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tA simple, novel, and eÆ
ient 
omputational model for a graphuni�
ation method for NL parsing is presented. We rely the bodyof existing resear
h on labeled graph uni�
ation for natural languageparsing. This model o�ers several advantages in
luding: simpli
ity, ef-�
ien
y, and amenability to a low-level, eÆ
ient, and straight-forwardimplementation. A 
onsequen
e of this is that some earlier 
onsidera-tions with respe
t to garbage 
olle
tion and redundant node 
opyingbe
ome obsolete. The model uses a novel feature of sub-node stru
turesharing.Key words: Parsing, uni�
ation.1 Introdu
tionThe various grammar formalisms for natural languages (NL), su
h as HPSG(Head-driven Phrase Stru
ture Grammar), LFG (Lexi
al Fun
tional Gram-mar), and PATR-II, use labeled graph uni�
ation to express grammar 
on-straints and to 
apture other NL phenomena. We des
ribe in se
tion 2 howgraph uni�
ation is used to des
ribe NL rules, and how it is implemented ata 
on
eptual level in a
tual parsers. 1



A suÆ
iently eÆ
ient algorithm for unifying two graphs is known. How-ever, it is destru
tive to the argument graphs, whi
h is an undesirable e�e
tin NL parsing. Coping argument graphs is a very expensive solution ([27℄),so several algorithms whi
h redu
e the total 
ost of uni�
ations during pars-ing have been proposed. These algorithms are des
ribed in the review of theknown te
hniques and related work in se
tion 3.The essential ideas of the previous algorithms are sometimes obs
ured byseveral unimportant issues, su
h as 
onsiderations with respe
t to garbage
olle
tion and expensive system 
alls for memory allo
ation. The algorithmswere presented as high-level re
ursive algorithms, without in
luding all de-tails, su
h as handling the sets of edges. Memory management is not dire
tlyhandled, so it 
an lead to memory fragmentation. Some data �elds, su
h as`status' and `mark' �elds, are redundant, when the algorithm is re-designed.Motivation for our model with respe
t to the previous approa
hes is furtherdes
ribed in se
tion 4.Our model is des
ribed in se
tion 5, and in se
tion 6 we give a detailedexample. Dis
ussion of some of the remaining issues is given in se
tion 7,and the 
on
lusion is given in se
tion 8. The sour
e 
ode for a C and a Javaimplementation of the algorithm is given in the appendix, and it is availableon the Web.1.In this paper, under the term graph we assume a labeled dire
ted graph(with labeled nodes and edges). Under the term rooted graph we assume alabeled dire
ted graph with a distinguished node, 
alled root, su
h that anyother node is rea
hable from the root node.2 Graph uni�
ation in NL parsingLet us 
onsider the following senten
e:The red book is on the table.If we use a 
ontext-free grammar to parse it, then the parse tree shown in�gure 1 
an be a typi
al result (without the dotted line). This representationdoes not 
apture some synta
ti
 phenomena, su
h as agreement. For example,we 
annot say \*The red book are on the table." be
ause the noun phraseand the verb phrase have to agree in number, whi
h is singular for `book'1http://www.
s.uwaterloo.
a/~vkeselj2



The red book is on the table.
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SFigure 1: Context-free parseand plural for `are'. This 
an be solved by passing and mat
hing the numberinformation along the path denoted by the dotted line in �gure 1.Issues like these are handled in uni�
ation-based grammars, like HPSG(Head-driven Phrase Stru
ture Grammar), using feature-stru
tures or attribute-value matri
es (AVM). For the example in �gure 1, instead of using lexi
alrulesD! The;ADJ ! red;N ! book; V ! is; P ! on;D ! the;N ! table;we rewrite words by the following feature stru
tures:The red book is on the table:[d ℄ [adj ℄ h sm obje
tH: [A: [N: sg ℄ ℄ i h beH: [A: [N: sg ℄ ℄ i [p ℄ [d ℄ [n ℄The feature stru
tures have types, like d or sm obje
t above, and they in
ludefeatures, su
h as H and A above. The features are asso
iated with theirvalues, whi
h 
an be atoms, su
h as `sg', or another feature stru
tures. If atype is not spe
i�ed, then the most general type is assumed.2The types are organized into a type hierar
hy. For example, we 
anspe
ify that sm obje
t is a subtype of noun, and be is a subtype of verb, sothat the words `book' and `is' above 
an be used in rules that require typesnoun and verb, respe
tively. The agreement information `number = singular'is en
oded as N:sg, whi
h is part of the agreement (A) stru
ture, whi
h ispart of the head (H) information. The head information is passed from the2This des
ription illustrates very brie
y the use of feature stru
tures and uni�
ation inNL parsing. For a more 
omplete a

ount, see [25, 7℄.3
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��/H HAA 1 The red booksg AHFigure 2: Graph representation: senten
e rule and a 
omponenthead word to the whole phrase, e.g., by the following two rules:h npH: 1 i ! [d ℄[adj ℄h nounH: 1 i:h vpH: 1 i ! h vH: 1 i[pp ℄:The agreement between a verb phrase and a noun phrase in a senten
e isenfor
ed by the following rule:[s ℄! h nounH: [ A: 1 ℄ ih nounH: [ A: 1 ℄ i: (1)The indi
es ` 1 ' denote the same stru
tures, or shared stru
tures, as they areusually 
alled. Shared stru
tures are also 
alled a reentran
y.2.1 Graph representationA feature stru
ture 
an be represented as a rooted graph. Hen
e, a grammarrule 
an be represented as an array of rooted graphs, whi
h 
an share stru
-ture. For example, the above rule (1) 
an be represented as graph shownin �gure 2. Additionally, the �gure illustrates the graph representation ofthe phrase \The red book," and the dashed line 
onne
ts two nodes that areuni�ed during parsing. In one of the following steps, a graph representingthe phrase \is on the table" is uni�ed with graph rooted at node vp and thesenten
e is parsed. In this example, the parsing result, whi
h we simply 
alla parse, is just the node labeled with s. In general a parse is a rooted graph,and it is usually larger than a single node. Some parse information, i.e., someparts of the parse graph, originate from the information en
oded in the �nalrule, and some information is obtained through stru
ture-sharing with thedaughter nodes. 4



2.2 Chart parsingChart parsing is a frequently used algorithm for parsing natural languages.A 
hart is a table with entries 
alled 
hart edges. A 
hart edge 
overs a
ontinuous sub-string of the senten
e, whi
h is spe
i�ed by its span. Thealgorithm starts by adding 
hart edges that 
over re
ognized tokens in thesenten
e. These edges are passive edges, they are part of the passive 
hart,and ea
h of them 
ontains a rooted graph, whi
h is a partial parsing resultof the 
overed sub-string. For ea
h new passive edge, we attempt to unify itwith a designated daughter in ea
h rule (e.g., the left-most daughter, or thehead daughter). If uni�
ation su

eeds and the rule has only one daughter,the result is a new passive edge. Alternatively, if uni�
ation su

eeds andthe rule has more daughters, an a
tive edge is 
reated, whi
h is added tothe a
tive 
hart. A
tive edges are similar to dotted rules in the Earley'salgorithm|some daughters are parsed and they 
over a sub-string of thesenten
e, while one or two daughter nodes surrounding this parsed part are
onsidered for expansion using the passive edges that border the 
overedspan. When an a
tive edge is expanded by unifying one more daughter, theresult is either a 
ompleted passive edge if all daughters are uni�ed, or a newa
tive edge otherwise.The pro
ess 
ontinues until no more edges 
an be added to the 
harts.Any passive edge of an appropriate type that 
overs the whole senten
e is aparse. Alternatively, the algorithm 
an stop earlier as soon as one parse isfound.Uni�
ation of the labeled graphs is an operation that uses a signi�
antportion of the running time.3 Related WorkA useful introdu
tion to uni�
ation is the general survey by Knight [14℄(1989). It brie
y des
ribes some of the work that we review here as well.Some of the early NL parsers that used graph uni�
ation were parserswritten for the PATR-II grammar formalism (Shieber [24℄). They used aneÆ
ient destru
tive algorithm for labeled graph uni�
ation (Pereira [22℄).The algorithm is suÆ
iently eÆ
ient with respe
t to the problem of unifyingtwo graphs; however, it is destru
tive, i.e., it destroys the original graphs, orat least one of them, whether the uni�
ation su

eeds or not. In the 
hart5
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ationparsing algorithm, we want to keep the original graphs as well.In 
hart parsing, uni�
ation is done between a 
onstituent in a rule or inan a
tive edge, and a passive edge. If uni�
ation su

eeds, then a new edgeis 
reated. Whether uni�
ation su

eeds or not, we want to keep the originalrule and the original 
onstituent.Let us 
all the original graphs that are uni�ed the argument graphs, andthe resulting graph if uni�
ation su

eeds, the result graph. A solution is tomake 
opies of the argument graphs before uni�
ation, and then to unify the
opies. This is a simple and expensive solution, whi
h was used in some earlyparsers ([24℄). Most of the uni�
ations during parsing fails (60% a

ording toTomabe
hi [26℄), so this ex
essive 
opying be
omes a \
omputational sink,"as des
ribed by Wroblewski [27℄. Figure 3 illustrates this simple method with
opying, whi
h is 
alled the na��ve method.3The �gure illustrates uni�
ation of the following two AVMs representedas graphs: � d: [ e: [>℄ ℄a: [ b: [>℄ ℄ � and " a: 1 [ b: [>℄ ℄d: 1g: [ h: [>℄ ℄ #As we 
an see from the �gure, we �rst 
opy all 10 nodes with edges, and then3The example was used in Wroblewski [27℄.6



do destru
tive uni�
ation. There are 6 nodes at the end of uni�
ation.In the pro
ess, we did some unne
essary 
opying. This problem wasdes
ribed by Wroblewski [27℄, and he di�erentiates two kinds of unne
essary
opying in this approa
h:over-
opying: When two argument graphs are 
opied, then too many nodesare 
opied sin
e the resulting graph has less nodes that the total numberof nodes of the two argument graphs. For example, in �gure 3 we 
opied10 nodes and 9 edges, while the resulting graph used only 6 nodes and6 edges.early 
opying: The problem of early 
opying is that we make 
opies inadvan
e, without knowing whether the uni�
ation will su

eed or not.A better approa
h would 
opy as uni�
ation pro
eeds. At a point whereuni�
ation fails, we stop 
opying and do not make any extra 
opying.Wroblewski [27℄ des
ribes an algorithm that partially solves this problem:It redu
es over-
opying, and eliminates early 
opying. The algorithm doesnot 
opy the argument graphs. Instead, it works non-destru
tively on theoriginal argument graphs. Whenever a 
hange on a node is required, it doesnot 
hange the original node but makes a 
opy of it, and 
hanges the 
opy.On
e a 
opy is 
reated, all additional 
hanges are done on it. A 
opiedobje
t is found by following the forward pointer from the original obje
t.There 
an be a 
hain of the forward pointers. Whether the uni�
ation failsor not, after the pro
edure the forward pointers from the original nodes tothe 
opied nodes are invalidated using a simple global 
ounter tri
k, whi
h wewill explain later. The e�e
ts of the Wroblewski algorithm on the graphs in�gure 3 are illustrated in �gure 4. The dashed lines depi
t forward pointersto the 
reated 
opies. The 
opies are made as uni�
ation progresses, so early
opying is eliminated. Over-
opying 
an still o

ur. For example, duringuni�
ation, we may unify two nodes A and B, and a 
opy of the future nodeA1 is 
reated. Two other nodes C and D are uni�ed, and a 
opy C1 is 
reatedfor them. However, we may later need to unify A and C. It is done on oneof the 
opies, e.g., A1, so the 
opy C1 was unne
essarily 
reated, and thatrepresents over-
opying.Wroblewski algorithm was a relatively simple solution to the problem, asa modi�
ation of the destru
tive uni�
ation algorithm; but it was not the�rst o�ered solution. Two solutions were given before by Pereira [22℄ andKarttunen [13, 12℄. 7
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eFigure 4: Wroblewski uni�
ationPereira [22℄ proposed a stru
ture-sharing method inspired by Boyer andMoore [4℄ method used in Prolog implementations. During uni�
ation, the
hanges are re
orded in an \environment," so the uni�
ation is non-destru
tive.An advantage of this approa
h is the use of hidden stru
ture-sharing, whi
hwill be des
ribed later in the 
ontext of a similar approa
h by Emele [10℄.The method does prevent over-
opying and early 
opying. The disadvantageis that an overhead 
ost of O(log d), where d is the number of nodes, is as-so
iated with ea
h a

ess to a node. Another disadvantage is that this is a
ompli
ated method to implement (Wroblewski [27℄).Karttunen [12℄ proposed a reversible uni�
ation method, in whi
h all
hanges are done on argument graphs, but they are re
orded so they 
anbe undone. If uni�
ation su

eeds, then the result graph is 
opied and theargument graphs are reversed to their previous state. This method alsoprevents over-
opying and early 
opying, but the �nal reversal of all 
hangesand 
opying in 
ase of a su

