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1 Introduction

This Bachelor thesis is inspired by Rubik’s cube, a famous permutation puzzle
on the solving of which some mathematical research has been conducted, for
example see [4].

The initial set-up was to consider a four-dimensional Rubik’s cube and writ-
ing a general solution for it. However in the process, we have shifted to a more
general problem setting. As we make more precise in the next section, in this
paper we suggest an algorithm for writing a general solution for an arbitrary
permutation puzzle. Our result is summarized in section 12.

2 Mathematical formulation

Notation. Throughout this paper Sym(n) will denote the permutation group on
n elements.

Definition 2.1. Let T" be a subset of Sym(n). We define the inverse closure
of Tas T =TU{t" :t € T}. A subset T of Sym(n) is called inversely closed
ifr="rmT.

Definition 2.2. Let T' be a subset of Sym(n). The word group of T' is the
free group on 7.

Any element ¢ in the word group of T can be represented by a sequence
t = (t1,q1,%t2,q2,...,tk,qr) with ¢; in T and ¢; in {-=1,1}. Let s be in Sym(n).
An element of the word group of T is called a word in 7. For a word ¢t =
(t1,q1,t2,92,- .-, tk, qx) in the word group of T with Hle tl = s, we say s can
be written as ¢{'¢2*---t* and that ¢ writes s. The t{* are called letters. If
t=(t1,q1,---,tm,qm) and u = (u1,p1,...,Un, Pn) are two words in 7', then tu
is the word

(t1,q1, - - sty Qs U1, D1y - - - 5 Uy Pro)

In a permutation puzzle we are given a subset 7' of Sym(n) and an s € (T').
The goal of the permutation puzzle is find a word for s in T" that is as short as
possible. In this paper we will do the following:

e In sections 3 through 5 we will examine what the minimum possible length
for writing an arbitrary s € (T') as a word in T for arbitrary subsets T" of
Sym(n) is.

e In sections 6 through 11 we will construct an algorithm that, for an arbi-
trary subset T of Sym(n), enables us to write an arbitrary s € (T') as a
word in 7.

3 Lower limit in n

In this section we will show that writing an arbitrary s € (T') as a word in T
for an arbitrary subset T of Sym(n), cannot be done in polynomial length in n.



Theorem 3.1. There exists a sequence (11,Ts,...,T,,...) where, for each n,
T, is a subset of Sym(n), and a sequence of elements (s1,S2,...,8n,...), where
each s, is in (T,), such that s, can not be written as a word in T, of length
bounded by a polynomial in n.

Proof. Let p1 < ps < ps < ... be the primes. Let 7, be the largest natural
number such that Z;’;l pj <m.
Let g, in Sym(n) be the product of disjoint cycles of length p1,pa,...,p;,.

We take T,, = {qn} We choose s,, = (qn)@
To write s,, as word in T}, we need at least KTl Jetters from T,. The order

2
of g, is |{T},)|, which is equal to H;"Zl p;. For all i we have p; > 2, therefore we
have that the order of g, is larger than 2.

We will now prove that p;, is at least the largest prime p such that p <
/n. Suppose p; is smaller than p < y/n. Then i, is not maximal, because
pi,+1 < v/n and therefore also i, + 1 < \/n, thus Z;":ng p; < ZJL\:/lm vn < n.
We conclude that p; > p and thus that ¢,, is larger than or equal to the number
of primes smaller than or equal to y/n.

By the prime number theorem we know that for n large enough i, >

1
§1Og‘(/\ﬁ/ﬁ), see page 9 of [1]. Therefore [(T},)| > E ls(vn) . and we need at least
1

22 1es(vm) letters from T, to write s,,, which is not bounded by a polynomial in

O

"

s

4 Upper limit in group order

In this section we will prove an upper limit in terms of the group order. We will
use the concept of the Cayley-graph of a group as described in paragraph 3.1 of
[2].

Definition 4.1. The Cayley-graph Wy = ((T'), E) of a subset T of Sym(n)
is an undirected graph with the set of vertices equal to the set of elements of

(T'). Two vertices g1 and g are connected if and only if there exists an element
t in T such that g1t = g».

The following lemma is deduced from theory on the Cayley-graph, and will
help us to put an upper limit on the word length in terms of the group order.

Lemma 4.1. Given an inversely closed subset T of Sym(n), any element s of

(T) can be written as a word in T of length at most #

Proof. Without loss of generality we may assume 1 ¢ T. If T' is empty then the
empty word suffices to show the statement is true.

If #T is 1 then the element in T is has to be of order 2 since T is inversely
closed. Now the only non-trivial element in (T") can be written as a word of one
letter and the statement is true.

Now assume #71" > 2. Then the degree of the Cayley-graph is at least 2. Let
d denote the degree of the Cayley-graph. From Cayley-graph theory we know



. . 2(d+1)
the vertex-connectivity of the Cayley-graph is at least ===, see Theorem 3.7

of [2], so in this case at least 2. Let Wi denote the set of vertices of W that
are connected to the vertex corresponding to the identity by a path of length at
most i. Equivalently, W contains those elements of (T') which can be written as
a word in T of length at most i. We will prove by induction that #W4 > 2i+ 1
for i < @

We have #W2 = 1. Now for a natural number i with i +1 < £ assume
#W2E > 2i+ 1. If Wi = (T) there is nothing to prove. If #Wi = #(T) — 1
the missing vertex is in W}“ = (T') and the statement holds. So assume there
are at least two vertices outside of W. Since W is connected to at least one
of the vertices, say vy, this v in W}H. Because the vertex-connectivity of W
is at least 2, also Wp with vy removed is connected, so there is another vertex
vy outside Wi in Wit and hence #Witt > #Wi +2 > 2(i + 1) + 1.

