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2 1 INTRODUCTION

1 Introduction

This is a survey of decision problems for groups, that is of algorithms for
answering various questions about groups and their elements. The general
objective of this area can be formulated as follows:

Objective: To determine the existence and nature of algorithms

which decide

e [ocal properties — whether or not elements of a group have
certain properties or relationships;

e global properties — whether or not groups as a whole possess
certain properties or relationships.

The groups in question are assumed to be given by finite presentations or in
some other explicit manner.

Historically the following three fundamental decision problems formulated
by Max Dehn in 1911 have played a central role:

word problem: Let G be a group given by a finite presentation.
Does there exist an algorithm to determine of an arbitrary
word w in the generators of G whether or not w =¢ 17

conjugacy problem: Let G be a group given by a finite pre-
sentation. Does there exist an algorithm to determine of
an arbitrary pair of words v and v in the generators of G
whether or not u and v define conjugate elements of G7

isomorphism problem: Does there exist an algorithm to de-
termine of an arbitrary pair of finite presentations whether
or not the groups they present are isomorphic?

In terms of the general objective, the word and conjugacy problems are de-
cision problems about local properties while the isomorphism problem is a
decision problem about a global relationship.

Motivation for studying these questions can be found in algebraic topol-
ogy. For one of the more interesting algebraic invariants of a topological
space is its fundamental group. If a connected topological space T' is reason-
ably nice, for instance if T" is a finite complex, then its fundamental group
m1(T) is finitely presented and a presentation can be found from any reason-
able description of T'. The word problem for 7 (7") then corresponds to the
problem of determining whether or not a closed loop in T is contractible.
The conjugacy problem for 7 (T") corresponds to the problem of determining
whether or not two closed loops are freely homotopic (intuitively whether one



can be deformed into the other). Since homeomorphic spaces have isomor-
phic fundamental groups, a solution to the isomorphism problem would give
a method for discriminating between spaces (the homeomorphism problem).

Following the development of the theory of algorithms in the 1930’s (re-
cursive functions and Turing machines), it was reasonable to expect that
Dehn’s fundamental problems might be recursively unsolvable. It turns out
that not only these problems but a host of local and global decision problems
are unsolvable. These developments are discussed in the next two sections.
In subsequent sections we consider decision problems restricted to classes of
groups enjoying particular algebraic properties, the problem of computing in-
variants (largely homological) of groups and some measures of computational
complexity.

The purpose of this survey is to give some picture of what is known about
decision problems in group theory. While a number of references are given
for various results, historical matters have been largely neglected. Naturally
the choice of material reported on reflects the author’s interests and many
worthy contributions to the field will unfortunately go without mention. A
number of relatively straight forward proofs have been included; usually they
are not too difficult, or illustrate the concepts involved or even, occasionally,
have a novel aspect. Many concepts and results from mathematical logic,
particularly recursive function theory, are explained in an informal manner
and occasionally at some length. Hopefully this will make these concepts
more accessible for a wide audience.

2 Basic local unsolvability results

A finite presentation 7 of a group is a piece of notation such as
<Xy, | Ri=1,...,R, =1>

where the z; are letters in some fixed alphabet and the R; are words in the
z; and their inverses z;*. The group presented by 7, denoted gp(r), is the
quotient group of the free group on the z; by the normal closure of the R;.
Usually it is not necessary to distinguish so carefully between a group and
its presentation and we often write simply

G:<.T1,...,5L'n’Rlzl,...,RT:1>

to mean the G is the group defined by the given presentation.

It is convenient to introduce some notation for several decision problems
we will consider. Suppose that G is a finitely presented group defined by a
presentation as above. Then the word problem for GG is the decision problem

WP(G) =(twe G)(w=¢1).
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Here the “?” is intended as a sort of quantifier and should be read as “the
problem of deciding for an arbitrary word w in G whether or not ....” A
closely related problem is the equality problem:

EqP(G) = (?wl,wg € G)(w1 =G wg).

Of course, w; =¢ w, if and only if wywy' =¢ 1 so that an algorithm for
solving either of W P(G) or EqP(G) easily yields an algorithm for solving the
other. On the other hand, from the viewpoint of computational complexity,
these problems are subtly different.

Again using this “?” quantifier, the conjugacy problem for G is

CP(G) = (tu,v € G)(Fz € G)(z 'ur =g v).

If H is a finitely generated subgroup of G and if H given by say a finite set
of words which generate it, then the generalized word problem for H in G is
the problem of deciding for an arbitrary word w in G whether or not w lies
in the subgroup H, that is

GWP(H,G) = ("we G)(w e H).

When the subgroup H is an arbitrary finitely generated subgroup rather than
a fixed one we write simply GW P(G).

On the face of it, each of these algorithmic problems appears to depend
on the given presentation. We will show below that the solvability of each of
these problems is independent of the finite presentation chosen. It can hap-
pen that for a particular finitely presented group each of the above problems
is solvable. For instance, if G is a finite group given by a multiplication table
presentation, it is easy to describe algorithms for solving WP(G), CP(G)
and GW P(QG). Similarly, if F' =< 1,...,2, | > is a finitely generated free
group W P(F) is solved by freely reducing and C'P(F') is solved by cycli-
cally permuting and freely reducing. The GW P(H, F') for finitely generated
subgroups H of F is more difficult and its solution is due to Nielsen (see
71)).

Finally, in terms of the “?” notation, the isomorphism problem for finitely
presented groups is

IsoP = (7w, s finite presentations)(gp(mi) = gp(ma)).

We assume the reader is familiar with the rudiments of the theory of
algorithms and recursive functions. Thus a set of objects is recursive if there
is an algorithm for deciding membership in the set. A set S of objects is
recursively enumerable if there is an algorithm for listing all the objects in S.
It is easy to see that every recursive set is recursively enumerable. Moreover,



a set S is recursive if and only if both S and its complement are recursively
enumerable. A diagonal argument can be used to prove the important result
that there exists a set which is recursively enumerable but not recursive. This
fact is in a sense the source of all undecidability results in mathematics.

Each of the above decision probems is recursively enumerable in the sense
that the collection of questions for which the answer is “Yes” is recursively
enumerable. For instance, the set of words w of G such that w =4 1 is
recursively enumerable. For it is the set of words freely equal to a product
of conjugates of the given finite set of defining relations and this set can (in
principle) be systematically listed. Thus W P(G) is recursively enumerable.
Now W P(G) is recursively solvable (decidable) exactly when the set of words
{w € G | w=¢ 1} is recursive. So W P(G) is recursively solvable if and only
if {w € G | w #¢ 1} is receursively enumerable.

Similarly, one can systematically list all true equations between words of
G and all true conjugacy equations so that EFqP(G) and C'P(G) are recur-
sively enumerable. GW P(H, G) is recursively enumerable since one can list
the set of all true equations between words of G and words in the generators
of H. Finally, if two presentations present isomorphic groups, then one can
be obtained from the other by a finite sequence of Tietze transformations.
Since the set of presentations obtainable from a given one by a finite sequence
of Tietze transformations is recursively enumerable, it follows that IsoP is
recursively enumerable.

We recall the notion of Turing reducibility. If A and B are two sets of
objects, we write A <p B if an (hypothetical) algorithm to answer questions
about membership in B would yield an algorithm to answer questions about
A. Thus the decision problem for A is reducible to that for B. One way
to make this precise is through the theory of recursive functions. Recursive
functions can be defined as the collection of functions obtained from certain
base functions (like multiplication and addition) by closing under the usual
operations of composition, minimalization and recursion. A function is said
to be B-recursive if it is among the functions obtained from the base functions
together with the characteristic function for B by closing under the usual
operations. Then A <r B is defined to mean that that the characteristic
function of A is B-recursive. Of course, if B is already recursive (that is,
membership in B is decidable) and if A <7 B then A is also recursive.

Now the relation < is a partial order so we can form the corresponding
equivalence relation. Two sets of objects A and B are Turing equivalent
A =7 B if each is Turing reducible to the other, that is both A <; B and
B <r A. In terms of this notation there are some obvious relationships
among our decision problems:

EqP(G) =¢ WP(G) <7 CP(Q)
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WP(G) =r GWP(1,G) <r GWP(G).

We have already observed the first equivalence. Since w =4 1 if and only if
w and 1 are conjugate in G it follows that WP(G) <7 CP(G). The other
assertions are clear.

A recursive presentation is a presentation of the form

<$1,...,$n|R1:1,R2:1,...>

where Ry, Ro, ... is a recursively enumerable set of words. A finitely gener-
ated group G is recursively presented if it has a recursive presentation. Of
course finitely presented groups are recursively presented but the converse
is false. The word problem and conjugacy problem are defined for recur-
sively presented groups as before and they are still recursively enumerable
problems.

Lemma 2.1 Let G be a finitely generated group given by a recursive presen-
tation

G:<ZL‘1,...,LEn|R1:1,R2:1,...>.

Suppose that H is a finitely generated group with generators y,...,Ym and
that ¢ : H — G is an injective homomorphism. Then H has a recursive
presentation of the form

H:<y17"'7yn’Q1:17Q2:17--->

where Q1,Qo, . . . is a recursively enumerable set of words iny, ..., Ym. More-
over, WP(H) <r WP(G).

Proof: Let F' =< y1,...,Ym | > be the free group with basis y1,..., Ym.
Now we can write ¢(y;) = u; (i = 1,...,m) where the u; are certain words
on xi,...,xr,. There is then a unique homomorphism v : F' — G such that
U(y;)) = u; (i = 1,...,m) and since ¢ is injective we have H = F/ker 1.
Now the set of all formal products of the words u; and their inverses is a
recursively enumerable set of words of G. The set of words of G equal to the
identity is also recursively enumerable. Hence the intersection of these two
sets is a recursively enumerable set of words, and it follows that ker v is a
recursively enumerable set of words on 1, ..., y,,. The first claim follows by
taking @1, Qs, ... to be a recursive enumeration of ker 1.

For the second claim, suppose that we have an algorithm Ag to solve the
word problem for G. We describe an algorithm to solve the word problem

for H as follows: let w(yi,...,yn) be an arbitrary word in the generators
of H. Since ¢ is injective, w =g 1 if and only if ¢(w) =¢ 1. Now ¢(w) =
w(uy, ..., Un) so we can apply the algorithm Ag to decide whether or not

w(u, ..., un) =¢ 1. If so, then w =g 1; if not, then w #p 1. This algorithm
solves the word problem for H. Thus WP(H) <y WP(G) completing the
proof.



Lemma 2.2 For finitely presented groups (respectively finitely generated, re-
cursively presented groups), the word problem, conjugacy problem and gener-
alized word problem are algebraic invariants. That is, for any two presenta-
tions m and my of the same group on a finite set of generators, W P(my) =r
W P(my), CP(my) =p CP(m) and GW P (1) =r GW P(m,).

Proof: The proof is in each case similar to the proof of the second part of the
previous lemma except that ¢ is an isomorphism. We omit the details.
The main local unsolvability result is the following:

Theorem 2.3 (Novikov [87], Boone [21]) There ezists a finitely presented
group whose word problem is recursively unsolvable.

The original proofs of this result proceed along the following lines: start
with a Turing machine 7" whose halting problem is unsolvable. That is, the
problem of deciding whether the machine started with an arbitrary tape in a
certain state will eventually halt is unsolvable. Constructions of Markov and
of Post, associate to such a Turing machine a certain semigroup S(7") whose
defining relations mimic the transition rules defining the Turing machine 7.
They show a code word incorporating a tape and state of T is equal in S(7")
to a particular fixed halting word, say qo, if and only if 7" halts when started
with that tape and state.

Groups G(T') having unsolvable word problem are constructed by in turn
mimicking the defining relations of S(T") inside a group. The construction is
not so direct as the Markov-Post construction and involves starting with free
groups and performing a number of HNN-extensions and/or free products
with amalgamation. Nevertheless, there is a direct coding of a tape and
state of T" as a word w of G(T') so that w =¢(p) 1 if and only if the machine
T halts when started with that tape and state. Since 7" has an unsolvable
halting problem, it follows that G(7") has unsolvable word problem.

A readable account of the Novikov-Boone Theorem along these lines can
be found in the textbook by Rotman [92].

In view of the previously noted relationships among our various decision
problems, the Novikov-Boone Theorem has the following immediate corol-
lary:

Corollary 2.4 There exists a finitely presented group G such that W P(G),
CP(G) and GW P(G) are all recursively unsolvable.

In contrast to the difficulties encountered for finitely presented groups, it
is easy to give examples of finitely generated, recursively presented groups
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with unsolvable word problem. For example, let S C N be a recursively enu-
merable set of natural numbers which is not recursive. Define the recursively
presented group

Hg =< a,b,c,d | a 'ba’ = c'dc' Vi€ S > .

Now Hg can be described as the free product with amalgamation of the free
group < a,b | > and the free group < ¢,d | > amalgamating the subgroup
(freely) generated by the left hand sides of the indicated equations with
the subgroup (freely) generated by the right hand sides. It follows from the
normal form theorem for amalgamated free products that a~‘ba‘c™'d~'c" =y,
1if and only if ¢ € S. Thus S <p WP(Hg) and so WP(Hg) is recursively
unsolvable.

Using this observation Higman [54] gave a very different proof of the
unsolvability of the word problem. Indeed he proved the following remarkable
result:

Theorem 2.5 (Higman Embedding Theorem) A finitely generated group H
can be embedded in a finitely presented group if and only if H is recursively
presented.

That finitely generated subgroups of finitely presented groups are recur-
sively presented is contained in our first lemma above. The difficult part of
this theorem is to show that a recursively presented group can be embedded
in a finitely presented group.

The Novikov-Boone Theorem is an easy corollary. For let Hg be the
finitely generated, recursively presented group with unsovable word problem
constructed above. By Higman’s Embedding Theorem, Hg can be embedded
in a finitely presented group, say Gs. Then by an earlier lemma, W P(Hg) <
W P(Gg) and so G has unsolvable word problem.

Higman’s Embedding Theorem has a number of other remarkable aspects.
It provides a complete characterization of the finitely generated subgroups of
finitely presented groups - namely they are the recursively presented groups.
It also provides a direct connection between a purely algebraic notion and a
notion from recursive function theory. Another consequence is the existence
of universal finitely presented groups.

Corollary 2.6 ([54]) There exists a universal finitely presented group; that
18, there exists a finitely presented group G which contains an isomorphic
copy of every finitely presented group.

To prove this one systematically enumerates all finite presentations on a
fixed countable alphabet. The free product of all of these can be embedded



in a two generator group which will be recursively presented. This group can
then be embedded in a finitely presented group which is the desired universal
group.

