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Abstract

I present a simple example of a multiple context-free language for which a very weak variant of generalized Ogden’s
lemma fails. This language is generated by a non-branching (and hence well-nested) 3-MCFG as well as by a (non-
well-nested) binary-branching 2-MCFG; it follows that neither the class of well-nested 3-MCFLs nor the class of
2-MCFLs is included in Weir’s control language hierarchy, for which Palis and Shende proved an Ogden-like iteration
theorem. I then give a simple sufficient condition for an MCFG to satisfy a natural analogue of Ogden’s lemma,
and show that the corresponding class of languages is a substitution-closed full AFL which includes Weir’s control
language hierarchy. My variant of generalized Ogden’s lemma is incomparable in strength to Palis and Shende’s
variant and is arguably a more natural generalization of Ogden’s original lemma. I also prove a strengthening of my
earlier pumping lemma for well-nested MCFLs which places a bound on the combined length of the substrings that
can be iterated.
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1. Introduction

A multiple context-free grammar [1] is a context-free grammar on tuples of strings (of varying length). It has
widely been believed that MCFGs provide an adequate formalization of Joshi’s [2] informal concept of mildly context-
sensitive grammars, but some recent work has cast doubt on this identification [3, 4]. For this reason, it is always
interesting to ask to what extent a given prominent property of context-free grammars is either shared by or suitably
generalizes to MCFGs.

An analogue of the pumping lemma, which asserts the existence of a certain number of substrings that can be
simultaneously iterated, has been established for well-nested MCFGs and (non-well-nested) MCFGs of dimension
2 [5]. So far, it has been unknown whether an analogue of Ogden’s [6] strengthening of the pumping lemma holds
of these classes. This paper negatively answers the question for both classes, and moreover proves a generalized
Ogden’s lemma for the class of MCFGs satisfying a certain simple property. The class of languages generated by
the grammars in this class includes Weir’s [7] control language hierarchy, the only non-trivial subclass of MCFLs for
which an Ogden-style iteration theorem has been proved so far [8].

The paper also gives a strengthened version of the pumping lemma of [5] that is more in line with the original
statement of the pumping lemma for context-free languages [9].

2. Preliminaries

The power set of a set X is denoted Z(X). If X and Y are sets, we write Y* for the set of (total) functions
from X to Y. The set of natural numbers is denoted N. If i and j are natural numbers, we write [i, j] for the set
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{neN|i<n<j}. Wewrite |w| for the length of a string w and |S| for the cardinality of a set S ; the context should
make it clear which is intended. If u, v, w are strings, we write (u[v]w) for the subinterval [|u| + 1, |uv|] of [1, [uvw]]. If
w is a string, w® denotes the reversal of w.

Given a positive integer &, a function p from {1, ..., k} to {1, R}, and homomorphisms Ay, ..., h from Z* to I'*, we
define a function {p, Ay, . .., h) from Z* to I'* by

O, ks .., )W) = (W) ... (w),

where fori = 1,...,k, hi(w) is either h;(w) or (hiw)® depending on whether p(i) is 1 or R. Such a function is called

(o(1),...,p(k)). A homomorphic replication is extended to a function from Z(X*) to Z(I'*) in a familiar way. For
example, if L € £* and h; and h, are homomorphisms from X* to I'*, then (1, R), k1, i )(L) = { hy(w)(ha(w))F | w €
L}.

If X and T are finite alphabets, a function o from X to &2(I™) is called a substitution. A substitution o is extended
to a function from X* to & (I"*) and then to a function from Z(X*) to Z (™) by

ogle) =g,
o(aw) = o(a)o(w) foraeX,wexX’,

(L) = U ow) for L CX*.

weL

If ¥ c X andforeachc € ¥/, L. CI'*, we write [¢ « L.].es for the substitution o such that

L. ifcey,
o(c) = .
{c} otherwise,

and write L[c <« L.].esr for o(L).
If o is a substitution from X to Z2(X*), then we let

(L) =L,
oY1) = o((L)),
(L) = U o'(L).

neN

The operation o is called an iterated substitution; it is a nested iterated substitution [12] if ¢ € o(c) for each ¢ € X.

A family . of languages is closed under substitution if whenever L € £ N 2 (X*) and L, € £ n 2(I*) for
each ¢ € X, we have L[c « L.z € -£. We say that £ is closed under nested iterated substitution if whenever
LeZnNPEZ)andce L. € L N P for each ¢ € X, we have 0= (L) € £, where 0 = [¢ « L.].es. It is known
that the family of context-free languages is closed under substitution and nested iterated substitution [13].

2.1. Multiple Context-Free Grammars

A multiple context-free grammar (MCFG) [1] is a quadruple G = (N, Z, P, S ), where N is a finite set of nontermi-
nals, each with a fixed dimension > 1, X is a finite alphabet of terminals, P is a set of rules, and S is the distinguished
initial nonterminal of dimension 1. We write N'© for the set of nonterminals in N of dimension ¢. A nonterminal
in N9 is interpreted as a g-ary predicate over X*. A rule is stated with the help of variables interpreted as ranging
over X*. Let X be a denumerable set of variables. We use boldface lower-case letters as elements of X. A rule is a
definite clause (in the sense of logic programming) constructed with atoms of the form A(ay, ..., a,), with A € N@
and ay, ..., a4 patterns, i.e., strings over X U X. An MCFG rule is of the form

Ay, ...,ap) < Bi(x11,.... X165, Ba(Xp1, .. Xng,),

where n > 0, A, By, ..., B, are nonterminals of dimensions ¢, ¢, ..., q,, respectively, the x; ; are pairwise distinct

variables, and each «; is a string over X U {x;; | i € [1,n],j € [1,4;]}, such that (a,...,@,) contains at most one
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S (aaaaaa#taaaaaa)
|
D(aaaaaa, aaaaaa)
/\
E(aaaa,aaaa) D(aa, aa)
| /\
D(aa, aa) E(aa,aa) D(e,e)
|

/\

E(aa,aa) D(e,e) D(g,€)
|

D(g, €)

Figure 1: A derivation tree of a 2-MCFG.

occurrence of each x; ;. An MCFG is an m-MCFG if the dimensions of its nonterminals do not exceed m; it is r-ary
branching if each rule has no more than r occurrences of nonterminals in its body (i.e., the part that follows the symbol
«). We call a unary branching grammar non-branching.”

An instance of a rule is the result of substituting a pattern for each variable in the rule. An atom or a rule instance
is ground if it contains no variables. Given an MCFG G = (N, X, P, §), a ground atom A(wy, ..., w,) directly follows

from a sequence of ground atoms Bi(vi1,...,Vig)s-- s Ba(Va1s- .., Vng,) if
AW, ... wg) « Bivig, .- Vig)s oo BaQnts oo o5 Ving,)
is a ground instance of some rule in P. A ground atom A(wi,...,w,) is derivable, written g A(wi,...,w,), if it
directly follows from some sequence of derivable ground atoms. In particular, if A(wy,...,w,) < is arule in P, we
have kg A(wy, ..., wy).
A derivable ground atom is naturally associated with a derivation tree whose nodes are labeled by derivable ground
atoms. A derivation tree 7 for a ground atom A(wy, ..., w,) is a tree such that

e the root of 7 is labeled by A(wy, ..., w,),

e for each node v of 7, the ground atom labeling v directly follows from the sequence of ground atoms labeling
its children.

When 7 is a derivation tree of G for A(wy, ..., w,), we sometimes write
FG T AW, ..., Wy).

The language generated by G is defined as L(G) = {w € X* | +¢ S(w)}, or equivalently, L(G) = {w € X* |
G has a derivation tree for S (w) }. The class of languages generated by m-MCFGs is denoted m-MCFL, and the class
of languages generated by r-ary branching m-MCFGs is denoted m-MCFL(r).

