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Math-education reformers encourage the incorporation of mathematical modeling
activities into K—12 curricula. Many of the purported educational benefits derive
from the authenticity of the activities—how well they reflect the everyday and occu-
pational mathematical practices of adults. But a paucity in the literature of observa-
tional descriptions of adult modeling behavior has made it difficult to judge the
authenticity of classroom activities and their potential to prepare students for
out-of-school problem solving. The ethnographic study reported here investigated
the everyday problem-solving activity of structural engineers in practice. Modeling
was found to be central to and ubiquitous in the engineers’ work, giving rise to some
of their greatest intellectual challenges. These engineers use, adapt, and create mod-
els of various representation forms and degrees of abstraction. Two major challenges
of modeling emerged: understanding inaccessible phenomena and keeping track of
models. These challenges, and the nature of engineering models themselves, are not
well reflected in the modeling tasks typically prescribed for the K—12 classroom,
which will likely limit their educational benefits.

“One of the most powerful uses of mathematics is the mathematical modeling of
phenomena.” So states the National Council of Teachers of Mathematics (NCTM)
in its Principles and Standards for School Mathematics (2000, p. 39). Accord-
ingly, a central tenet of math-education reform is to include mathematical model-
ing in the K—12 curriculum (Lehrer & Schauble, 2003; NCTM, 2000). Put simply,
mathematical modeling means translating a real-world problem into mathematics,
working the math, and translating the results back into the real-world context
(Gravemeijer, 2004). In practice, classroom modeling activities usually involve
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applying taught mathematical techniques and representation systems in order to
make sense of data, to express patterns, and to generate additional data.

According to the NCTM (2000) and others (as cited), classroom modeling ac-
tivities have many potential educational benefits. Because they represent a key
practice of mathematicians and scientists, modeling experiences give students a
fuller understanding of these disciplines (Carpenter & Romberg, 2004). Modeling
is, in turn, a vehicle for other important mathematical practices, including solving
problems that require higher-order thinking skills (Lesh, Lester, & Hjalmarson,
2003), understanding and making connections among mathematical and other
concepts (Gravemeijer & Doorman, 1999; Greeno & Middle-school Mathematics
Through Applications Project [MMAP] team, 1997), and representing and com-
municating mathematical ideas using various formal and informal methods
(Gravemeijer & Doorman, 1999; Lesh & Doerr, 2003). Modeling tasks can compel
students to be reflective and metacognitive about their solution methods (DaPueto
& Parenti, 1999; Lesh et al., 2003) and to justify claims about quantities and their
relationships (McClain, 2003).

Modeling also is seen as a way to promote the development of a student’s math-
ematical identity and power (Middleton, Lesh, & Heger, 2003). Modeling activi-
ties can give students greater autonomy over the choice of method and determina-
tion of the quality of their solutions than do traditional short mathematics exercises
(Lesh, Cramer, Doerr, Post, & Zawojewski, 2003). The use of real contexts may
further empower students by permitting them to draw on personal nonmathe-
matical expertise or knowledge (Carraher & Schliemann, 2002; Tate, 2001).! By
demonstrating math’s utility for solving problems related to students’ lives, model-
ing also may encourage them to construct identities as people who should and will
use mathematics (Boaler, 1999).

Other benefits of modeling derive from its real-world aspect. Modeling realistic
physical, social, or work-related phenomena may engender a deeper understand-
ing of them (Lehrer, Schauble, Strom, & Pligge, 2001). Modeling experiences are
expected to enhance students’ ability to transfer mathematical tools to novel prob-
lem-solving situations (Cognition & Technology Group at Vanderbilt, 1990). Stu-
dents are presumably motivated by the connection to real contexts. And to the ex-
tent that classroom modeling authentically reflects out-of-school practices, it
should prepare students for adult life and work (Forman & Steen, 1995; National
Research Council, 1998). This last claim apparently is truer than ever in the mod-
ern workplace. Computer-based technologies are assumed to have reduced the
need for workers to perform routine calculations but increased the requirement to
solve more complicated, nonroutine problems that involve analyzing, interpreting,
and finding patterns in data as well as constructing, describing, explaining, and

But see Boaler (2002) for a discussion of the importance of specific teacher practices to mitigate
the potentially reduced effectiveness of contextualized curricula for students of lower socioeconomic
classes or minority cultures.
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manipulating complex systems—all activities associated with modeling (Lesh &
Doerr, 2003).

Educators, however, have much to learn about how realistic these potential ben-
efits are and how to design and implement classroom modeling tasks that best yield
them. Among the critical questions that need to be answered are two that are ad-
dressed in this article:

1. Are claims about the importance of modeling warranted?
2. What does adult mathematical modeling look like?

ARE CLAIMS ABOUT THE IMPORTANCE
OF MODELING WARRANTED?

Much of the rationale for modeling in the classroom presumes its importance in
real-world occupations. Yet the existing research paints conflicting pictures of the
centrality of modeling in adults’ everyday problem solving, opening to question
the warrant for this curricular reform. In the genre of everyday-math ethnographies
(e.g., De la Rocha, 1985; Lave, 1988; Nunes, Schliemann, & Carraher, 1993;
Scribner, 1984), modeling is scarcely evident. Indeed, these studies expose such a
wide gap between scholastic and real-world mathematics as to cast doubt on the
preparatory value of school mathematics in general. For example, when solving
quantitative problems arising in grocery shopping and home food preparation,
adults do not employ general, school-taught arithmetic algorithms (Lave). Instead,
they draw from a limited repertoire of known situation-specific calculation proce-
dures, leading researchers to conclude

Mathematical practice in work settings is primarily a matter of interaction with in-
struments and procedures in which relations of quantity and their transformations are
stored, and only rarely occasions on which mathematics is relearned, discovered or
reinvented.... [T]here is no open field for the employment of mathematical prob-
lem-solving skills. (Lave, Smith, & Butler, 1998, p. 76)

Somewhat in contrast, Nunes et al. (1993) observed Brazilian street vendors ac-
tively constructing mathematical strategies to solve problems arising in everyday
selling transactions. In their view, everyday problem solvers adapt or “recon-
textualize” previously learned arithmetic techniques to new problem contexts
(Carraher & Schliemann, 2002). This view of adult mathematical behavior war-
rants more optimism than that of Lave et al. (1998) about the capacity and disposi-
tion of adults to translate real phenomena into standard, abstract mathematical rep-
resentations. Still, the general arithmetic procedures observed in these studies fall
far short of the complex processes that educators consider modeling.
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Why is modeling nearly invisible in everyday-math ethnographies? Perhaps
their focus on solution-generating activity (or even, ironically, on the comparison
with school-type math) has prevented these researchers from detecting and report-
ing other activities that might count as modeling, such as describing, interpreting,
and explaining quantitative relationships and patterns; making predictions; or de-
veloping reusable solution methods (Lesh & Yoon, 2004). Indeed, definitions of
modeling, for both the classroom and the real world, vary and are imprecise tools
for identifying modeling in research. Another explanation is that most every-
day-math ethnographies have investigated low-tech occupations that are known to
involve little math; the workers there truly may not tend to engage in modeling.
The handful of ethnographies of high-tech workers, however, makes their model-
ing activity hardly more evident. A few studies of scientists (Latour, 1987; Lynch
& Woolgar, 1990; Roth, McGinn, & Bowen, 1998) demonstrate the central role of
inscriptions, a general construct comprising a range of representational forms in-
cluding mathematical models. But these reports focus in particular on the use of
simpler inscription forms: tables, diagrams, graphs, and maps. Other ethno-
graphies (e.g., Henderson, 1999; J. P. Smith, 1999; Stevens, 1999; Stevens & Hall,
1998) emphasize the need for technical workers to translate between three-
dimensional objects and two-dimensional representations. Together, these studies
stress the general importance in high-tech work of fluency with symbolic transla-
tions of real phenomena, but they describe fairly basic representational activity and
say little about the use or creation of models.