It is known from recursive function theory that the relation =7 partitions
sets into equivalence classes called degrees of unsolvability. Those degrees
of unsolvability which contain a recursively enumerable set are called r.e.
degrees of unsolvability and are of particular interest. The r.e. degrees are
then partially ordered by <;. There is a smallest r.e. degree denoted 0 which
consists of the recursive sets and a largest r.e. degree denoted 0" which is
essentially the general halting problem for all Turing machines. However,
a particular Turing machine can have a halting problem with degree lying
strictly between these two. There are infinitely many r.e. degrees and they
have a rich structure; for example, they are dense with respect to the partial
order <. In view of this varied collection of r.e. degrees, it is natural to ask
which degrees arise from word problems of finitely presented groups. The
answer is the following strengthening of the Novikov-Boone Theorem:

Theorem 2.7 (Fridman [35], Clapham [27], Boone [21]) Let D be an r.e.
degree of unsolvability. Then there is a finitely presented group whose word
problem has degree D. In more detail, there is an explicit, uniform con-
struction which when applied to a Turing machine T having halting problem
of degree D yields a finitely presented group G(T) such that WP(G(T)) is
Turing equivalent to the halting problem for T

The arguments used to prove the Novikov-Boone Theorem already con-
structed a group G(T") such that the halting problem for T"is < WP(G(T)).
The difficulty is in showing the word problem isn’t any harder than the halt-
ing problem for 7. The proofs of this result are technically rather difficult.

It is easy to see that the amalgamated free product of two free groups Hg
described above has W P(Hg) =7 S. Clapham’s approach to the previous
theorem is to show that Higman’s embedding theorem can be made “degree
preserving”. More precisely, he shows the following:

Theorem 2.8 (Clapham [28]) If H is a finitely generated, recursively pre-
sented group, then H can be embedded in a finitely presented group G such
that WP(H) =r WP(G). In particular, a finitely generated group with solv-
able word problem can be embedded in a finitely presented group with solvable
word problem.

As we shall see in the next section, the precise control of the word problem
implicit in this result enables one to obtain additional unsolvability results
of a global nature.
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Since one always has WP(G) <p CP(G), one can ask whether they are
always the same. They can in fact be of any two appropriate r.e. degrees of
unsolvability. The most general result in this direction is the following:

Theorem 2.9 (Collins [29]) Let Dy and Do be r.e. degrees of unsolvability
such that Dy <7 Ds. Then there is a finitely presented group G such that
W P(G) has degree Dy and CP(G) has degree Do. In particular, there is a
finitely presented group with solvable word problem but unsolvable conjugacy
problem.

We turn now to briefly consider other local decision problems concerning
elements in a group.

The structure of finitely generated abelian groups can be completely de-
termined from a finite presentation of such a group, and in particular one
can solve the word problem for such groups. Consequently, if G' is an arbi-
trary finitely presented group one can effectively determine the structure of
its abelianization G//[G, G]. So for instance, there is an algorithm to decide
whether G is perfect. Moreover, since one can solve the word problem for
G/|G,G] it follows that one can decide of a arbitrary word w of G whether
or not w € [G,G].

However, it would seem that any property of elements a finitely presented
group which is not determined by the abelianization G/[G, G] will be recur-
sively unrecognizable. The following result show a few common properties of
elements are not recognizable.

Theorem 2.10 (Baumslag, Boone and Neumann [10]) There is a finitely
presented group G such that there is no algorithm to determine whether or
not a word in the given generators represents

. an element of the center of G,

. an element permutable with a given element of G;

. an n-th power, where n > 1 is a fived integer;

1
2
3
4. an element whose class of conjugates is finite;
5. a commutator;

6

. an element of finite order > 1.

Proof: Fix a finitely presented group U having unsolvable word problem.
Define G to be the ordinary free product of U with a cyclic group of order 3
and an infinite cyclic group, that is,

G=Ux<s| >x<t|t?P=1>.
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We use the commutator notation [z,y] = z7'y~'zy. In the following, w is a
variable for an arbitrary word in the generators of U.

The center of G is trivial so w lies in the center of G if and only if w =y 1.
So there is no algorithm to determine whether an arbitrary word of G lies
in the center. This gives the first assertion. Similarly, w is permutable with
s if and only if w =y 1 which establishes the second assertion. The element
s"[t,w] is an n-th power if and only if w = 1 establishing the third assertion.
The conjugacy class of w is finite if and only if w =y 1 since if w #y 1 the
conjugates s ‘ws’ would all be distinct. This gives the fourth assertion. For
the fifth assertion, note that [s,t]w is a commutator if and only if w = 1.
Finally for the sixth assertion, observe that tw has infinite order if and only
if w #y 1, while if w =y 1 then tw has order 3. This completes the proof.

In the next section we will present some related unsolvability results con-
cerning the subgroups of a finitely presented group generated by finite sets of
elements. These are a sort of mixture between local and global unsolvability
results.

3 Basic global unsolvability results

In this section the existence of a finitely presented group with unsovable word
problem is applied to obtain a number of global unsolvability results.

Consider the problem of recognizing whether a finitely presented group
has a certain property of interest. For example, can one determine from a
presentation whether a group is finite? or abelian? It is natural to require
that the property to be recognized is abstract in the sense that whether a
group G enjoys the property is independent of the presentation of G.

An abstract property P of finitely presented groups is recursively recog-
nizable if there is an effective method which when applied to an arbitrary
finite presentation 7 determines whether or not gp(w) has the property P.
More formally, P is recursively recognizable if {m | gp(m) € P} is a recursive
set of finite presentations.

It turns out that very few interesting properties of groups are recursively
recognizable. To formulate the key result we need the following definition.

Definition 3.1 An abstract property P of finitely presented groups is said
to be a Markov property if there are two finitely presented groups G and

G_ such that
1. G4 has the property P; and

2. if G_ is embedded in a finitely presented group H then H does not have
property P.
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These groups G and G_ will be called the positive and negative witnesses
for the Markov property P respectively.

It should be emphasized that if P is a Markov property then the negative
witness does not have the property P, nor is it embedded in any finitely
presented group with property P.

For example the property of being finite is a Markov property. For G
one can take < a | a®> = 1 > which is a finite group. For G_ one can take
the group < b,c | b=1cb = ¢* > which is an infinite group and therefore not
embedded in any finite group.

Similarly, the property of being abelian is a Markov property. Indeed the
two groups chosen as witnesses for the property of being finite will also serve
as witnesses for the property of being abelian.

An example of a property which is not a Markov property is the property
of being perfect, that is G/[G, G] = 1. For it is not hard to show (and indeed
will follow from the constructions given below) that any finitely presented
group can be embedded in a perfect finitely presented group. Hence there
can be no negative witness G_ for the property of being perfect.

An abstract property P of finitely presented groups is hereditary if H
embedded in G and G € P imply that H € P, that is, the property P is
inherited by finitely presented subgroups. A property of finitely presented
groups P is non-trivial if it is neither the empty property nor is it enjoyed by
all finitely presented groups. Suppose P is a non-trivial, hereditary property
of finitely presented groups. Then, since P is non-trivial, there are groups
Gy € Pand G_ ¢ P. But if G_ is embedded in a finitely presented group
H, then H ¢ P because P is hereditary. Thus P is a Markov property with
witnesses GG and GG_. This proves the following:

Lemma 3.1 If P is a non-trivial hereditary property of finitely presented
groups, then P 1s a Markov property.

Another useful observation is the following:

Lemma 3.2 If () # P, C P, are properties of finitely presented groups and
if Py is a Markov property, then Py is also a Markov property.

For if G_ is a negative witness for P, and if K € P;, then P, is a Markov
property with positive and negative witnesses K and G_.

Recall from the previous section that Higman has constructed a universal
finitely presented group, say U. If P is a Markov property with positive
and negative witnesses G,y and G_, then G_ is embedded in U so U ¢
P. Moreover, if U is embedded in a finitely presented group H then so
is G_ and hence H ¢ P. Thus P is a Markov property with positive and
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negative witnesses G, and U. Hence U is a negative witness for every Markov

property.
The main unsolvability result concerning the recognition of properties of
finitely presented groups is the following;:

Theorem 3.3 (Adian [2], [3], Rabin [88]) If P is a Markov property of

finitely presented groups, then P is not recursively recognizable.

Before indicating a proof of this result, we note the following easy corol-
laries:

Corollary 3.4 The following properties of finitely presented groups are not
recursively recognizable:

being the trivial group;

being finite;

being abelian;

being nilpotent;

being solvable;

being free;

being torsion-free;

being residually finite;

© o RS e~

having a solvable word problem;

~
S

being simple;

11. being automatic.

For each of (1) through (9) is a non-trivial, hereditary property and hence
is a Markov property. For (10), it is known (see below) that finitely presented,
simple groups have solvable word problem and hence, by the above lemma,
being simple is a Markov property. Similarly for (11), automatic groups have
solvable word problem and so being automatic is a Markov property.

Corollary 3.5 The isomorphism problem for finitely presented groups is re-
cursively unsolvable.

For by (1) in the previous corollary there is no algorithm to determine of
an arbitrary presentation 7 whether or not gp(mw) = 1.

Proof of the Adian-Rabin Theorem: We are going to give a simple
proof of the Adian-Rabin Theorem which is our modification of one given
by Gordon [40]. The construction is quite straightforward and variations on
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the details can be applied to obtain further results. So suppose that P is a
Markov property and that G, and G_ are witnesses for P. We also have
available a finitely presented group U having unsolvable word problem.

Using these three items of initial data, we construct a recursive family
of finite presentations {m, | w € U} indexed by the words of U so that if
w =y 1 then gp(m,) = G4 while if w #¢ 1 then G_ is embedded in U. Thus
gp(my) € P if and only if w =y 1. Since U has unsolvable word problem, it
follows that P is not recursively recognizable.

The family {m, | w € U} is rather like a collection of buildings con-
structed from playing cards standing on edge. Such a building can be rather
unstable so that if an essential card is removed (corresponding to w =y 1)
then the entire structure will collapse. The main technical result needed is
the following.

Lemma 3.6 (Main Technical Lemma) Let K be a group given by a presen-
tation on a finite or countably infinite set of generators, say

K:<SC1,132,... |R1:1,R2:1,...>.

For any word w in the given generators of K, let L,, be the group with pre-
sentation obtained from the given one for K by adding three new generators
a, b, c together with defining relations

a'ba = o tebe (1)

a b taba® = c b lebc? (2)
aiS[w, b]a3 — 3B (3)
g+ g pgBH) = ~GHI ) 19 (4)

where [w, b] is the commutator of w and b. Then

1. if w #g 1 then K is embedded in L., by the inclusion map on genera-
tors;

2. the normal closure of w in L, 1s all of Ly,; in particular, if w =g 1
then L, = 1, the trivial group;

3. Ly, is generated by the two elements b and ca™".

If the given presentation of K 1is finite, then the specified presentation of L,
1s also finite.

Proof: Suppose first that w #x 1. In the free group < b, ¢ | > on generators
b and ¢ consider the subgroup C' generated by b together with the right hand
sides of the equations (1) through (4). It is easy to check that the indicated
elements are a set of free generators for C' since in forming the product of two
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powers of these elements or their inverses some of the conjugating symbols
will remain uncancelled and the middle portions will be unaffected.

Similarly, in the ordinary free product K* < a,b| > of K with the
free group on generators a and b consider the subgroup A generated by b
together with the left hand sides of the equations (1) through (4). Using the
assumption that w #x 1 it is again easy to check that the indicated elements
are a set of free generators for A.

Thus assuming w #g 1, the indicated presentation for L, together with
the equation identifying the symbol b in each the two factors is the natural
presentation for the free product with amalgamation

(Kx<a,b| >) * <becl| >.
A= C

So if w #k 1, then K is embedded in L, establishing the first claim.

Now let N,, denote the normal closure of w in L,,. Clearly [w,b] € N,, so
by equation (3), b € N,,. But equations (1) and (2) ensure that a,b, c are all
conjugate and so a,b, c all belong to N,. Finally, since each of the system
of equations (4) can be solved to express z; in terms of a, b, ¢, it follows that
x; € N, for i = 1,2,.... Thus each of the generators of L,, belongs to N,
and so L, = N,. This verifies the second assertion.

Finally, let M be the subgroup of L,, generated by b and ca™!. Equation
(1) can be rewritten as b(ca™')b(ca™)"'b~! = ¢ so that ¢ € M. But then
from ca=! € M it follows that a € M. Finally from the system of equations
(4) which can be solved for the x; in terms of a, b, ¢ it follows that x; € M for
i=1,2,...and so M = L,,. (For later use we note that neither equation (2)
nor equation (3) was used in the proof of the final assertion). This completes
the proof of the lemma.

Using this technical lemma it is easy to complete the proof of the Adian-
Rabin Theorem. We are given the three finitely presented groups U, Gy and
(G_ which can be assumed presented on disjoint alphabets as follows:

U=<yp,...,pp|Q1=1,...,Q,=1>

G_=<Up,...,Up | S1=1,...,5=1>
G+:<’Ul,...,’l}n’lel,...,E:1>

Let K = UxG_ the ordinary free product of U and G_ presented as the union
of the presentations of its factors. Since U has unsolvable word problem, K
also has unsolvable word problem. Also both U and G_ are embedded in
K by the inclusion map on generators. For any word w in the generators of
U (these are also generators of K') form the presentation L,, as in the Main
Technical Lemma. Finally we form the ordinary free product L,, * G..
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A presentation m,, for these groups L, * G, can be obtained by simply
writing down all of the above generators together with all of the above defin-
ing equations. Such a presentation is defined for any word w in U whether
or not w #y 1. But it follows from the lemma that if w #; 1 then the group
G_ is embedded in gp(m,) = L, * G4 and so gp(m,) ¢ P by the definition of
a Markov property. On the other hand, if w =¢ 1 then by the lemma L, = 1
and so gp(m,) = G4 and hence gp(m,) € P.

Thus we have shown that the recursive collection of presentations

{my | wa word in U}

has the property that gp(m,) € P if and only if w = 1. Since U has unsolv-
able word problem, it follows that P is not recursively recognizable. This
completes the proof of the Adian-Rabin Theorem.

The Main Technical Lemma (and minor variations on it) can be used to
establish a number other results. Here are some well-known results which
follow easily:

Corollary 3.7 (Higman, Neumann, and Neumann [55]) Every countable
group K can be embedded in a two generator group L. If K can be presented
by n defining relations, then L can be chosen to have n defining relations.

Proof: Since K is countable it can be presented as in the statement of the
Main Technical Lemma. Form L as in the lemma except omit the two defining
relations (2) and (3). Only equation (3) involved the parameter w and neither
equation (2) nor equation (3) were used in the proof that L is two generator.
Then K is embedded in L which is a two generator group with generators
b and ca™'. This proves the first assertion. (At the expense of considering
cases, one could instead use the lemma as stated by choosing a fixed w # 1.)

Equation (1) of the lemma defines ¢ in terms of these two generators.
Then using a as an abbreviation for (ca™!)"!¢, the system of equations (4)
define the z; in terms of the given generators. Hence equation (1) and all of
the equations of (4) can be eliminated, leaving only the relations R; rewritten
in terms of the generators b and ca—!. This completes the proof.

Combining the proof of this corollary with the Higman Embedding The-
orem we obtain the following result which is frequently useful.

Corollary 3.8 If the group K can be presented by a recursive set of gen-
erators subject to a recursively enumerable set of defining relations, then K
can be embedded in a two generator, finitely presented group L. Under this
embedding the given generators of K are represented by a recursive set of
words in the generators of L.
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Proof: As in the proof of the previous corollary, the group K can be embedded
in a two generator recursively presented group, say L;. By the Higman
Embedding Theorem this recursively presented group L; can be embedded
in a finitely presented group, say K;. Now again applying the previous
corollary, K; can be embedded in a two generator finitely presented group
L as desired. The final assertion follows from the explicit nature of the
embedding of K into the two generator group L.

