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1

The 15 Puzzle

The well-known 15-puzzle consists of 15 sliding squares in a 4 x 4 grid. The object is
typically to return a scrambled puzzle to the configuration shown below, or to produce
some other specified pattern from this configuration.

A legal move in the puzzle consists of sliding a square into the blank spot. You can
play the game here.

Viewed as a permuation of 16 items (the 15 squares plus the blank spot), this is the
transposition of the blank with another item. If the blank spot is returned to the bottom
right corner after a series of such moves, the number of moves must be even, and hence
any pattern produced in this way must be an even permutation. For example, we cannot
produce the pattern in which the 14 and 15 squares are interchanged and all other squares
remain in their original places, since that is an odd permutation. This leaves open the
question of whether all even permutations can be produced by a sequence of legal moves;
as we will show, the answer is yes. Our proof is essentially that of Aaron Archer [1].


http://www.archimedes-lab.org/game_slide15/slide15_puzzle.html
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We begin by relabeling the puzzle pieces for convenience:

4-+-3-]-24-1

5-1-6-F T8

12 1~ 1 -H0- 1 -9

13-4 115 -

The new numbering follows the path shown by dashed lines. We now want to show
that all even permutations of this starting configuration can be achieved.

We define nine simple permutations that can be achieved as follows: for each, swap
the blank along the dashed path until arriving at one of the squares 6, 8, 10, 12, 14, 16
(the bottom right square, that is, the blank doesn’t move at all). Now swap the blank up,

then swap it along the dashed path back to its original position. For example, if we stop
at square 12 we get this:

4-1-3- 241 41321 413241
0 P P A e B bt 7|89
i {101-9 §——}}-—H}-—é 12 |- 5111 10
12-{ 13| 14- 15 12 {-13 | 14- | 15 13- { 14 15| -

In this permuation, 1 through 4 and 12 through 15 are in their original positions. The

permutation is a single odd cycle, (11,10,9,8,7,6,5). In the same way we produce 5 other
cycles:

p1 = (5,4,3)

p2 = (7,6,5,4,3,2,1)

p3 =(9,8,7)

ps = (11,10,9,8,7,6,5)

ps = (13,12,11)

pe = (15,14,13,12,11,10,9)
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Now we note that

papiny 2 = (1,2,3)
papipy - = (2,3,4)

P = (3,4,5)
Py 'pips = (4,5,6)
pipspyt = (5,6,7)
pipips - = (6,7,8)

P = (7,8,9)
Py P3P = (8,9,10)
Papaps - = (9,10, 11)
pepapg - = (10,11,12)

p? = (11,12,13)
s Papg = (12,13, 14)
ps “pspg = (13,14,15)

Thus, we can produce any 3-cycle of the form (i,7+ 1,74 2). Now a lemma and a theorem
will finish things off.

LEMMA 1.0.1 The 3-cycles of the form (i,i+ 1,74 2) in S,, generate all of the 3-cycles

in S,,.

Proof. The proof is by induction on n. The base case is n = 3. S3 contains just two
3-cycles, (1,2,3) and (1,3,2). Since (1,3,2) = (1,2,3)2, we're done.

Now suppose n > 4. We have 3-cycles (1,2,3),(2,3,4),...,(n—3,n—2,n—1),(n —
2,n—1,n). By the induction hypothesis, (1,2, 3),(2,3,4),...,(n—3,n—2,n—1) generates
all 3-cycles in S, _1. Also by the induction hypothesis, the cycles (2,3,4),...,(n —3,n —
2,;n—1),(n —2,n — 1,n) generate all 3-cycles in the symmetric group on the elements
{2,3,...,n}. Thus, we can generate all 3-cycles except possibly a 3-cycle of the form
(1,2,n) or (1,n,z) = (1,2,n)2. Of course, if we can generate the former we can generate
the latter. Let y ¢ {1,z,n}. Then we know we can generate (1,z,y) and (y,x,n); then
(1,z,y)(y,z,n) = (1,x,n). This finishes the proof. [ ]

THEOREM 1.0.2 The 3-cycles in S,, generate A,,.

