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Flip-Flops in Students’ Conceptions of State
Geoffrey L. Herman, Student Member, IEEE, Craig Zilles, Member, IEEE, and Michael C. Loui, Fellow, IEEE

Abstract—The authors conducted a qualitative interview-based
study to reveal students’ misconceptions about state in sequential
circuits. This paper documents 16 misconceptions of state, how stu-
dents’ conceptions of state shift and change, and students’ method-
ological weaknesses. These misconceptions can be used to inform
and direct instruction. This study revealed a need for the develop-
ment and adoption of standard terminology and a need to focus
digital logic instruction upon a central concept of information en-
coding. In addition, these misconceptions will serve as the basis for
the creation of standard assessments called concept inventories. A
concept inventory will provide rigorous and quantitative metrics
to assess the effectiveness of new teaching methods.

Index Terms—Combinational circuits, computer science educa-
tion, logic circuits, sequential circuits, state machines.

I. INTRODUCTION

E NGINEERING instructors are often baffled by stu-
dents’ mistakes. Students can solve complicated design

problems one moment, and then do something that seems
nonsensical the next moment. In response to these baffling
mistakes, engineering education researchers are investigating
why students struggle to solve problems, complete design
projects, and even learn basic concepts. Researchers are doc-
umenting what misconceptions students have and why they
develop misconceptions [1]–[3]. When the what and the why
of misconceptions are known, instruction can be changed to
remedy the misconceptions.

“State” is a pervasive topic in electrical and computer engi-
neering (ECE) and computer science (CS). Students encounter
the concept of state in courses on computer architecture,
theory of computation, software development, digital signal
processing, and stochastic processes (e.g., Markov models).
The concept of state is so ubiquitous in computing that it could
be claimed that a computer is capable of only two actions: 1) to
analyze the state of the system, and 2) to change the state of the
system.

Because state is central to computing, students need a firm,
accurate grasp of this concept from the beginning of their
studies, when state is first taught during digital logic courses.
After documenting a framework of students’ misconceptions
of state, researchers and instructors can decide how to diagnose
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these misconceptions quickly and develop ways to remedy
them.

The study in this paper (for which preliminary work appeared
at the 39th ASEE/IEEE Frontiers in Education Conference,
2009 [4]) is part of the effort to develop a concept inven-
tory (CI)—a multiple-choice test that reliably and validly
measures student conceptual understanding—to quickly assess
the misconceptions that students possess [5]. The state mis-
conceptions presented in this paper, along with misconceptions
documented in other studies, will be used to create distracters
(wrong answers) for a digital logic concept inventory (DLCI)
[4], [6]–[9].

The DLCI could reform digital logic instruction in the same
way that the Force Concept Inventory (FCI) has revolutionized
physics education [10], [11]. The FCI prompted the adoption
of interactive engagement teaching methods and peer instruc-
tion [10], [12], [13]. A CI creates the impetus for change by pro-
viding a way to rigorously, objectively, and empirically compare
conceptual learning. By comparing conceptual learning gains,
researchers and instructors can compare the effectiveness of dif-
ferent teaching methods.

Student misconceptions about state are presented both to doc-
ument the steps taken to create the DLCI and to provide insight
into students’ mental models of state. A detailed description of
these misconceptions will have immediate implications for im-
proving digital logic instruction.

II. BACKGROUND

Student 6: “State is how would I define that. Let’s see,
it’s one of those things that you come to just like think of
but not put in words.”

State may be hard for students to learn for two reasons: In-
structors may not be always aware that they are teaching state,
and the term “state” is both ambiguous and abstract.

A. Instructor’s Tacit Knowledge

When a person has applied a concept or procedure until the
application becomes cognitively automated, that person has
“over-learned” that concept or procedure [14], [15]. A common
over-learned activity is signing one’s name. It is easy to write
one’s signature and hold a conversation at the same time. When
a hand or finger is broken, though, writing a signature while
holding a conversation becomes considerably harder or even
impossible. This cognitive automization can be considered to
be the compression of cognitive information so that the infor-
mation takes up less space in working memory (much like data
compression on a computer). Once cognitive information is
compressed, the knowledge becomes the tacit knowledge of an
expert—knowledge that is used, but not always demonstrated
or expressed explicitly.
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Because instructors have so much experience with the con-
cept of state, they commonly over-learn it [16]. They manipu-
late and apply the concept of state consistently, accurately, and
without conscious effort. They tacitly use the concept of state in
a number of diverse contexts and may not even realize that they
have used it. This tacit use makes it harder for an instructor to
unpack and explain the concept of state and its use. The level of
familiarity with this concept also makes it easier for instructors
to overlook the difficulty of the concept or understand why stu-
dents struggle to apply it [17].

B. Contextual Definitions as a Source of Misconceptions

The term “state” is applied to many similar but different ab-
stract concepts.