Mixing these constructions with results from recursive function theory, we
obtain the following result which has a number of applications, for instance
to the study of algebraically closed groups.

Corollary 3.9 (Miller [78]) There exists a finitely presented group G with
unsolvable word problem such that every non-trivial quotient group of G also
has unsolvable word problem.

Proof: A pair of disjoint sets of natural numbers P and () is said to be
recursively inseparable if there is no recursive set R such that P C R and QN
R = (). The result we need from recursive function theory is that there exists
a disjoint pair of recursively enumerable sets P and () which are recursively
inseparable. We may suppose that these sets are chosen so that 0 € P and
1 € . Define K; to be the group presented by

K0:<€0,€1,€2,€3,...|€0:€i\V/’iEP, 61:€jVjEQ>.

Since P and () are recursively enumerable, the previous corollary implies
that Ky can be embedded in a two generator, finitely presented group which
we will denote by K. We continue to use the symbol e; as an abbreviation
for the word in K which is the image of image of e; under the embedding.
Now apply the Main Technical Lemma above to K and the word ege;’ to
obtain the finitely presented group G = LeOefl. Since P and () were disjoint,
eo #x €, or equivalently ege; ! #x 1.

Now suppose that H is a non-trivial quotient group of G. We view H
as being presented on the same set of generation symbols as G. Since H is
non-trivial, by the second assertion of the Main Technical Lemma eq #g e;.
Put R = {i | eg =p ¢;}. Since H is a quotient group of G it follows that
P C R. But since eq #p e; it follows that Q N R = (). Because P and () are
recursively inseparable, R is not recursive. Now the {e,} are a recursive set
of words in the generators of H so if H had a solvable word problem then R
would be recursive. Hence H must have an unsolvable word problem. This
completes the proof.

Corollary 3.10 (P. Hall [52], Goryushkin [42], Schupp [97]) Every countable
group K can be embedded in a 2-generator simple group.
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Proof: If K = 1 the result is clear. Suppose K % 1 and let x1,2,... be
a list of the non-trivial elements of K and take K to be presented on these
generators. Form the two generator group L as in the Main Technical Lemma
except that the equations (3) and (4) are to be replaced by the two systems
of equations

o~ (3+20) (25, b] q(3+20) —(3+20) 7,(3+2i)

= ¢ i=1,2,... (3)

—(4420) 3 pg(IH20) = (420 g (4420) 9 (4)

a

Note that the commutator [x;,b] has infinite order since each x; #x 1 and
that K is embedded in L.

Using Zorn’s lemma, choose a normal N subgroup of L maximal with
respect to the property K N N = 1. The normal closure in L of any z;
contains [x;,b] and hence d and is thus clearly all of L. It follows that L/N
is a two generator simple group containing an isomorphic copy of K. This
completes the proof.

The Adian-Rabin Theorem asserts that a large number of properties of
finitely presented groups are not recursive. Recursive function theory pro-
vides a number of methods for classifying the difficulty of decision problems
so it is natural to ask how difficult are various properties of groups to recog-
nize?

Many properties of interest are recursively enumerable. For instance, in
the case of the property “being trivial”, the collection of all finite presenta-
tions of the trivial group is recursively enumerable. To see this one simply
observes that each such presentation can be obtained from the obvious one
< x | x =1 > by a finite sequence of Tietze transformations and the set of all
Tietze transformations of any finite presentation is recursively enumerable.

Similarly, the property of “being abelian” is recursively enumerable. For
we know a canonical form in which to present a finitely presented abelian
group; that is, these nice presentations are recognizable and every finitely pre-
sented abelian group has such a presentation. Since every other presentation
can be obtained from a canonical one by Tietze transformations, it follows
that “being abelian” is a recursively enumerable property. Similarly being
finite, nilpotent, polycyclic and free are all recursively enumerable properties.

An appropriate method for trying to classify familiar group theoretic
properties is to try to locate them in the arithmetic hierarchy. Recall that a
property or relation P is recursively enumerable (r.e.) if and only if it can
be expressed in the form 3z R where R is a recursive relation involving an
additional variable. (A coding device can be used to reduce the apparently
more general form Jzx; ... 3z, R, to a single existential quantifier.) The set of
relations expressible in this form is denoted 9. The superscript “0” here is
to distinguish the arithmetic hierarchy we are going to describe from others.
The set of relations expressible in the form Va R where R is a recursive relation
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is denoted T1?. Now the complement of an r.e. relation lies in IT{. For if P has
the form dxR where R is a recursive relation then —P has the form Vx—R.
Since =R is also recursive, it follows that =P is in IT{. Recall that a relation
P is recursive if and only if both P and =P are recursively enumerable. Thus
P is recursive if and only if P € X9 N I19.

More generally, a relation P is said to be in X0 if it is expressible in the
form 3V... R where there are n alternations of quantifiers. (As mentioned
before, adjacent quantifiers of the same type can be collapsed into a single
quantifier; only the number of alternations matters.) Thus for example P €
Eg means that P«<3dz,Vrodx3R for some recursive relation R. Similarly P
is said to be in II if it is expressible in the form V3... R where there are n
alternations of quantifiers. Thus P € II means that P«Vz;3z,R for some
recursive relation R.

We need a few fundamental facts about this arithmetic hierarchy. First,
if P is a recursive relation then P is in X9 and in II? for all n > 0. If P
is in X2 or in T2, then P is in 3% and in II2 for all n > m. In particular
$OUID, C X0 NI L. Also P is in XY if and only if its complement —P
is in I1°.

Finally there is the result called the Arithmetical Hierarchy Theorem due
to Kleene which asserts these classes are increasingly difficult: for eachn > 1
there is a unary X0 relation P which is not I1° and hence not X9 or 119 for
any m < n. Hence also =P is II2 but not X2 or I1%, for any m < n. This
is of course a generalization of the existence of r.e. but non-recursive sets.
In addition, one can show that each 3% contains certain “most difficult”
relations not in II° which are said to be X%-complete (and similarly there
are I1°-complete relations).

While many properties of groups may be recursively enumerable, it turns
out that the property of “having a solvable word problem” is very far from re-
cursively enumerable. Recall that there are constructions which yield groups
with word problem equivalent to the halting problem for given Turing ma-
chines (Theorem 1.7). Combining this with some results from recursive func-
tion theory, Boone and Rogers have shown the following:

Theorem 3.11 (Boone and Rogers [24]) For finitely presented groups, the
property of having a solvable word problem is X3-complete.

This result has a number of striking consequences about the general en-
terprise of solving the word problem for finitely presented groups, some of
which are the following:

Corollary 3.12 ([24]) There is no recursive enumeration
G07 G17 G27 cee

of all finitely presented groups with solvable word problem.
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For if there were such an enumeration, then all finite presentations of
groups having solvable word problem would be recursively enumerable, that
is, ). But by the theorem this is impossible since having a solvable word
problem is X3-complete.

Similarly combining the Theorem 1.7 with a construction applied to Tur-
ing machines Boone and Rogers establish the following:

Theorem 3.13 ([24]) There is no uniform partial algorithm which solves the
word problem in all finitely presented groups with solvable word problem.

Combining this last corollary with an enumeration of homomorphisms
one can show the following result.

Corollary 3.14 (Miller [77]) There is no universal solvable word problem
group. That is, if G is a finitely presented group which contains an isomorphic
copy of every finitely presented group with solvable word problem, then G itself
must have unsolvable word problem.

More generally, one can ask what is the level in the arithmetic hierarchy
of any Markov property of interest. If it is r.e. then the Adian-Rabin result
can be used to show it is X9-complete. Upper bounds can be found for those
not apparently r.e., but the status of several properties remains unresolved.
The table below indicates some of the unresolved issues.

Markov property recursion theoretic status
being trivial r.e. (X9-complete)
being finite r.e.

being abelain r.e.

being nilpotent r.e.

being polycyclic r.e.

being solvable 7 (<))
being free r.e.

being torsion-free ? (< 1Y)
being residually finite 7 (< TDY)
having solvable word problem ¥9-complete
being simple ? (< TI9)
being automatic r.e.

We turn now to some unsolvability results concerning the recognition of
certain properties of the subgroups of a finitely presented group generated by
finite sets of elements. The following is a general result of this type motivated
by the Adian-Rabin Theorem.
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Theorem 3.15 (Baumslag, Boone and Neumann [10]) Let P be an algebriac
property of groups and assume that (i) there is a finitely presented group that
has P and that (ii) there is an integer n such that no free group F, of rank
r > mn has P. Then there is a finitely presented group Gp such that there
18 no algorithm to determine whether or not the subgroup generated by an
arbitrary finite set of words in the given generators of Gp has the property

P.

Proof: Fix a finitely presented group U having unsolvable word problem.
Let G, be a finitely presented group which has property P. By hypothesis,
there is an integer n such that the free groups F,. of rank » > n do not have
P. We may assume that G, is generated by at least n elements, say by
t1,...,t.(r > n). Now form the ordinary free product Gp of U with G and
a free group of rank two, that is,

We use w as a variable for words in the generators of U. If w #¢ 1 then in
G p the elements

a v a,wlba,...,a "b a, w|ba"
freely generate a free subgroup of rank r. Hence also the elements
tia”'b"Ha,wlba® fori=1,...,r

freely generate a free subgroup of rank r which does not have P. On the other
hand, if w =y 1 then t;a b~ [a, w]ba’ =¢, t; so in this case these elements
just generate G, which has P. That is, the elements t;a="b~'[a, w]ba’ for
it =1,...,r generate a subgroup having the property P if and only if w = 1.
Since U has unsolvable word problem, the result follows.

Corollary 3.16 ([10]) There are finitely presented groups G (depending on
the property considered) such that there is no algorithm to determine whether
or not the subgroup generated by an arbitrary finite set of words of G is
trivial;

finite;

free;

locally free;

cyclic;

RSN

abelian;
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7. nilpotent;

8. soluble;

9. simple;

10. directly decomposable;
11. freely indecomposable;

12. a group with solvable word problem.

Using similar constructions, Baumslag, Boone and Neumann further show
the following which is similar to the above corollary but not an immediate
consequence of the previous theorem:

Theorem 3.17 ([10]) There are finitely presented groups G (depending on
the property considered) such that there is no algorithm to determine whether
or not the subgroup generated by an arbitrary finite set of words of G is

1. a finitely related subgroup;
2. a subgroup of finite index;
3. a normal subgroup;

4. a subgroup with finitely many conjugates.

4 Decision problems and constructions

In this section we consider the basic decision problems for finitely presented
groups which are built from more elementary groups by such operations as
direct products, extensions, free products, amalagamated free products, and
HNN-extensions.

The basic decision problems are well behaved with respect to (ordinary)
free products. Suppose that A and B are finitely presented groups with solv-
able word problem (respectively, solvable conjugacy problem). Then their
free product A % B has solvable word problem (respectively, solvable conju-
gacy problem) by stantard results on normal forms and conjugacy in free
products. Mihailova [76] has shown the more difficult result that if A and
B have solvable generalized word problem, then A % B also has solvable gen-
eralized word problem. Concerning the isomorphism problem, the Grushko-
Neumann theorem easily implies the following: If C' is a recursive class of
freely indecomposable finitely presented groups and if there is an algorithm
to decide the isomorphism problem for groups in C, then there is an algo-
rithm to decide the isomorphism problem for the class of all free products of
finitely many groups in C'.
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One might have thought the direct product was a rather benign construc-
tion. For example it is clear that if A and B are finitely presented groups
with solvable word problem (respectively, solvable conjugacy problem) then
their direct product A x B has solvable word problem (respectively, solvable
conjugacy problem). However, Mihailova [75] has shown that solvability of
the generalized word problem is not preserved by direct products. The proof
is based on the following lemma.

Lemma 4.1 Let M be any group with a given set of generators {si,...,sn}
having quotient group H with presentation

H:<81,...,Sn|R1:1,...7Rm:1>

on the images of the given generators of M. Let G = M x M be the direct
product of two copies of M and let Ly be the subgroup of G generated by the
elements

(s1,51),(52,82), - (Sn, Sn)

(R1,1),(Ro, 1), ..., (R, 1).

Then for any pair of word uw and v in the given generators,
(u,v) € Ly if and only if u =y v.

Before beginning the proof, we note that the subgroup Lp is just the
pull-back or fibre-product of two copies of the quotient mapping from M
onto H.

Proof: Clearly if (u,v) € Ly then u =g v since this is true for each of the
generators of Ly and H is a quotient group of M.
For the converse, first suppose w =g 1. Then

w =pn H Xk(SZ)_lR;:Xk(Sl)
k=1
for suitable words X, in the given generators. But then in G = M x M we
have .
(w, 1) =¢ [T Xe((si, 1)) (R5E, 1) Xi((si,5:)) € L
k=1

as desired. More generally suppose u =g v. Then wv™!' =y 1 and so
(uwv™',1) € Ly. Since Ly contains the diagonal of G = M x M, it con-
tains (v,v) and hence we also have (u,v) € Ly. This completes the proof.

Theorem 4.2 Let M be a finitely presented group having a quotient group
H with unsolvable word problem. Then the group G = M X M has a finitely
generated subgroup Ly such that the generalized word problem for Ly in G
18 recursively unsolvable.
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Proof: According to the previous lemma using the same notation, (w, 1) € Ly
if and only if w =g 1. Since the word problem for H is unsolvable, the
problem of deciding membership in Ly is recursively unsolvable. This proves
the theorem.

Corollary 4.3 (Mihailova [75]) Let F be a finitely generated free group of
rank at least 2. Then the group G = F x F has a finitely generated subgroup
L such that the generalized word problem for L in G is recursively unsolvable.

The above lemma can also be used to obtain a number of other unsolv-
ability results concerning the direct product of two free groups. The following
result was proved for free groups of rank at least nine by Miller [77] and later
improved to two generators by Schupp [97]

Theorem 4.4 (Miller [77]) Let F be a free group of rank at least 2 and let
G = F x F. The the problem to determine of an arbitrary finite set of words
whether or not they generate G is recursively unsolvable.

Proof: To see this we apply the proof of the Adian-Rabin Theorem in the
case of the Markov property “being trivial” so that G, = 1. In this case one
obtains a recursive family of presentations {m, | w € U} indexed by words
in a group U with unsolvable word problem such that m, = 1 if and only if
w =y 1. Moreover, if we suppose F' has free basis {sq,..., s,}, then each 7,
can be written as a presentation on the same generating symbols. For by the
Main Technical Lemma the presentations could be given on two generators,
say s; and sy. In case n > 2 the same group can then also be presented by
adding additional generators {ss,...,s,} and additional defining relations
s3=1,...,s,=1.

Now in the above lemma take M = F and let L, be the subgroup
generated by the indicated elements using the presentation m,, as H. Let
H, = gp(m,). Then by the lemma and properties of the 7, we have

L,=G < Yu,veF((uv)e€L,)
— Yu,v € F(u=pg, v)
o H,~1
— w=y l.

Since U has unsolvable word problem, this proves the result.

Continuing to use the notation of the previous proof, let N,, be the kernel
of the natural homomorphism from F onto H,. Now by the above lemma
(y,1) € L, if and only if y € N,,. Thus the intersection of L,, with the first
factor F'x {1} of G is N,, (or more precisely N, x {1}). If w #y 1 then from
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the proof of the Adian-Rabin Theorem, we know U is embedded in H,, and
so in particular H,, is infinite. So if w #¢ 1 then N,, is not finitely generated.

