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Graphs are used almost everywhere in computer science. Any system that consists of discrete states
(or sites) and connections between them can be modeled by a graph. For a long time among di�erent
formats being used for presentation of graphs was not a single one that would be widely accepted as
the standard format. As a rule tools to work with graph models supported di�erent graph formats,
usually consisting of restricted subclasses of graphs and their representations.

Motivated by the goals of tool interoperability, access to benchmark data sets, and data exchange
over the Web, the Steering Committee of the Graph Drawing Symposium started a new initiative
with an informal workshop held in conjunction with the 8th Symposium on Graph Drawing. As a
consequence, an informal task group was formed to propose a modern graph exchange format suitable
in particular for data transfer between graph drawing tools and other applications. The main goal
of the GraphML language has been formulated by the developers in the following way. The graph
exchange format should be able to represent arbitrary graphs with arbitrary additional data, including
layout and graphics information. The additional data should be stored in a format appropriate for the
speci�c application, but should not complicate or interfere with the representation of data from other
applications.

GraphML is designed with this and the following more pragmatic goals in mind:

1) Simplicity: The format should be easy to parse and interpret for both humans and machines.
As a general principle, there should be no ambiguities and thus a single well-de�ned interpretation for
each valid GraphML document.

2) Generality: There should be no limitation with respect to the graph model, i.e. hypergraphs,
hierarchical graphs, etc. should be expressible within the same basic format.

3) Extensibility: It should be possible to extend the format in a well-de�ned way to represent
additional data required by arbitrary applications or more sophisticated use (e.g., sending a layout
algorithm together with the graph).

4) Robustness: Systems not capable of handling the full range of graph models or added information
should be able to easily recognize and extract the subset they can handle.

Designed GraphML language for descriptions of graphs is based on XML. It allows describing
directed, undirected and mixed graphs, hyper graphs and hierarchical graphs, as well as any
speci�c attributes for speci�c applications. In particular, GraphML language fully supports attributed
hierarchical graphs [17]. Thanks to its XML syntax, GraphML can be used in combination with other
XML based formats. On the one hand, its own extension mechanism allows attaching <data> labels
with complex content (possibly required to comply with other XML content models) to GraphML
elements. Examples of such complex data labels are Scalable Vector Graphics describing the appearance
of the nodes and edges in a drawing. On the other hand, GraphML can be integrated into other
applications, e. g. in SOAP messages.

© V.N. Kasyanov, E.V. Kasyanova, 2018



2 Òåîðåòè÷åñêàÿ è ñèñòåìíàÿ èíôîðìàòèêà

In this paper, only the basic tools of the GraphML language are described, which are su�cient to
represent graph models in most applications. It discusses how graphs and graph data can be represented
in GraphML format using a basic graph model that covers graphs containing directed and undirected
edges, loops, multiple edges, and various labels (attributes) of nodes, edges, and graphs.

The work has been partially supported by the Russian Foundation for Basic Research under grant
N 15-07-02029.
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ÓÄÊ 004

Ñòàòüÿ ïîñâÿùåíà ìåæäóíàðîäíîìó ïðîåêòó GraphML, èíèöèèðîâàííîìó ñîîáùåñòâîì ïî ðè-
ñîâàíèþ ãðàôîâ â 2000 ã. ñ öåëüþ ñîçäàíèÿ ñòàíäàðòèçîâàííîãî ÿçûêà îïèñàíèÿ ãðàôîâ íà
îñíîâå ÿçûêà XML, è ñîäåðæèò îïèñàíèå áàçîâûõ ñðåäñòâ ÿçûêà GraphML, äîñòàòî÷íûõ äëÿ
ïðåäñòàâëåíèÿ ãðàôîâûõ ìîäåëåé â áîëüøèíñòâå ïðèëîæåíèé. Â íåé ðàññìàòðèâàåòñÿ, êàê
ãðàôû è ãðàôîâûå äàííûå ïðåäñòàâëÿþòñÿ â ôîðìàòå GraphML ñ èñïîëüçîâàíèåì áàçîâîé
ãðàôîâîé ìîäåëè, êîòîðàÿ îõâàòûâàåò ãðàôû, ñîäåðæàùèå îðèåíòèðîâàííûå è íåîðèåíòèðî-
âàííûå ðåáðà, ïåòëè, êðàòíûå ðåáðà è ðàçëè÷íûå ïîìåòêè (àòðèáóòû) âåðøèí, ðåáåð è ÷àñòåé
ãðàôà.

Êëþ÷åâûå ñëîâà: ãðàô, ãðàôîâûå äàííûå, ãðàôîâàÿ ìîäåëü, GraphML.

Ââåäåíèå. Ñîâðåìåííîå ïðîãðàììèðîâàíèå íåëüçÿ ïðåäñòàâèòü ñåáå áåç òåîðåòèêî-
ãðàôîâûõ ìåòîäîâ è àëãîðèòìîâ [1]. Øèðîêàÿ ïðèìåíèìîñòü ãðàôîâ ñâÿçàíà ñ òåì, ÷òî
îíè ÿâëÿþòñÿ î÷åíü åñòåñòâåííûì ñðåäñòâîì îáúÿñíåíèÿ ñëîæíûõ ñèòóàöèé íà èíòóèòèâ-
íîì óðîâíå. Ýòè ïðåèìóùåñòâà ïðåäñòàâëåíèÿ ñëîæíûõ ñòðóêòóð è ïðîöåññîâ ãðàôàìè
ñòàíîâÿòñÿ åùå áîëåå îùóòèìûìè ïðè íàëè÷èè õîðîøèõ ñðåäñòâ èõ âèçóàëèçàöèè [2, 3].

