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Abstract

In recent years, research in design and computation has included processes of making as an expansion of
the more established study of shapes with grammar formalism. This interest parallels a rise in craft practices
as, perhaps, a counterpoint to the proliferation of digital fabrication in which fidelity to original specifica-
tions is considered crucial to the success of a project but whose means and methods are often obfuscated
or of secondary importance. Making grammars (Knight and Stiny 2015), by contrast, offer an opportunity
to examine one of the most important yet least understood considerations of a design: the effort it takes to
physically produce it.

'This thesis introduces embodied effort as a contribution from human beings or machines that includes the
work, steps, routines, applied skill, cognitive processing, or other forms of output that directly contributes to
the production of a design. To compute this effort, effort grammars are introduced to expand the formalism
of making grammars to include an effort-cost tabulation that corresponds to moments of making. In these
grammars, constructability is embedded in a design through an emergent topology in contrast to topologies
that emerge through geometric optimization that may solve form or structural considerations but can be
highly effortful and costly, or impossible to make.

As a case study for computing embodied effort, an effort grammar is developed for a textile production
technique called bobbin lacemaking to show how a limited set of making rules can achieve an infinitely
variable, complex, and constructible design space. The grammar is used in conjunction with primary sources
to identify the physical and cognitive effort required in each step of making bobbin lace and a mathematical
model for calculating this embodied effort is introduced. A computer program is written to automate the
rules and effort computation on-the-fly and an exploration of the design space is discussed. Effort is situated

as critical consideration of contemporary design practice.
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PART 1

Cancepz‘ual Background

1.1 Introduction

In recent years, research in design and computation has included processes of making as an
expansion of the more established study of shapes with grammar formalism. This interest
parallels a rise in craft practices as, perhaps, a counterpoint to the proliferation of digital
fabrication in which fidelity to original specifications is considered crucial to the success of a
project but whose means and methods are often concealed or of secondary importance. Making
grammars (Knight and Stiny 2015) by contrast, offer an opportunity to examine one of the
most important yet least understood considerations of design: the effort it takes to transform
an abstract representation into a physical instance. This embodied effort, whether contributed
from human beings or machines, is the work, steps, routines, applied skill, cognitive process-
ing, or other forms of output that directly contribute to the physical production of a design.

Not only is effort required to produce a design, it informs the design space in which it resides.
Robert Woodbury and Andrew Burrow’s definition of the design space as “the network
structure of related designs that are visited in an exploration process” (2006) is a generous
description for the realm of possibilities that designers research relative to particular interests.
An effort-bounded design space includes the designs which are achievable given available effort.
For example, if a person exerts effort to knit a scarf of a particular design, then a knit scarf
of that particular design is in the effort-bounded design space for the knitting person, along
with every other scarf the person is able to make. Outside of the design space might be, for
example, scarves made from methods of knitting unknown to the person, or scarves made
by other people. In an effort-bounded design space, designs requiring the same amounts of
effort are in the same equivalence class.

To the extent that an ¢ffor# contributes to a visual change in a design, the grammar formal-

ism is well-suited to discovering the effort-possible forms in the design space.
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1.2 Shape, Making, and Effort Grammars

Introduced in 1972 by George Stiny and James Gips, shape grammars are a computational
production system in which a set of shape rules generate and define a set of designs. Each
rule consists of two shapes on either side of an arrow that points from left to right. In a
shape computation, a rule is applied when the shape on left-hand side of the arrow matches a
shape in a design in progress. The matched shape can then be replaced with the shape on the
right-hand of the arrow. Even with a small set of shape rules, a large design space is defined
as new candidates for shape replacement propagate through the computation. In contrast to
a classical system of design spaces, in which each instance is preconceived through symbolic

calculation, the design space of shape grammars is open and improvisational (Charidis 2017).
] - ’
-
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Figure 1.1: Two shape grammar rules and two possible computations (Knight and Stiny, 2015).

Making grammars extends the theory of computing with shapes to a theory of computing
with “things.” In these grammars, making is “Doing and Sensing with Stuff to make Things”
(Knight and Stiny 2015). Doing and sensing are an interplay of physical actions such as
drawing, knotting, or throwing and sensorial perceptions including touching, hearing, and
seeing (2015). Szuff is material with physical properties that constitutes zhings after a doing
transformation. An example is knotting (doing) and touching (sensing) with strings (stuff)
to make knots (things) (2015).

Making grammars are of the same form as shape grammars, with the replacement arrow
between shapes indicating a doing and/or a sensing action. These actions represent a discret-
ization of an otherwise continuous process of making and, when considered in the context
of effort, correspond to effortful moments of making. It should be noted that any discreti-

zation of an analogue process is subject to interpretation and is one of many ways by which
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continuous time can be segmented (Knight and Stiny 2015).