essful uni�
ation have signi�
ant 
ost, and theseoperations are avoided in some other methods.Global 
ounter tri
k. Wroblewski [27℄ used a global 
ounter tri
k toinvalidate node 
hanges on the original nodes after the uni�
ation is �n-ished. Suppose that we have a node n, and the �eld n:forward is used as8
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ation without redundant 
opyinga pointer to its 
opy. We also have an integer �eld n:generation , whosevalue is equal to the 
urrent global generation 
ounter Generation. Let usassume Generation = 1. After �nishing uni�
ation, whether it su

eedsor not, we in
rease Generation to 2, whi
h invalidates all forward point-ers. Namely, when the next uni�
ation is performed, we will �nd thatn:generation < Generation, whi
h means that the forward pointer is notvalid and the node n does not have a 
opy. When a new 
opy is 
reated, wemake the update n:generation  Generation.The global 
ounter tri
k is advan
ed by Emele [10℄.In 1990, Godden [11℄ des
ribes another te
hnique for lazy uni�
ation using
losures, whi
h are programming language 
onstru
ts. In the same year,Kogure [15℄ presents a uni�
ation method with lazy in
remental 
opying,and a method that orders the uni�
ation of nodes in su
h way, so that thepaths that fail more frequently are uni�ed �rst.Redundant 
opying and hidden stru
ture sharing. Beside over-
opyingand early 
opying, Emele [10℄ de�nes redundant 
opying. In the previousexample in �gure 4, we 
an see that the bran
h g : h was unne
essarily
opied, sin
e it was not 
hanged. This is referred to as the redundant 
opying(Emele [10℄). A solution without redundant 
opying would produ
e a graphas shown in �gure 5. The nodes on the paths g, g:h, and d:e are not 
hangedso we 
an reuse them in the new graph. The reused stru
tures are sharedbetween di�erent AVMs, so this approa
h is 
alled stru
ture sharing.We have already introdu
ed the term `stru
ture sharing' in a di�erent9




ontext, as intended sharing of 
onstituents in grammar design (it is also
alled reentran
y). Although both of these senses of `stru
ture sharing' arevery 
lose, and usually implemented in the same way, there is a 
ru
ial dif-feren
e between them. If two paths are stru
ture shared by grammar design,where they are usually part of an graph or a rule, then any 
hange of thesub-graph at the end of one path is re
e
ted in the other path too. However,if two paths are stru
ture-shared in our new sense, i.e., they are shared forthe eÆ
ien
y reasons but they are di�erent at the grammar level, then ifthe node at one path is 
hanged it has to be separated from the node atthe other path before 
hanging it, and they are not `stru
ture-shared' anymore. For this reason, we 
all this new 
on
ept of stru
ture sharing hid-den stru
ture sharing. There are no established terms for these two kinds ofstru
ture sharing. The �rst kind of stru
ture sharing was 
alled reentran
y,feature-stru
ture sharing, and stru
ture sharing. The se
ond kind, i.e., hid-den stru
ture sharing, was 
alled data-stru
ture sharing, subgraph sharing,and stru
ture sharing (Callmeier [6℄).We are not dis
ussing reentran
ies here, so under the term stru
ture shar-ing we assume hidden stru
ture sharing.Hidden stru
ture sharing does not only save time sin
e no redundant
opying is done, it also saves memory. These savings 
an be signi�
ant in
hart parsing. For example, a daughter 
onstituent 
an be in
luded in itsmother node with no additional 
opying. In 
hart parsing, various mothernodes of a node are stored in the 
hart in the same time, so this 
opy re-du
tion 
an prevent exponential explosion of the memory and running-timerequirements.If hidden stru
ture sharing is used, then we have to treat graphs as `read-only.' Namely, a part of a graph 
an be shared by some other graph thatdoes not seem to be related, so whenever we 
hange a node in a graph,it has to be 
opied before the 
hange. Hidden stru
ture sharing 
annoto

ur within a graph, and between graphs that are to be uni�ed, as notedby Malouf et al. [20℄. The problem is that if this o

urs, then we 
annotdistinguish hidden stru
ture sharing from stru
ture sharing. There are waysto implement hidden stru
ture sharing even in this 
ase (Emele [10℄), butthey introdu
e some overhead and signi�
antly 
ompli
ate the algorithm. Ifwe want to avoid hidden stru
ture sharing in this 
ase, then it is suÆ
ientnot to use hidden stru
ture sharing between the grammar (lexi
on and rules)and the 
hart edges (Malouf et al. [20℄).In the basi
 hidden stru
ture sharing approa
h, a node n 
an be shared10



between argument graphs and the result graph only if it is not 
hanged andnone of the nodes x su
h that there is a path r ! n! x from the root r isnot 
hanged. If a node n is 
hanged, then it 
annot be shared, but also anyof its an
estors, i.e., the nodes between the root and n, 
annot be shared.For example, if the node at the end of path g:h was 
hanged in �gure 5, thenthe node at the end of path g 
ould not be shared. Emele [10℄ extends thishidden stru
ture sharing approa
h so that only the 
hanged nodes are notshared. In this approa
h, even though g:h is not shared, the node g 
an beshared. This is a
hieved by keeping several versions of ea
h node and byusing the global generation 
ounter. Ea
h version of the node is asso
iatedwith a generation number. At the start of a uni�
ation, the global generationnumber is in
remented, and 
urrent environment is de�ned as a sequen
e ofvalid generation numbers. Using this environment and the global generationnumber, we 
an 
hoose for ea
h node the right version, and we 
an verifywhether we are allowed to make 
hanges on the node, or we have to make a
opy of it.This hidden stru
ture sharing method is 
alled lazy 
opying. It has theadvantage of eliminating over-
opying, early 
opying, and redundant 
opying.It eliminates redundant 
opying in the stri
t sense, i.e., the an
estors of a
hanged node are not 
opied. A disadvantage is that there is an overhead
ost asso
iated with a

essing the right version of the node, similarly toPereira [22℄.Early 
opying in the stri
t sense. Tomabe
hi [26℄ takes another ap-proa
h in improving the Wroblewski algorithm. He gives a new de�nition ofearly 
opying, whi
h we will 
all early 
opying in the stri
t sense. By thisde�nition, early 
opying is any node 
opying done before we know whetherthe argument graphs 
an be uni�ed. If they 
annot be uni�ed, then no
opying is done at all; otherwise, the result graph is 
opied from the argu-ment graphs. Wroblewski's in
remental 
opying algorithm does not preventearly 
opying in the stri
t sense. Tomabe
hi [26℄ o�ers a modi�ed algorithm,
alled \quasi-destru
tive graph uni�
ation," whi
h prevents early 
opying inthe stri
t sense.The problem is solved by having some temporary �elds in the originalnodes, and instead of 
reating a node 
opy, additional 
hanges are stored inthese temporary stru
tures. These stru
tures are 
alled s
rat
h �elds. Thenodes that are not 
hanged during uni�
ation are not 
opied. The nodes11



that are 
hanged are not 
opied as well, but the s
rat
h �elds are used tostore new values.Abstra
t ma
hine. A di�erent approa
h to parsing uni�
ation-based gram-mars is taken by Carpenter and Qu [8℄. They present an abstra
t ma
hinefor attribute-value logi
, with an approa
h similar to the Warren's Abstra
tMa
hine (WAM) [3℄ for Prolog. This approa
h is not dire
tly related to ourapproa
h, sin
e it does not treat graph uni�
ation as a separate issue. In-stead, elements of a grammar (su
h as rules and types) are 
ompiled into theabstra
t ma
hine 
ode. The 
ode is a 
omplete parser with built-in ba
k-tra
king me
hanism.The approa
h is implemented in the system LiLFeS [21, 18, 19℄.Van Lohuizen [16, 17℄ improves the Tomabe
hi's algorithm by separatingthe s
rat
h �elds into a separate array. This saves some memory and thealgorithm be
omes thread-safe, i.e., uni�
ations 
an be done in parallel bydi�erent threads on the same 
olle
tion of graphs. Indexing s
rat
h stru
turesis a problem and two solutions are o�ered: using a hash-table and usingindi
es asso
iated with nodes.`Qui
k-
he
k �ltering.' Finally, let us mention the work des
ribed byMalouf, Carroll, and Copestake [20℄, whi
h des
ribes the eÆ
ient featurestru
ture operations without 
ompilation. Feature stru
tures are not 
om-piled, as in the abstra
t-ma
hine approa
h, but they are used in their originalform in uni�
ations. The advantages of not 
ompiling the grammar are: Dur-ing grammar development, 
ompilation of a large grammar is an expensiveoperation, whi
h is done frequently; and additionally, the original stru
ture ofAVMs is lost due to 
ompilation, whi
h makes grammar debugging diÆ
ult.Malouf et al. [20℄ des
ribe an eÆ
ient graph uni�
ation, whi
h relies onthe Tomabe
hi's quasi-destru
tive algorithm. They use hidden stru
turesharing in non-stri
t sense, and a new te
hnique 
alled qui
k-
he
k �lter-ing. Qui
k-
he
k �ltering 
onsists of 
he
king for some frequent points ofuni�
ation failure. These points are identi�ed using statisti
al methods, andtheir values are 
olle
ted in a ve
tor for ea
h graph. Before two graphs areuni�ed, a 
he
k on these ve
tors is done, and if it fails, the uni�
ation isnot started sin
e we know that it will fail. This method leads to signi�
antrunning-time savings of 50% [20℄. 12



Platform PET. The platform PET [5, 6℄ is related to the work doneby Malouf et al. [20℄. The platform was designed to be 
exible and easyto experiment with di�erent algorithms and approa
hes. It is a lower-levelimplementation, whi
h uses the Tomabe
hi's algorithm with hidden stru
turesharing, and with improved memory management.4 MotivationA frequently used approa
h to graph uni�
ation in the 
ontext of NL parsingis the abstra
t ma
hine proposed by Carpenter and Qu [8℄. The method isused, for example, in the system LiLFeS [21, 18, 19℄. The graphs are 
ompiledinto the 
ode for the abstra
t ma
hine, and the graph uni�
ation is impli
itlyperformed by running the 
ode. As suggested by Malouf et al. [20℄, this ap-proa
h is not suitable for all appli
ations. Some of the situations where it isnot suitable, su
h as for our parser, in
lude: 
hart parsers with expli
it graphuni�
ation operation, whi
h do not need ba
ktra
king; during developmentof large grammars, where 
ompiling is an expensive operation that is donefrequently; situations where the loss of the original graph stru
tures is not de-sirable; and for grammars that do not use appropriateness and well-typednessof feature stru
tures (Carpenter [7℄).On the other hand, the frequently used graph uni�
ation algorithm inthe 
ontext of NL parsing is Tomabe
hi's quasi-destru
tive algorithm [26℄,whi
h o�ers a good 
ombination of eÆ
ien
y and simpli
ity, espe
ially whenenhan
ed with hidden stru
ture sharing (Malouf et al. [20℄). Tomabe
hialgorithm eliminates early 
opying in the stri
t sense, i.e., it does not 
opy anynodes until it is 
lear that the uni�
ation has su

eeded and the 
onstru
tionof the result graph is about to start. However, the algorithm uses s
rat
h�elds in existing nodes to store intermediate results, whi
h require additionalamounts of memory. We observe that the e�e
t of maintaining s
rat
h �eldsis essentially equivalent to the e�e
t of node 
opying.The paper that des
ribes the algorithm (Tomabe
hi [26℄) presents somearguments that emphasize pra
ti
al 
onsiderations of expensive garbage 
ol-le
tion and dynami
 memory allo
ation:Copying takes time and spa
e essentially be
ause the area in therandom a

ess memory needs to be dynami
ally allo
ated whi
h isan expensive operation. (Tomabe
hi [26℄)13



and This time/spa
e burden of 
opying is non-trivial when we 
onsiderthe fa
t that 
reation of unne
essary 
opies will eventually triggergarbage 
olle
tions more often (in a Lisp environment) whi
h willalso slow down the overall performan
e of the parsing system.(Tomabe
hi [26℄)Tomabe
hi's and other algorithms use atomi
 operations of the interse
-tion of two sets of ar
s and of the set 
omplement. If we assume that theseoperations take 
onstant time, then ea
h algorithm is linear in the graph size.However, they are not 
onstant: a straightforward implementation leads toa linear running time of those operations, whi
h means that the uni�
ationalgorithms are quadrati
.The uni�
ation algorithm 
an be signi�
antly simpli�ed and optimized byrephrasing it at a lower level with dire
t and eÆ
ient memory management,without hidden details, and even without re
ursion or fun
tion 
alls.One of the problems with previous algorithms that use the global gener-ation 
ounter is that when automati
 garbage 
olle
tion is used the garbage
olle
tor 
annot free the obje
ts that are invalidated only by in
rementingthe global 
ounter.Although some newer 
ontributions ([16, 17, 5, 6℄) address the issue of abetter memory management s
heme, they still use the old algorithm frame-work with some old drawba
ks. For example, the memory s
heme 
an befurther simpli�ed and optimized; instead of using ar
 lists we 
an use arraysof ar
s. It is not 
lear that the previous algorithms avoid memory fragmen-tation, whi
h leads to ineÆ
ient running-time in garbage 
olle
tion as wellas in dynami
 memory allo
ation.This approa
h. After taking all this into a

ount, we provide a modelwhi
h addresses these issues:� It is a simple model, and it expli
itly solves the problem of graphuni�
ation in the 
ontext of 
hart parsing.� It does not use 
ompilation, does not 
hange the original graphs, anddoes not require well-typedness and appropriateness, while providingthe way to add them. 14



