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Abstract

We show the diagonal problem for higher-order pushdown automata (HOPDA), and
hence the simultaneous unboundedness problem, is decidable. From recent work by Zet-
zsche this means that we can construct the downward closure of the set of words accepted
by a given HOPDA. This also means we can construct the downward closure of the Parikh
image of a HOPDA. Both of these consequences play an important réle in verifying concur-
rent higher-order programs expressed as HOPDA or safe higher-order recursion schemes.

1 Introduction

Recent work by Zetzsche [A0] has given a new technique for computing the downward closure
of classes of languages. The downward closure |(£) of a language £ is the set of all subwords
of words in £ (e.g. aa is a subword of babab). It is well known that the downward closure is
regular for any language [I9]. However, there are only a few classes of languages for which it
is known how to compute this closure. In general it is not possible to compute the downward
closure since it would easily lead to a solution to the halting problem for Turing machines.

However, once a regular representation of the downward closure has been obtained, it can
be used in all kinds of analysis, since regular languages are well behaved under all kinds of
transformations. For example, consider a system that waits for messages from a complex
environment. This complex environment can be abstracted by the downward closure of the
messages it sends or processes it spawns. This corresponds to a lossy system where some
messages may be ignored (or go missing), or some processes may simply not contribute to the
remainder of the execution. In many settings — e.g. the analysis of safety properties of certain
kinds of systems — unread messages or unscheduled processes do not effect the precision of
the analysis. Since many types of system permit synchronisation with a regular language, this
environment abstraction can often be built into the system being analysed.

Many popular languages such as JavaScript, Python, Ruby, and even C++, include higher-
order features — which are increasingly important given the popularity of event-based programs
and asynchronous programs based on a continuation or callback style of programming. Hence,
the modelling of higher-order function calls is becoming key to analysing modern day programs.

A popular approach to verifying higher-order programs is that of recursion schemes and sev-
eral tools and practical techniques have been developed [23, BR, U6, 24, B0, B, B, 34]. Recursion
schemes have an automaton model in the form of collapsible pushdown automata (CPDA) [IF]
which generalises an order-2 model called 2-PDA with links [] or, equivalently, panic au-
tomata [22]. When these recursion schemes satisfy a syntactical condition called safety, a
restriction of CPDA called higher-order pushdown automata (HOPDA or n-PDA for order-n
HOPDA) is sufficient [29, P1]. HOPDA can be considered an extension of pushdown automata
to a “stack of stacks” structure. It remains open as to whether CPDA are strictly more expres-
sive than nondeterministic HOPDA when generating languages of words. It is known that, at
order 2, nondeterministic HOPDA and CPDA generate the same word languages [1]. However,
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there exists a language generated by a deterministic order-2 CPDA that cannot be generated
by a deterministic HOPDA of any order [31].

It is well known that concurrency and first-order recursion very quickly leads to undecid-
ability (e.g. [B3]). Hence, much recent research has focussed on decidable abstractions and
restrictions (e.g. [T, @, 20, 274, [[3, 37, P8, 00, 06]). Recently, these results have been extended
to concurrent versions of CPDA and recursion schemes (e.g. [B5, 25, 5, B2]). Many approaches
rely on combining representations of the Parikh image of individual automata (e.g. [I3, 7, 08)).
However, combining Parikh images of HOPDA quickly leads to undecidability (e.g. [I'7]). In
many cases, the downward closure of the Parikh image is an adequate abstraction.

Computing downward closures appears to be a hard problem. Recently Zetzsche introduced
a new general technique for classes of automata effectively closed under rational transductions
— also referred to as a full trio. For these automata the downward closure is computable iff the
simultaneous unboundedness problem (SUP) is decidable.

Definition 1.1 (SUP [@0]). Given a language £ C aj ...aY does (L) =af...ak?

[0

Theorem 1.1. [0, Theorem 1] Let C be class of languages that is a full trio. Then downward
closures are computable for C if and only if the SUP is decidable for C.

Zetzsche used this result to obtain the downward closure of languages definable by 2-PDA|
or equivalently, languages definable by indexed grammars [2]. Moreover, for classes of languages
closed under rational transductions, Zetzsche shows that the simultaneous unboundedness prob-
lem is decidable iff the diagonal problem is decidable. The diagonal problem was introduced by
Czerwinski and Martens [[1]. Intuitively, it is a relaxation of the SUP that is insensitive to the
order the characters are output. For a word w, let |w|, be the number of occurrences of a in w.

Definition 1.2 (Diagonal Problem [[1]). Given language L we define
Diagonal,, ., (£)=Vm3w e LV <i<ajwle, >m .

The diagonal problem asks if Diagonal,, ., (L) holds of L.

.....

Corollary 1.1 (Diagonal Problem and Downward Closures). Let C be class of languages that
is a full trio. Then downward closures are computable for C if and only if the diagonal problem
is decidable for C.

Proof. The only-if direction follows from Theorem I since given a language £ C af ...a}, the
diagonal problem is immediately equivalent to the SUP. In the if direction, the result follows
since L satisfies the diagonal problem iff [(£) also satisfies the diagonal problem. Since the
diagonal problem is decidable for regular languages and J(£) is regular, we have the result. O

In this work, we generalise Zetzsche’s result for 2-PDA to the general case of n-PDA. We
show that the diagonal problem is decidable. Since HOPDA are closed under rational transduc-
tions, we obtain decidability of the simultaneous unboundedness problem, and hence a method
for constructing the downward closure of a language defined by a HOPDA.

Corollary 1.2 (Downward Closures). Let P be an n-PDA. The downward closure L(L(P)) is
computable.

Proof. From Theorem B33 (proved in the sequel), we know that the diagonal problem for
HOPDA is decidable. Thus, using Corollary I, we can construct the downward closure of
P. O
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This result provides an abstraction upon which new results may be based. It also has several
immediate consequences:

1. decidability of separability by piecewise testable languages, which follows from from Cz-
erwinski and Martens [[T],

2. decidability of reachability for parameterised concurrent systems of HOPDA communi-
cating asynchronously via a shared global register, from La Torre et al. [36],

3. decidability of finiteness of a language defined by a HOPDA, and
4. computability of the downward closure of the Parikh image of a HOPDA.

We present our decidability proof in two stages. First we show how to decide Diagonal, (P)
for a single character and HOPDA P in Sections B and B. In Sections B, B, and [@ we generalise
our techniques to the full diagonal problem.

In Section B we give an outline of the proof techniques for deciding Diagonal,(P). In
short, the outermost stacks of an n-PDA are created and destroyed using push,, and pop,,
operations. These push, and pop,, operations along a run of an n-PDA are “well-bracketed”
(each push,, has a matching pop,, and these matchings don’t overlap). The essence of the idea
is to take a standard tree decomposition of these well-bracketed runs and observe that each
branch of such a tree can be executed by an (n — 1)-PDA. We augment this (n — 1)-PDA with
“regular tests” that allow it to know if, each time a branch is chosen, the alternative branch
could have output some a characters. If this is true, then the (n — 1)-PDA outputs a single
a to account for these missed characters. We prove that, although the (n — 1)-PDA outputs
far fewer characters, it can still output an unbounded number iff the n-PDA could. Hence, by
repeating this reduction, we obtain a 1-PDA, for which the diagonal problem is decidable since
it is known how to compute their downward closures [39, d].

In Section G we outline the generalisation of the proof to the full problem Diagonal,,, . (P).
The key difficulty is that it is no longer enough for the (n — 1)-PDA to follow only a single branch
of the tree decomposition: it may need up to one branch for each of the ay,...,a,. Hence, we
define HOPDA that can output trees with a bounded number («) of branches. We then show
that our reduction can generalise to HOPDA outputting trees (relying essentially on the fact
that the number of branches is bounded).

2 Preliminaries

2.1 Downward Closures

Given two words w = 71 ...7, € X* and w’ = 01...0; € X* for some alphabet ¥, we write
w < w' iff there exist i1 < ... < iy, such that for all 1 < j < m we have v; = oi;- Given a set
of words £ C ¥*, we denote its downward closure [(£) = {w | w <w' € L}.

2.2 Trees

A Y-labelled finite tree is a tuple T = (D, \) where ¥ is a set of node labels, and D C N* is
a finite set of nodes that is prefix-closed, that is, nd € D impliesn € D,and A : D — Y is a
function labelling the nodes of the tree.

We write € to denote the root of a tree (the empty sequence). We also write

a[Tla s 7Tm]
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to denote the tree whose root node is labelled a and has children 77, ..., T,,. That is, we define
a[Ty,...,Ty]) = (D', N') when for each § we have T5 = (Ds, As) and D' = {én | n € Ds } U {e}
and

oy Ja n=e¢
Mn)_{&s(n’) n=2om "

Also, let T[a] denote the tree ({€},A) where A(e) = a. A branch in T = (D, \) is a sequence
of nodes of T', 11 - - - ny,, such that 1 =€, n, =61 d2- - dp—1 is maximal in D, and 141 = n; d;
foreach1 <j<n-—1.

2.3 HOPDA

HOPDA are a generalisation of pushdown systems to a stack-of-stacks structure. An order-n
stack is a stack of order-(n — 1) stacks. An order-n push operation pushes a new order-(n — 1)
stack onto the stack that is a copy of the existing topmost order-(n—1) stack. Rewrite operations
update the character that is at the top of the topmost stacks.

Definition 2.1 (Order-n Stacks). The set of order-n stacks SL over a given stack alphabet T
is defined inductively as follows.

St =T
S,EH = {[81---Sm}k+1 }Vi.siéS,lg}.

Stacks are written with the top part of the stack to the left. We define several operations.

topg([s1---Sml) = s1

topg([s1---5ml),) = topg(si) n>k
rewy([v1---vmli) = [Yr2-mly

rew, ([s1...5m],) = [rew,(s1)s2...8m], n>1
pushy([s1...5m],) = [5151...5m
pushy([s1...5m),) = [pushi(s1)s2,...,sm], n>k
pop,([s1..-8ml) = [s2...5m]y

pop([s1...8m],) = [popr(s1)S2,...,8m], n>k

and set
Ops,, = {rew, |y €T} U {pushy,pop, |1 <k<n}

to be the set of order-n stack operations.
For example

pushy ([[v oly],) = [y ol [valil,
rew, ([[v o], [v ]1], [[o o], [yalil, -

Definition 2.2 (HOPDA or n-PDA). An order-n higher order pushdown automaton (HOPDA
or n-PDA) is given by a tuple (P, %, T, R, F,Pin,Vin) where P is a finite set of control states,
Y is a finite output alphabet (that contains the empty word character €), T' is a finite stack
alphabet, R C P xI' x ¥ x Ops,, x P is a set of transition rules, F is a set of accepting control
states, pin € P is the initial control state, and i, € I is the initial stack character.

4
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We write (p,7) = (p/,0) for a rule (p,v,a,0,p') € R.

A configuration of an n-PDA is a tuple (p,s) where p € P and s is an order-n stack over
I'. We have a transition (p,s) = (p/,s’) whenever we have (p,v) % (p/,0), top;(s) = v, and
s =o(s).