Now in F' x F one can check that the centralizer of any element is finitely
generated. On the other hand the centralizer of an element (1, z) € Ly, in L,
will have the form N, x Z. So if w #y 1 then the centralizer of an element
of L, need not be finitely generated. Consequently, if w #¢ 1 then L, and
G = F x F are not isomorphic. This proves the following:

Theorem 4.5 Let F' be a free group of rank at least 2 and let G = F x F.
Then the problem to determine of an arbitrary finite set of words whether
or not they generate a subgroup isomorphic to G is recursively unsolvable.
Hence the isomorphism problem for subgroups of G given by finite sets of
generators is recursively unsolvable.

Variations on the above arguments can be used to show the following:

Theorem 4.6 (Miller [77]) Let F be a free group of rank at least two. Put
G =F x F. Then G has a finitely generated subgroup L such that L has an
unsolvable conjugacy problem. Moreover, the generalized word problem for L
i G is unsolvable.

Notice that the group F' x I is residually free as are all of its subgroups.
However, the finitely generated subgroups L constructed in the above are not
finitely presented (see Baumslag and Roseblade [19]).

Recall that a property P of groups is a poly-property if, whenever N and
G/N have P, so has G. Here N is a normal subgroup of G.

Lemma 4.7 The following are poly-properties

being finitely generated
having a finite presentation

satisfying the maximum condition for subgroups

e v o~

being finitely presented and having a solvable word problem.

That the first three are poly-properties is shown in Hall [51] and that the
last is a poly-property is easily verified. Note that it is not enough in the
last item to assume finite generation because the extension might not then
be even recursively presented (see [12]).

Since F' x F' where F is free can have unsolvable generalized word prob-
lem, the property “having solvable generalized word problem” is not a poly-
property. Neither is “having solvable conjugacy problem”. Indeed the fol-
lowing result shows groups with a surprisingly elementary structure can have
an unsolvable conjugacy problem:
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Theorem 4.8 (Miller [77]) There is a finitely presented group G with the
following properties:

1. G 1s the split extension of one finitely generated free group by another,
that is, there is a split short exact sequence of groups 1 — F — G —
T — 1 where F' and T are finitely generated free groups.

2. G 1is residually finite;
3. G has solvable word problem;

4. G has unsolvable conjugacy problem.

Also, G is an HNN-extension of the finitely generated free group F with a
finite number of stable letters (the generators of T ) acting as automorphisms
of F. The ordinary free product G xTy of G with a free group Ty = T has the
structure of an amalgamated free product of two finitely generated free groups
with finitely generated amalgamation.

Proof: (Sketch) Suppose that
U=<s51,...,8, | Ri=1,....,R,=1>

is a finitely presented group with unsolvable word problem. Let F' =<
q,S1,---,5, | > be the free group of rank n + 1 on the listed generators.
The idea is to construct a group G in which the equations of U are mimicked
by conjugations of certain words in F'. Of course U can not be embedded in
G since G is to have solvable word problem. G is defined as follows:
Generators: ¢, S1,...,8n,d1, ..., dp,t1, ..ot
Defining relations:

t; qt;
ti_lsjti = 5

I
K
=
——
3

d;lqdk = sglqsk 1<k<n
d,:lsjdk = Sj 1<57<n

For each dj, and t; the right hand sides of the above defining relations gen-
erate the free group F and so by a theorem of Nielsen [71] they freely generate
F'. Hence these relations define an action of each dj and t; as an automor-
phism of F. If we denote by T the free group with basis {dy, ..., d,, t1,...,tn},
then the quotient of G by its normal subgoup F is clearly isomorphic to T". A
group with this sort of structure must be residually finite (see [77]). The as-
sertions about HNN-extensions and amalgamated free products follow from
general facts about those constructions.

To see that GG has unsolvable conjugacy problem, one shows the following:
if w is any word on {s1,...,s,}, then qw is conjugate in G to ¢ if and only
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if w =y 1. Since the word problem for U is unsolvable, it follows that the
conjugacy problem for G is unsolvable.

In one direction this claim is easy. For observe that U is the homomorphic
image of G obtained by mapping each s; in G to the corresponding s; in U and
mapping all other generators to the identity 1;;. Denote this homomorphism
by ¢. Then if y~lquwy =g q it follows that ¢(y)*we(y) =y 1 and hence
w =y 1. For the converse, suppose w =y 1. Then

w =y H Xk(SZ)ilR;sz(Sl)
k=1
for suitable words X}, in the given generators. As an example of a conjugation
in G, consider the following:

(didotidy di ) tqdidatidy tdyt =¢  didat; Cdy tdy  qdidotidy tdy
=q didayt;dy sy gsdatSdy tdyt
=q didot; sy sy gsesitidy tdy
=¢ didysy sy 'qR sys1dy tdy
=q d13f1q351R§s251d1_1

o -1 _—1 pe
=G qs] S5 R;js2s1

Generalizing this calculation, one can find a word Y on {dy, ... ,dp, t1,...,t,}
determined by the representation of w as a product of conjugates of the
defining relations of U such that Y "1¢Y = qw which is the desired result
(see [77] for more details of the calculation). This completes our sketch of
the proof.

The construction of the previous theorem can be combined with the con-
struction used in proving the Adian-Rabin Theorem to show that the isomor-
phism problem for groups with such a very elementary structure is unsolvable.
The details are somewhat more difficult.

Theorem 4.9 (Miller [77]) Let U be a group with unsolvable word problem.
Then there is a recursive class of finite presentations Q@ = {m, | w € U}
indexed by words of U such that

1. each gp(my) is residually finite;

2. each gp(my) is the split extension of one finitely generated free group
by another;

3. the word problem for each of the groups gp(my) is solvable by a uniform
method;

4. gp(my) = gp(m) if and only if w =y 1.
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In particular, the isomorphism problem for € is unsolvable. Hence the iso-
morphism problem for finitely presented, residually finite groups is unsolvable.

The foregoing results show, among other things, that “having solvable
generalized word problem” and having “solvable conjugacy problem” are not
poly-properties. It is natural to ask whether these properties are at least
preserved under finite extensions. For the generalized word problem the
answer is not difficult.

Lemma 4.10 ([11]) If G is a finite extension of the finitely generated group
H having solvable generalized word problem, then G has solvable generalized
word problem.

In contrast to this, the conjugacy problem for a group G and for a sub-
group of finite index in GG can be quite different as the following result shows:

Theorem 4.11 ([30])

1. There is a finitely presented group Gy with unsolvable conjugacy prob-
lem that has a subgroup M of index 2 which has solvable conjugacy
problem.

2. There is a finitely presented group Go with solvable conjugacy prob-
lem that has a subgroup L of index 2 which has unsolvable conjugacy
problem.

An example of the first type was given by Gorjaga and Kirkinskii [41],
while examples of both of these phenomena were given by Collins and Miller
[30]. The proofs are somewhat technical.

A further aspect of the above results is the following: denote by W
the set of finitely generated free groups. Then denote by W; the collection
of groups formed from groups in W, by either free product with finitely
generated amalgamation or HNN-extension with finitely many stable letters
and finitely generated associated subgroups. Similarly form W, by applying
these constructions to groups in ¥;. Note that all of these groups are finitely
presented.

By a theorem of Nielsen [71], finitely generated free groups have solvable
generalized word problem so each of the groups in ¥; has a solvable word
problem. However, the foregoing results show that the generalized word
problem, the conjugacy problem and the isomorphism problem can be re-
cursively unsolvable for groups in ;. Since the generalized word problem is
unsolvable for a group in Wy, it follows that the word problem for a suitable
group in Wy is unsolvable.
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For example, if F is free of rank at least two and L is a finitely generated
subgroup such that the generalized word problem for L in F'x F' is unsolvable,
one can form the HNN-extension

G=<FxFt|tlast=x,xcL>.

Then for any word y € F' x F we have t "'yt = y if and only if y € L. Since
membership in L is not decidable, the word problem for G is unsolvable. Of
course G € U, and G is finitely presented.

Using the Mayer-Viettoris sequences for (co)homology of free products
with amalgamation and for HNN-extensions, it is easy to check that groups
in ¥, have cohomological dimension < 2 and that groups in ¥, have co-
homological dimension < 3. The above observations give no information
about the word problem for groups of cohomological dimension 2. Collins
and Miller (unpublished) have verified that some of the groups constructed
in the Boone-Britton proofs of the unsolvability of the word problem have
cohomological dimension 2.

Theorem 4.12 There exists a finitely presented group G of cohomological
dimension 2 having unsolvable word problem. Indeed, G can be obtained from
a free group by applying three successive HNN-extensions where the associated
subgroups are finitely generated free groups.

Of course the associated subgroups in the second and third HNN-extension
are only free subgroups of the previous stage in the construction, not sub-
groups of the original free group. The proof is obtained by making minor vari-
ations to the one given in Rotman’s textbook [92]. There a group G = G(T))
is constructed based on a Turing machine 7" which is first encoded into a
semi-group and that in turn into G. The group G is obviously obtained by
successive HNN-extensions. The only difficulty is to check that the associ-
ated subgroups in the final HNN-extension can be taken to be free. This
can be done by arranging for the Turing machine 7" and the semigroup con-
structed to have a few special properties. The proof then uses the technical
details of the proof in [92] and appeals to the deterministic nature and special
properties of T'.

5 Decision problems in algebraic classes of
groups
While the fundamental decision problems are unsolvable for finitely presented

groups in general, it is interesting to ask whether they can be solved for classes
of finitely presented groups enjoying a particular algebraic property.
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For example, it is easy to see that for the class of finite groups the word
problem, the conjugacy problem, the generalized word problem and the iso-
morphism problem are all recursively solvable. Given any finite presentation
of a finite group GG, by enumerating Tietze transformations of the given pre-
sentation one can effectively find a multiplication table presentation for G.
Each of the fundamental decision problems can then be effectively answered
from knowledge of the multiplication table. Of course these are not practical
algorithms and there is considerable interest in obtaining efficient practical
algorithms for studying finite groups.

Similarly for the class of finitely generated free groups, the word and con-
jugacy problems are solvable by standard facts about equality and conjugacy.
That the generalized word problem is solvable is a theorem of Nielsen [71].
The isomorphism type of a free group is determined by its rank which can
be easily computed from any presentation by considering its abelianization.
Hence all of the basic decision problems are solvable for finitely generated
free groups.

In this section we survey what is known about the fundamental decision
problems for classes of groups enjoying some of the more familiar algebraic
properties, for example abelian, solvable, linear and so on. A diagram is
included which summarizes the status of four fundamental problems and
indicates some of the relationships between the various classes. Generally a
class C] of groups is connected by a line to a class Cy higher in the diagram
if C7 C C5. Unfortunately not all containments and intersections can be
accurately portrayed in the diagram.

The following notation is used for the various decision problems in the
diagram: +W P means that all groups in the class have solvable word prob-
lem; =W P means that there exist groups in the class having unsolvable word
problem; and ?W P means the solvability of the word problem seems to be
an open question. Of course if a decision problem is solvable for a class of
groups then it is solvable in every class contained that class. Likewise if a
decision problem is unsolvable for a class of groups then it is also unsolvable
for every larger class.

The following commentary, references and quoted results are intended to
explain the status of the decision problems as indicated in the table.

As we have mentioned before, the structure of a finitely generated abelian
group can be completely and effectively determined from a finite presentation
for such a group. In particular this enables one to solve the word problem
in each such group and to solve the ismorphism problem for the class of
such groups. Now for abelian groups conjugacy is the same as equality so
the conjugacy problem is also solvable. The generalized word problem for
a subgroup H of an abelian group G is equivalent to the word problem for
G/H so GW P(QG) is also solvable. Thus for finitely generated abelian groups
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all of the basic decision problems are solvable.
Theorem 5.1 Finitely generated linear groups have solvable word problem.

For finitely generated groups which are linear over a field, this result is
proved in Rabin [89] but also follows easily from an older result of Malcev
[72]. For Malcev proved that if a finitely generated group G has a faithful
representation as a group of matrices over a field, then GG also has a faithful
representation over a field which is a purely transcendental extension of finite
degree of the prime field. As the arithmetic of such a field is clearly effective,
the word problem for such a group G is solvable.

More generally, a finitely generated group G of matrices with entries from
a commutative ring has a solvable word problem. For since G is finitely gener-
ated, the entries in its matrices all lie in some finitely generated commutative
ring. Now the arithmetic of such a ring is effective and hence such a group
has solvable word problem (see [11]).

In the group SL(2,Z) the two matrices

(o) = (51)

freely generate a free subgroup of rank 2. Moreover, Sanov [93] has shown
that an arbirtary 2 x 2 matrix

a b

c d

with integer entries belongs to this subgroup if and only if the following three
arithmetic conditions are satisfied:

1. ad —bc=1
2. a and d are congruent to 1 mod 4
3. c and b are even.

It follows that the direct product F), x F,, of two free groups of rank n has a
faithful representation in SL(4,Z). Combining this representation with the
results discussed in the last section, one has the following:

Theorem 5.2 The conjugacy problem, the generalized word problem and the
isomorphism problem are all unsolvable for finitely generated subgroups of
SL(4,7). Further, the generalized word problem is unsolvable for arithmetic
groups.
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Note that the finitely generated groups in this theorem need not be finitely
presented. Such a group can however be finitely described just by giving the
finite set of integer matrrices which generate the group.

Recall that a group G is hopfian if G/N = G implies N = {1}. Malcev
[72] showed that finitely generated linear groups are residually finite. He
further showed that finitely generated residually finite groups are hopfian.

Using the idea of “finite reducibility” which goes back to J. C. C. McK-
insey [74] and was applied to groups by Dyson [33] and Mostowski [80] one
can show the following result.

Theorem 5.3 Finitely presented, residually finite groups have solvable word
problem.

Proof: (Sketch) For suppose we are given a finite presentation of a residually
finite group G. To decide whether an arbitrary word w is equal to 1 in G we
effectively enumerate two lists. The first list consists of all of the words equal
to 1 in G, that is, all words which are freely equal to products of conjugates
of the given defining relations.

The second list is more complicated: first systematicly enumerate all
multiplication table presentations of finite groups. For any function f from
the given generators of G to such a finite group K, one can effectively check
whether f defines a homomorphism by checking to see whether the formal
extension of f sends each of the finitely many defining relations of G to 1
in K. Thus we can effectively enumerate all homomorphisms f; from G into
finite groups K;.

Now to decide whether w =5 1 we start both listing processes. As each
fi is enumerated, evaluate f;(w) and check to see whether f;(w) =1 in K;.
Since G is residually finite, if w #¢ 1 then for some ¢ one eventually finds
fi(w) # 1 in K;. On the other hand if w =¢ 1 then w will appear in the
first list. So by waiting until one of these two events occurs we can decide
whether w =4 1.

Despite the solvability of the word problem for finitely presented, residu-
ally finite groups the results explained in the previous section show the other
fundamental decision problems are all unsolvable.

Theorem 5.4 The conjugacy problem, the generalized word problem and the
isomorphism problem are all unsolvable for finitely presented, residually finite
groups.

