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Abstract

In this paper ihe phenomenom of case stack-
ing is investigated from a formal point of view.
We will define a formal language with idealized
case marking behaviour and prove that stacked
cages have the ability to encode structural in-
formalion on the word Lhereby allowing for un-
restricted word order.  Turthermore, the case
stacks help to compute this structure with a low
complexity bound. As a second part we propose
a compositional semantics for languages with
stacked cases and show how this propesal may
work for our formal language as well as for an
example from Warlpiri.

1 Introduction

Clase stacking is a phenomenom that occurs in
many Australian languages (such as Warlpiri
and Kayardild) and c.g. Old Georgian. Case
stacking i3 known to pose problems for the
treatment of casc in many formal frameworks
today!. In (Nordlinger, 1997) the problem was
attacked by extending the framework of LIFG.
Nordlinger claims that case wmorphology can
construct grammatical rclations and larger syn-
lactic contexts.

In Section 2 we will introduce an ideal lan-
guge, which exlibits perfect marking. This lan-
guage captures Nordlinger’s idea ol case as con-
gtructors of grammatical relations, but is inde-
pendent of any syntactic {ramework. We will
prove of this language that the case stacks pro-
vide all the information needed for recoustruct-
ing the functor-argument relations and the syn-
tactic context a word appears in. Additionally,
since structure lies encoded in these case stacks
there is no need to assume any phrase structure

Yseo (Nordlinger, 1997) and (Malouf, 1999) for a dis-

cussion on LFG and HI’SG respecLively.
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or restriction on word order. At the end of this
section we consider the computational complex-
ity of our language and draw some conclusions
aboui grammmar formalisms that are able to gen-
crate it.

In Scction 3 we propose a compositional so-
mantics for our case stacking languages. Un-
like Montaguce scmantics, where the manage-
ment of variables is not made explicit, we will
nse referent systemns to keep track of variables
and to make semantic composition efficently
computable?, The proposal will be applied to
our formal language and to an example [rom
Warlpiri.

2 Syntax

In this section a perfectly case marked formal
language will be defined and investigated. The
definition of this languagoe is based on terms con-
sisting of functors and arguments and thus cases
will be taken Lo mark argutnents.

In the following we let N denote the set of
non-negative integers and 7 the concatenation
of strings, which is often omitied. We shall use
typewriter font to denolu true characters in
print for a formal language.

2.1 Basic Definitions

An abstract definition of terms runs as follows.
Let 14 be a set of symbols and Q: F — N a
function. The pair (I, Q) is called a signalure.
We shall often write Q in place of {F,Q). An
clement f € IV is called a funclor and Q{f) the
arity of f. We lot w == max{Q(f) | f € I}
denote the maximal arity. Terms are denoted
here by strings in Polish Notation, for simplicity.

Definition 1. Let Q be a signalure. A term
over $2 is inductively defined as follows.

see {Vermeulen, 1995) and (Kracht, 1999) on these
issucs.



LoIfQUf) =0, then [ is a fern.

IFQU > 0 and iy, 1 <@ < Q) wre
Lerins, so s fly . tgpy.

The set O of case markers will be the set
{1,... ,w}, which we assinne to be disjoint from
I Gilven a termn, cach functor will he case
marked according to the argunent position it
pecupies. This is achieved throngh the notion
of a unid, which consists of o functor and a se-
quence of case markers called case stack.

Definition 2. Let & be a lerin over a signature
Q. The corresponding bay, A(l), 1s induc-
tively defined as follows.

LoAfi = f, thea A = {1}
2ol ot = ft oty then A1) ==
Uiz |z € A}

An clement [y e A(L) is colled o wnil and v €

7 ils case stack.

{/ru

For cxample, i f.q, and 2 are Lunclors ol
arity 2,1 and 0, respectively, the bag A(fzq)
is {f,x1,g2,x12}. The meaning of a unit x12
conld be described by ‘@ is the functor of the
first argument of the sccond arginent of the
tern’,

Definition 3. fef & be a terin over a a'v'q')m!m‘('
Q. A the corvespouding bay and ALY == {8 |
i< ntoan mbmmq umrwuhuu of ils unals.
Then the string 877027 00 70, 178, 15 soid 1o
be a A(t)-string.