A run over a word w € ¥* is a sequence of configurations cg &, ... 2my ¢, such that
the word ay ...ay, is w. It is an accepting run if ¢co = (Pin, [Vin],,) — Where we write [v],, for
[--[7]y - -], — and where ¢, = (p, s) with p € F. Furthermore, for a set of configurations C,
we define

Prep(C)

to be the set of configurations c¢ such that there is a run over some word from c to ¢/ € C. When
C' is defined as the language of some automaton A accepting configurations, we abuse notation
and write Prep(A) instead of Prep(L£(A)).

For convenience, we sometimes allow a set of characters to be output instead of only one.
This is to be interpreted as outputing each of the characters in the set once (in some arbitrary
order). We also allow sequences of operations o01;. . . ; 0, in the rules instead of single operations.
When using sequences we allow a test operation «? that only allows the sequence to proceed
if the top; character of the stack is . All of these extensions can be encoded by introducing
intermediate control states.

2.3.1 Regular Sets of Stacks

We will need to represent sets of stacks. To do this we will use automata to recognise stacks.
We define the stack automaton model of Broadbent et al. [R] restricted to HOPDA rather
than CPDA. We will sometimes call these bottom-up stack automata or simply automata. The
automata operate over stacks interpreted as words, hence the opening and closing braces of the
stacks appear as part of the input. We annotate these braces with the order of the stack the
braces belong to. Let I'y = {[,—1,...,[1,]1,--+,]n—1} & T. Note, we don’t include [,], since
these appear exclusively at the start and end of the stack.

Definition 2.3 (Bottom-up Stack Automata). A tuple A is a bottom-up stack automaton when
A is (9,1, G, Qr, A) where Q is a finite set of states, T' is a finite input alphabet, g, € Q is
the initial state and A : (Q x T') = Q is a deterministic transition function.

Representing higher order stacks as a linear word graph, where the start of an order-k stack
is an edge labelled [, and the end of an order-k stack is an edge labelled |, a run of a bottom-up
stack automaton is a labelling of the nodes of the graph with states in Q such that

1. the rightmost (final) node is labelled by ¢;,, and

2. whenever we have for any v € I'j, and pair of labelled nodes with an edge ¢ 2y ¢ then
q=A(¢,7).

The run is accepting if the leftmost (initial) node is labelled by ¢ € Q. An example run over
the word graph representation of [[[y o], [0],], [[0];],], is given in Figure 0.

Let L(A) be the set of stacks with accepting runs of A. Sometimes, for convenience, if we
have a configuration ¢ = (p, s) of a HOPDA, we will write ¢ € £(A) when s € L(A).
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[2 [1 v o T e S N N
qf — 13 — 12 — 911 — 1o — 49 — 48 — q7 — 46 — 5 — 44 — 43 — G2 — 41 — (in

Figure 1: A run over [[[y o], [o],], [[0]],],

3 The Single Character Case

We assume ¥ = {a,e} and use b to range over X. This can be obtained by simply replacing

all other characters with e. We also assume that all rules of the form (p,~) KN (p',0) with
o = push,, or o = pop,, have b = €. We can enforce this using intermediate control states to
first apply o in one step, and then in another output b (the stack operation on the second step
will be rew, where v is the current top character). We start with an outline of the proof, and
then explain each step in detail.

For convenience, we assume acceptance is by reaching a unique control state in F with an
empty stack (i.e. the lowermost stack was removed with a pop, and F = {ps}). This can
easily be obtained by adding a rule to a new accepting state whenever we have a rule leading
to a control state in F. From this new state we can loop and perform pop,, operations until
the stack is empty.

3.1 Outline of Proof

The approach is to take an n-PDA P and produce an (n — 1)-PDA P_; that satisfies the
diagonal problem iff P does. The idea behind this reduction is that an (accepting) run of P can
be decomposed into a tree with out-degree at most 2: each push, has a matching pop,, that
brings the stack back to be the same as it was before the push,,; we cut the run at the pop,, and
hang the tail next to the push,, and repeat this to form a tree from a run. This is illustrated in
Figure B where nodes are labelled by their configurations, and the push,, and pop,, points are
marked. The dotted arcs connect nodes matched by their pushes and pops — these nodes have
the same stacks. Notice that at each branching point, the left and right subtrees start with
the same order-(n — 1) stacks on top. Notice also that for each branch, none of its transitions
remove the topmost order-(n — 1) stack. Hence, we can produce an (n — 1)-PDA that picks
a branch of this tree decomposition to execute and only needs to keep track of the topmost
order-(n — 1) stack of the n-PDA. When picking a branch to execute, the (n — 1)-PDA outputs
a single a if the branch not chosen could have output some a characters. We prove that this is
enough to maintain unboundedness.
In more detail, we perform the following steps.

1. Instrument P to record whether an a character has been output. Then, using known
reachability results, obtain regular sets of configurations from which the current top,, stack
can be popped, and moreover, we can know whether an a is output on the way. These
tests can be seen as a generalisation of pushdown systems with regular tests introduced
by Esparza et al. [12].

2. From an n-PDA P, we define an (n — 1)-PDA with tests P_; and then an (n — 1)-PDA
P’ such that
Diagonal, (P) <= Diagonal,(P') .

The tests will be used to check the branches of the tree decomposition not explored by
P_q.



Unboundedness of HOPDA M. Hague J. Kochems C.-H. L. Ong

<P1,[51]n> <P1,[51]n>

<P2, [32]n> <p2, [52]n>

push,,

(p3, [s2 s2],,) (p3, [s2 s2],,) (ps; [s2],,)

(P, [s3 s2],,) (pa, [s3 s2],,) (po; [35],,)

push,,

(P, [s3 83 52],,) (ps, [s3 53 82],,) (p7,[s3 82],,)

<p6, [84 S3 52]n> <p67 [84 S3 82},1)
pop,,
(o fis 2],)
popy,

(ps, [52],,)

(P9, [s5],,)

(a) a run of P with push,s and pop,s
marked.

(b) The tree decomposition of the run

Figure 2: Tree decompositions of runs.

3. By repeated applications of the above reduction, we obtain an 1-PDA P for which
Diagonal, (P) is decidable since the downward closure of a context-free grammar (equiv-
alent to 1-PDA) is computable [39, 8] and this is equivalent to the diagonal problem.

The (n — 1)-PDA with tests P_; will simulate the n-PDA P in the following way.
e All operations except for push,, and pop,, will be simulated directly.

e In lieu of performing a push,,, P_; will choose to simulate the run of P between the push
and its corresponding pop,,, or the run of P after the corresponding pop,, has taken place.

— Tests will be used to determine which control state could appear after the corre-
sponding pop,,.
— If the part of the run not being simulated output some as, then P will output a

single a in place of the omitted as.

Although P_; will output far fewer a characters than P (since it does not execute the full run),
we show that it still outputs enough as for the language to remain unbounded.
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We thus have the following theorem.

Theorem 3.1 (Decidability of the Diagonal Problem). Given an n-PDA P and output char-
acter a, whether Diagonal,(P) holds is decidable.

Proof. We construct via LemmaB2 an (n — 1)-PDA P’ such that Diagonal,, (P) iff Diagonal, (P’).
We repeat this step until we have a 1-PDA. It is known that Diagonal,(P) for an 1-PDA is
decidable since it is possible to compute the downward closure [39, @]. O

3.2 HOPDA with Tests

When executing a branch of the tree decomposition, to be able to ensure the branch is correct
and whether we should output an extra a we need to know how the system could have behaved
on the skipped branch. To do this we add tests to the HOPDA that allow it to know if
the current stack belongs to a given regular set. We show in the following sections that the
properties required for our reduction can be represented as regular sets of stacks. Although we
take Broadbent et al.’s logical reflection as the basis of our proof, HOPDA with tests can be
seen as a generalisation of pushdown systems with regular valuations due to Esparza et al. [12].

Definition 3.1 (n-PDA with Tests). Given a sequence of automata Ai,..., A, recognising
reqular sets of stacks, an n-PDA with tests is a tuple P = (P,3,T',R,F,Din,Yin) where
P,2, L, F,pin, and vyin are as in HOPDA, and

RCPxI'x{A4,...,4,} x X x Ops, xP
is a set of transition rules.

We write (p,~, 4;) KN (p',0) for (p,7, Ai,b,0,p") € R. We have a transition (p, s) KN (', s
whenever (p,, A;) LN (p',0) € R and top,(s) =7, s € L(A;), and s’ = o(s).

We know from Broadbent et al. that these tests do not add any extra power to HOPDA.
Intuitively, we can embed runs of the automata into the stack during runs of the HOPDA.

Theorem 3.2 (Removing Tests). [8, Theorem 3 (adapted)] For every n-PDA with tests P, we
can compute an n-PDA P’ with L(P) = L(P’).

Proof. This is a straightforward adaptation of Broadbent et al. [B]. A more general theorem is
proved in Theorem Bl. O

3.2.1 Marking Outputs

When the HOPDA is in a configuration of the form (p, [s],,) — i.e. the outermost stack contains
only a single order-(n — 1) stack — we require the HOPDA to be able to know whether,

o for a given p; and py, there is a run from (py, [s],,) to (p2, [],,) (that is, the HOPDA empties
the stack), and

e whether, during the run, an a is output.

Given P, we first augment P to record whether an a has been produced. This can be done
simply by recording in the control state whether a has been output.
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Definition 3.2 (P,). Given P = (P, X, T, R, F, Pin, Yin) we define

Pa = (PUPmEaF,RURa7FUFa7pina7in)

where
P = {pa |p€73}
Ro = {0e) 2 @o) | 0.1 5 #0) eR} U
(0.7) % Wh0) | (07) % (@0) €R |
Fo = {pa lpEF}

It is easy to see that P and P, accept the same languages, and that P, is only in a control
state p, if an a has been output.

3.2.2 Building the Automata

Fix some P = (P, X, T, R, F) and P, = (P4, %, Ry, F,). To obtain a HOPDA with tests, we
need, for each p,ps € P the following automata. Note, we define these automata to accept
order-(n — 1) stacks since they will be used in an (n — 1)-PDA with tests.

1. A, p, accepting all stacks s such that there is a run of P from (pi, [s],,) to (p2,[],,),

2. Ag ., accepting all stacks s such that there is a run of P from (py,[s],,) to (pz,[],) that

outputs at least one a.

To do this we will use a reachability result due to Broadbent et al. that appeared in ICALP
2012 [[@]. This result uses an automata representation of sets of configurations. However, these
automata are slightly different in that they read full configurations “top down”, whereas the
automata of Theorem B2 (Removing Tests) read only stacks “bottom up”.

It is known that these two representations are effectively equivalent, and that both form an
effective boolean algebra [, [d]. In particular, for a top-down automaton A and a control state
p we can build a bottom-up stack automaton B such that (p,s) € L(A) iff s € L(B) and vice
versa. We recall the reachability result.

Theorem 3.3. [, Theorem 1 (specialised)] Given an HOPDA P and a top-down automaton
A, we can construct an automaton A’ accepting Prep(A).

Let A, be a top-down automaton accepting configurations of the form (p,[s],) where
top; (s) = 7. Next, let
Ap = U Ap
(»',7) = (p,pop, )ER
and
Ag = U Ay
(» %)= (p,pop, )ER
Le. Ap and Aj accept configurations of P, from which it is possible to perform a pop,, operation

to p and reach the empty stack.