ßñíî, ÷òî èíñòðóìåíòû âèçóàëèçàöèè èíôîðìàöèè íà îñíîâå ãðàôîâûõ ìîäåëåé, ïî-
äîáíî âñåì äðóãèì èíñòðóìåíòàì, èìåþùèì äåëî ñî ñòðóêòóðèðîâàííûìè äàííûìè, íóæ-
äàþòñÿ â ñîõðàíåíèè è ïåðåäà÷å ãðàôîâ è àññîöèèðîâàííûõ ñ íèìè äàííûõ. Ñðåäè ìíî-
ãî÷èñëåííûõ ôîðìàòîâ ôàéëîâ äëÿ ïðåäñòàâëåíèé ãðàôîâ ïðèìåíÿþòñÿ îñíîâàííûå íà
ASCII-êîäàõ òàáëèöû (ìàòðèöû) èëè ñïèñêè, òàêèå êàê òàáóëèðîâàííûå ôàéëû, ê êî-
òîðûì îòíîñÿòñÿ *.dl ôàéëû UCINET [4] è *.net ôàéëû Ïàåêà (Pajek) [5]. Åñòü ñðåäè
íèõ è îñíîâàííûå íà XML ôîðìàòû äëÿ ïðåäñòàâëåíèÿ ãðàôîâ, òàêèå êàê GXL [6] è
DyNetML [7]. Åùå îäèí èñïîëüçóåìûé ôîðìàò ïðåäñòàâëåíèÿ ãðàôîâ � ýòî ÿçûê GML
(Graph Modelling Language) [8], ðàáîòà íàä êîòîðûì íà÷àëàñü â 1995 ã. íà 4-ì ñèìïîçèóìå
ïî ðèñîâàíèþ ãðàôîâ GD-95 â ã. Ïàññàó è çàâåðøèëàñü â 1996 ã. íà 5-ì ñèìïîçèóìå ïî
ðèñîâàíèþ ãðàôîâ GD-96 â ã. Áåðêëè. ßçûê GML äî ñèõ îñòàåòñÿ îñíîâíûì ôàéëîâûì
ôîðìàòîì äëÿ ñèñòåìû Graphlet, à òàêæå ïîääåðæèâàåòñÿ ðÿäîì äðóãèõ ñèñòåì îáðàáîòêè
ãðàôîâ.

Îäíàêî äîëãîå âðåìÿ ñðåäè èñïîëüçóåìûõ ôîðìàòîâ ïðåäñòàâëåíèÿ ãðàôîâ íå íàõîäè-
ëîñü íè îäíîãî, êîòîðûé áûë áû äîñòàòî÷íî øèðîêî ïðèíÿòûì â êà÷åñòâå ñòàíäàðòíîãî;

Ðàáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ôèíàíñîâîé ïîääåðæêå Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èñ-
ñëåäîâàíèé (ãðàíò ÐÔÔÈ � 18-07-00024).
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ïî ñóùåñòâó, èíñòðóìåíòû ðàáîòû ñ ãðàôàìè ïîääåðæèâàëè (äà è ñåé÷àñ ìíîãèå èç íèõ
ïîääåðæèâàþò) ëèøü íåêîòîðóþ ÷àñòü èç ñóùåñòâóþùèõ êëèåíòñêèõ ôîðìàòîâ, îáû÷íî
ñîñòîÿùóþ èç âèäîâ ãðàôîâûõ ïðåäñòàâëåíèé, îãðàíè÷åííûõ ïî âûðàçèìîñòè è ñïåöèôèêå
êîíêðåòíîé îáëàñòüþ ïðèìåíåíèÿ.

Ïîýòîìó íåñëó÷àéíî â 2000 ãîäó íàáëþäàòåëüíûé êîìèòåò ñèìïîçèóìà ïî ðèñîâàíèþ
ãðàôîâ (Graph Drawing Steering Committee) îðãàíèçîâàë ðàáî÷åå ñîâåùàíèå ïî ôîðìàòàì
îáìåíà ãðàôîâûìè äàííûìè, ñîñòîÿâøååñÿ â ã. Âèëüÿìñáóðãå â ðàìêàõ 8-ãî ñèìïîçèóìà ïî
ðèñîâàíèþ ãðàôîâ (GD-2000) [9]. Êàê ñëåäñòâèå áûëà ñôîðìèðîâàíà íåôîðìàëüíàÿ ðàáî-
÷àÿ ãðóïïà ïî âûðàáîòêå îñíîâàííîãî íà ÿçûêå XML ôîðìàòà îáìåíà ãðàôàìè GraphML,
êîòîðûé, â ÷àñòíîñòè, áûë áû ïðèãîäåí äëÿ îáìåíà äàííûìè ìåæäó èíñòðóìåíòàìè ðè-
ñîâàíèÿ ãðàôîâ è äðóãèìè ïðèëîæåíèÿìè è â êîíå÷íîì ñ÷åòå ëåã áû â îñíîâó ñòàíäàðòà
îïèñàíèÿ ãðàôîâ.