Some  of the A(fage)-strings are  c.g.
fx1p2%x12 and g2x1Lx12. We are now prepared
to define a formal language over the alphabet
I"U C by collecting all Alt)-strings for a piven
signature:

Definition 4. Lefl 2 be a signature. The ideal
casc marking language ZCMLY over this
signalure consisls of all A -strings such thai
tis a lerm over §).

2.2 Trees and Unique Readability
There is a strong correspondence hetwoeen hags
and labelled trees sinee case stacks can be iden-
tificd with free addresses:

Definition 5. A nonemply finite set 1) C Nj.
is a tree domain if the following hold:
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Le¢c D,

B dfdydy € D ithen dy € 1.

Aodfdie D, veN then df € D for all § <1
The clements of @ leee domain are called tree
addresses. A Q-lobelled tree 1s o paiv (12, 7)
sweh thal 1D s a lree dowain ond 72 1) — 7

w dabelling function sueh that ihe aumber of
Aaughters of d € 1 is caactly Q{7 (d)).

To formalize the correspondence we define a
function 7" that assigns cvery bag A() a Q-
labelled tree:

wynt) {“’H]l i <nj,
oyl s i< <)

Pty ... f

'he function 7° reverses the case stacks of all
units to get a set of tree addresses. Then the
functor of the unit is assipned to the tree ad-
dress. 1. if the hag contains a unii g321 ihe
resulting tree domain will contain a tree address
123 and the labelling function will assign ¢ to
i,

Similarly one can define an inverse funetion
assigning a bag to cach Q-labelled tree. Thus
there is a bijection between Q-labelled trees ;m(]
bags, [herclove different bags correspond 4
different ordered labelled frees, 1'his shows Hml
we have mique readability [or bags and since
cvery ZCMLY string can be uniquely decown-
posed inbo its units we may state the following
proposition,

Then ev-
string s uniquely readable.

Proposition 6. Lel § bo a signature,

ery TCMLY

2.3  Pumpability and Semilinearity
We will first consider the property of being
finetely pumpable as delined i {Groeninl, 1997).

Definition 7. A lenguage L s finitely
pumpable if there is a constant ¢ such thai
Jor any w G Lowith |w| > ¢, there are o finile
number b oand strings vy, up and vy, .0 v
such that w — wev g vong - - - vpuy and for cach
i1 < || < ¢ and Jor any p 2 0 the string

)
’lL(]‘Uf’ll,]'Ug’H,z e 'Uf,u;_, belongs (o 1.

Proposition 8. et Q be a signatuwre.  Then

TLCMLESR s not fivitely pumpable.
iy !



Proof. 1t 1s casy to observe that the pumpable
parts cannot contain a functor since that would
lead to pumped strings coutaining the samne
units more than once. Hence the number of
units cannot be increased by pumping and all
pumpable parts must consist of case markcrs
solely. But since the length of an ZCM LY string
consisting of a fixed number of units is bounded
each pumpable string could be pumped up such
that it exceeds this bound. Thus ZCM LY is not
finitely pumpable at all. (I

Now we are concernced with semilinearity.
Definition 9. Lei M CN*. Then M s o

i. linear set, if for some k € N ihere are
Uy vty € NV, such that M = {ug +

k
D oieq Miug | ng € N},
2. semnilinear set, if for some k € N {here
are lincar sets My, ..., M, CN*, such that
M= M.

A language I over an alphabet ¥ = {w; |
0 <4 < n}is called a semilinear language
if its imaege under the Parikh mapping s a
sernilinear scl, where the Parikh mapping ¥
¥F = N is defined as follows:

e = {(0,...,0)
w; vy el for 0 <i<n
off v Ula) +U(B) forall o,fcE?

where ) is the i 4+ 1-th unit wvector, which
consists of zeros cxceptl for the i-th component,
which is 1.

Note that - - given a term ¢ - the Parikh imagoe
of all A(f)-strings 1s the same since these are
just concatenations of different permutations of
the units in A(t).

In the following we make use of a proof tech-
nigue used in (Michaelis and Kracht, 1997) to
show that Old Georglan is not a semilinear lan-
guage. We cite a special instance of a proposi-
tion given therein:

Proposition 10. Let P(k) = k% - 352k and
M be a subset of N, where n > 2, which has
the propertics

1. For any k € N there ure some numbers

Lgk),..- ,57(521 € N for which the n-tuple

U, P, 1Y belongs to M.

