Residue Sequences in Weave Design

I don’t like nonrepeating decimals. Pi makes
me furious.

— Don Delillo, Ratner’s Star

Introduction

Most integer sequences that come to mind —
such as the integers, the squares, the cubes, the
Fibonacci numbers, and the primes — have terms
that get larger and larger.

For most design purposes, values need to be
limited to a fixed range, such as the number of
shafts or treadles available.

The most natural way to bring an integer
sequence into a fixed range is to use modular
arithmetic — to use the remainders or residues” of
the terms on division by a specified modulus.

For example, the sequence of the cubes

1, 8,27, 64, 125, 216, 343, 512, 729, 1000, 1331,
1728, 2197, 2744, 3375, 4096, 4913, 5832, 6859, ...

has the following residue sequence mod 10:

1,8,7,4,56,3,2,90,1,8,7,4,5,6,3,2, ...

Periodicity

In addition to bringing sequences into fixed
ranges, residues often reveal underlying patterns.
The mostdistinctive patternis periodicity, inwhich
a fixed number of terms repeats indefinitely. For
example, the residue sequence for the cubes mod
10 has period 10 with the repeat:

1,8,7,4,56,3,2,9,0

(The fact that the modulus and the period are the
same in this case is not a coincidence, but this
relationship does not hold in general.)

Some residue sequences have pre-periodic
parts before the period begins. An example is the
sequence of digits in the decimal expansion of

1/77760

“Strictly speaking, remainders and residues are
different things. Their values are the same for
nonnegative numbers, but for negative numbers,
remainders are negative while residues are ex-
pressed in the range 0 to m — 1, where m is the
modulus. To convert a negative remainder to the
corresponding residue, add m to it.

which has the pre-periodic part

0,0,0,0,1,2
before settling down to the repeat

8,6,008,23045,267,48971,1,9,
3,41,563,7

Periodicsequences without pre-periodic parts
are called purely periodic.

Although many residue sequences are peri-
odic, some are not. For example, residue sequences
for the primes are not periodic for any modulus >
2. Other residue sequences are periodic only for
certain moduli. Furthermore, some residue se-
quences appear to the eye to be periodic but are
not. Examples are the residues of the two Wythoff
sequences [1]:

lower

a, = |_n X q)J
a,= |nx q)zJ upper

where ¢ is the goldenratio, 1.6180339887....and | x|
isthe floor of x, thelargestinteger less than or equal
to x.

For example, the residue sequence for the
lower Wythoff sequence mod 8 is:

1/ 3/ 4I 6/ O/ 1/ 3/ 4/ 6/ OI 1/ 3/ 5/ 6/ 7 7

0,1,3560,1,
31 5/ 6[ OI 2/ 3/ 51 6/ OI 2/ 3/ 5/ 71 OI 2/ 3/

3
570,...
Patterns

The concept of patternis familiar to everyone,
but a precise meaning is elusive and the meaning
often depends on context. Nonetheless, our intui-
tive concept of pattern serves fairly well in prac-
tice. We see repetition, asin a periodic sequence, as
a pattern. We recognize various symmetries as
patterns. And, in general, we perceive order as
different from chaos. Of course, not all patterns are
attractive.

With effort, we can detect patterns in rela-
tively short sequences of integers, but patterns are
much easier to detect if the integers are shown by
magnitude, as in grid plots. Here are some grid
plots of residue sequences in which the bottom
row is 0 and the top row is the modulus minus 1.
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Upper Wythoff Sequence Mod 8

Periodic Residue Sequences

Although some non-periodic residue se-
quences have interesting patterns and hence offer
design possibilities, most of the interesting ques-
tions involve periodic residue sequences:

e What kinds of sequences yield periodic resi-
due sequences?

e What are their periods for different moduli?

e What residues are present?

e  How are the residues distributed?

Although there is no comprehensive answer
to the first question, there are some classes of
sequences that have periodic residue sequences
for all moduli:

U] Linear recurrences with constant coefficients,
in which each term is expressed as a linear
combination of previous terms:

a =cxa  +cxa

+...+C Xa
k 71—

-2 k

The Fibonacci sequence is an example:

n>2

e The denominators of continued fraction ex-
pansions of quadratic irrationals, such as

@:4.,. 1

1+

1
1
1
1
1
1
1
1

1+...

3+
1+

8+
1+

3+
1+
8+

whose denominator sequence has the repeat
1,3,1,8.

e The digits of the fractional parts of decimal
(and other base) expansions of rational num-
bers, such as

fract(2/7) = .285714285714285714 ...
which has the repeat 2, 8, 5,7, 1, 4.

There are, of course, many others, but the
ones above have been extensively studied and
offer endless possibilities.

Even if a residue sequence is known to be
periodic, predicting (as opposed to discovering)its
period may be difficult and there are many open
questions in this area.

The period often depends on the factors of the
modulus. For example, the maximum period for
Fibonacci residue sequencesis 6 x m, where mis the
modulus. This maximum is achieved only for
moduli of the form

m=2x5" n>0

Thatis, m =10, 50,250, .... We know of no formulas
for the periods for other forms of m.

A quick glance at a few residue sequences
shows that in many cases not all residues are
present and that some residues occur more often
than others. This has design implications, as we'll
show, but as far as we can determine, this matter
has not been studied in any detail.

Computing Residue Sequences

Computing residue sequences by hand is te-
dious and prone to error. One problem with com-
puting residues of a sequence is that the values in
many sequences get large very quickly. For ex-
ample, the Fibonacci sequence, which starts out
innocuously as1,1,2,3,5,8, ... quickly gets out of
hand — the forty-seventh term is 2,971,215,073,
about which we’ll say more in a moment.