When a concept is abstract, students make two common mis-
takes: developing a definition of the concept that is grounded
in the context of a problem, or equating the abstract conception
with a concrete object. Research has shown that students man-
ifest different misconceptions when asked to use a concept in
differing contexts or problems [18], [19]. Often, these miscon-
ceptions develop from commonsense interpretations of immedi-
ately observable features of common problems [20]–[22]. When
students focus on these surface features, they classify many con-
cepts poorly. For example, students often think of electrical cur-
rent as a fluid rather than a constraint-based process (i.e., con-
crete rather than abstract) [23]. These classification problems
have even been observed in digital logic. Students commonly
treat Boolean variables as physical objects rather than as repre-
sentations of the truth of a condition [6].

Students use the term “state” in contexts such as chemistry
and physics as well as everyday language. The state of matter
(solid, liquid, or gas) in chemistry is a technical conception of
state, but there are subtle differences between the meaning of
state in this context and the digital logic context: A phase transi-
tion in chemistry produces a change in state, but a state transition
in digital logic might not necessarily produce a change in state.
Because students use the term “state” in multiple contexts, they
may develop mental models of state that are inconsistent with
the precise definition of state used in digital logic.

III. METHODOLOGY

The authors conducted a qualitative research study using stan-
dard methods to document students’ misconceptions [24]. This
section explains how students were selected for interviews and
how they were interviewed.

A. Students

In Spring 2008, Fall 2008, and Spring 2009, the authors in-
terviewed nine, six, and 11 undergraduate students, respectively,
at the University of Illinois at Urbana–Champaign. Additional
rounds of interviews were added until the analysis of the inter-
views failed to reveal new misconceptions. Students were re-
cruited each semester from two large three-credit digital logic
courses, one each in the Department of Computer Science and
the Department of Electrical and Computer Engineering. Both
courses were taught by instructors who had taught their respec-
tive courses for multiple semesters and been rated highly by

their students, used the same textbook [25], used similar syl-
labi, and had about 200 students per semester. Both courses
were lecture-based and administered online homework assign-
ments, weekly paper-based homework assignments, simulation
labs, two midterm exams, and a final exam. All interviewed
students were traditional-age (18–22 years old) undergraduates
majoring in computer science, electrical engineering, or com-
puter engineering who had just completed one of the digital
logic courses and had earned grades of B or C (from 1.7 to 3.3
on a 4.0 scale). These students were selected because their un-
derstanding was likely to be less complete than that of students
with higher grades (i.e., more likely to have misconceptions),
thus interviewing students with higher grades would not reveal
misconceptions that were not present in the students with lower
grades. Pilot interviews confirmed these expectations.

B. Interview Process

Students were interviewed for 1 h. Interviews were conducted
in a modified “think-aloud” format: Students were instructed to
vocalize their thoughts as they solved problems and responded
to questions [26]. Prior to the interview, students were briefed
on the study’s goal of understanding how they think through
various topics in digital logic design. They were told not to ex-
pect feedback during the interviews about whether their answers
were correct, but to expect frequent requests to elaborate on
what they were doing [26].

All interviews were recorded using a document camera
(which recorded only what the student wrote) and microphone.
The audio tracks of the interview recordings were transcribed
verbatim, the students’ gestures were included in the transcript,
and every piece of paper the student wrote on was scanned elec-
tronically. Quotations presented in this manuscript have been
“cleaned up” to remove excessive “likes,” “ums,” and repeated
phrases. “Cleanup” was performed only when removing these
artifacts did not change the content of the statements.

Students were paid for their participation, and all students
gave written consent to be interviewed under IRB approval
(University of Illinois at Urbana–Champaign number 07026).

C. Interview Questions

All students were asked questions spanning much of digital
logic with several questions pertaining to state. Each semester,
the authors interviewed students using a slightly different set
of questions based on their analysis and findings from the pre-
vious round of interviews. For example, after students from the
first round of interviews demonstrated a weak understanding of
the different types of flip-flops, new questions were created to
further investigate students’ misconceptions about the different
types of flip-flops.

All state machines were based on a Mealy machine design to
match course presentation [25]. Students were also presented
with equivalent versions of the various circuits shown in this
paper. Students were allowed to choose whichever version of
the circuit seemed most intuitive to them. Allowing students
to choose their preferred circuit design was intended to reduce
the possibility that a student’s mistakes could be attributed to
unfamiliarity with a specific circuit layout (to save space, only
the circuit layouts that require the least space are shown here).



90 IEEE TRANSACTIONS ON EDUCATION, VOL. 55, NO. 1, FEBRUARY 2012

Fig. 1. Example of a relationship question that tests a student’s understanding
of the relationship between flip-flops and state. Subjects should respond that
� � � flip-flops would be needed for �� states.

Students in both courses were primarily taught design methods
to minimize the number of flip-flops in a circuit, given a fixed
number of states. Interview questions focused on how well
students understood the concepts that underline that design
methodology.