� It uses the `global 
ounter tri
k', hidden stru
ture sharing, and it han-dles 
y
li
 graphs.� The algorithm is simple and 
omplete, without any 
omplex atomi
operations. It is eÆ
ient and 
at (does not in
lude re
ursive 
alls orany fun
tion 
alling). One of the advantages of not expressing ar
-setoperations (
omplement and interse
tion) as atomi
 operations is thatwe use sub-node hidden stru
ture sharing, i.e., stru
ture sharing at theedge level.� The memory model is simple: 
onsists of an array and a small group ofvariables. There is no use of garbage 
olle
tion or memory allo
ationsystem 
alls, unless we want to expand the array. The memory is notfragmented.� The model is a low-level ma
hine whi
h 
an be dire
tly translated to alow-level language like C.We do not want to imply that re
ursive fun
tions and fun
tion 
alls arene
essarily a disadvantage. It is usually not a diÆ
ult task to turn a re
ur-sive fun
tion into a non-re
ursive one, and modern 
ompilers provide inlinefun
tions, whi
h avoid ineÆ
ient fun
tion 
alls. But, by expanding the al-gorithm 
ompletely as we did, and by optimizing it in this way, we alsoa
hieve a new higher level of understanding the algorithm, and its eÆ
ien
yis not dependent on some external me
hanisms, whi
h are not ne
essarilyguaranteed.5 Graph Uni�
ation Ma
hineBefore des
ribing the ma
hine in detail|thememorymodel and the algorithm|let us �rst give a higher-level overview.The memory model 
onsists of an array of integer 
ells and some integervariables. A graph edge is represented as a pair of 
ells: an attribute and theaddress of the end node. An attribute is represented as a negative integersmaller or equal than �2. The term address refers to the index of the initial
ell of a node. The edges 
oming out from the same node are grouped intosequen
es, whi
h are sorted by the attribute numbers in as
ending order. Forexample, to sort edges in alphabeti
 order, we use the following en
oding for15



attributes: attribute: a b d e g hid number: �7 �6 �5 �4 �3 �2The number `�1' is reserved as the sentinel that marks the end of the se-quen
e. For example, 0-7 18 2-5 318 4-1denotes a node with two edges: one with the label a (�7), whi
h leads to thenode at address 8 (array index 8), and the other with the label d (�5), whi
hleads to the node at address 18. Instead of writing a
tual attribute 
odes,we 
an repla
e them with labels for the purpose of 
learer presentation:0a 18 2d 318 4-1Small indi
es above the 
ells are used to denote the absolute position withinthe array.The type of a node is en
oded in another 
ell, whi
h we 
all the T 
ell. Wedo not present details about uni�
ation of typed feature stru
tures, but wedo dis
uss how the type identi�ers stored in T 
ells 
an be easily used to addtype uni�
ation to presented algorithm. We also dis
uss how the algorithm
an be adapted to implement appropriateness and well-typedness. A type issimply en
oded as an integer, and in a
tual implementations it 
an be lookedup in a table. Here, we only assume that T = 0 for a leaf type, and T 6= 1for a 
omplex type. As in Pereira [22℄, we de�ne: a leaf to be a pla
e holderused in stru
ture sharing, and it 
an be uni�ed with an atom or a 
omplextype; a 
omplex node is a node that 
an have outgoing edges and it 
annotbe uni�ed with atoms; and, an atom 
annot have any outgoing edges, and it
an be uni�ed only with a leaf or the same atom.When a node is 
hanged in a non-destru
tive way, we use a generation
ounter and a forward pointer using two 
ells: G and F . These 
ells are usedonly during uni�
ation: if G is equal to the 
urrent Generation and F � 0,then F is a forward pointer to the a
tual 
opy of the node.Finally, we 
an des
ribe a typi
al node representation: It 
onsists of the
ells G, F , and T , and a sequen
e of outgoing edges. For example,0G1 1F112 2T1 3a 48 5d 618 7-1 (2)16



denotes a 
omplex node (T = 1), with two outgoing edges. The 
ells G andF 
an be ignored between uni�
ations. If T = 0, the node is a leaf node,whi
h implies that it does not have any outgoing edges, hen
e there is noneed for the `�1' sentinel. For example,0G0 1F0 2T1 3-1 4G0 5F0 6T0represent two nodes. The �rst one (at address 0) is a 
omplex node withoutoutgoing edges (it 
annot be uni�ed with an atom), and a leaf node (ataddress 4).During uni�
ation, whenever a node is a

essed we �rst 
he
k if G =Generation. If this is true and F � 0 then we have to follow the address
ontained in F (forward) to �nd the a
tual value of the node. A
tually, itis normally suÆ
ient just to 
he
k G = Generation, but there is a spe
ial
ase where G = Generation and F < 0, whi
h will be dis
ussed later. Thispro
edure is 
alled dereferen
ing. The new node may also 
ontain a forwardreferen
e to another node, and so on. The sequen
e of nodes visited inthis way is 
alled a referen
e 
hain. Path 
ompression is performed in ea
hdereferen
e for eÆ
ien
y reasons; i.e., the F 
ells of all nodes ex
ept the lasttwo in the referen
e 
hain are updated with the address of the last node.An atom 
annot be 
hanged, so there is never a need to make forwardreferen
e from an atom; i.e., there is no need for G and F 
ells in this 
ase. Inorder to disambiguate between atoms and other nodes, we assume that thevalue of a G 
ell is always non-negative, and we en
ode atoms with negativenumbers. Hen
e an atom node o

upies just one 
ell, with its negative integerid value. Similarly to attributes, we will present an atom 
ell as A insteadusing the a
tual stored value, i.e., �1 , if the atom `A' is en
oded as �1.A node does not ne
essarily o

upy a 
ontinuous memory lo
ation. It
an be fragmented into a linked list of memory lo
ations during uni�
ation,and permanently due to sub-node hidden stru
ture sharing. This is done byusing non-negative integers in 
ells normally o

upied by attributes or the`�1' sentinel. Whenever su
h a number is en
ountered, we dereferen
e it and
ontinue to read sequen
e at the given memory lo
ation. For example, thenode 2 
an have the following fragmented representation in the memory:0G1 1F112 2T1 320 10d 1118 12-1 20a 218 2210 (3)17



Our algorithm relies on the Wroblewski and Tomabe
hi algorithms, withhidden stru
ture sharing addition (similarly to [20, 5, 6℄). However, thedistin
tion betweenWroblewski and Tomabe
hi algorithms is greatly redu
edin the 
ontext of our memory model. One of the points of this work is toshow that there is no essential di�eren
e between 
opying the 
hanged nodeand not 
opying it but using a s
rat
h stru
ture to keep a temporary list ofedges.The algorithm pro
eeds in two phases: In the �rst phase, we unify thegraphs, similarly to Wroblewski's and Tomabe
hi's unify1 and unify-dgalgorithms. Re
ursion or any kind of fun
tion 
alling is avoided, sin
e itintrodu
es pro
essing overhead. If a node is not 
hanged, even after it isuni�ed with another node, it is hidden stru
ture shared. Parts of a node,i.e., edges, 
an also be stru
ture shared. Instead of re
ursive 
alls, we use asta
k to store addresses of node pairs to be uni�ed. The sta
k is also used inpath 
ompression. If uni�
ation fails, we simply invalidate all forward 
ellsfor future uni�
ations by in
reasing the generation 
ounter by 1.If uni�
ation su

eeds, the se
ond phase is exe
uted, whi
h is 
opying.The result graph is 
onsolidated, by 
opying and dereferen
ing. This is alsodone without re
ursive 
alls. The depth-�rst sear
h is performed using thesta
k. The high-level pseudo-
ode for the �rst phase is given in algorithm 1,and for the se
ond phase is given in algorithm 2.5.1 Memory modelThe memory model 
an be divided into two parts: the stati
 part, whi
hkeeps its state between uni�
ations, and the nonstati
 part, whose value
an be dis
arded between uni�
ations. We adopt the 
onvention of using
apitalized names for the stati
 variables. All variables are integer variables,and all arrays are arrays of integers.Stati
 memory. The stati
 part of the memory model 
onsists of the ar-ray A, having the length A len , the index Allo
 last , whi
h denotes the lastused 
ell of the array, and the generation 
ounter Generation. The initialvalue of Allo
 last is �1, and the initial value of Generation is 1. Figure 6depi
ts the usage of the array A. We will also refer to the array A as thememory. The �rst part of the array 
ontains all graphs in the passive anda
tive 
harts, from index 0 to index Allo
 last . This is the useful part of the18



Algorithm 1 First phase1: initialize memory and verify the amount of free memory2: push addresses of argument graphs on sta
k3: while sta
k not empty do fFirst phaseg4: pop two node addresses and dereferen
e them5: if the nodes are equal then6: 
ontinue7: if at least one node is leaf then8: make forward to another node9: else if at least one node is atom then10: uni�
ation fails, return11: else fboth nodes are 
omplex nodesg12: merge ar
 lists into a new lo
ation, with pushing node addresses13: to be uni�ed later on sta
k, and sharing a tail of the list if possible14: if the result 
an be embedded in one node then15: embed the result in the node16: else if existing lo
ation 
an be used then17: make forwards to existing lo
ation18: else19: repa
kage the result into existing node(s)array between uni�
ations, i.e., the stati
 part. The initial value of G 
ellsfor all graphs in the 
hart is 0.Additionally, we need to keep initial addresses (array indi
es) of all graphsthat the parser maintains, and their sizes. This is stati
 information, but wedo not in
lude it in our memory model, sin
e it is appli
ation dependent andshould be maintained externally.
arg2arg1

charts reserved

...

res
Alloc_last

temp_first
stack_top

temp_last repack_limit

stack temporaryFigure 6: Array usage19



Algorithm 2 Se
ond phase1: initialization; state  FORWARD; i root (i is the 
urrent node)2: while state 6= END do3: if state = FORWARD then4: dereferen
e i5: if i is atom, or it was visited, or it is being visited,6: or it does not have edges and it is in 
harts area then7: state  BACKWARD, update size, and mark i as visited (F  �1)8: else9: push 
opy of i to reserved area, with repla
ing F with negative10: address of F , and attributes with addresses of original attributes11: if i has no edges then12: if i is in 
harts area then13: update size and pop 
opy from reserved area14: else i 
opy of i15: mark i as visited, state  BACKWARD16: else17: push the pointer address of the last 
hild, and set i to the pointer18: if state = BACKWARD then19: if sta
k is empty then state  END20: else21: pop the edge pointer address from sta
k22: if the previously visited tail is shared, and this edge 
an be shared23: then24: in
rease size and share this edge25: else26: update pointer with i27: repla
e attribute address with attribute28: if there are more edges then29: push new pointer address on sta
k30: i the pointer; state  FORWARD31: else32: if the whole node 
an be shared then33: pop it from reserved area, update size, and set i34: else i the node address35: add the size of newly o

upied memory to size; in
rement Generation36: return i and size 20



Nonstati
 memory. In order to unify two graphs, we need to know theirinitial addresses arg1 and arg2 , and their sizes size1 and size2 . Figure 6 maybe misleading sin
e it shows two graphs o

upying 
ontinuous portions of thememory. They 
an be fragmented in general, due to hidden stru
ture sharing.The size of a graph is the number of 
ells used by the graph, ex
luding thereferen
e 
ells in fragmented nodes due to sub-node sharing.4Before starting uni�
ation, some memory spa
e starting from Allo
 last+1 is reserved for the result graph. This 
an be done sin
e we 
an 
al
ulate anupper bound on the size of the result graph using the sizes of the argumentgraphs.Additionally, the uni�
ation pro
edure makes use of a sta
k. The sta
k
an be handled as a distin
t array, but we �nd it 
onvenient to use a partof the array A as the sta
k. We 
an 
al
ulate an upper bound on the sizeof sta
k, so this possible. The reserved and sta
k areas span from the indexAllo
 last + 1 to temp �rst � 1.Indi
es temp �rst and temp last delimit the temporary s
rat
h area usedduring uni�
ation, whi
h grows by in
reasing the index temp last . If uni�-
ation su

eeds, the result graph is 
opied at the position Allo
 last +1, andthe index Allo
 last is updated with the new index of the last used 
ell. Thesize of the result graph is determined in the pro
ess. Parts used in hiddenstru
ture sharing are not 
opied.We will see that we 
an save some time if we do not 
are about frag-mentation of the temporary spa
e during uni�
ation. However, in that 
asethe temporary area 
an grow up to the quadrati
 size to the size of the ar-gument graphs. If we do 
are about fragmentation, we apply a pro
edure
alled repa
kaging in some 
ases. The pro
edure takes some extra runningtime, but it 
an keep the size of the temporary area linear to the size ofthe argument graphs. In order to do this eÆ
iently, we 
al
ulate an index
alled repa
k limit . If temp last be
omes equal or greater than repa
k limit ,we apply repa
kaging in order to �nish uni�
ation within available spa
e.Otherwise, we 
an use non-repa
kaging method, without worrying about thelarge temporary area.This memory model provides for a simple and eÆ
ient memory man-agement. We do not have to handle memory fragmentation sin
e the 
hartalways o