Example 1. Consider the following 2-MCFG:

S (x1#x2) < D(x1,x2) D(x1y1,y2%2) = E(x1,%2), D(y1,y2)
D(g, &) « E(ax\a,axya) « D(xy,x2)
Here, S is the initial nonterminal and D and E are both nonterminals of dimension 2. This grammar is binary branching

and generates the language { w#nwf | w € D7}, where Dy is the (one-sided) Dyck language over the alphabet {a, a}.
Figure 1 shows the derivation tree for aaaaaa#aaaaaa.

It is also useful to define the notion of a derivation of an atom A(ay, ..., @,) from an assumption C(xy,...,X,),
where x1, ..., x, are pairwise distinct variables. An atom A(ay, ..., a,) is derivable from an assumption C(xy, ..., x,),
written C(x1,...,X,) kg A, ..., ay), if either

2Non-branching MCFGs were called linear in [14].



E(ax,a,ax,a)
|
D(x1, x3)
/\
E(xhxz) D(E’E)

Figure 2: A derivation tree context for E(ax;a, axpa) with an assumption E(xp, x2).

. A=Cand (ay,...,a,) = (x1,...,X,), 0r
2. there are some atom B;(51,...,[B,) and ground atoms B;(vji,... ,vj,q}.) for j € [1,i — 1] U [i + 1,n] such that
C(x1,....x) kG Bi(B1,....Bg)» F6 Bj(vjt,...,vjg) (€ [1,i— 11U [i + 1,n]), and

Alay,...,ay) < Bi(vig, .., vig)s - Bioiici s - o5 Vic1,gi)s
Bi(ﬁla .o ,qu)s Bi+1(vi+l,ls ) Vi+1,q,-+1)s cees Bn(Vn,l, ey Vn,q,,)

is an instance of some rule in P.

Analogously to the case of a derivation without an assumption, when an atom A(«j,...,a,) is derivable from an
assumption C(xy, ..., X,), there is an associated tree witnessing this fact. In such a tree, there is a unique leaf labeled
by C(xi,...,x,), and the nodes along the path from the root to that leaf are labeled by non-ground atoms, while all
other nodes are labeled by ground atoms. We call such a tree derivation tree context [S] and the atom C(xy,...,x,)
its assumption. We write C(xy,...,X,) +g U : A(a1,...,q,) to mean that v is a derivation tree context witnessing
Clxy,....,x) rg Alay, ... ,aq).

Let us write [v/x1,...,v,/x,] for the simultaneous substitution of strings vy, ..., v, for variables xi,...,x,. Ev-
idently, when we have +g 7 : C(vy,...,v,) and C(xy,...,x,) F¢ v : A(a,...,@,), we can combine 7 and v into a
derivation tree for A(ay, ..., ay)[vi/X1,...,v./x,]. This derivation tree, which we write v[7], is the result of inserting
7 in place of the assumption C(xy,...,x,) of v and then applying the substitution [v{/xy,...,v,/x,] to the remaining
non-ground atoms. Thus, we have

ko ult] 1 Alad, ..., a)vi/xi, ..., v /x,]

whenever kg 7 : C(vy,...,v,) and C(xy,...,x,) b U A(ay, ..., ay).
The following lemma says that when B(vi,...,v,) is derived in the course of a derivation of A(wy,...,w,), the
derivation can be decomposed into one for B(vy, ..., v,) and a derivation tree context with an assumption B(xy, ..., X,):

Lemma 2. Let 7 be a derivation tree of an MCFG G for some ground atom A(wy, . ..,w,), and let T be a subtree of
T consisting of a node labeled by B(v, . ..,v,) and the nodes that lie below it. Then there is a derivation tree context
v with an assumption B(xy,...,X,) such that T = v[t’]. In particular, we have

B(xl,...,x,) FG U : A(CY],. . .,a'q),

Wi, .o, wy) = (@1, .., a)dvi/xg, . ve /X0,
for some patterns a, . .. , g

Example 3. Consider the derivation tree in Figure 1 and the node v labeled by E(aaaa,aaaa). Let T be the subtree
of this derivation tree consisting of v and the nodes that lie below it. Consider the node v, labeled by E(aa, aa) in
7. The rules used in the portion of 7 that remains after removing the nodes below v, determine a derivation tree
context witnessing E(x1,x3) +¢ E(ax,a,ax,a), which is depicted in Figure 2. Note that substituting aa, aa for x1, x,
in E(axa,ax,a) gives back E(aaaa, aaaa).

An MCFG rule A(ay, ...,ag) < Bi(x1,1,...,X1,4,)s -, Ba(Xn1, ..., X5q,) is said to be
e non-deleting if all variables x; ; in its body occur in (a, ..., @,);

e non-permuting if for each i € [1,n], the variables x;1, ..., x;4 occurin (a1, ..., @,) in this order;
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o well-nested if it is non-deleting and non-permuting and there are no i, j € [1,n],k € [1,q; — 1],] € [1,q; — 1]
such that x;, X, X x+1, X741 Occur in (ay, . .., @,) in this order.

Every r-ary branching m-MCFG has an equivalent r-ary branching m-MCFG whose rules are all non-deleting and
non-permuting, and henceforth we will always assume that these conditions are satisfied. An MCFG whose rules are
all well-nested is a well-nested MCFG [5]. The 2-MCFG in Example 1 is well-nested. It is known that there is no
well-nested MCFG for the language { w#w | w € D7} } [15], although it is easy to write a non-well-nested 2-MCFG for
this language.

Every (non-deleting and non-permuting) non-branching MCFG is by definition well-nested. The class | J,, m-MCFL(1)
coincides with the class of output languages of deterministic two-way finite-state transducers (see [14]).

2.2. The Control Language Hierarchy

Weir’s [7] control language hierarchy is defined in terms of the notion of a labeled distinguished grammar, which
is a 5-tuple G = (N,X, P, S, f), where G = (N,Z, P,S) is an ordinary context-free grammar and f: P — Nis a
function such that if 7 € P is a context-free production with n occurrences of nonterminals on its right-hand side, then
f(m) € [0,n]. We view P as a finite alphabet, and use a language C € P* to restrict the derivations of G. The pair
(G, C) is a control grammar. To define the language of (G, C), we first define the rewriting of a nonterminal induced
by a nonempty string & € P* inductively as follows:

) A=”>G aifr =A — ais aproduction in P and f(r) =0,
3 . . .. .
e A ég WoBI1W1 ... Bioiwi1fW;iBiy1Wis1 ... Byw, if 1 = A — woByw; ... B,w, is a production in P, f(r) =i >

1, and B, == B.

c
IfA =§>G a for some € € C, we write A = «a. A controlled derivation of (G, C) starting from a nonterminal is
defined inductively as follows:

* A=50A
o A=, aByif A =7 . aByand B=sg B.
Clearly, if A = ; ) @, then A =>"‘a a. The language of (G, C) is
LG,C)={weX"|S 35wl
The first level of the control language hierarchy is C; = CFL, the family of context-free languages, and for k > 1,
Cr+1 = {L(G,C) | (G, C) is a control grammar and C € Cy }.

The second level C» is known to coincide with the family of languages generated by well-nested 2-MCFGs, or equiv-
alently, the family of tree-adjoining languages [7].

