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Abstract

Length-two string rewriting systems are length-preserving string rewriting systems that consist of length-
two rules. This paper shows that confluence, termination, left-most termination and right-most termination
are undecidable properties for length-two string rewriting systems. These results mean that these properties
are undecidable for the class of linear term rewriting systems in which depth-two variables are allowed in
both sides of rules.
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1 Introduction

Confluence and termination are both generally undecidable for term rewriting sys-
tems (TRSs) and for string rewriting systems (SRSs). Hence several decidable
classes have been studied. Confluence is a decidable property for terminating
TRSs [12], and ground TRSs [16]. The latter result was extended to linear shal-
low TRSs [7] and shallow right-linear TRSs [8]. Classes for which termination is a
decidable property are investigated and extended: ground TRSs [10], right-ground
TRSs [4], TRSs that consist of right-ground rules, collapsing rules and shallow
right-linear rules [9], and the related class of shallow left-linear TRSs [18].

Results on undecidable classes also exist. Confluence is an undecidable prop-
erty for semi-constructor TRSs [14]. The result is extended to flat TRSs [11,15].
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Termination is an undecidable property for three-rule SRSs [13], length-preserving
SRSs [2] and one-rule TRSs [3].

SRSs are said to be length preserving if the left-hand side and the right-hand
side of each rule have the same length. Since there is a finite number of rules, the
number of different symbols appearing in the rules is finite, and fixed for SRSs, and
the number of strings with a given length is also finite. Thus the decidability of the
following problems for length-preserving SRSs trivially follows.

(i) Reachability problem: problem to decide s % t for given strings s and t and an
SRS R.

(ii) String-confluence problem: problem to decide confluence of s for a given string
s and an SRS R.

(iii) String-termination problem: problem to decide termination of s for a given
string s and an SRS R.

L From these observation, one may think that confluence is also a decidable prop-
erty; however, this is false. In this paper, we show that confluence, termination,
left-most termination, and right-most termination are undecidable properties for
length-two SRSs which are length-preserving SRSs consisting of length-two rules.
First we show those properties for length-preserving SRSs by reducing Post’s corre-
spondence problem, which is known to be undecidable. Then we give a transforma-
tion of length-preserving SRSs to length-two SRSs that preserves those properties.

The class of length-two SRSs is a subclass of linear TRSs in which depth-two
variables are allowed in both sides of the rules. Thus the undecidability for this
class of TRSs is obtained. In that sense, the undecidability results in this paper
shed new light on the borderline between decidability and undecidability for TRSs.

2 Preliminaries

Let X be an alphabet. A string rewrite rule is a pair of strings [, r € X*, denoted by
I — r. A finite set of string rewrite rules is called a string rewriting system (SRS).
A string is called a redex if it is the left-hand side of a rule. An SRS R induces
a rewrite step relation z defined as s z t if there exist u,v € ¥*, and a rule

[l — 7 in R such that s = ulv and t = urv. Especially the rewrite step is left-most
(resp. right-most) if [ is the left-most (resp. right-most) redex in s. We use Py for

% U ; , 7—2 for the transitive closure of ; and % for the reflexive-transitive

closure of = We write % for the relation with k rewrite steps. A (possibly
infinite) sequence s i e is called a reduction sequence (starting from sg).

We refer to {r — 1|l —r € R} by R7L.
We say that a string s is terminating if every reduction sequence starting from
s is finite. We say that strings s; and s9 are joinable if sy % s % so for some s,

denoted by s1 | g s2. A string s is confluentif s; | g so for any s; % s % s9. An SRS
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R is confluent (resp. terminating) if all strings are confluent (resp. terminating).
In this paper, the notation |u| represents the length of string w. The notation
a™ represents the string that consists of m symbols of a. When we pay no heed to
the number m, we denote a™ as a* (if m > 0) or a* (if m > 0).
Now we recall Post’s correspondence problem (PCP).

Definition 2.1 An instance of PCP is a finite set P C A* x A* of finite pairs of
non-empty strings over an alphabet A with at least two symbols. A solution of P
is a string w such that w = wuy ---ux = vy - vk for some (u;,v;) € P. The Post’s
correspondence problem (PCP) is the problem to decide whether such a solution
exists or not.

Example 2.2 The set P = {(ab, a), (¢,bc)} is an instance of PCP over {a,b,c}. It
has a solution abc = ujus = vive with (u1,v1) = (ab,a), (ug2,vs) = (¢, be).

Theorem 2.3 ([17]) PCP is undecidable.

3 Length-preserving SRSs and undecidability of their
termination

Definition 3.1 An SRS R is said to be length-preserving if |l| = |r| for every rule
l—1rinR.