Most hand-held calculators work with float-
ing point numbers, not integers. Some more so-
phisticated calculators can perform integer opera-
tions, including computing residues, but such cal-
culators have so many other “more important”
features thatit may be hard, short of buying one, to
find out if a particular calculator computes resi-
dues. And, while large integers can be done by
hand with enough care and patience, calculators
have limits on the sizes of integers they can handle.
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If you are a programmer, it’s easy to write a
program to compute residues — most program-
ming languages include a remainder operation in
their repertoire of integer arithmetic. However, the
size of integers is again a problem, and worse, a
program may give the wrong answer for aninteger
larger than the programming language handles
properly. For example, the forty-seventh term in
the Fibonacci sequence given above exceeds the
word size for a 32-bit computer and some pro-
gramming languages, including C, don’t check for
arithmetic overflow. Some programming lan-
guages, on the other hand, can handle arbitrarily
large integers; if you're conversant with one, com-
puting residue sequences is a snap.

All this aside, if a sequence can be formulated
as arecurrence (and many can, even if how to do it
is not obvious), large integers can be avoided alto-
gether by not first computing the sequence and
then getting the residues, but rather by computing
the residue sequence directly.

This is possible because
(a +b) mod m =((a mod m) + (b mod m)) mod m
(a—=b) mod m = ((a mod m) — (b mod m)) mod m
(a x b) mod m = ((a mod m) x (b mod m)) mod m

This kind of relationship does not hold, in general,
for cancellation of common factors (division). That’s
an interesting subject but not important here.

What all this means is that residues often can
be computed on the fly. For example, Fibonacci
residue sequences can be computed by

a,=(a_ +a_)modm

Since the residueis taken at each step, intermediate
values never exceed 2 x (m —1).

Residue Sequences in Weave Design

Residues canbeused inseveral waysin weave
design. Here we’ll stick to their use in designing
threading and treadling sequences.

Since residue sequences work on a 0-based
system, while shafts and treadles are numbered
from 1, itis necessary to convert residue sequences
to a 1-based system. All that’s needed is to change
all 0 values to m, where m is the modulus. To
convert 0-based remainders to 1-based residues, add
m to values less than 1 and leave the rest un-
changed. Since residues are not negative, the two
rules amount to the same thing. See Reference 2 for
an explanation.

If a residue sequence is periodic, the repeat
can be used as a threading or treadling unit. If a
residue sequence has a pre-periodic part, that part
can be discarded — or used in a variety of ways. If
a residue sequence is not periodic, a portion of it
can be used.

Some modifications to residue sequences, such
as removing duplicate adjacent terms, may be
needed to make them suitable for this purpose.
Removing duplicates reduces the lengths of re-
peats, of course.

Where not all residues are present, it may be
useful to “fill in” the gaps by moving others into
vacant spaces. While this is not necessary if there
are enough shafts or treadles without it, it makes
clear the resources required and may make pat-
terns easier to see.

The attached appendix shows the periods of
the Fibonacci residue sequences for moduli from 4
through 16, both in their natural form and with
duplicates removed and higher values moved
down to fill in for missing residues.

Another approach to design using residue
sequences is to use the values as “pivots” con-
nected by alternating ascending and descending
straight draws. Thus, the Fibonacci sequence mod
7, which has period 16,

6
shifted to a 1-based system with duplicates re-
moved, producestthe pivot sequence

7
which has period 40.

Note thiat when pivot values increase or de-
crease in succession, the intermediate values are
passed over — only alternating high and low val-
ues count.

Examples

A Fibonacci Threading

For the first example, we’ve used a repeat of
the Fibonacci residue sequence for modulus 15,
reflected to create a palindrome, as a threading
unit. The weave is treadled as drawn in using a
tabby tie-up.

The repeat is 74. Here's the draft:
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A reduced drawdown repeat for the entire
draft is shown on the last page of this article.

Areas to Explore

There are so many areas to explore that it’s
hard to even know how to list them — so we’ll just
mention a few things.

There is, of course, no end to interesting resi-
due sequences. In addition, there are many ways to
combine and transform residue sequences to pro-
duce new ones.

More interesting, perhaps, are the various
ways residue sequences can be used in weave
design. So far, we’ve only mentioned their direct
use for threading and treadling sequences and a
derivative use in pivot draws. Other possibilities

Comment: For drafts based on sequences, we are:
prefer this orientation; the threading reads from e otherderivative uses for designing threading
left to right and the treadling from top to bottom. and treadling sequences
A Wythoff Point Twill e various uses related torofile drafting [3, 4]

binary (mod 2) residue sequences for design-

For a second example, we’ve used 37 terms of ing tie-ups

the upper Wythoff sequence mod 9 to provide

pivots for the threading and then reflected it to *  binaryresiduesequencesfor designing draw-

form apalindrome. Again, the treadlingisasdrawn downs
in, witha /2/1/1/2/2/1 twill tie-up. * color selection
The repeat is 264. Here’s part of the draft: What else?
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Appendix — Fibonacci Residue Repeats

AllFibonacci residue sequences are purely periodic. The grid plots in the left column show the repeats.
The plots in the right column are the result of removing adjacent duplicate values and moving high values
down to fill in the gaps for missing residues. m is the modus, d is the number of different residues, and p
is the period.
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Reduced Drawdown Repeat for the Wythoff Point Twill
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