A feature that shape grammars, and now making grammars, share is a memoryless compu-
tation that propagates forward without predefined, and therefore limiting, symbolic, or
nonvisual representations. Whereas classical computation requires a symbolic representation
of an instance in order to act on it, grammars allow for the unexpected and can compute
with the simple application of a replacement rule acting on points, lines, planes, and solids.
As these elements interact under rules, complex and unforeseen designs emerge. In this
“you perceive what you perceive” approach, calculating is visual.

In effort grammars, making grammars are developed to include an effort-cost tabulation
that corresponds to a moment of making. Any moment of making necessarily requires effort.
Certain ways of making will require more or less effort than others; some will require an
equivalent effort but result in different designs. In this way, effort grammars are well-suited

to the emergent design space of generative grammars: you do what you do.

1.3 Grammar-Based Analysis

If a strength of generative grammars, including shape, making, and effort grammars, is a
computation without symbols, it is also one of the challenges in using grammars for numer-
ical analysis. Analysis of design with numerical methods requires a numerical representation,
for example. Two trajectories pursued development of shape grammars towards this end:
a parallel approach and an integrated approach (Knight 2015). Towards a general theory of
design, the shape grammar formalism was expanded to describe characteristics of designs
in addition to shape. In the first paper to expand shape grammars with further descriptions,
Stiny (1981) introduced functions to describe features of a design aside from, in parallel to,
a shape representation, such as purpose, cost, or form (Knight 2015). An application of this
approach was published in 1999 in a paper that paired grammar rules for the design of a
coffeepot with associated costs of manufacturing (Agarwal, Cagan, and Constantine 1999).

Another trajectory for the expansion of shape grammar formalism is an inclusion of quali-
ties in the shape specification. First proposed by Terry Knight, co/or grammars (1989) integrate
a quality component within the shape specification as opposed to a parallel description of
it. This concept was later generalized to weights (Stiny 1991) in which shapes are colored,
textured, or assume other graphical qualities (Knight 2015). These qualities could be ranked

numerically (2015) and, in an application of weighted grammars, were used to generate designs
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for micro-electromechanical system (MEMS) resonators (Agarwal, Cagan, and Stiny 2000).
Difhiculties lie in the nature of an emergent design space; as unexpected outputs become
inputs during a computation, the design space is constantly reconfigured. Recent work in
shape grammars has investigated the nature of such a design space (Charidis 2017) and there
has been recent work in grammar-based design space analysis in the engineering field of
Computational Design Synthesis. In CDS, designs are generated by a computer to both
reduce tedium and to offer novel solutions to engineering problems that are (relatively)
unbiased by, for example design fixation or limited knowledge (K6nigseder, Stankovi¢, and
Shea 2016).In a 2016 paper, Corinna Kénigseder, Tino Stankovi¢, and Kristina Shea recently
adapted transition graphs for the purpose of gearbox synthesis, a common engineering design
problem (2016). In the study, gearbox designs are generated from grammar rules and each
design is mapped to a node connected by edges that represent the application of grammar
rules that transform one design into another. This analysis gives the designer a consolidated
and higher-level understanding of the rules and their implications relative to a standard tree-
based representation. This approach can answer questions of reachability, that is if certain
designs are possible under certain rules (2016). Applying this strategy to effort, it could be
possible to determine if a particular design is effort-possible given a limited supply of effort.
In structural engineering, grammars have been developed to incorporate structural and
fabrication knowledge, (Mitchell 1991) and to use a technique called shape annealing in
which shapes are encoded with performance criteria and searched over an objective function
(Cagan and Mitchell 1993). Caitlin Mueller notes that these approaches are best suited for
post-conceptual development because the results find designs within a narrow problem space,
such as a particular engineering typology (Mueller 2014). In her Ph.D. dissertation, Mueller
used structural grammars to generate trans-typology bridge configurations and designs that
“formulate broad, diverse design spaces that can generate unexpected and innovative design
alternatives for conceptual structural design” (Mueller 2014). On the difficulty of reconcil-
ing the emergent design space of grammar-generated designs with techniques common
in symbolic computation, Mueller states: “[o]f particular difficulty is the incorporation of
grammar-based design spaces, since the majority of work in optimization, evolutionary
algorithms, and machine learning centers around the parametric design vector” (2014).
In order to evaluate the non-arbitrary consequences of effort propagating through a design
process, a limited ruleset should be established. Without constraints, only the number of
atoms in the universe and their interactions could bound a physical design. Similarly, with an

inexhaustible supply of effort, any number of designs are possible simply through scaling—a
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bricklayer could build a wall that is 5 feet long or 10 feet long, and so forth. Instead, what is
useful is a limited supply of effort operating within a limited ruleset of valid operations. A
ruleset that allows discretized quantities of effort and produces continuously difterentiated
results avoids the combinatorial limitations of a single effort for a single outcome. Laying
a yellow brick road, for example, requires the same effort as laying a red one, or any other
color. This relationship between a particular design in a continuous spectrum of designs
and a means of producing it without incurring extra costs is a feature of mass customization

(Conner et al. 2014) and serves as a motivation for this thesis.