In this section we argue about the undecidability of termination, right-most
termination and left-most termination for length-preserving SRSs. As stated in the
introduction, Caron showed the undecidability in [2]. Moreover the proof works also
for right-most termination and left-most termination because there is only one redex
in each string that corresponds to a correct automata configuration. Nevertheless
we give an alternative proof for the following reasons:

e Caron’s proof is composed of two stages; the first stage gives an algorithm that
reduces PCP into the uniform halting problem for linear-bounded automata and
the second stage gives an algorithm reducing the uniform halting problem into
the termination problem for length-preserving SRSs. On the other hand, we give
a proof by reducing PCP into the termination problem of SRSs directly.

e The SRS 7p given in this section is rather straightforward and easy to understand.
This helps the understanding of the SRS Cp given in the next section, which is
more difficult although it is just a variant of 7p.

As a preparation for giving the transformation, we introduce a kind of null
symbol - and an equal length representation of each pair in instances of PCP. Let
P ={(uy,v1),...,(un,vy)} be an instance of PCP over A.

P = {(u,v-"™) | (u,v) € P and |u| — |[v| =m > 0}
U {(uw-",v) | (u,v) € P and |u| — |[v]| = —m < 0}

We write A for AU {-}. We define an equivalence relation ~ C (A)* x (A)* as
the identity relation that ignores all null symbols -, that is u ~ v if and only if
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4 = ¥ where @ and ¥ denote the strings obtained from u and v by removing all -s

respectively.
Example 3.2 For an instance P = {(ab,a),(c,bc)} of PCP, we have P =
{(ab,a-), (c-,bc)}. The solution corresponds to uijug = ab c- ~ a-bc = vivy

for (ur,v1), (uz2,v2) € P.
h
We use symbols like O(bl,7 where 0 is called the state of the symbol, h is called the
b/
first subscript or delimiter, and a is called the second subscript of the symbol, a’ the
third, b the fourth, and b the fifth. We code the solution of the previous example

h i h 1
into Oa 0£ 0b OE:, where each delimiter A is used to represent that the corresponding

a - b c
second and third subscripts are head symbols of an element of the instance P.

For an easy handling of strings that consist of such symbols, we introduce a
hy---

. ay---ap ai ag

notation defined as (X ---Xp)o--ox = Xyby --- Xpoe . For example the above
al .. .ak (11 ak‘
b bl by bh,

hi hi hihi

solution is denoted by (OO)Z—Z (OO)E:C or (0000)a-tc. Note that the lengths of the strings

abc-

a- be a-be
in those subscripts are the same whenever we use this notation. Hence we sometimes
hihi

write (Oﬂ%ﬁfé for the solution.

a-bc

Delimiters and the second and third subscripts keep a candidate of solutions of P
in equal length representation and will never be changed by reductions. The fourth
and fifth subscripts are used as a working area to check whether the candidate is a
solution or not.

We relate a solution of the given instance of PCP with a loop in an infinite
reduction sequence:

hi* hi* hi* hi* hi* hi*
—_ uy U *  — uy U *— w1l U
Zp(0)H - (01 Wo 5 Zp(2h)i - (2)1 Wy T 20015 - (01 Wy
v1 Vk w1 wiy, vy Vi

(i) The former part checks whether u; - --up ~ vy --- v by using the fourth and
fifth subscripts as a working area.

(i) The latter part checks whether (up,v1),...,(un,v,) € P and initializes the
working area.

Definition 3.3 Let P be an instance of PCP over A. The SRS Tp over ¥ obtained
from P is defined as follows, where individual rules are shown in Figure 1.

Y ={5,¥]ie{0,1,2}}Ux,

d 4
Y= {n%,nﬁé, di€{h,i},z; € A,ne {0,1,2}}
x3 T3

T4 T4

Tp=a1UB1 Uy UagU B Uy Uds

Example 3.4 Consider the instance P = {(ab,a), (¢,bc)} of PCP. Rules a1, (1
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d
u
(12-- 2)v Wy — (00---0) Uy
u

(u,v) € P,u',v" € (A)*, d = hi'“"l}

v

d h
u T

(12- 2)v 2zz — (00---0)v1e>
uT T3

(u,v) € P,u/ ;v € (A)*,z; € A, d= hi“_l}
v Ty
T cA

Y1 ~22z2 — _0112

d1 € {h,i}, z;j € A}

3
3
g
. {OM -
{
e
g

dv dy (?1 dz
1 Y1 . _
P2 = {0222¥2 — 212 ng d; € {h,i}, zj,y; €A
r3 Y3 T3 Y3
x3 yS 13 Y3
Y2 2332 — 222 Tj € A
dl dz dy dg dy d2
z1 yl 1 Y1 w1 Y1 z1 . —
52 0z2 07/2 — 012 0vz, 0z20v2 — O@2 07!2 dj € {h,i}, zj,y; € A,z€ A
T3 Y3 T3 Y3
T4 Y4 T4 Y4 - z z