Students interviewed during Spring 2008 were asked a series
of open-ended definition questions, relationship questions,
and design problems. Definition questions required students to
explain a concept or term as if they were teaching a student in a
first course in digital logic design. Relationship questions, such
as that shown in Fig. 1, required students to determine how
changing the quantity or values of circuit components would
change the other components and concepts associated with
them. The design problems were intended to simulate design
problems the students may have encountered in their digital
logic design course.

Students interviewed during Fall 2008 were asked a series of
refined open-ended definition questions, relationship questions,
design problems, and analysis problems. Some analysis prob-
lems asked students to perform routine analysis tasks, but hid
some information from them (e.g., Question 6 in Fig. 3).

Students interviewed during Spring 2009 were asked a mix-
ture of open-ended analysis problems and multiple-choice ques-
tions from the alpha version of the DLCI [5]. These multiple-
choice questions were adapted from the questions and responses
of the students interviewed earlier. The alpha version of the
DLCI has been administered to 208 students at the University
of Illinois at Urbana–Champaign.

Other interview questions and their acceptable answers will
be introduced when needed.

D. Data Analysis

Interviews were analyzed using a grounded theory approach
as described by Kvale [27], Strauss and Corbin [28], and Miles
and Huberman [29]. The analysis protocol is described in depth
in previous works [4], [6]. The three authors of this paper ana-
lyzed the data.

E. Terminology

This section defines terminology that is used for the re-
mainder of the paper. The term student describes any person
who has recently learned digital logic or is currently learning
digital logic. The term subject describes any student who
participated in the interview portion of the study. All subjects
are given pseudonyms, such as “Subject 1,” and are numbered
according to a standard system employed by the authors across
their publications in this research study.

A finite state machine consists of a finite set of states , a
finite set of input symbols , a finite set of output symbols ,
a transition function , and an output function

Fig. 2. Partial state diagram of a finite state machine.

. The transition function maps each pair of
a state and an input symbol to a next state in . The output
function maps each pair of a state and an input symbol to an
output symbol.

A finite state machine can be implemented by a sequential
circuit, which has flip-flops, inputs, and outputs. Unless other-
wise specified, input and output refer to the inputs and outputs of
the circuit rather than the inputs and outputs of individual gates
and flip-flops. Each input sends a Boolean signal to the circuit,
and each output sends a Boolean signal from the circuit. When a
sequential circuit implements a finite state machine, each com-
bination of values stored in the circuit’s flip-flops encodes a par-
ticular state. Each combination of values of the inputs encodes a
particular input symbol. Each combination of values of the out-
puts encodes a particular output symbol.

Fig. 2 shows part of a finite state machine with two states
encoded 00 and 01, two input symbols encoded by 0 and 1,
and two output symbols encoded by 0 and 1. Each circle rep-
resents a state. The arc represents a transition from state 00 to
next state 01 under input value 1. When the state is 00 and the
input value is 1, the output value is 0.

Eight digital logic textbooks offer the following definitions of
state. One textbook did not offer a formal definition of state [30].

1) State “is all the bits stored in the circuit” [31].
2) State is represented by “the contents of the storage

elements” [32].
3) “The state of a sequential circuit is a collection of state

variables whose values at any one time contain all the
information about the past necessary to account for the
circuit’s future behavior.” This definition was origi-
nally crafted by Hellerman [33] and is later cited by
Wakerly [34].

4) State “is the mechanism which is used to explain and rep-
resent the [past history of inputs]” [35].

5) “What is stored in memory is the state of the system” [36].
6) State is the “binary encoding [of] the state memory at one

particular instance of time” [37].
7) State is “the binary information stored in [the circuit’s

storage elements] at any given time” [25].
For the rest of the manuscript, the authors use a definition

that combines definitions 6 and 7: “State is the binary encoded
information stored in the circuit’s storage elements at any given
time.” While definition 3 may be the most precise, the definition
chosen most directly relates to the definitions used by subjects
during interviews.

The IEEE standard definition of state is currently withdrawn
(see IEEE Standard 610.10-1994). The withdrawn definition
was previously “the input to and information stored in a circuit
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TABLE I
CONCEPTIONS AND MISCONCEPTIONS OF STATE LISTED IN ALPHABETICAL ORDER BY CATEGORY. � � THE NUMBER OF STATES.

� � THE NUMBER OF FLIP-FLOPS. � � THE NUMBER OF INPUTS. � � THE NUMBER OF OUTPUTS

or device,” but this definition contradicts the definitions used by
the textbooks.

IV. RESULTS AND THEMES

A complete list of the misconceptions discovered can be
found in Table I. Misconceptions about state are classified
into two types: location misconceptions (misconceptions about
what components encode state) and encoding misconceptions
(misconceptions about how state is encoded within those com-
ponents). The more common misconceptions are presented.

A. Location Misconceptions and Indefinite Definitions

Subjects knew that state was associated with the information
in a circuit, but they often did not know what information is rel-
evant to the state of a circuit or where that state is encoded. Even
when they knew that state was related to information, subjects
struggled to describe state accurately in technical terms and had
to resort to using specific examples (state diagrams) or phys-
ical location metaphors (Subject 5: “State is where you are.”).