More is written about modeling in engineering than perhaps any other field, and
here conventional wisdom assigns modeling a key role. Perlow and Bailyn (1997)
reported that practitioners across engineering fields perceive the “real” work of en-
gineering to be mathematical modeling, theoretical analysis, and conceptual prob-
lem solving. Engineering educators apparently agree. When convened to discuss
the mathematical preparation of engineers, professors in four engineering fields all
claimed the construction of mathematical models was central (Mathematical As-
sociation of America [MAA], 2000). This view is not new: In his classic 1956 en-
gineering textbook, Crandall wrote, “The most difficult step in the whole process
of engineering is that in which a mathematical model is substituted for a real physi-
cal system. It is here that judgment, experience, and ingenuity of the highest order
are required of the analysts” (p. 1). Even so, empirical evidence of engineers’ mod-
eling activity is sparse and contradictory. Bissell and Dillon (2000) contended that
modeling is a central practice of engineers across professions although this conten-
tion was not based on systematic observations. The Society for Industrial and Ap-
plied Mathematics (SIAM; 1998) reported that the managers of masters- and
PhD-level mathematicians in industry jobs value these employees primarily for
their ability to create mathematical models. This finding implies that modeling is
important to high-tech companies but requires advanced mathematical training
and is not normally accomplished by engineers, scientists, or other nonmath-
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ematicians. (This finding not only downplays the role of modeling in engineers’
work but also raises the possibility that reformers underestimate the difficulty of
teaching mathematical modeling to K—12 students.) One study (Kent & Noss,
2002) that did include extended observations of practice, in a large civil-en-
gineering firm, showed that the development of models and high-level mathemati-
cal analysis are increasingly passed to mathematics specialists, shifting the engi-
neers’ concerns to the more qualitative aspects of received models.

In sum, the strong rhetoric from educators about the importance of mathemati-
cal modeling in adult occupations is not clearly supported by research. Needed are
ethnographic studies that specifically examine the role and nature of modeling in
fields in which modeling is expected to be central, namely science and engineer-
ing. Such studies will not only help assess the urgency of this reform tenet but also
answer the question, “What does adult mathematical modeling look like?”” The
study reported in this article aimed at achieving these goals by investigating the
modeling activity of structural engineers in everyday practice.

WHAT DOES ADULT MATHEMATICAL
MODELING LOOK LIKE?

The research reviewed previously offers a mix of possible pictures of adult model-
ing activity—from creating original models for solving problems to selecting or
adapting received, general models to avoiding models altogether in favor of situa-
tion-specific routines and representations—but no consensus about which is most
accurate, when, and for whom. Even the literature making the strongest claims
about adults’ use of models nevertheless provides little description of the nature of
those models and the activities and skills their use requires. This is a predicament
for educators who want to design classroom modeling tasks with some confidence
that they resemble (and prepare students for) adult practices. With many of the pur-
ported benefits of modeling exercises hinging on their authenticity, a clearer pic-
ture of adult modeling is critical.

Various authors (e.g., Bissell & Dillon, 2000; Edwards & Hamson, 1989; Lesh
& Doerr, 2003; Pollak, 1997) have theoretically outlined the mathematical model-
ing process with considerable similarity. The following (cyclical) set of steps syn-
thesizes their versions:

Identify the real-world phenomenon

Simplify or idealize the phenomenon

Express the idealized phenomenon mathematically (i.e., “mathematize’)
Perform the mathematical manipulations (i.e., “solve” the model)
Interpret the mathematical solution in real-world terms

Test the interpretation against reality

A
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The traditional K—12 mathematics curriculum, with its emphasis on symbol
manipulation, prepares students mainly for Step 4, performing mathematical ma-
nipulations. Ironically, evidence exists that this is the least challenging step for en-
gineers and that the calculation techniques required here are fairly elementary
(Bissell & Dillon, 2000). My study bears this out; for example, in the vignette pre-
sented later, the calculations that the engineer uses to analyze his model involve
only the four basic operations, squaring, and taking 5% (and a spreadsheet handles
most of these). In fact, after analyzing the kinds of mathematics used by the engi-
neers across my study, I found that the majority of the topics are normally taught
by the ninth grade. Apparently, structural engineers’ everyday modeling rarely
calls for advanced calculation techniques.

The important questions about modeling activity, then, concern other steps of
the process. First, to what extent do engineers actually engage in these other steps?
The everyday-mathematics literature equivocates about whether adults primarily
create, adapt, apply, or avoid mathematical models, and specific inquiries into en-
gineering are nearly as inconclusive. Certainly in structural engineering models
abound—obvious examples being the drawings received from the architect and the
conventional theoretical idealizations of structural elements (like “beam” and
“truss”) and their behavior, which permeate engineering texts, lectures, and com-
mercial software. But how well do these examples represent the range of models
used in structural engineering? To what degree are engineers personally responsi-
ble for creating, adapting, and evaluating models? And if the calculation tech-
niques required to “solve” structural models are cognitively trivial, what are the
real intellectual challenges posed by the modeling in engineering work? These
questions are critical for the design of K—12 (and engineering) curricula and they
guided the analysis in my study.

METHODS

Data Collection

This study was part of a larger research project to characterize the full range of
mathematical behavior of structural engineers at work and its relationship to
school mathematics. I used ethnographic methods of data collection and analysis
to capture cognition in practice (Lave, 1988). In total, I spent 70 hr in the offices of
two firms, observing engineers as they went about their normal everyday work de-
signing buildings. A cognition-in-practice stance presumes that cognition is situ-
ated (Greeno & MMAP, 1997), that is, shaped by and inextricably grounded in its
surrounding context. To increase my ability to detect, understand, and document
the context of the engineers’ mathematics, I organized my observations and analy-
sis around four extended work tasks (two per firm), selected as characteristic of
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structural design work. Each task spanned several days, presented a wide range of
quantitative problems, required the use of various technological tools, and in-
volved multiple engineers, novice and expert. In all, I followed 9 engineers exten-
sively: the 5 junior-level engineers assigned primarily to the tasks and the 4 senior
engineers who supervised them.

Data collected included field notes, audiotape transcripts of nearly all dialogue,
copies of artifacts generated in practice (drawings, documents, calculation sheets,
spreadsheets, etc.), the engineers’ written and oral answers to questions I posed im-
mediately after observations, and audiotape transcripts of 24 hr of interviews. I re-
lied heavily on the engineers to explain their work and thinking, which they did as
they worked, later in interviews, and in confirming or revising my written accounts
of their problem solving.

Development of Contextualized Cases

My analytic process comprised multiple interpretive passes through the data. In
earlier passes, my goals were to understand the nature of the quantitative problems
facing the engineers and to accurately describe the steps of their solutions. From
this initial analysis, I constructed four cases—coherent, narrative accounts of the
engineers’ problem-solving activity in each task that captured social, cognitive,
and resource contexts. These cases became the main data form for subsequent in-
terpretive passes. I developed category codes to represent the kinds of mathematics
used, then coded each case accordingly. Through repeated comparative readings of
the cases and a close analysis of the major problem-solving episodes in each task, I
then derived larger themes and patterns relevant to prior research about the rela-
tionship between school and everyday math. The cases also played a critical vali-
dating role. The main engineers on each task read the appropriate case and con-
firmed, revised, or augmented my interpretation of the events, especially their
problem-solving approaches and steps and the rationale behind them.

A major theme that emerged from this analysis was the ubiquity of mathemati-
cal models; subsequently, I reanalyzed the four tasks specifically for the engineers’
modeling activity. Next, after summarizing my findings, I present my analysis of
this modeling activity through a detailed interpretation of a vignette from one case.

SUMMARY OF FINDINGS

For context, I first offer a brief introduction to structural engineering. In the course
of a building project, the structural engineer’s job falls between the jobs of the ar-
chitect and the companies that fabricate the materials and erect the building. Most
of information the engineer needs arrives in the form of architectural drawings,
which show how the building should look, its dimensions, and where major col-
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umns or walls may be placed. The engineer’s main job is to select or design every
element of the building’s structural system. The engineer’s products are (a) a set of
drawings conveying the exact elements (beams, columns, etc.) and their means of
connection; and (b) a packet of calculations proving, according to engineering the-
ory, that the structure will support the required loads and satisfy official building
codes. Structural engineering work is generally framed in terms of design and
analysis, words that have definite theoretical meanings but in practice are often
nearly inseparable. Design refers to decisions about which elements and connec-
tions to use, whereas analysis is the quantitative evaluation of the performance of
the proposed structure. Usually, design and analysis proceed in close iterative cy-
cles, whereby a design or a refinement is immediately analyzed, further refined on
the basis of the analysis, reanalyzed, re-refined, and so on.

In my observations of the everyday work of structural engineers, I found that
they employ a wide variety of kinds of models, ranging from concrete and literal
depictions of structures or elements to abstract and fragmented representations of
structural behavior. Structural engineers engage in every aspect of modeling—se-
lecting, applying, adapting, and even creating models—though not necessarily
during any single task. Structural engineers can sometimes make use of received
models, but the uniqueness and complexity of each building project make it impos-
sible for the industry to cover all circumstances with established models, and a sig-
nificant amount of localized model creation and adaptation is left to the engineer.
Structural engineers are sometimes required to devise original mathematizations
to analyze structures and their behavior. Other times, the mathematizing step is
trivial: The appropriate formulas or mathematical representations have already
been determined and are manifested in established theory or analytic software
packages. For example, once an element or structure is conceptualized as a beam,
engineering theory provides the idealized form and associated equations for calcu-
lating stiffness, deflection, moments, and other conditions and behaviors.2

Within the engineers’ modeling activity, two particular challenges emerged: un-
derstanding the phenomenon to be modeled and keeping track. I summarize these
next.