Ðàáî÷àÿ ãðóïïà ïî ñîçäàíèþ ÿçûêà GraphML îáúåäèíÿåò äåñÿòêè ñïåöèàëèñòîâ èç
ðàçíûõ îðãàíèçàöèé è ñòðàí, è åå ðàáîòó íàðàâíå ñ äðóãèìè êîîðäèíèðóþò Ulrik Brandes
(óíèâåðñèòåò ã. Êîíñòàíö, Ãåðìàíèÿ), Markus Eiglsperger (Òþáèíãåíñêèé óíèâåðñèòåò, Ãåð-
ìàíèÿ), Michael Kaufmann (Òþáèíãåíñêèé óíèâåðñèòåò, Ãåðìàíèÿ), J�urgen Lerner (óíèâåð-
ñèòåò ã. Êîíñòàíö, Ãåðìàíèÿ) è Christian Pich (óíèâåðñèòåò ã. Êîíñòàíö, Ãåðìàíèÿ).

Ïåðâûé îò÷åò ïî ÿçûêó âûøåë â 2001 ãîäó [10]. Ñ òåõ ïîð ÿçûê áûë ðàñøèðåí â ÷àñòè
ïîääåðæêè îñíîâíûõ òèïîâ àòðèáóòîâ è â ÷àñòè âêëþ÷åíèÿ èíôîðìàöèè äëÿ èñïîëüçîâà-
íèÿ ñèíòàêñè÷åñêèìè àíàëèçàòîðàìè [11, 12]. Âåäåòñÿ ðàáîòà ïî âêëþ÷åíèþ àáñòðàêòíîé
èíôîðìàöèè äëÿ îïèñàíèÿ òîïîëîãèè ãðàôà è øàáëîíîâ, ñ ïîìîùüþ êîòîðûõ ýòó èíôîð-
ìàöèþ ìîæíî ïðåîáðàçîâàòü â ðàçëè÷íûå ãðàôè÷åñêèå ôîðìàòû. Ïðîãðàììíîå îáåñïå÷å-
íèå äëÿ ïîääåðæêè ðàáîòû ñ GraphML òàêæå íàõîäèòñÿ â ïîñòîÿííîé ðàçðàáîòêå.

Áëàãîäàðÿ XML ñèíòàêñèñó GraphML ìîæåò èñïîëüçîâàòüñÿ â êîìáèíàöèè ñ äðóãè-
ìè ôîðìàòàìè, îñíîâàííûìè íà XML. Ñ äðóãîé ñòîðîíû, ñâîé ñîáñòâåííûé ìåõàíèçì
ðàñøèðåíèÿ ïîçâîëÿåò ïðèêðåïëÿòü <data> ìåòêè ñî ñëîæíûì ñîäåðæèìûì ýëåìåíòîâ
GraphML, âîçìîæíî, òðåáóåìûì äëÿ èñïîëíåíèÿ ñ äðóãèìè ìîäåëÿìè XML ñîäåðæèìîãî.
Ïðèìåðîì èñïîëüçîâàíèÿ òàêèõ ìåòîê ñî ñëîæíûì ñîäåðæèìûì ÿâëÿåòñÿ òàê íàçûâàå-
ìûé ìåõàíèçì SVG (Scalable Vector Graphics) [13], îïèñûâàþùèé ïîÿâëåíèå âåðøèí è äóã
â èçîáðàæåíèè. Ñ äðóãîé ñòîðîíû, GraphML ìîæåò èíòåãðèðîâàòüñÿ â äðóãèå ïðèëîæå-
íèÿ, íàïðèìåð, â SOAP ñîîáùåíèÿ [14].