We now discern two cases.

e (T) is divisible by 2. For j = (%) — L it holds that #WI > #(T) — 1. So
there is at most one element in (T") not in WZ.. But if this element exists,
because the Cayley-graph is connected, it can be written using one more
letter. So we see that any element of (T') can be written as a word in T'

of length at most <l2>, so the statement holds.

e (T) is not divisible by 2. Now let k be the integer <T>271. It holds that
#WE = (T). So the statement holds.

This concludes the proof. O

Concluding this section we will show this is the lowest upper limit possible
in terms of group order.

Theorem 4.2. Let T be a subset of Sym(n). Any element of (T') can be written
as a word in T of length at most @ Also for every n there exists a subset
T, of Sym(n) with |(T,)| > n and an element s in (T,,) such that s can not be

written as a word in T, of length less than KT—;H —1.

Proof. The first statement is exactly Lemma 4.1. To prove the second statement
take s = (1---n) € Sym(n) and T), = {s}. We have that |(T},)| = n, and writing
the element sL2] takes at least 5 — 1 letters. 0

5 An example for Sym(n)

In this section we will give an example for writing elements of Sym(n) as words
inT={(12),(1---n)}.
We need the following definition.

Definition 5.1. Given a permutation s € Sym(n), for each m € {1,...,n} we
define the distance to the original position of m to be

min(|s(m) —m|,n — |s(m) —m|).



The total disposition of s, denoted by d(s), is the sum of the distances to
original position, i.e.

d(s) = 3" min(|s(m) — m],n — |s(m) — m]).

Let ¢ be the permutation (1---n). The cyclic disposition of s is minjez(d(t’s)).

In the next proof we use the following fact. If x, t and n are natural numbers
with 0 < x <n and 0 <t < n, then it holds that

min(|z —t|,n — | — t|) = min(z —¢ mod n,n — (x —¢) mod n)

where ¢ mod n is the representative in {0,...,n — 1} of the residue class of
ain Z/nZ.

Lemma 5.1. Given a permutation s € Sym(n) the cyclic disposition of s is at
most "72. Also for every n with n odd, there exists an s € Sym(n) such that the

2
- - .y . 71
cyclic disposition of s is at least "

Proof. We write

n n

= Z Z min (¢, n — 1)

m=1 i=1

n3—n
4

a j such that d(t/s) is at most ”72.

Let n be odd and consider the function f : Z/nZ — Z/nZ defined by
f(m) =2m —1 mod n. Since n is odd, multiplication by 2 is a bijection and
so is the composition with the map x — x — 1.

This last sum is

if n is odd, and %3 if n is even. It follows that there exists

Because f is bijective it defines a permutation sy in Sym(n). The permuta-



tion sy maps m to f(m). We now calculate the total disposition of s.

S
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min([s ;(m) — ml,n — [s(m) — m])

3
ﬂ‘

[
NE

min(|f(m) —ml|,n —[f(m) —ml|)

3
ﬂ‘

I
NE

min(|((2m —1) mod n) —m|,n—[((2m —1) mod n) — m|)

3
£

I
NE

min(m — 1,n — (m — 1))

33
1

-1
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We will now show that the cyclic disposition of sy is equal to the total disposition
of sy. Let j be in Z. Let ¢ be the permutation (1---n). The permutation ¢’s;
is characterized by the map f; which maps m to f;(m) = f(m)+j mod n =

2m — 147 mod n. We now calculate the total disposition of #’s.

dWs) = 3 min(lsy, (m) —ml,n — |sg,(m) — m])

= Zmin((|(2m—1—|—j) mod n) —m|,n—|((2m —14j) mod n) —m|)

m=1

Thus we see that for every n with n odd, there exists an s € Sym(n) such

that the cyclic disposition of s is at least "24_ L O

Definition 5.2. For a subset T of Sym(n) the minimum word length function
~r is the function on (T) such that for an s in (T') we have that yr(s) is the
minimum length of a word in 7" that writes s.

Definition 5.3. Let f and g be two functions from a domain D to the natural
numbers. The function f is said to be (g) if for some constant c it holds that
¢- f(d) > g(d) for all d € D.

Theorem 5.2. Given the sequence (To,T5 ..., Ty, ...) with T, = {(12),(1...n)} C
Sym(n), there exists a sequence (Sa,83,...,Sn,-..) with s, € Sym(n) such that



the function
r:{3,4,..} - N

n = 1, (Sn)

is Q(n?).

Proof. By lemma 5.1 for every n with n odd, there exists an s,, € Sym(n) such
that the cyclic disposition of s,, is at least n’~1  We consider the sequence
(83,---,52n+41,-..). Let n be in N. Let (t1,...,%) be a word for s, in Tj,.

Define d; = H; 1 ti. Consider the sequence (di1,do, ..., d;). Let a; be the cyclic

disposition of d;. Since d; = s, we have that a; > ”24*1. If t;41 = (1---n)
or its inverse, then a;y; = a;. If t;11 = (12) then, since only two elements
are moved and their distance to their original position increases only by one
at most, a;11 < a; + 2. If both ¢; and ¢;11 are equal to (12) then a;1o = a;.
Therefore a; 12 < a; +2. Since ag = 0 and a; < 2 we have that aj at most k+1,

and thus k is at least ”24_1 — 1.