Proof. Suppose o € A,, so o is a product of an even number of transpositions: o =
(a1,b1)(az,bs) - (ag,br), with k even. Consider an adjacent pair (a;—1,b;—1)(a;,b;) =
(a,b)(c,d) with i even. If {a,b} = {c,d} then (a,b)(c,d) is the identity and trivially a
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product of 3-cycles. If a = d and a, b, ¢ are distinct, then (a,b)(c,a) = (a,c,b). Finally, if
a,b, ¢, d are distinct, (a,b)(c,d) = (a,b,c)(b,c,d). Thus o is a product of 3-cycles. [ ]

Putting these results together with the fact that all 3-cycles of the form (i,7+ 1,7+ 2)

can be realized in the 15 puzzle, we see that all even permutations can be realized.
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A generalization

2.1 THE PUZZLE

Suppose G is a simple graph on n + 1 vertices, and that the vertices have been labeled
with [n] ={1,2,3,...,n}, leaving one vertex v unlabeled. A legal move is to slide a label
from a neighbor w of v to v. The goal is to produce a particular lableling from a given
initial labeling.

For example, if G is the labeled graph below, we have the 15-puzzle.

9 10 11 12

13 14 15

Figure 2.1.1 The 15-puzzle as a graph puzzle.

More formally, a labeling is a bijection f:V(G) — [n] U {0}. Two labelings f and g
are adjacent if either may be obtained from the other by a legal move; that is, if f(v) = 0,
and w is a neighbor of v, g = fo (v, w) = f(v,w), where (v, w) is the bijection transposing
v and w. (We will generally leave out the composition operator “o”.) Thus g(v) = f(w),
g(w) = f(v) =0, and otherwise g(z) = f(z).



10 Chapter 2 A generalization

We define a new simple graph puz(G) as follows: the vertex set V(puz(G)) contains
all labelings of G, and two labelings are adjacent in puz(G) if and only if they are adjacent
as defined in the previous paragraph. Now given initial labeling f and goal labeling g, the
question we want to answer is: Are f and g in the same connected component of puz(G)?
Our principal result will be that for almost all 2-connected graphs G, puz(G) has one or
two connected components, and when there are two, we provide an easy way to determine
when f and g are in the same component. The proof is due to R. M. Wilson [2].

FExercises 2.1.

1. Prove that from the “standard” position shown in figure 2.1.1 it is not possible to produce
the position shown below.

15 14 13 12

11 10 9 8

2.2 PRELIMINARIES

A path in a graph G is a sequence p = (vg,...,v;) of vertices such that v; is adjacent
to v;41; the length of the path is k. It is a simple path if the vertices are distinct, or if
{vo, ..., vk—1} are distinct and vy = v, in which case it is a simple closed path. We denote
the path (vg,...,vo) by p, the reverse of p.

Given path p, define a permutation o,: V(G) — V(G) by

Op = (Uk,vk—l) ce (02,’01)(01,7)0) = (Uk,vk—l, .. 7U17U0)-

PROPOSITION 2.2.1 Labelings f and g of G are in the same component of puz(G)
if and only if f = go, for some path p from f~(0) to g~ (0).

Proof. Given
F=9(g7" (@), vh-1)(Wk-1,05-2) -+~ (v1, F (D)),

let
hi =g(g7 (0),v6-1) - - - (Vi1,0:),
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so that
g

hk;,l = g(gil(®>7 vk*l):

hi—2 = h—1(Vk—1, Vk—2),

hi = ha(va,v1),
f=ha(ve, f7HD))
is a path from g to f in puz(G).

If f and g are in the same component, then there are permutations hy,...,hg_1
such that hy_1 = g(g’l((l)),vk_l), hp_o = hk_l(vk_l,vk_g),..., hy = h2(v2,v1), f =
hl(vlaf_l((b))' ThUS, Wlt’hp: (f_1(®)7vlav27"'7Uk—lag_1<®))7 f:gap' u

DEFINITION 2.2.2 Let I'(v, w) = I'¢(v, w) be the set of all permutations o, where p
is a path from v to w. We use I'(v) = I'¢(v) to denote I'(v, v). O

DEFINITION 2.2.3 If pis a path from v to v, and ¢ is a path from v to w, we denote
by pq the path from u to w consisting of p followed by gq. ]

The following lemma is easy.

LEMMA 2.2.4 0,0, = 0pq; 051 = 0p. [
PROPOSITION 2.2.5 For all v of G, I'(v) is a group of permutations, all of which
fix v. If p is a path from v to w, then I'(v,w) = o,I'(v) = I'(w)o,, and consequently

I(w) = o,I'(v)o, .

