Decidable and Undecidable Fragments of
First-Order Concatenation Theory

1,

Lars Kristiansen? and Juvenal Murwanashyaka'

! Department of Mathematics, University of Oslo, Norway
2 Department of Informatics, University of Oslo, Norway

Abstract. We identify a number of decidable and undecidable frag-
ments of first-order concatenation theory. We also give a purely universal
axiomatization which is complete for the fragments we identify. Further-
more, we prove some normal-form results.

1 Introduction

1.1 First-order Concatenation theory

First-order concatenation theory can be compared to first-order number theory,
e.g., Peano Arithmetic or Robinson Arithmetic. The universe of a standard struc-
ture for first-order number theory is the set of natural numbers. The universe
of a standard structure for first-order concatenation theory is a set of strings
over some alphabet. A first-order language for number theory normally contains
two binary functions symbols. In a standard structure these symbols will be
interpreted as addition and multiplication. A first-order language for concate-
nation theory normally contains just one binary function symbol. In a standard
structure this symbol will be interpreted as the operator that concatenates two
stings. A classical first-order language for concatenation theory contains no other
non-logical symbols apart from constant symbols.

In this paper we extend concatenation theory with a binary relation symbol and
introduce bounded quantifiers analogous to the bounded quantifiers (Vx < t)¢
and (Jz < t)¢ we know from number theory. Before we go on and state our main
results, we will explain some notation and state a few basic definitions.

1.2 Notation and Basic Definitions

We will use 0 and 1 to denote respectively the bits zero and one, and we use
pretty standard notation when we work with bit strings: {0, 1}* denotes the set
of all finite bit strings; (b); denotes the i*! bit of the bit string b; and 0120%1
denotes the bit string 0111001. The set {0,1}* contains the empty string which
we will denote e.
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Let Lpr denote the first-order language that consist of the constants symbols
e, 0,1, the binary function symbol o and the binary relation symbol E. We will
consider two Lpgr-structures named B and ©.

The universe of 9B is the set {0, 1}*. The constant symbol 0 is interpreted as the
string containing nothing but the bit 0, and the constant symbol 1 is interpreted
as the string containing nothing but the bit 1, that is, 0% = 0 and 1% = 1. The
constant symbol e is interpreted as the empty string, that is, e® = . Moreover,
o® is the function that concatenates two strings (e.g. 01 o® 000 = 01000 and
£0® ¢ = ¢). Finally, C? is the substring relation, that is, u =% v iff there exists
bit strings x,y such that zuy = v.

The structure ® is the same structure as ‘B with one exception: the relation
u C® v holds iff u is a prefix of v, that is, iff there exists a bit string = such
that uz = v. To improve the readability we will use the symbol =< in place of
the symbol C when we are working in the structure ©. Thus, v C v should be
read as “u is a substring of v”, whereas u < v should be read as “u is a prefix
of v”. When we do not have a particular structure in mind, e.g. when we deal
with syntactical matters, we will stick to the symbol C.

We introduce the bounded quantifiers (3z C t)a and (Vo C ) as syntactical
abbreviations for respectively (3z)[x C t A o] and (Vz)[z Tt — o] (x is of course
not allowed to occur in the term t), and we define the X-formulas inductively by

— « and —« are Y-formulas if « is of the form s C ¢ or of the form s = ¢ where
s and t are terms

— aV f and a A § are Y-formulas if o and § are X-formulas

— (Jz C t)a and (Vo C t)a and (Jz)a are Y-formulas if o is a X-formula.

We assume that the reader notes the similarities with first-order number theory.
The formulas that correspond to Y-formulas in number theory are often called
X-formulas or X9-formulas. Next we introduce the biterals. The biterals corre-
spond to the numerals of first-order number theory. Let b be a bit string. We
define the biteral b by £ =e, b0 = bo 0 and b1l = bo 1.

A Y-formula ¢ is called a X, ,, p-formula if it contains n unbounded existential
quantifiers, m bounded existential quantifiers and k& bounded universal quan-
tifiers. A sentence is a formula with no free variables. The fragment Zﬁm’k

(Z%

m k) 18 the set of X, o, p-sentences true in B (respectively, D).