1.4 Effort Analysis

In making and effort grammars, constructability is embedded in the design space. A design
that is produced with an effort grammar can by definition be made. By contrast, many
geometrically optimized topologies solve form and structure considerations but are difficult,
costly, or impossible to make. In architecture, there has been research into construction-aware
design (Wallner and Pottmann 2011), but the methods presented are retrospective by nature.
Regarding free-form architectural enclosures, for example, Johannes Waller and Helmut
Pottmann state that “it is safe to assume the architect has firm ideas on their shape! We seek
a decomposition of the facade into pieces which are easily manufacturable” (2011).

Recent work in construction cost estimation leverages Building Information Modeling
(BIM) to track productivity—a related concept to that of effort— during construction
by attaching data to predefined geometries in the model (Lee et al. 2017). This method is
dependent on the resolution of detail in the model —which is then analyzed retrospectively;
therefore, a criticism of BIM cost estimation is the lack of specificity that leads to inaccurate
modeling predictions. A 2017 article cites “the main criticism of cost estimating in BIM is
that cost estimators, with some justification, have less confidence in the level of detail of
BIM designs. That lack of specificity can lead to substantial inefficiencies and reworking of
estimates” (Ramos 2017).

By contrast, identifying effort at a corresponding moment of making allows for an on-the-
/7y knowledge of embodied effort at the point of computation. To understand how a visual

state of a design changes from an exertion of effort, an example is needed.
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Figure 1.2: Optimal decomposition into panels (Wallner and Pottmann 2011).

1.5 Embodied Effort in Bobbin Lace

Textiles are well-known for their simple and algorithmic rulesets, but also for their association
with complexity and difficulty. Handmade rugs may cost tens or hundreds of thousands of
dollars, much of which is attributed to the time, and effort, it takes to create them. This
dual—simplicity and complexity—renders textile creation an interesting case study for
understanding the effects of effort in producing a design. In particular, bobbin lacemaking is
a technique in the textile arts in which threads are braided together using a limited set of
maneuvers, but which results in an infinitely variable and complex design space for pattern
creation.

In bobbin lacemaking, threads are first wound from their ends onto pairs of handheld
spools called bobbins. Designs typically employ s50-100 threads, but can consist of several
hundred. Pairs of bobbins are then hung from an anchoring pin at the top of a permeable
work surface, such as a firm pillow (bobbin lace is also referred to as pi/low lace), onto which

a pattern has also been attached. After this preparation, the lacemaker proceeds to braid
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two adjacent pairs of threads four threads altogether at a time, by maneuvering the bobbins
above or below their neighbors until the lace is complete.

Historically, great value has been attributed to lace based on the fact that it is labor
intensive, and thus rare and exclusive. In the production of bobbin lace, effortful moments
of making include the preparation of bobbins and the work space, the movement of the
bobbins during braiding, and the cognitive processing required to manage the complexity
of the pattern. At intermittent steps, threads need to be detangled, tightened, organized,
counted and the emerging piece inspected and corrected for errors. Time is also a consid-
eration, as each piece, depending on the complexity and density of the pattern and can take
hours to years to complete.

In an argument familiar to architects, Gottfried Semper in the Four Elements of Architec-
ture (Semper 1851) posited wickerwork and carpet enclosures to be the essential origins of
architectural space. Such entwinement with history is a parallel interest to craft practices as
they relate to design; however, it is not the focus of this thesis. Rather, it is the computational
aspect of textiles that is examined. Previous work in this area includes the development
of weaving grammars (Muslimin 2014) and material computing with knitted assemblies
(McKnelly 2015). A contribution of this thesis is to build on previous work in computation

research related to textile production and introduce a method for calculating effort in it.

1.6 Roadmap

In Part II, I provide an historical overview of bobbin lace and its relationship to other meth-
ods of textile production. I review the fundamentals of making bobbin lace, lace structure,
terminology, and different traditions within bobbin lacemaking.

In Part III, I develop a method to calculate embodied effort in bobbin lace and provide
several examples of doing so. First, I develop a “high-resolution” making grammar detailing
the effortful steps in the production of a particular lace. Using a mathematical description
of lace, I then show that the making grammar can be generalized to describe other lace
topologies, and I provide a “low-resolution” making grammar as an example. A review of
primary sources elucidates further considerations regarding effort in lacemaking and is used,
in conjunction with the making grammars, to develop a mathematical model for calculating
embodied effort in bobbin lace. The low-resolution grammar is used as a basis for a computer

program to simulate and automate the production of makeable bobbin lace designs and to
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calculate the embodied effort of each. Finally, I use the program to explore the design space
of bobbin lace and find designs that are in the same effort-equivalence class but are visually
distinct and I compare designs across equivalence classes to show that there are designs with
similar visual qualities, but require different expenditures of effort to make.