Proof. 1t is easy to check that I'(v) is a group.

Suppose ¢ is a path from v to w. Then o, = 0,050,, and since o504, = 045 € I'(v),
I'(v,w) C opl'(v).

Suppose ¢ is a path from v to v. Then 0,0, = 04y € I'(v,w), so I'(v,w) D o,I'(v).
Thus I'(v, w) = 0,I'(v).

The proof that I'(v,w) = I'(w)o, is essentially identical. ]

Recall that the symmetric group on a set X = {x1,...,x,} is the group of all permu-
tations of X, which we denote S(X), and the alternating group on X is the set of all even
permutations on X, denoted A(X).

Of particular interest will be the theta graphs, or 6-graphs. A #-graph consists of a
cycle plus an additional path whose endpoints are two distinct vertices, say v and w, of
the cycle. The graph thus consists of three internally disjoint paths from v to w, with a,
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b, and c¢ internal vertices. We will say this is the #-graph of type (a, b, ¢), and without loss
of generality, we usually ensure a > b > ¢. We will need to single out a particular #-graph,
0o, of type (2,2,1):

Most of our effort will be in proving the following lemma.

LEMMA 2.2.6 Let G be a simple 2-connected graph on n vertices, other than a cycle
or the graph 6y. Then, for any vertex v of G, I'(v) is the symmetric group on V(G)\{v},
unless G is bipartite, in which case I'(v) is the alternating group on V(G)\{v}. n

Our principal theorem is

THEOREM 2.2.7 Let GG be a simple 2-connected graph on n vertices, other than a
cycle or the graph 6y. Then puz(G) is connected unless G is bipartite. If G is bipartite,
puz(G) has exactly two components, and if labelings f and g have unoccupied vertices at
distance d from each other, then f and g are in the same component if and only if g~ f is
a permutation of V(G) with the same parity as d.

Proof. Let G be a simple 2-connected graph and v a vertex of G. Each component of
puz(G) contains an f with f(v) = (. Labelings f and g, with g(v) = 0, are in the same
component if and only if f = go,, where p is a path from v to v. That is, f and g are in
the same component if and only if g71f € T'(v).

Fix a labeling h with h(v) = ). For any labeling g, let 7, = h='g. The map g — 7,
is a bijection from the set of labelings that map v to ) to S(V(G)\{v}). Now we have
g~'f € I'(v) if and only if (hry)~*hry € T'(v) if and only if 7, "7y € T'(v) if and only if
7/I'(v) = 7,I'(v). Thus, the components of puz(G) are in 1-1 correspondence with the
cosets of I'(v) in S(V(G)\{v}).

By lemma 2.2.6, I'(v) is either S(V(G)\{v}) or A(V(G)\{v}). If the former, there is
one coset and hence puz(G) is connected.

If T'(v) = A(V(G)\{v}), suppose that f(v) = g(w) =0, and let p be a path from v to
w. Then f and g are in the same component if and only if g~ f € I'(v, w) = 0,'(v) if and
only if ¢! f and o, have the same parity if and only if g~ f and the length of p have the
same parity. [

The proof of lemma 2.2.6 is by induction. By proposition 2.2.5, it suffices to prove the
lemma for a single v. Also, it will suffice to show that A(V(G)\{v}) C I'(v), since I'(v)
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contains an odd permutation if and only if G contains an odd length closed path if and
only if GG is not bipartite.

Fxercises 2.2.

1. Prove lemma 2.2.4.
2. Prove that I'(v) is a group, as claimed in proposition 2.2.5.

3. Let G be a cycle on n vertices. How many components are in puz(G)? What is I'(v)?

2.3 LEMMAS

LEMMA 2.3.1 Let X be a finite set, |X| > 3, x,y € X. Then the 3-cycles C' =
{(2.9.2)]z € X\{z,4}} generate A(X).