upies a 
ontinuous initial portion of the array. If uni�
ation fails,4The total size of several graphs 
an be larger that the a
tual number of 
ells theyo

upy due to hidden stru
ture sharing. 21



there is no need for any memory 
lean-up. We simply in
rease Generation
ounter and stop exe
ution. There is no need for status �elds, as in previousalgorithms: indi
es provide an easy way to determine a node status. If indexis less or equal Allo
 last the node is not 
opied, if it is greater or equaltemp �rst it is a temporary 
opy, or it is a �nal 
opy otherwise.Upper bounds on sizes. As already mentioned in this subse
tion, we 
an
al
ulate upper bounds on the sizes of the reserved and sta
k areas, and we
al
ulate the repa
kaging limit. These values are 
al
ulated at the beginningof ea
h uni�
ation, and we verify the size of the memory area. Hen
e, thereis no need to do array-bounds 
he
king afterwards, during uni�
ation, whi
himproves the running time of the algorithm.The size of the reserved area is determined by the upper bound on thesize of the result graph: max size. At the beginning of the graph uni�
ation,we start with two argument graphs with the total size size1 + size2 . Duringuni�
ation, these graphs are uni�ed in a pseudo-destru
tive way, using their
opies in the temporary area. We will refer to the size of this temporary graphas the temporary graph size. In the temporary graph size we do not 
ountforward 
ells; i.e., G and F 
ells of the forward referen
es, and referen
es infragmented edge sequen
es. In other words, temporary graph size in
ludesonly G-F-T 
ells of �nal nodes, 2 
ells per edge, and `�1' sentinels.Whenever two nodes are uni�ed, the temporary graph size de
reases, andit also de
reases due to edge uni�
ation. If at least one argument graph isatom, the size of the result graph is at most 1; otherwise, it is the total sizeof the argument graphs de
reased by at least 3. Hen
e, an upper bound onthe size of the result graph, i.e., the size of the reserved area is:max size = max(1; size1 + size2 � 3): (4)In order to �nd an upper bound of the sta
k size, we 
onsider two phasesof the algorithm:In the �rst phase, the sta
k is used to store addresses of node pairs thatneed to be uni�ed, and it 
an temporarily store an array of addresses of F
ells for path 
ompression during dereferen
ing. If at least one argumentgraph is an atom, then a sta
k of size 2 is suÆ
ient. We further assume thatthe argument graphs are not atoms. Ea
h pair of node addresses stored onsta
k to be uni�ed later is asso
iated with a future node uni�
ation. Ea
hlink in a referen
e 
hain is asso
iated with one �nished node uni�
ation.22



Sin
e the initial root uni�
ation redu
es the temporary graph size by at least3 (argument graphs are not atoms), and any other node uni�
ation redu
esthe size by at least 3 (at least 1 for nodes, and 2 for the asso
iated edgeuni�
ation), the total number of node uni�
ations is at most 13(size1 +size2 )(be
ause the size of the temporary graph 
annot be negative). Hen
e, duringthe �rst phase, we do not need more thanmax(2; 23(size1 + size2 ))
ells on sta
k (2 
ells are used at most for one node uni�
ation).In the se
ond phase, the sta
k is used to keep addresses of the 
urrentlyvisited 
omplex nodes, and the 
urrently visited edges in a depth-�rst sear
hof the result graph, and temporarily for path 
ompression during dereferen
-ing. As we saw before, ea
h referen
e in a referen
e 
hain is asso
iated witha redu
tion of at least 3 of the temporary graph size. A 
urrently visited
omplex node o

upies at least 6 
ells of the �nal graph size (G-F-T , `�1'sentinel, and 2 
ells for at least one edge). We 
on
lude that during these
ond phase we do not need more than(size1 + size2 )=3
ells on the sta
k.Hen
e, it is suÆ
ient to reserve the sta
k area ofmax(2;�23(size1 + size2 )�) (5)
ells.Regarding the temporary area, we �rst note that it is possible to maintaintemporary graph stru
ture in 32max size 
ells. Namely, during uni�
ationsome edge lists 
an be defragmented, so we may need 3 
ells instead of 2 forsome edges. The fa
tor 32 is used to a

ommodate these extra 
ells. Addi-tionally, for a short-term merge operation, we may need additional max size
ells. Hen
e, we may need 2:5 �max size 
ells in total, so we use the param-eter repa
k limit to mark the last 2:5 �max size 
ells, whi
h is later used asthe `repa
kaging trigger limit':repa
k limit = A len � b2:5 �max size
 (6)This limit is used in two instan
es: �rst, if temp �rst � repa
k limit initially,then we are guaranteed to have suÆ
ient memory for uni�
ation; se
ond, iftemp last � repa
k limit , we have to apply repa
kaging.23



5.2 AlgorithmWe present the uni�
ation method as a single, 
at algorithm, and 
onse-quently it is relatively long. For this reason, we do not present it separatelyand then des
ribe it, but the 
omments are interleaved with the algorithmspe
i�
ation.The algorithm pre-
onditions and post-
onditions are the following:Require: arg1 and arg2 are starting addresses of the argument graphs, andsize1 and size2 are their sizesEnsure: �1 is returned if uni�
ation fails, and the starting address res ofthe result graph and its size size is returned otherwise. If the pro
edurefails due to insuÆ
ient memory, the spe
ial token ERROR is returned.In an a
tual parser, it is usually preferable to attempt to in
rease thearray size, than to return `ERROR'.We �rst 
al
ulate parameters and initialize some variables a

ording tothe dis
ussion in the last se
tion (equations (4,5,6)):1: max size  max(2; size1 + size2 � 3)2: temp �rst  Allo
 last + 1 +max size + bmax(2; 23(size1 + size2 )
3: temp last  temp �rst � 14: sta
k top  temp �rst5: repa
k limit  A len � b2:5 �max size
We verify that the memory size is suÆ
ient:6: if temp last � repa
k limit then return ERRORThe sta
k is initialized:7: push arg1 on sta
k8: push arg2 on sta
k5.2.1 First phaseThe �rst phase is uni�
ation of the graphs using the temporary memoryspa
e and forward referen
es. If uni�
ation fails, then exe
ution stops and�1 is returned. Otherwise, the se
ond phase 
ontinues. The �rst phase is aloop, whi
h iterates until the sta
k is empty:9: while sta
k top < temp �rst do10: i2 pop sta
k; i1 pop sta
k11: if i1 = i2 then 
ontinue 24



Variables i1 and i2 are used as indi
es to the two argument graphs. Thekeyword `
ontinue' starts a new iteration of the loop.Dereferen
ing. Variable i1 is dereferen
ed with path 
ompression. Deref-eren
ing is �nding the a
tual version of the node, and path 
ompression isupdating traversed nodes to the address of the a
tual node, so that laterdereferen
es are faster. The te
hnique is used in the UNION-FIND stru
turefor representing disjoint sets (Cormen et al. [9℄), and when 
ombined withranking it gives pra
ti
ally 
onstant amortized time5 for dereferen
ing, i.e.,for the FIND operation. Ranking 
an be easily applied here if we add anadditional 
ell to the G-F-T 
ells in ea
h node, but it would use additionalmemory and pra
ti
al time-saving signi�
an
e is questionable. Asymptoti-
ally, it is not signi�
ant sin
e the merge operation that follows takes lineartime in the worst 
ase anyway.If i1 needs dereferen
ing, then we follow the forward 
hain of referen
esuntil the node is found while storing the addresses of the traversed F 
ellson sta
k, and we update the F 
ells afterwards. There is no need to updatethe F 
ells of the last two nodes in the 
hain. The number `�1' is used asthe sentinel on the sta
k.12: if A[i1℄ = Generation then13: j  A[i1 + 1℄ fF 
ellg14: if A[j℄ = Generation then15: push �1 on sta
k16: repeat17: push i1 + 1 on sta
k18: i1  j; j  A[j + 1℄19: until A[j℄ < Generation20: while A[sta
k top℄ > �1 do A[pop sta
k℄ j21: pop sta
k22: i1 jVariable j is a temporary variable with the s
ope limited to the abovepart of the algorithm.Variable i2 is dereferen
ed with path 
ompression in the same way (it issuÆ
ient to repla
e i1 with i2 in lines 12{22:5O(�(n)) time, where � is the inverse of the A
kermann's fun
tion. �(n) � 5 for allpra
ti
al purposes. 25



23: dereferen
e i2 with path 
ompression24: if i1 = i2 then 
ontinueUni�
ation with an atom or a leaf. At this point we have two di�erentnodes that have to be uni�ed. First we handle the 
ase where at least onenode is a leaf node:25: if A[i1℄ � 0 and A[i1 + 2℄ = 0 then fi1 is leafg26: A[i1℄ Generation; A[i1 + 1℄ i2 fforward to i2g27: else if A[i2℄ � 0 and A[i2 + 2℄ = 0 then28: A[i2℄ Generation; A[i2 + 1℄ i1Otherwise, we 
he
k for the 
ase where at least one node is an atom:29: else if A[i1℄ < 0 or A[i2℄ < 0 then30: if A[i1℄ 6= A[i2℄ then31: Generation  Generation + 1; return �1As we 
an see, if uni�
ation fails, then we just in
rementGeneration by 1and return �1.Unifying two 
omplex nodes. In the last 
ase, we know that both nodesare 
omplex nodes, and we pro
eed with merging their edge lists. If the nodeswere typed, we would �rst unify the types. The lists are sorted, so they aremerged in linear time into a new list lo
ated after the end of the temporaryarea. If an attribute appears in both lists, the 
orresponding pair of addressesis pushed on the sta
k for later uni�
ation. If we used well-typed featurestru
tures, we would also push on the sta
k the id number of the appropriatetype. We dis
uss later in detail how this 
an be done.During merging we maintain two variables embed1 and embed2 to keeptra
k of embedding information: embedk = 0 means that the resulting node
an be embedded into node ik so far, and embed k > 0 means that the tailof the resulting node starting from index embed k 
an be shared with node ikstarting from index sr
k. After merging, embedk = �1 is used to denote thatno tail 
an be shared between the resulting node and the node ik. Indi
es j1and j2 are used during merging to read input sorted lists, and j3 is used toprodu
e the output. 26



32: else33: embed1  0; embed 2 0; sr
1  i1; sr
2 i234: j1  i1 + 3; j2  i2 + 3; j3  temp last + 435: A[j3 � 1℄ 1 fset F of resultg36: while A[j1℄ 6= �1 and A[j2℄ 6= �1 do37: while A[j1℄ � 0 do j1  A[j1℄38: while A[j2℄ � 0 do j2  A[j2℄39: if A[j1℄ < A[j2℄ then40: A[j3℄ A[j1℄; j1  j1 + 1; j3  j3 + 141: A[j3℄ A[j1℄; j1  j1 + 1; j3  j3 + 142: embed 2 j3; sr
2 j243: else if A[j2℄ < A[j1℄ then44: A[j3℄ A[j2℄; j2  j2 + 1; j3  j3 + 145: A[j3℄ A[j2℄; j2  j2 + 1; j3  j3 + 146: embed 1 j3; sr
1 j147: else48: A[j3℄ A[j1℄49: j1  j1 + 1 j2  j2 + 1; j3  j3 + 150: if A[j1℄ 6= A[j2℄ then51: push A[j1℄ on sta
k; push A[j2℄ on sta
k52: A[j3℄ A[j1℄53: j1  j1 + 1 j2  j2 + 1; j3  j3 + 154: if A[j1℄ 6= �1 then embed2  �155: else if A[j2℄ 6= �1 then embed1 �1Lo
ation of the result node. After merging lists of edges the resultinglist is lo
ated at the position temp last + 4, so that after updating G-F-T
ells at temp last + 1 the new node 
an be appended to the temporary area.There are four possible out
omes regarding the position of the resulting node:1. it 
an be embedded at position i1, and we ignore the merged list,2. it 
an be embedded at position i2,3. it is added to the temporary area without 
opying the edge list, or4. the resulting edge list has to be repa
ked due to memory shortage usingthe spa
e used by the argument nodes at i1 and i2, provided that at27



least one of them is already lo
ated in the temporary area.The �rst two 
ases are handled in the following way:56: if embed1 = 0 and (embed2 6= 0 or i1 � i2) then57: A[i2℄ Generation; A[i2 + 1℄ i158: else if embed2 = 0 then59: A[i1℄ Generation; A[i1 + 1℄ i2Otherwise, in the next two 
ases we �rst de
ide about tail sharing. Usu-ally, a tail 
an be shared only with one node, but if it 
an be shared withboth nodes, we 
hoose the tail ending in the 
harts area. If the question still
annot be resolved, we 
hoose the longer tail.60: else61: if embed1 > �1 and (embed 2 = �1 or (j1 � Allo
 last and62: j2 > Allo
 last) or embed1 � embed2 then63: j3  embed1; A[j3℄ sr
1; embed 2  �164: else j3  embed2; A[j3℄ sr
2; embed1  �1The �rst of the two remaining 
ases is to add the node to the temporaryarea. This is done if we have suÆ
ient memory, or if nodes i1 and i2 
annotbe used for repa
kaging.65: if j3 < repa
k limit or66: (i1 < temp �rst and i2 < temp �rst) then67: A[temp last + 1℄ 068: A[i1℄ Generation; A[i2℄ Generation69: A[i1 + 1℄ temp last + 1; A[i2 + 1℄ temp last + 170: temp last  j3Otherwise, we must repa
kage the resulting node into the spa
e o

upiedby the argument nodes, or at least we reuse one node if the other node is inthe 
harts area. First, we may have to swap i1 and i2, so that we 
an writeat the position of i1. If possible, we also prefer i1 not to be the node whi
hshares a tail with the result:71: else72: if i1 < temp �rst or73: (embed1 > �1 and i2 � temp �rst) then74: swap i1 and i275: A[i2℄ Generation; A[i2+ 1℄ i128