For n > 4 with n even we have that s,_1 € Sym(n) and since n — 1 is odd

2
by the above a word for s,,_1 has length at least ("_41) —1= "212" — %. Thus
I is Q(n?). O

Theorem 5.3. Letn > 1 be in N and let T be the set {(12),(1...n)} C Sym(n).
Now every s € Sym(n) can be written as a word in T using less than %nQ letters.

Before giving the proof of this theorem, we will give a sketch of an algorithm
which writes s € Sym(n) as a word in T using the stated number of letters.
The algorithm starts with s and then sorts 2,3,...,n relative to 1. At each stage
the algorithm outputs the permutations used to sort, and after the sorting has
finished, the inverses of the elements in the output, in reverse order, are a word
for sin T

Essential to the algorithm is that it sorts relative to 1. So starting with 2 the
algorithm outputs letters that will move 2 next to 1. Continuing the algorithm
outputs letters that will move 3 next to 2 etcetera. When n is moved next to
n — 1 all numbers are sorted relative to 1. Depending on the position of 1 a
sequence consisting only of the letter (1...n) will move all numbers to their
original position and the algorithm finishes.

We will now show how a single number i is sorted relative to 1. By definition
of the algorithm we assume that all numbers smaller than i are already sorted
relative to 1. First the algorithm outputs the letter (1...n) until ¢ is at the
orginal position of 2. Now the algorithm outputs alternatingly the letters (12)
and (1...n) until ¢ is sorted relative to 1. The letters smaller than 4 all have
not been in the original position of 1 and 2 when a letter (12) was applied, so all
numbers smaller than i are still sorted relative to 1, so now all numbers smaller
then ¢ 4+ 1 are sorted relative to 1.

The complexity of the algorithm is given in the proof of Theorem 5.3 below.

Proof. The algorithm consists of two parts we will analyse separately.



1. Sorting all numbers 2, ..., n relative to 1.
2. Returning 1, and thus all numbers, to their original position.
The two parts are analysed below.

1. For sorting a number ¢ with 1 < 4 < n the algorithm does the following.
By outputting up to § times either (1...n) or (n...1) the number i is
moved to the original position of 2. The algorithm now outputs up to
n — i times the combination of the letters (12) and (1...n). For sorting 4
the algorithms thus outputs at most § + 2(n — ) letters. For sorting all
numbers up to n relative to 1 the algorithm outputs at most

]
Z?:Q(g+2n—2i)§%—n -n=——-n

letters.

2. For returning 1 and thus all numbers to their original position the algo-
rithm outputs up to 4 times either (1...n) or (n...1).

Combing the two parts we see that the algorithm outputs less than % letters.
O

Remark 5.1. The algorithm as described above is not optimal.

6 Basic concepts of Schreier-Sims

The next two sections are based on the Schreier-Sims algorithm as described
in paragraphs 1 and 2 in chapter 4 of [3]. Some of the proofs given here come
from the excellent book of Seress, and only minor adaptations have been made.
For example, we allow an element of the base to be any subset of {1,...,n},
whereas Seress allows only singletons. Further optimization of the Schreier-Sims
algorithm is described in chapter 4 paragraphs 3 and onwards of the book.

In this section we will introduce the basic concepts of the Schreier-Sims
algorithm. Later on we will use the Schreier-Sims algorithm in an extended
Schreier-Sims algorithm. This last algorithm will create a data structure
that enables us to use an extended membership testing algorithm. This
extended membership testing algorithm will decide whether a given permutation
can be written as a word in a given subset T' of Sym(n), and if so will output a
word in T for the permutation.

We will consider a group G C Sym(n).

Definition 6.1. A base for G is a sequence B = (f1, - , Bm), with 3; a subset
of {1,...,n} such that the only element of G that fixes B is the identity.

Let B = (B1, -, Bm) be a base. Let Gl := G(g, ... 5, ,) be the pointwise
stabilizer of (f31,---,Bi—1). Now B defines a subgroup chain:

G=GW>gl >...>qgm > qgmtll = 1,

10



Definition 6.2. A base B is called non-redundant if all subgroups in the
above defined subgroup chain are proper subgroups of their predecessor.

Definition 6.3. A strong generating set for G relative to a base B =
(B1,-++,Bm) is a generating set S for G such that for 1 > i > m + 1 we
have:

(Snalily =gl (1)

Definition 6.4. Let H be a subgroup of G. A (left) transversal R for G mod
H is a subset of G containing exactly one element of each left coset of H. We
also require that 1 is in R. For any g in G we denote the element in ¢H N R as

g.

Definition 6.5. A directed rooted labeled tree is a triple (7,5, f); here
T is a directed graph for which the underlying undirected graph contains no
cycles and such that there exists a vertex from which each other vertex can be
reached. It follows that this vertex is unique and this vertex is called the root
of the tree. Also f is a map from the set of edges of T' to .S. We call S the label
set of the directed rooted labeled tree.

Let B = (f1,...,8m) be a base for G. Let i be a natural number with
1 <i<mand let s be in Gg,,..,_,) and let v be a left coset of G4, ... 5,) in
Gg,,...3,_1)- The natural action of G(g,, . g,_,) on the left cosets of G4, .. 5,
is defined by s(v) = sv, where the multipliction is the multiplication induced
by the group law of G.