Proof. A 3-cycle is an even permutation, so the group G generated by C' is con-
tained in A(X). Suppose 0 € A(X), so o is a product of an even number of transpo-
sitions, o = (x1,y1) - (Tk,yr). Any transposition (a,b) with y ¢ {a,b} can be writ-
ten (a,b) = (y,a)(y,b)(y,a), so o can be written as ¢ = (y,a1)(y,a2) - (y,am), m
even, by replacing each (x;,y;) not containing y with a product of three transpositions.
Hence o = (y,a2,a1)(y,a4,a3) - (Y, @m, @m—1), since (y,a)(y,b) = (y,b,a). If ag;—1 =

Z, (y7a2iaa2ifl) = (xayaa%)' If az; = &, (y7a2i7a2i71) = ($7y7a2i71)2~ OthGI‘WiSe,
(v, a0i,a2:—1) = (,y,0a2:)(x,y, azi_1)(x,y,a2)?. Thus, o can be written as a product
of 3-cycles of the form (z,y, z), so A(X) C G. [ ]

DEFINITION 2.3.2 If 0 € S(X), the support of o, denoted |||, is {z € X|o(z) #
x}. O

DEFINITION 2.3.3 A subgroup H < S(X) is transitive on X if for all z,y € X
there is a 0 € H such that o(z) = v. O

DEFINITION 2.3.4 If ¥ C S(X), (3) is the subgroup of S(X) generated by X. o

LEMMA 2.3.5 Suppose ¥ is a set of 3-cycles in S(X), | X| > 3. Then the following are
equivalent.

1. (3) = A(X)
2. (X) is transitive on X.

Proof. 1t H< S(X)andY C X, let Hly = {0 € H|||o|| C Y}. H|y is a subgroup of
S(X) but we interpret it as a subgroup of S(Y).
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It is easy to see that (1) implies (2). Suppose that ¥ has property 2. Let ¥ C X
such that |Y] > 3, (¥)]y = A(Y), and Y is maximal with these properties. We show that
Y = X, which finishes the proof.

There is a set Y with the first two properties: Let 0 = (a,b,c) € X, and let Y =
{a,b,c}. Then (X)|y = {e, (a,b,c),(a,c,b)} = A(Y). Now let Y be a maximal set with
these properties, and suppose that Y £ X.

Since ¥ has property 2, (3) contains a permutation ¢ that maps an element of Y to
an element of X\Y. Therefore, ¥ contains a 3-cycle that maps an element of Y to an
element of X\Y. This 3-cycle has one of two forms: (z,y,2) with z,y € Y and 2 ¢ Y, or
(x,y,2) with z € Y and z,y ¢ Y.

In the first case, since (X)|y = A(Y), (X) contains all 3-cycles (z,y,t), t € Y. Thus
(¥) contains all 3-cycles (z,y,t), t € Y U{z}. By lemma 2.3.1, (¥)|yuiz) = A(Y U{z})
contradicting the maximality of Y.

In the second case, for each t € Y, (¥)|y contains a permutation o such that o(z) = t,
because (X)|y = A(Y). Hence o(zyz)o~! = (zyt) € (X). Since this is true for every t € Y,
O vufa,yy = AY U{z,y}), again by lemma 2.3.1, which is again a contradiction. u

DEFINITION 2.3.6 A permutation group G on X, | X| > 3 is primitive if it preserves
no non-trivial partition of X. (The single set X and the collection of all singleton subsets
are the trivial partitions. G preserves a partition if every o € GG induces a permutation of
the sets of the partition.) O

DEFINITION 2.3.7 A permutation group G on X is doubly transitive if it is tran-
sitive and for every x,y,z € X, with = ¢ {y, 2}, there is a 0 € G such that o(x) = z and

o(y) = z. O

It is easy to see that if G is doubly transitive then it is primitive.

LEMMA 2.3.8 Suppose G is a primitive transitive permutation group on X, and G
contains a 3-cycle. Then A(X) C G.

Proof. Let X be the set of 3-cycles in G. We claim that G preserves the orbits of (X).
First, we show that (3) < G. Suppose o € (), that is, o is a product of 3-cycles. Let
7 € G; we need to show that 7o~ € (). Write

ror !t = TC1C2C3 * -+ CkT_l = 7'617'7'_1627'7'_1637'7'_1 . -TT_lckT_l,

where the ¢; are 3-cycles. Now it suffices to show that 7¢; 77!

verify that 7(a,b,c)7=t = (7(a), 7(b), 7(c)).
Now suppose that 7 € G, that X; and X5 are orbits of (X), that x € X3, and that
7(x) € Xo. We need to show that 7(X;) = Xs. Suppose that y € X;, so there is a

is a 3-cycle. It is easy to
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o € (X) such that o(x) = y. Then 7(y) = o7~ (7(2)). Since Tor™! € (X), 7(y) € X3, so
7(X1) C Xo.