Â äàííîé ñòàòüå ðàññìàòðèâàþòñÿ òîëüêî áàçîâûå ñðåäñòâà ÿçûêà GraphML, äîñòà-
òî÷íûå äëÿ ïðåäñòàâëåíèÿ ãðàôîâûõ ìîäåëåé â áîëüøèíñòâå ïðèëîæåíèé. Â íåé îïèñû-
âàåòñÿ, êàê ãðàôû è ïðîñòûå ãðàôîâûå äàííûå ïðåäñòàâëÿþòñÿ â ôîðìàòå GraphML ñ
èñïîëüçîâàíèåì áàçîâîé ãðàôîâîé ìîäåëè ÿçûêà. Áàçîâàÿ ãðàôîâàÿ ìîäåëü îõâàòûâàåò
ãðàôû1, êîòîðûå ìîãóò ñîäåðæàòü ðåáðà, äóãè, ïåòëè, êðàòíûå äóãè, êðàòíûå ðåáðà è
ïîìåòêè (àòðèáóòû) âåðøèí, ðåáåð è ÷àñòåé ãðàôà. Ïîìèìî ðàññìîòðåííûõ çäåñü, ÿçûê
GraphML ñîäåðæèò è äðóãèå ñðåäñòâà, ñóùåñòâåííî îáîãàùàþùèå åãî âîçìîæíîñòè [9�12,
15]. Â ÷àñòíîñòè, GraphML ïîääåðæèâàåò ãðàôîâóþ ìîäåëü, êîòîðàÿ ðàñøèðÿåò áàçîâóþ
çà ñ÷åò ââåäåíèÿ òàêèõ äîïîëíèòåëüíûõ ïîíÿòèé äëÿ ãðàôîâîé òîïîëîãèè, êàê âëîæåííûå
ãðàôû, ãèïåðãðàôû è ïîðòû, è ìîæåò, íàïðèìåð, èñïîëüçîâàòüñÿ äëÿ àäåêâàòíîãî ïðåä-
ñòàâëåíèÿ èåðàðõè÷åñêèõ ãðàôîâûõ ìîäåëåé [17]. ßçûê ïîçâîëÿåò òàêæå îñóùåñòâëÿòü
ðàçëè÷íûå ðàñøèðåíèÿ çà ñ÷åò äîáàâëåíèÿ íîâûõ àòðèáóòîâ ê GraphML-ýëåìåíòàì è ïó-

1Çäåñü è íèæå ìû áåç îïðåäåëåíèÿ èñïîëüçóåì ñòàíäàðòíûå ïîíÿòèÿ èç òåîðèè ãðàôîâ (ñì., íàïðèìåð,
[16]).
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òåì ðàñøèðåíèÿ ñîäåðæèìîãî ýëåìåíòîâ <data>, à òàêæå èñïîëüçîâàòü XSLT-ìåõàíèçì
äëÿ ïðåîáðàçîâàíèÿ GraphML-äîêóìåíòîâ.

1. Öåëè ðàçðàáîòêè è èñïîëüçóåìàÿ áàçîâàÿ ãðàôîâàÿ ìîäåëü. Ðàçðàáîò÷èêè
ÿçûêà óáåæäåíû, ÷òî ñîâðåìåííûé ôîðìàò îáìåíà ãðàôàìè íå ìîæåò áûòü ìîíîëèòíûì,
ïîñêîëüêó, êàê ïðàâèëî, èñïîëüçóþòñÿ ñåðâèñû ðèñîâàíèÿ (âèçóàëèçàöèè) ãðàôîâ â êà÷å-
ñòâå êîìïîíåíòîâ áîëåå áîëüøèõ ñèñòåì, à òàêæå âîçíèêàþò ðàçëè÷íûå ñåòåâûå ñåðâèñû.
Ïîñòîÿííî âîçíèêàåò ïîòðåáíîñòü îáìåíà ãðàôîâûìè äàííûìè ìåæäó ýòèìè ñåðâèñàìè
èëè îòäåëüíûìè èõ ýòàïàìè, à òàêæå ìåæäó ñåðâèñàìè ðèñîâàíèÿ ãðàôîâ è äðóãèìè ñè-
ñòåìàìè, ñïåöèôè÷åñêèìè äëÿ ðàçëè÷íûõ îáëàñòåé ïðèëîæåíèé.

Òèïè÷íûå ïîëüçîâàòåëüñêèå ñöåíàðèè, êîòîðûå ïðåäóñìàòðèâàëèñü àâòîðàìè äëÿ ðàç-
ðàáîòàííîãî ôîðìàòà, ñîáðàíû âîêðóã ñèñòåì, ñïðîåêòèðîâàííûõ äëÿ ïðîèçâîëüíûõ ïðè-
ëîæåíèé, èìåþùèõ äåëî ñ ãðàôàìè è ðàçëè÷íûìè äàííûìè, àññîöèèðîâàííûìè ñ íèìè.
Òàêèå ñèñòåìû ìîãóò ñîäåðæàòü èëè âûçûâàòü ñåðâèñû ðèñîâàíèÿ ãðàôîâ, êîòîðûå äî-
áàâëÿþò èëè èçìåíÿþò ðàñêëàäêó èëè ãðàôè÷åñêóþ èíôîðìàöèþ. Òàêèå ñåðâèñû ìîãóò
âû÷èñëÿòü òîëüêî ÷àñòè÷íóþ èíôîðìàöèþ èëè ïðîìåæóòî÷íûå ïðåäñòàâëåíèÿ, ïîñêîëüêó
îíè âîïëîùàþò ëèøü ÷àñòü ìíîãîôàçîâîãî ïîäõîäà ê óêëàäêå, òàêîãî êàê ìåòðèêè òîïî-
ëîãè÷åñêèõ ôîðì (the topology-shape-metrics) èëè ñõåìû Ñóãèÿìû (Sugiyama frameworks)
[5, 18].