I conclude in Part IV with a discussion of the work developed in this thesis and work
proposed for future investigation. I discuss more broadly the implications of the ideas devel-
oped here.

'The Appendix contains additional effort-cost tabulations and the code for the computer

program.
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PART II

Textiles Background

2.1  Textiles Background

From the Latin zexere, “to weave,”and zextilis, “woven,” a textile is a pliable material constructed
from a network of intertwining fibers, here referred to as threads. There are many techniques
to form a textile, including weaving, knitting, crocheting,and of interest to this thesis, braiding.
'The categories of textile production are characterized by how the fibers interact. In weaving,
for example, two sets of threads—a vertical warp and a horizontal weft—are interlaced on
a specialized machine called a loom. In knitting and crocheting, by contrast, a textile is
produced by connecting loops of thread in rows using a knitting needle or small crochet
hook. Braiding involves twisting two or more threads together. Additional means of textile

production include 4notting, tatting, and felting.

2.2 History of Bobbin Lace

Lace is a form of textile produced from knitting, crocheting, braiding, or weaving and is char-
acterized by its delicate, web-like form. Diaphanous woven textiles and fine nets (in which
threads are tied to one another at intersections) predate our current conception of lace, which
sets its origin at the end of the fifteenth century in Italy. (Leader 2019) By the second half of
the sixteenth of century, there was significant development in openwork textiles using a single
thread and a needle or with multiple threads wound onto handheld spools called bobdbins.
Whereas needle lace was developed from embroidering techniques, bobbin lace is believed to
have developed from a type of ornamental decoration called passementerie, in which gold,
silver, or colorful silk braids are applied to velvet clothing or furnishings (Halley 2009a).
Early in its development, bobbin lace displayed formal complexity. LePompe, published

in Venice in 1559, is the earliest known pattern book devoted to bobbin lace and displays

multiple variant methods to wor the lace (2009a).
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Royal fashion and intermarriage facilitated the dissemination of lace across Europe and
entrepreneurial manufactures sought innovative designs to supply a market need. By the
beginning of the seventeenth century, Flanders, Spain, England, and France were centers
of lace knowledge (2019).

Bobbin lacemaking in the eighteenth century achieved a zenith marked by delicacy,
complexity, and quality in construction and design. Some of the simpler techniques in
LePompe that used thick braids gave way to the extensive use of fine linens, sparse and deli-
cate patterns, and notable scalloping details at the edges (2019).

'The invention of machine-made net in the late eighteenth century influenced a style of lace
in the mid-nineteenth century (and now classified as decorated nets) in which handmade
motifs were appliqued to a fine net (Leader 2019). Lacemakers in the post-Napoleonic era
sought designs with simpler structures that could be worked more quickly but, by the later
part of the century, machines were capable of producing nearly all patterns that had been
made by hand (Halley 2009a).

A revival period at the end of the nineteenth century witnessed a concerted effort among
designers, merchants, and teachers to appropriate past styles to modern taste and simplify
the construction methods in the process. By the end of the First World War, however, the
production of handmade bobbin lace all but vanished, and it was no longer a sustainable
means of employment (Leader 2019).

A resurgent, hobbyist interest in the mid- to late-twentieth century was marked by the
foundation of several guilds dedicated to educating the public about lacemaking through
publications, exhibitions, courses, and workshops. Among these organizations were The Inter-
national Organization of Lace (1954), The Lace Guild (1976), and The International Bobbin
and Needle Lace Organisation (1982). The 1976 publication of The Technique of Bobbin Lace,a
pattern book with clear instructional diagrams, offered a counterpoint to the limited selection
of patterns available at the time. The same year, polystyrene pillows became widely available
and lowered the barrier to entry to bobbin lacemaking as the synthetic pillows were lighter
to carry and did not require the extra step of fabricating straw-stuffed ones (Leader 2019).

In the last few decades, a proliferation of excellent bobbin lace pattern catalogues has
been published including Bridget M. Cook and Geraldine Stott’s 7he Book of Bobbin Lace
Stitches (Dover, 1980) and Uta Ulrich’s Griinde mit System (Barbara Fay Verlag, 2011), both
of which have been extensively used in researching this thesis. More resources are listed in
the Bibliography.

At present, there are many well-researched online resources for learning about and making
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A page from “LePompe,” the earliest bobbin lace publication (1559).