76: A[i1℄ 0Copy T 
ell, prepare indi
es i1, i2, and j1, whi
h will be the sour
e indexfor 
opying, and start the loop. If we rea
h the end of the reusable edgesequen
e, we look for the next available spa
e (i2 or extend temporary area):77: A[i1 + 2℄ A[temp last + 3℄78: j1  temp last + 4; i1 i1 + 3; i2 i2 + 379: while A[j1℄ < �1 do80: if i1 < temp last and A[i1℄ � �1 then81: ii  i182: while A[ii℄ � 0 do ii  A[ii℄83: if ii < temp �rst then84: if i2 � temp �rst then ii  i2; i2  �185: else ii  temp last + 186: A[i1℄ ii; i1 ii87: if i1 = A[j3℄ then fdon't overwrite shared tailg88: ii  i189: while A[ii℄ < �1 do90: A[j3℄ A[ii℄; A[j3 + 1℄ A[ii + 1℄91: j3  j3 + 2; ii  ii + 292: while A[ii℄ > 0 do ii  A[ii℄93: if A[ii℄ = �1 then A[j3℄ �194: else A[j3℄ ii95: A[i1℄ A[j1℄; A[i1 + 1℄ A[j1 + 1℄96: i1 i1 + 1; j1 j1 + 197: A[i1℄ A[j1℄98: if i1 > temp last then temp last  i15.2.2 Se
ond phaseIf the uni�
ation was su

essful in the �rst phase, the new graph is 
opied tothe reserved area. During 
opying, all referen
es are resolved to dire
t nodeaddresses, and all nodes are defragmented ex
ept for tail sharing with thenodes from 
harts area. Whenever possible, hidden stru
ture sharing is usedwith previous nodes, but if we do not want some nodes to be shared in thisway, we 
an easily prevent it.The algorithm makes a depth-�rst sear
h through the new graph. Thestatus of a node is determined in the following way:29
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5Figure 7: The shared 
y
le problemG < Generation : node is not visitedG = Generation and F � 0 : node is part of a referen
e 
hainG = Generation and F < 0 : node visited, or being visited, itsaddress is �nal.As in the �rst-phase algorithm, we avoid using re
ursion or fun
tion 
all-ing, but use the sta
k instead. Whenever an unvisited node is found, it is
opied to the reserved area with the value of F 
ell being equal negative ad-dress of the original F 
ell (it 
annot be 0), and with repla
ing all attributeswith addresses of the original attributes. All edges are visited starting fromthe last one. In this way, we 
an easily determine the maximal tail that 
anbe shared with the 
harts area, or if the whole node 
an be shared.Cy
les. An interesting issue is handling of 
y
les, sin
e the algorithm doesallow 
y
li
 graphs. The problem is illustrated in �gure 7. The edges in�gure 7 are numerated in order in whi
h they are visited. Let us assume thatnodes A, B, C, and D are not 
hanged during the �rst phase. The problem iswhether the node D should be 
opied. If node E, whi
h has not been visitedyet, is 
hanged, we should 
opy all the nodes; otherwise, if the node E isshared, all other nodes in �gure should be shared as well.One solution is to repeat the depth-�rst sear
h until su
h anomalies areresolved. However, this 
an lead to a quadrati
 sear
h instead of a linear.For example, let us assume that in the graph in �gure 8 only the node G hasbeen 
hanged. After the �rst visit, we dete
t that node A should have been
opied. It 
an be 
opied in the next visit, as well as nodes B and C, but thenodes E and F are not 
opied, so one more depth-�rst visit is required. If weextend example as shown in �gure 9, then we need O(n) depth-�rst visits.Another solution is not to allow hidden stru
ture sharing of 
y
les, i.e.,we always 
opy them. We use this approa
h be
ause it is faster and it seemsthat 
y
les do not appear that frequently in pra
ti
al NL grammars. For30
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example, the well-known LINGO grammar is an a
y
li
 grammar.The algorithm 
onsists of a loop and we distinguish three states usingvariable state : `FORWARD' for des
ent to 
hild nodes, `BACKWARD' forba
king up, and `END' to denote end of the se
ond phase. Instead of up-dating Allo
 last , we use new Allo
 last and update Allo
 last at the end. Invariable size we a

umulate the size of the hidden-stru
ture-shared part, andthe size of the non-shared part (new Allo
 last � Allo
 last ) is added at theend. Variable i 
ontains the address of the 
urrently visited node. First, thevariables are initialized:1: size  0; new Allo
 last  Allo
 last2: i arg1 ; state  FORWARDWe 
onsider the FORWARD 
ase. Variable i 
ontains the address of thenode: it is dereferen
ed in a similar way as in the �rst phase.3: while state 6= END do4: if state = FORWARD then5: if A[i℄ = Generation and A[i+ 1℄ � 0 then6: j  A[i+ 1℄7: if A[j℄ = Generation and A[j + 1℄ � 0 then8: push �1 on sta
k9: repeat10: push i+ 1 on sta
k11: i j; j  A[j + 1℄12: until A[j℄ 6= Generation or A[j + 1℄ < 013: while A[sta
k top℄ > �1 do14: A[pop sta
k℄ j15: pop sta
k16: i jIf the node is an atom, or it was visited, then we go ba
kward. Variablei 
ontains the address of the node.17: if A[i℄ < 0 then18: state  BACKWARD; size  size + 119: else if A[i℄ = Generation and A[i+ 1℄ � �1 then20: state  BACKWARD21: else if i � Allo
 last and (A[i+ 2℄ = 0 or A[i+ 3℄ = �1) then22: A[i℄ Generation; A[i+ 1℄ �132



23: if A[i+ 2℄ = 0 then size  size + 324: else size  size + 4Otherwise, the node is �rst 
opied to the reserved area, with repla
ingthe value of F 
ell with the negative address of the original F 
ell, and withrepla
ing attributes with addresses of the original attributes.25: else26: A[i℄ Generation; A[i+ 1℄ new Allo
 last + 127: A[new Allo
 last + 1℄ Generation28: A[new Allo
 last + 2℄ �i� 1 fF 
ellg29: A[new Allo
 last + 3℄ A[i+ 2℄30: new Allo
 last  new Allo
 last + 331: sr
  i+ 332: loop33: while A[sr
℄ � 0 do sr
  A[sr
℄34: if A[sr
℄ = �1 then35: new Allo
 last  new Allo
 last + 136: A[new Allo
 last ℄ �137: break38: A[new Allo
 last + 1℄ sr
39: A[new Allo
 last + 2℄ A[sr
 + 1℄40: new Allo
 last  new Allo
 last + 2 sr
  sr
 + 241: i A[i+ 1℄If the node has no edges, then we go ba
kward. Otherwise, we startvisiting edges starting from the last one.42: if A[i+ 3℄ = �1 then43: if �A[i+ 1℄ � Allo
 last then44: A[�A[i+ 1℄℄ �145: new Allo
 last  new Allo
 last � 446: size  size + 447: i �A[i+ 1℄� 148: state  BACKWARD49: else50: push new Allo
 last � 1 on sta
k51: i A[varnew Allo
 last� 1℄The FORWARD state is �nished. In the BACKWARD state, we �rst
he
k if the depth-�rst sear
h is �nished. If it is not �nished, we 
he
k33



whether the �nished edge 
an be tail-shared. If it 
annot, we update theaddress of the destination node.52: if state = BACKWARD then53: if sta
k top = temp �rst then state  END54: else55: p adr  pop sta
k56: if A[p adr + 1℄ � �1 and i � Allo
 last and57: i = A[p adr ℄ and A[p adr � 1℄ � Allo
 last then58: new Allo
 last  new Allo
 last � 259: size  size + 260: else61: A[p adr ℄ i62: A[p adr � 1℄ A[A[p adr � 1℄℄63: p adr  p adr � 2We visit the next edge. If there are no more edges, we 
he
k if the wholenode 
an be shared, and go ba
kward:64: if A[p adr � 1℄ � 0 then65: push p adr on sta
k66: i A[p adr℄; state  FORWARD67: else68: if A[p adr +1℄ � 0 and �A[p adr � 1℄ � Allo
 last then69: new Allo
 last  new Allo
 last � 470: size  size + 471: i �A[p adr � 1℄� 172: A[i+ 1℄ �173: else i p adr � 2At the end, we update the size and Allo
 last , and in
rementGeneration.74: size  size + new Allo
 last � Allo
 last75: Allo
 last  new Allo
 last76: Generation  Generation + 177: return (i; size) 34
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 last = 51 Figure 10: Graph en
oding6 ExampleIn this se
tion we illustrate the memory layout and the algorithm on anexample. Figure 10 illustrates how the two graphs used previously in se
tion 3are en
oded. The following attribute en
oding is used:a b d e g h�7 �6 �5 �4 �3 �2The root of the �rst graph is lo
ated at position 0, and the graph has size 24.Unlike the graphs in se
tion 3, the node at the path a:b is atom, whi
h isintrodu
ed to illustrate the atom representation as well. The se
ond graphis lo
ated at position 24, and its size is 28. The last allo
ated 
ell is 51. Thegraphs shown in the �gure in
ludes the starting addresses of all nodes. Theatom A is represented as negative number �1.After exe
uting the �rst phase of the uni�
ation algorithm, the layoutshown in �gure 11 is obtained. The uni�
ation has su

eeded, and the result-ing graph 
an be found starting from address 0. In this intermediate stage,forward referen
es are used, so the graph shown in
ludes the node addressesobtained after dereferen
ing. The temporary area starts at position 136 andends at 141.Figure 12 shows the memory layout after the se
ond phase of the algo-35
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 last = 51 temp �rst = 136136G0 137F0 138T1 139b 14040 14118Figure 11: Memory after the �rst phaserithm. The shaded area of the result graph 
overs the shared nodes andedges. The result graph starts at address 52 and its size is 31.7 Dis
ussionWhen is hidden stru
ture sharing allowed? We have already dis
ussedin se
tion 3 the problem that hidden stru
ture sharing 
annot o

ur withina graph, and between graphs that are to be uni�ed (as noted by Malouf etal. [20℄). In our approa
h, the problem 
an be solved by storing all en
odedgrammar rules in the �rst part of the memory. This rules area o

upies a
ontinuous initial part of the memory, so we 
an easily tell if a node belongs toan original rule image by 
omparing the node address with the last o

upiedaddress of the rules area. Whenever this is the 
ase, the node 
annot beshared.One way to handle lexi
on entries is to store them in the rules area.Be
ause of the lexi
on size, a better approa
h is to add a new 
opy of a lex-i
al entry during 
har initialization from some external sour
e. The originaladdresses used in en
oding of a lexi
al entry 
an be relative, and they are36
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 last = 65 Figure 12: Memory after the se
ond phasere
al
ulated a

ording to the �nal absolute position of the entry.Another way to handle the problem is to allow hidden stru
ture sharingin all situations, but to introdu
e the notion of safe hidden stru
ture sharingwhi
h 
ould be safely used within one graph or between argument graphs.This approa
h would be similar to the solution given by Emele [10℄. However,this would add signi�
ant 
omplexity to the original algorithm and it isnot 
lear without empiri
al evaluation that it would lead to any kind ofperforman
e improvement with a
tual NL grammars.Typed feature stru
tures. As in the Wroblewski's and Tomabe
hi's work,we do not in
lude any feature-stru
ture types, ex
ept distinguishing betweenan atom, leaf, and 
omplex node. However, the T 
ell in the node reservesthe whole integer range (without 0), for type identi�ers. When two nodesare uni�ed their types 
ould be uni�ed by 
alling an external pro
edure, andthe resulting type would be stored in the T 
ell of the resulting node. Hen
e,our algorithm 
an be easily adapted for handling typed feature stru
tures.In order to support well-typedness and appropriateness, we have to makesure that in merging edge lists all destination nodes have appropriate types.This 
an be solved by going through the list of appropriate attributes of the37



type and by pushing a pair of a type and a node address to the sta
k for ea
hattribute that appears in the merged list. These type restri
tions would beresolved later, after popping the information from the sta
k.Dis
ontinuous memory. Although our 
ontinuous memory model pro-vides a simple and eÆ
ient solution, it 
an be desirable in pra
ti
al appli-
ations to have a dis
ontinuous memory, with sta
k, temporary area, andparts of the 
harts area pla
ed at various lo
ations of the a
tual 
omputermemory. The algorithm is appropriate for this model as well. We have totake into a