Example 4. Let G = (N, Z, P, S, f) be a labeled distinguished grammar consisting of the following productions:
m: S > aSas, 2. S — bSbhS, 3.8 > e,

where f(m) = 1, f(m) = 1, f(m3) = 0. Note that G is the well-known context-free grammar for Dj, the Dyck
language over {a, a, b, b). Let C = {n{nlm3 | n € N}. Then we have

S %G &,
S =22 abbSas,
s _
S === aabbbSbSaSas,

5
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Figure 3: A derivation tree of a control grammar. In this tree, each node labeled by a nonterminal is accompanied by the label of the rule applied at
that node, and patches of green connect each node with rule label r to the child corresponding to the value of f(x).

and hence

S =G0 &

S =) abba,

S ={¢.c) aabbbbaabbaa.
The controlled derivation of the last string aabbbbaabbaa is shown in the form of a derivation tree in Figure 3. We
have L(G,C) = D; N ({a"b" | n € N }{a, b}*)*. Since C is a context-free language, this language belongs to C.

Palis and Shende [8] proved the following Ogden-like theorem for Cy:

Theorem 5 (Palis and Shende). Let L € Cy. There is a number p such that for all z € L and D C [1,1z]], if |D| > p,
there are uy, ..., Uy, 1,V1,..., Vo € X* that satisfy the following conditions:
(1) z=uviupva ... UpVokllpk, .
@ii) for some j € [1, 2K,
DOy .. [uj]vjiujevisr .. unvoripry ) # 9,
DOy uj[viluje Ve .. unvoripiy) # &,
DO (uivy..oupvilujevien .. upvortige, ) # O.
(iii) [D N (uyvy ... g1 [Vor1tor-1 o Var-1 4]« « . Uk Vorlioi )] < .
(Av) wVjuavy .. upviugeyy € L foralln € N.

Kanazawa and Salvati [16] proved the inclusion C; C 2k=1_MCFL, while using Theorem 5 to show that the
language RESPy1 belongs to 28!-MCFL — Cy for k > 2, where RESP; = {a]'aybib} ...d5_aybs, b3 | m,n e N},

3. The Failure of Ogden’s Lemma for Well-Nested MCFGs and 2-MCFGs

Let G be an MCFG, and consider a derivation tree 7 for an element z of L(G). When a node of 7 and one of its
descendants are labeled by ground atoms B(wy,...,w,) and B(vy,...,v,) sharing the same nonterminal B, the portion
of T consisting of the nodes that are neither above the first node nor below the second node determines a derivation
tree context v witnessing B(xy,...,X;) F¢ B(Bi,...,B,) (called a pump in [5]), where (B1,...,B,)[Vi/X1,...,v,./x,] =

(wi,...,w,). This was illustrated by Example 3. When each x; occurs in §;, i.e., B; = v»;_1X;vo; for some v;_1, vy €
Z* (in which case v is an even pump [5]), iterating v gives a derivation tree context witnessing B(xy,...,X;) Fg
B(vix1vy,...,v5 _ x,v5 ). Combining this with the rest of 7 gives a derivation tree for z(n) = uViuavy ... uz V5 Uori1 €

L(G) for every n € N, where z(1) = z. When some x; occurs in ; with j # i (v is an uneven pump), however, the
result of iterating v exhibits a complicated pattern that is not easy to describe.

A language L is said to be k-iterative if all but finitely many elements of L can be written in the form u;viupvs . . . upVilts
sothat vy ... vy # g and uVjupVv} ... vy € Lforalln € N. A language that is either finite or includes an infinite
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A(e) « A(e) «

A(bx1) « A(x1) A(bx1) « A(x1)
B(x1,€) « A(x1) B(x1,€) « A(xy)
B(axi, bxs) « B(x1,x2) B(axi,bxs) < B(x1,x2)
C(x1,x2,8) « B(x1,x2) Cle,e) «
C(xy,axs,bx3) « C(x1,x2,X3) C(axy,bxy) « C(x1,x2)
C(x1$x2,x3,8) « C(x1,%2,%3) D(x18y1x2,y2) < B(x1,%2),C(y1,¥2)
D(x18$x2,%3) « C(x1,X2,%3) D(x18y1x2,y2) « D(x1,x2),C(y1,y2)
D(xy,ax2) < D(x1,x2) E(x1,x2) « D(x1,x2)
S (x1$x2) « D(x1,x2) E(x1,ax3) < E(x1,x2)

S(X|$X2) — E(x1,x2)

Figure 4: Two grammars generating the same language.

k-iterative subset is said to be weakly k-iterative. (These terms are from [17, 18].) The possibility of an uneven pump
explains the difficulty of establishing 2m-iterativity of an m-MCFL. In 1991, Seki et al. [1] proved that every m-MCFL
is weakly 2m-iterative, but whether every m-MCFL is 2m-iterative remained an open question for a long time, until
Kanazawa et al. [19] negatively settled it in 2014 by exhibiting a (non-well-nested) 3-MCFL that is not k-iterative
for any k. Earlier, Kanazawa [5] had shown that the language of a well-nested m-MCFG is always 2m-iterative, and
moreover that a 2-MCFL is always 4-iterative. The proof of this last pair of results was much more indirect than the
proof of the pumping lemma for the context-free languages, and did not suggest a way of strengthening them to an
Ogden-style theorem. Below, we show that there is indeed no reasonable way of doing so.

Let us say that a language L has the weak Ogden property if there is a natural number p such that for every z € L
and D C [1,|z|]] with |D| > p, there are strings uy, ..., U1, Vi, - - ., Vg (K > 1) satisfying the following conditions:

1. z= uivy ... UVl
2. DN (uyvy ... ui[vi]. .. upviuis) #+ @ for some i € [1, k], and
30wy .oy € Lforalln > 0.

The elements of D are referred to as distinguished positions in z.
Theorem 6. There is an L € 3-MCFL(1) N 2-MCFL(2) that does not satisfy the weak Ogden property.

Proof. Let L be the set of all strings over the alphabet {a, b, $} that are of the form
a"b$a”b"$a"b>$ ... $a" b )

for some n > 3 and iy, ...,7, = 0. This language is generated by the non-branching 3-MCFG (left) as well as by the
binary branching 2-MCFG (right) in Figure 4. Now suppose L has the weak Ogden property, and let p be the number
satisfying the required conditions. Let

z = a$a*b$a’b*$ . .. $aPt P,

and let D consist of the positions in z occupied by $. Note that |D| = p. By the weak Ogden property, there must be
strings uq, ..., Ug+1, V1, - .-, Vi (kK = 1) such that z = uvy ... upveugs1, at least one of vy, ..., v contains an occurrence
of $, and w1V ... upViursy € L for all n. Without loss of generality, we may assume that vy, ..., v; are all nonempty
strings. Let us write z(n) for uv] ... uV ugy . First note that none of vi,..., v, can start in a and end in b, since
otherwise z(2) would contain ba as a factor and not be of the form (f). Let i be the greatest number such that v;
contains an occurrence of $. Since none of v;,1, ..., v contains an occurrence of $, it is easy to see that viyq,..., vk
are all in a* U b*. We consider two cases, depending on the number of occurrences of $ in v;. Each case leads to a
contradiction.

Case 1. v; contains just one occurrence of $. Then v; = x$y, where x is a suffix of a/*!'b/ and y is a prefix of
a’?b7*! for some j € [0, p — 1]. Note that z(3) contains $yx$yx$ as a factor. Since z(3) is of the form (1), this means
that yx = a'b’ for some [ > 0.



7+1 and since x is a suffix of a/*!b/, it follows that [ < j. Since

Case 1.1 1 < j+ 1. Then y must be a prefix of a

YUis1Vis1 - - . UgViltger has a/*2b7* ! as a prefix and vipq, ..., vk € a* U b*, Syx$Syuiv2, | .. upviug, has $a'b'$alb" as a
prefix for some ¢ > j+ 2 and r > j + 1. The string $a'b'$a?b" is a factor of z(2) and since z(2) is of the form (}), we
must have [ > r, but this contradicts [ < j.