To improve the readability we will skip the operator o in first-order formulas
and simply write st in place of s o t. Furthermore, we will occasionally contract
quantifiers and write, e.g., Vwy, ws C u[g] in place of (Vw; C u)(Vws C u)g, and

for ~€{=,C, =}, we write s ¢ ¢ in place of —s ~ t.

1.3 Main Results and Related Work

We prove that the fragment X2

0,m

 is decidable (for any m,k € N), and we
prove that X, | and XP,, are undecidable. Furthermore, we prove that the
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The Axioms of B

1. Vz[z =ex Az = ze |

2. Vaye (ey)z = 2(y2) |

5. Voyl (v £ 4) = ( (20 £ y0) A (2l £ 1)) ]

4. Vay[ 20 # yl ]

5. Vz[zCe+wrz=c¢€]

6. Vz[z C 0« (z=eVz=0) ]

7. Vz[zCls (z=eVz=1)]

8. Vzy[z E0y0 + (x =0y0Vz C Oy Vz C y0) ]
9. Vay[z C 0yl > (x=0ylvaz COyVaz Cyl)]
10. Vzy[z C1y0 < (. =1y0Vz C 1y Va C y0) |
11. Vay[ 2 C 1yl < (e =1yl Ve Clyva Cyl) |

Fig. 1. These are the axioms of the first-order theory B.

fragments E(?,m,k and Zf{),m,o are decidable (for any n,m,k € N), and we prove
that 2@0’2 and me are undecidable. Our results on decidable fragments are
corollaries of theorems that have an interest in their own right: We prove the
existence of several normal forms, and we give a purely universal axiomatization
of concatenation theory which is X-complete.

Recent related work can be found in Halfon et al. [6], Day et al. [2], Ganesh
et al. [3], Karhumaéki et al. [8] and several other places, see Section 6 of [3] for
further references.

The material in Section 8 of the textbook Leary & Kristiansen [10] is also re-
lated to the research presented in this paper. So is a series of papers that starts
with with Grzegorczyk [4] and includes Grzegorczyk & Zdanowski [5], Visser
[13] and Horihata [7]. These papers deal with the essential undecidability of
various first-order theories of concatenation. The relationship between the var-
ious axiomatizations of concatenation theory we find in these papers and the
axiomatization we give below has not yet been investigated.

The theory of concatenation seems to go back to work of Tarski and Quine, see
Visser [13] for a brief account of its history.

2 JXY-complete Axiomatizations

Theorem 1. Let B and D be the set of axioms given in respectively Figure 1
and Figure 2. For any X -sentence ¢, we have

B¢ = Bré and DE¢ = DF ¢

Proof. We give a brief sketch of the (very long) proof of B = ¢ = B F ¢. The
proof of ® E ¢ = D F ¢ is similar. Full proofs can found in Kristiansen &
Murwanashyaka, [9].
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The Axioms of D

- the first four axioms are the same as the first four axioms of B
5. Vez[z Xez=c¢€]

6. Veylz 2 y0 < (z =90V <y) ]

7. Veylz <yl (z=ylVze y)]

Fig. 2. These are the axioms of the first-order theory D.

Prove (by induction on the structure of ¢) that there for any variable-free £pp-
term ¢ exists a biteral b such that

Blt=b= Brt=b. (1)

Prove (by induction on the structure of by) that we for any biterals by and b
have

%':b1#b2:>B'—b17éb2 (2)

Use B F Vz[z0 # e A x1 # €] when proving (2). Furthermore, prove (by induction
on the structure of by) that we for any biterals by and be have

%):blgb2:>B}—b1§b2 and %'ZblzbgiBFIHZbg (3)
It follows from (1), (2) and (3) that we have
BE=¢ = BFo. (4)

for any ¢ of one of the four forms t; = to, t1 # ta, t1 C to, and t; [Z to where t;
and ¢y are variable-free terms.

Use induction on the structure of b to prove the following claim:

If ¢(x) is an Lpr-formula such that we have B = ¢(b) = B+ ¢(b) for

any biteral b, then we also have
B = (Ve Cb)o(z) = BE (Vo Cb)o(x)
for any biteral b.