If 2 € Xy, there is a o € (X) such that o7(z) = 2. Then z = o7(z) = (7 Lo7(2)),
and since 77 loT € (X), 77 lo7(z) € X1, and so z € 7(X;). Thus, 7(X1) D X,.

Since G is primitive and preserves the orbits of (X), the orbits must form a trivial
partition of X. Since (3) contains a 3-cycle, the orbits cannot be the singletons, so there
must be a single orbit, all of X. Thus, (¥) is transitive and by lemma 2.3.5, A(X) = (X) C
G. [ ]

LEMMA 2.3.9 Let X ={y,a1,a2,...,an,2,b1,b2,...,b}, n>m >0, and let

T =(a1,a2,...,0n,2,b1,b2,...,b1)

p=(b1,b2,...,b;m,y,a1,a2,...,a,).

Then (7, p) = S(X) if n+m is odd and (7, p) = A(X) if n + m is even, unless
1.n=2 m=1,
2. n=m=2, or

3. n=4, m=2.

Proof. Without loss of generality, we may assume n > m.

It suffices to show that A(X) C (m, p), since m and p have the same parity as m + n.

The group (7, p) is doubly transitive on X: it is clearly transitive on X, and it is then
not hard, but somewhat tedious, to see that it is doubly transitive and hence primitive.
For example, suppose we seek a o that fixes a; and such that o(by) = a;, ¢ # j. First, note
that 77~ 1(a;) = 2 and 7" ~"*1(by) = x, where z € {a1,...,an,b1,...,by}. Then there
is a p such that p?(z) = 7" ~"*(a;) € {a1,...,an,b1,...,bp}. Now 107" 1o pP o gn—itl
fixes a; and maps by, to a;.

Ifn=m=0, (m,p) ={e} = A{y, z}). Otherwise, by lemma 2.3.8, it suffices to show

that (m, p) contains a 3-cycle.
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Suppose first that n > m > 3. Then (7, p) contains the following permutations:

o1 =pr ' = (y,a1)(z,b1)

oy = 7ot = (y,az,b1,bo)

03 = ot = (y,as, by, bs)

og=p Mo1p™ = (b1,b2)(z,ak41), k=n—m<n-—3
05 = 0904

g = 7r057r_1

1—-m m—1
o7 =p o1p

oy = 0703 = (y,a3)(z, aki2)
o9 = 0806 = (2, ak42,b1).

Next, suppose n > m >0, n#2m, m < 3. f m =0, pr~! = (a1, z,y). If m >0,

1 =pr ' =(y,a1)(z,b1)
To=p"Tp "= (amvam-i-l)(Zy)
3 =71 = (y, ¢)(am, Gmi),

where ¢ = 2™ (ay1) & {¥y, 2, @m, @my1}. Then 1370 = (y, 2, ¢).

The only remaining case is n = m = 1, in which case 7 and p are 3-cycles. ]

In fact, in the three excluded cases of the lemma, the lemma is false, but we will not
prove this. Wilson ([2]) does compute (7, p).

LEMMA 2.3.10 The Handle Theorem Suppose G is 2-connected and K is a 2-
connected proper subgraph of G. Then there are subgraphs H and A (the handle) of G
such that H is 2-connected, H contains K, A is a simple path, H and A share exactly the
endpoints of A, and G is the union of H and A.

Proof. Given G and K, let H be a maximal proper subgraph of G containing K. If
V(H) =V (G), let e be an edge not in H. Since H plus the edge e is 2-connected, it must
be GG, by the maximality of H. Hence A is the path consisting of e and its endpoints.

Suppose that v is in V(G) but not V(H). Let u be a vertex of H. Since G is 2-
connected, there is a cycle C containing v and u. Following this cycle from v to u, Let w
be the first vertex in H. Continuing on the cycle from u to v, let x be the last vertex in
H. If x # w, let A be the path (z,v1,v9,...,0%,V = Vkt1,Vkt2,---,Vm,w), that is, the
portion of the cycle between z and w containing no vertices of H except x and w. Since
H together with A is 2-connected, it is GG, as desired.