Fig. 1. Rules in 7p

depend on P and the other rules depend only on the alphabet A.

h 1 h‘ h 1 hi
oy = (;2)?-‘ Wy — (00): o, (12) e Uy — (00)ic Wy ‘ Ti, Y € A}

T1Y1

T2Y2 a- Izyz be

hii) h hz; h h i h hi h

a ab _ z1 c - z1 c- 21 —
Bi= 4 (12)47 2% = (00)° 1%, (12)6- 23 — (00)ie 13 ‘xyz cA

T1y1 23 ab™z3 T1y1 23 c-"z3

T2Y2 24 a-  z4 To2Yy2 24 be  z4

Tp is not terminating since we can construct an infinite reduction sequence. We
hi hi

start with a string 50(00)22(00)2% Uy. Rules in 62 move null symbols in the fourth or
fifth subscripts into the tail:

hli hi hi hi hz‘ hi
Z0(00)2 (00)ix W — Zo(00)2 (00)”°‘I’0 5 So(00):; © (00)ic Wy,
a- be ab ab c-

Rules in ag U By U s check in nght—to—left order that the fourth and fifth subscripts
are the same:
hi hi hi hi hi hi
Z0(00):; (00)ix W — Zo(00)i (02)e Wy — Zo(00): (22)i ¥
ab h “ hi ’ ab hi i o ab hi © hi
= E0(02)% (22) ¥ —» S0(22)7 (22)ic 2 — Sa(22)5 (22 o

62 ab c- ab c- ab c-

Rules in y1 U By Uay check in left-to-right order that the second and third subscripts
consist of pairs in P and copy the second subscript to the fourth and the third to
the fifth respectively:

hli) hi hi hi hi hi hi hi
Ea(22)a. (22)ie Wy — 50(12)3 (22)ie Wy 7 _0(00) (12)bc\112 - Ho(oo) (oo)ﬁé 0.

a c- "yl ab c-

ab c- ab c- a- be

Obviously 7p is length-preserving. The proof of the followmg lemma is found in
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Section 5.
Lemma 3.5 For an instance P of PCP the following properties are equivalent:

(i) P has a solution.
(ii) 7p is not right-most terminating.
(iii) 7p is not left-most terminating.
(iv) 7p is not terminating.
Theorem 3.6 Termination, right-most termination and left-most termination are

undecidable properties for length-preserving SRSs.

Proof. We assume that termination (right-most termination, left-most termina-
tion) of length-preserving SRSs is decidable. Then it follows from Lemma 3.5 that
PCP is decidable, which contradicts Theorem 2.3. O

4 Undecidability of confluence for length-preserving
SRSs

We modify the construction of the SRS in the last section. In contrast to the SRS
Tp, which works sequentially, the SRS Cp works in parallel, that is, a solution of a
given instance of PCP is related to the following two reduction sequences

hi* hi* hi* hi*
Zo(0)er -« (0F)or Wy 5 Ey(2)ui -+ (27)ok Uy |
ul Wi

uR CP wq
v Vi w1 wi,
hi* hi* hi* hi*
—_ uy Up *  — uy Up
.:0(0+)v1 cee (0+)“k \IJO — :.1(1+)v1 cee (1+)% \I’l
ul Uk CP Ul Up
vy Vg v Vg

that demonstrate its non-confluence.

(i) The former reduction checks whether uy - --up ~ vy --- v by using the fourth
and fifth subscripts as a working area.

(ii) The latter reduction checks whether (ui,v1), ..., (un,v,) € P, and checks that
the working area is correctly initialized.

If P has no solution then Cp must be confluent, which makes the design of Cp
difficult.

Definition 4.1 Let P be an instance of PCP over A. The SRS Cp over % obtained
from P is defined as follows:

Cp=0U9,
©=0,U02, & =r+]U~s,
O1 =, Up Uy us)t,
Oy =ayUBUdUeU(agU By UdaUe)™t

where rules ag, B2, d2, and o are shown in Figure 1 and the other rules are shown
i Figure 2.
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d d
u u —

o) = {(00..~0)v\1/0—>(11...1)v\p1 (u,v)GP,d—hi'“"l}
u u

v v
d h d h
u xq u xp — —
ﬁi = <{(00---0)v1z2 — (11---1)v1=2 | (u,v) € P,x; € A, d= hilul=1
u~ Xy u xp
v xo v oz
h
1 1 —
77 = §Eol?2 — Ejle |a; € A
T T
T xo
dy 32 dy d2  di dp dy dy
z1 Y1 T Y1 T1 Y1 z1 Y1 ) _
€3 = {22292 — 27222, 2v22U2 — 222292 | d; € {h,i}, z;,y; €A, z€ A
- z z - z3 Y3 T3 Y3
T4 Y4 T4 Y4 - z z

Fig. 2. Rules in Cp

Remark that the reductions by ©-rules are symmetric, that is to say, s o t if
and only if ¢ = which plays an important role in making Cp confluent when P

has no solution.