Understanding the Phenomenon to be Modeled

In the majority of modeling exercises presented in the K—12 math-education litera-
ture, the phenomenon to be modeled exists and is accessible to the student. For ex-
ample, students are provided with a table of prices for cell-phone calls or daily
temperatures, or they measure the heights of a bouncing ball; then they symboli-
cally represent patterns they discern. In contrast, structural engineers engaged in
design work do not have the luxury of actual data or accessible phenomena to mea-

2Structural engineers will conceptualize a variety of elements and structures as beams. For some an-
alytic purposes, engineers will even treat a tall, narrow building as a single beam.
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sure because the objects of their designs do not yet physically exist. This presents a
chicken-and-egg problem: The proposed design must be informed by an analysis
of its behavior, but analysis cannot occur until there is a design to analyze. Even in
the rarer case when an engineer is contracted to evaluate an existing structure, he or
she lacks the kind of access to the building and the lab equipment needed to gather
empirical information. Sitting in a cubicle, the engineer is still, for all practical
purposes, modeling hypothetical entities and referring to design drawings and the-
oretical representations of elements and their behavior. With the subjects of the
model—the forms and behaviors of the proposed elements and structures—essen-
tially inaccessible, the engineer must construct some conceptual version of those
phenomena as a stand-in for reality and a means for generating data. Understand-
ing inaccessible phenomena in order to model them can be a significant challenge
for the engineer, although it does not appear per se in the theoretical modeling cy-
cle. (It seems likeliest to fall under Step 1.)

Keeping Track

Many characterizations of engineering practice, particularly those intended for
laypeople, mention only its most concrete, literal, and coherent models, namely
the drawings that indicate dimensions and materials. But many of the models used
by the engineers in this study were abstract and theoretical. Some were frag-
mented, their representation and storage distributed in parts among multiple arti-
facts, with some parts existing only conceptually. It is easy to point to a model that
is completely captured in a drawing, and there is no mistaking lines on paper for
the concrete, steel, or wood elements they represent. But working with the more
elusive and abstract models requires a constant mental bookkeeping effort, and oc-
casionally this effort can overwhelm. In a few instances, I observed engineers los-
ing track of which model was being referred to in conversation, forgetting which
assumptions had been justified or were necessitated by other assumptions, and
even confusing model with reality. Keeping track appears nowhere in the theoreti-
cal modeling cycle, but it is a challenge that can arise at any step.

In the next section, I present an extended vignette to illustrate the nature of
structural engineering modeling and its challenges.

VIGNETTE: THE CHALLENGES
OF MODELING A WOOD FLOOR
Background

This vignette follows the work on a four-story, wood-framed residential complex,
Spring Valley Apartments. Tim?3, a junior engineer, is analyzing the building’s lat-

3All names used in this article for engineers and their firms are pseudonyms.
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eral system, the subset of structural elements designed to resist external horizontal
load (in this area of the country, from earthquakes; elsewhere, typically, wind). In
the Spring Valley Apartments, the elements of the lateral system are extra strong,
or “shear,” walls, about 100 on each story. In lateral analysis, the engineer deter-
mines how a predetermined external load becomes distributed to the individual el-
ements of the lateral system. Tim has previously written a lateral-analysis spread-
sheet, which takes as input the overall external lateral load and various properties
of each wall and outputs the internal forces that result on each wall. When a lateral
force hits a wall aligned in the same direction, the wall has a tendency to overturn,
or cartwheel over. This overturning causes the far edge of the wall to compress and
the near edge to pull away from the floor. To resist these forces, devices called
tiedowns are installed in the edges of the shear walls. Tiedowns are constructed of
wood posts, to resist the compression, and steel rods, to tie the wall to the floor.

This morning Tim faces a problem: According to his spreadsheet, the compres-
sion forces on the ends of a few walls are so high that they exceed the capacity of
any reasonably sized tiedown post. These large forces occur in the central,
four-story core of the building (other areas have only three or two stories). Tim
plans to explore two solution approaches, one structural and one theoretical. The
structural solution involves finding additional architectural walls that could be
constructed as shear walls in order to help handle the overall load. In contrast, the
theoretical solution aims to redescribe, or remodel, the behavior of the lateral sys-
tem such that the resulting analysis would show a more evenly distributed load,
even though no physical changes would be made.

Yesterday, Tim’s supervisor, Eric, suggested the remodeling approach but of-
fered little detail or direction. Tim explains to me that the behavioral model cur-
rently reflected in his spreadsheet assumes that the compression force on a given
upper-story wall will only travel directly downward into the wall located immedi-
ately below it, adding to the compression in the lower wall. This assumption con-
siders the floor, or “diaphragm,” to be “infinitely flexible,” that is, too rubbery to
transmit any forces laterally, from the upper-story wall to a lower-story wall lo-
cated any horizontal distance away. The opposite assumption would treat the dia-
phragm as “infinitely rigid,” capable of complete lateral-force transmission. In that
case, the force from an upper-story wall would be distributed evenly to every wall
on the story below, regardless of its horizontal distance from the upper wall (Figure
1).4 Both assumptions are actually impossible extremes. Reality lies somewhere in
between—wood floors are partly rigid and will laterally transmit wall forces to
some degree.

4Actually, not evenly but in direct proportion to the stiffness of each wall. The important feature of
this assumption, however, is that the location of the lower story wall on the floor is irrelevant to the
amount of compression force transmitted to it from the upper story wall.
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FIGURE 1 Rigid-floor behavior: The compression force (V2) on 2nd-story Wall A is trans-
mitted evenly through the floor to the three 1st-story Walls Ay, By, and Cj, imposing a force of
(1/3)V> on each. (V conventionally represents a lateral force. In the flexible-floor model, all of
V> would travel directly down into Wall A; Walls B; and C; would receive none of this force.)

To be conservative, Tim programmed his spreadsheet to reflect the behavior of
an infinitely flexible floor, summing all compression forces vertically down
through the building and transmitting none laterally. Because this model concen-
trates the compression forces into a few walls rather than spreading them out
among all walls, it produces more extreme high forces and thus compels a stronger
building design. But with the spreadsheet reporting post-crushing forces, Eric ad-
vised Tim to try the alternative assumption—what Tim calls the “everybody gets
some” model—of an absolutely rigid floor. The sections that follow trace Tim’s ef-
forts to remodel the floor and solve the problem of excessive wall forces.

Trying to Understand the Phenomenon

Tim begins by trying to grasp the idea behind the new model. He tells me that he
was surprised by Eric’s suggestion to model the floor as rigid because he cannot
quite fathom why a wall would not always transfer its entire force to the wall di-
rectly below, with which it essentially forms a single element, no matter what the
condition of the diaphragm: >

I was a little incredulous, ’cause I figured if there’s a direct load path in a
wall, why is it going to use the diaphragm, you know? But it’s actually, it’s

SAll dialogue presented in this article was transcribed verbatim from audiotape.
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not—{to himself] let’s see—yeah, yeah, it’s a little weird to me. *Cause the
floor force, I could see, you know, you’re pushing on a floor, it’s gonna have
these things underneath it and it’s going to go to the things that are giving the
most resistance, but when you’re coming down with the wall, I don’t know.

He continues: “So what Eric is saying is that this is a stiff element also, this floor,
and to ignore it completely isn’t really capturing the problem.” Tim sketches a sim-
ple floor plan of the building with a shaded four-story core and two outlying areas
with three stories (Figure 2). He says he can imagine that walls in the three-story
area located near the four-story core would receive some of the forces from core
walls by transmission through the floor. But he finds it hard to believe a wall near
the outer edge of the building would “see some of that weight” from the core “be-
cause it’s got along way to travel to get there. So, in reality, the distribution of these
forces is very complicated. It’s not gonna be uniform.”

Apparently, much work may remain for the engineer even when established
models are available. Two conventional methods exist for modeling lateral-force
transmission through a wood floor, but each incorporates an unrealistic idealiza-
tion. Tim initially feels more comfortable with the flexible model because it more
closely approximates his understanding of actual floor behavior. Also, this model
is safer because it produces an analysis with higher wall forces than are actually
expected. Tim can talk himself into accepting only partial transmission: to nearby
walls but not to remote ones. Even though the rigid model is industry established,
Tim, like the other engineers I observed, resists using a model he cannot justify
with his knowledge of real behavior.