If = w then x = w = u. Let y be a vertex of H other than u. Since G is 2-connected,
there is a path P from v to y that does not include u. Let v; be the last vertex on P that is
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in {vy,...,v,...,0,}; without loss of generality, suppose j > k+1. Let z be the first vertex
on P after v; that is in H. Then let A be the path (u,v1,...,v = Vgy1,...,05,...,2),
where from v; to z we follow path P. Now H U A is a 2-connected subgraph of G, but it is
not G, as it does not contain the edge {u,v,,}, contradicting the maximality of H. Thus
T # w. ]

DEFINITION 2.3.11 If G is a graph, 5(G) = |E(G)| — |V(G)| 4+ 1 is the cyclomatic
number or Betti number of G. ]

When we prove the main lemma, 2.2.6, the induction will be on 5(G). It is easy to
see that if G = H U A as in lemma 2.3.10, S(H) = B(G) — 1.

If G is 2-connected and 5(G) = 1, G is a cycle. When B(G) = 2, G is a #-graph, and
this will be the base case for the induction. Because 6 is excluded in our result, the case
B(G) = 3 will require that we can remove a handle from G to get a #-graph that is not
0p. This is always possible, and not hard to prove, but somewhat tedious. We need to see
that after adding a handle to 8y, we can remove a handle to leave a #-graph that is not 6.

LEMMA 2.3.12 1If 5(G) = 3, it is possible to remove a handle leaving a #-graph other
than 60.

Proof. There are eight distinct ways to add a handle to :

In the first case, we may remove the handle with interior node v to form a #-graph of
type (x,0,4). The rest are similar. [ ]
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FExercises 2.3.

1.

Let X be the set of 3-cycles in G. Show that (X) is the set of all products of 3-cycles.

2. If 7: X — Y is a bijection, and a,b,c € X, verify that 7(a,b,¢)7~ ' = (7(a), 7(b), 7(c)).

State and prove a theorem analogous to the previous exercise, with (a, b, c) replaced by any
cycle (a1, az,...,a;).

Show that a doubly transitive group is primitive.

. Show that if |X| # 2, then the requirement that G be transitive is not necessary in the

definition of doubly transitive. That is, if G is a permutation group such that for every
x,y,z € X, with « ¢ {y, z}, there is a ¢ € G such that o(z) = x and o(y) = z, then G is
transitive.

Prove that if | X| > 4 then A(X) is doubly transitive on X.

A permutation group G on X is 2-transitive if for all w # z and y # z there is ¢ € G such
that o(w) = y and o(x) = z. Show that G is 2-transitive if and only if G is doubly transitive.

. Finish the proof of lemma 2.3.12.

2.4 PROOF OF THE MAIN LEMMA

We are now prepared to prove the main lemma, 2.2.6. As we remarked on page 13, it
suffices to show that A(V(G)\{v}) C T'(v) for a single vertex v in G. The proof is by
induction on B(G), with base case f(G) = 2, that is, when G is a #-graph other than 6.

Let G be a simple f-graph with vertices of degree three y and z. Denote the three

paths between y and z by p1, p2, and p3, with

= (2,an,an-1,---,01,Y)
= (Y, by brp—1...,b1,2)
(U Cl>C2>"'7087y)
r:(v,dl,dg,...,dt,z)
p3 :aru
where v is an internal vertex of ps.
CL2 /// \\\
\
\
ay v Anp
Yy -————-—0—0- - - - - z
Cs €10 q, d,
bm \\ bl
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Now let
T = Ogpoprg = (Gl -+, Qn, 2, b1,...,bpy)
P =0Orpipor = (b1, bm,y,a1,...,ap).
These are in I'(v).
Assume first that n > 1 and that {m,n} is not {1,2}, {2,2}, or {2,4}, so G is not of
type (4,2,2), (2,2,2), or (2,2,1). By lemma 2.3.9, A({a1,...,an,b1,...,bm,y,2}) C (m,p).
This implies that every 3-cycle with support in {ai,...,an,b1,...,bm,y,2} is in ['(v). Let

T = 0gpor = (d1,...,dt, 2,01, ... by, y,c5... 1) € T'(v).