Example 4.2 Let P = {(ab,a), (c,bc)} be an instance of PCP. Rules oy, 3] depend
on P and the other rules depend only on the alphabet A.

hi hi hi hi
o) = (oo)gz% — (;1)“’5\111, (00)ie Wy — (11)§c\1:1}

He  ma ma we
B = (OO)ZI;ﬁ; — (11)%1& (00)be Lza — (11)be L2 ‘ z; € A}
a- m; a- zé be zé be z;
We can show that Cp is not confluent since we have non-joinable branches.
hé hi hl7; hi hg' hi
Z0(00)2, (00)ie Wo — Zg(00)s, (11)be Wy — So(11)a, (11)ie Uy
A AR A
I
— El(ll)a-(ll)bclpl s
g 2, e
EP E
Z0(00)a- (00)bc U — Z9(22)a- (22)6c Wy,
o )Zl.’( )2; 0 oo 2( )ZZ( )ii 2

Note that the detail of the latter sequence is found in Example 3.4.

Obviously Cp is length preserving. The proof of the following main lemma is
found in Section 5.

Lemma 4.3 Let P be an instance of PCP. Then, P has a solution if and only if
Cp is not confluent.

Theorem 4.4 Confluence of length-preserving SRSs is an undecidable property.

Proof. We assume that the problem is decidable. Then it follows from Lemma 4.3
that PCP is decidable, which contradicts to Theorem 2.3. O

5 Proofs

Every occurrence of the symbols =gy, E1, and Z5 (¥g, ¥y, and ¥s) in rules are left-
most (right-most) positions in both sides. Moreover, for every rule, Z; (¥;) appears
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in the left-hand side if and only if =; (¥;) appears in the right-hand side. Hence
we can separate any reduction sequence having a symbol Z; (¥;) into two reduction
sequences by cutting each string at the left of Z; occurrence (at the right of W,
occurrence). Therefore the following proposition holds.

Proposition 5.1 Let R be Tp or Cp obtained from an instance P of PCP. For any

i €{0,1,2} and Sy, 52,5 € ¥*, the following hold:

(a) If S1Z;S = S, then (S = S1E:S2) A (S1 = S1) or (S = 518;55) A (EiS2 =
E;55) for some S7, 55 € ¥*, and j € {0,1,2}.

(b) If S12;S9 ; S, then S = S!S}, Sy ; S", and Z;S, ; Sy for some S; € ©*
and non-empty S} € 3*.

(c) If S1¥;S5 = S, then (S = S1¥;S2) A (S19; = S1W;) or (S = S19;55) A (S2 =
S5) for some Si, 55 € £* and j € {0,1,2}.

(d) If S19;S5 ; S, then S = S} S}, S1V; ; S1, and Sy ; S, for some Sy € T*
and non-empty S§ € ¥*.

Proof. We prove (a). Let S1Z;5 = S. The only interesting case is that the redex
in the rewrite step contains the displayed symbol =;. Then one of y;-rules, vyo-rules,
or yi-rules is applied. From the construction of the rules, we have S = 512;55 and
EiSo = E,5% for some S € ¥* and j € {0, 1,2}.

The claim (b) is easily proved by induction on the number k of the rewrite steps
in S12;52 % S. For (c) and (d), the proofs are similar to (a) and (b) respectively.O

We say a string over ¥ is normal if it is in one of the following three forms:
(P1) Eix,  (P2) x¥;,  (p3) Ex Yy,
where y € (2.)*, 1,7 € {0,1,2}.

We prepare a measure for the proof of the next lemma. For a non-empty string
X1+ X, over ¥, we define || X7 -+ X,,|| by the summation of the number of occur-
rences of Z; symbols in X5 - -+ X,,, and the number of occurrences of ¥; symbols in
X1 Xy
Lemma 5.2 Let R be Tp or Cp over ¥ obtained from an instance P of PCP. Then
R is confluent (resp. terminating, right-most terminating, left-most terminating)

if and only if w is confluent (resp. terminating, right-most terminating, left-most
terminating) for every normal w € X*.

Proof. First we prove the termination part of the lemma. Since =--direction is
trivial, consider <-direction.
Let S, z Sy ; -+« be an infinite reduction sequence starting from a non-normal

string S such that [|S1]| is minimal. We show a contradiction. We have two cases
in which S; = wZ;S" and S; = S"¥,;w for some normal w and some S’ € X*.

e In the former case, where S; = w=;S’, we can construct an infinite reduction
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sequence starting from at least one of w or Z;S" by applying Proposition 5.1(a)
infinitely many times, which contradicts the minimality of S.

* In the latter case, we can show a contradiction similar to the former case by using
Proposition 5.1(c).

