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Abstract 
STEM integration (iSTEM) is attracting considerable attention in P-12 engineering education. 
However, little is known about the integration process itself. We propose that iSTEM can be 
framed as the production and maintenance of cohesion of central concepts – which we call 
invariant relations -- across the range of entities used in project-based engineering 
classrooms. In the context of a high school digital circuit design class from the Project Lead 
the Way (PLTW) curriculum, we focus on two of these cohesion processes, identification of 
relevant invariant relations, and coordination of these invariant relations across seemingly 
dissimilar objects and representations. This analysis reveals that cohesion cannot be assumed 
to occur for students in project-based engineering classes, but must be actively produced and 
maintained. We suggest that cohesion production offers a viable account of iSTEM in terms of 
student difficulties and teacher scaffolding practices. 
 
Keywords: Cohesion Production; Coordination; Digital Electronics; Electrical Engineering; 
High School Engineering Education; Identification; Instruction; Learning; STEM Integration; 
Project Lead the Way.  
 
 
STEM integration (iSTEM) is attracting considerable attention in P-12 engineering education. 
It purportedly enriches disciplinary understanding through cross-disciplinary connections, 
breaches longstanding “silos”, and directly benefits engineering education for both learners 
and teachers (e.g., Katehi, Pearson & Feder, 2009). Consequently, iSTEM has become a central 
aim of current engineering education reform.  
 
However, little is known about the integration process itself. As Nathan and colleagues 
(2011a, p. 4) note,  
 

[O]ur review of iSTEM research and policy reveals an important and noticeable 
gap; namely that the integration process, while touted for its benefits and 
broad appeal, remains somewhat mysterious. How integration occurs, 
whether integration is chiefly about instructional practices or the knowledge 
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states of students, and what demonstrable impact it has on performance, all 
remain largely underspecified. 

 
This is problematic for several reasons, not the least of which is interpreting positive and 
negative findings from engineering education research that will provide evidence-based 
guidelines for designing iSTEM curricula and methods of instruction.  
 
 

Cohesion Production in Project Based Classrooms 
 
Experienced practitioners in STEM fields can reliably identify locally invariant relations 
between quantities and objects even as practitioners work across vastly different 
representations, materials, and contexts. An example of the social production of a locally 
invariant relation comes from an analysis of a projectile motion unit for the high school 
engineering class (Nathan et al., 2011b), where there is a need to characterize theta, the angle 
of ascent of a projectile, across a range of object, representations, and contexts. In the 
classroom, the teacher and the students work to represent this mathematical relation in 
several ways; a raised arm to the base of a triangle, a Greek symbol, a numeric measure, a 
tangent line meeting a plane, and the relation between the trajectory of an object and the 
ground, as theta is realized, respectively, by the flight of a ball, a lecture, an equation, a 
sextant, or an idealized diagram in analytic geometry. 
 
One means of achieving iSTEM is through learning experiences that foster cohesion 
production (Graesser et al., 2004). By cohesion, we mean building conceptual connections 
between disparate sources of information, such as activities, objects, representations and 
one’s speech and actions, which allow someone to recognize the common thread of one or 
more central invariant relations. What sorts of connections must students make in a digital 
electronics course? A high school engineering teacher describes several: 
 

[S]o we'll come up with the truth table. We're gonna come up with this 
unsimplified expression. We'll simplify the expression. You will simplify it using 
either the K map and you'll use the rules. You can do it both ways. Um, we're 
gonna run the simulation on the computer, and then you're gonna bread 
board it, okay? 

 
In his statement introducing the objectives of the digital circuit design unit, the teacher 
identifies several modalities that figure into the project: A tabular system based on binary 
entries (the “truth table”), “unsimplified” expressions in Boolean Algebra, spatial Karnaugh 
maps (“K-maps”), computer based circuit simulations, and electronic circuits (“bread boards”), 
which have both digital and analog properties. Students are expected to develop 
competencies with each individual representational system and object type, and also make 
conceptual connections that will allow them to move fluidly between the objects, 
opportunistically select the ideal modality for any given phase of the project, and use the 
relationships established between representational forms to identify problems and guide the 
students’ designs.  
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A focus on cohesion production means focusing specific attention to how ideas, 
representations and entities connect to one another. To capture the situated analytical and 
activity-based practices that support this highly multimodal enterprise, we draw on the 
notion of modal engagements (MEs) to highlight ways “of participating in activity, with others, 
tools, and symbols” (Hall & Nemirovsky, in press, p. 5). As Johri, Olds and Roth (2011) note, the 
social practices of the most essential skills in engineering arise out of engagements not only 
with formal equations and other inscriptions, but also with tools, materials, and other people. 
Project based activity in engineering classrooms can be viewed as a series of interconnected 
MEs that occur as students encounter and interact with different material and 
representational forms, across time, social configurations, and physical settings. Thus, we 
propose that iSTEM can be framed as the production and maintenance of cohesion of 
central invariant relations across the range of modal engagements used in the project-
based engineering classroom.  
 