Definition 6.6. Given a subset T of Sym(n), a Schreier tree data structure
A for T consist of

e a base B = (f1,...,0m) for (T), and

e m directed rooted labeled trees (T3, .5;, f;) with i € {1---m},
such that

e S; is a subset of G(3,, .. 8, 1),

e cach T is a directed tree with as vertices the left cosets of G g, .. 3, in

e the vertex Gg, ... g,) is the root of the tree,

e every edge e in T} pointing from a vertex v to a vertex ¢ and with f(e) = s
has the property that s(vy) = 4.

The directed rooted labeled trees in a Schreier tree data structure are called
Schreier trees.

11



Theorem 6.1. Let G be a subgroup of Sym(n) and let B = (B1, B2, ..., Bm) be
a base for G. Let i be a natural number with 1 < i < m. Let C be the set of left
cosets of Gg, .. g,y in Gg,,..p,_,)- Let A be the orbit of B; under G, . g, ,)-
For each g in C and g1 be in g we define the map f by f(g) = g1(8i). Then f
is a well-defined bijective map f from C to A.

Proof. We will first show that f is well defined. Let go also be in g. Then there
exists an hi in G(,Bl,.--,ﬁi) such that g1h; = g2. We see that

92(8:i) = g1h1(B:i) = g1(h1(Bi)) = g1(B:)-

For every element o € A in the orbit of 3; in G, ... 3, ,) there exists a g3 in
Gs,,....8:_,) such that g3(B3;) = a. By definition f maps the coset of G(g, ... 5,
in Gg, ... 5,_,) containing g3 to a, and therefore f is surjective.

Let ¢’ be in C such that f(¢") = f(g9) = ¢1(8;). Let g] be in ¢’. Then
91(Bi) = 91(Bi), so they are in the same left coset of G'(s,.... ) in Gg,,..5,_,)
Therefore ¢’ = g. This shows f is injective.

We conclude f is bijective.

O

Remark 6.1. By the above theorem we will identify the cosets of G(g, .. 3,) in
Gg,,....3,_,) With the elements in the orbit of 8; under Gg, . 5, ,)-

Lemma 6.2. Let T be a subset of Sym(n) and A be a Schreier tree data struc-
ture for T. Let |T;| denote the number of vertices in T;. Then [~ | T3] = (T)|.

Proof. The number of vertices in 7T; is equal to the number of cosets of G, ... 5,
in Gg,,..p,_,)- This is equal to the index of G(g, .. 5,) in Gg,,...3,_,)- So we
have iteratively

|<T>| = |T1| ’ ‘G(,Bl)l = |T1| : ‘T2| : ‘G(51732)| =...= H|TZ‘
i=1

O

Definition 6.7. For a Schreier tree data structure A with base B = (1, ..., 8m),
the cardinality of A is the largest cardinality of the 3; in B.

Let B = (81,082,.-.,0m) be a base for G. If we have a strong generating
set S for G relative to B, we can compute the orbits Gl!8; and the transversals
for Gl mod Gt as follows. We will store the data in a Schreier tree data
structure. Let S; denote S NG, For ¢ with 1 <i < m, the computation is as
follows:

1. We start with T; empty and add a vertex f3;.

2. For each newly added vertex t in T; and for every s in S; we compute s(t),
and if s(¢) is not in T; we add it to T; and we add an edge from ¢ to s(t)
labeled s.

12



3. If no new vertices were added, we stop. Otherwise we repeat step 2.

Note that each vertex ~ corresponds to the left coset of G+ in Gl consist-
ing of elements of Gl that move §; to . Now let 4 be such a vertex in T;. There
is a unique path from f; to ~. If (s1,9,...,s¢) are the labels along this path
starting from §;, then s;s¢_1 - - - 1 is an element of Gl that by definition of the
Schreier tree moves f3; to . We construct the transversal R; for Gl mod Gli+1
by taking this element as the unique element in R; that is contained in the left
coset corresponding to . By doing this for all vertices, we obtain a complete
transversal R;.

Algorithm 6.1. Using the Schreier tree data structure A as created above we
can write every g in G as g = ryry - - - 1y, with 7; in R;. This procedure is called
sifting through A and is done as follows:

1. Set ¢t =1and g; = g.

2. There is a unique path from 8; to g;(8;). If (s1, s2,...,s¢) are the labels
along this path starting from (3;, then we set r; = s¢8¢_1 - S1.

3. If © is m we stop. Otherwise we set g;41 = ri_lgi. Note that g;11 is in
G(g,,...,3,)- Add one to i and repeat step 2.

Now 7. tg,, is in G,....8m) = 11}, and therefore ri7y - - -1y, = g. To illustrate
why this algorithm works, consider the following. The element r; moves (31 to
g(B1) and the element ro moves By to ga(B2) = 7 'g(B2) without moving B;.
Hence the element ry75 moves 81 and B to g(B1) and g(B2) respectively.

Remark 6.2. During the sifting process we construct an r; for 1 < i < m. We
construct r; by multiplying labels of edges in the Schreier trees of a Schreier
tree data structure.

Remark 6.3. We can also use sifting to test g in Sym(n) for membership of G.
In this case we apply the above procedure. The element g is not in G if and
only if either for some i we have g;(5;) is not a vertex in T}, or g rirg o1y, is
not the identity.

Definition 6.8. For ¢g in Sym(n) the g; that we can calculate and that has the
highest index 7 among the indices we can calculate is called the siftee of g.

For the Schreier-Sims Algorithm, we will need the following two lemmas.