Subjects used more than 10 invalid definitions of state. These
definitions indicated that state was encoded in a variety of cir-
cuit components.

State as Output (Table I: Outputs): Eight subjects defined
state as the the value of the circuit’s outputs. This definition was
the most common misconception.

Subject 8: “For state, the inputs can, you never care
about the inputs. I mean ’cause you can change the inputs
and still have the same exact outputs and still be in the
same state . So I said [state] was just the current output
of the circuit.”

This subject claimed that state comprises the outputs because
the outputs may not change even though the inputs change. This
reasoning shows that state as output is attractive because output
can be thought of as the measurement that summarizes every-
thing of interest that is inside the circuit.
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Fig. 3. Sequential circuit analysis interview and DLCI question. The correct answer is choice 4.

Subjects may also have developed this misconception be-
cause a flip-flop’s output is its state. By overgeneralizing, a sub-
ject may believe that the output of any circuit is its state.

This conception can be paraphrased as “state is the informa-
tion that a circuit provides to an external entity (circuit or user).”

State as the Inputs and Outputs (Table I: In Out): Seven
subjects defined state as the values of a circuit’s inputs and
outputs. This definition was commonly revealed when subjects
were solving Question 6 shown in Fig. 3. When solving this
problem, Subject 1 said, “If and (the inputs) are both high
already and (the output) is already high, that’s an identical
state as [earlier].” In other words, states are identical when the
inputs and outputs are identical.

When solving the same problem, another subject asserted that
the values of the flip-flop outputs were irrelevant when he knew
the value of the inputs and outputs.

Subject 7: “Well I assumed that the combinational logic
just sort of canceled out the uncertainty in the flip-flops.”

This conception can be paraphrased as “state is the informa-
tion in communications between a circuit and an external entity
(circuit or user).”

State as the Values of All Signals (Table I: All Values): Four
subjects defined state as the value of all signals in a circuit.

Subject 1 explicitly defined state as the following: “The
state in a circuit is where you’re currently at. So if you
have some sort of datapath or something you have certain
values, like if you have [circuit inputs] or if you have [cir-
cuit outputs]. So if you have some sort of arithmetic unit
you have what your result is currently, so I guess state is
just where you’re at with all of your values.”

Similarly, Subject 15 said, “The state represents everything
that is in [the circuit].”

This conception can be paraphrased as “state is all informa-
tion in the circuit.”

State as Inputs and Storage Elements (Table I: FFs Inputs):
Five subjects defined state as the value of the inputs and storage
elements of the circuit. Subject 9 stated this definition, and when
asked why, replied as follows.

“Because, I think the outputs are dependent on [the in-
puts and flip-flops], ’cause that’s all you need to know
about a circuit to determine the outputs. Because if you
know the circuit, you can find the outputs given [the inputs
and flip-flops], so that’s more information than you need,
right? If you don’t know the circuit then you can’t find the
outputs. So I probably wouldn’t put [outputs] just because,
we’re usually given the implementation of the circuit.”

Subject 9 used the “inputs and storage elements” as the defini-
tion of state because the values (1 or 0) of the inputs and storage
elements can be used to derive the values of all other signals.
If the circuit implementation were absent, the subject said he
would have included the outputs as part of the state. This defi-
nition of state is similar to the state is all values definition, but
this definition finds the minimum number of signals needed to
derive all values. Subjects who used this definition understood
that there are different types of information in a circuit, but they
failed to distinguish between circuit memory information and
user information.

This conception can be paraphrased as “state is the min-
imum information needed to derive the values of all circuit
components.”
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TABLE II
LIST OF STATE CONCEPTIONS THAT EACH SUBJECT USED, ORDERED FROM MOST DEFINITIONS USED TO LEAST. HIGHLIGHTED ENTRIES EMPHASIZE

CONCEPTIONS THAT ARE CONTRADICTORY. SEE TABLE I FOR EXPLANATIONS OF THE ABBREVIATIONS

State as the Value of a Signal (Table I: Value): The final loca-
tion misconception reveals that the subjects did not know what
circuit components have state, and that they also conceive of
state as something that is a property of every circuit component
individually. Subjects revealed that they did not naturally con-
ceive of state as a single trait of the entire circuit as a whole.
Subject 2 attributed state to every possible value of every signal
in a timing diagram: “This is the one state, that’s a zero state.
One state, zero state [subject points to all 1’s and 0’s by the
signal names in the timing diagram].” Similarly, Subject 14 said,
“[State] is probably on or off. I’m assuming.” For these subjects,
state was the value of an individual signal or descriptor.

This conception can be paraphrased as “state is the informa-
tion revealed by a single signal.”

Students’ Shifting Definitions: Table II lists the various defi-
nitions that each subject used during the interviews. Table I ex-
plains the abbreviations used in Table II. The highlighted defi-
nitions are contradictory definitions.