We can produce a 3-cycle in I'(v) containing a; and any vertex in {c1,...,¢s,d1,...,d}
in the form 77(ay,y, z)7 P. Thus, the 3-cycles in I'(v) generate a subgroup transitive on
V(G)\{v}, and so by lemma 2.3.5, A(V(G)\{v}) C I'(v).

Now suppose that G is of type (4,2,2). Let n =4, m =2, s =1, and t = 0. Then

Lr=27271p = (2,a4,a;). We can then produce a 3-cycle mapping z to any vertex

72p7r_ T
in V(G)\{v} in the form pP(z, a4, a1)p~P or 7*(2,a4,a1)7 *(z,a4,a1)? = (z,c1,a4). Once
again the result follows from lemma 2.3.5.

If G is of type (2,2,2),let m =n=2,s=1,and t = 0. Then prlpr lra?pr2p~! =
(z,a1,c1). We can then produce a 3-cycle mapping z to any vertex in V(G)\{v} in the
form pP(z,a1,¢1)p™P

Now let G be a simple 2-connected graph with 3(G) > 3. Write G = H U A as in
lemma 2.3.10; by lemma 2.3.12, we may do this so that H is not 6y when S(G) = 3. Let v
and w be the endpoints of the handle A. Since I'¢(v) 2 I'g(v), I'¢(v) contains a 3-cycle,
and so by lemma 2.3.8 it suffices to show that I'¢(v) is doubly transitive on V(G)\{v}.

Let A be the path p = (v,a¢,a1—1,...,a1,w). Let u be a vertex of H other than v and
w. Since H is 2-connected, there is a simple path ¢ = (w, bs,...,b1,v) in H that does not
include u. Then let

0=0pg = (w,a1,...,as,b1,...,bs),

so 0'(w) = a; and o(u) = u. By the induction hypothesis, A(V(H)\{v} C I'y(v), so for
all vertices = of H, other than v and v, I'y(v) contains a permutation mapping w to z
and fixing u (see exercise 6 in section 2.3). Thus, for all vertices u in H, other than v and
w, and for all vertices y and z in G, other than v and u, there is a permutation in I'¢(v)
mapping y to z and fixing u.

Finally, we need to show that for all v in {w,a;,...,a;} and vertices y and z in
V(G)\{v, u}, there is a permutation in I'¢(v) mapping y to z and fixing w.

Let z € V(H)\{v,w}; there is a permutation 7 € I'¢(v) such that 7(u) = x. Then as
we have already seen, there is a permutation g mapping 7(y) to 7(z) and fixing x. Thus
7Yt maps y to z and fixes u.
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Exercises 2.4.

1

1. In the case that G is of type (2,2,2), Verify that pr*pr *rr?pr?p~! = (2,a1,¢1).

2.5 THE 15-PUZZLE REDUX

Let’s return to the 15-puzzle. In graph form, this is a bipartite graph, so we know that
puz(G) has two components. We are interested in the component that contains the “stan-
dard” labeling shown in figure 2.1.1; call this labeling f. Suppose that g is a labeling with
the same blank vertex. By theorem 2.2.7, g is in the same component as f if and only if
g~ 'f has the same parity as 0, that is, that ¢~ f is an even permutation of the vertices.
In general, ¢ is in the same component as f if and only if g~ ! f has the same parity as the
distance that the blank in ¢ is from its original location.

It is a little more natural to think of permuting the labels, rather than the vertices.

1

The corresponding permutation of the labels is fg~!, which has the same parity as g~ ' f.

Thus it is easy to determine which configurations can be reached in the puzzle.

FExercises 2.5.

1. Show that fg~' has the same parity as g~ ' f.

2. Which of the following configurations can be produced from the standard starting position?

1 5 9 13 1 2 3 4 1 2 3 4
2 6 10 14 12 13 14 5 8 7 6 5
3 7 11 15 11 15 6 9 10 11 12
4 8 12 10 9 8 7 15 14 13

(a) (b) ()
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A

adjacent labelings, 9

B

Betti number, 17

C

cyclomatic number, 17

D

doubly transitive, 14

H
handle, 16

L

labeling, 9
adjacent, 9

P

primitive, 14

puz(G), 10

R

reverse (of a path), 10

Index

S

support, 13

T

theta graph, 11

transitive, 13
2-transitive, 18
doubly, 14

2-transitive, 18
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