Beginning to Mathematize

Tim presumes that the results of the infinitely rigid floor analysis will not actually
be used for design. If he eventually abandons the flexible-floor model, he expects

3-story areas ——,

i —

4-story core

FIGURE 2 Tim’s sketch (redrawn) of the 4-story core and the 3-story areas of the Spring Val-
ley Apartments.
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he will have to develop some in-between model that captures the complicated,
nonuniform force distribution. Eric did not explain how to develop an in-between
model, but Tim believes there is a logical way to do it. Meanwhile, analyzing the
rigid model is just an experiment that Tim acknowledges is “not really accurate.”
Tim describes to me what this experiment will offer and predicts how he will use
this information, though his uncertainty is apparent:

By doing it that way, we’ll have an envelope and at least know that the real
solution is somewhere between those two.... And so what we’ll probably do
in the end is some kind of shell game with the loads, so that in order to get the
building built, we’ll say, well, we know it’s not going to go rigidly and it’s
not going to go zero [transmission]. It’s going to go—we’re going to make
some boundary decision, maybe, I think, to be simple. And say these walls
will contribute. And we’ll be able to—I mean, the way to do it is to work,
again, with the relative rigidity, because the diaphragm has some rigidity and
you could calculate that— [7o himself] It’s just not done that way.

Here, Tim starts to grapple with the impending mathematization. He consid-
ers how to develop a model that will reflect partial horizontal load transmission
and lead to a more accurate “solution,” or set of wall forces, that lies “some-
where between” the extreme solutions that bound the “envelope.” From here on,
Tim focuses on the transmission of loads from the central, four-story core of the
building to the walls in the three-story areas that surround this core. His initial
idea is to draw a somewhat arbitrary region around the core; the three-story
walls located within this region would receive transmitted forces from the core
while those outside would not. But Tim is unsure how to determine that region,
and he doubts that an established mathematization exists. Tim’s uncertainty, it
should be noted, is not about which mathematical rules to apply to describe a
phenomenon. His difficulty lies in understanding the physical phenomenon it-
self: He does not know how forces from the upper walls actually move through
the wood floor to the lower walls. Finding the envelope solutions is a strategy to
sidestep this lack of knowledge. These two solutions—possible to find but inac-
curately representing the situation—will give Tim a rough shape of the answer
he seeks. He hopes to somehow work inward from these endpoints toward an ac-
curate solution and avoid having to completely understand the floor’s behavior
to build a new model from scratch.6

Tim now considers how to mathematize the rigid assumption for a new spread-
sheet algorithm. He quickly discovers that only a simple modification to his exist-
ing flexible-floor spreadsheet is necessary. His current spreadsheet sums the load

OThis envelope strategy recalls a form of everyday quantitative problem solving observed by Lave
(1988) that she termed gap-closing.
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on an individual wall only with the load on the wall directly above it. To adapt it for
the rigid assumption, he needs only to reprogram it first to sum the loads from ev-
ery wall on a story and then to distribute that lump sum to the walls on the story be-
low in proportion to their degrees of stiffness. A colleague has already written a
spreadsheet that accomplishes this proportional force distribution, and Tim can
link his spreadsheet to that one.

This episode shows that mathematizing is sometimes a relatively simple part of
the modeling process. However, it also illustrates a paradox of math-based tech-
nology: its simultaneous power and weakness. Using a spreadsheet, Tim can
change his model dramatically, reanalyze 400 walls, and generate hundreds of new
force values, all in a matter of seconds with relatively little mental effort. Yet this
powerful technology tool offers no direct information about the physical behavior
he wants to model. It will carry out physically inaccurate analyses as easily as ac-
curate ones, yielding no clues about the validity of the underlying assumptions.
Without the spreadsheet, Tim could not generate the envelope, yet the spreadsheet
gives no information about how to use the envelope to close in on the desired
solution.

Keeping Track

Seeing how easy it will be to modify the spreadsheet for the rigid-floor model, Tim
shifts his attention for the next half hour to the structural solution, which involves
removing and adding shear walls. He first back-calculates the maximum force that
could be handled by the largest reasonable tiedown post that would fit in the walls.
He then identifies a few purely architectural walls that could be reinforced to be-
come shear walls and adds them to his spreadsheet. Finally, he removes from the
spreadsheet any wall displaying a force exceeding the maximum (because the wall
would be unable to support that force). Unfortunately, these changes only move the
problem around; Tim has merely pushed the forces on other walls above the
maximum.

As Tim attempts both structural and theoretical resolutions to the problem of
high wall forces, he shuttles between models of different natures. His task, like all
structural design work, obviously depends on descriptive models—drawings—of
the building, to which he turns repeatedly for information about the structure. But
more levels and types of models have come into play. Central to Tim’s work are
models of the lateral resistance system. On the most concrete level, the lateral sys-
tem is a physical entity: a subset of the building’s beams, columns, walls, and con-
nections working together to resist lateral load. Because the Spring Valley Apart-
ments do not yet exist, neither does this instantiation of the lateral system. What
does exist, one level into abstraction, is the idea of this system, Tim’s conception of
a substructure that resists lateral load. This conceptual structure is a model that
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comprises idealized, theoretical representations of selected elements (for example,
beams that are perfectly straight and uniformly dense) and the assumption that
they, and only they, will contribute to the building’s lateral resistance, up to but not
beyond their theoretical capacities.

I never saw Tim or Eric depict this theoretical substructure per se in a drawing.
Where, then, does this model reside? It is actually distributed in pieces over several
locations. In Tim’s mind are the general categories of elements involved (namely,
the floors and any wall over 4 ft long) and perhaps a three-dimensional image of
layers of floors connected by shear walls. Which specific walls are included in this
model are recorded in unofficial keys Tim created by labeling each shear wall with
an ID number on photocopies of the floor plans. Tim’s spreadsheet also houses
parts of the model by displaying the ID number, location, and dimensions of every
shear wall. The model even resides partly in codebooks and manuals, where Tim
can find empirical information (capacities and sizes) for standard elements that ap-
proximate the idealized ones in his system. Unlike the drawn models of the build-
ing, the model of the substructure known as “the Spring Valley lateral system” is
physically impossible to point to. Tim must mentally link the distributed parts to
keep track of the model as a whole.

In addition to this model of the lateral system’s structure, Tim’s work invokes
a model of the behavior of the system under lateral loading and of the flow of
forces through it. This behavioral model moves further into abstraction by add-
ing another layer of idealization, this one involving assumptions about structural
reactions and interactions. For example, Tim assumes that long, thin elements
will behave in perfect accordance with classic beam theory and that the lateral
load will distribute itself to the walls in exact proportion to their degrees of stiff-
ness (themselves idealizations). Like the structural model, this behavioral model
is distributed, impossible to point to, and never explicitly drawn except in the
few informal sketches Tim and Eric make as they explain isolated behaviors to
each other and to me. Some of the model resides in agreed-upon propositions or
rules about behavior, such as the stated assumption of a rigid diaphragm or codi-
fied beam theory. The spreadsheet, again, stores part of the behavioral model as
formulas for distributing the forces according to established rules. Metaphorical
terms help capture and tie together behavioral models. Structural engineers fre-
quently refer to “load paths,” indicating that behavioral models are partly held in
mental images of idealized routes (e.g., straight lines or triangular “fans”) along
which forces translate through a building. Indeed, Tim and Eric use the terms
flow, travel, rubbery, mush, shedding, and everybody gets some. Some of this
graphic metaphor is universal. Engineers in both firms spoke of lollipops when
describing the oscillation patterns of a low, wide building in which heavy floor
masses (the “candy”) were joined by lighter walls and columns (the “sticks”),
suggesting, as one engineer did directly, that this metaphor is taught in schools.
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Bucciarelli (1994) noted that engineers use metaphors to “gain control and to
master the object [of design] on his or her own terms” (p. 88).7

A key distinction between Tim’s two approaches to the wall-force problem is
that they concern different types of models. Adding and subtracting shear walls is a
modification of the structural model. The theoretical approach modifies the behav-
ioral model by changing the agreed-upon rules about the flow of forces. Tim must
keep track of which model type his modifications target, making sure to hold all
other assumptions constant. This kind of track-keeping effort can be complicated
by inconsistencies within a single model type. In fact, Tim’s behavioral model har-
bors a major inconsistency: The floor is presumed to transmit no wall forces later-
ally but to transmit rorsion forces® laterally. Thus, Tim’s spreadsheet treats the
floor as simultaneously rigid and flexible—rigid for torsion and flexible for wall
forces. This impossible (but professionally accepted) hybridization illustrates the
theoretical, idealized nature of some engineering models and why considerable ef-
fort may be required to keep track of assumptions, which, even in a single model,
may conflict.