Definition 3.3 (A,, ,, and A;um)' Using the preceding notation, given p; and py we define
bottom-up automata

hd APLZDQ where ‘C(Apl,PQ) = {3 | <p17 [S]n> € PTe*P(AZm)} :
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o Al where E(A“ ) = {S | (p1,[s],,) € Prep, (AZQ)} :

P1,p2 P1,P2

It is easy to see both A, », and A7 are regular and representable by bottom-up automata
since both
Prep(Ap,) and  Prep (A2))

are regular from Theorem BZ3, and bottom-up and top-down automata are effectively equivalent.
To enforce only stacks of the form [s], we intersect with an automaton A; accepting all stacks
containing a single order-(n — 1) stack (this is clearly regular).

3.3 Reduction to Lower Orders

We are now ready to complete the reduction. Correctness is shown in Section B. Let Ay be the
automaton accepting all stacks. In the following definition, a control state (p1, p2) means that
we are currently in control state p; and are aiming to empty the stack on reaching ps, and the
rules Ram simulate all operations apart from push,, and pop,, directly, Ra, detect when the
run is accepting, Rpush follow the push branch of the tree decomposition, using tests to ensure
the existence of the pop branch, and Ry, follow the pop branch of the tree decomposition,
also using tests to check the existence of the push branch.

Definition 3.4 (P_1). Given an n-PDA P described by the tuple (P,X,I,R,{ps},Pin, Vin)

as well as families of automata (Ap, p,), ,,cp and (Aghpz)pl)p2€7J we define an (n — 1)-PDA
with tests
P = (7)—1’ YT, R4, Foa, (pinapf) ”Yin)
where
-1 = A{(p1,p2) [p1,p2 € PYE{S}
R_1 = RemVU Rﬁn U Rpush U Rpop
Foao= {f}

and we define

® Rim is the set containing all rules of the form

((p1,92), 7, Ace) = (P}, p2), 0)
for all (p1,7) LN (p},0) € R with o ¢ {push,,, pop,,} and ps € P, and
® Rgy, is the set containing all rules of the form
((p1,p2), 7, Ase) = (f, rewy)

fOT all (pla’}/) i (p27p0pn) € R) and

® Rpush is the smallest set of rules containing all rules of the form
((P1:p2),7, Ap,ps) = (1, p); rews)
for all (p1,7) = (p', push,)) € R and p,ps € P, and all rules of the form
((pl,pz),%AZ,pz) = ((p’l,p),rewv)

for all (p1,7) = (p}, push,) € R and p,ps € P, and

10
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® Ryop s the set containing all rules of the form

((p1,22), 7, Apy p) = (P, p2), rew,)

for all (p1,7) = (p, push,) € R and p,ps € P and all rules of the form
((p17p2>7 v A;/vp) i> ((p7p2)7 rewv)

for all (p1,7) = (p', push,) € R and p,ps € P.
In the next section, we show the reduction is correct.

Lemma 3.1 (Correctness of P_y).
Diagonal,(P) < Diagonal,(P-1)
To complete the reduction, we convert the HOPDA with tests into a HOPDA without tests.

Lemma 3.2 (Reduction to Lower Orders). For every n-PDA P we can construct an (n — 1)-
PDA P’ such that
Diagonal,(P) <= Diagonal,(P’) .

Proof. From Definition B4 (P_;) and Lemma B (Correctness of P_;), we obtain from P an
(n — 1)-PDA with tests P_; satisfying the conditions of the lemma. To complete the proof, we
invoke Theorem B2 (Removing Tests) to find P’ as required. O

4 Correctness of Reduction

This section is dedicated to the proof of Lemma B (Correctness of P_q).

The idea of the proof is that each run of P can be decomposed into a tree: each push,
operation creates a node whose left child is the run up to the matching pop,,, and whose right
child is the run after the matching pop,,. All other operations create a node with a single child
which is the successor configuration.

Each branch of such a tree corresponds to a run of P_;. To prove that P_; can output
an unbounded number of as we prove that any tree containing m edges outputting a must
have a branch along which P_; would output log(m) a characters. Thus, if P can output an
unbounded number of a characters, so can P_;.

4.1 Tree Decomposition of Runs

Given a run
b1 ba bm
P =Co > C1 > > Cm

of P where each push,, operation has a matching pop,,, we can construct a tree representation
of p inductively. That is, we define Tree(c) = T'[¢] for the single-configuration run ¢, and, when

by
p=c—=p
where the first rule applied does not contain a push,, operation, we have

Tree(p) = b[Tree(p’)]

11
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and, when
p==Co = P1 = P2

with ¢; being the first configuration of ps and where the first rule applied in p contains a push,,
operation, ¢y = (p, s) and ¢; = (p/, s) for some p, p’, s and there is no configuration in p; of the
form (p”, s), then

Tree(p) = e[Tree(p1), Tree(pz)] -

An accepting run of P has the form p = ¢ where p has the property that all push,, operations
have a matching pop,, and the final transition is a pop,, operation to ¢ = (p, [],,) for some p € F.
Hence, we define the tree decomposition of an accepting run to be

Tree (p 5 c) = ¢[Tree(p), Te]] -

4.2 Scoring Trees

In the above tree decomposition of runs, the tree branches at each instance of a push,, operation.
This mimics the behaviour of P_1, which performs such branching non-deterministically. Hence,
given a run p of P, each branch of Tree(p) corresponds to a run of P_;.

We formalise this intuition in the following section. In this section, we assign scores to each
subtree T of Tree(p). These scores correspond directly to the largest number of a characters
that P_; can output while simulating a branch of T'.

Note, in the following definition, we exploit the fact that only nodes with exactly one child
may have a label other than €. We also give a general definition applicable to trees with
out-degree larger than 2. This is needed in the simultaneous unboundedness section. For the
moment, we only have trees with out-degree at most 2.

Let

1 b=a

1 m>0

b_{o b=c m_{o m=0

Then,
0
Score(Ty) + b

T =Tle]
T = b[T1]

Score(T) =
max <Score(Ti) +> Score(Tj)> T=c¢e[Ty,...,Tn]

1<i<m J#i
We then have the following lemma for trees with out-degree 2.

Lemma 4.1 (Minimum Scores). Given a tree T containing m nodes labelled a, we have
Score(T) > log(m)

Proof. The proof is by induction over m. In the base case m = 1 and there is a single node 7
in T labelled a. By definition, the subtree T" rooted at 1 has Score(7”) = 1. Since the score of
a tree is bounded from below by the score of any of its subtrees, we have Score(T) > log(1) as
required.

Now, assume m > 1. Find the smallest subtree T” of T containing m nodes labelled a. We
necessarily have either

1. T' = a[Th], or

12



Unboundedness of HOPDA M. Hague J. Kochems C.-H. L. Ong

2. T" = ¢[Ty, T3] where T7 and T3 each have at least one node each labelled a.

In case (M) we have by induction
Score(T") = 1+ log(m — 1) > log(m)

In case (B) we have

Score(T") = max( Score(Ty) + Score(T5), > .

Score(T5) 4 Score(11)

We pick whichever of T} and T5 has the most nodes labelled a. This tree has at least [m/2]
nodes labelled a. Note, since both trees contain nodes labelled a, the right-hand side of the
addition is always 1. Hence, we need to show

log([m/2]) + 1 > log(m)

which follows from

log(m) — log(m/2]) = log ( 2%
<

log(m—) zilog(Q) =1.

/3
By our choice of T" we thus have Score(T") = Score(T") > log(m) as required. O

4.3 From Branches to Runs

Lemma 4.2 (Scores to Runs). Given an accepting run p of P, if Score(Tree(p)) = m then
a™ € E(P,l)

Proof. Let py be the final (accepting) control state of P and let T' = Tree(p). We begin at the
root node of T, which corresponds to the initial configuration of p. Let (p,[s],) be this initial
configuration and let ((p,py),s) be the initial configuration of P_;.

Thus, assume we have a node 1 of T, with a corresponding configuration ¢ = (p,s) of P
and configuration c_1 = {((p, Ppop), top,,(s)) of P_y and a run p_; of P_; ending in c_; and
outputting (m — Score(T")) a characters where T is the subtree of T rooted at 7. The subtree
T’ corresponds to a sub-run p’ of p where the transition immediately following p’ is a pop,,
transition to a control state ppop.

There are two cases when we are dealing with internal nodes.

o T’ =b[Ty].

In this case there is a transition ¢ % ¢ via a rule (p,7y) LN (p', 0) where o ¢ {push,,, pop,, }.
Hence, we have the rule ((p, ppop),7, Att) LN ((p', Ppop),0) in P_q and thus we can ex-

. . b . . o
tend p_; with a transition ¢y — ¢’_; via this rule where p_1, ¢’ and ¢/_; maintain the
assumptions above.

o T/ = €[T17T2}.

In this case we have that 7" corresponds to a sub-run

13
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of p. The transition from ¢ to the beginning of p; is via arule r; = (p,7) = (p1, push,,) and
the transition from the end of p; to the start of py is via a rule ro = (pa,v1) = (3, pop,, ).
Moreover, from the definition of the decomposition, the final configuration in ps is followed
in p by a pop rule 73 = (ps,72) — (Ppops POD,, )-

There are two further cases depending on whether the score of T’ is derived from the
score of T; or T5.

— In the case of T7, then, first observe that ps followed by an application of r3 is a run
from (ps, s) to (Ppop, POP,($)) where the stack pop,,(s) does not appear in ps. Thus,
there is a run of P from (ps, [top,,(s)],,) to (Ppop; [I,,) and moreover, this run outputs
an a whenever the original run does. Hence, there is also a corresponding run of P
from which outputs an a whenever the original run does.

P3,Ppop

If an a is output, we have c_; € E(A“ ) and Score(T”) —Score(T7) = 1. We can
extend p via an application of the rule ((p,ppop), ~, Ag&ppop) % ((p1,p3), rew.,) that

exists in P_q since c_1 € L(Ags,ppop). This transition maintains the property on the

stacks since the push,, copies the topmost stack, hence P_; does not need to change
its stack. It maintains the property on the scores since it outputs a, accounting for
the part of the score contributed by 75. Finally, the condition on control states is
satisfied since the second component is set to ps.

If an @ is not output, then the case is similar to the above, except T5 does not
contribute to the score, we have c_; € L(Ap,p,.,), and the transition of P_y is
labelled € instead of a.

— The case of T3 is almost symmetric to T7. Observe that p; followed by an application
of ro is a run from (p1, push,,(s)) to (ps, s) where the stack s does not appear in p;.
Thus, there is a run of P from (pi, [top,(s)],,) to (p3,[],,) and moreover, this run
outputs an a whenever the original run does. Hence, there is also a corresponding
run of P from which outputs an a whenever the original run does.

If an a is output, we have c_; € L(A% ) and Score(T”) — Score(Th) = 1. We can

extend p via an application of the rule ((p,ppop), ~, Agl,pg) % (P35 Ppop ) rew,) that
exists in P_; since c_; € E(Ag 1Jgs) This transition maintains the property on the
stacks since the stack after the pop,, is identical to the stack before the push,,, hence
P_1 does not need to change its stack. It maintains the property on the scores since
it outputs a, accounting for the part of the score contributed by 7j. Finally, the
condition on control states is satisfied since the second component is unchanged.