Recently, Baumslag [9] has varied these constructions to show that these
problems are also unsolvable for the class of finitely presented, residually
nilpotent groups.
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In view of Malcev [72] one can ask whether more generally finitely pre-
sented hopfian groups have solvable word problem. That hopfian groups can

have unsolvable word problem follows easily from an embedding theorem of
Miller and Schupp [79].

Theorem 5.5 A finitely presented group can be embedded into a finitely pre-
sented, hopfian group. In particular, there exist finitely presented hopfian
groups with unsolvable word problem.

One might have hoped that finitely presented solvable groups would have
reasonable algorithmic properties. Any such hopes were destroyed by Khar-
lampovich [58] who constructed a finitely presented solvable group of de-
rived length 3 with unsolvable word problem. Analysing and varying her
construction, Baumslag, Gildenhuys and Strebel [18] have shown that the
isomorphism problem is unsolvable for such groups. In summary:

Theorem 5.6 The word problem and the isomorphism problem are unsolv-
able for finitely presented solvable groups of derived length 3.

In contrast to this situation for solvable groups in general, a large number
of decision problems are recursively solvable for polycyclic groups. A general
reference for polycyclic groups is the book by Segal [98]. First it is clear that
polycyclic groups are finitely presented and have solvable word problem since
these are poly—properties. The conjugacy problem is solvable for polycyclic
groups since Remmeslenikov [91] and Formanek [34] have shown they are
conjugacy separable, that is, two elements of a polycyclic group which are
non—conjugate remain non—conjugate in some finite quotient group. Malcev
[73] has shown that polycyclic groups are subgroup separable which implies
the generalized word problem is solvable. Alternatively, the generalized word
problem for polycyclic groups can be solved by a direct inductive method (see
12)).

Quite remarkably, Grunewald and Segal [48] have shown that the isomor-
phism problem for finitely generated nilpotent groups is recursively solvable.
And more recently Segal [99] has succeeded in solving the isomorphism prob-
lem for polycyclic groups. In fact all of the algorithms mentioned carry over
to the larger class of polycyclic-by—finite groups. In summary:

Theorem 5.7 The word problem, conjugacy problem, generalized word prob-
lem and isomoprphism problem for polycyclic-by—finite groups are recursively
solvable.

In fact a large number of other algorithmic questions about polycyclic—
by—finite groups admit a positive solution (see [15]). Further, there is an
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algorithm to determine whether or not a given finitely presented solvable
group is polycyclic (see [14]).

As part of their work leading to the solution of the isomorphism problem
for finitely generated nilpotent groups, Grunewald and Segal solved the con-
jugacy problem for arithmetic groups (see [48]). Subsequently they extended
this to S-arithmetic groups ([49]). They are further able to give a number of
algorithms for determining orbits and constructing systems of generators for
such groups.

Theorem 5.8 The conjugacy problem for S-arithmetic groups is recursively
solvable.

Next we turn our attention to finitely generated, abelian—by—polycyclic
groups. In [51] Hall has shown that if G is a polycyclic group, then any finitely
generated right ZG-module is Noetherian. Of course this is equivalent to the
assertion that ZG is right Noetherian and is an extension of the Hilbert
basis theorem. Now a finitely generated, abelian-by—polycyclic group E is
an extension of normal abelian subgroup M by a polycyclic group G. Then
M can be viewed as a ZG-module which must be finitely generated as a
module because F is a finitely generated group. A particular instance of this
is the case of finitely generated metabelian groups E where M = [E, E] and
G = E/[E,E]. When E is metabelian ZG is actually a finitely generated
commutative ring.

In studying such groups one is able to apply the techniques of commuta-
tive algebra including the Hilbert basis theorem, the Nullstellensatz and so
on. The advantage for algorithmic questions is that large parts of commuta-
tive algebra can be carried out effectively. In particular, there is an effective
version of the Hilbert basis theorem which carries over to group rings ZG
where G is a polycyclic group. Such group rings are submodule computable
which roughly means that operations in their finitely generated modules can
be effectively carried out, that one can decide membership in finitely gener-
ated submodules and that one can find presentations for finitely generated
submodules. See [11] for an account of these effective methods.

One easy consequence of these effective extensions of commutative algebra
is the solvability of the word problem for finitely generated, abelian—by—
polycyclic groups. The generalized word problem is apparently more difficult,
but using Theorem 2.14 of [11] one can solve the generalized word problem
for finitely generated, abelian—by—nilpotent groups. The problem is reduced
to deciding whether two submodules over the same subgroup of a nilpotent
group coincide. Whether this can be extended to the abelian—by-polycyclic
case seems to be unknown. In summary:
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Theorem 5.9 The word problem for finitely generated, abelian—by—polycyclic
groups 1s recursively solvable. The generalized word problem for finitely gen-
erated, abelian—by—nilpotent groups is recursively solvable.

The particular case of metabelian groups is even more tractable. For
finitely generated metabelian groups, Noskov [85] has solved the conjugacy
problem. In summary:

Theorem 5.10 For finitely generated metabelian groups the word problem,
generalized word problem and conjugacy problem are all recursively solvable.

Finitely generated metabelian groups need not be finitely presented. But
from an algorithmic point of view there seems to be little advantage in as-
suming finite presentation. Decision problems are reduced to questions about
modules over finitely generated commutative rings. The isomorphism prob-
lem for finitely generated metabelian groups seems to be open. Indeed the
following important and related algorthmic problem seems to be open: Is
the isomorphism problem for finitely presented modules over the integral
polynomial ring Z[z1, ..., x,] recursively solvable?

This completes our commentary concerning the summary table. Decision
problems for certain other algebraic classes will be considered in a subsequent
section.

6 Algorithms for further classes of groups

In this section we review the status of the fundamental decision problems
for some further classes of groups which did not fit conveniently into the
previous two sections. Nevertheless algorithmic questions concerning these
groups have played an important role in ongoing developments.
One relator groups: Consider a group G defined by a single defining
relation, say
G=<ux,...;0, | T=1>

where 7 is a cyclically reduced word on the z;. Magnus [69] (see also [71] or
[66]) initiated the study of such one relator groups by proving his Freheitsatz:
the subgroup of G generated by a subset S = {z;,,...,x; } of the given
generators which omits at least one generator appearing in the cycllically
reduced word r is a free group with basis S. His proof was by induction on the
length of the defining relation r using a rewriting method which has become
a powerful technique for studying one relator groups. Using this technique
Magnus [70] succeeded in solving the word problem for such groups in the
following strong sense: there is an algorithm to determine for an arbitrary
word w of G and an arbitrary subset S = {z;,, ..., z;, } of the given generators
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whether or not w belongs to the subgroup generated by S. Of course the
ordinary word problem is just the case S = (). Note however that one can
only decide membership in subgroups of a certain form. The full generalized
word problem for one relator groups seems to be open.

In the case the defining relation is a proper power, say r = u" for some
n > 1, Newman [84] proved a “Spelling Theorem” which provides a very
sharp solution to the word problem (see [66]). Using this result he further
solved the conjugacy problem for these one relator groups with torsion. Quite
recently, Juhasz [57] has succeeded in solving the conjugacy problem for all
one relator groups. In summary:

Theorem 6.1 The word and conjugacy problems are recursively solvable for
groups defined by a single defining relation.

The isomorphism problem for one relator groups is open. Some modest
progress has been made on classifying one relator groups with relation of a
particular form, but progress seems difficult.

Simple groups: In [63] Kuznetsov observed the following result which
hold more generally for a large number of algebraic systems.

Theorem 6.2 A recursively presented simple group G has solvable word
problem.

Proof: Suppose G =< x1,...,x, | 11 = 1,79 =1,... >. If G = 1 the result
certainly holds. So assume G # 1 and let u be a fixed word of G such that
u #¢ 1. Now for any word w on the generators of G, let G,, be the group
obtained from G by adding w as a new defining relator, that is,

G <Zi,...,0plw=1r=1Lro=1,...>.

Now if w #¢ 1 then G, = 1 since G is simple and in particular v = 1 in G,,.
But if w =4 1 then G, = G and of course u # 1 in G,,. Clearly G,, is again
recursively presented.

To decide whether an arbitrary word w is equal to 1 in G begin recursively
enumerating two lists of words. The first list consists of all word equal to
1 in GG. The second list consists of all words equal to 1 in G,,. If w =4 1
then w will appear in the first list. But w #¢ 1 if and only if u appears in
the second list. By examinig the lists until one of these events occurs we can
determine whether or not w is equal to 1 in GG. This completes the proof.

In particular, finitely presented simple groups have solvable word prob-
lem. In contrast to this, Scott [94] has shown the following:

Theorem 6.3 There is a finitely presented simple group whose conjugacy
problem is recursively unsolvable.
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See [95] for a recent survey concerning finitely presented infinite sim-
ple groups. Boone and Higman [23] have used a variation on Kuznetsov’s
argument and the Higman embedding theorem to give the following charac-
terization of finitely presented groups with solvable word problem.

Theorem 6.4 (Boone-Higman Theorem) A finitely presented group G has
solvable word problem if and only if G can be embedded in a simple subgroup
of a finitely presented group.

Proof: (Sketch) Suppose G C S C H where S is simple and H is finitely
presented. Fix a word v € S with u #p 1. For any word w of H let H,
be the presentation obtained from that of H by adding w as a new defining
relator. Now to decide whether a word in the generators of GG is equal to 1
in G we regard it as a word, say w, in the generators of H. As above, either
w appears on the list of words equal to 1 in H or else since S is simple u
appears on the list of words equal to 1 in H,, (in which case w #p5 1 ). So
by enumerating these two lists we can decide whether w is equal to 1 in G.

For the converse, suppose GG has solvable word problem. Then the set of
all pairs of words (u,v) such that u #¢ 1 and v #¢ 1 is recursive and can
be arranged in a recursive list as say (u;,v;),i = 1,2,.... Let x,t1,tq,... be
new generating symbols and form the presentation

0(Q) =< G, o, ty,ty, ... | t; u, 2]t; = vix wyw,i = 1,2,... > .

Then o(G) is an HNN-extension of the free product of G with the infinite
cyclic group generated by x. The associated subgroups are just the infinite
cyclic groups genrated by the [u;, 2] and the v;z 'u;z. A routine argument
shows that the word problem for ¢(G) in the indicated presentation can be
solved using the given solution to the word problem for G. Also observe that
in 0(G) each v; lies in the normal closure of the corresponding u;. Thus the
normal closure in ¢(G) of any non-trivial element of G contains all of G.

Now iterating this construction G; = o(G), Gy = 0(G1), ... and forming
the union

S=16;
j=1

we obtain a recursively presented simple group S in which GG is embedded. By
the Higman embedding theorem, S can be embedded in a finitely presented
group H. This completes the proof.

Small cancellation groups: A subset R of a free group F' is sym-
metrized if all of the elements of R are cyclically reduced and if » € R implies
that all cyclically reduced conjugates of 7*! are also in R. Thus the words in
R are all cyclically reduced and are closed under taking inverses and cyclic
permutations. Let N =< R > be the normal closure of R in F. Clearly any
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presentation (respectively, finite presentation) of a group can be converted to
a presentation on the same set of generators with a symmetrized set (respec-
tively, finite symmetrized set) of defining relators. One just cyclically reduces
the given relators and then closes under inverses and cyclically permutations
of words.

In small cancellation theory one consider various cancellation hypotheses
on a symmetrized set of words R and uses them to deduce properties of the
group G = F'/N. In what follows we assume R is a symmetrized set of words.

If R contains two distinct words of the form ry = be; and ro = bey then the
word b is called a piece relative to R or simply a piece when R is understood.
Observe that, in forming the product r; 'ry and freely reducing, such a piece
b is cancelled. Thus a piece is simply a subword of an element of R which
can be cancelled by the multiplication of two non-inverse elements of R. Also
note that an initial segment of a piece is again a piece.

There are two types of small cancellation hypotheses which assert that
pieces are relatively small parts of elements of R. The first is a metric
condition denoted C’(X) where X is any positive real (for example § or £).
The set R is said to satisfy C’(A) if r = bc € R where b is a piece implies
that [b] < Alr|. For instance, C’(¢) means that in forming the product of any
two non-inverse elements of R less that % of either word is cancelled. Note
that C’(g) implies C’(§) and that generally C’()) is a stronger condition for
smaller \.

For any natural number p the non-metric condition C(p) asserts that no
element of R is a product of fewer than p pieces. Observe that C’()\) implies
C(p) for A < 1/(p—1). Thus C'(}) implies C(7).

Another type of condition considered in small cancellation theory is the
condition 7T'(q) for ¢ a natural number. R satisfies T'(q) if for every sequence
T,y Tm (3 < m < q) with no successive inverse pairs, at least one of
the products 7179, . .., Tm_1Tm, "mr1 is reduced without cancellation. (This
condition turns out to be dual to to the condition C'(p) when 1/p+1/q = 1/2
in a suitable geometric sense. See [66].)

Small cancellation theory was initiated by Tartakovskii [101] [102] [103]
who solved the word problem for groups whose defining relators R satisfy
C(7). Greendlinger [43] investigated the metric conditions C’(A) and showed
that the word problem for groups with defining relators R satisfying C'(3)
is solvable by Dehn’s algorithm (see below). In addition he obtained quite
a strong result for such groups called “Greedlinger’s Lemma” which has a
number of applications (see [66]). Further, Greendlinger [44] showed that
the conjugacy problem for groups with defining relators R satisfying C’(3)
is solvable by Dehn’s conjugacy algorithm (see below).

Lyndon [65] introduced the geometric method of Lyndon-van Kampen
diagrams into small cancellation theory and solved the word problem for
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groups whose defining relators satisfy C'(6) (and also in certain other cases).
Schupp [96] used these geometric methods to obtain a solution to the conju-
gacy problem for these groups. In summary:

Theorem 6.5 Let F' be a free group, R a finite symmetrized subset of F' and
N the normal closure of R. Assume that R satisfies either C(6), or C(4) and
T(4), or C(3) and T'(6). Then the word problem and the conjugacy problem
for G = F/N are recursively solvable.

There are many applications of small cancellation theory and much more
detailed information than we can present here. Moreover, the geometric
methods using Lyndon-van Kampen diagrams provide significant insight into
the word and conjugacy problems. A very readable account of small cancel-
lation theory is given in Chapter V of the book [66] by Lyndon and Schupp.

Varieties of groups: In the previous section we noted Kharlampovich’s
result [58] that there is a finitely presented solvable group of derived length 3
with unsolvable word problem. In particular, this is an example of a finitely
presented group satisfying a non-trivial varietal law having unsolvable word
problem.

For groups in a non-trivial variety one often considers groups that are rel-
atively finitely presented, that is, finitely generated groups which are defined
by the laws of the variety together with finitely many additional relations.
For example, a result of Hall [51] shows that finitely generated metabelian
groups are always relatively finitely presented although they need not be
“absolutely” finitely presented.

In a series of papers Kleiman [59], [61], [60], [62] has proved a number
of remarkable results concerning varieties which answer a large number of
questions. We mention only some of those results of an algorithmic nature.

Theorem 6.6 ([59],[61]) There is a solvable variety defined by finitely many
laws in which the non-cyclic free groups have unsolvable word problem.