Several subjects changed their definitions of state for nearly
every problem they were asked to complete. As can be seen in
Table II, only Subjects 12 and 17 used consistent definitions
of state throughout the entire interview. Not surprisingly, these
subjects held the correct definition of state. Notice also that no
subject who used more than two definitions ever gave a correct
and complete definition of state. On average, subjects used four
distinct definitions of state. These definitions often included mu-
tually exclusive portions of the circuit or were even contradic-
tory (e.g., Subject 11 said that state is found in only memory
and later said that state is found in only the inputs and outputs).
While subjects’ definitions tended to shift when changing con-
texts or problems, some subjects shifted definitions within a few
sentences in the same context. Subject 16 used two definitions
in close proximity; the correct definition is in bold face, and the
incorrect definition is in italics.

“[the circuit] has, three flip-flops so, there’s eight
states. Because, you need two to the flip-flops for
states. So two to the third, so eight potential states. At
any given time it has, I guess one state. Because, it’s one
input and one output.”

Indefinite Instructor Definitions: Analysis of the interviews
revealed that instructors also may be teaching indefinite defini-
tions. The term state transitions was particularly ambiguous.

Eight textbooks were consulted for their definitions of state
transitions [25], [30]–[32], [34]–[37]. Three of these explic-
itly define a state transition to be any arrow on a state dia-
gram or how a sequential circuit responds to a relevant clock
edge [31], [34], [35]. Five of them offer no formal definition of
state transition. Of these five, two gave examples that implied
that a state transition is any arrow on a state diagram. The other
three gave examples that strongly implied that a state transition
is a change of state, and these textbooks made a strong distinc-
tion between state transitions and the term for the arrows on a
state diagram. The arrows on state diagrams were even identified
by four different terms: arcs, edges, branches, and transitions.

Because this terminology is ambiguous, the authors decided
against identifying misconceptions about the state transition
concept [38]. This ambiguity is important, though, because it
might be a source of confusion and conceptual difficulty for
students.

B. Encoding Difficulties

Many subjects demonstrated that they did not know how
state was stored in a circuit even if they knew which circuit
components stored the circuit state. In a typical circuit, state
information is encoded in the flip-flops as bits. Optimal bit
encoding dictates that the addition of one flip-flop doubles the
number of states that the circuit can potentially be in over time
(i.e., the maximum number of states is when the circuit
has flip-flops). Some subjects demonstrated confusion about
how to encode state using this exponential relationship (Table I:
Exponential) and asserted that states and flip-flops are related
by linear (i.e., the number of states is proportional to , Table I:
Linear) or quadratic relationships (i.e., the number of states
is , Table I: Quadratic). When answering the question in
Fig. 1, Subject 6 expressed this linear relationship by saying,
“The reasoning is you’ve got just double the number of states
to save and if you already accounted for exactly this, if you had
exactly enough room to save states, then to save more you’re
going to need the same amount more.” Subject 10 expressed the
quadratic relationship with similar reasoning when answering
the question in Fig. 1: “[The problem statement] says that

states requires flip-flops, so states is, you have a set
of states, and you have another set of states, so [the first
set] requires , [the second set] requires . So it’s gonna be

times . So it’s squared.” When asked to describe the
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relationship between states and flip-flops on alpha versions of
the DLCI, 25% of students chose the linear relationship, and
12% of students chose the quadratic relationship.

The linear encoding misconception is straightforward, but
the quadratic encoding misconception is more troubling. When
reading the quotations from Subjects 6 and 10, one could rea-
sonably assume that both subjects would arrive at the linear en-
coding scheme. Both subjects used the same reasoning up until
the end of their answers. They both described flip-flops as con-
tainers that hold a certain number of states, and that to hold an
extra set of states, the circuit would need an extra set of con-
tainers. The two subjects diverged when they needed to explain
this mathematical relationship using symbols. Subject 10 made
a second conceptual mistake by claiming that he should mul-
tiply the two sets of containers rather than add them together.

A final encoding misconception was seen in comments
where subjects asserted that a circuit (with memory compo-
nents) would not have state until the user specified the state.
Subject 2 made this claim saying, “Suppose you have a chunk
of memory, and you allocate it, but you dunno what’s there,
you can’t really talk about the state.” This subject either failed
to understand that the circuit will have state even before the
user allocates chunks of memory to a program or circuit, or
that the circuit has state even if the user does not know what
is stored in the memory. These misconceptions reveal that
students do not always associate state with the encoding of
information in the memory—especially if that information is
random. This misconception may be caused by interference
from what subjects learned in programming classes.

Flip-Flop Types (Table I: Type): Five of six subjects who
were asked about the differences between flip-flop types strug-
gled to recall the nature of the different flip-flop types. Some
of these subjects did not believe that all flip-flops store only
one bit of information regardless of type. Instead, these sub-
jects believed that JK and SR flip-flops (which have two inputs)
store twice as many states as D and T flip-flops (which have one
input).