If an a is not output, then the case is similar to the above, except T; does not
contribute to the score, we have c_y € L(A,, p,) and the transition of P_; is labelled
¢ instead of a.

Finally, we reach a leaf node n with a run outputting the required number of as. We need
to show that the run constructed is accepting. Let 7’ be the first ancestor of 1 that contains 7
in its leftmost subtree. Let T” be the subtree rooted at n’. This tree corresponds to a sub-run
o' of p that is followed immediately by a pop,, rule (p,v) = (Ppops POP,, ). Moreover, we have

((p, Ppop); ¥, Aet) 5 (f. rew,) with which we can complete the run of P_; as required. O

14
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4.4 The Other Direction

Finally, we need to show that each accepting run of P_; gives rise to an accepting run of P
containing at least as many as.

Lemma 4.3 (P_; to P). We have Diagonal,(P-1) implies Diagonal,(P).

Proof. Let py be the unique accepting conrol state of P. Take an accepting run p_; of P_;.
We show that there exists a corresponding run p of P outputting at least as many as.
Let . . .
o= = e — ([, 8)
for some s be the accepting run of P_;. We define inductively for each 0 < ¢ < m a pair of runs
pt, pb of P such that

1. p4 ends in a configuration (py,[],,) (i.e. is accepting), and

2. if ¢; = ((p, Ppop), ) then
(a) the final configuration of p! is (p, [ss1...s],), for some si,...,s;, and

(b) the first configuration of pj is (ppop, [s1- .. s1],,), and

3. the sum of the number of a characters output by p¢ and p% is at least the number of a

b b;
characters output by cg = - -+ = ¢;.

Initially we have ¢y = {(pin,ps),s) and s = [yin],,_;. We define p? = (pin, [s],,) and pJ =
(pf[],,) which immediately satisfy the required conditions.

Assume we have p} and p}, as required. We show how to obtam pittand pitt.

There are sev-

eral cases depending on the rule used on the transition ¢; —> ci+1- Let ¢; = ((p, Ppop), 5), the
final configuration of p! be (p, [ss1 ... s],) and the first configuration of p} be (Ppop, [s1 - - - sil,,)

o If the rule was ((p, Ppop), Y, Att) LN ((p', ppop), 0) with o ¢ push,, pop,, then we have

i+1

(p, 7) (p';0) € R and we define pi"" to be pt extended by an application of this rule.

We also define ph™ = pb.

The required conditions are 1nher1ted from p} and p4 since o only changes the top,, stack,
the final configuration of p4"" is the same as pj, ppop is not changed, and the rule of P
outputs an a iff the rule of P_; does.

€

e If the rule was ((p,ppop),’y,Ap;op,ppop) — ((p’,pgop),rewv) then we have a rule r =

(p,v) = (p/,push,) € R. Moreover, from the test Apr . ppop We know there is a run of P
from (p;mp, [s],,) to (Ppop, [],,) and hence there is also a run p from (pj,,, [s51-..51],,) to
(Ppops [51 - - - 81],,)- We set pbt! = ppb and pi™' to be p} extended by an application of r.

Since the final configuration of pitt is (p/, [sssy ... sl]n> it is easy to check the required

correspondence with the first configuration (p,,,, [ss1...s1,,) of Pt

The remaining conditions are immediate since no a is output and the final configuration
of 5™ is the same as pb.

e The case of ((p,ppop),'y7 AZ{mp,ppoP) N ((p/,p;op)vrewv) is almost identical to the previ-

ous case. To adapt the proof, one needs only observe that since ¢; € E( ) the

ppop’ppol)
run p used to extend ph also outputs at least one a character.
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/6\
aq a2
al as
3 e

Figure 3: An example showing that following a single branch does not work for simultaneous
unboundedness.

e If the rule was ((p, Ppop)s Vs Aprps) — ((P2,Ppop),reW,) then there is also a rule r =

(p,7) = (p1,push,) € R and from the test A,, ,, we know there is a run of P from
(p1,[s],,) to (p2,[],,) and therefore there is also a run p that goes from (p1, [sss1...s],,)
to (p2, [ss1...51),). We set pi™ to be p} extended with an application of 7 and then the
run p. We also set pé"’l = ph.
To verify that the properties hold, we observe that c;y1 = ((p2,Ppop), 5), and Pttt ends
with (pa, [ss1...s;],) and p5™* still begins with (ppop, [s1---s1],) and has the required
final configuration. The property on the number of as holds since the rule of P_; did not
output an a.

e The case of ((p,ppop), s A%, 1,) — (P2, Ppop),rews) is almost identical to the previous
case. To adapt the proof, one needs only observe that since ¢; € E(A;hm) the run p used
to extend p¢ also outputs at least one a character.

Finally, when we reach ¢ = m we have from the final transition of the run of P_; that there is
a rule (p,7) = (Ppops POP,). We combine pT* and p5* with this pop transition, resulting in an
accepting run of P that outputs at least as many a characters as the run of P_;. O

5 Multiple Characters

We generalise the previous result to the full diagonal problem. Naively, the previous approach
cannot work. Consider the HOPDA executing

push?"; push,,; pop7"; pop,,; pop?"

where the first sequence of pop; operations output a; and the second sequence output as.

The corresponding run trees are of the form given in Figure B. In particular, P_; can only
choose one branch, hence all runs of P_; produce a bounded number of a;s or a bounded
number of ass. They cannot be simultaneously unbounded.

For P_1 to be able to output both an unbounded number of a; and as characters, it must be
able to output two branches of the tree. To this end, we define a notion of a-branch HOPDA,
which output trees with up to o branches. We then show that the reduction from n-PDA to
(n —1)-PDA can be generalised to a-branch HOPDA.
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5.1 Branching HOPDA

We define n-PDA outputting trees with at most « branches, denoted (n,a)-PDA. Note, an
n-PDA that outputs a word is an (n,1)-PDA. Indeed, any (n,«)-PDA is also an (n,a’)-PDA
whenever a < o'.

Definition 5.1 ((n,«)-PDA). We define an order-n a-branch pushdown automaton ((n, a)-
PDA) to be given by a tuple P = (P, X, I', R, F, Din, Yin, ) where P, X, I, F, pin, and vin are
as in HOPDA. The set of rules R C  |J P xT x X x Ops,, x P™ together with a mapping

1<m<a

0:P —{1,...,a} such that for all (p,v,b,0,p1,...,pm) € R we have 8(p) > O(p1)+- - -+6(pm).

We use the notation (p,~) KN (p1,-..,Pm,0) to denote a rule (p,7,b,0,p1,...,pm) € R.
Intuitively, such a rule generates a node of a tree with m children. The purpose of the mapping
6 is to bound the number of branches that this tree may have. Hence, at each branching rule,
the quota of branches is split between the different subtrees. The existence of such a mapping
implies this information is implicit in the control states and an (n,a)-PDA can only output
trees with at most « branches.

From the initial configuration co = (pin, [¥in],,) @ run of an (n, «)-PDA is a tree T' = (D, \)
whose nodes are labelled with n-PDA configurations, and generates an output tree 7/ = (D, \)
whose nodes are labelled with symbols from the output alphabet. Precisely

e \(e) = ¢p, and

e for anode n with children 7y, ..., n, and A(n) = (p, s) there is arule (p,7) KN (p1,y- - Pm,0)
such that for all 1 < ¢ < m we have A(n;) = (p;, s') where top,(s) =7, s’ = o(s). Moreover
we have X' (n) = b.

e For all leaf nodes 1 we have X' (n) = e.

The run is accepting if for all leaf nodes n we have A(n) = (p,[],,) and p € F. Let L(P) be the
set of output trees of P.

Given an output tree T' we write |T|, to denote the number of nodes labelled a in T'. For
an (n,a)-PDA P, we define

Diagonal, , (P)=
Ym.3T € L(P)V1 <i < a.|T|,, >m.

6 Reduction For Simultaneous Unboundedness

Given an (n,a)-PDA P we construct an (n — 1, a)-PDA P_; such that

Diagonal, , (P) <= Diagonal,, , (P-1).

7“04

Moreover, we show Diagonal,, . (P) is decidable for a (0,)-PDA (i.e. a regular automaton

outputting an a-branch tree) P.

For simplicity, we assume for all rules (p,~) KN (P1s-.-sPm,0) if m > 1 then o = rew, (i.e.
the stack is unchanged). Additionally we have b = e.

We also make analogous assumptions to the single character case. That is, we assume
Y ={ai,...,aq,¢} and use b to range over 3. Moreover, all rules of the form (p,~) LN (v, 0)
with o = push,, or o = pop,, have b = €. Finally, we assume acceptance is by reaching a unique
control state in F with an empty stack.
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6.1 Some Intuition

We briefly sketch the intuition behind the algorithm. We illustrate the reduction from (n, a)-
PDA to (n — 1, «)-PDA in Figure .

e We begin with an n-PDA which we first interpret as an (n,«)-PDA. This is possible
because an (n,«)-PDA can produce at most « branches. Thus, an n-PDA — which
produces a single branch — is also a (n,«)-PDA. We work with HOPDA producing «
branches because, after each reduction step, we will need to output one branch for each
character in aq,...,a,.

e We have an (n,a)-PDA P that outputs a tree with at most « branches. In Figure @
we show part of a run tree with 2 branches. The push,, and pop,, operations are shown
on the edges of the tree. Nodes are numbered to help identify them during the different
transformations.

o We “decompose” this tree into another tree where the branches appearing after the pop,,
operations are hung from the same parent as their matching push,,. This is shown in
the middle of Figure B. Notice that this tree has an unbounded number of branches (it
branches at each push,,). However, we know that the maximum out-degree of any of its
nodes is (a + 1) since the source of a push,,-labelled edge has one child, and we add at
most « extra children corresponding to the pop,, on each of its at most a branches.

e We prove a generalisation of Lemma B (Minimum Scores) that shows a run tree with
at least m instances of a character a has a branch with a score of at least log, +1)(m).
Thus, we need to select one branch for each a we wish to output.

e We build an (n — 1, «)-PDA P_; that non-deterministically picks out the highest scoring
branches for each a. This is shown on the right of Figure @.

6.2 Branching HOPDA with Regular Tests

As before, we instrument our HOPDA with tests. Removing these tests requires a simple
adaptation of Broadbent et al. [§].

Definition 6.1 ((n, «)-PDA with Tests). Given a sequence of automata Ay, ..., Ap, an (n, )-
PDA with tests is given by a tuple P = (P,X,T', R, F, Din, Yin, 0) where P, X, T', F, pin, Vin are
as in HOPDA. The set of rules R C  |J P xT x{A4y,...,An} x X X Ops, x P™ together

1<m<a
with a mapping 0 : P — {1,...,a} such that for all (p,7,A,b,0,p1,...,0m) € R we have

0(p) > 0(p1) + -+ 0(pm)-

We use the notation (p7’}/7 A) i) (p17 <oy Pmy 0) to denote a rule (p7 Vs A7 ba 0,P15 -+ 7pm) eR.
From the initial configuration co = (pin, [7in]l,,) @ run of an (n,a)-PDA with tests is a tree
T = (D, \) and generates an output tree p = (D, \') where

e \e) =g, and

e for a node n with children #,...,n, and A(n) = (p,s) there is a rule (p,~, A) LN
(p1,---,Pm,0) such that s € L(A) and for all 1 < i < m we have A(1;) = (p;, s’) where
topy(s) =7, and s’ = o(s). Moreover we have X' (n) = b.
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1 1 1
push,,
2 2 4 6 2 4
3 > 3 5 5
popy, pop,,
4 6
(a) An a-branch run tree of (b) The decomposition of the run tree (¢) An a-branch

subtree of (EH)

Figure 4: Illustrating the reduction steps.

e For all leaf nodes 1 we have X' (n) = e.

