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Introdu
tionHPSG grammars 
onstrain attribute-value stru
tures su
h as2666664attr1 D 1Eattr2 �attr3 n 1 , 2o�attr3 n 2o 3777775by prin
iples of the formFor ea
h nonlo
al feature, the inherited value on the mother is theunion of the inherited values on the daughters minus the to-bindvalue on the head daughter.
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For theory �, L(G) = f! j 9M:M j=�+G �(!)g with�(w1 : : : wn) = w1 ^ hrighti(w2 ^ : : :).System Referen
e Model 
he
king Satis�abilityL++ [Rea94℄ PSPACE-
omplete unde
idableLogi
(K) [Heg96℄ PTIME de
idableRSRL [Ri
04℄ unde
idable [Kep01℄ unde
idablemodularitytransitive 
losurequanti�
ation (ex
l. RSRL)RemarkLogi
(K) 
annot express possibly re
ursive welltypedness 
onstraints,e.g. 8x:phr (x) ! 9y:Rdtr(x;y). The logi
 in [Man94℄ is even weaker and thusomitted.Anders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 4 / 20



From ML to PPDL2De�nition (ML)Formulas of ML over a signature hLabels;PROPi are de�ned as:� := pj:�j� ^  jhai�where a 2 Labels; p 2 PROP, with the satisfa
tion de�nitions:M;w j= p i� w 2 V(p)M;w j= :� i� 6j=M;w j= �M;w j= � ^  i� M;w j= �&M;w j=  M;w j= hai� i� 9w0:Ra(w;w0)&M;w0 j= �tree model propertyinvarian
e under generated substru
turesAnders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 5 / 20



De�nition (IPDL)Formulas and programs of IPDL over a signature hLabels;PROPi are de�ned as:� := p j ? j � ^  j :� j h�i�� := � j a j �;� j �� j � [ � j � \ � j ��1 j �?where a 2 Labels; � 2 Programs; p 2 PROP. The satisfa
tion de�nitions are as inML, ex
ept extended for programs. Ea
h program � indu
es a relation R� over aKripke stru
ture that is indu
tively de�ned by:R� := f(s; s) j s 2 W gR�;� := f(s; s0) j 9(s; t) 2 R� and (t; s0) 2 R�gR�� := Sk Rk� where R�0 = f(s; s) j s 2 W g and R�k+1 = R�;�kR�[� := R� [ R�R�\� := R� \ R�R��1 := f(w; v) j (v; w) 2 R�gR�? := f(w;w) jM;w j= �gAnders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 6 / 20



ExampleThe model 0: p1: : q 2: : p3: q bwith all edges in Ra, ex
ept (2; 3) 2 Rb, satis�es the formulas ha�iq andha; a \ a; biq, but not [a�℄q. Note thatRa� = f(0; 0); (1; 1); (2; 2); (3; 3); (0; 1); (0; 2); (0; 3); (1; 3)g.
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De�nition (Syntax of PPDL)Formulas (�;  ) and programs (�i) of PPDL over the signature hLabels;Atomsiare de�ned as:�;  := p j � ^  j :� j h�i(�1; : : : ; �n)�1; �2; �3; �4 := � j a j �1;�2 j ��1 j �~1 j �1 [ �2 j �1 \ �2 j ��1 j �? j�1 u �2 j un(�1; �2; �3; �4) j app(�1; �2; �3; �4) j	(�1; �2; �3)where a 2 Labels and p 2 Atoms.
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ExampleThe modela (0: p) b1: : q * a (2: p) b3: : q 4: : p , a (5: q) b6: : q 7: : p +with all edges in Ra [ Rb, satis�es the formula hbi(p; q), but not hbi(q; p). Notethe relations Rapp(�;a;b;a) = f(0; 1; 3; 6)g andRun(�;a;b;a) = f(0; 1; 3; 6); (0; 1; 6; 3); (0; 3; 1; 6); (0; 3; 6; 1); (0; 6; 1; 3); (0; 6; 3; 1)g.
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De�nition (Semanti
s of PPDL programs (1))A polyadi
 Kripke stru
ture M = hW ; fRa j a 2 Labelsg;Vi indu
es a relation R� � W� forea
h program � in the following way. For a ve
tor �s = (s1; : : : ; sn), f�sg = fs1; : : : ; sng is the
anoni
al underlying set, and for a set S = fs1; : : : ; sng,(x; S) = f(x; �s) j �s 2 permute(s1; : : : ; sn)g is a set built from all permutations of that set. LetRy = f(s1; :::; sn) j 8i = 1; : : : ; n:8j = i+ 1; : : : ; n:si 6= sjg be the relation 
onsisting of alltuples of worlds without multiple o