Case 1.2. 1 > j+ 2 In this case x must be a suffix of »/ and y must have a/*?b? as a prefix, so [ = j + 2. Note that
$yxSyui V2 . wVius = $a'b'Syui v i

is a suffix of z(2), so either yui+1vi2+1 ... ukvil/lk+] equals a?b’ or has a?b'$ as a prefix for some ¢. Since [ = j + 2 and
YUis1Visl - - - UpViltes either equals a/*2b/*! or has a/*>h/*'$ as a prefix, it follows that there is some A > i such that

vy = band vy, ..., v, 1 are all in a*. But then z(3) will contain
3 3
$yx$yui+1v,-+1 s WV Uper

which must have
$aj+2bj+2$aq’ bj+3

as a prefix for some ¢’, contradicting the fact that z(3) is of the form (7).
Case 2. v; contains at least two occurrences of $. Then we can write

v = x$al+1bl$ . $am+1bm$y’
where 1 <I<m < p -1, xis a suffix of a’b"!, and y is a prefix of a™*2b"*!. Since
$am+lbm$yx$al+lbl$

is a factor of z(2), we must have

yx = albm+1 .
Since y is a prefix of @”*2b"*! and [ < m + 2, y must be a prefix of a’. It follows that x has »™*! as a suffix. But then
™! must be a suffix of a'b'~!, contradicting the fact that/ — 1 < m + 1. O

Since Theorem 5 above implies that every language in Weir’s control language hierarchy satisfies the weak Ogden
property, we obtain the following corollary:?

Corollary 7. There is a language in 3-MCFL(1) N 2-MCFL(2) that lies outside of Weir’s control language hierarchy.

Previously, Kanazawa et al. [19] showed that Weir’s control language hierarchy does not include 3-MCFL(2), but
left open the question of whether the former includes the languages of well-nested MCFGs. The above corollary
settles this question in the negative.

4. A Generalized Ogden’s Lemma for a Subclass of the MCFGs

An easy way of ensuring that an m-MCFG G satisfies a generalized Ogden’s lemma is to demand that whenever
B(xi,...,x;) +¢ B(B1,...,B,), each x; occurs in B;. For example, the grammar in Example 1 satisfies this property.
This is a rather strict requirement, however, and the resulting class of grammars does not seem to cover even the
second level C, of the control language hierarchy. In this section, we show that a weaker condition implies a natural
analogue of Ogden’s [6] condition; we prove in the next section that the result covers the entire control language
hierarchy.

3The language L in the proof of Theorem 6 was inspired by Lemma 5.4 of Greibach [11], where a much more complicated language was used
to show that the range of a deterministic two-way finite-state transducer need not be strongly iterative. One can see that the language Greibach used
is an 8-MCFL(1). In her proof, Greibach essentially relied on a stronger requirement imposed by her notion of strong iterativity, namely that in the
factorization z = uyvy ... ugvgug+1, there must be some i such that u; and u;, contain at least one distinguished position and v; contains at least two
distinguished positions. Strong iterativity is not implied by the condition in Theorem 5, so Greibach’s lemma fell short of providing an example of
a language in | J,, m-MCFL(1) that does not belong to Weir’s hierarchy.



A(axx,b, cbed) A(abcxy, x2bcd)

B(xx») B(bc) A(b,c) B(bc) B(bc) A(xy,x))
| | | |
A(x1,x;)  A(b,c) A(b,c) A(b,c)

Figure 5: Decreasing and non-decreasing derivation tree contexts.

Let us say that a derivation tree context v witnessing A(xy,...,Xx,) rG B(B1,...,B:) is decreasing if there is
a node labeled by an atom C(yy,...,y) with s < ¢ along the path from the root of v to the leaf labeled by
A(xy,...,x,); otherwise it is non-decreasing. (If g > r, there can be no non-decreasing derivation tree context
witnessing A(x1,...,X,) F¢ B(Bi,...,B,).) An m-MCFG G = (N, X, P,S) is proper if for each A € N@_ whenever
A(xy,...,xy) Fg v : Alai,. .., a,) for some non-decreasing derivation tree context v, each x; occurs in ;.

Example 8. Consider the following 2-MCFG G:
S (x1x2)  A(x1,x2) A(ayxy, x2zd) < B(y), B(z), A(x1, x2)
A(b,c) « B(x1x2) < A(x1,x2)
We have, for example,
A(x1,x2) g Alax1x2b, cbed), A(x1,x2) g A(abexy, xobed)

as witnessed by derivation tree contexts in Figure 5. The former is decreasing, while the latter is non-decreasing. It is
easy to see that this grammar is proper.

Proposition 9. The question of whether a given MCFG is proper is decidable.

Proof. Given an m-MCFG, we first remove all useless nonterminals (i.e., nonterminals A such that there is no derivable
ground atom A(wy, ..., w,)) by a standard technique. Let G = (N, X, P, §) be the resulting m-MCFG without useless
nonterminals.

Fap={f el [AQxy,....x) b6 v BBi,.... ),
x; occurs in By fori=1,...,q, and
v is a non-decreasing derivation tree context }.
Clearly, the given MCFG is proper if and only if % 4 contains just the identity function on {1,..., g} for all A € N9

and g < m.
The sets ¥4 g form the least family of sets that satisfy the following closure conditions. For A € N@,

e a4 contains the identity function on {1,..., g}, and

o ifr>q,Clyr,....v)) « Bi(x11,.... X145, Bu(Xp1, ..., Xng,) is atule of G, f € F4 3, and x; ; occurs in
Yeo(j) for j=1,...,q;, then F, ¢ contains the composition g o f defined by (g o f)(k) = g(f(k)).

Since there are only finitely many functions in {1,..., rib--4} the sets Fa.p are clearly computable. O

Theorem 10. Let L be the language of a proper m-MCFG. There is a natural number p such that for every z € L and
D C [1,|z]] with |D| > p, there are strings uy, ..., Usn+1, V1, - - - » Vo Satisfying the following conditions:
(i) z=wuvy ... uzmVomtioms1.
@ii) for some j € [1,2m],
DO vy [ujlviijavis .. uamVomtomse:) # 9,
DN (uyvy..ouj[vilujvier .. uomVomttome1) # 9,
DNy ..upviluj v .. uomVamttomse1) # 9.

9



m

(iii) DN U(u1v1 o it [Vaicuoivail - . U VamUoms1)] < p.
i=1

(iv) upviugVs ... uzmvy, usm1 € L for alln € N,

The third clause says that the m substrings viu, vy, V3ugVvy, . . . , Vam—1UamVam Of z together contain at most p distin-
guished positions. The case m = 1 of Theorem 10 exactly matches the statement of Ogden’s [6] original lemma (as
does the case k = 1 of Theorem 5).

Proof of Theorem 10. Let G = (N, Z, P, S) be a proper m-MCFG. For a rule
A(al’ LI aq) — Bl(xl,la LR 9x1,q1 )’ ey Bn(xn,l’ co. »xn,q,,)’

let its weight be the number of occurrences of terminal symbols in @y, ..., @, plus n, and let d be the maximal weight
of arulein P.

Letz e L, D C[1,[z]], and 7 be a derivation tree for z. We refer to elements of D as distinguished positions. Note
that it makes sense to ask whether a particular symbol occurrence in the atom A(wy, ..., w,) labeling a node v of 7 is
in a distinguished position or not. This is because by Lemma 2, there are strings zy, . .., Z4+1 such that v determines a
derivation tree context witnessing A(x1, ..., X,) F¢ S (21X122X2 . . . 24X42¢+1), Which tells us where in z each argument
of A(wy,...,wy) ends up. Henceforth, when the ground atom labeling a node v contains a symbol occurrence in a
distinguished position, we simply say that v contains a distinguished position. We call a node v a B-node (cf. [6]) if at
least one of its children contains a distinguished position and v contains more distinguished positions than any of its
children. The B-height of a node v is defined as the maximal B-height 4 of its children if v is not a B-node, and & + 1
if v is a B-node. (When v has no children, its B-height is 0.)