The run is accepting if for all leaf nodes n we have A\(n) = (p,[],,) and p € F. Let L(P) be the
set of output trees of P.

Theorem 6.1 (Removing Tests). [8, Theorem 3 (adapted)] For every (n,ca)-PDA with tests
P, we can compute an (n,a)-PDA P with L(P) = L(P).

Proof. This is a straightforward adaptation of Broadbent et al. [8]. Let the (n,«)-PDA with
tests be P = (P, X, T, R, F, Pin, Vin, #) with test automata Ay, ..., A,,. We build an (n, «)-PDA
that mimics P almost directly. The only difference is that each character v appearing in the
stack is replaced by

(77F17"'7Fm) .

For each test A we have a vector of functions
T (T1ye oy Tn) -

The function 7 : @ — Q intuitively describes runs of A from the bottom of top,,;(s) to the
top of popy, (topy1(s)). Thus, we can reconstruct an entire run over pop, (s) from initial state
q as

¢ =7(7u(q))

and then we can consult A to complete the run by adding the effect of reading top, (s).
Thus, let A; = (Qi,F[],qfn,Ai, Q},) We define

P= (P,E,f,?@,f,pmmin,@)
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where
I'= {(’Y,?l,...,?m) | v e I'AVT; € (Qz — Ql)n}

and R is the smallest set of rules of the form
~\ b ~
(pa ’Y) — (pla -y DLy Update(07 7))

where 4 = (v,71,...,7m) and (p, v, 4;) LN (p1,...,p1,0) € R and Accepts('y,ﬁ,Ai,qi’n, Q};)
and we define
Accepts(y, T1y .oy Tny A, Gin, QF)
<~

q=T71(Tn(qin)) NA(¢, [n - [17) € QF

where A(q, [+ [17) is shorthand for the repeated application of A on  then [1, back to [,
and we define Update(o,4) = 6 following the cases below. Let 4 = (v, T1,...,Tm)-

e When o = rew,, then 6 = (0,71,...,7m)-

e When o = push;, then 6 = push,; rew ) where for all ¢ we have

VT LT,
= _ /
Ti — (7'17--~77'k—1,7k,7'k+1,-~-7'n)

and
77.(q) = T (Ai(T1 (- k(@) k1 [k—1 - [17))-

ILe., we apply the functions to read the whole stack once, and then the correct part of the
copy created by the push,,.

e When o = pop,, then

A . —/ —/ ?.
0 =DpOop,; (0,71« sTo) 7 YW (grr,.70)
where for all ¢ we have 7; = (71,...,7,) and 7, = (74,...,7,,) and
= / /
T, = (Tl,...,rk_l,rk,...rn) )

We can see that this is correct since we do not update the functions that read parts of
the stack unchanged (i.e., stacks outside of those changed by the pop,), and we take the
functions that are correct for the newly exposed top parts of the stack for the remaining

functions.
Finally, we set ¥in = (Yin, 71, - -, 7m) Where for each ¢ we have 7; = (7q,...,7,) such that for
each k we have 7(q) = A(q, |k - - ]n)- O

6.3 Building The Automata

Previously we built automata A, ,, to indicate that from p;, the current top stack could be
removed, arriving at po. This is fine for words, however, we now have a-branch trees. It
is no longer enough to specify a single control state: the top stack may be popped once on
each branch of the tree, hence for a control state p we need to recognise configurations with
control state p from which there is a run tree where the leaves of the trees are labelled with
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configurations with control states p1, ..., p, and empty stacks. Moreover we need to recognise
the set O of characters output by the run tree. More precisely, for these automata we write
o
Ap s, pm
where 0(p) > 0(p1) + -+ + 0(pm) and O C {a1,...,aa}. We have s € L(AS, ) iff there

is a run tree 7' with the root labelled (p, [s],,) and m leaf nodes labelled (pl; 005 (Pms )
respectively. Moreover, we have a € O iff the corresponding output tree 7" has |T"|, > 0.

6.3.1 Alternating HOPDA

To construct the required stack automata, we need to do reachability analysis of (n,a)-PDA.
We show that such analyses can be rephrased in terms of alternating higher-order pushdown
systems (HOPDS), for which the required algorithms are already known [[7]. Note, we refer to
these machines as “systems” rather than “automata” because they do not output a language.

Definition 6.2 (Alternating HOPDS). An alternating order-n pushdown system is a tuple
P = (P,T,R) where P is a finite set of control states, T is a finite stack alphabet, and

R C(PxT x Ops, xP)U (P xT x27)
is a set of transition rules.

We write (p,7) — (p,0) to denote (p,7y,0,p) € R and (p,y) — p1,...,Pm to denote
(pa’% {pla .. apnb}) S R

An run of an alternating HOPDS may split into several configurations, each of which must
reach a target state. Hence, the branching of the alternating HOPDS mimics the branching of
the (n,a)-PDA. Given a set C of configurations, we define Pre;(C) to be the smallest set C”
such that

¢ = CU

(,7) = (P, 0) ER A
(p,s) top; (s) =7 A U

(p',0(s)) € '
(p77) — P1y--,Pm ER A
(p,s) topy(s) =7 A
Vi.(p;, s) € C"

6.3.2 Constructing the Tests

In order to use standard results to obtain Agph_”pm we construct an alternating HOPDS P,
and automaton A such that checking ¢ € Prep, (A) for a suitably constructed ¢ allows us to
check whether s € £<A1?,p1,...,pm)'

The alternating HOPDS P, will mimic the branching of P with alternating transitions'
(p,7) = P1,---,Pm of Ps. It will maintain in its control states information about which char-
acters have been output, as well as which control states should appear on the leaves of the
branches. This final piece of information prevents all copies of the alternating HOPDS from

verifying the same branch of P.

1We slightly alter the alternation rule from ICALP 2012 [@] by matching the top stack character as well as
the control state. This is a benign alteration since it one can track the top of stack character in the control
state.
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Definition 6.3 (P,). Given an (n,«)-PDA P described by the tuple (P, X, T, R, F, Pin, Vin), Of
P, we define

P<> = (P<>7F3R<>)
where
1<m<aA
PO = (p707p17~'~7pm) @ - {ala"'vaa} A
pP1,...,Pm € P

and R is the set of rules containing, for each

(p7) % (0,00 €R

all rules
((paOvplv"'api)7’Y) — ((p170\{b}ap1a"'7pi)a0)

and for each
€
(p7’Y) — (p17 <oy Pm, Tew’y) € R

with m > 1 all alternating rules
((p707p,17 cee 7P;)a7) — (p1701ap%a s 7p111) PR (pmnomapT’ cee 7p;r;)
where pl, ..., p; is a permutation ofp%,...,p}l,...pT,...,pl’-’; and O =01 U---UQO,,.

In the above definition, the permutation condition ensures that the target control states
are properly distributed amongst the newly created branches.

Lemma 6.1. We have s € L(AY .’pm) iff

PsP1,--
(P, O,p1,-- - Pm); [sl,,) € Prep, (A)

where A is such that

Proof. First take s € E(Ar?,pl,..,,pm) and the run tree witnessing this membership. We can
move down the tree, maintaining a frontier ci,...,¢; and building a tree witnessing that

((p,O,p1,---,Pm),[8],) € Prep, (A). Initially we have the frontier (p,[s],) and the initial con-
figuration ((p, O,p1,...,Pm), [s],)-

Hence, take a configuration ¢ = (p’, s’} from the frontier and corresponding configuration
d = {(p,0,py,...,p.),s"). If the rule applied to ¢ is not a branching rule, we simply take
the matching rule of P, and apply it to ¢. Note, that if the rule output b we remove b from
O'. Hence, O’ contains only characters that have not been output on the path from the initial
configuration.

If the rule applied is branching, that is (p’,~) = (p’l’ yees DY rewv) then we apply the rule

((p/aOaplla"'ap;)f‘y) - (plll,olap%a"'apgl)a"' (pg‘lan,pjl.,"'apzj>

where pf,...,p} is a permutation ofp%,...,p}17...p{,...7pgb and O = O1 U-+-UO,,. These
partitions are made in accordance with the distribution of the leaves and outputs of the run
tree of P. I.e. if a control state p” appears on the ¢'th subtree, then it should appear in the ¢'th
target state of P,. Similarly, if the ¢’th subtree outputs an b € O, then b should be placed in
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O,s. Applying this alternating transition creates a matching configuration for each new branch
in the frontier.

We continue in this way until we reach the leaf nodes of the frontier. Each leaf (p/, s) has a
matching ((p’,0,p’), s) and hence is in £(A). Thus, we have witnessed ((p, O,p1,...,Pm), [s],,) €
Prep, (A) as required.

To prove the other direction, we mirror the previous argument, showing that the witnessing
tree for P, can be used to build a run tree of P.

O

It is known that Prep(A) is computable for alternating HOPDS.

Theorem 6.2. [i, Theorem 1 (specialised)] Given an alternating HOPDS P and a top-down
automaton A, we can construct an automaton A’ accepting Prep(A).

Hence, we can now build Az?,m,‘..,pm from the control state p and top-down automaton

representation of Pre}, (A) since we can effectively translate from top-down to bottom-up stack
automata.

6.4 Reduction to Lower Orders

We generalise our reduction to (n,a)-PDA. Let Ay be the automata accepting all configu-
rations. Note, in the following definition we allow all transitions (including branching) to be
labelled by sets of output characters. To maintain our assumed normal form we have to re-
place these transitions using intermediate control states to ensure all branching transitions are
labelled by € and all transitions labelled O are replaced by a sequence of transitions outputting
a single instance of each character in O.

The construction follows the intuition of the single character case, but with a lot more
bookkeeping. Given an (n,a)-PDA P we define an (n — 1, a)-PDA with tests P_; such that
P satisfies the diagonal problem iff P_; also satisfies the diagonal problem. The main control
states of P_; take the form

(pvplv"‘7pm,OvB)

where p, p1, ..., pm are control states of P and both O and B are sets of output characters. We
explain the purpose of each of these components.

We will define P_; to generate up to m branches of the tree decomposition of a run of P. In
particular, for each of the characters a € {ay,...,as} there will be a branch of the run of P_;
responsible for outputting “enough” of the character a to satisfy the diagonal problem. Note
that two characters a and o’ may share the same branch. When a control state of the above
form appears on a node of the run tree, the final component B makes explicit which characters
the subtree rooted at that node is responsible for generating in large numbers. Thus, the initial
control state will have B = {a1, ..., a4} since all characters must be generated from this node.
However, when the output tree branches —i.e. a node has more than one child — the contents of
B will be partitioned amongst the children. That is, the responsibility of the parent to output
enough of the characters in B is divided amongst its children.