 

Sources of Evidence 
 
To investigate this claim, we present a qualitative analysis of a classroom case of a suburban, 
high school Project Lead the Way unit on digital electronics. The task is the Majority Vote 
Problem (see Appendix), in which one must build a circuit that correctly displays the outcome 
of a vote of a board of directors (president, vice president, secretary and treasurer), where ties 
are resolved in favor of the president.   
 
Students in this class have had experience with setting up truth tables and writing Boolean 
algebra expressions from them to capture the logical relations underlying the decision-
making process performed by the digital circuit (e.g., making a determination of whether a 
vote passes or fails). Previously in the course, algebraic simplification was performed 
exclusively via symbol manipulation methods, such as substitutions using algebraic identities 
and the commutative, distributive, and associative laws. However, in this unit students learn 
to employ K-maps -- a relatively obscure area of probability theory that draws on the 
mathematics used in Latin Square design and Sudoku puzzles -- as a way to reduce the 
complexity of the propositional logic underlying the set of interdependent Boolean relations, 
which then leads to a simpler digital circuit design (i.e., fewer chips).1  
 
 

Results 
 
One of the profound challenges for students in this digital electronics course is that they must 
see continuity of the invariant logical relations as they are manifest in the various MEs despite 
large differences in surface structures, social configurations, and venues as the process moves 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  The	  interested	  reader	  is	  invited	  to	  visit	  an	  interactive	  tutorial	  provided	  by	  the	  faculty	  of	  the	  Technical	  
College	  System	  (WTCS)	  at	  	  http://www.wisc-‐online.com/Objects/ViewObject.aspx?ID=DIG5103	  .	  
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from tabular to spatial, symbolic, simulation- and circuit-based modal forms, presented in 
formal lectures, individual seat work, and group lab work, over the course of the unit.  
 
Identification 
 
Identification in our framework refers to the process of specifying the underlying, “invariant 
properties ... that ... serve as a cohesive thread throughout the STEM activities” (Nathan et al., 
2011b, p. 14). In other engineering domains, such as bridge design, the invariant relations can 
be the forces of tension and compression, as depicted by vector equations, gestures, and 
object deformations, while in an area like ballistics the invariant relations can be the laws of 
kinematics and trigonometric relations that come to be designated by equations, force 
diagrams, design sketches, and working devices, such as catapults. iSTEM is largely predicated 
on the idea that students can identify these invariant relations in whatever form they arise, 
and understand how they retain their essential relational structure even as they are manifest 
in drastically different physical and semiotic instantiations. 
 
Early in the class, Jeremy (a pseudonym) was confused about how the algebraic symbols from 
the teacher’s lecture (variables A, B, and C; see Figure 1) were related to the particulars of the 
Majority Vote Problem. In our analysis, the process of identification serves to explicitly “call 
out” the relevant invariant relations (be they from mathematics, physics, chemistry, etc.), even 
when they appear in seemingly dissimilar objects (e.g., equations and schematics) or contexts 
(lectures and lab work). 
 
 

 
 
Figure 1. Teacher shows how the separate portions of the Boolean expression map to the different parts of the 
circuit design in its schematized form using logic gates.  
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In the excerpt below, the teacher helps Jeremy by using explicit identification of the 
underlying logic concepts of AND, OR, and NOT, represented by Boolean algebraic 
expressions, where symbols A, B, C, etc. stand for the truth value of binary states of objects A, 
B, C, etc. in the world.   
 

'Cause each one of- each one of these guys here represents a vote or an input 
or a switch. Okay? So it's just like this would be your A's, B's, C's, and D's. Only- 
only here's the label that's associated with A. So the person who flips the switch 
for A is your president. The vice president gets switch B. 

 
By explicitly identifying the ways the underlying logical relations apply to different MEs, the 
teacher facilitates the construction of the conceptual links that form the basis for the abstract 
representations to “stand for” the physical entities and model their behavior.   
 
 
Coordination 
 
The challenge facing Jeremy and other students does not stop once identification is achieved, 
however. The aim in this lesson is ultimately one of coordination, where conceptual links must 
be constructed by the student to thread the invariant relations across the MEs that are co-
present in the workspace (Walkington et al., in press).  Coordination provides clear conceptual 
links across these MEs, often through language, highlighting, and gestures, such as pointing 
simultaneously to the state of the current electronic circuit and to an entry in the truth table 
as one discusses the predicted outcome of a specific set of input votes (see Figure 4, right-
hand panel).  
 