Subjects also failed to understand why they would use dif-
ferent flip-flop types in different situations and that the different
flip-flop types are arbitrary tools that were created to facili-
tate design. Subjects asserted that different flip-flop types must
be used in specific situations. They failed to understand that
flip-flop types are interchangeable parts given the proper con-
version techniques.

Flip-Flop State Versus Circuit State (Table I: 1 1 FFs):
Subjects struggled to understand how a circuit has a single state
at a given moment of its operation, but can be in many states over
the course of its operation. Subject 10 demonstrated this miscon-
ception when asked how many states a circuit would have when
it contained three flip-flops. This subject initially answered the
question correctly by answering that the circuit could potentially
be in eight different states, but then revealed his misconception.

Subject 10: “So out of those eight [potential states], how
many are we actually using? So we could be using like four
of the states, or five of the states. Not all eight . So I
think that [it] might have one state per each [flip-flop]. So
it’s three different states.”

Subject 2 demonstrated a similar type of reasoning when
asked a similar question.

Interviewer: “With two flip-flops, how many states
would you have?”

Subject 2: “Two. Uhh, no no. Well, you could have four
different states, potentially, because, you know, ,

, but, at any given time, only two.”

Subjects struggled to think of the state of the circuit as a single
descriptor of the circuit. Instead, they thought of the state of the
circuit as the state of each individual flip-flop at a moment in
time.

These subjects’ reasoning can be explained by considering
the different contexts that might have prompted their reasoning.

• If the circuit has two flip-flops, then the circuit can exist in
states over time. The subject may be thinking of the

number of “state bubbles” that would be drawn in a state
diagram.

• If the circuit has two flip-flops, then the circuit will have two
states at a given moment. The subject may be thinking of
how many state variables (flip-flop outputs) would appear
in a timing diagram or next-state table.

It can be seen that the subjects’ reasoning is likely to be con-
text-dependent and fluid because there are different prominent
surface features in the different contexts. This shifting of con-
text based on surface features may explain the lack of coherence
between the various definitions of state.

C. Pattern Matching and Problem Categorization

Subjects frequently tried to recall problems from lectures or
tried to use simple pattern-matching schemes. Subject 5 said, “It
was like five [PowerPoint] slides in a row that I memorized for
this test, which just give you step by step how to do this every
time.” These types of comments were most common when sub-
jects were asked to solve common design problems such as de-
signing a sequence recognizer or using one type of flip-flop to
implement a different type of flip-flop. Subjects were able to de-
scribe and incorporate the nuances of design problems—when
there was a standard method for completing the problem.

When exposed to nonstandard problems such as Question 6 in
Fig. 3, subjects misused pattern matching. On Question 6, seven
subjects solved the problem by using a simple pattern-matching
strategy that ignored the synchronizing function of the clock
signal and treated the sequential circuit as a combinational cir-
cuit. Answer choice 1) on the multiple-choice form was created
after subjects used this strategy. Subject 11 demonstrated this
pattern matching behavior.

Subject 11: “I kind of looked at it as, when XNOR
so when [ and are] both 1, [ is] 1, or when they’re both
0, it’s 1, . So, basically, right here, when they’re both 1,
I thought it should be 1.”

When solving problems, subjects typically identified a key
feature of the problem and then categorized the problem based
on this feature. Three problem features served as key features
for problem categorization: question/answer format, visibility,
and change.
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Fig. 4. Sequential circuit analysis interview question. Subjects should highlight
the positive clock edges.

Subjects categorized problems by the way the question was
posed or by the form of their answer. To solve Question 6
(Fig. 3) or Question 15 (Fig. 4), subjects frequently identified
the timing diagram as the most important part of the problem.
They ignored the circuit diagram even though the circuit
diagram is the key to solving the problem. Several subjects
identified these problems as “timing diagram problems” and
complained about them.

Subject 13: “[Timing diagrams] just confuse the hell out
of me. I don’t know what they mean, I don’t get ’em at all.”

These comments reveal that the subjects did not categorize
problems according to a set of underlying concepts. The sub-
jects did not recognize that they could fill in timing diagrams
using the same concepts that they used to complete truth tables
and next-state tables that they had easily solved earlier in the in-
terviews. Subjects identified other problems as “state bubble”
problems rather than identifying them by the function of the
state machine.

Subjects also tended to focus on only the information that was
clearly visible in the problem statement. Subjects frequently at-
tempted to solve Questions 6 and 15 by only looking at the sig-
nals that were shown in the timing diagram. Few subjects no-
ticed that the flip-flop inputs and flip-flop outputs were absent
from the timing diagram. Consequently, subjects frequently as-
sociated the output with the state. When solving Question 6,
one subject even asserted that the certainty of the visible sig-
nals ( , , and ) “canceled out the uncertainty of the flip-flop”
signals that he could not see. When subjects focused on the vis-
ible elements of “timing diagram” problems, they used another
problem feature to solve the problem—change.