The remaining components play the role of a test Az?,pl,-.-,pm' That is, the current node is
simulating the control state p of P, and is required to produce m branches, where the stack is

emptied on each leaf and the control states appearing on these leaves are pq, ..., p,. Moreover,
the tree should output at least one of each character in O.
Note, P_; also has (external) tests of the form Agph_“’pm that it can use to make decisions,

just like in the single character case. However, it also performs tests “online” in its control
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states. This is necessary because the tests were used to check what could have happened on
branches not followed by P_;. In the single character case, there was only one branch, hence
P_1 would uses tests to check all the branches not followed, and then continue down a single
branch of the tree. In the multi-character case the situation is different. Suppose a subtree
rooted at a given node was responsible for outputting enough of both a; and as. Amongst
the possible children of this node we may select two children: one for outputting enough a,
characters, and one for outputting enough as characters. The alternatives not taken will be
checked using tests as before. However, the child responsible for outputting a; may have also
wanted to run a test on the child responsible for outputting as. Thus, as well as having to
output enough as characters, this latter child will also have to run the test required by the
former. Thus, we have to build these tests into the control state. As a sanity condition we
enforce O N B = () since a branch outputting a should never ask itself if it is able to produce at
least one a.

We explain the rules of P_; intuitively. It will be beneficial to refer to the formal definition
(below) while reading the explanations. The case for Rpyeh is illustrated in Figure B since it
covers most of the situations appearing in the other rules as well.

e The rules in Riyix guess how many branches will be needed to output enough of each a.
(This might be less than « since one branch might account for several characters.)

e The rules in Rg, check whether the run can be finished (always via a pop,, since we are
aiming for the empty stack). This is true if we only have one branch to complete (just
reach p’) and we have no more characters that we’re obliged to output.

e The rules in Ry, simulate a non-branching operation. They do this faithfully, simply
passing along all information (updating O if a character is output by the simulated
transition).

e The rules in Ry, are the first of the complicated rules. This is mainly a matter of notation.
The reasoning behind the rules is that we're at a point where the tree splits into [ different
branches. These have control states pi, ..., p; respectively. We non-deterministically guess
which of these branches should output which of the characters in B. Thus, we split B into
By, ..., B;. This means we are exploring ¢ branches. Let x1, ..., x; be the control states on
these branches. The remaining branches we handle using tests on the stack. Let y1,...,y;
be the control states appearing on these branches. We require that all of p},...,p] are
accounted for, so we assert that p},...,p] is a permutation of x1,..., 2, ¥1,...,Y;.

Similarly, in the current subtree we are obliged to pop to leaf nodes containing the control
states p1,...,pm. We split these obligations between the branches we are exploring and
those we are handling using tests. We use another permutation check to ensure the
obligations have been distributed properly.

Finally, we are required to output characters in O. We may also, in choosing a particular
branch for a character a, need to output a to account for instances appearing on a missed
branch. Hence we also output O’ to account for these. We distribute the obligations O
and O’ amongst the different branches using Xi,...,X; and Y7, ...,Y].

e The rules in Rpusn and Rpop follow the same intuition as in the single character case,
except we have the branching to deal with. In particular, at a push we have one branch
corresponding to exploring what happens between the push and the corresponding pops,
and a branch for each of the corresponding pops. We choose a selection of these branches
to track with the HOPDA and a selection to handle using tests. The difference between
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p
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Figure 5: Illustrating the rules in Rpyush.

Rpush and Rpop is that the former explores the branch of the push using the HOPDA
and the latter uses a test.

In these rules, after the push we’re in control state p’ and we guess that we will pop to
control states pj,...,p;. Hence we have a branch or a test to ensure that this happens.
The remaining branches and tests are for what happens after the pops. The start from
the states p},...,p; and must, in total, pop to the original pop obligation p1,...,pm.
Hence, we distribute these tasks in the same way as the Ry,.

Before giving the formal definition, we summarise the discussion above by recalling the
meaning of the various components. A control state (p, p1, ..., pm, O, B) means we're currently
simulating a node at control state p that is required to produce m branches terminating in
control states p1, ..., pm, respectively, that the produced tree should output at least one of each
character in O and the entire subtree should output enough of each character in B to satisfy the
diagonal problem. In the definition below, the set O’ is the set of new single character output
obligations produced when the automaton decides which branches to follow faithfully and which
to test (for the output of at least one of each character). The sets Xi,...,X; and Y1,...,Y]
represent the partitioning of the single character output obligations amongst the tests and new
branches.

The correctness of the reduction is stated after the definition. A discussion of the proof
appears in Section .

Definition 6.4 (P_1). Given an (n,a)-PDA P described by (P,%,T,R,{ps},Pin;¥in,0) and
automata Agpl,-..,pm foralll <m <a, p,p1,...,pm € P, and O C {aq,...,a,} we define an
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(n — 1,«)-PDA with tests
Pfl = (Pfl,E7F,R71,f71,p;7‘1;71n7971)

where P_q is the set

1<m<aA
P,P1;---5Pm EPA
(papla"'7pmvovB) O,Bg{al,...,aa} A O]
ONB=1
{pin . 1}
and
R—l = RinitURsimURbTURﬁnURpushURpop
Fi o= {f}
and 0_1((p,p1,-.-,0m, 0, B)) = |B| and is 1 for all other control states. We define the sets of
rules, where in all cases, p1,...,pm € P and O,0’, B C {aq,...,a4}, to be as follows:

® Rinit is the set containing all rules of the form
(pi_nl7’yin) i> ((pinvpfa < Dfy @, {a’lv ce. 7a0¢})7 Tew’Yin)
where |pg,...,pfl < o, and

® Rpn is the set containing all rules of the form

((pvplvng)777Att) g (fv rew’y)
for all (p,7) N (', pop,,) € R and B C{ay,...,as}, and

® Rim is the set containing all rules of the form

b}NB
((p7p17"°7pm707B)7’y’Att) & ((plvplv"‘vp’mao\{b}uB)ao)

® Ry, is the set containing all rules of the form

Y1
1 1 1 1
Y1, YL Vs, , (whxl,...,le,Xl,Bl),
O B N---N O'NnB
(paph'"apma ) ))77 v — ) ) 7rew7
A ; z;,xh, ...,k X, By
yj’y{’”wy;j (17 1> Had PR Rk 3] 1)
where
€ / /
(p,7) = (D1, .- -5 p), rewy) €R
and py,...p} is a permutation of
Llyeeoy TiyYly--- Y5
and pi,...,pm 18 a permutation of
1 1 i i1 1 J J
LYy Ty Ty TG Y Yy YT Y

and
ouo'=X;U---UX,UY;U---UY;
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® Ryush @5 the set containing all rules of the form

M. Hague J. Kochems C.-H. L. Ong

Azjll y} yl (p/aq/lv"'vplzvaBO);
oO'NnB $17I’,...,I~,X1,Bl y
(papla"'vpva,B);’Y, Yﬂﬂ > ( ! J1 ) 7’(‘61[)7
7 . . . ...’,
ypy{,u-,yij (xi,xlh...,x}i,Xi,Bi)
where
€
(p.7) = (', push,)
and py,...p} is a permutation of
Llyeeoy Tiy Yty Y5
and p1,...,Ppm 1S a permutation of
1 1 i i1 1 j j
xh...7:rj17...acll,...,x;iyl,...,yil,...y{,...,yfj
and
OoUu0'=XuUXx;U---UX,UY;U---UYj
o we have Rpop 15 the set containing all rules of the form
Y
Ap’7p’17~--,p2 N L \ x. B
1 L1, Ty, ne,Tr, X1, ,
Ay1,y},-~7y}1 0'NB (21,21 Ju )
(papla"'vpﬂhOaB)arY’ ? ey , TeWs,
N---N ; ;
AY] . v (xivmlv"'vxjivX’iaBi)
YisYlo Y
where
g
(p.7) = (', push,)
and py,...p; is a permutation of
$1,~--,$i7y1,~~~,yj
and p1,...,Pm 1S a permutation of
1 1 ; i1 1 j j
ml,...,le,...aﬁ’l,...,x;iyl,...,yil,...y{,...,yi
and

OuO0' =YUX;U---UX,UY;U---UY]
and B=B; U---U B;.

In Section @ we show that the reduction is correct.
Lemma 6.2 (Correctness of P_q).

Diagonal,, ., (P) <= Diagonal, ., (P-1)

To complete the reduction, we convert the (n, «)-PDA with tests into a (n, a)-PDA without

tests.
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Lemma 6.3 (Reduction to Lower Orders). For every (n,a)-PDA P we can build an order-
(n —1) a-branch HOPDA P’ such that

Diagonal,, , (P) <= Diagonal,, , (P').

70‘{1/

Proof. From Definition 624 (P_;) and Lemma B2 (Correctness of P_1), we obtain from P an
(n —1,a)-PDA with tests P_ satisfying the conditions of the lemma. To complete the proof,
we invoke Theorem B0l (Removing Tests) to find P’ as required. O

We show correctness of the reduction in Section [@. First we show that we have decidability
once we have reduced to order-0.

6.5 Decidability at Order-0

We show that the problem becomes decidable for a 0-PDA P. This is essentially a finite state
machine and we can linearise the trees generated by saving the list of states that have been
branched to in the control state. After one branch has completed, we run the next in the list,
until all branches have completed. Hence, a tree of P becomes a run of the linearised 0-PDA,
and vice-versa. Since each output tree has a bounded number of branches, the list length
is bounded. Thus, we convert P into a finite state word automaton, for which the diagonal
problem is decidable.  Note, this result can also be obtained from the decidability of the
diagonal problem for pushdown automata.

Definition 6.5 (P). Given an (0,«)-PDA P described by the tuple (P, X, T, R, F, Pin, Yin, 0)
we define a 0-PDA
P= (fvzarvﬁa fapinv’yin)

such that
D,P1sy---3Pm cPA

P =< (001,71, PmsVm) Yooy ¥Ym €T A u{sf}
0<m<a«

and R is the set containing all rules of the form

b P17y -5 Pms Yms
((papla'ylw"apmar}/m)v/-Y)_) <<p/17 1’)/2’0_’.“’;270."74 )7T€wa'>

for each
b
(p)r}/)_>(p/17"'7p;7r€wo'>€72

and all rules
((p7p17’ylv <o 7pm,’ym)a’7) i> ((pl,pQ,’yQa s 7pm7'7m)7 rew’h)

whenever p € F.
Lemma 6.4 (Decidability at Order-0). We have
Diagonalahm’aa(P) <= Diagonal,, . (ﬁ)

and hence Diagonal,, ., (P) is decidable.
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Proof. Take an accepting run tree p of P. If this tree contains no branching, then it is straight-
forward to construct an accepting run of P. Hence, assume all trees with fewer than « branches
have a corresponding run of P. At a subtree c[T1,...,T},] we take the run trees pi,...,pm
corresponding to the subtrees. Let ¢ = (p,7) and ¢; = (p1,7),--.,¢m = (Pm,7y) be the con-
figurations at the roots of the subtrees. We build a run beginning at ¢ and transitioning to
((p1,P2,s -+ ,Pm,7),7)- The run then follows p; with the extra information in its control state.
After p; accepts, we transition to ((p2,ps,7,---,Pm,7),7) and then replay p2. We repeat un-
til all subtrees have been dispatched. This gives an accepting run of P outputting the same
number of each a.