Lemma 6.3. Let H < G = (S) and let R be a left transversal for G mod H,
with 1 win R. Now the set

T = {(37) " 'sr|s € S,r € R}

generates H. The elements of T are called the Schreier generators of H.

13



Proof. By definition the elements of T" are in H, so it is enough to show that
the set TUT~! generates H. Note that T~ = {(57)"!sr|s € S~!,r € R}. Let
h € H be arbitrary. Since H < G, h can be written in the form h = sgsg_1 - - $1
with s; € SUS™!. We define a sequence hq, hy, ..., h; of group elements such
that

hj = sk sj128j41mj11t5 - - taty

with t; € TUT 1, rj+1 € Rand hj = h. We set hg to be s, - - - s3517; with ry =
1. Recursively, if h; is already defined then let ;41 be (55517541) 'sj+17j+1
and set 7j49 to be 5;5717;51. Clearly hj;1 = h; = h, and it has the required
form.

We have h = h, = Tk+1tk -+ taly. Since h € H and ty---toty € <T> < H,
we must have 1,11 € HN R = {1}. Hence h € (T). O

Lemma 6.4. Let (51,...,0k) be a sequence of subsets of {1,...,n}, and G a
subgroup of Sym(n). For 1 < j < k+ 1 let S; be a subset of the stabilizer

B;_1) such that we have (S;) > (Sj11) for all j < k. If G = (S1) and
w1 =0 and

(Sids, = (Sj+1) (2)

for all1 < j <k, then B= (f1,...,0k) is a base for G and S = Ulgjgk S; is
a strong generating set for G relative to B.

Proof. We use induction on k. Our inductive hypothesis is that S* = Ua< <15}
is a strong generating set for (Ss), relative to the base B* = (s, ..., k). Let Gl
denote G4, ,....3,_,)- By definition (1) holds for i = 1. We have to check that (1)
holds for 2 < ¢ < k+1. For ¢ = 2 we have that (1) holds since applying (2) with
Jj =1, we obtain Gg, = (S2) < (SN Gp,). The reverse containment is obvious.
For i > 2 we have that (1) follows from the fact that S*NG g, .. s,_,) generates
(S2) (Bs,...,8:._,)by the inductive hypothesis, and so Gl > (sn G@Byypion)) =

(S*NGay..pi)) = (92)(Barpion) = (GB)) (Bar..rpis) = Gl O

7 The Schreier-Sims Algorithm

In this section we will explain the Schreier-Sims algorithm. The input of the
algorithm will be a subset T of Sym(n) for some n. The output will be a Schreier
tree data structure A.

Using lemma 6.3 we can create a set of generators for each G+ < Gl and
thus a strong generating set for G relative to B. However we might be using
more generators than necessary. Therefore when adding a new generator, we
will first test wether this generator is redundant. This can be done by sifting as
described below. Note that to sift in a group we need a strong generating set
for that group.

Given is a subset T of Sym(n). Let G be (T). We maintain a list B =
(B1,- .., Bm) of already known elements of a non-redundant base for G. We
also maintain a list (Sy, Sa,...,S;, ... Sm ), where each S; is an approximation

14



for a generator set of the stabilizer G g,
maintain for 1 < ¢ < m/ that:

g,y for 1 < i < m/. We always

.....

(Sit1) < (Sj)p < (S55)

We say the data structure is up to date below level k if equation (2) holds
for all j with k < j <m/.
The following diagram sketches the situation;

<Sl> C G
U U
(S2) C Gsy)
U U
<Sj> C G(ﬁl,m,ﬂj—l) = GUl
U U U
(Sjy1) C G5y = GUTY

Remark 7.1. During the algorithm we will choose new base points. In this
section we will not elaborate on how to choose these base points. However,
we do note one can choose a base such that the resulting Schreier tree data
structure has cardinality r = 1.

Remark 7.2. The base we construct in the algorithm will be non-redundant.

We will now describe the algorithm.

Given is a subset T' of Sym(n) and a positive integer r. Let G be (T').
We maintain a list B = (f1,...,8m ) of already known elements of a non-
redundant base for G and an approximation S; for a generator set of the stabi-
lizer Gg,,....3,_,) for 1 < i < m'. We always maintain the property that for all
i we have (S;) > (Si+1). We say the data structure is up to date below level j if
equation (2) holds for all ¢ with j <i < m/.

We execute the Schreier-Sims algorithm as follows:

1. We set S; = T and for j > 2 we set S; = (. We start the algorithm by
choosing a subset 81 of {1,--- ,n} of cardinality at most r that is moved
by a generator in T, and we set m’ = 1. Now, the data structure is up to
date below level j = 1.

2. If the data structure is up to date below level 7, we compute the Schreier
tree (T}, S;, f;) for (S;) mod (S;)g, .

3. We test whether equation (2) in Lemma 6.4 holds for j. This can be
done by sifting the Schreier generators (see Lemma 6.3) obtained using
the elements in the transversal encoded by the Schreier tree (1},.5;, f;)
and the elements in S;, and applying Lemma 6.3 yielding generators for
(Sj)s;- We sift in the group (S;;1). This is possible because the data
structure is up to date below level j and thus by 6.4 we have a strong
generating set for (S;41).
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4. We now discern two cases.

e If equation (2) holds for j, the data structure is up to date below
level j — 1.

e Otherwise there is a Schreier generator s that has a non-trivial siftee.
We add this Schreier generator to Sji ;. If j = m’ we also choose
Bj+1 to be a new subset of {1,--- ,n} of cardinality at most r that
is moved by s and we increase m’ by one. The data structure is now
up to date below level j + 1.