People tend to focus on the changes in their environments
rather than on the constants (for instance, it is easy to forget that
a fan is blowing until it turns off). Subjects demonstrated an
emphasis on change by only focusing on the times when signals
changed values. When solving Question 15, subjects claimed
that influences only when both signals changed at the same
time. These subjects ignored the fact that influences the value
of at all times, even when and are constant, because is an
input to a combinational circuit and is an output of this circuit.
This focus on change revealed another set of misconceptions
about the nature of signals in a circuit.

When subjects encountered signal behaviors that did not
match their mental expectations of what should happen, they
either attempted to pattern-match or they claimed that the
signals had will or volition. Subject 2 attributed volition to the
output in Question 15 after he failed to recognize that the
clock can update the flip-flop outputs, which in turn influence
the value of the circuit output : “Now, changes here [the
second negative edge of ], kind of, out of its own volition.”
This misconception is reminiscent of problems that many
people have when encountering computers that “do not do what
I tell them to do.”

V. DISCUSSION

Subjects were able to solve standard classroom problems, and
their instructors had even certified that they knew enough about
digital logic to pass their introductory courses with grades of
B and C. Nonetheless, when subjects were exposed to unfa-
miliar contexts, they manifested their misconceptions and un-
certainties about the core concepts of sequential circuits. Sub-
jects demonstrated inconsistent mental models (Section IV-A),
they misunderstood how a computer stores and manipulates in-
formation (Section IV-B), and they struggled to apply appro-
priate tactics when solving problems (Section IV-C). In this sec-
tion, the authors propose some connections between the various
misconceptions in order to create a strategy for addressing these
misconceptions.

A. State is the Information Needed to Describe the Relevant
Condition of a Circuit

As discussed in Section IV-A, subjects used five different def-
initions for the state of a sequential circuit.

1) State is the information generated by a circuit for an ex-
ternal entity (circuit or user).

2) State is the information in communications between a cir-
cuit and an external entity.

3) State is all information in the circuit.
4) State is the minimum information needed to derive the

values of all circuit components.
5) State is the information revealed by a single signal.
Subjects commonly shifted between these definitions as the

problems and contexts changed. In some specific contexts, some
of these definitions could be valid. For example, definition 1
might be perfect for counter circuits where the output of the
circuit is equivalent to the state, but definition 1 is irrelevant if
students are asked to relate the number of states to the number of
flip-flops. Some student definitions of state, such as definition 4,
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are inherently adaptive and can easily bend to resemble the other
definitions in the list.

Ultimately, the subjects’ biggest problem is that they fre-
quently adapted their definitions or changed their definitions to
match the context of the problems they were solving. Therefore,
the authors hypothesize that these five definitions can be com-
bined into one new definition: “State is the information needed
to describe the relevant condition of a circuit.”

This hypothesized definition explains many problem-solving
behaviors. A short case study can illustrate the utility of this def-
inition. When subjects were asked to state the exponential rela-
tionship between numbers of flip-flops and state, they used the
correct definition more than in any other problem. Subjects used
the correct definition because the relevant information in the
problem was the state-based components. Subjects were then
presented with circuits that had varying numbers of inputs and
outputs but always three flip-flops. Subjects’ definitions shifted
to include inputs only when the number of inputs was zero (i.e.,
subjects used the correct definition before they saw zero inputs,
but used the FFs Inputs misconception after seeing zero inputs).
The oddity of zero inputs drew subjects’ attention away from the
number of flip-flops and toward the number of inputs. Because
the number of inputs seemed to be more important to the sub-
jects’ perception, their functional definition shifted.

B. Centrality of Information Encoding

Many concepts in digital logic rely upon the central concept
that information in a computer is encoded into bits. Although
subjects manipulate the information encoding concept in many
contexts, they had significant difficulty understanding how the
state of the circuit is optimally encoded in the flip-flops. Admin-
istrations of the DLCI have revealed potential connections be-
tween students’ ability to encode information in three devices:
state in flip-flops, addresses in random-access memory (RAM),
and selection inputs in multiplexers [5].

Instructors should help students to grasp this information en-
coding conception and to see how it applies to these various
contexts. If students learn this concept well, they may be better
equipped to overcome one of their abstraction difficulties.

C. Abstraction Difficulties

When subjects were asked to solve problems like designing
sequence recognizers (a circuit that tracks inputs and indicates
when a desired sequence has been entered), they performed
well, if not perfectly. Within these contexts, subjects were able
to use a very concrete example of state to guide their selection
of a state definition. State diagrams provide a physical mapping
for the abstracted or encoded information contained within a cir-
cuit. Subjects seemed to find state to be an accessible concept
within this physical context. In contrast, when subjects were
asked to define state as a concept with only circuit diagrams
as context, they demonstrated uncertainty. Subjects used phys-
ically oriented analogies, treated state as a physical object or
location, and cited specific examples (such as state machines)
to explain state.