Another potentially confusing factor is that, in design work, causality between
model and reality is reciprocal. Real structural features and behavior obviously in-
fluence how the structure is modeled, but decisions made at the model level in turn
dictate features of the actual structure. Attempting a structural solution, Tim “short-
ens” and “removes” shear walls simply by changing or zeroing out their lengths in
his spreadsheet. The impact of this mathematical change on the building’s design is
partly real. An actual wall will be built to the dimensions originally specified by the
architect. But the “shear wall,” the theoretical, idealized portion of the wall that re-
sists lateral load, will be shortened or removed by changing the wall’s construction:
shortened by moving the tiedowns inward from the wall’s ends or removed by elimi-
nating the tiedowns and extra plywood paneling altogether.

The reciprocal influence between model and structure and its potential for con-
fusion are even more clearly illustrated later in the project, when the architect calls

TOutside the firms, I encountered metaphorical terms for models in general. In a structures course I
audited, the professor referred to particular established graphs as “cartoons,” because they oversimpli-
fied the relationships they depicted. The mathematical biologist studied by Smith, Haarer, and Confrey
(1993) called a certain model a “caricature.” Bissell and Dillon, in their quote, refer to models of behav-
ior as “stories.” Similarly, Bucciarelli (1994) chose the metaphor “story making” to describe how engi-
neers created accounts of design objects. Even at this general level, these metaphorical terms seem in-
tended to facilitate keeping track, in that they distinguish models from reality and remind their
audiences not to mistake the representation for the actual phenomenon.

8Torsion refers to the in-plane rotation of the floor around its center of rigidity, the theoretical center
of the lateral resistance provided by the walls. The external lateral load is presumed to hit at the floor’s
center of mass, or centroid. When the centroid and the center of rigidity are unaligned (the usual situa-
tion), torsion results. Torsion imposes extra force on the walls, on top of the force directly imposed by
the external load.
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for some walls to be shorter on the fourth story. Tim must decide whether to use
two tiedowns that are aligned with the edges of the short upper wall and run down
through all stories (Figure 3) or introduce a third tiedown on the lower stories at the
ends of the longer walls (Figure 4). The first design is cheaper but runs a theoretical
“cut” down the lower walls, thus reducing their shear-wall length. After he makes
his decision, for the duration of the project Tim must keep track of what he has
modeled, what is real, and which aspects of reality can and cannot be incorporated
into the model in the future. He must remember that his spreadsheet will show
“lengths” for some ‘“‘shear walls” that differ from the lengths of the real walls on
which they are physically manifested. If more resistance is needed later, these
shear walls can be lengthened by increasing their dimension in the spreadsheet, or
brought back into existence by changing their spreadsheet lengths from zero.

Trying, Again, to Understand the Phenomenon

With the structural approach (adding and subtracting walls) having failed to pro-
duce a feasible design solution, Tim consults Eric about changing the model of the
floor’s behavior. At this point, the men understand the problem as follows: The
flexible-floor model can be justified because it is conservative, but it does not
work—some of the resulting forces exceed the capacity of the tiedown posts. They
expect the rigid-floor model, the opposite extreme, to produce manageable forces,
but they know it is inaccurate and may not be justifiable. The real floor will trans-
mit some degree of force, perhaps enough to reduce the problematic wall forces

tiedown tiedown
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FIGURE 3 Two tiedowns on a 4-story wall.
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FIGURE 4 Three tiedowns on a 4-story wall.

sufficiently, but without knowing exactly how much transmission will occur, the
men cannot systematically model it. They discuss how to find a solution between
the extreme models:

T:

And then it’ll be an assumption of, you know, infinite rigidity of the dia-
phragm, and it’ll be sort of an envelope of the problem. And then we can
see—

And then it’s a judgment call—

Yeah, if—

—what’s appropriate—

—how to design the walls that are—yeah, ’cause it’s somewhere in be-
tween those two. And the walls that are near the core that are three-story are
going to get more of the burden than the walls that are away from the
core—

[Pointing to walls on a drawing] Yeah, I mean these guys—

So maybe what we’ll do, then, is make an arbitrary designation, you know,
anything east of there [pointing on the drawing] is not going to help us and
east of here is not, and these walls, we’ll make extra tough, so that—you
know what I mean? —The four-story portion will travel through the dia-
phragm to here, and then it will stop.

[After a pause, with reservation] Yeah.

No?
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E: Tunderstand what you’re saying. It’s going to be hard to—
T: I'm trying to find a way to do it, you know, conservatively, so we don’t end
up underdesigning these walls and overdesigning those.

Tim’s concern is that with a completely rigid assumption, three-story walls near
the four-story core will be “underdesigned,” designed to be too weak, because the
analysis will underestimate the force they receive from the core walls nearby. He
also worries that the three-story walls far from the core will be “overdesigned,” that
is, made stronger than necessary, because the analysis will incorrectly assume core
forces will reach them (Figure 5). By proposing to designate a region of transmis-
sion around the core, Tim jumps ahead to a possible strategy for mathematization.
But Eric reels him in, implying that they do not know enough about the actual be-
havior of the floor to rationally determine such a region. Instead, Eric foresees
making a “judgment call” on a final design, presumably based on past experience
with similar structures.

This episode reveals a further complexity of the two models. Though Tim does
not frame it in these terms, the envelope solutions, in an important sense, are not
pure extremes. It is true that an absolutely rigid floor would even out the wall
forces and produce a less conservative solution overall. However, for walls far
from the four-story core, the model is actually more conservative because it pre-
sumes core forces will be shared with these remote walls. In reality, the partial
flexibility of the diaphragm will impede such widespread transmission, hence
Tim’s concern that remote walls will be overdesigned. The converse, that the con-
servative flexible-floor model has less conservative aspects, is also true, though
neither Tim nor Eric articulates it here. In the flexible model, walls near the core
are assumed to receive no core forces when, in reality, the partial rigidity of the
floor would transmit some force to them. As a result, by adopting the more conser-

3-story area

Wall Bl

|Wa|| A

4-story core

FIGURE5 The rigid-floor model might report too little force being transmitted from the core
to Wall A and too much to Wall B.
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vative model overall, the near-core walls would be designed to be too weak. In
their conversation, Tim and Eric must keep track not only of which of the two mod-
els they are talking about but also of the problematic assumptions within each
model that fail to capture reality and must be corrected for.

The in-between solution left unresolved, Tim returns to his cubicle and modi-
fies his spreadsheet for the rigid-floor assumption. As predicted, he finds that all
the wall forces now fall safely under the capacities of the tiedown posts. Later,
when Eric hears the rigid model has produced a “reasonable” set of forces, he re-
plies, “Now we need to somehow justify that it works.” He suggests they reconvene
to work on this problem, to “take a look at the drawings, see how realistically [the
forces] can spread out, and maybe if they can’t, maybe there’s some other ways we
can kind of trick our model to account for these things.”

A New Model

Meeting that afternoon, Eric and Tim examine the building and try to figure out
how lateral load would actually travel through it. Of course, they have no actual
structure to push on and measure resulting forces; they rely on the drawn models of
the Spring Valley Apartments and on their general knowledge and intuition about
the reactions and interactions of various elements. But they now refer to more com-
plex renditions: detailed official 11 in. x 17 in. drawings that depict the floors” ir-
regular shapes and weight distribution. The men describe the floors to each other,
story by story, to assess the quality of their vertical and horizontal connections.
Using hand gestures, they trace the load path through the floors. Eric points out
“jumps,” where the floors are discontinuous and would have to be somehow “tied”
together to ensure horizontal force transmission. But after much discussion, they
can reach only a vague and tentative conclusion about the building’s behavior:
Forces at the roof level generally will transfer straight down through the building
via the four-story walls, not horizontally to other walls, but on lower stories some
core forces might spread beyond the core in the north—south direction.

Having apparently exhausted this means of investigation, Eric takes a new tack.
He proposes an extremely simplified representation, which he later characterizes
as “pure invention.” He models the floor as a single ideal beam that transfers its en-
tire load to its ends with no help from any intermediate supports. Sketching a rough
outline of the floor, he says, “You could design it as a beam, basically, right? And
these are your two chord members, right?® And you track your shear through here,
even if it has to go through crazy paths to do it.” He draws two line segments across
the main part of the floor to indicate the theoretical boundaries of the beam. Then

9Chord members form the beam’s upper and lower edges and resist compression and tension when
the beam bends. Eric is indicating that wood reinforcement along the edges of the floor will act as the
chords of his theoretical beam.