Figure 2 shows Jeremy and the teacher using the spatial layout of K-maps derived from the 
binary entries from the truth table for every possible combination of votes from the four 
officers. The goal with K-maps is to find adjacent regions that use cells groups by factors of 2 
that can be extracted from the larger pattern. The teacher asks Jeremy, “How'd you come up 
with this?” in reference to Jeremy’s algebraic expression, because, as the teacher notes, 
“You're not gonna want to build it if it doesn't do it.” Through a series of coordinations 
between the truth table, K-map, and the original verbal problem statement, Jeremy and the 
teacher work out the proper derivation of the simplified expression, which Jeremy then 
correctly models using digital circuit simulation software (Figure 3).  
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Figure 2. A student and teacher using a truth table (upper matrix) and Karnaugh maps (lower matrices) to 
generate the simples Boolean algebra expression for the Majority Voting Problem. P, V, S and T stand for the vote 
entries (1 = in favor, 0 = opposed) of the president, vice president, secretary and treasurer, respectively.  
 
 

 
 
Figure 3. Using the digital circuit simulation software to empirically test the circuit design before wiring begins. 
The red light on the far right indicates (as it would using a red LED in a real digital circuit) that the specific vote 
under scrutiny failed to pass because it lacked a majority of votes for the measure.  
 
 
While important for establishing an initial design or product, coordination is particularly 
valuable during troubleshooting (Figure 4), where unexpected behavior in one modality (e.g., 
the state of the LEDs in the electronic circuit) can be traced back to an error in another 
modality (e.g., the truth table or Boolean algebra). Over the course of a troubleshooting 
session with another student, the teacher voices the initial hypothesis that “I think the error 
was probably, it seems, going from this truth table to the expression.” However, as they input 
all of the possible voting combinations to test the digital circuit, it becomes clear that the 
student inverted the entries when composing the original, unsimplified Boolean expression: 
“You must've looked at wherever you had a low [voltage, or zero entry in the truth table, 
rather than a high voltage, or one entry] and wrote it out that way.” This illustrates the 
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importance of establishing the “thread” between MEs that maintains the reality of the 
physical word being modeled in the semiotic realms of symbols. It also underscores how such 
connections cannot be taken for granted, but must be explicitly identified, constructed, and 
maintained during engineering practices. Despite temporal and physical proximity, students 
regularly fail to coordinate important invariant relations across MEs without explicit moves to 
foster cohesion by the teacher or a peer.  
 

 
 
Figure 4. The teacher makes explicit the coordination between the state of the electronic circuit (on the left) and 
entries in the truth table (see right hand on the circuit, while the left hand references entries in the table).  
 
 
Conclusions  
 
The results of this analysis, placed in the context of a corpus of rich classroom interactions in 
other engineering settings, reveals that cohesion cannot be assumed to occur spontaneously 
for students in these project-based classes, but must be actively produced and maintained 
using several important processes. In the context of digital circuit design, we focused on two 
of these cohesion processes, identification and coordination. Identification serves to explicitly 
“call out” the relevant central concepts, as they are manifest in different MEs. Coordination 
provides clear links across these entities, often through language and gestures.  
 
The case analysis presented here shows how identification and coordination are used in situ 
by the classroom teacher to establish cohesion across discipline-based representations and 
the objects and events they purport to model. Identification and coordination were also 
shown to reactively address specific trouble spots exhibited by students, as when one Jeremy 
failed to see the mapping between abstract variables and their relation to the Majority Voting 
scenario. Together, coordination and identification seem to be critical interactional moves 
that serve to establish cohesive links in engineering classrooms. 
 
A cohesion-based account of instruction and learning yields insights into some of the 
inherent challenges of implementing iSTEM in the engineering classroom, such as students’ 
tendencies to focus narrowly on modal-specific features of their work environment rather 
than to work integratively, and the ongoing need to assess and nurture students’ integrative 
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understanding.  Cohesion production appears to offer a viable account of how iSTEM is 
implemented in the engineering classroom by linking the engineering objects and design 
process to the underlying invariant (logical) mathematical relations. 
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Appendix 

 

 1 

 
Activity 5.1B – Majority Vote Problem 
 
Purpose 

1. To develop a truth table from a given word problem 
2. To derive the Boolean expression from the truth table 
3. To simplify the Boolean expression using K mapping or the algebraic 

method 
4. To simulate the design 
5. To build and test the design 
 

Equipment 
Breadboard with jumper wires 
5 volt Power Supply 
IC chips 
LED and current limiting resistor 
Logic switches 
Computer Simulator 
 

Procedure 
A board of directors has four members; a president, a vice-president, a 
secretary, and a treasurer. To avoid a tie in voting, the president is given two 
votes, and all members must vote. For a motion to carry, three “yes” votes are 
required (“yes” = logic 1, “no” = logic 0). Otherwise, the motion fails to carry. 
 

• Develop the truth table for this problem. 
• Determine the logic equation for the problem. 
• Simplify the circuit. 
• Draw the circuit. 
• Build and test the circuit using software simulation. 
• Build and test the circuit using bread boarding. 
 

 