Figure 2.1
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bobbin lace. Lorelei Halley (Chicago, USA) administers the websites Laceioli.ning.com and
Lynxlace.com, and has documented hundreds of examples of lace from different periods
and written about lace history in detail. Halley also provides resources for pattern-making,
selling her own designs in addition to providing many freely available instructional tutorials.
Jo Edkins (Cambridge, UK) has created many websites on topics ranging from mathematics
to geography, and her eponymous Jo Edkins’ Online Bobbin Lace School (Edkins 2017)
offers many lacemaking tutorials, material suggestions, and detailed instructions complete
with animations. Halley and Edkins’ websites have been invaluable contributions to this
thesis. The source for the content in Section 2.3 is from Halley’s website articles “Bobbin
Lace History — Overview” (Halley 2009a) and “Two Structural Classes of Bobbin Lace
Distinctions of Style” (Halley 2009b). In turn, her website cites Lace: A History (Victoria &

Albert Museum, 1983) and her own original research at the Art Institute of Chicago.

2.3 Bobbin Lace Structure and Terminology

Although threads are braided during their maneuvering in bobbin lace, Halley notes that
bobbin lace is actually a form of weaving in which the warp, typically secured on both ends
on a loom, are fixed only at the top and free to move relative to one another, allowing for
much more complexity than traditionally afforded by fixed-warp weaving methods. The
precision with which threads are individually maneuvered allows for structural and decorative
design flexibility in bobbin lace, and many separate traditions developed with both shared
and distinct features.

Bobbin lace designs typically employ less dense, lattice-like backgrounds, or grounds, in
between more densely worked primary design features, or mozifs. Grounds often occupy
10-85% of the design, depending on the style or tradition of lace, and many hundreds of
grounds have been documented in the literature. The small, repeatable ground patterns are
comprised of stitches, which are the fundamental unit of bobbin lace and may consist of one
or more maneuvers in which threads pass over or under its neighbors. Most stitches may be
used in grounds between motifs or in open areas within the design motifs, in which case
they are referred to as fillings. A simple half-stitch resembles a basket-weave and is often
used in parts of the lace which resemble woven cloth, referred to as clothwork.

Decorative motifs include geometric regions of higher density such as diamonds, fans,and

zigzags,and more naturalistic motifs including spiders, scallops, buds, shells, peas, and snowflakes.
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Part Lace (Sectional Lace, Free Lace)

Continuous Lace (Straight Lace)

Discrete Motifs

Threads are added

and removed

Meandering Tape

A continuous

“tape” of cloth-
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Cluny
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LePuy
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Figure 2.2: Traditions in bobbin lace developed around structural

categories. Redrawn from Lorelei Halley (2014).
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Often attached as a decorative trim to another fabric, the edges of lace are distinguished
as footside, at the connecting side and often straight, and headside, on the free side and
frequently scalloped or fanned.

Lace is broadly categorized by how it is structured. When the same set of bobbins is used
for the ground and fillings in the entire lace, it is referred to as straight or continuous lace.
In such designs, it is possible to trace individual threads from the top of the lace, through
ground and motifs, to the bottom. Lace that is structured with sewings holding together
discrete motifs or a wandering strip of clothwork, for example, is called part lace. Straight
lace is further categorized as mesh grounded, in which two threads form the lattice of the

ground, or braid or plait based, in which four or more threads form the lattice.
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There is some discrepancy in lace tradition nomenclature. Lacemakers classify lace by its
working methods and structure irrespective of where or when it was made. Curators, by
contrast, are generally interested in a point of origin and date of production. Of particular
interest to lacemakers is the way in which threads enter and exit clothwork. Mesh grounded
lace is further distinguished as employing complex clothwork, in which two pairs of threads
transition from the ground into the clothwork, or simple clothwork, in which one pair does the
same. Additional structural or working methods can be used to further distinguish bobbin
lace traditions. Point Ground and Torchon lace, for example, which are both straight laces
of simple clothwork, can be distinguished by the flattened mesh lattice of Point Ground
relative to the square diamond grid of Torchon. Additional distinctions can be made when
classifying lace, including the use of a gimp, a thick thread that typically outlines a design
motif, or which stitches are worked in the clothwork, although a thorough taxonomic review
of all lace classifications is beyond the scope of this thesis.

Even at its early publication date, LePompe included plait-based straight lace, a part lace
called zape lace, and the geometric 7orchon, which will serve as the primary type of lace

analyzed in this thesis.

2.4  Making Bobbin Lace

Bobbin lace is made in three phases: preparation, working, and finishing.

Preparation

Long threads are first wound from each end onto pairs of handheld spools called bobbins.
Approximately four inches in length, bobbins are often made out of wood and consist of
three parts: a narrow neck to hold the spooled thread, a head to prevent the thread from
unspooling, and a shank for the lacemaker to grip. Some lacemakers attach beads to the

bobbins as ballast to help keep tension in the threads.