MODELING OF ENGINEERS 23

he converts his sketch into a classic diagram of a simply supported beam (Figure
6), with a small triangle on each end for the supports and an arrow in the center (la-
beled V) representing the story shear, or lateral load on that story, as a point force.
This sketch not only transforms the entire floor into a single beam but also reori-
ents the view from plan (overhead) to elevation (portrait). The lateral force on the
floor, in reality, is horizontal, but the force on a beam is conventionally depicted as
vertical.

One advantage of Eric’s new behavioral model is its simplicity: It reduces the
irregular area of the floor to the largest rectangle fitting within it, whose length and
width are taken to be the dimensions of the “beam.” Another advantage is its ex-
treme conservatism. If this beam could be proven capable of transmitting its entire
load to its ends, it follows that it could transmit the load to any support points along
its length, that is, the interior walls below. That the floor is strong enough to distrib-
ute the load in this manner is not sufficient to prove that such spreading will actu-
ally occur, but it is a necessary condition. Essentially, Eric hopes to prove one
model by proving another, more conservative one. He imagines his beam model
will be easier to prove, according to his knowledge of physical behavior, than the
rigid-floor model, which he and Tim are finding impossible to justify. Eric tells me
later, “This was just a quick check to see are we even in the ballpark? Would this
work?” Of course, this quick check has added a new layer of modeling and com-
pelled a new layer of proof.

38’

100

FIGURE 6 Eric’s sketch (redrawn) modeling the floor as a “beam.” The dark lines indicate
the boundaries, or chords, of the beam, with approximate dimensions 100 ft x 38 ft. V represents
the shear force, the triangles represent the “supports” (and therefore the demand) on each end of
the beam, and the large X represents a courtyard hole.
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Tim suspects the wood floor will be too weak for Eric’s idea to work, but the
men proceed to play the model out. The spreadsheet provides the force at the roof
level, and the men assume half of this force would be transmitted to each end of the
beam. Estimating the beam’s length and depth, they calculate the resulting demand
on each lineal ft of plywood at the beam’s ends. Despite the absence of a real build-
ing, a somewhat empirical test exists: Eric knows the typical strength of this kind
of plywood floor. As Tim predicted, the demand they calculate far exceeds the ply-
wood’s capacity. Eric’s beam model cannot work.

Losing Track

Eric informs Tim he will have to stick with the original, flexible-floor assumption.
But Tim has now become convinced of the validity and necessity of a model with
some rigidity. He laughs as he protests to Eric,

You’re going to give up that easily? I don’t like that solution! *Cause it gives
me these numbers in the range of 50 kips [50,000 pounds] per tiedown, 45 at
the minimum. I mean, I feel less concerned about this now than I did before,
because I used to think of 50 kips as 50 kips—that’s what I'm going to have
in this element to resist the overturning. But now I realize that’s not really
what I’'m going to have, because that’s assuming there is no diaphragm trans-
fer at all. That’s assuming that the diaphragm is mush and these walls are all
I’ve got—vertically, but, you know, to some extent. And this assumption of
absolute rigidity is also false. Somewhere in between is the actual building
behavior.

Hoping to salvage some degree of force transfer through the floor, Tim makes a
few last-ditch attempts to justify rigidity. First, he tries to save Eric’s beam model
using a common engineering strategy: reducing the model’s conservatism through
increased accuracy. He ventures that the floor might be stronger because of its spe-
cial nailing pattern. But when he checks the codebook for the capacity of a floor
with this condition, he sees it is still far below the demand of the beam model.
Next, Tim tries to connect to other projects he has seen, wondering how they
achieved higher floor capacities. Eric explains that they used more nails and
thicker plywood than Spring Valley Apartments. Eric points out that the demand
they calculated on the ends of the beam is even too low because they did not ac-
count for a courtyard hole in the floor (the X in Figure 6). Ultimately, the men ac-
cept their inability to prove any model involving rigidity and resign to use the origi-
nal, flexible-floor model. However, as the next excerpt shows, they have different
views of which design decisions can now be justified.

Tim remarks thathe will just add a note to his analysis to the effect that, “the maxi-
mum compression [in the wall ends] is slightly above the allowable, but it’s OK by
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virtue of the fact that the diaphragm has some stiffness and at each level some of the
load is shed to adjacent walls.” (Adjacent has become their term for three-story walls
near the core.) But Eric objects to Tim’s assumptions and insists the problem of ex-
cessive compression forces in some core walls remains. A confusing exchange en-
sues as Eric tries to convince Tim that they cannot use lateral force spreading to jus-
tify reducing loads, because they have not been able to prove any rigidity:

E: OK, if we leave it as is with your first model, four-story [forces] go all the
way straight down, we’re ending up with 4-by-12 posts? [These posts are
impractically wide.]

T: Yes, if we want to satisfy 625 psi. [625 pounds per square inch is the pub-
lished strength of the wood tiedown posts.]

E: Yeah.

T: If we don’t care about the 625 psi—

E: Well, we have to, right? Why are you saying, “If we want to”?

T: [Pause] No, because the real stresses perpendicular to the grain would be
less as a result of this sharing of load from adjacent walls.

E: You’re saying the diaphragm spreading?

T: Yeah.

E: OK, but that’s not—OK.

T: I'm saying—Yeah, the numbers that I’'m coming up with down here, they

show crushing on the foundation sill plate are a little extra conservative and
we really have a smaller number due to the sharing of load due to wall—
through the floor.

E: OK, but that’s what we’re trying to prove, and we haven’t been able to do
that yet, right?

T: OK. So [laughing], I didn’t realize we were still trying to prove that!

E: No, but—well, we didn’t prove it, right? So right now in kind of a Solution
A is we just stay with 4-by-12 posts, right?

Here, Tim proposes arbitrarily increasing the published capacity of the posts, a
backdoor method of incorporating into the flexible-floor model the rigidity that he
feels certain exists. But Eric argues that, because they could not “prove” any
rigid-floor model (i.e., justify an assumption of rigidity), they cannot assume any
advantage that rigidity would provide. This would also rule out Tim’s proposed
note excusing the excessive compression forces with the explanation that the
spreadsheet ignores load spreading. Either Eric is applying a higher standard of ra-
tionality than Tim, or, in the course of working with and keeping straight the multi-
ple versions of models, layers of abstraction, and forms of justification, Tim has
simply lost track of what has and has not been agreed upon. Perhaps sensing the
latter to be the case, Eric now organizes their options, both based on a flexible
diaphragm.
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Option A is to use the impractical 4 in. x 12 in. tiedown posts in the walls with
the largest loads. Option B is a new solution: to ask the architect to thicken these
walls by 2 in. to accommodate 6 in. X 6 in. posts, which can also handle the highest
loads but have a more practical width. The men play out Option B, examining the
forces on the spreadsheet printout to determine how many walls would need thick-
ening. Seeing that the number is small, Eric states his preference for Option B but
adds that they still have not addressed the adjacent walls. Tim asks why the adja-
cent walls remain an issue if the spreadsheet is not reporting problematic forces
there. Eric reminds him that the spreadsheet is probably underestimating the adja-
cent walls’ loads by assuming no forces transfer from the core.

Earlier, when trying to model the partial spreading of force through the dia-
phragm, Tim expressed exactly this concern: that they would underestimate the
forces on the adjacent walls. Now that the context has changed and they have re-
turned to the conservative flexible-floor model, Tim seems to consider the phe-
nomenon of force-spreading moot and is no longer worried about the adjacent
walls. He may be ignoring the fact that the flexible model, while more conservative
overall, is not conservative for every wall. If Tim interprets the model’s conserva-
tism as absolute, it would explain his trust in every force the spreadsheet generates,
including those on the adjacent walls. Because these reported forces are within the
capacity of a reasonably sized post, why worry about them? Apparently, Tim has
automatically tossed out all assumptions associated with the rejected rigid-floor
model, regardless of their rationales. Eric, on the other hand, maintains through the
transition from one model to another a sense of the structure’s actual behavior, and
he realizes that some assumptions must be retained. Aware that some load spread-
ing will occur in reality, he knows they must account for the extra demand on the
adjacent walls, even though they have adopted a model that rejects load spreading
and even though this model is generally conservative. So, as they settle on Option
B, Eric announces, “We just arbitrarily bump up these walls here.” He gestures ran-
domly to an area on the drawing to indicate which walls should be strengthened,
avoiding any decision about how to systematically determine a region of transmis-
sion. The point is subtle: Although Eric had warned Tim not to assume any advan-
tages from rigidity, because no rigidity could be proven, Eric now insists on incor-
porating the disadvantages of the rigidity they know will exist but be ignored by
their model. As a general rule, once an analytic model is accepted, the forces it in-
dicates may not be reduced without proof, but they may be increased at will.