Finally, prove (by induction on the structure of ¢) that we for any X-sentence
¢ have B = ¢ = B ¢. Use (4) in the base cases, that is, when ¢ is an atomic
sentence or a negated atomic sentence. Use the claim and (1) in the case ¢ is of
the form (Vx C t)t. The remaining cases are rather straightforward. O

Corollary 2. The fragments E(‘fm’k and Eg?m’k are decidable (for any m,k €
N).
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Proof. We prove that Zoqu,k is decidable. Let ¢ be a X ,, p-formula. The nega-
tion of a X ., x-formula is logically equivalent to a X k ,-formula (by De Mor-
gan’s laws). We can compute a X i ,,-formula ¢’ which is logically equivalent
to =¢. By Theorem 1, we have B+ ¢ if B = ¢, and we have B ¢ if B | —¢.
The set of formulas derivable from the axioms of B is computably enumerable.
Hence it is decidable if ¢ is true in *B. The proof that the fragment E()@,m,k is
decidable is similar. O

3 Normal Forms

A proof of the next lemma can be found several places, see e.g. Biichi & Senger
[1] or the proof of Theorem 6 in Karhumaéki et al. [8]. The lemma is also proved
in [9].

Lemma 3. Let A € {B,D}, and let sy, 82,t1,t2 be Lpr-terms. There exist
Lpr-terms s,t and variables v, ..., v, such that

(1) A ': (51 =t1 ANSsy = t2) <> 8108981189 = t10tatq1ts
(2) Q[':(Sl :t1V52:t2)(—>300...0k[S:t]
(3) AE (ms1 =t1) < Jvg...v[s =t

Lemma 4. Let s1,t1 be Lpr-terms. There exist Lgr-terms s,t and variables
v1, ...,V such that

(1) D =81 2 t1 <> Juifsivr =t1] and (2) D = (s1 A t1) > Fug ... v[s = t].

Proof. Tt is obvious that (1) holds. Furthermore, the formula s; £ ¢; is equivalent
in © to the formula

(t1 = s1 A t1 #s1) V Jeyz[(ty =20y A 51 =xlz) V (I =2ly A s1 = 202)].
Thus, (2) follows by Lemma 3 and (1). O

Comment: It is not known to us whether the bounded universal quantifier that
appears in clause (2) of the next lemma can be eliminated.

Lemma 5. Let s1,t; be Lpr-terms. There exist Lpr-terms s,t and variables
U1, ..., U such that (1) B = s1 C t1 <> Jujvefty = v1s1v2] and

(2) B |: S1 z t1 < Yoy Etlﬂvg...vk[s :t].

Proof. Cause (1) is trivial. Furthermore, observe that s; £ 1 is equivalent in B
to the formula (Vv C ¢;)a where « is
[tz =vsy AxFe] V Jzyz[ (81 =20y A vsy =xlz) V
(t1 = zly A vs; = 202) |.

If we let vs; < t; abbreviate Jx[vsiz = t], then « can be written as vs; A ;.
Thus, (2) follows by Lemma 3. O
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Theorem 6 (Normal Form Theorem I). Any X-formula ¢ is equivalent in
D to a Lr-formula ¢ of the form

¢ = (Qrv1). (Qvm)(s =1)

where t1,..,tm, s,t are Lpp-terms and Qéjvj € {Ju;,Tv; < t;,Yv; =t} for
j = 1,...,m. Moreover, if ¢ does not contain bounded universal quantifiers,
then ¢’ does not contain bounded universal quantifiers.

Proof. We proceed by induction on the structure of ¢ (throughout the proof we
reason in the structure ©). Suppose ¢ is an atomic formula or the negation of
an atomic formula. If ¢ is of the form s = ¢, let ¢’ be s = t. Use Lemma 3(3) if
¢ is of the form s # t. Use Lemma 4 if ¢ is of one of the forms s <t and s A t.

