digital logic, which is taught by
several different instructors. Early in the impkartation phase, an assessment plan was
developed that specified on-going evaluation in EQE30 Introduction to Computer
Engineering courses during the first three yeaimpfementation. Data has been collected from
11 classes over five semesters during that per®id.of those classes include three control and
three experimental sections where each pair ishtaog the same instructor. This is a required
course for both Computer Engineering and Electifirayjineering majors. The course is also a
technical elective for Industrial and Systems Eagiing majors, so the makeup of any particular
class tends to be a mix of these majors. Withenabintext of curriculum-wide reform by using
portable laboratories throughout the curriculumge thalue of the state machine module to
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increase students’ understanding of state macluneepts and design, and enhance their interest
and enthusiasm in learning the course materiasdsessed. The assessment of using the module
consists of two primary strategies: reviewing tesrformance on those questions that
correspond to the material covered by the expefiraed conducting student surveys about their
interest and understanding of the material as agefeedback about the experiment itself.

Since finite state machines can be difficult to enstind, a survey conducted at the end of each
semester asked students to compare their undeirsgganidthose concepts to that of other topics
in the course. The survey data presented in Thldkows that for six classes (three pairs of
experimental and control classes and each paihtdygthe same instructor), higher percentages
of students in each of the control classes repat they did not understand the state machine
material as well as other material in the classhil®Vall three pairs demonstrate differences, for
the spring 2008 pair, 82.8% of the students incthr@rol group reported that their understanding
of protoboards/breadboard was not as good as s in the course compared to 5.7% in the
experimental group.

Tablel
Per centage of student reporting that their under standing of
protoboar ds/breadboard was not as good as other topicsin the course

Control Experimenta
Pair #1 Spring semester 2008 82.8% 5.7%
Pair #2 Fall semester 2008 74.3% 47.6%
Pair #3 Fall semester 2009 66.7% 31.9%

Another interesting point regarding the data in [&€ab is that the same instructor taught the
spring and fall 2008 sections, and it was the fgssmester using the portable laboratory
experiment that the highest percentage of studespsrted the better understanding of the
material covered by the lab. One difference anthiegexperimental sections is completion of
the pre-lab state machine homework assignmentsthEspring 2008 students, only one student
did not complete the homework and only one studéB® reported that there was inadequate in-
class preparation for the lab. In fall 2008, 9dstis out of 24 did not complete the pre-lab
assignment. Not only were students not as consocienabout the pre-lab assignment, but close
to half reported that they needed more preparati@i.all 6 sections, this one had the most
comments that pertained to the need for more tiregter preparation and more instructions.

Surveys were also conducted at the beginning o samester when students were asked a
series of questions about their knowledge and é&xpez in specific topic areas. This was one
way to ascertain if the control and experimentaidseht cohorts were similar in their self-
perceptions before taking the course. One of testipns asked if students had experience
working with protoboards before taking the clas$here were only a handful of students who
reported any experience, and there is no evidehat the experimental classes had more
students with that experience.

Survey data from the other sections of Introductm@omputer Engineering support the need to
complete the pre-lab assignments and to manageeetfily the execution of the experiment. In
another section with a different instructor who didy the experimental class, 7 of 28 students
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did not do the pre-lab assignment and 40% of thdesits reported they did not understand
protoboards as well as the other material. Infferéint section taught by another instructor who
reported that the pre-lab video did not work ane fthstructor did not attend class, 42% of
students did not understand protoboards as wedtlasr material. However, several of the
comments stated that students wanted to see matass experiments. In analyzing survey data
for the 8 sections that had the portable lab corapfrihe data suggest that the classes where the
experiment was managed efficiently and studentspteted the pre-lab homework were more
successful in terms of understanding the complpictand concepts covered by the lab.