Secondly we prove the confluence part of the lemma. Since =--direction is trivial,
consider <-direction. We show that every S; € X7 is confluent by induction on
[|S1]]. If ||S1]| = 0, then Sp is normal and it is confluent from the assumption. If
[|S1]] > 0, then we have two cases, in which S} = w;E;S] and S; = S| ¥;w; for
some normal w; and some S} € X*.

e In the former case, let So % w1E;5] 7—2» S3. By Proposition 5.1(b), we have
Sy = waSh, S3 = w3Sh, wa % wq % ws and S % Ei51 % S5. Since w; is
confluent from the assumption, we have wy | ws. Since Z;5] is confluent from
the induction hypothesis, we have Sy |z S5. Therefore we have Sy = w2S) |»
wgsé = Sg.

* In the latter case, we can show the confluence of S by using Proposition 5.1(d)
in a similar way to the former case. O

Note that this lemma is provable more elegantly by using a notion of persistency [19]
similarly to [5,6]. However we proved it without the notion to make the paper self-
contained.

Thanks to Lemma 5.2, we can concentrate on normal strings in the rest of this
section.

5.1 Termination analysis of Tp

In the sequel, we analyze the termination property for 7p. We use the notation @
for uy - -uy and H for hilutl=1... pjluel=1

Lemma 5.3 Let P be an instance of PCP.

(a) If uy---up ~ vi---vp for some (u;,v;) € P, then w % w where w =
hi* hi* r
Eo(0F)er -+ (0F)wr Wy, Moreover, both right-most reduction and left-most re-
u

uy
v Vi
duction are possible.

(b) If Zox¥o % Zox Vo for some x € (X.)*, then P has a solution.
P

H
Proof. (a): We have a left-most reduction sequence Z,(0)7 ¥y 6i>
= 2
Ho(01)w Wy % Z5(21)5 Wy.  Here the right-most reduction also exists
- azUB2UY2 et

by applying rules d as lazily as possible. Since (u;,v;) € P, we have a left-most
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and right-most reduction sequence 52(2‘“)5: Uy 5 E(0h):
w 71Uﬂ1Ua1

Uy.

LS sy

w

(b): Let Zox ¥y i> Zox¥o. ;/From the construction of 7p, a string Zox' ¥y must
Tp

appear in this reduction sequence. ;From the reduction sequence =gy Vg ? Hox' Vo,

hi* hi*

the string y is of the form (0%)v; -~ (0T)vf or x contains 2. In the latter case, the
uy ul,

v’l ’U;,C
reduction sequence Zox' ¥y Ti) Zox Vo is impossible. Thus, x is of the form displayed
P
hi* hi*

above. (From the reduction sequence ZgxWo = Zo(07)v; -+ (07)w g 7—Jf> Zox' Vo,

“1 Ul P
”1 U;c
hi* hi*
ul Uk W W .
X’ must be of the form (2)vr ---(2%)v and o’ ~ v’. {From the reduction sequence
wi W
w1 wy

IS SRy,

U, 5 E(0h)s,

Vo = Zgx ¥y, we have (u;,v;) € P for every
Y1UB1Uay

EQX/\IJQ == (2+)

El g sy

i. Since «/ and v’ are copied from 0 nd ¥ respectively in the latter reduction
sequence by fi-rules, we have W = i@ and v/ = §. Thus we conclude i ~ ¥, which
means that P has a solution. O

Proof for Lemma 3.5

((i)=(ii)A(iii)): By Lemma 5.3(a).

((ii)V(iil)=(iv)): Trivial.

((iv)=(i)): Let 7p not be terminating. From Lemma 5.2, there is a non-terminating
and normal string w. Infinite reduction sequences starting from w must contain a
string starting with Z¢ and ending with Wy by the construction of 7p. Thus the
lemma follows from Lemma 5.3(b). O

5.2 Confluence analysis of Cp

In the sequel, we analyze the confluence property for Cp. The following propositions
on the working area are obtained from the construction of rules.
d d

Proposition 5.4 If (- )v CL (=)o, then v/ ~ " and v’ ~ u”.
P u

!’

@I* e\

Proposition 5.5 & = =5,
© ©

The following lemma shows that strings in a specific form are closed under

reductions by ©-rules.
d
Lemma 5.6 Let m,n > 0 and p € {1,2}. If x = (O"Epm)g/ % X' then x' =

v

/

for some m/,n' >0 and u”,v".

)2,

"

(On’Bpm

e e e
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Proof. For any string in forms of x for p = 1 (resp. p = 2), only O;-rules (resp.
©9-rules) are applicable, which produce a string in forms of x’. O

We state some properties on ©1-rules.