Subjects demonstrated difficulties with abstraction when they
were uncomfortable with, or oblivious to, hidden information.
Subjects routinely skipped over the effect of the flip-flops in

Questions 6 and 15 because the values of the flip-flops were
not explicit in the timing diagrams. When subjects knew they
did not have all the information they wanted to have (even if
it was not needed to solve the problem), they expressed great
discomfort.

D. Limitations

Although this study provides a rich description of students’
misconceptions about state, the frequencies of the misconcep-
tions in the interviews do not necessarily indicate the frequen-
cies of these misconceptions in the general student population.
For example, the identified misconceptions may not appear as
frequently among, or be as detrimental to, students who have
primarily been taught Moore machines (in which circuit outputs
depend directly only on flip-flop states, not on circuit inputs as
well) or one-hot encoding schemes (each flip-flop corresponds
to one state in a state diagram). The misconception of state as
circuit output is not as detrimental when working with Moore
machines, and the misconception about the linear encoding of
state is actually a correct conception in one-hot designs. Fu-
ture studies could compare the effects of learning Mealy versus
Moore machines or binary encoding versus one-hot encoding
schemes.

VI. IMPLICATIONS AND CONCLUSION

This paper revealed 16 misconceptions about what state is
and how it is encoded. These misconceptions suggest several
implications for instruction and research.

A. Implications for Instruction

The precision of the terminology in science and engineering
can easily be taken for granted. Terms such as heat and force are
currently precisely defined by both verbal descriptions and nu-
merical formulas, but it took centuries for scientists to settle on
these current definitions [39], [40]. Since digital logic is a rel-
atively new discipline, some of its terminology and notation is
understandably still in flux. Textbooks do not agree on the def-
initions of many terms. The IEEE standard definition for state
is currently defunct and resembles the FFs Inputs misconcep-
tion. If instructors and textbooks cannot agree on the precise
definition of terms, it is not surprising that students possess im-
precise conceptions of these terms. Instructors and researchers
have the chance to learn from history and craft terminology with
care over a few years rather than a few centuries. Instructors and
textbook authors are encouraged to be more careful about the
definitions of terms they use and to develop broadly accepted
standards.

Information encoding provides one basis for constructing a
unified conceptual framework for digital logic (a single concept
that can be reapplied to numerous concepts in digital logic). Stu-
dents should be taught information encoding and then be shown
how this one concept is reapplied to the concept of state, RAM,
multiplexers, decoders, and number representations.

The interviews revealed that students do not always think
of flip-flops as storing bits of information and state as an ab-
stracted/encoded piece of information. The authors suggest that
only D-type flip-flops be used; other types of flip-flops should
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not be introduced. Since students struggle to understand the fun-
damental state-encoding purpose of flip-flops, introducing mul-
tiple types of flip-flops may only distract students from this fun-
damental purpose. Furthermore, the simplicity of the D flip-
flop’s functionality allows students to focus on the state-en-
coding purpose of one flip-flop rather than on recalling the com-
plex functionality of the other types.

Instructors should help students switch between various
levels of abstraction and representations of information. In-
structors should show that state diagrams, next-state tables,
timing diagrams, and circuit diagrams are convenient abstrac-
tions tools for visualizing physical circuits. Each of these
abstractions has strengths and weaknesses. Students need
to learn to think of these tools according to their purposes,
strengths, and weaknesses.

Pedagogies that focus on reducing cognitive load have
been shown to improve conceptual learning and problem
solving [41], [42]. Instructors could help reduce students’ cog-
nitive loads by asking students to annotate worked examples and
then explain how the instructor solved the problem. Documen-
tation of problem-solving methods has previously been shown
to increase learning and problem solving ability [43], [44].
Instructors could also reduce cognitive load by assigning design
problems that constrain the methods that students are allowed
to use when solving a problem. By eliminating the need to
choose an appropriate methodology, students can focus on the
mechanics of solving the problem. Once students have expe-
rience both in examining problem-solving strategies through
worked examples and in solving highly constrained design
problems, they will be better equipped to handle the difficulty
of open-ended design problems [43], [44].

B. Implications for Research

This paper focused on listing the types of misconceptions
that students possess. This list of misconceptions suggests
three questions for additional research: 1) Why do students
develop the different misconceptions? 2) How do contextual
cues affect students’ use of different misconceptions? 3) Do
different instructional paradigms foster different misconcep-
tions? Researchers can test the nature and cause of students’
misconceptions by presenting students with similar problems
whose context and presentation styles have been manipulated
to test when students use their various misconceptions [45].

Education researchers should develop teaching methods that
help students develop consistent mental models of state and in-
formation encoding. The effectiveness of these methods should
then be assessed.

The misconceptions described in this paper are being used to
construct the Digital Logic Concept Inventory. Since the DLCI
is a short, multiple-choice assessment tool, it can assess the
pervasiveness and robustness of these misconceptions. Future
research studies with the DLCI may be able to answer the
third research question and subsequently find best practices for
teaching digital logic and state and sequential circuits.
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