Claim. A node v of T whose B-height is / can contain no more than d"*! distinguished positions.

The proof of the claim is by induction on the (ordinary) height of v. We distinguish two cases according to whether v
is a B-node.

Case 1. v is not a B-node.

Case 1.1. v has no children that contain a distinguished position. (This covers the case where v is a leaf.) Then
h = 0. If the rule used at v has k occurrences of terminal symbols in its left-hand side, then v can contain no more than
k < d = d"" distinguished positions.

Case 1.2. v has exactly one child v’ that contains a distinguished position. Then the B-height of v’ is also & and
v contains the same number of distinguished positions as v' does. By induction hypothesis, v contains no more than
d"" distinguished positions.

Case 2. v is a B-node. Then i > 1. Each of the children of v has B-height < i — 1, and by induction hypothesis
contains no more than d" distinguished positions. If A, ...,y < Bi(X(1,...,X1,4)s---»Ba(Xn1,...,%,4,) is the
rule used at v and £ is the number of occurrences of terminal symbols in (a1, .. ., @,), then v can contain no more than
k + n - d" distinguished positions. By the definition of , this number does not exceed d - d" = d"*!.

This completes the proof of the claim.

Our goal is to find an £ such that, when |D| > d"', we can locate four nodes 1, (2, 43, s, all of B-height < i, on
the same path of 7 that together decompose 7 into vy, v, U3, v4, T’ such that

A(X1,...,Xg) b U1 2 S(21X122X2 - .. 24X 42g+1); (1
B(xi,...,xy) Fg U2 1 A1X1Y2, . .-, Y29-1X¢Y24); 2)
B(xy,...,xy) b U3 : B1X(v2, ..., V2q_1XgV2g), 3)
Cxy(,...,Xg) g Vs : B(xiX1Xx2, ..., Xog-1X4X29), @

Fo T C(wi, ..., Wq), (5)

where for some j € [1,2¢], each of x;,v;,y; contains at least one distinguished position. Since

YIVIXIWIX2V2Y2,5 - v o5 Y2q-1V2g-1X2¢-1WqX2¢V24Y2q

10



together can contain no more than d"*! distinguished positions, this establishes the theorem, with p = d"*! and
up = z1y1, Uy = X1w1X, U3 = y222)3, etc.
Let M = max{|N@|| 1 < g <m} and let
g) =1,
g(q +1) = h(g) + g(q) forl <g <m,
hq) = g(g)- 2q- (M +1)+1).

h= ) ha)
g=1

We show that

is the desired value for /.

By the “dimension” of a node, we mean the dimension of the nonterminal in the label of that node. Assume
ID| > d"*!. Then the root of 7 has B-height > 4, and 7 must have a path that contains a node of each B-height < h. For
eachi=0,..., A, from among the nodes of B-height i on that path, pick a node v; of the lowest dimension.

By a g-stretch, we mean a contiguous subsequence of vg, vy, ..., v, consisting entirely of nodes of dimension > q.
We claim that some g-stretch contains more than 2g - (M + 1) + 1 nodes of dimension g. For, suppose not. Then
we can show by induction on ¢ that the sequence of 4 + 1 nodes vy, vy, ..., v, contains no more than g(g) maximal
g-stretches and no more than 4(q) nodes of dimension g, which contradicts & = Z’;:l h(q). Since the entire sequence
V0, V1, ..., Vy 18 @ 1-stretch, the number of maximal 1-stretches is g(1) = 1, and the number of nodes of dimension
lis<2-(M+1)+1 = h(l). For g < m, each maximal (¢ + 1)-stretch is contained in a maximal g-stretch,
and if the last node of the former is not identical to the last node of the latter, then the former must be followed
by a node of dimension ¢. By induction hypothesis, this means that the number of maximal (¢ + 1)-stretches is
< g(g) + h(g) = g(g + 1). Since each node of dimension ¢ + 1 belongs to a maximal (g + 1)-stretch, the number of
suchnodesis < g(g+1)- Q2@+ 1) -(M+1)+1)=h(g+1).

So we have a g-stretch that contains nodes v;, . . ., v;, of dimension ¢q for some g € [1,m], where k = 2g-(M+1)+1.
Let A, be the nonterminal in the label of v;. By the definition of a g-stretch and the way the original sequence
Yo, - .., vy is defined, the nodes of 7 that are neither below v;,_, nor above v; determine a non-decreasing derivation tree
context witnessing A,_1(X1,...,Xy) kG Ap(Xn1X1X025 - - . s Xn2g-1X4Xn24) fOr SOME Strings x,,.1, ..., Xy 24. Since there
must be a B-node lying above v;,_, and below or at v;,, at least one of x,,, ..., X,2, must contain a distinguished posi-
tion. By the pigeon-hole principle, there is a j € [1,2¢g] such that {n € [1,k] | x, ; contains a distinguished position }
has at least M + 2 elements. This means that we can pick three elements n;, ny, n3 from this set so that n; < ny < n3
and A,, = Ap,. Letting 11y = v, 41 = Vi s H2 = Vi, 43 = Vi, , We see that (2), (3), (4) hold with C = A;,B = A,-”l =

Ainz A= A,-n3 and x;,v;,y; all containing a distinguished position, as desired. O

Let us write m-MCFLy,, for the family of languages generated by proper m-MCFGs. Using standard techniques
(cf. Theorem 3.9 of [1]), we can easily establish the following:

Proposition 11. For each m > 1, m-MCFLy, is a substitution-closed full abstract family of languages.

5. Relation to the Control Language Hierarchy

Kanazawa and Salvati [16] showed C; C 2¢~!-MCFL for each k through a tree grammar generating the derivation
trees of a level k control grammar (G, C), noting that the tree language in question can be obtained from the monadic
tree representation of C by linear tree homomorphism, the tree analogue of the Kleene star operation, and intersection
with regular tree language. In fact, detour through tree languages is not necessary—a level k control language can be
obtained from a level k — 1 control language by certain string language operations. It is easy to see that the family
(Um m-MCFL,p, is closed under those operations.

Let us sketch the idea using Example 4. Under the tree language approach, monadic trees representing strings of
the form n{n}m; undergo a linear and nondeleting tree homomorphism:

m(x) — S(4)(a, x,a, ), m(x) S(4)(b, x,b,0), 3 S(l)s,
11



Figure 6: A fragment of a derivation tree of a control grammar, with rule labels.

where S @ and § (! are rank 4 and rank 1 symbols, respectively, and a, @, b, b are rank 1 symbols. The set of derivation
trees of the control grammar is then obtained from the set L consisting of the output of this tree homomorphism by
iterating substitution [J « L on the set {{J} (resulting in L5 the O-iteration [20] or closure [21] of L) and throwing
away trees that contain [J.

Staying inside the realm of string languages, we can start by applying a homomorphic replication {(1, R), hy, h2)
to the control set C = { #{n}n3 | n € N}, obtaining

((1,R), b1, )(C) = { i (w)(ha (W) | w € C},
where h; and h, are homomorphisms defined by

hi(my) = a, hy(my) = Sa,
hi(m2) = b, hy(m) = Sb,

hi(m3) = &, hy(m3) = &.
For instance, n%n%m is mapped to aabbbSbSaSaS. (This string is the yield of the tree in Figure 6.) Iterating the
substitution S « ((1,R), h1,hy)(C) on {S} and then throwing away strings that contain S gives the language of the
control grammar of this example.
In general, let 7 be a production A — woB w; ... B,w, of a labeled distinguished grammar G = (N, X, P, S, f). If
f(m) =ie[l,n], welet

hi(m) = woBiwi ... Bioiwi_1, ha(m) = wp By ... w1 Biiw,

and if f(m) = 0, we let
hi(m) = woB1wi ... Byw,, hy(m) = e.