urren
es. For a 2 Labels, Ra � Ry. �;�;�1; ? as usual....R�;� := f(s; t1 ; : : : ; tn) j 9(s0; t1; : : : ; tn) 2 R� and (s; s0) 2 R�gand 8i = 1; : : : ; n : (si�1; si) 2 R�gR�[� := R� [ R�R�\� := R� \ R�R�u� := f(s; s0) j 9(s; t1; : : : ; tn) 2 R� and9(s; u1; : : : ; um) 2 R� ;9i; j:s0 = ti = ujgRun(�1;�2;�3;�4) := Sf(x; f�y1g [ : : : [ f�ymg [ f�z1g [ : : : [ f�zng) j8i; j:9x0; x00:(x0; �yi) 2 R�2 ; (x00; �zj) 2 R�4 ;(x; : : : x0 : : :) 2 R�1 ; (x; : : : x00 : : :) 2 R�3gRapp(�1;�2;�3;�4) := f(x; �y1; : : : ; �ym; �z1; : : : ; �zn) 2 Ry j 8i; j:9x0; x00(x0; �yi) 2 R�2 ; (x00; �zj) 2 R�4 ;(x; : : : x0 : : :) 2 R�1 ; (x; : : : x00 : : :) 2 R�3 ;(x; �y1; : : : ; �ym; �z1; : : : ; �zn) 2 RygR	(�1;�2;�3) := f(s; t1 ; : : : ; tj�1 ; tj+1 ; : : : ; tn) j 9(s; s0) 2 R�19(s0; t1; : : : ; tn) 2 R�2 ;9(s; tj) 2 R�3gAnders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 10 / 20



De�nition (Semanti
s of PPDL programs (2))We also introdu
e a se
ond 
omposition operator ;; as an abbreviation�; ;� := un(�; �; �; �)Note that ;; is the straight-forward polyadi
 extension of the binary 
ompositionoperator. The Kleene star is based on binary 
omposition. Similarly, our polyadi
iteration operator ~ is a 
losure operator based on polyadi
 
ompositionR�~ := Sk2NR�k where R�0 := R� and R�k+1 := R�;;�k
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ExampleThe stru
ture 26666664sub
atDa,b,
Ehead-dtr �sub
atDa,b,
,d,eE�non-head-dtr �sub
atDd,eE�
37777775satis�es the formulahelem(app(�; sub
at; non-head-dtr; sub
at) \ head-dtr;sub
at)i>where elem(�) := � u �.Anders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 12 / 20



ExampleThe stru
ture 26666664sub
atDa,b,dEhead-dtr �sub
atDa,b,
,dE�non-head-dtr �sub
atD
E�
37777775satis�es the formulahelem(	(head-dtr; sub
at; non-head-dtr;sub
at) \ sub
at)i>
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De�nition (Syntax of PPDL2)Formulas (�;  ) and programs (�i; �i; 
i) of PPDL2 over the signaturehLabels;Atomsi are de�ned as:�;  := p j � ^  j :� j h�i(�1; : : : ; �n)�1; �2 := � j a j �1; a j ��1 j ��1 j �? j �1 [ �2 j �1 \ �2 j �1 u �2 japp(
1; 
2; 
3; 
4) j 	(
1; a; �1)�1; �2 := � j a j �1 [ �2
i := � j a j 
i; awhere a 2 Labels and p 2 Atoms.For the restri
tion on [, repla
e the relevant 
lause in the semanti
s of programswith: R�[� := f(w;w0) j (w;w0) 2 R� or (w;w0) 2 R�gAnders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 14 / 20