Îñíîâíóþ öåëü ðàçðàáîò÷èêè ÿçûêà ôîðìóëèðóþò ñëåäóþùèì îáðàçîì. Ôîðìàò îá-
ìåíà ãðàôàìè äîëæåí áûòü â ñîñòîÿíèè ïðåäñòàâëÿòü ïðîèçâîëüíûå ãðàôû ñ ïðîèçâîëü-
íûìè äîïîëíèòåëüíûìè äàííûìè, âêëþ÷àÿ óêëàäêó è ãðàôè÷åñêóþ èíôîðìàöèþ. Äî-
ïîëíèòåëüíàÿ èíôîðìàöèÿ äîëæíà ñîõðàíÿòüñÿ â ôîðìàòå, ïîäõîäÿùåì äëÿ çàäàííîãî
êîíêðåòíîãî ïðèëîæåíèÿ, íî íå äîëæíà óñëîæíÿòü ïðåäñòàâëåíèå äàííûõ èç äðóãèõ ïðè-
ëîæåíèé èëè ìåøàòü åìó.

ßçûê GraphML ïðîåêòèðîâàëñÿ ñ îðèåíòàöèåé íà ýòó öåëü, à òàêæå ñ ó÷åòîì ñëåäóþ-
ùèõ áîëåå ïðàãìàòè÷åñêèõ òðåáîâàíèé.

� Ïðîñòîòà (Simplicity). Ôîðìàò äîëæåí áûë ïðîñò äëÿ ðàçáîðà è èíòåðïðåòàöèè êàê
ëþäüìè, òàê è ìàøèíàìè. Â êà÷åñòâå îáùåãî ïðèíöèïà ôîðìóëèðóåòñÿ îòñóòñòâèå íåîä-
íîçíà÷íîñòåé è, òàêèì îáðàçîì, ñóùåñòâîâàíèå åäèíñòâåííîé õîðîøî îïðåäåëåííîé èíòåð-
ïðåòàöèè äëÿ êàæäîãî âàëèäíîãî (valid) GraphML-äîêóìåíòà.

� Îáùíîñòü (Generality). Íå äîëæíî ñóùåñòâîâàòü îãðàíè÷åíèé ïî îòíîøåíèþ ê ãðà-
ôîâîé ìîäåëè, ò. å. ãèïåðãðàôû, èåðàðõè÷åñêèå ãðàôû è ò. ä. äîëæíû áûòü âûðàçèìû ñ
ïîìîùüþ îäíîãî è òîãî æå áàçèñíîãî ôîðìàòà.

� Ðàñøèðÿåìîñòü (Extensibility). Äîëæíà ñóùåñòâîâàòü âîçìîæíîñòü ðàñøèðÿòü ôîð-
ìàò õîðîøî îïðåäåëåííûì ñïîñîáîì äëÿ ïðåäñòàâëåíèÿ äîïîëíèòåëüíûõ äàííûõ, òðåáó-
åìûõ ïðîèçâîëüíûìè ïðèëîæåíèÿìè èëè áîëåå ñëîæíûì èñïîëüçîâàíèåì (íàïðèìåð, ïî-
ñûëàÿ àëãîðèòì ðàñêëàäêè âìåñòå ñ ãðàôîì).

� Ðîáàñòíîñòü (Robustness). Ñèñòåìà, íå ñïîñîáíàÿ îáðàáîòàòü âåñü äèàïàçîí ãðàôîâûõ
ìîäåëåé èëè äîïîëíèòåëüíîé èíôîðìàöèè, äîëæíà áûòü â ñîñòîÿíèè ëåãêî ðàñïîçíàâàòü
è èçâëåêàòü òî ïîäìíîæåñòâî, êîòîðîå îíà ìîæåò îáðàáîòàòü.

Ïîä ãðàôîâîé ìîäåëüþ, îïèñûâàåìîé ñ ïîìîùüþ áàçîâûõ ñðåäñòâ ÿçûêà, ïîíèìàåòñÿ
ïîìå÷åííûé ñìåøàííûé ìóëüòèãðàô

G = (V,E, L),

êîòîðûé ñîñòîèò èç ìíîæåñòâà âåðøèí V, ìíîæåñòâà ðåáåð E (êàê íåîðèåíòèðîâàííûõ,
òàê è îðèåíòèðîâàííûõ), ñîåäèíÿþùèõ ïàðû íåîáÿçàòåëüíî ðàçëè÷íûõ âåðøèí, è ìíî-
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æåñòâà ðàçìåòîê L, êàæäàÿ èç êîòîðûõ ÿâëÿåòñÿ ÷àñòè÷íîé ôóíêöèåé, ñîïîñòàâëÿþùåé
ýëåìåíòàì ãðàôà {G}∪V∪E ýëåìåíòû íåêîòîðîãî çàäàííîãî ìíîæåñòâà ïîìåòîê.

Òàêèì îáðàçîì, ðàññìàòðèâàåìàÿ áàçîâàÿ ãðàôîâàÿ ìîäåëü âêëþ÷àåò ãðàôû, êîòîðûå
ìîãóò ñîäåðæàòü ðåáðà, äóãè, ïåòëè, êðàòíûå äóãè è êðàòíûå ðåáðà. Ìíîæåñòâà ïîìåòîê
ìîãóò êîäèðîâàòü, íàïðèìåð, ðàçëè÷íûå ñåìàíòè÷åñêèå ñâîéñòâà îáúåêòîâ, ïðåäñòàâëåí-
íûõ â âèäå äàííîé ãðàôîâîé ìîäåëè, èëè ðàçëè÷íûå ãåîìåòðè÷åñêèå ñâîéñòâà ýëåìåíòîâ
ãðàôà â çàäàííîì åãî èçîáðàæåíèè íà ïëîñêîñòè.