5. If the data structure is up to date below level 0, we are done. Lemma 6.4
implies correctness. Otherwise we go to step 2.

Remark 7.3. In the implementation of the algorithm, we do not recompute the
entire Schreier tree (7}, .55, f;) in step 2. Instead, we store the already computed
Schreier trees and for a new element in S, we apply this element to each of the
vertices in the previous Schreier tree. This yields an updated Schreier tree

(T3, S5, f5)-

8 Complexity of the Schreier-Sims algorithm

We will now analyse the complexity of the Schreier-Sims algorithm as described
above. This analysis is analogous to [3], but we have introduced the cardinality
of the base, r, which we will use in our analysis.

Notation. Throughout this paper log will denote the log in base 2.

Theorem 8.1. The Schreier-Sims algorithm taking input T and a natural num-
ber r > 1 constructs a Schreier tree data structure A of cardinality at most r in
O(n(7)1og” |G| +n(7)?|T|log |G|) time using O(nlog® |G|+ () log |G|+ |T]|n)
memory.

Proof. The length of the base is at most log|G|. In computing the Schreier
tree (71,51, f1) for step 2 as above, we apply each element of T to each of at
most (1) vertices in Ty. This takes O((})|T|). For a fixed 8 in the base with
k > 1, the set Sy changes at most log |G| times during the algorithm, since the
group (Sk) increases every time we add an element to it. After a change of
(Sk) we have to update the Schreier tree (T}, Sk, fr). There are at most (})
vertices in Tj. When an element s is added to (Sk), to update the Schreier
tree in step 2 as above, we have to calculate the image of each vertex in T}
under s only once. Calculating the image of a point under a permutation is
O(1). This calculation thus costs us O((7)|B|) = O((})log|G|). So for all
base points together constructing all Schreier trees as in step 2 as above takes
O((2)|Bllog|G| + (2)[T1), which is

O((7)log? |G| + (7)IT1). (3)
Now we estimate the time it takes to sift all Schreier generators for step 3 as

above. Every element of the transversal Ry has to be combined with an element
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of Sy only once. So the total number of Schreier generators is >, |Ry|| Sk,
where |Ry| and |Sk| are considered after the algorithm finishes. Then we have
for any k that |Rx| = O((})). We have that S; = T and for & > 1 we have that
|Sk| = O(log |G|). Therefore it holds that

D R[Sk = O((7) log? |G| + (7)IT)).-
k

To retrieve an element of Ry from the Schreier tree, we have to multiply
all labels along a path in a Schreier tree; this means at most (}') permutation
multiplications costing O(n) each. We have to retrieve at most log |G| of these
elements, so the cost of one sift is

O(n(7)log|G|).

The total cost for sifting all Schreier generators is the cost of one sift, mul-
tiplied by the number of Schreier generators. This is

O(n(7)*1og” |G| +n(7)?|T|log |G]). (4)
By (3) and (4) we conclude the total time cost of the algorithm is

O(n(7)*1og” |G| +n(7)?|T]|log |G]).

We have to store 3, |Sk| strong generators which is at most O(log? |G|),
therefore requiring O(nlog? |G|) memory. Storing the Schreier trees requires
O((7)log|G|) memory. Storing the base costs mr which is O(rlog|G]), but
since 7 < n this is dominated by the O(nlog? |G|) above. Counting the |T|n
memory used to store the initial generators, we conclude there is a total memory
cost of

O(nlog? |G| + (7)log |G| + |T|n).
0

9 The extended Schreier-Sims algorithm and the
extended membership testing algorithm
In this section we will describe an adaptation of the Schreier-Sims algorithm that

creates a data structure with which an extended memberschip testing algorithm,
given as input a permutation, will output a word for this permutation.

Definition 9.1. Let T be a subset of Sym(n). Given a Schreier tree data struc-
ture A for T with base B = (B1,...,0m). We define three types of Schreier
pointers for A:

e Type 1: a sequence p = (p1,q1,1,p) where py is in T, ¢; € {1,—1} and
ot q1
pP=Dp1-
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e Type 2: a sequence p = (p1,q1, .- -, Pe, e, 8, D) with 2 < 4 < m and such
that py is another Schreier pointer, either p), = (p}, ¢} ...,p.,d..,7,j") or
Py = (p’l,qi...,p’c,,qé,,i’,};’) , with i/ < 7 and j' € GlB; and ¢, is in
{~1,1} for all k and p = [];_, px".

e Type 3: either

— asequence p = (p1,q1,%,j) wherep; isin T, g1 € {1,-1}, 1 <i<m
and j € GUIg; or

— a sequence p = (P1,q1,---,Pes ey 4, J) with 2 < 4 < m and such that
pi is another Schreier pointer, either p), = (p}, ¢} ...,pL,q.,i,j") or
= (Plq ... PL, ¢, 7") , with i’ <4 and such that j € GllB;. Also
qr is in {—1, 1} for all k.

For a type 3 Schreier pointer we define p = HZ=1 PR,

A type 1 Schreier pointer and a type 3 Schreier pointer of the first form is
said to be of length 1; a type 2 Schreier pointer and a type 3 Schreier pointer
of the second form is said to be of length ¢. A Schreier pointer is said to
point at each of its p;’s. A Schreier pointer p = (p1,q1,..-,Pey ey 4,J) OF p =
(P1,41, - - -y Pes e 4, P) 18 said to be in the i-th Schreier tree.