ount that memory is not ne
essarily linearly ordered as in theprevious 
ase, and 
onsequently tests for determining where 
ertain addressbelongs to should be made more stri
t. For example, for testing whether anode belongs to the temporary are it was suÆ
ient to test i � temp �rst . Inthe new setting, the test should be (i � temp �rst and i � temp last).Parallel algorithm. For exe
uting parallel algorithms, it is important tohave \thread-safe" stru
tures, i.e., multiple threads must be able to a

essshared data stru
ture without ra
e 
onditions. Our algorithm 
an be madethread-safe by using the lo
al thread memory for keeping the sta
k, tempo-rary area, and the G-F 
ells. Using a separate sta
k and temporary area is astraight-forward modi�
ation. For using separate G-F 
ells, Van Lohuizen'ssolution [16, 17℄ for the Tomabe
hi's algorithm 
ould be used.8 Con
lusionWe have presented a 
omputational model for graph uni�
ation in 
ontextof NL parsing. It is a novel algorithm.The �rst 
ontribution of this work is that it presents a uni�ed, low-levelalgorithm that in
orporates hidden stru
ture sharing and global 
ounter.Hidden stru
ture sharing is not only used for non-modi�ed nodes, but itis also re
ognized in situations where a node is uni�ed with another nodebut it is not essentially 
hanged. Additionally, we introdu
e a novel featureof sub-node hidden stru
ture sharing, i.e., sharing of edges. A

ording toreported information, the graph representation used here is the most 
ompa
trepresentation until now. It also demonstrates that memorymanagement forthis task 
an be done dire
tly and eÆ
iently. This approa
h makes obsolete38



some previous arguments that assumed the use of garbage 
olle
tion andfrequent memory allo
ation system 
alls.The se
ond 
ontribution of this work is that it shows that Wroblewski'sand Tomabe
hi's algorithms are not signi�
antly di�erent, if the approa
his suÆ
iently low-level. A di�eren
e with previous approa
hes is that we donot assume that union and 
omplement of sets of edges are unit operations.This is the �rst paper that reveals all relevant details of graph uni�
ation forNL parsing and makes an attempt at optimizing them in a single, 
omplete,automaton-like model.A
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ode/** $Sour
e: /home/vkeselj/
vsroot/unifma
hine/unifma
hine.java,v $* $Revision: 1.10 $* $Date: 2002/01/23 11:08:04 $* Authors: (
) 2001-2002 Vlado Keselj and Ni
k Cer
one*/import java.util.*;publi
 
lass unifma
hine {stati
 int A_len = 10000;stati
 int[℄ A = new int[A_len℄; /* the array */stati
 int Allo
_last = -1; /* last allo
ated 
ell *//* Attributes (features) */stati
 final int att_a = -7;stati
 final int att_b = -6;stati
 final int att_d = -5;stati
 final int att_e = -4;stati
 final int att_g = -3;stati
 final int att_h = -2;/* Atoms */stati
 final int ATOM_A = -1;42



stati
 String[℄ att_name = { null, null, "h", "g", "e", "d", "b","a" };stati
 String[℄ atom_name = { null, "A" };/* Global generation 
ounter */stati
 int Generation = 1;/* Root nodes bookkeeping (2 entries per root):* 1. entry: root address* 2. entry: graph size */stati
 int[℄ root = new int[10℄;stati
 int root_last = -1;/**Set initial 
onfiguration.*/stati
 void init() {Allo
_last = -1;/* First graph */root[++root_last℄ = Allo
_last + 1; /* address 1 */{ int[℄ a = { 0, 0, 1, att_a, 8, att_d, 15, -1,0, 0, 1, att_b, 14, -1,ATOM_A,0, 0, 1, att_e, 21, -1,0, 0, 0 };System.array
opy(a, 0, A, Allo
_last+1, a.length);Allo
_last += a.length;root[++root_last℄ = a.length; /* size 1 */}/* Se
ond graph */root[++root_last℄ = Allo
_last + 1; /* address 2 */{ int[℄ a = { 0, 0, 1, att_a, 34, att_d, 34, att_g, 43, -1,0, 0, 1, att_b, 40, -1,43



0, 0, 0,0, 0, 1, att_h, 49, -1,0, 0, 0 };System.array
opy(a, 0, A, Allo
_last+1, a.length);Allo
_last += a.length;root[++root_last℄ = a.length; /* size 2 */}}/** The main fun
tion*/publi
 stati
 void main(String[℄ args) {init();print_latex("Initial 
onfiguration", "initial
onfiguration");System.out.println( "%" +" arg1=" + root[0℄ +" size1=" + root[1℄ +" arg2=" + root[2℄ +" size2=" + root[3℄ );int result = unify1(0, 1);print_latex("After first phase", "firstphasenorepa
kaging");if (result > -1)result = unify_
opy(result);print_latex("Final","se
ondphase");System.out.println("% Result adr=" + root[root_last-1℄ + " size="+ root[root_last℄);System.exit(0);} /* end of main */ 44



/* Non-stati
 variables */stati
 int sta
k_top = -1;stati
 int temp_first = -1; /* first temp allo
ated 
ell */stati
 int temp_last = -1; /* last temp allo
ated 
ell */stati
 int repa
k_limit = -1;/**Unify two graphs: first phase.�param g1 index of the first graph (2*g1 in root array)�param g2 index of the se
ond graph (2*g2 in root array)�return -1 if unifi
ation fails,index of the resulting graph otherwise*/stati
 int unify1(int g1, int g2) {/* max_size = max(2, size1 + size2 - 3) */int max_size = root[2*g1+1℄+root[2*g2+1℄-3;if (max_size < 2) max_size = 2;temp_first = 2*(root[2*g1+1℄+root[2*g2+1℄)/3 + 1;if (temp_first < 2) temp_first = 2;temp_first += Allo
_last + 1 + max_size;temp_last = temp_first - 1;sta
k_top = temp_first;repa
k_limit = A_len - 5 * max_size / 2;/* Che
k the size of the array. Keep doubling them until thelength is suffi
ient.*/while (temp_last >= repa
k_limit) {int[℄ tmp = new int[2 * A.length℄;System.array
opy(A, 0, tmp, 0, A.length);A = tmp; 45



A_len = A.length;repa
k_limit = A_len - 2 * max_size;}A[--sta
k_top℄ = root[2*g1℄;A[--sta
k_top℄ = root[2*g2℄;while (sta
k_top < temp_first) {int i2 = A[sta
k_top++℄;int i1 = A[sta
k_top++℄;if (i1==i2) 
ontinue;/* Dereferen
e i1 with path 
ompression */if ( A[i1℄ == Generation ) {int j = A[i1+1℄;if ( A[j℄ == Generation ) {A[--sta
k_top℄ = -1;do {A[--sta
k_top℄ = i1 + 1;i1 = j;j = A[j+1℄;}while ( A[j℄ == Generation );while (A[sta
k_top℄ > -1)A[A[sta
k_top++℄℄ = j;sta
k_top++;}i1 = j;}/* Dereferen
e i2 with path 
ompression */if ( A[i2℄ == Generation ) {int j = A[i2+1℄; 46



if ( A[j℄ == Generation ) {A[--sta
k_top℄ = -1;do {A[--sta
k_top℄ = i1 + 1;i2 = j;j = A[j+1℄;}while ( A[j℄ == Generation );while (A[sta
k_top℄ > -1)A[A[sta
k_top++℄℄ = j;sta
k_top++;}i2 = j;}if (i1==i2) 
ontinue;/* Unify *//* at least one node is a leaf node */if ( A[i1℄>=0 && A[i1+2℄==0 ) {A[i1℄ = Generation;A[i1+1℄ = i2;} else if ( A[i2℄>=0 && A[i2+2℄==0) {A[i2℄ = Generation;A[i2+1℄ = i1;}/* at least one node is an atom */else if (A[i1℄ < 0 || A[i2℄ < 0) {/* they have to mat
h */if ( A[i1℄ != A[i2℄ ) {Generation++;return -1; /* unifi
ation fails: atoms mismat
h*/}} 47



/* otherwise, we have two 
omplex nodes: we will merge them */else {int embed1 = 0, embed2 = 0; /* 
an result be embedded in oneof the graphs (0), otherwise,index of the attribute fromwhi
h the tail 
an be shared */int sr
1 = i1, sr
2 = i2; /* shared sour
e */int j1=i1+3, j2=i2+3, j3=temp_last+4; /* j1 and j2 are mergedto 
reate j3 *//* types should be merged here for typed feature stru
tures */A[j3-1℄ = 1;/* Merge lists */while ( A[j1℄ != -1 && A[j2℄ != -1 ) {/* dereferen
e */while (A[j1℄ >= 0) j1 = A[j1℄;while (A[j2℄ >= 0) j2 = A[j2℄;/* merge step */if ( A[j1℄ < A[j2℄ ) {A[j3++℄ = A[j1++℄;A[j3++℄ = A[j1++℄;embed2 = j3; sr
2 = j2;}else if ( A[j2℄ < A[j1℄ ) {A[j3++℄ = A[j2++℄;A[j3++℄ = A[j2++℄;embed1 = j3; sr
1 = j1;}else {A[j3++℄ = A[j1++℄;/* If values do not mat
h? */if ( A[j1℄ != A[++j2℄ ) {/* push refs on sta
k */48



A[--sta
k_top℄ = A[j1℄;A[--sta
k_top℄ = A[j2℄;}A[j3++℄ = A[j1++℄;j2++;}}/* Final 
he
k for 
omplete embedding */if (A[j1℄ != -1) embed2 = -1;else if (A[j2℄ != -1) embed1 = -1;/* let's see what to do with the result *//* Is embedding possible? For typed feature stru
tures,the resulting type should be 
opied. *//* embedding into i1 */if ( embed1==0 && (embed2!=0 || i1 <= i2 ) ) {A[i2++℄ = Generation;A[i2℄ = i1;}/* embedding into i2 */else if ( embed2 == 0) {A[i1++℄ = Generation;A[i1℄ = i2;}else { /* no embedding *//* let us first de
ide about tail sharing */if ( embed1 > -1 &&(embed2 == -1 ||( j1 <= Allo
_last && j2 > Allo
_last ) ||embed1 <= embed2 ) ) {A[ j3 = embed1 ℄ = sr
1;embed2 = -1;} else {A[ j3 = embed2 ℄ = sr
2;embed1 = -1;} 49



/* Can we leave it as it is? */if (j3 < repa
k_limit ||( i1 < temp_first && i2 < temp_first )) {A[++temp_last℄ = 0;A[i1++℄ = A[i2++℄ = Generation;A[i1℄ = A[i2℄ = temp_last;temp_last = j3;}/* Else repa
kage */else {if ( i1 < temp_first ||( embed1 > -1 && i2 >= temp_first ) ){ int tmp=i1;i1=i2;i2=tmp; }A[i2++℄ = Generation;A[i2++℄ = i1; i2++; /* let i2 be on the first edge */A[i1++℄ = 0;++i1;j1 = temp_last + 3; /* use j1 as the sour
e index */A[i1++℄ = A[j1++℄; /* 
opy T */while (A[j1℄ < -1) {if (i1 < temp_last && A[i1℄ >= -1) { /* we have to findnew destination */int ii1 = i1;while (A[ii1℄ >= 0) ii1 = A[ii1℄;if ( ii1 < temp_first ) { /* have to break the 
hain */if (i2 >= temp_first) { /* we 
an swit
h to i2 */ii1 = i2; i2 = -1;}else ii1 = temp_last + 1; /* we 
ontinue after temp_last */}A[i1℄ = ii1; i1 = ii1;}if ( i1 == A[j3℄ ) { /* we hit the shared tail! */int ii1 = i1;while (A[ii1℄ < -1) {A[j3++℄ = A[ii1++℄; A[j3++℄ = A[ii1++℄;50



}while ( A[ii1℄ > 0 ) ii1 = A[ii1℄;A[j3℄ = (A[ii1℄ == -1) ? -1 : ii1;}/* 
opy pair */A[i1++℄ = A[j1++℄;A[i1++℄ = A[j1++℄;} /* finished, just 
opy the last 
ell (-1 or ref to sharedtail ) */A[i1℄ = A[j1℄;if ( i1 > temp_last ) temp_last = i1;} /* end of else repa
kage */} /* end: no embedding */} /* end of 
omplex node merging */} /* end of unifi
ation, pop another pair from sta
k */return g1;} /* end of unify1 fun
tion */stati
 final int FORWARD = 1;stati
 final int BACKWARD = -1;stati
 final int END = 0;stati
 int unify_
opy(int graph) {/* Copy with hidden stru
ture sharing, using depth-first sear
hOverview:END: finished, final address in iFORWARD: go forward using address in ind and leave it in i,BACKWARD: go ba
kward, last address in iNode statuses for nodes <= Allo
_last51