‘n—1
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2. For any k € N the value P(k) provides an
upper bound for fhe second component
of any n-tuple (k. 1h,... lh_1) € M (that
means 1y < P(E) for any such n-tuple).

Then M is not semilinear.

In order to investigale the semilinearily of
TCMLY we choose distinet symbols f,z € T,
such that Q(f) = w and Q(x) = 0. We shall
construct terms s; by the following inductive
definition:

1. spi==m

2. 8p = flsp—1,%,...,2) for n>0

It is casy to observe that hy virtue of consfruc-
tion s, consists ol n leading funclors f and that
in each iteration the number of z increases by

(w—1)}.

Lemma 11. Let U C = {f,1,2,2,... ,w,
J15- ooy fip|—2} be an enumeration of the alpha-
bet underlying TCMESR, where f,... : fip)—2
are the remaining functors in F'— {f,x} Then
the Parikl image of some A(sy)-string 5y, is

. 9 —
T(5,) = (n, g + -

(w—Don+Ln ... ,n0,...,0)
\_-\(—/\_\(—/

7,

w=1 R

. ey g W2 . 2w - e " -
Furthermore, §n* -+ *5*n imposes an upper

bound on the second component of \W(d,).

Proof. The first part of the lemnma can be
proved in a straightforward way by induction
on 7. The claim on the upper bound follows
from the observation that the number of occur-
rences of cage marker 1 can be maximized by
repeated cmbedding of terms in the first argu-
ment position. 0

Proposition 12. Let @ be a signature. Then

ICMLY is not semilinear.
Proof. Let n = w + |I"| and consider the lincar,

and hence semilinear, set i .=

w2
{{ng(w—1) + 1) 4 Z niet? | ny € N}
i=0,1£2



Then the full preimage Lp of R under the
Parikh map consists of all strings which con-
tain na((w — 1) + 1) occurrences of the symbol
x (where ng 1s any number) and any number of
occurrences of the symbols £,1,... ,w, and no
other symbols. We define the language Ly as
the set of all strings belonging to Ly and the
ideal case marking languages. Then Ly con-
tains all A(s,,)-strings.

Considering the Parikh image M of Lpy we
get

M = U[Ly] = W[Lg] N W[ZCMLY
= RN W[ZCMLY

because of the definition of Ly as the full pre-
image of . But then the set M fulfills the
conditions of Proposition 10 due to Lennna 171,
Hence M is not semilinear. Since I is semilincar
by definition and semilincarity is closed under
intersection ZCM LY is not sceiilinear. ]

2.4 Computational Complexity

In this subscction the computational complex-
ity of ZCMLY is considered. The results are
achicved by defining a 3-tape-Turing machine
acceptor (depending on a given sighature) that

recognizes ZCM LY,

Proposition 13. Let € be a signature. Then
ICMLY € DTIM FE(ny/nlogn)
TCMLE € DSPACE(n).

Proof. In the following we let n denote the
length of the input string. The Turing machine
algorithm can be subdivided into three main
parts:

1. The input string is segmented into its units:
The algorithm steps through the input and
adds sceparation markers in between two
units. This can be done in O(n) tine.

2. The units arc sorted according to their

case stacks: More formally a Z-way straight
merge sort is performed. This sorting algo-
rithm is known for its worst case optimal
complexity: it performs the sort of & keys
in O(klogk) steps. In our case the keys
arc units and thus their nunber is clearly
bounded by n. The additional square root;
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factor comes from the comparison step.
One can show that the maximal length of
a case stack occuring in an ZCMLSY string
of length n is bounded above by O(y/n).
Hence a comparison of two units takes at
most O(y/n) steps. Thus the overall com-
plexity of the sorting part is O(ny/nlogn).

. The sorted sequence of units is checked:
The algorithm successively generates case
stacks according to the functors it has read.
Bach case stack is compared to the unit of
the input. If they coincide the algorithim
advances to the next unit on the input and
generates the next case stack. After all case
stacks bave been generated the whole input
string must have been worked through. In
this case the algorithin accepts. This can
be done in O(n) time.

