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Figure 1: Our compiler processes high-level primitives into low-level instructions for production on industrial knitting machines.

Abstract

Industrial knitting machines can produce finely detailed, seamless,
3D surfaces quickly and without human intervention. However, the
tools used to program them require detailed manipulation and un-
derstanding of low-level knitting operations. We present a compiler
that can automatically turn assemblies of high-level shape prim-
itives (tubes, sheets) into low-level machine instructions. These
high-level shape primitives allow knit objects to be scheduled,
scaled, and otherwise shaped in ways that require thousands of ed-
its to low-level instructions. At the core of our compiler is a heuris-
tic transfer planning algorithm for knit cycles, which we prove is
both sound and complete. This algorithm enables the translation
of high-level shaping and scheduling operations into needle-level
operations. We show a wide range of examples produced with our
compiler and demonstrate a basic visual design interface that uses
our compiler as a backend.
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1 Introduction

One of the long-standing goals of computer graphics research has
been to help people express themselves, and one of the ways we
do this is by building tools and APIs that allow people to easily
interact with output devices that they would otherwise have trou-
ble controlling. OpenGL and Postscript help people control display
hardware, CAD tools help folks program machine shops, and, re-
cently, a myriad of tools have sprung up to help users control 3D
printers.

Successtul tools and APIs are built around high-level primitives that
map well both to the hardware being controlled and to the tasks the
user is likely to wish the hardware to perform. In this paper we
introduce such primitives for the domain of machine knitting and
show how they can be compiled to low-level machine operations.

Machine knitting is a mature fabrication technology, used to create
items ranging from gardening gloves to fashionable sweaters. Knit-
ting machines are programmable, general-purpose devices; how-
ever, they are used almost exclusively to manufacture a fixed palette
of pre-programmed objects, occasionally with some customization
of color patterns. No knit shop today approaches the flexibility
common to CNC-on-demand machine shop operations.

This lack of flexibility is a consequence of current knit design tools.
The industry standard tools for machine knitting [Shima Seiki 2011;
Stoll 2011] provide high-level templates for a few standard objects,
but otherwise leave the user to manipulate needle-level control in-
structions in a way that fails to divorce machine-specific details
from actual fabrication operations. This situation is similar to re-
quiring all CNC machine users to write toolpath G-code by hand,
or all computer programmers to work in assembly.

In an attempt to change this landscape, we have developed a com-
piler that allows knitted objects to be specified in terms of high-level
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shape primitives, rather than detailed stitch descriptions. These
primitives are knittable by construction — that is, they can be auto-
matically transformed into stitch level instructions. With our prim-
itives, users can create and edit designs at a high level, and easily
change knitting order, needle location, shape, and scale.

For example, when knitting a design in a new yarn or on a new
machine, a user may wish to scale it up or down to account for the
different stitch size and aspect ratio. From an aesthetic standpoint,
high-level operations decrease iteration time — adjusting the bend
angle of a stuffed toy’s arm is much easier when the bend is speci-
fied as a single primitive than when it is specified as a collection of
hundreds of individual stitch commands. Also, because our input
format provides scheduling (knitting order and location) as well as
shaping control, users can see which needles on the machine will be
in use at a given time and adjust their design to avoid any conflicts;
without changing its shape.

The main contributions of our work are

e A knitting design representation consisting of generalized
tubes and sheets, with gluing instructions at their boundaries,
which allows high-level schedule and structure manipulation.

e A knitting assembly language that formalizes the low-level
operations used by industrial knitting machines to construct
knitted objects.

e A compiler that can transform the former representation into
the latter, at whose core is a complete transfer-planning
heuristic for cycles (with associated correctness proof).

2 Related Work

Our work sets out to offer knit designers and programmers a better
choice of primitives to use for controlling their output device. We
take inspiration from work in rendering, where the primitives have
been tailored to output modality (e.g., Reyes [Cook et al. 1987] for
offline rendering and OpenGL for real-time rendering), and from
ongoing work in 3D printing, where the community is actively de-
veloping and refining primitives (e.g., [Vidimce et al. 2013]). Our
knitting primitives have orthogonal scheduling and shaping degrees
of freedom, inspired by the Halide system [Ragan-Kelley et al.
2012], in which algorithms are treated as having separate defini-
tions and schedules.

Most prior work surrounding textile design assumes a “cut-and-
sew” approach, where garments are made from flat sheets of fab-
ric, cut by humans or machines, and sewn by humans. This area
is well-covered [Liu et al. 2010], with commercial systems widely
available [CLO Virtual Fashion Inc. 2010], and active research sup-
porting sketched input [Mori and Igarashi 2007], situated interac-
tion [Wibowo et al. 2012], and advanced simulation during interac-
tion [Umetani et al. 2011].

One of the great advantages of knit fabric, however, is that it need
not be locally flat. This flexibility presents new specification chal-
lenges, which are not well-addressed by current tools. Knitting
design systems from machine manufacturers [Stoll 2011; Shima
Seiki 2011] provide detailed machine-level control languages (SIN-
TRAL and KnitPaint, respectively) and some macro features that
can be used to ease repetitive tasks (e.g., in hand-creating a li-
brary of shaped parts [Underwood 2009]), but little in the way of
general high-level primitives. Third-party commercial design tools
are limited to texture and color design on flat panels [Soft Byte
Ltd. 1999]. In the research sphere, Knitty [Igarashi 2008] provides
sketch-based design with tube primitives for hand knitting; it would
be interesting, though nontrival, given the limitations of knitting

machines, to retarget that system’s output to our machine-knitting
backend.