The control set C € P* is first intersected with a local set so as to ensure consistency of nonterminals in adjacent
productions, and then partitioned into sets C4 indexed by nonterminals, with C4 holding only those strings whose first
symbol is a production that has A on its left-hand side. More precisely, if 7 and 7’ are productions in P, let us say that
a’ can follow nt if f(r) = j > 1 and the jth nonterminal on the right-hand side of 7 coincides with the left-hand side
nonterminal of 7. Define

Cy={m...m, € C|n>1,the left-hand side of 7 is A, (6)
m;iy1 can follow 7r; foreachi=1,...,n—1, and
Sm) =0}

For each A € N, the set C4 can be obtained from C by intersection with a local (and hence regular) set. Let

Ly = (1, R), h1, h2)(Cy) @)

12



for each A € N. The final operation is iterating the substitution [A < L4Jseny on {S} and throwing away strings
containing nonterminals.* This can be expressed equivalently in terms of a nested iterated substitution:

L(G,C)=0"({SHNZ", whereo =[A « Ly U{A}sen. ®)
That equation (8) should hold is easy to see. For each A € N, we have the following equivalences:
¢ . .
e A= aifandonlyif £ € C4 and a = ((1,R), hy, ha)(£),

c
e A= aifandonlyif @ € Ly,
* A= @ifand only if @ € ¥ ({A}).

Thus, L(G, C) can be obtained from C by intersection with regular sets, homomorphic replication, and nested iterated
substitution.

Lemma 12. If L € m-MCFLyp, Kk 2 1, p € (1,R}K and hy, ..., h are homomorphisms, then the language

(o, hi, ..., m)L) belongs to km-MCFLyp.

Example 1 in Section 2.1 illustrates Lemma 12 withm = 1, L = D7, p = (1, R), and hy, hy both equal to the identity
function.

of Lemma 12. We only prove the lemma for p = (1, R). The general case is similar.
LetG = (N,Z, P,S) be a proper m-MCFG for L and h, h, be homomorphisms from X* to I'*. Define a 2m-MCFG
G =W,I,P,S’) as follows:

o N’ ={S"} UUicn(N)?, where S’ € (N')!) and for each i < m, (N")?) = N,

e P’ contains the rule
S'(x1,X2) « S(x1,x2),

and for each rule 7 in P of the form
Ay, ...,aq) < Bi(x11,.. ., X195, Ba(Xp 1, ..., Xng,),

the rule n” of the form

A(hi(@1), ... i (ag), (ha(@)), ..., (ha(@))F)

’ ’ 4 ’
Bl(xl,ls" '7x1,q]3x1’q]3" ',xl’l)v' '-,Bn(xn,l’-- "xﬂ,qn’xn,qn" .. sxn’l)’

where for/ = 1,...,q, a; is the result of replacing each x; ; by xl’.’ ; in a;, and the homomorphisms #y, i, are
extended to homomorphisms from (£ U X)* to (I' U X)* by h;(x) = hy(x) = x for all variables x € X.

It is clear that the bijection 7 + 7’ from P to P’ — {S'(x1x;) < S(x1,x,)} puts the derivation trees of G and those of
G’ in one-to-one correspondence, and L(G") = {(1,R), hy, ho)(L).

To see that G’ is proper, note that for each A € N, a non-decreasing derivation tree context of G’ for A(yy, ..., v2,)
(with an assumption A(x1, ..., X2,)) is mapped to a non-decreasing derivation tree context of G for A(ay, ..., a,) (with
an assumption A(xy,...,x,)) such that fori = 1,...,q, i = hi(a;) and yp4_js1 = (hz(a;))R, where «! is the result of
replacing x; by x5,_;.1 for each j = 1,...,4. Since G is proper, x; must occur in a; for i = 1,..., g, which implies
that x; occurs in y; and x4+ Occurs in yo_js1. O

The proof of the next lemma is similar to that of closure under substitution.

4This last step may be thought of as the fixed point computation of a “context-free grammar” with an infinite set of rules {A — @ | A € N,a €
La}.
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Lemma 13. The family m-MCFLy, is closed under nested iterated substitution.

Proof. LetG = (N,X,P,S) and G, = (N, %, P.,S.) for each ¢ € X be proper m-MCFGs. We may assume without
loss of generality that no two of these grammars share any nonterminals. Let L = L(G) and L, = L(G.). Assume that
c €L foreach ¢ € T and let 0 = [c « L ].ez. Then o™ is a nested iterated substitution. Our goal is to show that
o(L) is in m-MCFLpyop.

We first modify G and G. (¢ € X) slightly without changing the generated languages. For each d € X, introduce
a new nonterminal A, of dimension 1. For each rule 7 of G and G, (c € X), let &’ be the result of replacing the
occurrences of terminals in the left-hand side of & by distinct variables and adding appropriate atoms of the form
Ay(x) to the right-hand side of 7, where x is a variable that replaced an occurrence of d. For example, if 7 is

A(axlb, ECXQL_ZC) — A(xl, XQ),
then 7’ is
A(yxiz,wvxout) « A(x1, x2), Aa(¥), Ap(2), A(W), Ac(v), Aa(u), Ac(2).
Let
G =(NU{A;|deZ},Z{n' |neP}U{Ayd) «|deX},S),
G.=(N.U{Ay|d e}, |me P.}U{Ayd) « |d€X},S,).

It is clear that G’ and G.. (¢ € X) are proper m-MCFGs, L(G") = L(G), and L(G.) = L(G,) for c € .
Now define

G=(N,%,P,S),
ﬁzNUUNL.U{AdldeZ},
ceEX
P={r |7r€PUUPL.}U{Ad(d)<—|d€2}U{Ad(x)<—Sd(x)|d€Z}.

ceX

The grammar G is the result of combining G’, G.. (¢ € X) into one grammar and adding new rules A;(x) < S (x) for
d € . We show that G is proper and L(E) =o*(L).

To show that G is proper, consider a non-decreasing derivation tree context v witnessing A(x1, .. ., x;) Fo Alay, ..., ap),
where g > 2. Since v is non-decreasing, it cannot be decomposed into two derivation tree contexts witnessing

A1, x0) g Ad(o),

Au(2) bz A, ..., @)

for any d € X. It follows that every fact of the form A,(y) derived in the course of v is ground. Replace every such
fact in v by A,4(d), deleting all facts used to derive it. The result must be a non-decreasing derivation tree context v’

witnessing A(x1,...,X,) +g A(y1,...,7,) such that x; occurs in y; if and only if x; occurs in «;. Since no rule of the
form A.(x) < S.(x) is used in v/, it is a derivation tree context in G’ or in some G.. Since G’ and G_. are proper, x;
must occur in y;, and hence in @;, fori = 1, ..., q. This shows that G is proper.

To show that L(G) = o™ (L), we first note
uicu, € L((?) and v € L, imply uyvu, € L(@). )

For, suppose +z S (u1cuz) and v € L. Since the only way ¢ can be introduced into a derivation is by the rule A.(c) «,
we get
Ac(x) k5 S (u1xuz)

by Lemma 2. Since +z S (v) and A.(x) < S.(x) is a rule of G, we obtain ko S (uvuy).
We can easily deduce (L) C L((?) from (9). It suffices to prove that w € o”*(L) implies w € L(@) by induction

onn. If we o%L) = L, then ¢ S(w) and so Fe Sw). If w e o™ (L) = o(¢*(L)), then there are ¢, ...,c; € T and
w1, ..., w; € ¥ such that
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e ¢i...c;€d(L),
o wieL,fori=1,...,1
e W=Wi...wW.