An easy consequence of the unsolvability of the word problem for these
relatively free groups is the following:

Corollary 6.7 There is a finite set S of identities such that the problem to
decide whether an arbitrary word represents an identity which is a conse-
quence of S is recursively unsolvable.

As another consequence, Kleiman shows that the problem of recognizing
whether a variety can be factored into a product is recursively unsolvable.
In the context of varieties, the identity problem for a group is the problem
of deciding whether or not an arbitrary identical relation (law) holds in the
group. Kleiman [61] has also shown that there is a 3 generator group with
solvable word problem in which the identity problem is unsolvable.
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7 Geometry and complexity

Suppose that the group G has the presentation P =< X | R > where R is
a symmetrized set of words on X. Let F be the free group with basis X
and N the normal closure of R. If w is a word in the group G = F//N then
w =¢ 1 if and only if w =p ulrlufl < Uprmu, b where the u; are words in
F and the r; are elements of R. The sequence ulrlufl, o ,umrmu;nl is said
to be an R-sequence of length m for w. For any w € N we define Ap(w) to
be the minimium length of an R-sequence for w.

Using Lyndon-van Kampen diagrams one associates with any R-sequence
for w a connected, simply connected R-diagram D (consisting of vertices,
edges and regions) in the euclidean plane. The edges of D are labelled by
elements of F' in such a way that the label on the boundary of each region is
an element of R and the label on the boundary circuit of D is w (see Chapter
V of [66]). Conversely, R-diagrams with boundary label w are the diagrams
of suitable R-sequences for w. Thus the Ap(w) is the number of regions in
the R-diagram of a minimal R-sequence for w.

For any word u of F' we denote the length of u by |u|. A useful observation
that is easily established using R-diagrams is the following (see [66] Lemma
1.2 of Chapter V, p. 239):

Lemma 7.1 Ifw € N and Ap(w) = m then there is an R-sequence

~1 -1
UITIUT e e oy U T Uy

of length m for w such that

gl < Jwl + 3 Il G =1,...m.
i=1
In particular, if the lengths of all the elements of R are bounded by some
constant, say Cr, then the conjugating elements u; in a minimal R-sequence
can be chosen so that |u;| < |w|+m - Cg.

Consequently, when R is finite, in order to decide whether a word w lies
in N or not, it suffices to have an upper bound for Ap(w) in terms of |w|.
For then one can systematically try the bounded number of R-sequences with
conjugating elements of length at most the above estimate. Indeed it is easy
to see that being able to compute such a bound is equivalent to solving the
word problem in the case that R is finite.

Corollary 7.2 Suppose that G has finite presentation P =< X | R > where
R is a symmetrized set of words on X. Let F be the free group with basis
X and N the normal closure of R. Then the word problem for G = F/N
1s recursively solvable if and only if there is a recursive function f such that
Ap(w) < f(Jw]) for all w € N.
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It is often helpful to use a more invariant form of the function Ap. Thus
one defines [36] the Dehn function Q2p as follows:

Qp(n) = maz{Ap(w) | w € N and |w| < n}.

It can be shown that if the finitely presented group G is defined by two
finite presentations P and Pj, then there are constants c¢;, ¢o and c3 such
that Qp, (n) < ¢1Qp(can) + cgn. In a different direction, suppose that the
finite presentation P, =< X | Ry > of G is obtained from P by adding some
elements of N to R so that R C Ry. Then Ap,(w) < Ap(w) for all w € N
and Qp,(n) < Qp(n).

The above corollary can be restated now as follows: the word problem
for GG is solvable if and only if there is a recursive function f such that
Qp(n) < f(n) for all n > 0. In fact, if Qp is bounded by such a recursive
function, it then follows that {2p itself is recursive. So the corollary becomes:
the word problem for G is solvable if and only if 2p is recursive.

Assuming the presentation P =< X | R > is finite, there is a standard
and familiar way to realize G = F'/N as the fundamental group of a 2-complex
K = K(P) consisting of a single 0-cell, one 1-cell for each free generator of
F, and one 2-cell for each element of R. The 1-cells are attached as loops at
the 0-cell giving a wedge of circles. The 2-cells are attached to the 1-skeleton
by subdividing the boundary of the cell corresponding to » € R and sewing
onto the 1-skeleton in accordance with r as a sequnce of generators and their
inverses. The Seifert-van Kampen Theorem then shows that m (K) = G.

If an element w € N is represented as a loop 7(w) in the 1-skeleton of
K and if D is the R-diagram of a (minimal) R-sequence for w, then there
is clearly a continuous map from D to K which sends the boundary of D to
T(w), sends the edges of D into the 1-skeleton of K and sends the regions of
D onto 2-cells of K. Since D is connected and simply connected this map
lifts to a map of D into the universal covering space K.

If we fix a O-cell in the universal cover K as base point, then the 0-cells of
K are in one-one correspondence with the elements of G. Now the 1-skeleton
of K is a graph which we denote by ['(G) called the Cayley graph of G.
Another way to view ['(G) is as follows: regard F' as the fundamental group
of the 1-skeleton K' of K. Then I'(G) can be identified with the covering
space of K corresponding to the normal subgroup N of F. Note that I'(G)
depends only on the choice of generating set X and not on the choice of the
defining relators. We write I'(G)) = I'(G, X)) to show this dependence when
necessary. Thus we think of the vertices of I'(G) as being labelled by the
elements of G. For each generator in X there is an oriented edge entering
and an edge leaving each vertex of I'(G). Paths in I'(G) correspond to words
in X starting at the vertex labelled 1. In particular, loops starting at the
vertex labelled 1 correspond to elements of V.
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The Cayley graph I'(G) = I'(G, X) is given the word metric defined by
taking each edge to have unit length. A geodesic for an element g € G is a
shortest path w in the Cayley graph from the vertex labelled 1 to the vertex
labelled g. This w is a shortest word in the generators X representing the
element G.

Dehn’s algorithm and hyperbolic groups: Let G be a group with
finite presentation P =< X | R > and let F' and N be as above. A Dehn’s
algorithm for G is a finite set of words A C N such that any non-empty
word w € N can be shortened by applying a relator in A. That is, any
non-empty w € N has the form w = ubv where there is an element of the
form be € A with |¢| < |b]. Thus applying the relator bc to w, we can deduce
that w =g uc™'v where |uc™v| < |w.

If G has Dehn’s algorithm A then one can solve the word problem for G
in a particularly straight forward way: repeatedly try to shorten the word
in question by replacing a subword using a relator in A. If A is a Dehn’s
algorithm for G as above, then < X | A > is also a finite presentation for G
and Ay | as(w) < |w| for every w € N. Thus also Qcx | ax(n) < n for all
n, so the Dehn function is bounded by a linear function. Observe this last
property does not depend on the finite presentation of G.

If A is a Dehn’s algorithm for G and A; is a larger finite set of words
with A € A; C N, then A; is also a Dehn’s algorithm for G. In particular,
if ¢ is a constant larger than the lengths of all the words in A then

A.={we N | |w| <c}

is also a Dehn’s algorithm. Using these observations and Theorem 7.3 below,
one can check that having a Dehn’s algorithm is independent of the choice
of generating set and hence is an abstract property of the group.

The following are examples of groups having presentations with a Dehn’s
algorithm: free groups, finite groups (multiplication table presentation), and
groups satisfying the cancellation condition C’(¢) (Greendlinger’s Lemma).

After introducing the fundamental decision problems, Dehn [31] consid-
ered the fundamental groups of closed orientable surfaces of genus g > 1
having presentation

Sg =< a17b17’”7ag7bg | [al,bﬂ"'[ag,bg] =1>.

He showed that the symmetrized closure R of the given defining relator is
a Dehn’s algorithm for S,. Note that this presentation satisfies the small
cancellation coditions C(4¢g) and C’'(1/(4g — 1)).

Suppose the group G has a finite presentation < X | R > where R is a
Dehn’s algorithm. A word u is said to be R-reduced if u can not be shortened
by applying a relator in R. Also, u is cyclically R-reduced if every cyclic
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permutation of u is R-reduced. Clearly if u is any word on X, then by taking
cyclic permutations and applying Dehn’s algorithm one can effectively find
a cyclically R-reduced word u' which is conjugate to u in G.

We say that Dehn’s conjugacy algorithm solves the conjugacy problem
for GG if there is an integer constant ¢ such that two non-trivial cyclically
R-reduced words u and v are conjugate in GG if and only if there is a word
z on X such that u =g 271wz and |z| < ¢ (Ju] + |v]). This clearly provides
a recursive solution to the conjugacy problem for G since only finitely many
conjugating elements z need to be tested. Also note that the number of
regions in an annular R-diagram representing such a conjugacy equation is
bounded by a linear function of (Ju| + |v]).

Dehn also solved the conjugacy problem for the groups S, by showing
what we have called Dehn’s conjugacy algorithm applies. Actually, for S,
and more generally C’ (%) groups a stronger condition holds. Namely, if u
and v as before are conjugate, then they have cyclic permutations ' and v’
such that v =g z7'v'z where z is a subword of an element of R. See [66] for
details and generalizations to infinite sets of defining relators.

Gromov [45] has given several equivalent definitions of the notion of a
word hyperbolic group. Let G be a finitely generated group and fix a finite
generating set X for G. Let I' = I'(G, X)) be the corresponding Cayley graph
with the word metric.

A triangle in I with geodesic sides is said to be §-thin if any point on one
side is at distance less than ¢ from some point on one of the other two sides.
I' is said to be 6-hyperbolic if every triangle in I with geodesic sides is 6-thin.
Finally G is said to be word hyperbolic if it is 6-hyperbolic with respect to
some generating set and some fixed 6 > 0. We remark that one should think
of 6 as a large integer rather than a small positive real in these definitions.

The following result gives some equivalent characterizations of word hy-
perbolic groups.

Theorem 7.3 The following conditions on a finitely presented group G are
equivalent:

1. G is word hyperbolic (in the sense of §-thin triangles);

2. the Dehn function for G is bounded by a linear function;
3. G has a Dehn’s algorithm.

The above is a combination of results of Gromov [45] and of (indepen-
dently) Lysénok [67] and Shapiro [5] (see also [8]). Not only do word hyper-
bolic groups have solvable word problem (by this theorem), but Gromov [45]
has also shown they have solvable conjugacy problem:
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Theorem 7.4 Let G be a finitely presented word hyperbolic group. Then
Dehn’s conjugacy algorithm solves the conjugacy problem for G.

Thus Dehn’s algorithm for the word problem always implies that Dehn’s
conjugacy algorithm solves the conjugacy problem. In terms of R-diagrams
this means the following: if the number of regions in a R-diagram which is a
disk is bounded by a linear function of the length of the boundary, then the
same is true of annular R-diagrams.

Automatic groups: The notion of an automatic group was introduced
in [26]. Another reference is [17].

We will need the notion of a finite state automaton. Intuitively, a finite
state automaton M is just a computing device with a fixed finite amount of
storage (memory). M reads an input string (or word) from a free monoid @
on a finite alphabet from a tape and eventually either “accepts” or “rejects”
the input string. M reads only in one direction (no backups) and can write
only in its fixed internal storage. (If arbitrarily large storage for scratch work
were allowed, the resulting class of machines would be as powerful as Turing
machines)

The set of strings (words) which M accepts is called the language recog-
nized by M. A reqular language is a set of words in a free monoid ® which
is recognized by some finite state automaton.

To compare two words using a finite state automaton one pads the shorter
with a new symbol, say $, on the end so the two words have the same length.
Then intersperse these two words on the input tape taking symbols alter-
nately from the two words. Equivalently, one can use a two tape automaton
which reads its tapes with one (possibly padded) word on each at the same
rate (synchronously). We call such a device a synchronous two-tape automa-
ton. If instead such a two tape automaton is allowed to read its input tapes
at different rates, we call such a device an asynchronous two-tape automaton.
An asynchronous two tape automaton can recognize far more complicated
sets of pairs than a synchronous one.

Let X be a set of generators for a group GG. Let ® be the free monoid
with basis X U X!, For any word w € ® define u(w) € G to be the
element represented by w. An (synchronously) automatic structure for G
with respect to the generating set X is a regular language L in ¢ such that
p(L) = G together with a synchronous two-tape automaton M which accepts
the collection of pairs of elements of L which represent elements of G lying
at most a unit apart in the Cayley graph I'(G, X). That is M accepts the
set of pairs

{(u,v) | u,v € L and pu(u) = p(va) for some a € X U XU {1}}.

If in addition there is a finite state automaton M’ which accepts the set
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of pairs
{(u,v) | u,v € L and pu(u) = p(bv) for some b€ X U XU {1}}

the triple (L, M, M) is called a biautomatic or two-sided automatic structure.
Finally, if instead M is an asychronously automaton, we say that (L, M) is
an asynchronously automatic structure.

Note that while ;4 maps L onto G it need not be one-one; that is, and
element of G may be represented by several elements of L.

The group G is said to be automatic (respectively, biautomatic or asyn-
chronously automatic) if it has an automatic (respectively, biautomatic or
asynchronously automatic) structure. Of course biautomatic groups are au-
tomatic, but it is not known whether these two notions coincide. Automatic
groups are asynchronously automatic, but the class of asynchronously auto-
matic groups is much larger.

One of the motivations for studying automatic groups was the observation
[26] that word hyperbolic groups are automatic (even biautomatic [38]). Note
that if R is a Dehn’s algorithm for a word hyperbolic group, then the R-
reduced words form a regular language. Moreover, it can be shown (see
Gromov [45]) that if G is word hyperbolic with Cayley graph T', then the set
of words on X corresponding to geodesic paths starting at 1 € I' is a regular
language.

While not all of the non-metric small cancellation groups are word hy-
perbolic, Gersten and Short [37] have shown that groups satisfying any one
of C(6), or C'(4) and T'(4), or C(3) and T'(6) have an automatic structure.

The word problem for these classes of automatic groups is solvable, and
more detailed information is as follows (see [26] and [17]):

Theorem 7.5 Asynchronously automatic groups all have solvable word prob-
lem. The Dehn function of an automatic group is bounded by a quadratic.
The Dehn function 2 of an asynchronously automatic group is bounded by a
simple exponential, that is, Q(n) < ™ for some constant ¢ > 0.

Moreover, Gersten and Short [37] have shown the following result which
generalizes previously mentioned results of Schupp and of Gromov:

Theorem 7.6 The conjugacy problem for biautomatic groups is recursively
solvable.

Their proof uses various closure properties of regular languages and re-
formulates the conjugacy problem as a question about whether two regular
languages have a non-empty intersection. This latter problem is known to
be solvable [56].
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For asynchronously automatic groups the conjugacy problem is no longer
solvable. Indeed, it is not hard to show [17] that the split extension of one
finitely generated free group by another is asychronously automatic. Con-
sequently, the examples of [77] discussed in the earlier section on “Decision
problems and constructions” show the following:

Theorem 7.7 There exist asynchronously automatic groups with unsolvable
conjugacy problem. The isomorphism problem for asynchronously automatic
groups 1s recursively unsolvable.

For more information on asynchronously automatic groups see [17]. These
various classes of (bi)automatic groups have number of other interesting prop-
erties. Thurston has shown that automatic groups are of type FP, (see [4]).
Gersten and Short [39] have obtained useful information about subgroups of
biautomatic and hyperbolic groups.