In the other direction, we replay the accepting run p of P until we reach a configuration

((p1,p2,7, -, Pm,7),7) via a rule

(P, ) = ((P1,D2:7s - - -+ Pms ) s TEWS)

At this point we apply

(pa 0) i> (p17 e ,pm,rewv)

of P. We obtain runs for each of the new children as follows. We split the remainder of the run
p' into m parts pi, ..., pl, where the break points correspond to each application of a rule of
the second kind. For each i we replay the transitions of p} from (p;,v) to obtain a new run of
P with fewer applications of the second rule. Inductively, we obtain an accepting run of P that
we plug into the ith child. This gives us an accepting run of P outputting the same number of
each a. O

6.6 Decidability of The Diagonal Problem

We thus have the following theorem.

Theorem 6.3 (Decidability of the Diagonal Problem). For an n-PDA P and output characters
ai,...,aq, it is decidable whether Diagonal,, ., (P).

Proof. We first interpret P as an (n, a)-PDA and then construct via Lemma 623 (Reduction to
Lower Orders) an (n — 1,a)-PDA P’ such that Diagonal,, , (P) iff Diagonal, . (P’). We
repeat this step until we have an (0, a)-PDA. Then, from Lemma B2 (Decidability at Order-0)
we obtain decidability as required. O

7 Correctness for Simultaneous Unboundedness

In this section we prove Lemma B2 (Correctness of P_1). The proof follows the same outline
as the single character case. To show there is a run with at least m of each character, we take
via Lemma [T (Section 2), m’ = (a+ 1)™, and a run of P outputting at least this many of
each character. Then from Lemma T2 (Section [33) a run of P_; outputting at least m of each
character as required. The other direction is shown in Lemma I3 (Section [74).

We first generalise our tree decomposition and notion of scores. We then show that every
a-branch subtree of a tree decomposition generates a run tree of P_; matching the scores of
the tree. Finally we prove the opposite direction.
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7.1 Tree Decomposition of Output Trees

Given an output tree 1T" of P where each push,, operation has a matching pop,, on all branches,
we can construct a decomposed tree representation of the run inductively as follows. We define
Tree(T[e]) = T[e] and, when

T =0b[T1,...,Tn]

where the rule applied at the root does not contain a push,, operation, we have
Tree(T) = b[Tree(Th),. .., Tree(T,,)] -

In the final case, let
T = e[T"]

where the rule applied at the root contains a push, operation and the corresponding pop,,
operations occur at nodes 7y, ..., Np,.

Note, if the output trees had an arbitrary number of branches, m may be unbounded. In
our case, m < «, without which our reduction would fail: P_; would be unable to accurately
count the number of pop,, nodes. In fact, our trees would have unbounded out degree and
Lemma BT (Minimum Scores) would not generalise.

Let T4,...,T,, be the output trees rooted at 71, ...,n,, respectively and let 77 be T' with
these subtrees removed. Observe all branches of 7" are cut by this operation since the push,,
must be matched on all branches. We define

Tree(T) = e[Tree(T"), Tree(T1), . . ., Tree(Ty,)] .

An accepting run of P has an extra pop,, operation at the end of each branch leading to
the empty stack. Let T' be the tree obtained by removing the final pop,,-induced edge leading
to the leaves of each branch. The tree decomposition of an accepting run is

Tree(T) = e[Tree(T"), T|e], ..., T¢]]

where there are as many T'[¢] as there are leaves of T.
Notice that our trees have out-degree at most (a + 1).

7.2 Scoring Trees

We score branches in the same way as the single character case. We simply define Score, (p) to
be Score(p) when a is considered as the only output character (all others are replaced with ¢).

We have to slightly modify our minimum score lemma to accommodate the increased out-
degree of the nodes in the trees.

Lemma 7.1 (Minimum Scores). Given a tree T with mazimum out-degree (a+1), containing,
for each a € {ay,...,as}, at least m nodes labelled a, for each a € {ay,...,as} we have

Score, (T') > 10go41)(m)
Proof. This is a simple extension of the proof of Lemma B (Minimum Scores). We simply

replace the two-child case with a tree with up to (« + 1) children. In this case, we have to use
log (1) rather than log to maintain the lemma. O
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7.3 From Branches to Runs

Lemma 7.2 (Scores to Runs). Given an accepting output tree p of P, if for alla € {a1,...,an}
we have Score,(Tree(p)) > m, then 3T € L(P_1) with |T|q, > m for all a € {a1,...,a}.

Proof. We will construct a tree p_; in L(P_1) top down. At each step we will maintain a
“frontier” of p_; and extend one leaf of this frontier until the whole tree is constructed. The
frontier is of the form

(6177715017317- . 'aclanlaOlBl)

which means that there are [ nodes in the frontier. We have By W--- W B; = {a1,...,aq} and
each B; indicates that the ith branch, ending in configuration ¢;, is responsible for outputting
enough of each of the characters in B;. Each 7; is the corresponding node in Tree(p) that is
being tracked by the ith branch of the output of P_;.

Let py be the final (accepting) control state of P and let T' = Tree(p). We begin at the
root node of T', which corresponds to the initial configuration of p. Let (p, [s],,) be this initial
configuration and let ¢ = ((p,pys,...,ps,0,{a1,...,aa}),s) be the configuration of P_; after an
application of a rule from Rinit. The initial frontier is (¢, e, {a1,...,aq}).

Thus, assume we have a frontier

(c1,m,01, B1, .., hy1h, On, Bp)
and for each of the sequences c_1,7, O, B of the frontier we have
1. T" is the subtree of T rooted at 1, and
2. ¢ = (p, s) labelling 5, and

3. Cc_1 = <<pap1a s 7pm7OaB)atOpn(s>>a and

4. the node of p corresponding to n has m locations where the top,, stack is first popped via
rules reaching p1, ..., pm, moreover, these leaves have corresponding leaves in 7’7, and

5. the branch from the root of the constructed run to the node labelled c_; in the frontier
outputs, for each a € B, at least (m — Score,(T")) occurrences of a, and

6. ON B = and for each a € O there is at least one node labelled by a in T".

Pick such a sequence c_1,7,0, B. We replace this sequence using a transition of P_; in
a way that produces a new frontier with the above properties and moves us a step closer to
reaching leaves of T'. There are three cases when we are dealing with internal nodes.

o T/ =b[T}].

In this case there is a transition ¢ % ¢ via a rule (p,7) LN (p', 0) where o ¢ {push,,, pop,, }.
Hence, we have

b}NB
((p7p15"'pM7ovB)777 Att) L) ((p/7p17"'pm70\{b}7B)7O)

in P_; and thus we can extend p_; with a transition c¢_1 LN ¢, via this rule. The new
frontier is obtained by replacing c_1, 7,0, B with ¢_;,n’, O\ {b}, B where 7’ is the child
of n. The properties on the frontier are easily seen to be retained.
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o T =¢[Ty,..., Ty from a rule (p,7) = (ph,...,p;,rew,) of P.

We separate B = Bj W --- W B] such that B’ is the set of characters a that have their
score derived from T; (i.e. the subtree with the higher score for a characters). Let
O’ be the set of all @ who had a +1 in their score derived from another subtree. Let
(x1,8),...{x;,s) be the configurations labelling the root nodes 19, 11, ..., n; of these sub-
trees. Let (y1,s), ..., (y;,s) be the configurations labelling the root nodes of the remaining
subtrees. Since T includes m leaves that are followed in p by pops to pi1,...,pm we can
distribute these control states amongst the branches, obtaining

1 1 i i1 1 J J
Tloee oy e o Ty T3 YT Yiys - Yoo Y -

Finally, we can distribute

ouo'=X;U---UX,UY;U---UY;

amongst the subtrees 71, ...,7; since O can be distributed by assumption and we chose
O’ such that this can be done.
From the runs corresponding to 77, ...,7T; and our choices above we know that the tests
. . : Y Y;

will pass. That is, c_1 € 'C<Ap’1¢y%,u-,y§1>’ ...,C_1 € 'C(Apg,y{,...,yg'j)
Hence, we apply to c_; the rule

Yy

YU, (xl,x%,...,x;l,Xl,Bl),

AN O'NB

(pvplv"wpm?OvB)a'y’ v, - ) T , TEW
ijy{uj (@i, 21, 25, X, By)
J

and obtain configurations ¢! 1, ..., ¢ ; and a new frontier satisfying the required properties

by replacing c_1,n, O, B with the sequence

1 / 7 /
c_y,m, X1, By, ... cly,mi, Xy, B

o T =¢[T},...,T}] not from a rule (p,v) = (p}, ... , D}, rew,) of P.
In this case we have that T” (subtree of the decomposition T') corresponds to a run tree
pr that can be decomposed into
— ¢[p'] with ¢ = (p/, push,,(s)) at the root of p’ via a rule (p,v) = (p/,push,,) and [
leaf nodes labelled ¢, ..., ¢ respectively, and

— runs p1,...,p with the roots labelled ¢} = (p},s),...,c; = (p}, s) where, for each 1,
we have ¢; — ¢, via a pop,, rule, and these are the first points s is seen along each
branch, and

— the leaves of p1,..., p; are the leaves of pr.

There are two cases depending on whether we send the HOPDA down the branch corre-
sponding to the push.

— We separate B = Bj W By & --- W B] such that B is the set of characters a
that have their score derived from 7; (i.e. the subtree with the higher score for
a characters). Assume Tj is amongst these subtrees (and will get Bj). Let O
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be the set of all @ who had a +1 in their score derived from another subtree.
Let (p/,push,(s)),{x1,s),...{x;,s) be the configurations labelling the root nodes
M, ...,1n of these subtrees, with the first belonging to T3. Let (y1,s),..., (y;,s) be
the configurations labelling the root nodes of the remaining subtrees. Since T” has
m leaves that are followed in p by pops to p1,...,p, we can distribute these control
states amongst the branches, obtaining

1 1 i i1 1 J J
Tpsee s @y Ty S TG YL e Y YT Ui,
We can also distribute

Ou0' =XUX;U---UX;UY 1 U---UY;

amongst the subtrees T1,...,T; with X belonging to T} since O can be distributed
by assumption and we chose O’ such that this can be done.

From the existence of the runs py, ..., p; we know c_; € L(A;/} . ), ..., C 1 €
1Y100 Y4y

Y,
LUAT o i)
Pjyyl,»--,yij

Hence, we apply to c_; the rule

Y; /oo /
At 1 1 (p,plw"aplaXaBO)v
Y1,Y15-0Y) O'nB (171 xl 331- X Bl)
(p7p17"'7pmaO’B)777 }Dﬂ ? . B ’ ’ ’reW’Y
AG e
yjay{,.-<7y?j ($i,$11,...,$;-i7Xi7Bi)
and obtain configurations c® ;,c!,,..., ¢’ ; and a new frontier satisfying the required

properties by replacing c_1,n, O, B with the sequence
C(ll’UOaXv B{)acl—l’nlaXlaBia . 'Ci—l,nhXiaBi/' .