Recent advances have made knit simulation both tractable and pre-
dictive [Kaldor et al. 2008; Kaldor et al. 2010; Cirio et al. 2014;
Cirio et al. 2015]. However, setting up initial yarn paths can be
tedious. One option is to use visually reasonable (but not feasibly
knittable) paths [Yuksel et al. 2012]. Our knitting assembly lan-
guage provides another option: one could create an interpreter to
run the language and output virtual yarn paths for a simulation sys-
tem. Such an interpreter would be able to create simulation descrip-
tions for literally anything a knitting machine could make, using the
same instructions as the machine.

3 An Abstract Knitting Machine

Our compiler targets a knitting assembly language which captures
the capabilities common to industrial knitting machines, while ab-
stracting mechanical details that may change between them. We
define this language in terms of the actions of an abstract knitting
machine.

Knitting machines build their output by manipulating loops of yarn.
Consider these loops of yarn:
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The orange loop on the left is not stable — pulling on either end of it
would unravel it into a straight piece of yarn. However, the orange
loop on the right is stable because it passes through and around
other loops.
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knit woven

This “loops through loops™ architecture is the basis of knit items.
Notice how different the structure is from typical woven items,
which use a “yarn over/under yarn” architecture.

3.1 Machine

Knitting machines hold loops on hooks called needles. These nee-
dles are arranged into rows called beds. Here we show an isometric
and top view of a bed of five needles:

V-bed knitting machines have two beds whose needles face each-
other. These are referred to as the back bed and front bed. Having
two beds allows the machine to hold tubes as well as sheets.



Tucking a needle already holding a loop stacks a new loop in front
of the old loop:

Yarn enters the machine from a cone, passing through a tensioning

device and garn carrier on its way into the knit object. Yarn car-

riers move laterally between the beds, positioning new yarn where

it is needed. There is one yarn carrier for every yarn in use on the

machine. In our diagrams, we draw yarn carriers as small triangles

between the beds.

The yarn carrier moved to the right over the needle in the example
above, so this was a “tuck right.” Tucks can be formed to the left or
right, regardless of where the yarn was previously used. Here, the
yarn was last used to the right of the needle, but the carrier can still
be moved to the left, and then the needle tucked right:

Machines create knit objects by manipulating the loops held on
their needles. Needles can perform four basic operationkadds

a loop to those the needle is holdifgit pulls a loop through all

the loops the needle is holding while releasing theamsferhands

all the loops a needle holds to another needle; spii is a com-
bination of knit and transfer that passes a new loop through all the
loops a needle is holding while moving them to another needle.

3.2 Knitting Assembly Language

We formalize the above operations as a knitting assembly language,
which our compiler targets. A backend then further translates these
instructions into a machine-speci ¢ format.

We begin by de ning identi ers for each needle: Mathematically, we de ne tuck as follows:

b : back bed needle 1 tuck Y d.n
fi: front bed needle (1) Given: y2Y,d2f+:g.n2ffig[f bg

n  cat(n; [loop(y;d; n)])

8i22z:

Needle indices run left-to-right along a bed, and are aligned front-
to-back. Sd , is aligned withb », which is three needles to the
left of by. Although needles often hold only one loop, they can hold Where ‘tat” is a function that concatenates lists.

several at once; thus, when talking about needle operations, we will . -
g P Knit. Knitting a needle pulls a new loop of yarn through tdkof

the loopscurrently held by that needle. Mechanically, the needle
reaches forward, the yarn carrier moves over it, and the needle re-
tracts, using a secondary mechanical action to lift the loops that it
was holding up and over the new loop and off of its tip.

needlen;, with I; being closest to the tip of the needle. We will also
occasionally (for notational convenience) con ate needle locations
with their integer indices, writing such phrasesfas by =2.

We endow our abstract machine with a set of active yarnshich
starts empty, and limit it with a maximum racking (lateral bed off-
set) value oR.

We abstract the motion of the yarn carrier by introducing a primitive
to create loops: Ldbop(y;d;n) wherey 2 Y;d2f+; g ;n?2
ffi;bgreturn a new loop created by passing ysrim directiond
over needlen.

Here we illustrate and de ne each of the four operations for a stan-

dard knitting machine: o o ) o
Knit, like tuck, has a direction. The above example is a “knit right”

Tuck. The tuck operation adds a new loop of ydsn, in front because the yarn carrier moves to the right when supplying the yarn
of the loopsllo:::ln] already held on a needle. Mechanically, the for the new loop.
needle reaches forward, the yarn carrier moves to the right over
the needle, and the needle retracts, now holding a new loop. Weknit y,d,n
illustrate this in isometric and top views: Given: y2Y,d2f+;g,n2ffig[f bg,n6]]
I loop(y;d;n)
pull(I; reverse())
n [l

Where ‘pull” means to pull a loop through a list of other loops; and
“reversé’ reverses the order of a list.

Transfer. The transfer operation moves all the loops on a needle to
the needle across from it. That is, it moves loops from the front bed