Normal forms and rewriting systems: Continuing with the above
notations, one difficulty with Dehn’s algorithm for solving the word problem
is the following: if R is a Dehn’s algorithm and we apply the process of R-
reduction to a word w #¢ 1 the resulting word, say p(w) will be R-reduced
but it is not unique. There may be other R-reduced words u with u =4 p(w);
for instance, one might have applied a completely different sequence of R-
reductions.

One would like a solution to the word problem which transforms an arbi-
trary word into a sort of unique standard form, preferably by straight forward
operations. Also it seems reasonable to expect that a subword of a word in
standard form is also in standard form; otherwise one should continue trying
to transform the subwords. Notice that the R-reduction process has all of
these properties except uniqueness.

A set of words T in the free monoid ® with basis X U X! is a set of
normal forms for G (with respect to the generating set X) if u|r is a bijection
from T onto GG. Thus every element of GG is represented by a unique element
of T. Equivalently, one can view T as a transversal in F' of the normal
subgroup N. If in addition T is closed under taking of subwords, then we
call T" a hereditary set of normal forms.

Observe that a set of words is closed under taking subwords if and only
if it is closed under taking both initial and terminal segments of words.
Thus T is a hereditary set of normal forms if and only if it is a two-sided
Schreier transversal for N in F. One can well-order the words in ® by
ordering X UX ! and then ordering ® by length and within the same length
lexicographically. In [50] M. Hall shows the set 7" obtained by choosing the
least element ¢, representing each group element g € G is a two-sided Schreier
transversal.
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Thus every group G has a hereditary set of normal forms 7" with respect
to a generating set X. Assuming X is finite, the set T' constructed in this
way is recursive if and only if G has solvable word problem.

So normal forms exist, but what of “transforming” words into normal
form? One such notion has been investigated by computer scientists ( see
[64] or [68]). Define a rewrite rule to be an ordered pair (u,v) of words of
® such that u =g v. An application of the rewrite rule (u,v) consists of
replacing a subword of the form u in a word w by v to obtain a new word
w’. We write this as w — w’. In more detail, an application of the rewrite
rule (u,v) looks like w = yuz — w’ = yvz. One often writes u — v for
the rewrite rule itself thereby emphasizing the ordered nature of the rule.
The words u and v are called the left and right hand sides of the rewrite
rule u — v respectively. Note that an application of a rewrite rule need not
reduce the length of a word, and it may indeed lengthen the word.

Let A be a set of rewrite rules. A word w is A-reduced or A-irreducible if
no subword of w is the left hand side of any rewrite rule in A. That is, w is
A-irreducible if it is impossible to apply any of the rewrite rules in A to W.

A set of rewrite rules A is a complete rewriting system if it satisfies two
conditions: (1) the set T" of A-irreducible words is a hereditary set of normal
forms; and (2) there are no infinite chains w; — wy — ... of applications of
rewrite rules from A.

If A is a complete rewriting system, it is clear that starting with any word
w one can apply successively the rewrite rules of A to reach a unique normal
form for w. If w; and wy are two words such that w; =g ws, then applying
rewrite rules to each of w; and ws in any order will eventually lead to the
same word. A rewrite system with this property is said to be confluent, a
condition which could have been used in place of (1). Also, if A is a complete
rewriting system then the collection of equations u = v where (u,v) € A give
a presentation for G.

Here is one (non-effective) way to obtain such a complete rewriting sys-
tem. Choose a hereditary set T' of normal forms as before. If w is a word of
®, denote by w the unique element of 7" which is equal in G to w (the coset
representative for wN in F). Take A to be the set of rewrite rules ta — (ta)
forall t € T and all @ € X U X!, We observe that if G has solvable word
problem then this set of rewrite rules is recursive.

Of particular interest is the class of finitely generated groups which have a
finite complete rewriting system. If G has a finite complete rewriting system
A, then G is finitely presented and the set T' of A-irreducible words is a
regular language. The word problem for such a group is easily solved by
repeatedly applying the finite set of rewrite rules until an irreducible word is
obtained.

Examples of such groups are free groups and finite groups. One can also
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show that the class of groups with finite complete rewriting systems is closed
under ordinary free products and under extensions (see [47]). In particular,
this class includes all polycyclic-by—finite groups and groups which are ex-
tensions of one finitely generated free group by another. So from our previous
results we can summarize the status of the fundamental decision problems
as follows:

Theorem 7.8 The word problem for groups with a finite complete rewrit-
g system 1s recursively solvable. There exist groups groups with a finite
complete rewriting system having unsolvable conjugacy problem and unsolv-
able generalized word problem. Moreover the isomorphism problem for such
groups 1s unsolvable.

It should be emphasized again that rewrite rules are not required to be
length reducing. If a group G has a finite, length reducing, complete rewriting
system, then that system gives a Dehn’s algorithm and, moreover, it is known
(see [68]) that G must be virtually free.

One interesting feature of groups with a finite complete rewriting system
is that they are of type FP, (see [6], [25], [46] and [100]). Moreover, one can
in principle effectively calculate free resolutions and carry out certain homo-
logical calculations for such groups. The nature of subgroups of such groups
remains to be explored, as do a number of generalizations. For instance,
instead of finite systems one can consider “regular” complete rewriting sys-
tems. Exactly how these might be related to the various types of automatic
groups is not yet clear.

Trivial words as a language: Another way of approaching the word
problem is to consider the collection N(®) of all words w € ® such that
w =¢ 1. Of course words in N(®) represent elements of N but they may not
be freely reduced. One measure of the complexity of the word problem for GG
is the complexity of N(®) as a language. Thus a group G is said to be regular
(respectively, context—free) if N(®) is a regular (respectively, context—free)
language.

Recall that a language is context-free if it is recognized by a pushdown
automaton which is a non-deterministic finite state automaton with a push-
down stack (“first in, last out”) storage device. See [56] for details concerning
such languages and machines.

The following result was observed by Anisimov [7]. Its proof is an easy
exercise (see [81]).

Theorem 7.9 A group is reqular if and only if it is finite.

In a series of papers, Muller and Schupp [81], [82] investigate some re-
markable connections between groups, pushdown automata, the theory of
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ends and second-order logic. One of their results [81] is a characterization of
context—free groups which involves the notion af accessibility. Subsequently
Dunwoody [32] has proved that all finitely presented groups are accessible.
So combining these results, one has the following:

Theorem 7.10 A finitely generated group is context—free if and only if it is
virtually free.

For additional information about rewriting systems and complexity issues
for groups the reader may wish to consult the survey article [68].

8 Computability of homological invariants

This section is concerned with decision theoretic aspects of the homological
invariants of finitely presented groups. Suppose that G is a group and M a
left ZG-module where ZG denotes the integral group ring of G. If

F:..—-FK—->FK—>F—>F—>2Z—-0

is a free resolution of Z by free left ZG-modules then the homology groups of
G with coefficients in M are given by H.(G, M) = H,(M ®zc F). Similarly,
it M is a left ZG-module, then the cohomology groups with coefficients in
M are given by H*(G, M) = H*(Homzg(F, M)).

If GG is a finitely presented group, then we ask to what extent the sequences
of abelian groups H,(G, M) and H*(G, M) can be effectively determined?

The most familiar homology group of a group G is H,(G,Z) = G/|G, G],
the abelianization of G. If G is finitely presented then G/|G,G] is a finitely
generated abelian group, and an additive finite presentation for G/[G, G| can
be easily written down from a presentation for GG. There is then a familiar
algorithm for expressing uniquely G/[G, G] as a direct sum of cyclic groups
(Smith normal form). This solves the isomorphism problem for H; (G, Z) and
so this group can be effectively determined. We record this as follows:

Proposition 8.1 The homology group Hi(G,Z) can be effectively determined
from a finite presentation for G.

Next consider the case G is a finite group which may be assumed to be
given by a multiplication table presentation. The the additive group of the
integral group ring ZG is a free abelian group of finite rank. Hence a free
resolution F as above can be found in which each F; is a finitely generated
free abelian group (for instance the bar resolution). Now if M is a finitely
presented ZG-module, it is also finitely generated as an abelian group and
its structure can be completely determined. It is easy to see that all of the
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maps necessary to compute the homology groups up to any dimension can
be effectively computed. Hence each of the finitely generated abelian groups
H,(G,M) and H"(G, M) can be effectively determined in this case.

Proposition 8.2 If GG is a finite group and M is a finitely presented ZG-
module, then each of the homology groups H, (G, M) and H"(G, M) can be

effectively determined.

Of course in practice one is not so much interested in computing these
groups individually as in establishing general properties of the sequences
H.(G,M) and H*(G, M) for a group or a collection of groups. The above
gives little information about these general questions.

Finally consider the case in which G is a polycyclic-by-finite group. As
indicated above, large parts of commutative algebra can be carried out ef-
fectively, in particular Hilbert’s basis theorem is effective. The analogous
results for polycyclic-by-finite groups can likewise be shown to be effective
(see [11]). Using this theory one can show the following:

Theorem 8.3 ([11]) Let G be a polycyclic-by-finite group and let M be a
finitely presented ZG-module. Then each of the homology groups H,(G, M)
s a finitely generated abelian group. Moreover, there is a recursive procedure
which yields for each m > 0 a finite presentation of H,(G, M). The procedure
18 uniform in the given data.

In general there is little hope of effectively computing the homology
groups H, (G, M) for M an arbitrary finitely presented ZG-module even when
the group G is reasonably nice. Suppose for instance that G is a free group
on finitely many generators and let () be a quotient group of G. Then Z() is
a cyclic ZG-module. But ) might have unsolvable word problem, in which
case the word problem for Z() as a ZG-module is unsolvable. Similarly, one
can not in general decide whether () is the trivial group, so one cannot decide
whether Z() is isomorphic to Z as a ZG-module.

In view of these considerations it is convenient to restrict one’s attention
to the case M is a trivial ZG-module and to the case M = Z in particular.
For simplicity we use the abbreviations H,G = H,(G) = H,(G,Z).

Since H;G can be effectively computed, it is natural to consider HyG.
Now if G = F/R where F is a free group and R is a normal subgroup, then
Hopt’s formula for HyG is

Hy(G,Z) = ker{R/|F,R] — F/[F,F]} = (RN [F, F])/|F, R).

The abelian group R/[F, R] is generated by the images of a set of defining
relations for G so if G is given by a finite presentation then HyG is finitely
generated on a set of generators no larger than the number of relations of G.
Despite this, the groups HyG can not be effectively determined.
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Theorem 8.4 (Gordon [40]) There is no algorithm to determine of an ar-
bitrary finitely presented group G whether or not HoG = 0.

As we shall see, this result follows easily from the sorts of constructions
used to prove the Adian-Rabin Theorem. However, it should be pointed out
that the property HoG = 0 is definitely not a Markov property of G and
so the above result is not an instance of the Adian-Rabin Theorem. This
follows from the following result:

Theorem 8.5 ([16]) Every group G which admits a recursively enumerable
presentation can be embedded in a finitely presented acyclic group Q; thus by
definition H,QQ = 0 for n > 0.

While Gordon’s result is not implied by the Adian-Rabin Theorem, it
does follow easily from any of the constructions used to prove it. In fact the
argument shows a certain class of homological properties are not recognizable.
To describe these we introduce the following definition.

Definition 8.1 An abstract property P of finitely presented groups is said to
be a homological Markov property if there are two finitely presented groups
G4 and G_ such that

1. G has the property P; and

2. if Y is a finitely presented group such that H,G_ C H,Y forn > 1
then Y does mot have property P.

These groups Gy and G_ will be called the positive and negative witnesses
for the homological Markov property P respectively.

Note that the property HoG = 0 is an example of a homological Markov
property. In terms of this definition, the arguments for the Adian-Rabin
Theorem show the following result which includes Gordon’s result.

Theorem 8.6 If P be a homological Markov property of finitely presented
groups, then P is not recursively recognizable.

Proof: We apply the Technical Lemma used in the proof of Adian-Rabin
Theorem. Let ) be a finitely presented acyclic group with unsolvable word
problem. Take K = () * G_ and for any word w of () construct L,, as in the
Technical Lemma. Finally put 7,, = L, *G1. Then if w #¢ 1 it follows from
the Mayer-Viettoris sequence for homology of amalgamated free products
that H,G_ C H,L,, C H,(gp(my,)) for n > 1. So in this case gp(m,) ¢ P.
On the other hand, if w =g 1 then L,, = 1 and so gp(m,) = G4 and hence
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gp(my,) € P. Since the word problem for ) is unsolvable, it follows that @ is
not recursively recognizable. This completes the proof.

To describe abelian groups on a possibly infinite set of generators we use
the notation < X | R >, where X = {1, s, ...} is a set of generators and
R = {ry,rq,...} is a set of words on X. The abelian group A presented
by < X | R >4 is then the quotient of the free abelian group on X by the
subgroup generated by the words in R. If X is a recursively enumerable set
of symbols and R a recursively enumerable set of words in those symbols we
say that < X | R > is an r.e. abelian group presentation.

In [16] Baumslag, Dyer and Miller investigated the possibilities for the
whole integral homology sequence H,G for a finitely presented group. De-
spite the fact that one knows very little about a finitely presented group from
its presentation, the sequence of integral homology groups H, G turns out to
be a sequence of recursively presentable abelian groups.

Theorem 8.7 ([16]) If G is a recursively presented group, then the inte-
gral homology sequence H,G can be described by a recursively enumerable
sequence of r.e. abelian group presentations. Moreover, if G is finitely pre-
sented, the first two terms of this sequence are finitely generated.

Whether or not a complete converse to this statement holds has not yet
been resolved. However Baumslag, Dyer and Miller [16] have shown that a
wide variety of r.e. sequences of recursively presentable abelian groups can
be realized as the integral homology sequence of a finitely presented group.
To state their results another definition is needed. An r.e. abelian group
presentation < X | R >, is called untangled if R is a basis of the subgroup
it generates, and otherwise tangled. Since subgroups of free abelian groups
are free they have bases. But a given r.e. abelian group presentation may
be tangled and indeed may not be effectively untangled. The situation is
summarized by the following result.

Lemma 8.8 ([16]) Let < X | R >4 be an r.e. abelian group presentation
of the abelian group A.

1. if A is a torsion-free abelian group there is a recursive procedure which
transforms < X | R >4, into an untangled r.e. abelian group presen-
tation <Y | S >q of A.

2. if the word problem for < X | R >4 is recursively solvable there is a
recursive procedure which transforms < X | R >4 into an untangled
r.e. abelian group presentation <Y | S >4 of A.

However, there exist abelian groups A having an r.e. abelian group presenta-
tion but having no untangled r.e. abelian group presentations at all.
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The main result on realizing a sequence of abelian groups as the integral
homology of a finitely presented group is as follows:

Theorem 8.9 Let Ay, Ay, As, ... be a sequence of abelian groups in which
the first two terms are finitely generated. If the A;’s are given by an r.e.
sequence of r.e. abelian group presentations each of which is untangled, then
there exists a finitely presented group G whose integral homology sequence is
the given sequence, that is H,G = A, forn > 0.

If one is interested in constructing a finitely presented group with a spec-
ified H,G for a particular n, the restriction to untangled presentations is not
necessary. However, the constructions used to build such a group lose control
of the homology in adjacent dimensions.