Suppose ¢ is of the form a A 8. By our induction hypothesis, we have formulas

o = (Qﬁlxl)...(Qkak)(slztl) and B = (Q7'y1) .. (Q7ym)(s2 = ta)

which are equivalent to respectively « and 8. Thus, ¢ is equivalent to a formula of
the form (Qf'z1) ... (QFz)(Q5'y1) - - . (Q5mYm) (51 = t1 A sy = t2) . By Lemma
3(1), we have a formula ¢’ of the desired form which is equivalent to ¢. The case
when ¢ is of the form « V 8 is similar. Use clause (2) of Lemma 3 in place of
clause (1).

The theorem follows trivially from the induction hypothesis when ¢ is of one of
the forms (Fv)a, (Vv < t)a and (Fv < t)a. O

Theorem 7 (Normal Form Theorem II). Any X-formula ¢ is equivalent in
B to a Lpr-formula ¢' of one of the forms

¢ = (Qror)... (Quron) (s=1) or ¢ = (30)(Qr'v1)... (Qrvm) (s =1)

where t1,..,tm,s,t are Lpr-terms and Q;jvj € {Jv; C t;,Vv; C t;} forj =
1,...,m.

Proof. Proceed by induction on the structure of ¢. This proof is similar to the
proof of Theorem 6. A formula of the form (Vz C t)(Jy)a is equivalent (in B) to
one of the form (3z)(Vx C ¢)(Jy C 2)a, a formula of the form (Fz C ¢)(Iy)a is
equivalent to one of the form (Jy)(3z C ¢)a, and a formula of the form (Iz)(Jy)
is equivalent to one of the form (3z)(3z C 2)(Jy C z)a. Thus, the resulting
normal form will contain maximum one unbounded existential quantifier. O

Corollary 8. The fragment Zr?m,o is decidable (for any n,m € N).

Proof. By Theorem 6, any X, ,,, o-sentence is equivalent in ® to a sentence of the
normal form (Jvq) ... (Jvk)(s =t) (regard the bounded existential quantifiers as
unbounded) . The transformation of a X, ,, o-formula into an equivalent formula
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(in ©) of normal form is constructive. Makanin [11] has proved that it is decidable
whether an equation on the form

ATy « - 12100 = byYm - .. b1y1bo

where a1, .. an, b1y ..., b € {0,1}*, has a solution in {0, 1}*. It follows that the
fragment E is decidable. ad

n,m,0

We have not been able to prove that any X, ,, o-sentence is equivalent in 95 to a
sentence of the form (Fvy) ... (Jvg)(s = t). See the comment immediately before
Lemma 5. Thus, we cannot use Makanin’s [11] result to prove that the fragment
X% .0 is decidable.

Open Problem: Is the fragment E$m70 decidable (for any n,m € N)?

4 Undecidable Fragments

Definition 9. Post’s Correspondence Problem, henceforth PCP, is given by

— Instance: a list of pairs (b1,b1),. .., (by,bl) where b;,b; € {0,1}*
— Solution: a finite nonempty sequence iy, ..., %, of indexes such that

bisbiy - by, = OB b

Tm 11 712

We define the map N : {0,1}* — {0,1}* by N(e) = ¢, N(0) = 010, N(1) =
0120, N(b0) = N(b)N(0) and N(b1) = N(b)N(1).

It is proved in Post [12] that PCP is undecidable. The proof of the next lemma
is left to the reader.

Lemma 10. The instance (by,b}),...,{bn,bl,) of PCP has a solution iff the in-
stance (N (b1), N(b})),...,(N(bn), N(b))) has a solution.

We will now explain the ideas behind our proofs of the next few theorems. Given
the lemma above, it is not very hard to see that an instance (g1, 9}),-- ., (gn, g5,)
of PCP has a solution iff there exists a bit string of the form

01°0N(a1)01*0N(b1)01°0... N(a,,)01*0N (b,,)01°0 (*)

where

N(am) = N(bm)
(B) N(a1) = gj and N(b1) = g} for some 1 < j <n
N(ag41) = N(ax)N(g;) and N(bk+1) = N(br,)N(g}) for some 1 < j <n.
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We also see that an instance (g1, ¢1),- - -, (gn, g, of PCP has a solution iff there
exists a bit string s of the form (*) that satisfies

(a) there is j € {1,...,n} such that 01°0N(g;)01*0N(g})01°0 is an initial
segment of s
(b) if
01°0N(a)01*0N (b)01°0

is a substring of s, then either N(a) = N(b), or there is j € {1,...,n} such
that

01°0N (a)N(g;)01*0N (b)N(g})01°0

is a substring of s.