DISCUSSION

On a basic level, this study responds to prior everyday-math ethnographies with
something of an existence proof, showing adults not only capable of using formal
mathematical models and methods to solve real problems but also willing to do so
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when the situation calls for it. More specifically, the results affirm the strongest
views of the importance of modeling in engineering work (e.g., Bissell & Dillon,
2000; Crandall, 1956; Perlow & Bailyn, 1997). These engineers made a convinc-
ing case that modeling—transforming hypothetical structures into mathematical
or symbolic language for the purpose of applying engineering theory—is the heart
of their profession. Modeling presents their biggest intellectual challenges, drives
the bulk of their sense-making activity, and defines professional expertise. Struc-
tural engineers regularly engage in all steps of the theoretical modeling cycle as
more than just consumers of established models—across the four cases in this
study, the engineers created models as well as selected and adapted them. The need
to create or modify models may seem surprising, given the profession’s overt com-
mitment to standardization, convention, and rules. For example, the problem of
characterizing the behavior of a wood floor between the extremes of absolute ri-
gidity and flexibility would seem to arise on virtually every wood project; one
would think it would have been solved thousands of times by now. Yet when I
asked Eric if it were true that no established method existed to solve this problem,
he answered,

I would say, no, there is none, in terms of the engineering community. If you
went back 10 years ago, everything was flexible at that point, and it’s only
lately that evaluating as rigid diaphragm has come into play. And still, that
even has questions as to how rigid it is, so they—it’s not very clear which
way they’ll approach it.

According to Eric, he has faced this same problem on other projects, and each time
it has been resolved differently. “It really is a case-by-case evaluation,” he said.
Vincenti (1990) viewed the discipline of engineering as evolving toward greater
systematization as the profession strives to “replace ‘acts of insight’ (unteachable)
by ‘acts of skill’ (capable of being taught)” (p. 168) by establishing standard proce-
dures and routines. Such systematization, he claimed, is “fundamental to the abil-
ity of modern engineering to advance on so wide a front” because it permits “the
optimum solution of complex problems with minimal dependence on individual
genius or insight” (p. 168). Echoing these ideas, Eric’s comment sketches the his-
torical development of a profession-wide solution to modeling a wood floor and
hints of further systematization to come. Despite these predictions, my observa-
tions suggest that structural engineering, for all its codes, manuals, curricula, and
theory, is far from arriving at an ultimately routinized state. Until that (unlikely)
day when the profession reaches the holy grail of complete systematization, the
workaday engineer will confront the challenges of modeling physically nonexis-
tent or inaccessible phenomena. Published laboratory “push-test” data may be
available, but only for standard, simple elements, not the complicated shapes or
structural combinations engineers regularly encounter. In fact, the results of this



28 GAINSBURG

study suggest that modeling inaccessible phenomena is the fundamental problem
of structural engineering. Working with models does not always compel the engi-
neer to spend significant time predicting nonexistent phenomena, but each of the
four major tasks I observed invoked this challenge at some point.

A primary strategy that engineers use for attacking tough modeling problems is
analogy, as Eric illustrated by analogizing the floor as a beam. Nersessian (1992)
described analogical problem solving as “a modeling process in which the rela-
tional structures from existing modes of representation and problem solutions are
abstracted from a source domain and are fitted to the constraints of the new prob-
lem domain” (p. 20). Apparently, Eric is in good company; Nersessian identified
analogical problem solving as a central process of scientific revolution. In the
course of major conceptual change, she noted, “analogies are not ‘merely’ guides
to thinking, with logical inferencing actually solving the problem, but analogies
themselves do the inferential work and generate the problem solution” (p. 21). This
claim seems to apply to everyday engineering work as well as scientific revolution.
Once conceived, the beam analogy automatically supplies rules and formulas for
characterizing the behavior of the wood floor.

On the other hand, finding an analogy (and its attendant formulas) does not al-
ways solve the problem, as Eric’s beam model attests. Mathematical modeling, at
least in engineering work, is something of a one-way street. Although an under-
standing of the phenomenon being modeled is usually crucial to developing the en-
suing mathematization, the reverse is generally not the case: Mathematization is
seriously limited as a resource for predicting structural phenomena. In their analy-
sis of engineering modeling, Bissell and Dillon (2000) contended, “Models have to
be mediated and negotiated with a community of practice to make any sense” be-
cause ““a model of a system is neither the system itself, nor a self-evident represen-
tation of it” (p. 6). Moreover,

An engineering explanation does not begin and end with a mathematical procedure.
The problem with [a mathematical] approach is that it gives little or no insight into
how a particular behaviour comes about.... Gaining insight into what is going onin a
system requires more than just mathematics, however: It requires a story about the
system that suggests reasons for a particular type of behaviour and predictions about
what may or may not occur in the future. (p. 7)

Neither mathematics nor modeling technologies can produce information about
actual behavior; they can only transform, manipulate, organize, store, and display
that information. Kevin, a senior engineer in the other firm, made this point as he
explained the contribution of computer programs to structural engineering:

First of all, all the [computer-generated] answers are wrong because of the
assumptions, right? No computer program models the real world accurately.
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The extent to which it is accurate depends on how well the person that is ac-
tually performing the analysis on the program understands, one, the assump-
tions built into the program, two, the characteristic behavior of the actual
structure. What an engineer can’t do is solve all the simultaneous equations
in his head. What he can do is visualize the behavior in his head and under-
stand the behavior. So all you're really looking for, you have to have an un-
derstanding of how the building is going to behave, and then you use the
computer basically as a tool to quantify that behavior. That’s all the com-
puter is doing, is quantifying a behavior.

On first blush, Eric’s purpose for using a model (his beam analogy) might seem
to be to understand the behavior of the floor, but, in fact, this case exemplifies the
predictive weakness of mathematization. Had this model worked, it would only
have provided a boundary value for the floor’s capacity and would have offered no
new information about its actual force-transmitting behavior. Eric’s model is
merely a means to transform, reorganize, and display published capacities to better
fit the situation.

Given the picture of modeling offered here, the theoretical outline of the model-
ing cycle is accurate as far as it goes. But it poorly expresses the nature of
real-world modeling activity, thus limiting its value as a guide for curriculum de-
sign. Of course, this study investigated only structural engineering, but the chal-
lenges of modeling there are almost certainly related to those in other engineering
and high-tech occupations, especially when design is involved. In the next section,
I consider how the findings of this study might inform K—12 curricula.

MODELING IN THE CLASSROOM

The traditional K—12 mathematics curriculum, with its focus on performing com-
putational manipulations, is unlikely to prepare students for the problem-solving
demands of the high-tech workplace exemplified in this study. In a general sense,
the incorporation of modeling activities into the classroom seems well advised.
Unfortunately, this curricular reform as currently manifested in the few texts and
classrooms that address it, though a step in the right direction, still appears to fall
short. Significant differences between the engineering and scholastic versions of
modeling, in kind and degree of complexity, threaten this reform’s hoped-for
benefits.

Although there is variation, the modeling tasks typically prescribed for K—12
students expose them, at best, to a narrow subset of the modeling activity of engi-
neers. A main goal of the standard school modeling exercise is to determine pat-
terns within data. Access to the data is rarely the problem; if not provided, they can
be generated easily with mathematical operations or by measuring real phenom-



30  GAINSBURG

ena. Students then express the patterns as general rules in various forms (words,
graphs, diagrams), the ultimate goal being algebraic representation. In a popular
example, students discover how many diagonals can be drawn in various polygons
and then derive an algebraic rule for predicting the number of diagonals in any
given polygon. Thus, school modeling problems are essentially generalization or
abstraction exercises. Indeed, generalization problems have become a mainstay of
K-12 reform curricula (Noss, Healy, & Hoyles, 1997; Radford, 2000).

Contrast this with the modeling activity of the structural engineer. The lack of
accessible physical referents and real data can place the engineer in a context of
considerable uncertainty. Characterizing structural behavior forces him or her to
cobble together strategies that draw on a variety of skills, knowledge, and re-
sources, including past experience with materials,!0 theories about standard ele-
ments, and general empirical information in codebooks and manuals. In the pro-
cess, the engineer must justify any conclusions about the phenomenon before
incorporating them into an analytic model. None of the major challenges—the un-
certainty, the requirement to tell a story based on knowledge of a phenomenon that
precedes the mathematical description, the need to integrate diverse resources and
cognitive tools, the use of analogies, and the struggle to justify what can never re-
ally be proven—is likely to be experienced by a student working out a generaliza-
tion exercise. One obvious similarity turns out to be superficial: Engineers, like
students engaged in generalization tasks, use a variety of representation forms—
graphs, words, equations, pictures, and tables—but rarely to express patterns dis-
cerned from data. Engineers must adhere to the rules of the industry, which include
established theoretical patterns and relationships among variables; they are not ex-
pected to invent their own.