One additional noteworthy finding from the survegtalis the enthusiasm expressed by students
in a section of the course where several supplesnenthe experiment were available. In this
section of Introduction to Computer Engineering; ifistructor had not only a pre-lab homework
assignment and on-line video-tutorial, but add#iloan-line supplements. While 30% of the
students reported less understanding of protobdhestsother topics, all of the students reported
adequate preparation for the laboratory and 8 of chBxments suggested having more
experiments like that one. Since this class hagg$bciated supplements, additional analysis
will be needed to determine if any supplementsravee effective than others in helping students
understand protoboards.

Analysis of test performance provides additionasight about the impact of using the
experimental platform in class. For one of thetadrand experimental pairs, students in each
class were given state machine quizzes as well @seation on the final exams covering the
same concepts. On the state machine quiz, thaw vasically no differences between the two
classes, with mean scores of 30.7 in the experahetdss and 29.7 in the control class (out of
40 points.) Performance in each class on the #®am question about state machines yielded
similar findings. Looking more closely at testfpemance addresses a potential complication
often cited when using an entire lecture slot fonamds-on experiment that pertains to the
material that is not covered in class due to timetused for the experiment. A negative impact
on final exam scores in the experimental clas®idound. The table below shows performance
on the final exam in each course section both aitid without the state machine question
included in the totals. Scores used to calculaentean excluding the state machine questions
were normalized for ease of comparison.

Table2
Comparison of Mean Scoreson Final Exam in
Control and Experimental Class Sections

Mean Including State Mean Excluding
Machine Q. State Machine Q.
Hands-on Experiment Class Section 71.6% 70.1%
Lecture-only Class Section 69.8% 68.1%

What these findings indicate is that students peréal similarly in both class sections and there
were no apparent negative consequences to replaairentire lecture period with a hands-on
experiment that provide an active learning expesenAdditionally, when the test score data is
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considered along with the survey data from bothi@es, students from the experimental class
report more confidence, enthusiasm and masterytbeestate machine material.

Analysis of test performance in another sectiothefsame class (although not part of the quasi-
experimental design described above) reveals awbatedifferent pattern and may reveal the
impact of other factors, or interventions, on testformance. In this section of the course, all
supplemental components were fully implemented siudlents were given adequate notice
when all assignments were to be completed. Théescplot in Figure 6 depicts student
performance on the state machine question on tia¢ éixam and performance on the remainder
test questions.  All test questions were desidade of equal level of difficulty. Based on the
distribution, students tended to perform bettertlom state machine problem compared to the
other questions on the test.
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Figure 6: Student Grades on Final Exam and Statehivie Question

The survey data from this same class may in pgrtaex the high performance on the state
machine question. On the end-of-course surveyesiis were asked a series of questions about
the use of the supplemental materials. For exangdl# of students reported that they did the
pre-lab state machine assignment before the irs-@aperiment, all but one student viewed the
video tutorial before class and 82% said they rimdon-line fundamental concepts tutorial.
Moreover, all students responded that there waguade preparation for the in-class experiment.
The comments from this student group were all p@sivith the only complaints that students
need more hands-on assignments.

Moving forward, further analysis of how the suppttal materials are utilized will help us
better understand the ability to achieve the widesp integration of portable labs in lecture-
based courses.

The feedback from the students and from the faaudipg these modules has been so positive
that the state machine modules have now become atagydor the course and have become
part of the revised syllabus starting in Fall 201Zhile protoboards themselves were only a tool
to address the true topic of physical state mashisiidents did receive a valuable introduction
into physical systems. A modification that we hadepted in future offerings of the course has
been to allow students to finish the lab in TA cdfihours if they did not finish the lab during

class period. The fastest students start finistieglab in about 25 minutes and the majority of
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students finish on time, but some students doinghf the lab during the 50 minute class period.
The time pressure does intimidate them as doesimgpikith a protoboard and real equipment

for the first time, so having a safety net of bealge to complete the lab later relieves stress
during the lecture period. It remains to be seeth& added time adds to understanding of
material, retention of knowledge, or comfort lewgth the equipment.
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