2. Âèä äîêóìåíòà. Â êà÷åñòâå ïðèìåðà ïðåäñòàâëåíèÿ ðàññìîòðèì íà ðèñ. 1 ôðàãìåíò
graphml-äîêóìåíòà, êîòîðûé ïðåäñòàâëÿåò ïðîñòîé íåïîìå÷åííûé ãðàô, èçîáðàæåííûé íà
ðèñ. 2.

Ñëåäóåò îòìåòèòü, ÷òî óêàçàííûé ôðàãìåíò GraphML-äîêóìåíòà êàê XML-äîêóìåíò
íå âàëèäåí, ïîñêîëüêó êàæäûé âàëèäíûé XML-äîêóìåíò äîëæåí äåêëàðèðîâàòü â ñâîåì
çàãîëîâêå, ÿâëÿåòñÿ ëè îí DTD (document type de�nition) èëè XML-ñõåìîé. Ïî-ñóùåñòâó,
çàäàííîå ìíîæåñòâî îïðåäåëåíèé DTD è XML-ñõåì îïðåäåëÿåò ïîäìíîæåñòâî âñåõ òåõ
XML-äîêóìåíòîâ, êîòîðûå è ôîðìèðóþò íåêîòîðûé êîíêðåòíûé ÿçûê. Íî ÿçûê GraphML
áûë îïðåäåëåí ñ ïîìîùüþ ëèøü íåêîòîðîé ñõåìû. È õîòÿ DTD-îïðåäåëåíèå ïðåäíàçíà÷åíî
äëÿ ïîääåðæêè ïàðñåðîâ, êîòîðûå íå ìîãóò îáðàáîòàòü ñõåìíûå îïðåäåëåíèÿ, åäèíñòâåí-
íîé íîðìàòèâíîé ñïåöèôèêàöèåé ÿçûêà GraphML ÿâëÿåòñÿ GraphML-ñõåìà, ðàçìåùåííàÿ
ïî àäðåñó http://graphml.graphdrawing.org/xmlns/1.1/graphml.xsd.

Äîêóìåíò, ïðåäñòàâëåííûé íà ðèñ. 3, ÿâëÿåòñÿ ìèíèìàëüíûì GraphML-äîêóìåíòîì,
êîòîðûé âàëèäåí ïî äàííîé ñõåìå. Ïîíÿòíî, ÷òî äàííûé äîêóìåíò îïðåäåëÿåò ïóñòîå
ìíîæåñòâî ãðàôîâ. ×àñòè äîêóìåíòà, íà÷èíàþùèåñÿ ñ ñèìâîëîâ <!� è çàâåðøàþùèåñÿ
ñèìâîëàìè �>, ÿâëÿþòñÿ êîììåíòàðèÿìè.

Ïåðâàÿ ñòðîêà äîêóìåíòà � ýòî èíñòðóêöèÿ îáðàáîòêè, êîòîðàÿ îïðåäåëÿåò, ÷òî äî-
êóìåíò ÿâëÿåòñÿ ïîäìíîæåñòâîì ñòàíäàðòà XML 1.0, è ÷òî äîêóìåíò âûïîëíåí â êîäè-
ðîâêå UTF-8, ÿâëÿþùåéñÿ ñòàíäàðòîì äëÿ XML-äîêóìåíòîâ. Êîíå÷íî, äëÿ GraphML-
äîêóìåíòîâ ìîãóò áûòü âûáðàíû è äðóãèå êîäèðîâêè.

Âòîðàÿ ñòðîêà ñîäåðæèò êîðíåâîé ýëåìåíò GraphML-äîêóìåíòà � graphml, êîòîðûé,
êàê è âñå îñòàëüíûå ýëåìåíòû ÿçûêà GraphML, ïðèíàäëåæèò ïðîñòðàíñòâó èìåí http:

//graphml.graphdrawing.org/xmlns.
Ïî ýòîé ïðè÷èíå ñ ïîìîùüþ XML-àòðèáóòà xmlns=http://graphml.graphdrawing.org/xmlns

èìåííî ýòî ïðîñòðàíñòâî èìåí â íàøåì äîêóìåíòå è îïðåäåëåíî â êà÷åñòâå ïðîñòðàíñòâà
èìåí äàííîãî äîêóìåíòà, çàäàííîãî ïî óìîë÷àíèþ. Ñëåäóþùèå äâà XML-àòðèáóòà
îïðåäåëÿþò XML-ñõåìó, êîòîðàÿ èñïîëüçóåòñÿ äëÿ âàëèäàöèè äàííîãî äîêóìåíòà. Â
íàøåì ïðèìåðå èñïîëüçóåòñÿ ñòàíäàðòíàÿ ñõåìà GraphML-äîêóìåíòà, ðàñïîëîæåííàÿ íà
ñåðâåðå graphdrawing.org. Ïåðâûé àòðèáóò,

xmlns : x s i="http ://www.w3 . org /2001/XMLSchema−i n s t ance " ,
îïðåäåëÿåò xsi â êà÷åñòâå ïðåôèêñà ïðîñòðàíñòâà èìåí XML-ñõåìû. Âòîðîé àòðèáóò,

x s i : schemaLocation="http :// graphml . graphdrawing . org /xmlns
http :// graphml . graphdrawing . org /xmlns /1 .1/ graphml . xsd " ,