Engineering and scholastic modeling tasks diverge in other ways. Engineers
must navigate the reciprocal relationship between model and reality. Engineering
models not only reflect phenomena but also determine them, an inevitable condi-
tion of any work that involves designing new phenomena into existence. Modeling
for engineers is a combined act of describing and inventing stories about structural
behavior. K-12 modeling tasks omit this two-way causality between model and re-
ality. Because students model only existing phenomena, they have no opportunity
to understand models as anything but descriptive.

Engineering modeling is by necessity context dependent and context specific.
Mathematics, of course, plays an essential role—as the language of the theories
that ground models and analyses, as a tool for evaluating analytic results, and as a

10Because all of my observations occurred in their offices, I did not see the engineers directly en-
gaged with physical elements and initially underestimated the role of experiential knowledge about
structures. Later interviews, however, revealed that, for many engineers, personal experience with ele-
ments and lab-test photos is a powerful resource for keeping modeling activity on track.
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means of representation and communication. But mathematical theories, methods,
and representations cannot determine design or completely direct analysis. They
are always subordinate to the engineer’s judgment about their use, and mathemati-
cal justification alone is insufficient for accepting a model or method or result. The
engineer’s knowledge of the specifics of the structural situation influences virtu-
ally every stage of the modeling process; thus, the model that ultimately emerges is
deeply rooted in the situation. To import that model to a new situation would re-
quire the engineer to negotiate with the new contextual specifics to judge the ap-
propriateness of the model and make necessary adaptations. In contrast, the mod-
els used or derived in the classroom can usually be decontextualized or abstracted
away from the real situation to become pure mathematical entities, whose appro-
priateness can be justified with mathematical proof. Once a pattern is detected in
the (readily available) data, the real phenomenon reflected by the data becomes ir-
relevant, disposable; the task becomes only to write a function or draw a graph to
represent the mathematical pattern. The NCTM (2000) offers this example:

If a sandwich costs $3, you can figure out how many dollars any number of sand-
wiches costs.... In this case, students have developed a model of a proportional rela-
tionship: the value of one variable (total cost, C) is always 3 times the value of the
other (number of sandwiches, S) or C=3 ¢ S. (p. 162)

Once enough sample data are generated—for example, (1, 3), (2, 6), (3, 9)—the
pattern can be discovered and the formula derived with no further reference to
sandwiches or the considerations of pricing. And, unlike in engineering, the same
formula would automatically be considered a fitting model for any other situation
that generated the same data. This example departs further from most real prob-
lems in that no information is lost in translation from situation to model. Rarely in
real problems is a single objectively correct pattern or relationship hiding in the
data, waiting to be discovered; even if a “correct” mathematical model existed, it
would almost never be an equation exactly defined by the data pairs. Bissell and
Dillon (2000) presented a related criticism of engineering education: Its focus on
formal mathematical procedures “can obscure those very areas which mathematics
is supposed to illuminate” (p. 6). Then

Attention is diverted away from the physical behavior of the system and concentrated
on the details of the mathematics. Mathematics then becomes a goal in itself and it is
easy to forget or ignore the often quite fragile links that were originally set up be-
tween the system and its mathematical model. As a result, there can easily be confu-
sion between those results and procedures which relate primarily to the mathematical
structure of the model and those which may be interpreted (with care) in terms of the
behaviour of the system. (p. 6)
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Confusion and forgetting the “fragile links” with reality can plague practicing
engineers as well as students, but usually for engineers the cause is the complexity
of their models. Engineering problems can simultaneously involve multiple levels
and kinds of models, which may be distributed for storage across various locations,
both physical and conceptual. Some models are internally inconsistent, and some
have unclear or fickle relationships with reality, which can compromise the value
of practical knowledge for guiding work. These conditions all contribute to the
challenge of keeping track of models during the course of developing, using, and
justifying them. Little of this challenge is experienced by K—12 students, however,
as the models ordinarily invoked in classroom tasks are simple, consistent, coher-
ent, and testable.

None of this is meant to imply that the modeling exercises in reform curricula
are devoid of pedagogical value. However, their disparity from the modeling activ-
ity of engineers is likely to diminish their potential to yield the benefits expected
by reformers, especially benefits related to preparation for real-world problem
solving. Tasks that more closely simulate the modeling of structural engineers—
that involve work with inaccessible data; require both description and design of
nonexistent phenomena; and elicit complex, fragmented, and inconsistent mod-
els—would offer more than just sites for the clean application of mathematical
techniques. They would enhance students’ understanding of the target phenomena
or situations as well as the mathematical concepts used to model them. They would
push students’ reasoning and justifying to higher levels and compel students to
weave nonmathematical ideas and resources into that reasoning. And they would
give students a more accurate—not to mention inviting—image of what adults do
in high-tech workplaces, especially the kinds of problems they solve and how they
use math.

The findings of this study, however, also suggest that importing or adapting
adult modeling experiences to the classroom may be more complicated than re-
formers assume. Clearly, the educational benefits achieved hinge on the particulars
of task design and implementation, but the actual relationship between features of
classroom modeling tasks and learning outcomes is under-researched. Lesh and
his colleagues (e.g., Lesh & Kelly, 2000; Zawojewski, Chamberlin, Hjalmarson, &
Lewis, in press) offer a vision of how to conduct such research. Through multitier
design experiments (Lesh & Yoon, 2004), they collaborated with engineering edu-
cators to design authentic model-eliciting activities (MEAs)!! for middle school
students, while simultaneously investigating the learning of students engaged in
the activities and revising the activities, in iterative cycles. The MEAs that

1L esh and Doerr (2003) define model-eliciting activities as problem-solving activities in which
students produce “sharable, manipulatable, modifiable, and reusable conceptual tools (e.g., models) for
constructing, describing, explaining, manipulating, predicting, or controlling mathematically signifi-
cant systems” (p. 3).
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emerged from this process present many more features of engineering modeling
than the typical generalization exercise. In one MEA (Lesh & Doerr, 2003), stu-
dents devise a system for rating volleyball players during tryouts and formulating
well-matched teams based on individual statistics (e.g., vertical jump, spiking re-
cord, and speed). This is essentially a design task—no teams yet exist for the stu-
dent to describe—and the models elicited are likely to be complex, not one simple
formula. And developing a “good” model depends not only on recognizing mathe-
matical patterns in the data but also on understanding athletic skill, team dynamics,
and the game of volleyball.

The more authentically classroom tasks replicate the actual modeling activity
of adults, the more time and resources they will probably need. Interdisciplinary
teaching would be one way to meet this challenge: A project to mathematically
model a physical phenomenon might require both a mathematics and a science
teacher to contribute class time, materials, and expertise. A further challenge is re-
vealed by this study: The modeling expertise of engineers is at least as much a
function of their knowledge of structures and industry conventions as of their
knowledge of mathematics. In any field, much of an adult’s modeling competence
comes from years of experience in the occupational domain. Teachers and curricu-
lum developers, therefore, must be careful to choose problem situations that are fa-
miliar to students and for which they have a basis for developing and judging the
appropriateness of their models. Ranking tasks, like the volleyball problem, could
ask students to develop systems for rating familiar phenomena: the “best” local
restaurant, the “safest” car, or the “winning” country in the next Olympics (English
& Watters, 2005). More sophisticated ranking problems would rate items on the
basis of qualitative, subjective features, such as “flavor” or “sportsmanship.” A dif-
ferent kind of modeling exercise that simulates some features of engineering mod-
eling is to quantify complicated objects that are impossible to measure accurately,
such as the surface area of a local pond or the volume of a human body. In other ex-
amples, students develop algorithms for system design, such as the most efficient
routine for elevators (National Research Council, 1998). Integrating modeling pro-
jects with other subject-area classes can help students attain the required phenom-
enological understanding.

Sadly, the current political climate in the United States appears to be driving
school mathematics programs away from the reforms of the 80s and 90s. Long lists
of state- and district-mandated content topics and the high-stakes accountability
measures that enforce their coverage naturally tilt the system toward curricula and
methods that promise enhanced performance on external exams, which stress pro-
cedural proficiency. Constructivist, process-oriented curricula—the ones likeliest
to include modeling tasks—are expected to slow content coverage and thus incur
punishments for teachers and students. The results of this study illustrate the dan-
ger of this trend. Where preparation for real-world problem solving is the goal, a
return to traditional curricula and pedagogy appears to be a backward move. In-
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deed, in the area of mathematical modeling, reform curricula have probably not yet
stepped forward boldly enough.
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