Definition 9.2. Given a Schreier tree data structure A, a pointer structure
for A is a set P of Schreier pointers such that the map from

{p € Plpis a type 3 Schreier pointer} — {(,7): 1 <i <m, j € G, , j # p;}

(plaQ17' .. apC7QC7i7.j) = (Z?j)
is bijective and such that for every p in P we have that p is equal to the label
of the unique last edge in the path from the root of T; to the vertex j. The
Schreier pointer p is said to correspond to this unique last edge.

The extended Schreier-Sims algorithm takes as input a subset T of
Sym(n) and an integer r and outputs both a Schreier tree data structure A of
cardinality at most r and a pointer structure P for A. The algorithm executes
the Schreier-Sims algorithm. The following Schreier pointers are added to P:

e At initialization we add a type 1 Schreier pointer (¢,1,1,¢) to P for each
teT.

e In step 4 of the Schreier-Sims algorithm, if a new Schreier generator s
is added to S;+1 we add a type 2 Schreier pointer to P. The Schreier
generator s has been constructed as (s'r)~'s'r with s’ € S; and r € R;.
The added Schreier pointer p = (p1,4q1,---,Pe, Ge, %, P) is constructed as
follows.

— There is a unique path in the j-th Schreier tree from the root to

s'r(3;) with Schreier pointers (ay, .. . , an) corresponding to the edges
oichis path such that @, ---d; = s'r and thus @ '---a, ! =
(s'r)~L.
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— There is a Schreier pointer b in the j-th Schreier tree with b=7s

— There is a unique path in the j-th Schreier tree from the root to r(3;)
with Schreier pointers (¢q,. .., ¢n) corresponding to the edges of this
path such that ¢, ---¢1 = r.

— We set the Schreier pointer we add to
p= (al, 717 sy Qny, 71ab, ]-70m7 ]-7 ... C1, 17.7 + 1725)
It holds that p = (s'r)"1s'r = s

e In step 2 of the Schreier-Sims algorithm we update the i-th Schreier tree.
For each Schreier generator s that is newly added to S; we apply this s
to each vertex in the existing Schreier tree. For each vertex v for which
applying s results in a new vertex v’ in the updated Schreier tree, the
extended Schreier-Sims algorithm adds a type 3 Schreier pointer p to P.

If =1 then s is equal to a t € T. We set the Schreier pointer we add to
(t,1,1,0).

If ¢ > 2 then we have added a type 2 Schreier pointer p = (p1,q1, - - -, Des Ges @, D)
with p = s to the i-th Schreier tree. We add the Schreier pointer p’ =
(pla q1,---5DPcs4c i) U/).

Note that in the implementation we can maintain a list of type 2 Schreier
pointers instead of a list of the strong generators since the type 2 Schreier
pointers contain the strong generators.

The extended membership testing algorithm for a Schreier tree data
structure A for a subset T of Sym(n) and a pointer structure P for A takes as
input a permutation g € Sym(n). If s is in (T") it will output a word in T for
g. This is done by sifting g through A. By Remark 6.2 we write g during the
sifting process by multiplying labels of edges in the Schreier trees of A. The
pointer stucture P by definition encodes a word for every label of every edge in
the Schreier trees of A.

When sifting through the i-th Schreier tree there is a unique path from 3; to
9i(B;) with edges (eq,...,e,). We first output the word encoded by the Schreier
pointer corresponding to e,, then the word encoded by the Schreier pointer
corresponding to e,_1 etcetera. Algorithm 6.1 shows that the resulting output
is a word for g in T

10 Output word length

Notation. Given a Schreier tree T; we define the height of a Schreier tree as the
longest path from the root towards a vertex of the tree. For example a tree with
one vertex has height 0. We will denote the height of the tree as h(T;). We
define h(Tp) = 0.

In this section we will prove an upper limit for the word length for words that
are output of the extended membership algorithm. We will use the following
lemma.
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Lemma 10.1. In a pointer structure constructed by the extended Schreier-Sims
algorithm, a Schreier pointer for the i-th Schreier tree is of length at most

2-h(Ti-1) +1
fori > 2 and exactly 1 fori=1.

Proof. A Schreier pointer in the i-th tree consists of three parts. The length
of the parts corresponding to (57)~! and r can be at most equal to the longest
path in T;_; i.e. at most h(T;—1). The part corresponding to s is of length 1.
Thus the Schreier pointer is of length at most 2-h(T;_1)+ 1. The length of each
Schreier pointer in the first Schreier tree is 1 by definition. O

Theorem 10.2. Given input T C Sym(n), s € (T) = G and a Schreier tree
data structure A and a pointer structure P for A, constructed by the extended
Schreier-Sims algorithm. Then the extended membership testing algorithm will
output a word for s with letters in T that is no longer than |G|? letters.

Proof. Let m denote the length of the base used. By Lemma 10.1 we know that
the maximal length of a Schreier pointer in the i-th Schreier tree is

2 h(Ti_1) + 1.