References

[1] S. 1. Adian, Algorithmic unsolvability of problems of recognition of cer-
tain properties of groups, Dokl. Akad. Nauk SSSR 103, 533-535 (1955).

[2] S. I. Adian, The unsolvability of certain algorithmic problems in the
theory of groups, Trudy Moskov. Mat. Obsc. 6, 231-298 (1957).

[3] S.1. Adian, Finitely presented groups and algorithms, Dokl. Akad. Nauk
SSSR 117, 9-12 (1957).

[4] J. Alonso, Combings of groups, this volume.

[5] J. Alonso, T. Brady, D. Cooper, V. Ferlini, M. Lustig, M. Mihalik,
M. Shapiro, and H. Short Notes on negatively curved groups MSRI
preprint, 1989; to appear in the proceedings of the conference “Group
theory from a geometrical viewpoint” held at Trieste, 1990.

[6] D. J. Anick, On the homology of associative algebras, Trans. Amer.
Math. Soc. 296, 641-659 (1986).

[7] A. V. Anisimov, Groups languages, Kybernetika 4, 18-24 (1971).

[8] W. Ballmann, E. Ghys, A. Haefliger, P. de la Harpe, E. Salem, R.
Strebel, et M. Troyanov, “ Sur les groupes hyperboliques d’apres
Mikhael Gromov” (Notes of a seminar held at Berne), edited by E.
Ghys and P. de la Harpe, Birkhauser, Progress in Mathematics Series,
1990.

[9] G.Baumslag, Finitely generated residually torsion—free nilpotent groups
in preparation.



REFERENCES 95

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[20]

[21]

22]

23]

G. Baumslag, W. W. Boone and B. H. Neumann, Some unsolvable
problems about elements and subgroups of groups, Math. Scand. 7, 191-
201 (1959).

G. Baumslag, F. B. Cannonito and C. F. Miller III, Computable algebra
and group embeddings Journ. of Algebra 69, 186-212 (1981).

G. Baumslag, F. B. Cannonito and C. F. Miller III, Infinitely gener-
ated subgroups of finitely presented groups, I Math. Zeit. 153, 117-134
(1977).

G. Baumslag, F. B. Cannonito and C. F. Miller III, Infinitely gener-
ated subgroups of finitely presented groups, II Math. Zeit. 172, 97-105
(1980).

G. Baumslag, F. B. Cannonito and C. F. Miller III, Some recognizable
properties of solvable groups Math. Zeit. 178, 289-295 (1981).

G. Baumslag, F. B. Cannonito, D. J. S. Robinson and D. Segal, The
algorithmic theory of polycyclic—by—finite groups to appear.

G. Baumslag, E. Dyer and C. F. Miller III, On the integral homology
of finitely presented groups, Topology 22, 27-46 (1983).

G. Baumslag, S. M. Gersten, M. Shapiro and H. Short, Automatic
groups and amalgams, to appear. (A summary appears in this volume.)

G. Baumslag, D. Gildenhuys and R. Strebel, Algorithmically insoluble
problems about finitely presented soluble groups, Lie and associative
algebras, I, Journ. Pure and Appl. Algebra 39, 53-94 (1986).

G. Baumslag and J. E. Roseblade, Subgroups of direct products of free
groups, Journ. London Math. Soc. (2) 30,44-52 (1984).

G. Baumslag and D. Solitar, Some two-generator one-relator non-
Hopfian groups, Bull. Amer. Math. Soc. 68, 199-201 (1962).

W. W. Boone, Certain simple unsolvable problems in group theory, I,
II, III, 1V, V, VI, Nederl. Akad. Wetensch Proc. Ser. A57, 231-237,492-
497 (1954), 58, 252-256,571-577 (1955), 60, 22-27,227-232 (1957).

W. W. Boone Word problems and recursively enumerable degrees of
unsolvability. A sequel on finitely presented groups., Annals of Math.
84,49-84 (1966).

W. W. Boone and G. Higman, An algebraic characterization of the
solvability of the word problem, J. Austral. Math. Soc. 18, 41-53 (1974).



o6

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[35]

[36]

[37]

REFERENCES

W. W. Boone and H. Rogers Jr., On a problem of J.H.C. Whitehead
and a problem of Alonzo Church, Math. Scand. 19, 185-192 (1966).

K. S. Brown, The geometry of rewriting systems: a proof of the Anick—
Groves—Squier theorem, this volume.

J. W. Cannon, D. B. A. Epstein, D. F. Holt, M. S. Patterson and W. P.
Thurston, Word processing and group theory, preprint, University of
Warwick, 1988.

C .R .J. Clapham, Finitely presented groups with word problems of
arbitrary degrees of insolubility, Proc. London Math. Soc. (3) 14, 633-
676 (1964).

C .R .J. Clapham, An embedding theorem for finitely generated groups,
Proc. London Math. Soc. (3) 17, 419-430 (1967).

D. J. Collins, Representation of Turing reducibility by word and con-
Jugacy problems in finitely presented groups, Acta Mathematica 128,
73-90 (1972).

D. J. Collins and C. F. Miller I1I, The conjugacy problem and subgroups
of finite index Proc. London Math. Soc.ser 3 34, 535-556 (1977).

M. Dehn, Uber unendliche diskontinuerliche Gruppen, Math. Ann. 69,
116-144 (1911).

M. J. Dunwoody, The accessibility of finitely presented groups Invent.
Math. 81, 449-457 (1985).

V. H. Dyson The word problem and residually finite groups, Notices
Amer. Math. Soc. 11, 734 (1964).

E. Formanek, Conjugacy separability in polycyclic groups, Journ. Alge-
bra 42, 1-10 (1976).

A. A. Fridman, Degrees of unsolvability of the word problem for finitely
defined groups, Izdalel’stvo “Nauk”, Mpscow, 193pp (1967).

S. M. Gersten, Dehn functions and li-norms of finite presentations,
this volume.

S. M. Gersten and H. Short, Small cancellation theory and automatic
groups, Inventiones Math. 102, 305-334 (1990)

S. M. Gersten and H. Short, Small cancellation theory and automatic
groups, Part II, to appear in Inventiones Math.



REFERENCES 57

[39] S. M. Gersten and H. Short, Rational subgroups of biautomatic groups
to appear in Annals of Math.

[40] C. M. Gordon, Some embedding theorems and undecidability questions
for groups, unpublished manuscript,1980.

[41] A. V. Gorjaga and A. S. Kirkinskii, The decidability of the conjugacy
problem cannot be transferred to finite extensions of groups, Algebra i
Logica 14, 393-406 (1975).

[42] A.P. Goryushkin, Imbedding of countable groups in 2-generator groups,
Mat. Zametki 16,231-235 (1974).

[43] M. D. Greendlinger, Dehn’s algorithm for the word problem, Comm.
Pure Appl. Math. 13, 67-83 (1960).

[44] M. D. Greendlinger, On Dehn’s algorithms for the conjugacy and word
problems with applications, Comm. Pure Appl. Math. 13, 641-677
(1960).

[45] M. Gromov, Hyperbolic groups, in “Essays on group theory”, MSRI
series vol. 8, edited by S. Gersten, Springer-Verlag, 1987

[46] J. R. J. Groves, Rewriting systems and homology of groups to appear
in Proceedings of Canberra Group Theory Conf. ed. L. G. Kovacs, in
Lecture Notes in Math. (Springer).

[47] J. R. J. Groves and G. C. Smith, Rewriting systems and soluble groups,
University of Melbourne preprint, 1989.

[48] F. Grunewald and D. Segal, Some general algorithms. I: Arithmetic
groups, II: Nilpotent groups, Annals of Math. 112 531-583, 585-617
(1980).

[49] F. Grunewald and D. Segal, Decision problems concerning S—arithmetic
groups, Journ. Symbolic Logic 90, 743-772 (1985).

[50] M. Hall Jr., “The theory of groups”, Macmillan, New York, 1959.

[51] P. Hall, Finiteness conditions for soluble groups, Proc. London Math.
Soc. 1114, 419-436 (1954).

[52] P. Hall, Embedding a group in a join of given groups, J. Austral. Math.
Soc. 17, 434-495 (1974).

[53] G. Higman, A finitely generated infinite simple group, J. London Math.
Soc. 26, 61-64 (1951).



o8

[54]

[55]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

REFERENCES

G. Higman, Subgroups of finitely presented groups, Proc. Royal Soc.
London Ser. A 262, 455-475 (1961).

G. Higman, B. H. Neumann and H. Neumann, Embedding theorems for
groups, J. London Math. Soc. 24, 247-254 (1949).

J. Hopcroft and J. Ullman, “Introduction to automata theory, lan-
guages and computation” Addison-Wesley, Boston, 1979.

A. Juhasz, Solution of the conjugacy problem in one relator groups, this
volume.

O. Kharlampovich, A finitely presented soluble group with insoluble
word problem, Izvestia Akad. Nauk Ser. Mat. 45, 852-873 (1981).

Yu. G. Kleiman, Identities and some algorithmic problems in groups,
Dokl. Akad. Nauk SSSR 244, 814-818 (1979).

Yu. G. Kleiman, On some questions of the theory of varieties of groups,

Dokl. Akad. Nauk SSSR 257, 1056-1059 (1981).

Yu. G. Kleiman, On identities in groups, Trudy Moskov Mat. Obshch.
44, 62-108 (1982).

Yu. G. Kleiman, Some questions of the theory of varieties of groups,

Izv. Akad. Nauk SSSR Ser. Mat. 47,37-74 (1983).

A. V. Kuznetsov, Algorithms as operations in algebraic systems, lzv.
Akad. Nauk SSSR Ser Mat (1958).

P. Le Chenadec, “Canonical forms in finitely presented algebras”,
Res. Notes in Theoret. Comp. Sci., Pitman (London-Boston) and Wi-
ley(New York), 1986.

R. C. Lyndon, On Dehn’s algorithm, Math. Ann. 166, 208-228 (1966).

R. C. Lyndon and P. E. Schupp, “Combinatorial Group Theory”,
Springer-Verlag, Berlin-Heidleberg-New York,1977.

I. G. Lysénok, On some algorithmic properties of hyperbolic groups,
Izv. Akad. Nauk SSSR Ser. Mat. 53 No. 4 (1989); English transl. in
Math. USSR Izv. 35 145-163 (1990).

K. Madlener and F. Otto, About the descriptive power of certain classes
of string—rewriting systems, Theoret. Comp. Sci. 67 143-172 (1989).



REFERENCES 29

[69]

[70]

[81]

[82]

W. Magnus, Uber diskontinuierliche Gruppen mit einer definieren-
den Relation (Der Freiheitsats), J. Reine Angew. Math. 163, 141-165
(1930).

W. Magnus, Das Identitatsproblem fir Gruppen mit einer definierenden
Relation, Math. Ann.106, 295-307 (1932).

W. Magnus, A. Karrass and D. Solitar, “Combinatorial Group The-
ory”, Wiley, New York, 1966.

A. 1. Malcev, On isomorphic matriz representations of infinite groups,
Mat. Sb. 8, 405-422 (1940).

A. 1. Malcev, Homomorphisms onto finite groups, Ivanov. Gos. Ped.
Inst. Ucen. Zap. 18, 49-60 (1958).

J. C. C. McKinsey, The decision problem for some classes of sentences
without quantifiers Journ. Symbolic Logic 8, 61-76 (1943).

K. A. Mihailova, The occurrence problem for direct products of groups,
Dokl. Akad. Nauk SSSR 119, 1103-1105 (1958).

K. A. Mihailova, The occurrence problem for free products of groups,
Dokl. Akad. Nauk SSSR 127, 746-748 (1959).

C. F. Miller ITI, “On group theoretic decision problems and their clas-
sification”, Annals of Math. Study 68, Princeton University Press,
Princeton, NJ, 1971.

C. F. Miller III, The word problem in quotients of a group, in “Aspects
of Effective Algebra”, ed. J.N. Crossley, Proceedings of a conference at
Monash University Aug. 1979, Upside Down A Book Company, Steel’s
Creek, (1981), 246-250.

C. F. Miller IIT and P. E. Schupp, Embeddings into hopfian groups
Journ. of Algebra 17, 171-176 (1971).

A. W. Mostowski, On the decidability of some problems in special
classes of groups, Fund. Math. 59, 123-135 (1966).

D. E. Muller and P. E. Schupp, Groups, the theory of ends and context—
free languages, J. Comput. and Sys. Sci. 26, 295-310 (1983).

D. E. Muller and P. E. Schupp, The theory of ends, pushdown automata,
and second—order logic, Theoret. Comput. Sci. 37, 51-75 (1985).



60

[83]

[84]

[85]

[86]

[87]

3]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]
[99]

REFERENCES
B. H. Neumann, Some remarks on infinite groups, J. London Math.
Soc. 12, 120-127 (1937).

B. B. Newman, Some results on one relator groups, Bull. Amer. Math.
Soc 74, 568-571 (1968).

G. A. Noskov, On conjugacy in metabelian groups, Mat. Zametki 31
495-507 (1982).

P. S. Novikov On the algorithmic unsolvability of the problem of iden-
tity, Dokl. Akad. Nauk SSSR 85, 709-712 (1952).

P. S. Novikov On the algorithmic unsolvability of the word problem in
group theory, Trudy Mat. Inst. Steklov 44, 1-143 (1955).

M. O. Rabin, Recursive unsolvability of group theoretic problems, An-
nals of Math. 67, 172-194(1958).

M. O. Rabin, Computable algebra, general theory and theory of com-
putable fields, Trans. Amer. Math. Soc. 95, 341-360(1960).

V. N. Remmeslennikov, Finite approximability of metabelian groups,
Algebra and Logic 7, 268-272 (1968).

V. N. Remmeslennikov, Conjugacy in polycyclic groups, Algebra i Log-
ica 8, 712-725 (1969).

J. J. Rotman, “An introduction to the theory of groups” (third edition),
Allyn and Bacon,Boston, 1984.

I. N. Sanov, A property of a certain representation of a free group,
Dokl. Akad. Nauk SSSR 57, 657-659 (1947).

E. A. Scott, A finitely presented simple group with unsolvable conjugacy
problem, Journ. Algebra 90, 333-353 (1984).

E. A. Scott, A tour around finitely presented simple groups, this volume.

P. E. Schupp, On Dehn’s algorithm and the conjugacy problem, Math.
Ann. 178, 119-130 (1968).

P. E. Schupp, Embeddings into simple groups, J. London Math. Soc.
13, 90-94 (1976).

D. Segal, “Polycyclic groups ” Cambridge University Press, 1983

D. Segal, Decidable properties of polycyclic groups to appear.



REFERENCES 61

[100] C. C. Squier, Word problems and a homological finiteness condition for
monoids, J. Pure Appl. Algebra 49, 201-217 (1989).

[101] V. A. Tartakovskii, The sieve method in group theory , Mat. Sbornik
25, 3-50(1949).

[102] V. A. Tartakovskii, Application of the sieve method to the solution of
the word problem for certain types of groups , Mat. Sbornik 25, 251-274
(1949).

[103] V. A. Tartakovskii, Solution of the word problem for groups with a k-
reduced basis for k > 6 , Izv. Akad. Nauk SSSR Ser. Math. 13, 483-494
(1949).

Author’s address:

Charles F. Miller III
Department of Mathematics
University of Melbourne
Parkville, Vic. 3052
Australia