— We separate B = By W- - -1 B} such that B is the set of characters a that have their
score derived from Tj (i.e. the subtree with the higher score for a characters). Assume
T} is not amongst these subtrees. Let O’ be the set of all @ who had a 41 in their score
derived from another subtree. Let (x1,s),...{x;,s) be the configurations labelling
the root nodes n1,...,7; of these subtrees. Let (p’, push, (s)), (y1,s),...,(y;,s) be
the configurations labelling the root nodes of the remaining subtrees, with the first
belonging to T;. Since T” has m leaves that are followed in p by pops to p1,...,pm
we can distribute these control states amongst the branches, obtaining

1 1 i i1 1 J J
Ty Ty e Ty e s T Yps ey Yigs oYl Y,

We can also distribute
ouo'=X;U---UX;UYUY;U---UY]
amongst the subtrees T1,...,T; with Y belonging to 71 since O can be distributed

by assumption and we chose O’ such that this can be done.

From the existence of p’ we know that ¢_; € C(A;/, —
P e

ofpl,...,plwealsoknowc_1€£<AY1 ),...,c_1€£<AY,j ; j).
P;¥1,--Y;

’ 1 1
P1:Y1 1"'7yi1

) and from the existence
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Hence, we apply to c_; the rule

A D
yP1s--5P;
Y 1 1
Aui,y},...,v»l o'nB (xl’xl’”"le’xl’Bl) ’
(p7p17"'7p’m507B)777 A---N ! — . ey ’I'eW,y
3 1
ij (mi,;zzl,...,a:ji,Xi,Bi)
YirYls Vi,
J
and obtain configurations cl,,...,ct; and a new frontier satisfying the required
1 9 1

properties by replacing c_1,n, O, B with the sequence
¢y, X1, By, ¢y X, By

Finally, we reach a leaf node n with a run outputting the required number of as. We need
to show that the run constructed is accepting. From the tree decomposition, we know that the
corresponding node of p is immediately followed by a pop,,. Thus, from our conditions on the
frontier, we must have m = 1 and O = (). We also have a rule (p,7) = (p1, pop,,) and therefore
((p,p1,0, B), 7, Awe) = (f, rew,) with which we can complete the run of P_; as required. [

7.4 The Other Direction

Finally, we need to show that each accepting run tree of P_; gives rise to an accepting run tree
of P containing at least as many of each output character a.

Lemma 7.3 (P_; to P). We have Diagonal,, ., (P-1) implies Diagonal,, ., (P).

0o

Proof. Take an accepting run tree p_; of P_;. We show that there exists a corresponding run
tree p of P outputting at least as many as.
We maintain a frontier

Cly...,Ch

of p_; and a run p of P “with holes” such that
e there are h nodes of p labelled by ¢q,...,cp respectively (these are the holes), and
e cach of these holes labelled c is the only child of a parent node labelled ¢’ of P, and
e for each corresponding pair ¢ and ¢’ we have
— ¢ ={p,s), and

— Cc= <(p7p17' .. 7pm7078)7t0pn(8)>7 and

— the node labelled by ¢ has m children with the ith child being labelled (p;, pop,,(s)),
and

— all leaf nodes of p are accepting, and

— for each a € {ay,...,as} the number of a output by run tree of P is at least as many
as on the branch of P_; to the configuration with a € B less 1 if a € O.

Initially after a rule from Rini; we have the frontier ¢ = ((p,pys,...,ps,0,{a1,...,aa}),s)
with corresponding run p of P being

<p7 [5]n>[c[<pfv Hn>a ceey <pf7 []n>H .
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Pick a configuration c_1 = ((p,p1,--.,Pm, O, B),top,,(s)) of the frontier that is not a leaf
of p_1 and its corresponding node in p with parent labelled ¢ = (p, s). Let p’_; be the subtree
of P_q rooted at this configuration.

We show how to extend the frontier closer to the leaves of p_;. There are several cases
depending on the transition of P_; used to exit our chosen node.

o pli=c [pl,l] and the rule applied is of the form

b}NB
((pvplv'",pm,OvB)vﬁyaAtt) i> ((p/,pl,'“apmaO\{b}aB)aO) .

Let ¢’_; be the configuration labelling the root of p* ;. We have (p,~) KN (p',0) € R and

o ¢ {push,,, pop,,}. We can apply ¢ b ¢ Let 71 be the node labelled c_;. We insert above
1 a node labelled ¢. Then we change the label of 1 to ¢’_;. We keep the same children of
1. This extended run maintains all properties as required.

e p i =c_ [pl_l, ... ,pi_l] via a rule

Y
YU,

o'nB (l‘l?x%""Vﬁ}l?leBl)a
(pvplv"prn?OvB)a'y’ pﬁ e ) cees ,I'GW,Y
A , x;,xy, ..., 2% X, B;
RV RN (w2t o2, X Bi)
derived from some rule
1>
(p.,7) = (Ph,-..,pp rewy) €ER .

In this case, we apply the above rule to p which means taking the node 7 labelled ¢
and replacing its “hole” child with [ new children. We need to rebuild the rest of the
tree the from these nodes. These nodes have configurations (p},s),..., (p],s). These
control states are distributed between z1,...,z; and y1,...,y;. Consider y; (the other
Y2,...,y; are identical). We have from the respective passed test that (yi,s) has a run
where the first popping of the top,, stack leads to configurations (yi,s),..., (y},s). We
insert this run underneath the node corresponding to the y;. Since yi,... ,Y;, appear
amongst p1,...,pm we append the subtrees that appeared as the relevant children of the
node labelled ¢_; to complete these branches. The remaining subtrees corresponding to
P1, .-, Dm are distributed amongst z1,...,z} ,...,af,..., 2% . Consider z; (the others are
identical arguments), we have a new child labelled by ((xl, ri o ah ) X, Bl),topn (s)).

J1’
We take the subrees distributed to z1,... ,x;l as children of this new child to satisfy the
requirements.

The new frontier replaces c_; with

<((L‘1,.’IJ%, N ,x;l,XlgBl)7tOpn(s)>7

(25,24, ... ,x;-i,Xj,Bj),topn(s))

which satisfies all properties as needed.

r 1 i :
o ol =c [P717 e ,pfl] via a rule

Y3 ! /

! 1 1 (p7p17"'>pl7xaBO)a
yaylmyll 0'nB (z1,21,...,2},, X1, B1),

(papla"'7pm7O7B)afYa v > ,rewv

J . ’,

YioYis¥i, (xi,le,...,x;-i,Xi,Bi)
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derived from some rule
(p,7) = (¢, push,,)

In this case, we apply the above rule to p. This means replacing the node labelled c_;
with one labelled (p’, push,,(s)). This new node has a new child node with the label

<(p/7p/17 s apgaXa BO)vtOpn(s)> .

We need to add [ children to this new “hole” node.

These nodes have configurations (p},s),...,(p;,s) (since s = pop,,(push,(s))). These
control states are distributed between x1,...,2; and y1,...,y;. Consider y; (the other
Ya2,...,y; are identical). We have from the passed test that (y;,s) has a run where the
first popping of the top,, stack leads to configurations (yi,pop,(s)),..., (y}l,popn(s)).
We append this run tree as a child of the node corresponding to y;. Since yf,...,y}
appear amongst p1, ..., P, we append the relevant subtrees we had already constructed

for these nodes to complete these branches with the required properties.

Now consider z; (the other cases are symmetric). In this case we append a node la-
belled <(as1, ri .. x}l , X1, Bl) ,top,,(s)) as a child of the node corresponding to x;. Since
xi, ... ,x;l appear amongst pi,...,p, we append the relevant subtrees we had already
constructed for these nodes to complete these branches with the required properties.

The new frontier replaces c_; with

<(p/ap/1a re. apEaX7 Bo)atopn(8)>

and
<($1,.’L’%, .o 73331‘17X1ﬂBl)’t0pn(s)>7

<($j,l‘§, ces ,I;i, XZ‘, Bl),topn(s»

which satisfies all the required properties.

pi=c1|pty,...,pt] via arule
A;/’,p’l,m,p{ N
Y1 N 1 , (56'1,.%'%7...,,%}17)(1731)7
(p7p17- --apmaOyB),'Yy yrlj’yl’r%y” O_ﬂB} . XY , TEW
Y; (Il,xi,7l‘;1,X7,Bl)
Uit

derived from some rule
(p,7) = (¢, push,,)

In this case, we again apply the above rule to p. This means replacing the node labelled

c_1 with one labelled (p’, push,,(s)). Since we know the test Az, o p Passed we have
Dy
a run popping the newly pushed stack to controls p},...,p]. We set this run tree as the

only child of the node whose label we replaced. This new tree has [ leaves which we need
to complete.

These leaf nodes are completed using the same argument as the previous case. That
is, they are labelled with configurations (p},s),...,(p},s). These control states are dis-
tributed between x1,...,2; and y1,...,y;. Consider y; (the other ya,...,y; are identical).
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We have from the passed test that (y;,s) has a run where the first popping of the top,,
stack leads to configurations (yf,pop,,(s)), ..., (yi,,pop,(s)). We append this run tree
as a child of the node corresponding to ;. Since yi,... ,yil1 appear amongst pi1,...,Pm
we append the relevant subtrees we had already constructed for these nodes to complete
these branches with the required properties.

Now consider z; (the other cases are symmetric). In this case we append a node la-
belled ((:cl, i :z:}1 , X4, Bl) ,top,,(s)) as a child of the node corresponding to x;. Since
B 715;1 appear amongst pi,...,p, we append the relevant subtrees we had already
constructed for these nodes to complete these branches with the required properties.

The new frontier replaces c_; with

<(p/’p/17"'7p;7X7BO)7tOpTL(S)>

and
((21,21,... ,x}, X1, Br),top,(s)),

((zj, 2%, ..., 2%, X;, B;), top,,(s))

which satisfies all the required properties.

o oy =ca(f.s)]
In this case ¢ has the form
((p.9", 0, B), top,(s))
and there is a rule
(p,7) = (@', pop,) -

We can remove the hole from p by applying this rule. That is, we remove the hole
node, setting its parent to have its (only) child as its child. This is possible since by our
conditions the child has the label (p’, pop,,(s)). We remove c_; from the frontier.

Thus, the frontier moves towards the leaves of the tree and finally is empty. At this point we
have an accepting run of P as required. To see that the run outputs enough of each character,
one needs to observe that at each stage the tests and O component of the control state ensured
at least one character output for each that appeared in some O’ labelling a transition. Then,
for characters output along branches followed were reproduced faithfully. O

8 Conclusions

We have shown, using a recent result by Zetzsche, that the downward closures of languages
defined by HOPDA are computable. We believe this to be a useful foundational result upon
which new analyses may be based. Our result already has several immediate consequences,
including separation by piecewise testability and asynchronous parameterised systems.

Regarding the complexity of the approach. We are unaware of any complexity bounds im-
plied by Zetzsche’s techniques. Due to the complexity of the reachability problem for HOPDA,
the test automata may be a tower of exponentials of height n for HOPDA of order n. These
test automata are built into the system before proceeding to reduce to order (n —1). Thus, we
may reach a tower of exponentials of height O(n?).

A natural next step is to consider collapsible pushdown systems, which are equivalent to
recursion schemes (without the safety constraint). However, it is not currently clear how to
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generalise our techniques due to the non-local behaviour introduced by collapse. We may also
try to adapt our techniques to a higher-order version of BS-automata [3], which may be used,
e.g., to check boundedness of resource usage for higher-order programs.
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