Figure 2.4: Stoppage of the thread at the end of the bobbin (Dillmont 1886).
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of the hands (Dillmont 1886).

In traditional bobbin lace, pattern designs are transferred onto sturdy paper called prickings,
which are perforated at the locations where pins will hold braided threads in place. Depending
on the design, the pricking is affixed to either a disk-shaped cookie pillow or to a cylindrical
bolster pillow, into which the pins will be pushed and secured.

After the pillow is prepared and the thread is spooled, the pairs of bobbins are suspended

from pins in the top of the pattern and an initial stitch is worked to secure them.

Working
After preparation, the lacemaker proceeds to wor% the lace by braiding two adjacent pairs of
threads together, four threads altogether, at a time. There are only two legal operations for this
braiding: the cross (C) and the rwisz (7). The cross consists of moving the right-hand thread
of the left-hand pair over the left-hand thread of the right-hand pair. The wisz consists of
moving the right-hand threads of each pair over the left-hand threads of its own pair. A
slight variation of the twist is occasionally used in which only one of the pairs is twisted
(right-twist or left-twist).

During a braiding sequence, the lacemaker might also pin (p) between two pairs in order
to tension individual threads without affecting those nearby. The pin may occur in the middle

of the braiding sequence (c/osed pin) or at the end of the sequence (gpen pin) and is inserted
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into the pillow through a perforation in the pricking. Some grounds can be worked without
pins, while other grounds require pins to secure the braids in place.

After a sequence is completed on four threads, a new set is selected and a sequence is
applied. The new set may contain one of the previous pairs, but may also consist of two new
pairs depending on the pattern and how the lace is worked.

The cycle of selection and braiding continues until the pattern is realized.

Finishing
When a pattern is completed, the threads are tied off or woven back into the design and the

bobbins are cut from the threads. The pins are removed and the lace is complete.

2.5 Recent Work and Personal Interest

In addition to a renewed interest in making bobbin lace among hobbyists, evidenced by the
formation of guilds and online forums and mentioned in Section 2.2, there has been recent
scholarship about bobbin lace from other fields.

Veronika Irvine and Frank Ruskey published Developing a Mathematical Model for Bobbin
Lace (2014) in the Journal of Mathematics and the Arts, and created an exhaustive mathematical
method for generating new grounds in bobbin lace. In the paper, Irvine and Ruskey build
on work done in in textile topology by Sergei Grishanov, Vadim Meshkov, and Alexander
Omelchenko who have shown that textiles are a special case of knots and whose periodicity
may be represented as a diagram on a torus (2009).

In a paper entitled Labor Optimization in Structural Bobbin Lace, written at M.I.T.in 2018,
I formulated a method for prioritizing less labor-intensive processes when making bobbin
lace for structural applications. This research was in turn based on two experimental fabri-
cations using bobbin lace and that I completed with colleagues.

In Hedge (2017) our team (Nathaniel Elberfeld, Lavender Tessmer, Jason Butz) suspended
resin-hardened carbon-fiber laced panels from a steel trellis in the courtyard of the Contem-
porary Art Museum in St. Louis and loaded the panels with synthetic “vegetation” consisting
of thousands of CNC-milled plastic shapes cumulatively weighing over a thousand pounds.
Thirty braided panels arranged in two rows covered an area of approximately 38 by 10.5. To
our knowledge, this was the first such large scale application of bobbin lace for structural

purposes.

29



Figure 2.6: “Hedge” by Nathaniel Elberfeld, Lavender Tessmer, and Jason Butz (2017).

In Concrete Tapestry (2018) we (Nathaniel Elberfeld, Lavender Tessmer, Alexandra Waller)
applied a coating of concrete to four large, laced panels each approximately 3’ x 7 that were
similarly prepared as in Hedge, but introduced localized subdivisions within the lace to give
greater density, and structural integrity, in the self-supporting panels. We believe this to be
the first application of bobbin lace for concrete reinforcement.

In both projects, the team noticed that certain processes were more difficult than others
in bobbin lace. In Hedge, we discovered that when we wanted to make the lace denser for
visual and structural reasons, it required more effort to add columns than rows because of
the extra steps of preparation required for additional bobbins at new columns. In Concrete
Tapestry, we found that the cognitive load in managing the complexity of the lace subdivi-
sion was especially taxing. Our relative inexperience at lacemaking and the large scale of the
projects compounded the problems, and serve as an underpinning motivation for this thesis.
In order to continue working with bobbin lace for experimental fabrications, a method for

computing the embodied effort required to make them is needed.
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Figure 2.7: “Concrete Tapestry” by Nathaniel Elberfeld,
Lavender Tessmer, and Alexandra Waller (2018).
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PART II1

Computing Embodied Effort

3.1 Effort Rules & Computation

In this chapter, I will introduce two methods of computing embodied effort in bobbin lace.
'The first method is a development of making grammars to include an effort-cost tabulation
at each step of the making process. This method reflects more closely the actual process of
creation and therefore I will refer to it as a “high-resolution” calculation of embodied effort.
'The second method of computing embodied effort that I will introduce is a further abstrac-
tion of lacemaking concerned primarily with the emergent topology as the lace is created.
Here, topology refers to the ways in which threads are braided over and under one another
to make the shape of the lace. The effort calculations are informed by the “high-resolution”
method, but are made implicit in the more abstracted representation of the making process.
'This method will be more general and more readily reconfigured to examine difterent lace
designs. However, it does not reflect as closely the making process; I therefore refer to this

method as a “low-resolution” calculation of embodied effort.