Summing up the complexities of these three
parts shows that the time complexity is as
claimed in the proposition. Furthermore, the
algorithim uses only the cells needed by the in-
put plus at most k — 1 cells for additional sep-
aration markers (due to the first part), where
k is the nunber of units the input string con-
sists of. This shows that the space complexity
is linecar. U

2.5 Discussion

A first conclusion we may draw is that cases
have the ability to construct the context they
appear in. ZCMLY strings encode the same
structural information as ordered labelled trees
do thereby allowing unconstrained order of
units. Additionally cach such string can be read
unambigously.  This was shown by mecans of
a bijection between bags and ordered labelled
trees.

The fact that idcal casc marking languages
are neither {initely pumpable nor semilincar
means that they fall out of a lot of hicrarchics of
formal languages. As (Weir, 1988) shows, multi-
component trec adjoining grammars® generate
only semilincar languages. Consequently, ideal
case marking languages are not MCTALs. How-
ever, (Groenink, 1997) defines a class of gram-
mars, called simple literal movement grammanrs,

3and hence linear contest-free rewrite systems, which
are shown to be weakly equivalent to MCTAGs in (Weir,
1988)



which genecrate all and only the PTIME recog-
nizable languages. Ideal case marking languages
should thercfore be generated by some simple
literal movement grammar.

We note furthermore that the (theoretical)
time complexity is significantly better than the
best known for recognizing context-free gram-
mars. In fact, we implemented a practically ap-
plicable algorithm which constructs the corre-
sponding tree out of a given ZCML? string in
lincar time (in average).

3 Semantics
We are now going to proposc a scmantics for
languages with stacked cases. The basic prin-
ciple is rather ecasy: we are going to identify
variables by case stacks thereby making use of
referent systems.

3.1 Referent Systems

The semantics uses two levels: a DRS-level,
which contains DRSs, and a rcferent level,
which talks about the names of the referents
used by the DRS. Referent systems were intro-
duced in (Vermeulen, 1995). We keep the idea
of a referent system as a device which adminis-
trates the variables (or referents) under merge.
The technical apparatus is however quite differ-
ent. In particular, the referent systeims we use
define explicit global string substitutions over
the referent names.

There is one additional symbol o. It is a vari-
able over names of referents. If we assume that
a functor g has meaning g a simple lexical entry
for ¢ looks like this:

/g/

.0
10/]
o=g(170,270,...

,Q(g)"0)

Here, the upper part is the referent system, and
the lower part an ordinary DRS, with a hecad
section, containing a sct of referents, and a body
scction, containing a set of clauses. This means
that the semantics of a functor g is given by
the application of g to its arguments. Howcever,
instead of variables z, ¥, etc. we find 170,270,
etc. The semantics of a O-ary functor z and a
case marker, say 2, arc:
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When two such structures come together they
will be merged. The merge operation @ takes
two structures and results in a new onc thereby
using the referent systems to substitute the
names of referents if necessary and then tak-
ing the union of the sets of clauses. L.g. the
result of the merge /g/ @ /2/ is

/82/

|
@

270 =g(1270,2270,... ,§(g)2"0)

The meaning of o : 270 is as follows. If some
structure A is merged with one bearing that ref-
erent system, then all occurrences of the vari-
able o in A arc replaced by 270, As the re-
sulting referent system we get o ¢ This is
exactly what is done in the merge shown above.
We shall call a structure with referent system
o : o plain. Merge is only defined if at least on
structure is plain.

3.2 Semantics for ZCML

To see how the semantics works we shall repro-
duce an earlier example and take the ZCM LY
string g2x1fx12. Motivated by the definition of
the ideal case marking language we shall agree
to the conventions that

o.

1. Case markers may only be sullixes

2. Case markers may only be attached to
functors or casc marked functors

By these conventions the string under consid-
cration must be parsed as (g2)(x1)(£)((x1)2).
They force us to combine the functors with
their case stacks first and afterwards combine
the units. We shall understand that this is a
syntactic restriction and not due to any scman-
tics.

The composition of g and 2 was alrcady
shown above and is repeated on the left hand
side, using that (g) = 1. The result of com-
posing x and 1 is shown to the right.