Lemma 5.7 Consider the following strings for i < j:

hi* hi* hi* hi* hi*
— (0F)er ... +\giol *\ ol Vit (1
X = (0T)oy - (07 )vpmn (L1%)oy (1T )ogn - (1)
I3 Uit ’ Uit I
U1 Vi1 Vi Vit1 Yk
hi* hi* hi* hi* hi*
I — (0 F)or - (0F)0/TH(11%)e? (1)l ... (1H)oE
X' = (07, o (0 )y (A7), (1) - (1),
/1/ u;/_l uil u;/+1 Iki
V1 vi_q vy vy Vi

If x é» X' then uy = uj, vy = v}, and (w,v;) € P for alli <1< j and uj = u and
vy =] forall j <I.

Proof. The lemma is proved by induction on the number of the rewrite steps. O

Next we state some properties on Os-rules.

d d
Lemma 5.8 Let x = (22%)v, é (0°2)v, = x' . Thenu” ~u' ~v' ~".
d/ d//
Proof. We can prove, by induction on n, the claim that x % (0*2)es (2%)vs implies
u) ~ vj. Hence the lemma follows from Proposition 5.4. O
hd h
Lemma 5.9 If w = E¢(07), ¥ Ci> Z0202xWe = w' for some x € (X.)*, then
u P T3
v T3

u ~v.

Proof. We prove the lemma by induction on the number of rewrite steps in the

reduction sequence. In the case in which the first step is a reduction by of-rules,
hd

we have w — Zpx' U1 — Zox"¥; — EO(OJF):;,, Uy = w'. The claim follows since
o) e1 C v, Cp
u' ~u” and v' ~ v" by Proposition 5.4 and u” ~ v” by the induction hypothesis.

Consider the case in which the first step is a reduction by as-rules. We have
hd

w — Zo(0*2)v, Uy CL w'. If (ag)~!-rules are applied in the sequence then we can
g “/ P
show the claim in a similar way to the case in which the first step is a reduction by
hd

o -rules. Hence assume that (cp)~'-rules are not applied. Then, w’ = Z((22*)v, ¥y
by Lemma 5.6. Thus u’ ~ v’ follows from Proposition 5.5 and Lemma 5.8. ’
Consider the case in which the first step is a reduction by do-rules. We have w —

02
hd

— u * . . "

Eo(07)v, ¥y o w’. The claim follows since v’ ~ u” and v" ~ v” from Proposition 5.4

u
" P

and u ~ v" from the induction hypothesis. O
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hi* hi* h
—_ u U * —_ x
Lemma 5.10 If w = Zo(0%)v; --- (07w ¥y o Eoleax ¥y = w' for some x €
u ’ x]
v;l Z;I: P 2

(Se)*, then uy -« up ~ uj---u), vy vE ~ 0} v} and (u;,v;) € P for every i.

Proof. We prove the lemma by induction on the number of rewrite steps in the
reduction sequence. We only consider the case in which the first step is a reduction
by a/j-rules and (a’l)’l—rules are not applied in the sequence since the other cases
that the first step is a reduction by as-rules, or the first step is a reduction by
a/j-rules and (a’l)’l—rules are applied in the sequence are proved in a similar way
to Lemma 5.9 by using Proposition 5.4 and the induction hypothesis.

*
We have w — v’ — ', w, = wu; and vy = v}, where v’ =
o Cp

hi* ... hi* hi* hi* hi* .- - hi*

— uy U1 Uk —_— ul U UE
(0T )vr- vy (11%)vr ¥y, Hence w’ = Zo(11*)vy, (11)v2---ve WUy by Lemma 5.6.

’ ’ — ’ = " 1

wpeug g ul, u/l/ ulf

Wl v v}, v e

By applying Lemma 5.7 with ¢ = 0 and j = k we obtain w; = v} and v; = v}’ for
all 1 <! < k and u} = uj, and v}l = v},. Hence we have @ = v’ and ¢ = v”. Since

U~ and v ~ o by Proposition 5.4, @ ~ u and T ~ v follow. |
h h

Lemma 5.11 Let P be an instance of PCP. If w = Zglzx ¥, f} E02w2 X' Uy = w'
T P T3
zo z3

for some x,x" € (X.)*, then P has a solution.

Proof.