3.1(a) High-Resolution Computation

To demonstrate the components of effort that are required in lacemaking, a high-resolution
embodied effort computation is developed for a simple whole-stitch lace. This method of
computation can be applied to other lace designs, but is limited to one example here for
illustrative purposes.

'The primary reason to develop the high-resolution making grammar is to identify the
significant contributors to effort in lacemaking. Each step in the computation requires an
input of effort by the lace maker. By the conservation of energy, if the lace changes shape

then external energy (effort) must be applied.
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In shape and making grammars, it is conventional to show the rules, followed by the
computation as prescribed by the rules. It is my experience, however, that the rules and
computation inform each other during development. This back and forth situates making
grammars as a productive forensic device capable of finding the significant forms of effort
in the making process.

As described in Part II, all bobbin lace is created from crossing, twisting, and pinning
threads that are wound up onto a collection of bobbins and interact with one another

throughout the design. These actions can easily be translated into a collection of making rules:

* Crossing action
* Twisting action

* Pinning action

Much of the literature and hobbyist guides include prototypical making grammars in the
prolific use of diagramming to illustrate these core actions.
Each bobbin used in a design will need to be wound with thread and mounted to a pin

at the top of the design.

* Winding of bobbins
* Mounting of bobbins

'The bobbins and thread also need to be manufactured, but typically the lacemaker will
purchase these components and thus we can curtail the recursive process of identifying every
component of making at a reasonable level.

Throughout the lacemaking process, the lacemaker will need to maintain the design by

tightening the threads after each interaction.

* Tightening threads

At the end of the lace, the bobbins need to be cut and tied off and the pins need to be

removed.
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* Tying off ends

* Removing pins

'The components mentioned above identify motor effort, operate discretely, and are readily
correlated with a making grammar. However, there is also cognitive effort, including percep-
tual effort, to consider in the production of lace. The tangle of bobbins is difficult to manage
and small mistakes—crossing instead of twisting, for example—will affect the structural and
visual integrity of the lace and can only be fixed by moving backwards (also subject to errors)

through each step to rectify them. We can therefore identify two more components of effort:

* Identifying active threads

* Recalling stitch pattern

'These components of effort, whether motor or cognitive, are reformulated below as a set

of making rules. Each instance of them is accounted for in the following computation.

High-Resolution Making Rules & Computation

'The high-resolution making rules begin with selecting the size of the lace and identifying
an adequate working space (Rule 1). The rules are grouped together by related actions or
phases of lacemaking: the pinning and unpinning actions (Rule 2, Rule 3), the winding and
mounting of the bobbins (Rule 4, Rule 5), the cross, twist, and one-pair twist (Rule 6, Rule 7,
Rule 8), the identification of active threads (Rule 9A) and the tightening of them (Rule 9B),
and the finishing procedures of tying off the bobbins (Rule 10), and removing the workspace

markers (Rule 11, Rule 12).
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High-Resolution Effort Calculation

In this whole-stitch lace computation, each step is shown either individually or as a group
of steps once a pattern has been established. The high-resolution computation approximates
the emergence of the lace as it is being made. The effort tabulation is a record of the effortful
moments of making and is found in the Appendix.

It is important to note that while the high-resolution making rules are representative of
the creation of lace in that a recognizable lace design emerges in the computation, they are
nonetheless symbolic rpresentations of the making process and must be considered as such.
In this way making grammars behave somewhat differently from shape grammars: the rules
are implicit and the onus is on the maker to see the lace, interpret the abstracted drawn
representation of a rule, and act. Making grammars discretize the continuous process of
creation in the world. However, through this abstraction they render important concepts in
creative processes clear: the order and context in which to do things.

The high-resolution making rules operate discretely and are readily correlated with a
making grammar. However, other components of effort are more contextual. The next chapter
will seek to broaden the ruleset to account for the context of the design and the expertise

of the designer.