TheoremThe model 
he
king problem for PPDL2 is solvable in time O(j�j2 � jW j4)Proof.The model 
he
king problem for polyadi
 modal logi
 
an be solved intime O(j�j � jM j). For any � 2 Programs in PPDL2, R� 
an be
omputed in time O(j�j � jW j4). The size of this relation is at most jW j2 .Consequently, the model 
he
king problem for PPDL2 
an be redu
ed tothe model 
he
king problem for polyadi
 modal logi
 with new modeljM 0j � j�j � jW j3 . It follows that the model 
he
king problem for PPDL2
an be solved in time O(j�j2 � jW j4 ).
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System Referen
e Model 
he
king Satis�abilityPPDL [SL07℄ EXPTIME/PSPACE-hard highly unde
idablePPDL2 [SL07℄ PTIME (O(j�j2 � jW j4)) highly unde
idableModel 
he
king is used forquerying and treebank development [Kep04℄upper bounds on satis�ability (PPDL: NEXPTIME, PPDL2:NPTIME)It is the belief of this author that the de
idability of grammati
al-ity 
annot be established without some referen
e to input size;de
idability of grammati
ality must be tied to size-bounding in-formation 
omputed from the input string, in a spirit similar too�-line parsing of LFG. [Heg96℄Cf.[BS93℄.Anders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 16 / 20



ExampleOne variant of o�-line parsability says that a nonbran
hing extension in
ludes atmost as many nonbran
hing phrases as there are distin
t nonbran
hing phrases inthe grammar. The relevant axiom is:a[(dtrs;all-dtrs;>?)k℄?where k = jf
 j nb-phr < 
gj+ 1.aIt is assumed that the hierar
hy of nonbran
hing phrases is 
at,i.e. 8
:nb � phr < 
:�t 2 Types:
 < t, for simpli
ity.
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Con
lusionsPPDL has the expressive power to formalize the fragment of Englishin [PS94℄.PPDL and PPDL2:I are modular,I have model 
he
king pro
edures, resp. in EXPTIME and PTIME, andparsing pro
edures, resp. in NEXPTIME and NPTIME, andI they embed the logi
s in [Kel93, BMV94℄.PPDL2 has the expressive power to formalize most of the fragment in[PS94℄; ex
l. the Tra
e Prin
iple, the Binding Theory and theSemanti
s Prin
iple (a).
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Example (The Nonlo
al Feature Prin
iple (1))The Nonlo
al Feature Prin
iple says:For ea
h nonlo
al feature, the inherited value on the mother is theunion of the inherited values on the daughters minus the to-bindvalue on the head daughter.In the fragment, there are three nonlo
al features on inherited,slash,que,rel. Say f=slash,que,rel.headed-phr ! helem(un(all-dtrs; synsem;nonlo
al;inherited;f;all-dtrs; synsem;nonlo
al;inherited;f)\un(dtrs;head-dtr;synsem;nonlo
al;to-bind; f;synsem;nonlo
al;inherited; f))i>Note that this prin
iple seems to be beyond PPDL2. In fa
t, it isn't.Anders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 19 / 20



ExampleHere's an adequate PPDL2 near-equivalent:headed-phr ! helem(	(�; �;dtrs;head-dtr;synsem;nonlo
al;to-bind;f)\synsem;nonlo
al;inherited;f)i>with helem(� \ app(all-dtrs; synsem;nonlo
al;inherited;f; �; �))i> and� 2 Labels. The di�eren
e is of 
ourse that the PPDL2 requires the to-bind setvalue 
ontains at most one element; but this a
tually holds for all the examples in[PS94℄. In fa
t, the only ID s
hema that puts the to-bind attribute to usere
e
ts a similar restri
tion [PS94, 164℄:X ! hlo
al 1 i, S��n,inherited.slashn 1 ,. . .o,to-bind.slashn 1o�This is in the informal notation of [PS94℄. The �rst 
onstituent on the right-handside is the �ller; the se
ond 
onstituent is the head. The s
hema is 
aptured bythe 	-operator; it subtra
ts an element from the slash set value that has beenbound o�, and pla
es it in to-bind.Anders S�gaard (Univ. of Copenhagen) On the formalization of HPSG August 14 2007 20 / 20
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