îïðåäåëÿåò ìåñòîíàõîæäåíèå XML-ñõåìû äëÿ ýëåìåíòîâ ïðîñòðàíñòâà èìåí GraphML. Îí
ïðåäîñòàâëÿåò èíôîðìàöèþ î òîì, ÷òî âñå ýëåìåíòû â ïðîñòðàíñòâå èìåí GraphML ÿâ-
ëÿþòñÿ âàëèäíûìè ïî îòíîøåíèþ ê ôàéëó graphml.xsd, ðàñïîëîæåííîìó ïî óêàçàííîìó
àäðåñó. Êîíå÷íî, âàëèäàöèÿ íå äîëæíà îáÿçàòåëüíî âûïîëíÿòüñÿ ñ èñïîëüçîâàíèåì äàí-
íîãî ôàéëà. Ëîêàëüíûå êîïèè graphml.xsd òàêæå ìîãóò ñïåöèôèöèðîâàòüñÿ â êà÷åñòâå
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<graphml>
<graph edgede f au l t="d i r e c t ed">
<node id="v1"/>
<node id="v2"/>
<node id="v3"/>
<node id="v4"/>
<edge source="v1" ta r g e t="v2"/>
<edge source="v1" ta r g e t="v1" d i r e c t ed=" f a l s e "/>
<edge source="v1" ta r g e t="v3"/>
<edge source="v2" ta r g e t="v4"/>
<edge source="v2" ta r g e t="v4" d i r e c t ed=" f a l s e "/>
<edge source="v3" ta r g e t="v4"/>
<edge source="v3" ta r g e t="v4"/>
<edge source="v4" ta r g e t="v4"/>
</graph>

</graphml>

Ðèñ. 1. Ôðàãìåíò GraphML-äîêóìåíòà äëÿ ïðåäñòàâëåíèÿ ïðîñòîãî ãðàôà, èçîáðàæåííîãî íà ðèñ. 2

ìåñòîíàõîæäåíèé XML-ñõåì. Çàìåòèì, ÷òî îáû÷íî çíà÷åíèå àòðèáóòà schemaLocation ÿâ-
ëÿåòñÿ ñïèñêîì ïàð, â êîòîðûõ ïåðâûé ýëåìåíò îáîçíà÷àåò íåêîòîðîå ïðîñòðàíñòâî èìåí,
à âòîðîé óêàçûâàåò íà ôàéë, â êîòîðîì ýëåìåíòû ýòîãî ïðîñòðàíñòâà îïðåäåëåíû.

Ññûëêà íà XML-ñõåìó íåîáÿçàòåëüíà, íî îíà îáåñïå÷èâàåò ìåõàíèçì äëÿ ñèíòàêñè-
÷åñêîé ïðîâåðêè äîêóìåíòà è ïîýòîìó ñòðîãî ðåêîìåíäóåòñÿ. Ìèíèìàëüíûé GraphML-
äîêóìåíò áåç ññûëêè íà ñõåìó ïðèâåäåí íà ðèñ. 4. Çàìåòèì, ÷òî ýòîò ôàéë íå ÿâëÿåòñÿ
âàëèäíûì äîêóìåíòîì â ñîîòâåòñòâèè ñ XML-ñïåöèôèêàöèåé.

3. Òîïîëîãèÿ ãðàôà. Îïèøåì, êàê òîïîëîãèÿ ãðàôà (åãî ýëåìåíòû) ïðåäñòàâëÿåò-
ñÿ íà ÿçûêå GraphML. Âíà÷àëå åùå ðàç ðàññìîòðèì äîêóìåíò, ïðèâåäåííûé íà ðèñ. 1.
Îòäåëüíûé ãðàô (÷àñòü ãðàôà) ïðåäñòàâëåí íà ÿçûêå GraphML ïîñðåäñòâîì ýëåìåíòà
<graph>. Ýëåìåíò <graphml> ìîæåò ñîäåðæàòü ïðîèçâîëüíîå ÷èñëî ýëåìåíòîâ <graph>.