3.1(b) Directed Graph Representation

In the high-resolution making computation illustrated in section 3.1(a) above, discrete steps
were first shown individually and then combined into larger processes for a more econom-
ical means of representation. For example, instead of separately representing a cross, then a
twist, then another cross, and tightening the stitch, a completed whole-stitch may be shown
(a sequence of Rule 6, Rule 7, Rule 6). While this visual shorthand might be slightly less
didactic, its compact form is a powerful representation of the braid topology that emerges
through the correct application of making rules. In the language of coding and compilers, it
is a higher language representation. In the literature on lace patterns, stitches are graphically
represented through symbols and described separately through words and actions. The lace
maker “compiles” the verbal instructions and executes the minutia while reading the high-
er-level graphical representation.

The minutia of making bobbin lace may be represented mathematically. In bobbin lace,

two pairs of threads labelled consecutively (a, 6, ¢, d) begin an interaction when b crosses c.
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'The interaction ends when a thread in the original set crosses over or under a new thread x
€ {a, b, ¢, d} (Irvine and Ruskey 2014). This definition of an interaction allows the represen-
tation of a lace ground as a directed graph in which “a set of objects (called wvertices or nodes)
are connected together with edges that are directed from one vertex to another”(Nykamp
2020). Each stitch is an interaction between four threads, and therefore can be represented
as a vertex with two incoming edges (a pair of threads represented by a single line) and two
outgoing edges (Irvine and Ruskey 2014).

Each vertex in the directed graph can be labeled with a function (, for example {: V-
{C, T, p}. For torchon ground interactions {(v)=CTpCT for each v € V' (2014). Each edge
in the directed graph represents two threads, but the interaction at the vertex mapped by
the ¢ function will determine which threads propagate through the design and what shape
will emerge. Note the difference between torchon ground and Gravenmoer ground when
represented by conventional thread diagrams. By contrast, their corresponding directed graph

representations are identical apart from their unique ¢ function.
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Figure 3.3: Two example lace grounds: (a) torchon ground and
(6) Gravenmoer ground. (Irvine and Ruskey 2014).

An abstracted representation of lace permits different grounds to be described by the same
directed graph. The topology of a directed graph representing lace ground, called the ground
embedding in Irvine and Ruskey’s paper, will be identical for different grounds, provided

that the thread pairs travel between interactions in the same way. In their paper, Irvine and
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Ruskey discovered over 100,000 previously unknown ground embedding representations,

each without any restrictions for the { function (2014).

3.1(c) Low-Resolution Making Grammar

Mathematical formalism aside, the abstract representation permits a more general approach
to the formulation of making grammars for lace. Each interaction of threads is composed of
the familiar cross, twist, and (frequently) pin actions but in differing frequency and sequence.
Therefore, a more succinct making grammar absorbs the actions into the nodes and addresses
more clearly the topology of the design. Given the multiplicity of interactions described at the
node, this grammar representation is also more general. This abstraction, the low-resolution
making grammar, identifies the topological conditions for the production of lace through a
representative making grammar based on the ground embedding. It distinguishes between

“worked nodes”and “unworked nodes” and gives the topological context in which an unworked
node can change state. The “worked” state of the node indicates that four threads (a,6,¢ d)
have interacted according to the  function at the node of interaction.
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Figure 3.4: An example torchon pattern (Stillwell 1986).

When designing bobbin lace, lacemakers use a grid of points to locate the interactions
and plan the lace. The grid may be diagonal or square, and some lace makers have used

logarithmic graphing paper, for example, to produce lace based on uneven spacing (Edkins
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2010). In this thesis, I will use the forty-five degree diagonal square grid associated with
Torchon lace as the basis for rules and computation.

In the low-resolution making grammar, the node states are identified as follows:

* Worked nodes: black dots
* Unworked nodes: grey dots

* Temporary node: red dots

Analogous to the “selection of the workspace” rule in the high-resolution grammars, the
low-resolution grammar selects a subset of the ground embedding. Two points initialize the
diagrid generation and a grey tone on the right-hand side of the rule distinguishes the area
within the embedding so that lace edges can be identified in subsequent rules. The rule is
applied repeatedly until the subset dimensions represent the number of rows and columns

in the lace design.

Rule 1: Selection of ground embedding subset

Orienting the grid to the page, each vertex along the top row is marked with a symbol
representing the winding and mounting of one or more pairs of bobbins at that location.
After all pairs are hung for each node, initial braids are worked among the pairs to hold the

threads together.

Rule 2: Winding, mounting, and initial braiding of pairs of bobbins at nodes along

the top edge
Along the top edge, bobbins from adjacent nodes interact at the node below to change the
state of that node from “unworked node” to “worked node.” The bobbin symbol is removed

from the node once a pair of bobbins at that node has been worked at another node.

Rule 3: Work node below two adjacent nodes on the initial row that contain only

unworked bobbins

As nodes on the initial row are worked, nodes containing only unworked bobbins will

become adjacent to nodes in which a pair of bobbins has been worked in another direction;
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the nodes beneath these loca