Let w Ci) w’. Then a string in forms of Zyx” ¥y must appear in this reduction
P
and no underlined state appears in x” from the construction of rules. Thus x” must

hi* hi*
be in forms of Zg(0F )1 --- (0F)w Wy; otherwise the underlined state 1 displayed
U U

v1

in w does not move to the next sglmbol of ¥; by Lemma 5.6 and the construction
of rules. By Lemma 5.9 and Lemma 5.10, we have @ ~ @ and (u;,v;) € P, which
means P has a solution. |

We need more lemmas to guarantee the confluence of Cp when P has no solution.
Lemma 5.12 Let w; and wy be normal strings over ¥*. Then,

* . .
(a) w1 < wy implies wy ¢, wa, and
Cp\7}

(b) wy & wy implies wy lep wo.
Cr\2

Proof. Before proving (a), we show the claim (%) that w; «— ws % wg — Wy
72 72

. . * . . . . ES
implies w; o W by induction on the number of rewrite steps in wsq o s Here
h
. . —_— x . .
wy must begin with Z2=2 since it has a redex of 2. Hence we can represent that
3

z3
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hd hd hd hd

wy = Zp(21), S, wy = Z0(22%), S', wy = Z((22*)v, S” and wy = Zp(2)v, S” for
u u u u
U( 'U’ U// U//

d
S’, 8" € ¥*, where n # 2 for the left-most symbol nzi of §" and S".

T4

* .
In the case where S’ = S§” = Wy, we have w1 — w4 since v/ ~ u” and
€2U€;1
v’ ~ v"” by Proposition 5.4. In the other cases, we can separate the reduction,
hd hd
u *
v

from the construction of rules, into S’ % S" and w) = Z5(2%)v, «— Z((22*)v, o

u/ ’Yz !’
v v
hd hd
—_ u —_ u * .
E0(22%)v, — Z9(2%)v, = wjj. For the latter sequence, we have w| — ) w) since
u,2 “ eaUey
Nz ! 2Ué€y

u' ~u” and v' ~ v" by Proposition 5.4. Therefore wq % wy.
Now we prove (a) by induction on the number k of reduction steps by ~,-rules
in wq & wa.

Cr\m

* (k=0): We have wy é» wg by Proposition 5.5.

. * *
e (k = 1): The reduction sequence can be represented as w; g W3 < Wy g wo.
Y2

Then w % wsg and wy % wy follow from Proposition 5.5.

* (k> 1): The reduction sequence can be represented as w; % w3 < Wy S wo.

72 Cp\"y£
If wg — w4 then w; |¢, wy follows from Proposition 5.5 and the induction
2
hypothesis. Otherwise w < wg «— wy < wy — wh & wsy. Since we have
© 72 © 72 Cr\v;

w1 % w3 % wh <i>/ wy by claim (%) above, wy |¢, ws follows from the induction
CP\’Yl

hypothesis and Proposition 5.5

The lemma (b) can be shown in a similar way to (a) by using the following claim
(#x). We show the claim (+*) in which w1 — ws % w3 — wy implies wy % wy
T T
by induction on the number of rewrite steps in wy é ws. Here wo must begin
h hd
with Zg(1)=2 since it has a redex of 7;. Hence we can write w; = Z;(1%)v, S,

T2 v

hd hd hd
wy = Eg(11%)v, S, w3 = Zo(11%)v, 5" and wy = Z;(17)v, 5" for S, 5" € ¥*, where

’ " 2
v v v

d
n # 1 for the left-most symbol n+: of S” and S”.
3
x4
In the case where S’ = §” = ¥y, we have v’ = «” and v = v” by applying
Lemma 5.7 with ¢ = j = 1. Thus w; = w4 follows. In the other cases, we can
separate the reduction, from the construction of rules, into S’ % S” and w] =

[1]
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hd hd hd hd
—_ u —_ u X — u —_ u
E1(17)v, «— Eg(11%)v, — Zo(11*)v,, — E1(17)v, = w)j. For the latter sequence, we
zl ’y{ 5/ @ Z’I ’Yi Z,/
. *
have w] = w} since v’ ~ u” and v' ~ v" by Lemma 5.7. Therefore w; 5 W ]

Proof for Lemma 4.3

Since the =-direction is easy from the observation of Example 4.2, we show the <-
direction. Assuming that P has no solution, we show that Cp is confluent. ;From

. . * * . .
Lemma 5.2, considering wy <c— wo C—> wy for a normal string wy is enough.
P P

¢ Consider the case in which wg starts with =y and ends with ¥, for some i €
{0,1,2}. Assume that both 7] and 72 are applied in the reduction sequence.
Then P must have a solution by Lemma 5.11, which is a contradiction. Hence at
least one of 7} or ¥ rules cannot be applied in the reduction sequence.

¢ In either of following cases:
- wp ends with ¥; for some i € {0,1,2}, and all other symbols are of X,
- wq starts with =1 or =5, and
- wy starts with =g and all other symbols are of X..
It is easy to see that at least one of 7] or 72 rules cannot be applied in the
reduction sequence.

In any of the above cases, we have w; |r, w2 by Lemma 5.12. O

6 Length-two SRSs

Length-two SRSs are SRSs that consist of rules with length two, that is, |I| = |r| = 2
for every rule [ — r. In this section we give a transformation of a length-preserving
SRS over ¥ into a length-two SRS over A that preserves the confluence property
and termination property.