G < Generation not visitedG=Generation F>=0 forwardG=Generation F<=-1 visit finished or being visited-F is address of original Tset i=graph go FORWARD*/int i = root[2*graph℄;int state = FORWARD;int size = 0;int new_Allo
_last = Allo
_last;while ( state != END ) {/** FORWARD:*/if ( state == FORWARD ) {/* Dereferen
e i with path 
ompression */if ( A[i℄ == Generation && A[i+1℄ >= 0 ) {int j = A[i+1℄;if ( A[j℄ == Generation && A[j+1℄ >= 0 ) {A[--sta
k_top℄ = -1;do {A[--sta
k_top℄ = i + 1;i = j;j = A[j+1℄;}while ( A[j℄ == Generation && A[j+1℄ >= 0);while (A[sta
k_top℄ > -1)A[A[sta
k_top++℄℄ = j;sta
k_top++;}i = j; 52



}/* if the node is an atom, or it was visited, or beingvisited, or it is a leaf, or it does not have 
hildren andit is in 
harts area then go ba
k */if ( A[i℄ < 0 ) {state = BACKWARD;size ++;} else if ( A[i℄ == Generation && A[i+1℄ <= -1 )state = BACKWARD;else if ( i <= Allo
_last &&( A[i+2℄ == 0 || A[i+3℄ == -1 ) ) {A[i℄ = Generation; A[i+1℄ = -1;size += A[i+2℄ == 0 ? 3 : 4;}/* otherwise, 
opy node to reserved area, with repla
ing Fwith negative address of F, and attributes with addressesof original attributes*/else {/* make a 
opy and the referen
e to it(size is a

umulated in new_Allo
_last */A[++new_Allo
_last℄ = Generation; /* new G */A[i℄ = Generation; /* old G */A[i+1℄ = new_Allo
_last; /* old F */A[++new_Allo
_last℄ = - (i+1); /* new F: negative address of F */A[++new_Allo
_last℄ = A[i+2℄; /* 
opy T *//* we know that it is a 
omplex node (leaf nodes are alwaysshared) */for (int sr
=i+3; ; ) {while ( A[sr
℄>=0 ) sr
 = A[sr
℄;if ( A[sr
℄==-1 ) {A[++new_Allo
_last℄ = -1;break;}A[++new_Allo
_last℄ = sr
++; /* address of attribute */53



A[++new_Allo
_last℄ = A[sr
++℄;}i = A[i+1℄;/* The 
opy is maid, start iteration over 
hildren (if thereare any). Iterate ba
kwards.push on sta
k: 
hild ptr address*/if (A[i+3℄==-1) { /* no 
hildren */if ( - A[i+1℄ <= Allo
_last ) {A[ - A[i+1℄ ℄ = -1; /* shared */new_Allo
_last -= 4;size += 4;i = - A[i+1℄ - 1;}state = BACKWARD;}else {A[--sta
k_top℄ = new_Allo
_last - 1; /* 
hild ptr address */i = A[new_Allo
_last - 1℄; /* 
hild ptr *//* 
ontinue with state=FORWARD */}}} /* end of state FORWARD *//** BACKWARD*/if ( state == BACKWARD ) {/* if sta
k is empty, it is the end */if (sta
k_top == temp_first) state = END;else {/* pop the ptr address */int ptr_address = A[sta
k_top++℄;/* 
an we tail share this address? */if ( A[ptr_address+1℄ >= -1 && i <= Allo
_last && i ==A[ptr_address℄ && A[ptr_address-1℄ <= Allo
_last ) {54



new_Allo
_last -= 2;size += 2;ptr_address -= 2;} else {A[ptr_address--℄ = i;A[ptr_address℄ = A[A[ptr_address℄℄; /* set attribute */ptr_address--;}if ( A[ptr_address-1℄ >= 0 ) { /* next 
hild to visit */A[--sta
k_top℄ = ptr_address;i = A[ptr_address℄;state = FORWARD;} else { /* node finished *//* 
an we share the whole node */if ( A[ptr_address+1℄ >= 0 &&-A[ptr_address-1℄ <= Allo
_last ) {new_Allo
_last -= 4;size += 4;i = - A[ ptr_address - 1 ℄ - 1;A[i+1℄ = -1;}else i = ptr_address - 2;}} /* BACKWARD and not END */} /* state BACKWARD */} /* while state != END */size += new_Allo
_last - Allo
_last;Allo
_last = new_Allo
_last;temp_first = temp_last = -1;root[++root_last℄ = i;root[++root_last℄ = size;++Generation;return root_last - 1;}stati
 void print_a() { 55



for (int i=0; i < A.length; ++i) {if (i>Allo
_last && i > temp_last) break;System.out.print("a["+spa
ePadded(i,3)+"℄="+spa
ePadded(A[i℄,-4));if (i % 10 == 9) System.out.println();}System.out.println();}/**Auxiliary fun
tion -- spa
e padding on left or right to an integer.�param i an integer to be represented as astring�param pad the min length, if negative pad on right, otherwisepad on left�return string representation*/stati
 String spa
ePadded(int i, int pad) {String r = "" + i;int apad = (pad < 0 ? -pad : pad);while (r.length() < apad)r = (pad<0 ? r+" " : " "+r);return r;}/* kind_of_
ell: 0 - not used, 1 - GFT, 2 - attribute */stati
 void mark_gft(int i, int[℄ mark) {if (mark[i℄ != 0) return;mark[i℄ = 1;if (A[i℄ == Generation && A[i+1℄ >= 0) mark_gft(A[i+1℄, mark);else if (A[i℄ >=0 && A[i+2℄!=0) mark_att(i+3, mark);}stati
 void mark_att(int i, int[℄ mark) {if (mark[i℄ != 0) return;mark[i℄ = 2;if ( A[i℄ >= 0 ) mark_att( A[i℄, mark );else if (A[i℄ < -1) {mark_gft(A[i+1℄, mark);mark_att(i+2, mark);} 56



}/**Print 
ontents of the array in LaTeX form.*/stati
 void print_latex(String 
omment, String 
ommand) {int[℄ kind_of_
ell = new int[ (temp_last > Allo
_last ?temp_last : Allo
_last) + 1 ℄;/** Print out up to Allo
_last and mark first GFT's*/System.out.println("% " + 
omment + "\n");System.out.println("\\new
ommand{\\" + 
ommand + "}{" +"\\set
ounter{
ell}{0}\\raggedright");for (int i=0; i <= Allo
_last; ) {mark_gft(i, kind_of_
ell);i = print_latex_gft( i );}System.out.println("\\\\$\\mbox{\\it Allo
\\_last}="+Allo
_last+"$");if (temp_first > Allo
_last && temp_last > Allo
_last) {System.out.println("\\quad\\set
ounter{
ell}{"+temp_first+"}$\\mbox{\\it temp\\_first}="+temp_first+"$\\\\");/* Print out the temporary area */for (int i = temp_first; i <= temp_last; ) {swit
h ( kind_of_
ell[i℄ ) {
ase 1: i = print_latex_gft( i ); break;
ase 2: i = print_latex_att( i ); break;
ase 0:System.out.println("\\
ells{"+A[i℄+"}{}% " + i);57



++i;}}}System.out.println("}\n");} /* end of fun
tion print_latex *//** Print 
ontinous part of the node and return next i */stati
 int print_latex_gft( int i ) {if ( A[i℄ < 0 ) /* atom */System.out.println("\\
elle{"+ atom_name[-A[i++℄℄ + "} % " +(i-1));else if (A[i℄ == Generation && i > Allo
_last) /* forward */System.out.println("\\
ell{" + A[i++℄ + "}{G}\\
ell{" + A[i++℄ +"}{F} % " + (i-2) );else { /* gft ... */int bg = i;System.out.print("\\
ellgft{"+A[i++℄+"}{"+A[i++℄+"}{"+A[i++℄+"}");if ( A[i-1℄ == 0 ) /* leaf */System.out.println(" % " + bg);else {i = print_latex_att( i );System.out.println(" % " + bg);}}return i;}/** Print 
ontinous edge sequen
e, return next i */stati
 int print_latex_att( int i ) {while ( A[i℄ < -1 ) {System.out.print("\\
ellp{" + att_name[ -A[i++℄ ℄ + "}{" +A[i++℄ + "}");58



}System.out.print("\\
elle{" + A[i++℄ + "}");return i;}} /* end of 
lass */B C 
ode/** $Sour
e: /home/vkeselj/
vsroot/unifma
hine/unifma
hine.
,v $* $Revision: 1.3 $* $Date: 2002/01/23 11:08:04 $* Authors: (
) 2001-2002 Vlado Keselj and Ni
k Cer
one*/#in
lude <stdio.h>void mark_att(int i, int *mark);void print_latex(
har* 
omment, 
har* 
ommand);#define A_len 10000int A[A_len℄; /* the array */int Allo
_last = -1; /* last allo
ated 
ell *//* Attributes (features) */#define att_a -7#define att_b -6#define att_d -5#define att_e -4#define att_g -3#define att_h -2/* Atoms */#define ATOM_A -1 59




har* att_name[℄ = { NULL, NULL, "h", "g", "e", "d", "b","a" };
har* atom_name[℄ = { NULL, "A" };/* Global generation 
ounter */int Generation = 1;/* Root nodes bookkeeping (2 entries per root):* 1. entry: root address* 2. entry: graph size */int root[10℄;int root_last = -1;/**Set initial 
onfiguration.*/void init() {Allo
_last = -1;/* First graph */root[++root_last℄ = Allo
_last + 1; /* address 1 */{ int a[℄ = { 0, 0, 1, att_a, 8, att_d, 15, -1,0, 0, 1, att_b, 14, -1,ATOM_A,0, 0, 1, att_e, 21, -1,0, 0, 0 }; /* 24 elements */int i;for (i=0; i < 24; ++i)A[Allo
_last+1+i℄ = a[i℄;Allo
_last += 24;root[++root_last℄ = 24; /* size 1 */}/* Se
ond graph */root[++root_last℄ = Allo
_last + 1; /* address 2 */{ 60



int a[℄ = { 0, 0, 1, att_a, 34, att_d, 34, att_g, 43, -1,0, 0, 1, att_b, 40, -1,0, 0, 0,0, 0, 1, att_h, 49, -1,0, 0, 0 }; /* 28 */int i;for (i=0; i < 28; ++i)A[Allo
_last+1+i℄ = a[i℄;Allo
_last += 28;root[++root_last℄ = 28; /* size 2 */}}/** The main fun
tion*/int main(int arg
, 
har *argv[℄) {int result;init();print_latex("Initial 
onfiguration", "initial
onfiguration");printf("%% arg1=%d size1=%d arg2=%d size2=%d\n", root[0℄, root[1℄,root[2℄, root[3℄);result = unify1(0, 1);print_latex("After first phase", "firstphasenorepa
kaging");if (result > -1)result = unify_
opy(result);print_latex("Final","se
ondphase");printf("%% Result adr=%d size=%d\n", root[root_last-1℄,root[root_last℄); 61



return 0;} /* end of main *//* Non-stati
 variables */int sta
k_top = -1;int temp_first = -1; /* first temp allo
ated 
ell */int temp_last = -1; /* last temp allo
ated 
ell */int repa
k_limit = -1;/**Unify two graphs: first phase.�param g1 index of the first graph (2*g1 in root array)�param g2 index of the se
ond graph (2*g2 in root array)�return -1 if unifi
ation fails,index of the resulting graph otherwise*/int unify1(int g1, int g2) {/* max_size = max(2, size1 + size2 - 3) */int max_size = root[2*g1+1℄+root[2*g2+1℄-3;if (max_size < 2) max_size = 2;temp_first = 2*(root[2*g1+1℄+root[2*g2+1℄)/3 + 1;if (temp_first < 2) temp_first = 2;temp_first += Allo
_last + 1 + max_size;temp_last = temp_first - 1;sta
k_top = temp_first;repa
k_limit = A_len - 5 * max_size / 2;/* Che
k the size of the array. */if (temp_last >= repa
k_limit) {fprintf(stderr, "Insuffi
ient memory");exit(1); 62



}A[--sta
k_top℄ = root[2*g1℄;A[--sta
k_top℄ = root[2*g2℄;while (sta
k_top < temp_first) {int i2 = A[sta
k_top++℄;int i1 = A[sta
k_top++℄;if (i1==i2) 
ontinue;/* Dereferen
e i1 with path 
ompression */if ( A[i1℄ == Generation ) {int j = A[i1+1℄;if ( A[j℄ == Generation ) {A[--sta
k_top℄ = -1;do {A[--sta
k_top℄ = i1 + 1;i1 = j;j = A[j+1℄;}while ( A[j℄ == Generation );while (A[sta
k_top℄ > -1)A[A[sta
k_top++℄℄ = j;sta
k_top++;}i1 = j;}/* Dereferen
e i2 with path 
ompression */if ( A[i2℄ == Generation ) {int j = A[i2+1℄;if ( A[j℄ == Generation ) {A[--sta
k_top℄ = -1;do { 63