In the extended membership testing algorithm we sift s in A. When sifting
through the i-th Schreier tree, at most h(7T;) Schreier pointers are used to output
the word for s. the Schreier pointer only points to pointers in (i — 1)-th Schreier
tree. We output a letter if the Schreier pointer is in the first Schreier tree. So
to write a Schreier pointer corresponding to an edge in the i-th Schreier tree

explicitly at most
i—1

[1@ r@)+1)

k=1
letters are output. Therefore during the sifting through the i-th Schreier tree
at most

i—1
WT) [T@ T +1)
k=1
letters are output. During the whole sifting process, there are at most
m i—1
ST [@) [T @ (@) + 1)
i=1 k=1

letters output. This is smaller than

i

270 [ (@) + 1)

k=1

i

Now h(Ty) + 1 is at most the number of vertices in 7). By Lemma 6.2 we
have that [[, |T3| = |G|. So this is at most
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m
D2t a < 2mGl.
i=1
The length of the base m is at most log |G|, therefore the length of the word
we output is at most

G,

11 Complexity analysis

We will now calculate the complexity of the extended Schreier-Sims algorithm
and the extended membership testing algorithm.
The cost of storing a permutation in Sym(n) is n.

Theorem 11.1. Given a subset T of Sym(n) and a natural number r > 1, the
extended Schreier-Sims algorithm will output a Schreier tree data structure A
for T and a pointer structure P for A of cardinality r requiring

O((7)log? |G| + () og |G) + |T|n)

memory, and in )
O(n( ) 1og” |G| +n(}})*|T|log |G])

time.

Proof. By Theorem 8.1 the Schreier-Sims algorithm has a memory requirement
of
O(nlog® |G| + (™) log |G| + |T|n).

In the extended Schreier-Sims algorithm, for each edge in each Schreier tree
we also store a Schreier pointer. Also for each strong generator we store a
Schreier pointer.

By Lemma 10.1 we know that the length of a Schreier pointer in the i-th
Schreier tree is at most 2 - h(T;—1) + 1. The height of the Schreier trees is at
most (7). Thus the length of a Schreier pointer is at most 2- () + 1. If ¢ > 2
storing the Schreier pointer has a memory requirement equal to the length of
the Schreier pointer. For ¢ = 1 the cost for storing a Schreier pointer is equal
to the cost of storing a permutation of Sym(n) whichisn < (1) <2-(})+ 1.

A Schreier tree contains at most (}') vertices. There are at most log |G|
Schreier trees. As we have seen in the proof of Theorem 8.1 we store O(log? |G/|)
strong generators. Therefore the cost of storing all Schreier pointers is at most

O((2- () + 1)(log? |G| + (1) log |G]) = O(( ) log® |G| + ()* log |G])

Total memory requirement is
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O(nlog? |G| + (7)log |G| +[T|n + () log? |G| + (7)*log |G])
which is
O((1)log? |G| + (7})* log |G| + |T|n).
By Theorem 8.1 the Schreier-Sims algorithm has a time requirement of
O(n(7)?1og” |G| +n(7)*|T|log |G).

Adding a Schreier pointer has a time requirement equal to the length of that
Schreier pointer. Therefore, analogous to above, adding the Schreier pointers
takes

O((7)1og? |G| + () log |G)

We conclude there is a total time requirement of

O(n(7)*1og” |G| +n(})*|T|log |G| + (1) log® |G| + () log |G])
which is equal to

O(n(7)log* |G| +n(7)?|T|log |G]).
O

Theorem 11.2. Let T be a subset of Sym(n) and let A and P be a Schreier
tree data structure for T and a pointer structure for A, both created by the
extended Schreier-Sims algorithm. The extended membership algorithm, given
input s € Sym(n), outputs a word for s in T requiring at most

O(n- |G +n(})log|Gl)
time.

Proof. As we have seen in the proof of Theorem 8.1, the cost of one sift in the
Schreier-Sims algorithm is O(n(7 ) log|G)

The extended membership testing algorithm also uses the pointer structure.
For every edge label used in membership testing, we have to explicitly write the
Schreier pointer corresponding to that edge. By Lemma 10.1 a pointer in the
i-th Schreier tree has length at most

2- h(Ti_l) + 1.

Such a pointer points only to pointers in i-th Schreier tree. Writing a Schreier
pointer in the first Schreier tree explicitly costs n. Therefore writing such a
pointer explicitly will cost at most
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f[Q h(Ty) + 1)

time. Therefore the sifting through the i-th Schreier tree takes at most

i—1

n- () [ @ M) + 1),

k=1

Sifting through all Schreier trees takes at most

i—1

n- Y [T [ @ wT) + 1))

i=1 k=1

This is smaller than

%

n- i 27 T () + 1)
k=1

i=1

Now h(Ty) + 1 is at most the number of vertices in Ty. By Lemma 6.2 we
have that [[, |T;| = |G|. So this is at most

m
n-y 27N |Gl < n-2mG.
i=1
The length of the base m is at most log |G|, therefore the added time re-
quirement for sifting is

O(n-|G%).

The total time requirement becomes

O(n - |GI* +n(})log|GI).

12 Concluding remarks

In this paper we set out to describe an algorithm for writing a general solution
for an arbitrary permutation puzzle. In section 3 we saw that the length of the
output of such an algorithm can not be polynomial in the number of elements
that are permuted. In section 4 we saw that the length of the output can be
linear in the group order.

As we have seen in Theorem 11.1 the algorithm we have suggested has, for
a fixed size of the elements of the base and taking the length of the input into
account, a polynomial time and memory requirement for setup (the extended
Schreier-Sims algorithm) and using this setup to solve the permutation puzzle
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(the extended membership testing algorithm) is has a polynomial time require-
ment in the group order, as we saw in Theorem 11.2. In Theorem 10.2 we proved

that the length of the output is quadratic in the group order.
This leaves the challenge to find an algorithm with polynomial setup require-

ments, that has a linear output length.
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