By induction hypothesis, c¢; ...c; € L(@). Thenw =w;...w; € L(@) follows from (9).

It remains to show L(@) C o (L). For this, we prove that +z S (w) implies w € o*(L) by induction on the number
k of times rules of the form A;(x) < S4(x) (d € X) are used in the derivation tree 7 of G for § (w). If k = 0, then 7 is
a derivation tree of G’, and sow € L C o™(L). If k > 0, pick one of the lowest nodes v of T which is derived using a
rule of the form A;(x) « S (x). Then there are strings u;, uy, v such that

e W= Uuvuy,
o I—G’] Sa(v), and

o the part of 7 that remains after deleting all nodes below v determines a derivation tree context v witnessing
Aa(x) kg S (uyxuy).

The derivation tree context v together with the rule A;(d) < forms a derivation tree for +g S (u1du,) containing k — 1
instances of rules of the form A.(x) <« S.(x). By induction hypothesis, u;du, € 0" (L) for some n. Since v € L; and
ceL.forallc € X, ujvuy € o(o(L)) = o™ (L) C o™(L). O

Theorem 14. Foreachk > 2, C, C Zk’l-MCFmep.

Proof. The inclusion C; € 2"’1-MCFmep for each k > 1 is proved by induction on k. For the induction basis, we
have C; = CFL, which clearly equals 1-MCFLy,. Now let k > 1 and L € Cy4y. Then L = L(G, C) for some labeled
distinguished grammar G = (N, X, P, S, f) and some C € &Z(P*) N Cy. For each nonterminal A of G, let C4 and Ly
be as defined by (6) and (7). By induction hypothesis, C € 2¢~!-MCFL,p, and since 2¢~'-MCFL,,, is closed under
intersection with regular sets, each C, belongs to 2¥"!-MCFL,,, as well. By Lemma 12, then, L, € 2*-MCFLyp.
Given the equation (8), Lemma 13 and closure under intersection with regular sets (again) imply L € 2k-MCFmep.
The properness of the inclusion for £ > 2 is again witnessed by the language RESP,:-1, since Palis and Shende’s
[8] theorem (Theorem 5 above) implies that RESPy-1 = {a'a}b(b] . .. ay._ lag”kbgk_ 1bgk | m,n € N} does not belong
to Ct, while RESP41 is generated by the following proper 2¢-!-MCFG:

Sx1yr - X1 yor-1) «— A(xy, ..., Xp-1), BY1, ..., Y1),

Ale, ..., &) «,
A(alxlaz, ey azA,lxzk—lazk) — A(xl, - ,xzkfl),
B(e,...,&) «,

B(blxlbz, ey bzk_IXQk—lbzk) — B(xl, e ,XQkfl).
(Here, A and B are nonterminals of dimension 27! ]

For k = 2, the language { w#w | w € D7} (mentioned in Section 2.1) also witnesses the separation of 2-MCFL o,
from C,, since it is known that every language in C, has a well-nested 2-MCFG. I currently do not see how to settle
the question of whether the inclusion of (U, Cy in |J,, m-MCFLyp, is strict.

6. A Refined Pumping Lemma for Well-Nested MCFGs

The pumping lemma of [5] simply stated that every well-nested m-MCFL L is 2m-iterative, which means that every
sufficiently long string zin L can be written in the form z = uviuava . . . oy Vamtizmr1 SO that upviuaVy ... uop V5, Uomi1 €
L for all n € N. From Theorem 6, we know that for m > 3, we cannot constrain the locations of the substrings
Vi,V2,..., Vv, Within z so that they include at least one of arbitrarily picked positions. Given Theorem 10, a question
that naturally arises is whether the lemma can be augmented with a bound on the combined length of the strings
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Vaiiaiva; (i = 1, ..., m).> This would make a natural generalization of the pumping lemma for context-free languages
as originally stated by Bar-Hillel et al. [9]. Below, we give a proof of such a strengthening of the pumping lemma for
well-nested m-MCFLs.

The proof is a modification of the proof in [5], which proceeded by induction on m. In the modified proof, we need
to work with a statement that is stronger than the theorem we wish to prove, which necessitates a slightly generalized
notion of a (well-nested) m-MCFG. By a non-strict m-MCFG, we mean an MCFG in which

e the initial nonterminal may have an arbitrary dimension, but cannot appear in the right-hand side of a rule, and
o the dimension of every other nonterminal is less than or equal to m.

A non-strict m-MCFG is just an ordinary MCFG except for the choice of the initial nonterminal, so we can con-
tinue to use notions like derivation trees, derivation tree contexts, well-nestedness of rules, etc., with their meanings
unchanged. If G = (N, %, P,§) is a non-strict m-MCFG and the dimension of its initial nonterminal S is [, then its
language is a set of [-tuples of strings defined by L(G) = { (Wi, ..., w) | F¢ S(wy,...,w)) }.

Given a non-strict m-MCFG G, an even m-pump is a derivation tree context v such that

e v contains more than one node,

L4 B(xl’° . -&xm) |_G (2 B(ﬁla- . -9ﬁl71)7 and
e x;occursingB; fori=1,...,m.

We say that a derivation tree 7 of G contains an even m-pump v if 7 = v/[v[7’]] for some derivation tree context v" and
derivation tree 7’. An even m-pump v of G is redundant if B(x,...,Xx,) F¢ U : B(xy,...,x,). Clearly, every tuple
(w1,...,wp) € L(G) has a derivation tree that does not contain any redundant even m-pumps.

A key fact about well-nested MCFGs used by [5] can be generalized to the following lemma, which now applies
to non-strict well-nested MCFGs:

Lemma 15. Let m > 2 and let G be a non-strict well-nested m-MCFG with initial nonterminal of dimension l. There
is a non-strict well-nested (m — 1)-MCFG G such that

L(G) ={(z1,...,2) € L(G) | G has a derivation tree for (z1,...,2;)
containing no even m-pump }.
This can be established by a series of lemmas, exactly like in [5]. The only difference is that in [5], in the last

transformation used to obtain 5 all nonterminals of dimension > m become useless and get eliminated, whereas here,
the initial nonterminal is always retained.

Lemma 16. Let m > 1 and let G be a non-strict well-nested m-MCFG with initial nonterminal of dimension l. There
is a natural number p such that for every (zy,...,z1) € L(G) with |z1...z| = p, there exist an I-tuple of patterns

(Y1, ...,y with variables x, ..., X,, and Strings wi, ..., Wp, V1, V2, ..., Vo, Satisfying the following conditions:
1) @i, z) =1L YDWIVa /XL o Vot Wi Vo [ X
>i1) |viva...voml > 0.
m
(iii) [Vaiiwivail < p.

i=1
V) 1s--HyODYwvy/x1, ..V, WiV [Xm] € L for all n € N.

Proof. The theorem is proved by induction on m.
Induction basis. m = 1. Let G = (N, Z, P, S) be a non-strict well-nested 1-MCFG. There must be numbers n; and
n, such that whenever

S@Br,....01) « Bi(x1),...,Bu(xy) (10)

5Compare Groenink’s [22] notion of k-pumpability, which included a bound on the length of v;.
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is a rule of G, the number of occurrences of terminal symbols in (8y,...,[5;) does not exceed n;, and n < n,. For
every non-initial nonterminal B of G, the set of strings z such that -5 B(z) is a context-free language. By the pumping
lemma for context-free languages [9], for each B, there is a number pp such that whenever ¢ B(z) and |z| > pp, there
are strings uy, ua, u3, vy, vz such that z = uyviuovous, [viva| > 0, [viuavs| < pp, and kg B(uviuovyus) for all n € N. Let

p:n1+n2-max{pB|B€N(l)}.