A[--sta
k_top℄ = i1 + 1;i2 = j;j = A[j+1℄;}while ( A[j℄ == Generation );while (A[sta
k_top℄ > -1)A[A[sta
k_top++℄℄ = j;sta
k_top++;}i2 = j;}if (i1==i2) 
ontinue;/* Unify *//* at least one node is a leaf node */if ( A[i1℄>=0 && A[i1+2℄==0 ) {A[i1℄ = Generation;A[i1+1℄ = i2;} else if ( A[i2℄>=0 && A[i2+2℄==0) {A[i2℄ = Generation;A[i2+1℄ = i1;}/* at least one node is an atom */else if (A[i1℄ < 0 || A[i2℄ < 0) {/* they have to mat
h */if ( A[i1℄ != A[i2℄ ) {Generation++;return -1; /* unifi
ation fails: atoms mismat
h*/}}/* otherwise, we have two 
omplex nodes: we will merge them */else {int embed1 = 0, embed2 = 0; /* 
an result be embedded in one64



of the graphs (0), otherwise,index of the attribute fromwhi
h the tail 
an be shared */int sr
1 = i1, sr
2 = i2; /* shared sour
e */int j1=i1+3, j2=i2+3, j3=temp_last+4; /* j1 and j2 are mergedto 
reate j3 *//* types should be merged here for typed feature stru
tures */A[j3-1℄ = 1;/* Merge lists */while ( A[j1℄ != -1 && A[j2℄ != -1 ) {/* dereferen
e */while (A[j1℄ >= 0) j1 = A[j1℄;while (A[j2℄ >= 0) j2 = A[j2℄;/* merge step */if ( A[j1℄ < A[j2℄ ) {A[j3++℄ = A[j1++℄;A[j3++℄ = A[j1++℄;embed2 = j3; sr
2 = j2;}else if ( A[j2℄ < A[j1℄ ) {A[j3++℄ = A[j2++℄;A[j3++℄ = A[j2++℄;embed1 = j3; sr
1 = j1;}else {A[j3++℄ = A[j1++℄;/* If values do not mat
h? */if ( A[j1℄ != A[++j2℄ ) {/* push refs on sta
k */A[--sta
k_top℄ = A[j1℄;A[--sta
k_top℄ = A[j2℄;} 65



A[j3++℄ = A[j1++℄;j2++;}}/* Final 
he
k for 
omplete embedding */if (A[j1℄ != -1) embed2 = -1;else if (A[j2℄ != -1) embed1 = -1;/* let's see what to do with the result *//* Is embedding possible? For typed feature stru
tures,the resulting type should be 
opied. *//* embedding into i1 */if ( embed1==0 && (embed2!=0 || i1 <= i2 ) ) {A[i2++℄ = Generation;A[i2℄ = i1;}/* embedding into i2 */else if ( embed2 == 0) {A[i1++℄ = Generation;A[i1℄ = i2;}else { /* no embedding *//* let us first de
ide about tail sharing */if ( embed1 > -1 &&(embed2 == -1 ||( j1 <= Allo
_last && j2 > Allo
_last ) ||embed1 <= embed2 ) ) {A[ j3 = embed1 ℄ = sr
1;embed2 = -1;} else {A[ j3 = embed2 ℄ = sr
2;embed1 = -1;}/* Can we leave it as it is? */if (j3 < repa
k_limit ||( i1 < temp_first && i2 < temp_first )) {66



A[++temp_last℄ = 0;A[i1++℄ = A[i2++℄ = Generation;A[i1℄ = A[i2℄ = temp_last;temp_last = j3;}/* Else repa
kage */else {if ( i1 < temp_first ||( embed1 > -1 && i2 >= temp_first ) ){ int tmp=i1;i1=i2;i2=tmp; }A[i2++℄ = Generation;A[i2++℄ = i1; i2++; /* let i2 be on the first edge */A[i1++℄ = 0;++i1;j1 = temp_last + 3; /* use j1 as the sour
e index */A[i1++℄ = A[j1++℄; /* 
opy T */while (A[j1℄ < -1) {if (i1 < temp_last && A[i1℄ >= -1) { /* we have to findnew destination */int ii1 = i1;while (A[ii1℄ >= 0) ii1 = A[ii1℄;if ( ii1 < temp_first ) { /* have to break the 
hain */if (i2 >= temp_first) { /* we 
an swit
h to i2 */ii1 = i2; i2 = -1;}else ii1 = temp_last + 1; /* we 
ontinue after temp_last */}A[i1℄ = ii1; i1 = ii1;}if ( i1 == A[j3℄ ) { /* we hit the shared tail! */int ii1 = i1;while (A[ii1℄ < -1) {A[j3++℄ = A[ii1++℄; A[j3++℄ = A[ii1++℄;}while ( A[ii1℄ > 0 ) ii1 = A[ii1℄;A[j3℄ = (A[ii1℄ == -1) ? -1 : ii1;67



}/* 
opy pair */A[i1++℄ = A[j1++℄;A[i1++℄ = A[j1++℄;} /* finished, just 
opy the last 
ell (-1 or ref to sharedtail ) */A[i1℄ = A[j1℄;if ( i1 > temp_last ) temp_last = i1;} /* end of else repa
kage */} /* end: no embedding */} /* end of 
omplex node merging */} /* end of unifi
ation, pop another pair from sta
k */return g1;} /* end of unify1 fun
tion */#define FORWARD 1#define BACKWARD -1#define END 0int unify_
opy(int graph) {/* Copy with hidden stru
ture sharing, using depth-first sear
hOverview:END: finished, final address in iFORWARD: go forward using address in ind and leave it in i,BACKWARD: go ba
kward, last address in iNode statuses for nodes <= Allo
_lastG < Generation not visitedG=Generation F>=0 forwardG=Generation F<=-1 visit finished or being visited68



-F is address of original Tset i=graph go FORWARD*/int i = root[2*graph℄;int state = FORWARD;int size = 0;int new_Allo
_last = Allo
_last;while ( state != END ) {/** FORWARD:*/if ( state == FORWARD ) {/* Dereferen
e i with path 
ompression */if ( A[i℄ == Generation && A[i+1℄ >= 0 ) {int j = A[i+1℄;if ( A[j℄ == Generation && A[j+1℄ >= 0 ) {A[--sta
k_top℄ = -1;do {A[--sta
k_top℄ = i + 1;i = j;j = A[j+1℄;}while ( A[j℄ == Generation && A[j+1℄ >= 0);while (A[sta
k_top℄ > -1)A[A[sta
k_top++℄℄ = j;sta
k_top++;}i = j;}/* if the node is an atom, or it was visited, or being69



visited, or it is a leaf, or it does not have 
hildren andit is in 
harts area then go ba
k */if ( A[i℄ < 0 ) {state = BACKWARD;size ++;} else if ( A[i℄ == Generation && A[i+1℄ <= -1 )state = BACKWARD;else if ( i <= Allo
_last &&( A[i+2℄ == 0 || A[i+3℄ == -1 ) ) {A[i℄ = Generation; A[i+1℄ = -1;size += A[i+2℄ == 0 ? 3 : 4;}/* otherwise, 
opy node to reserved area, with repla
ing Fwith negative address of F, and attributes with addressesof original attributes*/else {int sr
;/* make a 
opy and the referen
e to it(size is a

umulated in new_Allo
_last */A[++new_Allo
_last℄ = Generation; /* new G */A[i℄ = Generation; /* old G */A[i+1℄ = new_Allo
_last; /* old F */A[++new_Allo
_last℄ = - (i+1); /* new F: negative address of F */A[++new_Allo
_last℄ = A[i+2℄; /* 
opy T *//* we know that it is a 
omplex node (leaf nodes are alwaysshared) */for (sr
=i+3; ; ) {while ( A[sr
℄>=0 ) sr
 = A[sr
℄;if ( A[sr
℄==-1 ) {A[++new_Allo
_last℄ = -1;break;}A[++new_Allo
_last℄ = sr
++; /* address of attribute */A[++new_Allo
_last℄ = A[sr
++℄;} 70



i = A[i+1℄;/* The 
opy is maid, start iteration over 
hildren (if thereare any). Iterate ba
kwards.push on sta
k: 
hild ptr address*/if (A[i+3℄==-1) { /* no 
hildren */if ( - A[i+1℄ <= Allo
_last ) {A[ - A[i+1℄ ℄ = -1; /* shared */new_Allo
_last -= 4;size += 4;i = - A[i+1℄ - 1;}state = BACKWARD;}else {A[--sta
k_top℄ = new_Allo
_last - 1; /* 
hild ptr address */i = A[new_Allo
_last - 1℄; /* 
hild ptr *//* 
ontinue with state=FORWARD */}}} /* end of state FORWARD *//** BACKWARD*/if ( state == BACKWARD ) {/* if sta
k is empty, it is the end */if (sta
k_top == temp_first) state = END;else {/* pop the ptr address */int ptr_address = A[sta
k_top++℄;/* 
an we tail share this address? */if ( A[ptr_address+1℄ >= -1 && i <= Allo
_last && i ==A[ptr_address℄ && A[ptr_address-1℄ <= Allo
_last ) {new_Allo
_last -= 2;size += 2; 71



ptr_address -= 2;} else {A[ptr_address--℄ = i;A[ptr_address℄ = A[A[ptr_address℄℄; /* set attribute */ptr_address--;}if ( A[ptr_address-1℄ >= 0 ) { /* next 
hild to visit */A[--sta
k_top℄ = ptr_address;i = A[ptr_address℄;state = FORWARD;} else { /* node finished *//* 
an we share the whole node */if ( A[ptr_address+1℄ >= 0 &&-A[ptr_address-1℄ <= Allo
_last ) {new_Allo
_last -= 4;size += 4;i = - A[ ptr_address - 1 ℄ - 1;A[i+1℄ = -1;}else i = ptr_address - 2;}} /* BACKWARD and not END */} /* state BACKWARD */} /* while state != END */size += new_Allo
_last - Allo
_last;Allo
_last = new_Allo
_last;temp_first = temp_last = -1;root[++root_last℄ = i;root[++root_last℄ = size;++Generation;return root_last - 1;}void print_a() {int i;for (i=0; i < A_len; ++i) { 72



if (i>Allo
_last && i > temp_last) break;printf("a[%3d℄=%-4d ", i, A[i℄);if (i % 10 == 9) put
har('\n');}put
har('\n');}/* kind_of_
ell: 0 - not used, 1 - GFT, 2 - attribute */void mark_gft(int i, int *mark) {if (mark[i℄ != 0) return;mark[i℄ = 1;if (A[i℄ == Generation && A[i+1℄ >= 0) mark_gft(A[i+1℄, mark);else if (A[i℄ >=0 && A[i+2℄!=0) mark_att(i+3, mark);}void mark_att(int i, int *mark) {if (mark[i℄ != 0) return;mark[i℄ = 2;if ( A[i℄ >= 0 ) mark_att( A[i℄, mark );else if (A[i℄ < -1) {mark_gft(A[i+1℄, mark);mark_att(i+2, mark);}}/**Print 
ontents of the array in LaTeX form.*/int kind_of_
ell[A_len℄;void print_latex(
har* 
omment, 
har* 
ommand) {int i;for (i=0; i<A_len; ++i)kind_of_
ell[i℄ = 0;/** Print out up to Allo
_last and mark first GFT's*/ 73



printf("%% %s\n\n", 
omment);printf("\\new
ommand{\\%s}{\\set
ounter{
ell}{0}\\raggedright\n", 
ommand);for (i=0; i <= Allo
_last; ) {mark_gft(i, kind_of_
ell);i = print_latex_gft( i );}printf("\\\\$\\mbox{\\it Allo
\\_last}=%d$\n", Allo
_last);if (temp_first > Allo
_last && temp_last > Allo
_last) {printf("\\quad\\set
ounter{
ell}{%d}$\\mbox{\\it temp\\_first}=%d$\\\\\n",temp_first, temp_first);/* Print out the temporary area */for (i = temp_first; i <= temp_last; ) {swit
h ( kind_of_
ell[i℄ ) {
ase 1: i = print_latex_gft( i ); break;
ase 2: i = print_latex_att( i ); break;
ase 0:printf("\\
ells{%d}{}% %d\n", A[i℄, i);++i;}}}printf("%s", "}\n\n");} /* end of fun
tion print_latex *//** Print 
ontinous part of the node and return next i */int print_latex_gft( int i ) {if ( A[i℄ < 0 ) { /* atom */printf("\\
elle{%s} %% %d\n", atom_name[-A[i℄℄, i);++i; 74



}else if (A[i℄ == Generation && i > Allo
_last) { /* forward */printf("\\
ell{%d}{G}", A[i++℄);printf("\\
ell{%d}{F} %% %d\n", A[i++℄, i-2);}else { /* gft ... */int bg = i;printf("\\
ellgft{%d}", A[i++℄);printf("{%d}", A[i++℄);printf("{%d}", A[i++℄);if ( A[i-1℄ == 0 ) /* leaf */printf(" %% %d\n", bg);else {i = print_latex_att( i );printf(" %% %d\n", bg);}}return i;}/** Print 
ontinous edge sequen
e, return next i */int print_latex_att( int i ) {while ( A[i℄ < -1 ) {printf("\\
ellp{%s}", att_name[ -A[i++℄ ℄);printf("{%d}", A[i++℄);}printf("\\
elle{%d}", A[i++℄ );return i;}
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