Let ¥ = Xg U {-} and m + 1(> 3) be the maximum length of rules in R. Let
Ap = (Z9)™ and A = Ag U {wv |w € (Xo)F,v=-""F1<k<m-1}.

The natural mapping ¢ : A — ™ is defined as ¢(w) = w. This mapping is
naturally extended to ¢ : A* — ¥*.

Example 6.1 Let ¥y = {a,b} and m = 2. Then Ay = {aa,ab,ba,bb}, A =
Ag U {a-,b-} and ¢(ab bb a-) = abbba-.

We give a transformation of a length-preserving SRS R into a length-two SRS
tw(R) over A.
tw(R) = {wiwy — wawy | w; € A, p(wiws) P d(wswy)}.

Example 6.2 Let R = {bbb — aaa} over ¥y = {a,b}. Then tw(R) is the following
length-two SRS over A, where A is displayed in Example 6.1.

bb b- — aa a-, bbba — aa aa, bbbb — aa ab,
tw(R) =
ab bb — aa aa, bb bb — ba aa
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We say a string ws - - w, over A* is normal if w1,...,w,—1 € Ay. From the
construction of tw(R), all reachable strings from a normal string are also normal.

We define a mapping ¢ : A* — (¥9)* as (o) = w where w is a string ob-
tained from ¢(a) by removing all -’s. We define a mapping ¢! : (Xo)* — A* as
Y~ (w) = a where (o) = w and « is normal. For example ) (ab bb a-) = abbba
and ¢! (abbba) = ab bb a-. Trivially we have 1)~ 1()(a)) = a for normal o € A*
and Y(¢¥~H(w)) = w for w € (Xg)*.

Proposition 6.3 (a) For a normal ay € A*, if ay 77%) ag then ¥(ay) = P(ag).
tw

(b) For wy € (X0)*, if wq = W2 then 9~ (w) tw?z) P~ Hwy).

Proof. jFrom the construction of tw(R). O

Lemma 6.4 For an SRS R, the SRS tw(R) is confluent (resp. terminating, right-
most terminating, left-most terminating) if and only if « is confluent (resp. termi-
nating, right-most terminating, left-most terminating) for every normal o € A*.

Proof. We can prove the lemma in a similar way to the proof of Lemma 5.2. Here
A\Aq symbols play the same role as ¥; symbols. Actually, every occurrence of the
symbols in A\A( in rules are right-most positions in both sides. Moreover, for every
rule, a symbol in A\Ay appears in the left-hand side if and only if it appears in the
right-hand side. Hence we can separate any reduction sequence having a symbol
in A\Ay into several reduction sequences by cutting each string at the right of its
occurrence without any effect for the properties. O

Lemma 6.5 Let R be an length-preserving SRS. R is terminating (resp. left-most
terminating, right-most terminating) if and only if tw(R) is terminating (resp. left-
most terminating, right-most terminating).

Proof. (=): Let tw(R) be non-terminating. By Lemma 6.4 we have an infinite
reduction sequence for tw(R) starting from a normal string. This direction follows
from Proposition 6.3(a).
(«<): Let R be non-terminating. Then we have an infinite reduction sequence. By
Proposition 6.3(b) we have an infinite reduction sequence for tw(R).

This proof also works on either left-most cases or right-most cases. O

Lemma 6.6 Let R be a length-preserving SRS. R is confluent if and only if tw(R)
is confluent.

Proof. (=): Let 31 < «a = (. We can assume that a is normal by
tw(R) tw(R)
Lemma 6.4. We have (1) % () % 1 (P2) by Proposition 6.3(a). Since R is

confluent, there exists a string w € ¥ such that ¢ () % w % 1 (B2). Therefore we
have By =4~ (¥(B1) - ¥ (w) < ¥ ($(B2) = B by Proposition 6.3(b).

(«<): Let ug % w % ug. We have 9~ (ug) tw%%) P (w) tw%{) ¥~ (ug) by Propo-
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sition 6.3(b). Since tw(R) is confluent, there exists a string @ € A* such that

¢ (ug) tw%z) ! tw%%) ¥~ 1(ug). Since a is normal, we have u; = (¢ ~(u1)) %

() Py (¢~ (ug)) = uz by Proposition 6.3(a). O
Theorem 6.7 Confluence (termination, left-most termination, right-most termi-
nation) is an undecidable property for length-two SRSs.

Proof. Directly obtained from Theorem 4.4 and Lemma 6.6 (Lemma 6.5). o

7 Conclusions

In this paper, we showed that confluence, termination, left-most termination, and
right-most termination are undecidable properties for length-two SRSs which are
length-preserving SRSs consisting of length-two rules. Thus all these properties
are also undecidable properties for linear TRSs in which depth-two variables are
allowed in both sides of the rules. We still have remaining questions concerning
(un)decidability results for classes of SRSs obtained by limiting the number of rules.
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