Now let +¢ S(z1,...,z) and |z; ...z| > p, and suppose that the last step of the derivation of S(z;,...,z) is by a
rule of the form (10). Then there must be yq,...,y, € £* and i € [1, n] such that

FG Bj(yj) forj= 1,...,n,
@520 = Bry e B/ X1, o Ya/ Xn]
il = ps;-

There are Stl'il’lgS up, Uz, U3, Vi, V2 such that Yi = upviuzxvous, |V1V2| > 0, |V]M2V2| < PB;>» and FG Bi(ulv’l’uzvguz) for all
n e N. Let
Y1seoos¥) = Broe PO/ X1 oy Yiet [ Xim1, U1 X1 U3 [ X4, Yivt [Xiv1s - oo, Ya/ Xn]

The tuple (y1,...,y;) and the strings u,, vy, v, satisfy the conditions (i)—(@iv).

Induction step. Assume m > 2 and let G = (N, X, P, S') be a non-strict well-nested m-MCFG. For each nonterminal
AeN™ letGy = (N—{S)U{S4),Z, Pa,S 4), where S 4 is a new initial nonterminal of dimension m and P4 consists
of all rules of P not involving S together with new rules of the form

Sal@i,...,am) < Bi(xi,. ., X1,9)s s Ba(Xn 15 o5 X0g,) a1

such that
Alar,...,ap) < Bi(x11, .., X14)s - Bu(Xn 15 . s Xng,) (12)

is a rule of P. By Lemma 15, there is a non-strict well-nested (m — 1)-MCFG G generating all /-tuples of strings
for which G has a derivation tree containing no even m-pump. Likewise, for each A € N we have a non-strict
well-nested (m — 1)-MCFG G4 generating all m-tuples of strings for which G4 has a derivation tree containing no
even m-pump. By induction hypothesis, these non-strict well-nested (m — 1)-MCFGs satisfy the conditions of the
theorem, with m — 1 in place of m. Let p and 4 (A € N™) be the natural numbers associated with these grammars
by the theorem. Let p = max({p} U {ps | A € N,

Now take an arbitrary tuple (z1,...,z) € L(G) with |z; ...z| > p. We distinguish two cases according to whether
G has a derivation tree for (zj, ..., z;) containing no even m-pump. _

Case 1. G has a derivation tree for (zi,...,z) containing no even m-pump. Then (zi,...,z) belongs to L(G).
Since |zy ...z > p, there are (yy,...,y) and wi, ..., Wy_1,V1, V2, ..., Vom-1) satisfying (1)—(iv) with m — 1 in place of
m. Let w,, = Vo1 = Vo, = & Then the I-tuple (yy,...,Yi-1,YiX,) and the strings wy, ..., Wy, Vi, Va,. .., Vo, satisfy
(D)—(@v).

Case 2. Every derivation tree of G for (zj, . .., z;) contains an even m-pump. Take a derivation tree 7 for (zy, ..., z)

that contains no redundant even m-pump and let v be one of the lowest even m-pumps contained in 7. That is to say,
7 = V'[v[7’]] for some derivation tree context v’ and derivation tree 7’ such that v[7’] contains no even m-pump other
than v. We have

A(xl”“-’xm) |_G Ul : S(’yla-"7yl)a
AX(, ..., %) kg U T AVIX V2, .o Vo1 X Vom)s
bo T i AWy, .., W)
for some nonterminal A € N™, patterns yy, ...,y and strings wiy, ..., Wy, Vi, V2, ..., Va,. Since v is not redundant,

|V1V2 Ce V2m| > 0.
Case 2.1. 3} [vai-iwivail < p. Then the conditions (i)—(iv) are clearly satisfied.
Case 2.2. 31| [vaimiwivail > p. We have
"GA T SA(V1W1V27 FERE) VZm—IWmVZm)v
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where 7" is a derivation tree that is just like v[7’] except that the last rule applied is changed from a rule of the form
(12) to a rule of the form (11). By the choice of v, it is clear that 7"/ contains no even m-pump. Hence

Viw1va, ... Va1 Wi Vam) € L(Ga).
Since )| [vai-1w;vail > Pa, there are patterns 6y, ..., 6y, and strings yi, ..., Ym—1, X1, X2, - . . , X2¢n—1) Such that

VIW1Vva, oo Va1t Wi Vo) = (01, -« -, ) [X1Y1 X2 /X1, - - o, X20m=1)=1Ym=1X2(m-1)/ Xm—-11,
|x1x2 ... Xo(m-1y| > O,
m—1
Z [x2i1yix2il < Pa,
=1
O1y.ens 6m)[x’l’y1x§/x1, ey x’z'(m_l)_lym_lx’z’(m_l)/xm_l] € L(Gy) forall n € N.

By the construction of G4, the last condition implies
FG A(O1, ..., 6m)[x111y1xg/x1, cees xg(m_l)ym—lxg(m_l)/xm—l]s

which in turn implies
FG SV YDIXIYIXG [X15 oo X 1y 1 Ym1 Xy Xm-1],
where
DoY) = 1y YO0/ X1y O X
Letyn = Xom-1 = X2 = &. Then the [-tuple (y], ..., ¥;x,) and the strings yy, . .., Y, X1, X2, . . . , X satisfy ()—(iv). O

Theorem 17. Let L be the language of a well-nested m-MCFG. There is a natural number p such that for every z € L
with |z| > p, there exists Strings uy, Uy, ..., Usm+1, V1, V2, - - - » Vo, Satisfying the following conditions:

(1) 2= UViupVy .. U VomUam+1-
>i1) |viva...voml > 0.

(iff) )" Ivai-1u2v2i] < p.
i=1
(iv) upvjuoVy .. ugp vy, uone1 € L for alln € N.
Since Lemma 15 can be proved for non-strict (not necessarily well-nested) 2-MCFGs, the above theorem also
holds of 2-MCFGs.5

7. Conclusion

We have proved a natural generalization of Ogden’s [6] lemma to what we call proper m-MCFGs. We have shown
that the pumping lemma of [5] can be strengthened to include a bound the combined length of the substrings that can
be simultaneously iterated, but there is no way of adding a further Ogden-like restriction on the positions of these
substrings.

Since C; C 2k’1—MCFmep, Palis and Shende’s [8] theorem (Theorem 5), on the one hand, and Theorem 10 with
m = 2¥1, on the other, both apply to languages in Cy, but they place incomparable requirements on the factorization
Z=UV] ... UpVorlipk, . For k > 2, Theorem 10 does not require vor-1 tpi-1vor-1, to contain < p distinguished positions.
On the other hand, it does not seem easy to derive additional restrictions on v,;_juy;v,; from Palis and Shende’s [8]
proof. From the point of view of MCFGs, the conditions in Theorem 10 are very natural: the substrings that can be
simultaneously iterated should contain only a small number of distinguished positions.

6 A referee pointed out that Theorem 17 was already stated by Sorokin [23] (Theorem 3 of his paper). I find this paper poorly written and difficult
to understand in general, and one of his main results (his Theorem 4) in particular contradicts Theorem 6 of the present paper and therefore is in
error (as acknowledged in [24]). As far as his Theorem 3 is concerned, his proof is based on a grammar transformation similar to that in my 2009
paper [5] but takes advantage of a Chomsky-like normal form for well-nested MCFGs (cf. [25]). I find his proof wanting in rigor and perspicuity,
but the general ideas appear to be correct.
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