/x1/
%)

270 = g(1270) 170 = x

/52/

Merging thesce two structures we get
/g2x1/
[ oo ]
1)
270 =g(1270)

170 =x

Together with £ this gives

/g2x1f/

[ oo ]

)
270 = g(12/\o)

—~

1
oif(l

0 = X
o, 2/\0)

By composing the structures for x and 1 we get
the structure /x1/ shown above. We merge this
onc with that for 2 and get

/x12/

o:.0

1270 =x

The maerge of the two structures above {inally
gives

/e2x1£fx12/
| °:0 |
(%)

1270 =x
270 = g(1270)
170 =x
o = f(i’“o,Q’“o)

We shall verify that the value of o is actually
the same as the value of f(x, g(x)). Notice first
that in the body of the DRS we {ind that 1270
and 170 have the same value as x. We may
therefore reduce the body of this structure to

270 = g(x)
o = f(x,270)

Finally we may replace 270 by g(x) in the sec-
ond line. We get then

o = f(x, g(x))

which is the intended result.

After the semantics of the units has been com-
puted the order of merge is unimportant. If we
choose to merge these semantics in an order dif-
ferent from the one above, we get the same re-
sult.

3.3 An example from Warlpiri

To show how this proposal may work for natural
languages we give an example from Warlpirit
in which case stacking occurs.  We have to
deal with the four case markers ergative (ERG),
past tense (PST), absolutive (ABS), and locative
(Loc).

lwwa-rnu marlu
Japanangka-ErRG  shoot-rsT  kangaroo-ABs

Japanangka-rlu

pirli-ngka-rlu

rock-LOC-BERG

Japanangka shot the kangaroo (while) on the
rock

We extend the proposal by taking into ac-
count that cases may not only tunction as argu-
ment markers but have a semantics, too. This
actually does not make much of a difference
for this calculus. We propose the following se-
mantics for the locative and the past tense case
marker

Jroc/ /rst/
{ 0o:LoC o | [ o:o |

%] %]
located’ (0, LOC " 0) past’(o)

So, when the locative is attached, 1t says that
the thing to which it attaches is located some-
where.  Iere, o represents the thing that is
located, while LOC ™o is the location. The
past tense scmantics simply says that the thing
which it attaches to happened in the past.

We construc the meaning of the ergative as
being the actor and the meaning of the absolu-
tive as being the theme®.

This example is taken from (Nordlinger, 1997), p.171

"Iu fact, ergative and absolutive should mark for
grammatical functions, but since linking of grammati-
cal functions and actants is quite a complicated matter
(see (Kracht, 1999)) we make this siimplification.
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JERG/ /ABS/
| 0 :ERG o 0:ABS o |
%] %]

actor'(o) = ERG o theme'(o) = ABS o

Again, we shall agree in using the conventions
stated in subscction 3.2. First we have to attach
the case markers to compose the resulting struc-
tures afterwards. The semantics of the proper
noun Japanangka is taken to be a plain structure
with body o = japanangka’. The composition of
this structure and the ergative semantics yiclds

/Japanangka-ERG /
Q

o:

1%}

ERG o = japanangka’
actor'(o) = ERG o

We assume that the nominals /pirli/ and

/marlu/ have the following lexical entries:
/pirli/ [marlu/

{o} {o}

rock’(o) kangaroo'(o)

Thus the semantic composition of pirli, L.OC,
and ERG gives:

[ pirli-LOC-ERG /
(S
{LOCTERG "o}
rock’(LOCTERG o)
actor'(o) = ERG o
located’(ERG ™0, LOCTERG ™ 0)

@]

Similarly we can compose marly with the abso-
lutive case:
/marlu-ABS/
o:0
{ABS o}
kangaroo'(ABS o)
theme'(o) = ABS o

The semantics of the verb is shown on the left
hand side and its composition with /rsT/ on
the right hand side.

[luwa/ /luwa-rsT/
BTN
6]
%]
: shoot'(o)
shoot' (o) past' (o)
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Finally by merging the structures /Jepanangka-
ERG/, [luwa-rst/, [marlu-ABs/, and [pirli-
LOC-ERG/ in any order, we get the following
result.

|

(SN
{ABS 0, LOCTERG o}
ERG o == japanangka’
shoot'(o)
past'(o)
actor'(o) = ERG o
theme'(o) = ABS o
kangaroo’(ABS o)
rock’(LOCTERG o)
located’(ERG "o, LOCTERG o)

o]

It says that there was an cvent of shooting in
the past, whose actor is Japanangka and whose
theme is something that is a kangaroo, and that
there is a rock, such that Japanangka is located
on it. Note that the only syntactic restriction
were the conventions stated in subsection 3.2
and that we did not make any further assunp-
tions on syntactic structure or word order.
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