In the proof of Theorem 11 we give a formula which is true in © iff there exists
a string of the form (*) that satisfies (A), (B) and (C). In the proof of Theorem
12 we give formulas which are true in B iff there exists a string of the form (*)
that satisfies (a) and (b). In order to improve the readability of our formulas,

we will write # in place of the biteral 01°0 and ! in place of the biteral 01%0.

Theorem 11. The fragment 2397072 is undecidable.

Proof. Let ¢(z) = (Vz = x)(zF 7 ). Observe that ¢ contains one bounded
universal quantifier. Observe that 1(b) is true in ® iff the bit string b does not
contain 4 consecutive ones. Furthermore, let ¢, (21, ..., Tn, Y1,y Yn) =

(Hu)( \/ #Haly;# Su A

Jj=1

(iju)[v#ﬁu V v#E=u V (Elwl,wQ){ vHFw lweFE < u A

Y(wrws) A | wy =wy V \/ vHFw waHFw T lway HF S u } } ) .

=1

Let {g1,91)s---,{(gn,g,) be an instance of PCP. We have

? ': ¢n(N(gl)a AR N(gn)’ N(gll)’ Tt N(Q;L))

iff there exists a bit sting of the form (*) that satisfies (A), (B) and (C) iff the
instance (g1,4%),- -, (gn, 9,) has a solution. Furthermore ¢,, is a X3 o o-formula.
It follows that the fragment 23?072 is undecidable. O

Theorem 12. The fragments E%}l and 21%3072 are undecidable.
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Proof. Let T =x1,...,xpn, let ¥ =y1,...,y, and let
n
a(Z,g,2) = \/ #Hrjly; # Tz A OFFx;ly;# Lz N 1#cly # L 2

j=1

Consider the X 5 1-formula ¥, (Z, 9)

@) ((al@ 7,u) A
(Vo Eu)[ HoH#ELu V FEU vV (Gwi,we C v){ v = wilws
/\F@wl/\Fng/\ w1, = wy V \/#wlxj!wgyj#gu }})
j=1
and consider the 211’0’2—f0rmu1a (T, 9) =

(3u)( a(Z, g,u) N (Vwy,we C u){ #Hulwoft Zu vV 11 C wyws

n
Vo owp =wy V \/ Hwiz;lway; # Cu } )

j=1

Let {g1,91)s---,{(gn,g.,) be an instance of PCP. We have

B ': '(/)n(N(gl)a s 7N(gn)7N(g/1)a . ’N(g;z))

iff

B ': ’Yn(N(gl)v s ’N(gn),N(gll)v < ’N(g;L))

iff there exists a bit sting of the form (*) that satisfies (a) and (b) iff the instance
(91,91), - -, {(9n, g},) has a solution. It follows that the fragments X, | and X ,
are undecidable. O

The proof of the next theorem is based on the following idea: The instance
(91,91, - -+ {gn, g,,) of PCP has a solution iff there exists a bit string of the form

01°0N(a1)01*0N (b1)01°0N (a2)01*0N (b2)0170. ..
...01°*"™=10N(a,,)01*0N (b,,)01°"™0

with the properties (A), (B) and (C) given above.

Theorem 13. The fragment 249’1,1 is undecidable.
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Proof. Let 1* = 01%0. The 241 ,1-formula

(3u)< \/!593j!4yj!65u A (iju)[vﬁﬁu V v=0V
j=1

(Fwy, we,y)(Fz < v){ v = zOyﬁw1!4w201y A ly =yl A

n
wy = wy V \/ vlSOwlxj!4w2yj011y15O <u } ] )
j=1

yields the desired statement. Note that y is a solution of the equation 1y = y1

iff y e {1}*

a
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