Êàæäûé ãðàô â GraphML ìîæåò ÿâëÿòüñÿ ñìåøàííûì, äðóãèìè ñëîâàìè, îí ìîæåò
ñîäåðæàòü îäíîâðåìåííî êàê îðèåíòèðîâàííûå, òàê è íåîðèåíòèðîâàííûå ðåáðà. Åñëè
ïðè îáúÿâëåíèè ðåáðà åãî îðèåíòèðîâàííîñòü íå îïðåäåëåíà, òî ïðèìåíÿåòñÿ îðèåíòè-
ðîâàííîñòü, çàäàííàÿ äëÿ ðåáåð ãðàôà ïî óìîë÷àíèþ. Îðèåíòèðîâàííîñòü ðåáåð ãðàôà,
ïðèñâàèâàåìàÿ ïî óìîë÷àíèþ, çàäàåòñÿ ñ ïîìîùüþ XML-àòðèáóòà edgedefault ýëåìåíòà
<graph>. Äàííûé XML-àòðèáóò ìîæåò ïðèíèìàòü îäíî èç äâóõ çíà÷åíèé: directed (îðè-
åíòèðîâàííûé) è undirected (íåîðèåíòèðîâàííûé). Çíà÷åíèå ïî óìîë÷àíèþ äîëæíî áûòü
çàäàíî îáÿçàòåëüíî. Äîïîëíèòåëüíî ñ ïîìîùüþ àòðèáóòà id ãðàôó ìîæåò áûòü ïðèñâî-
åí íåêîòîðûé èäåíòèôèêàòîð. Ýòîò èäåíòèôèêàòîð íóæåí òîãäà, êîãäà íà äàííûé ãðàô
òðåáóåòñÿ îðãàíèçîâàòü ññûëêó.

Âåðøèíû ãðàôà ïðåäñòàâëÿþòñÿ â âèäå ñïèñêà ýëåìåíòîâ <node>. Êàæäàÿ âåðøèíà
èìååò óíèêàëüíûé â ïðåäåëàõ äàííîãî äîêóìåíòà èäåíòèôèêàòîð, êîòîðûé çàäàåòñÿ ñ
ïîìîùüþ àòðèáóòà id.

Ìíîæåñòâî ðåáåð ïðåäñòàâëÿåòñÿ â âèäå ñïèñêà ýëåìåíòîâ <edge>. Êàæäîå ðåáðî èìå-
åò äâå èíöèäåíòíûå âåðøèíû, çàäàâàåìûå ñ ïîìîùüþ XML-àòðèáóòîâ source è target.
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Ðèñ. 2. Ïðèìåð ïðîñòîãî ãðàôà

<?xml ve r s i on ="1.0" encoding="UTF−8"?>
<graphml xmlns=http :// graphml . graphdrawing . org /xmlns
xmlns : x s i=http ://www.w3 . org /2001/XMLSchema−i n s t ance
x s i : schemaLocation="http :// graphml . graphdrawing . org /xmlns
http :// graphml . graphdrawing . org /xmlns /1 .1/ graphml . xsd">
<!−−Content : L i s t o f graphs and data−−>
</graphml>

Ðèñ. 3. Ìèíèìàëüíûé âàëèäíûé GraphML-äîêóìåíò

Çíà÷åíèÿ àòðèáóòîâ source è target äîëæíû ñîäåðæàòü èäåíòèôèêàòîðû âåðøèí, îïðå-
äåëåííûõ â òîì æå äîêóìåíòå, ÷òî è ðåáðî. Ðåáðà ñ îäíîé èíöèäåíòíîé âåðøèíîé, òàê
íàçûâàåìûå ïåòëè, îïðåäåëÿþòñÿ ñ ïîìîùüþ îäèíàêîâûõ çíà÷åíèé, çàäàííûõ â àòðèáó-
òàõ source è target. Äîïîëíèòåëüíûé XML-àòðèáóò directed îïðåäåëÿåò îðèåíòèðîâàííîñòü
ðåáðà, çàäàííóþ â ÿâíîì âèäå. Çíà÷åíèå true çàäàåò îðèåíòèðîâàííîå ðåáðî (äóãó), à false
� íåîðèåíòèðîâàííîå. Åñëè îðèåíòèðîâàííîñòü â ÿâíîì âèäå íå çàäàíà, òî ïðèìåíÿåò-
ñÿ îðèåíòèðîâàííîñòü, çàäàííàÿ ïî óìîë÷àíèþ ïðè îáúÿâëåíèè ãðàôà. Äîïîëíèòåëüíî
ñ ïîìîùüþ XML-àòðèáóòà id ìîæåò áûòü çàäàí èäåíòèôèêàòîð ðåáðà. XML-àòðèáóò id
çàäàåòñÿ, êîãäà íåîáõîäèìî îðãàíèçîâàòü ññûëêó íà äàííîå ðåáðî.

Âåðøèíû è ðåáðà óïîðÿäî÷èâàþòñÿ ïðîèçâîëüíûì îáðàçîì, è ÿçûê íå òðåáóåò ïåðå-
÷èñëÿòü âñå âåðøèíû äî ïåðå÷èñëåíèÿ âñåõ ðåáåð. ßñíî, ÷òî ïàìÿòü, òðåáóåìàÿ äëÿ ñî-
õðàíåíèÿ íà ÿçûêå GraphML ãðàôà ñ n âåðøèíàìè è m ðåáðàìè, ñîñòàâëÿåò O (n + m).

4. Àòðèáóòû. Â ïðåäûäóùåì ðàçäåëå ìû îáñóäèëè ïîðÿäîê îïèñàíèÿ òîïîëîãèè ãðà-
ôà íà ÿçûêå GraphML. Õîòÿ èìååòñÿ öåëûé ðÿä ïðèëîæåíèé, äëÿ êîòîðûõ èíôîðìàöèè
î òîïîëîãèè ãðàôîâ ìîæåò áûòü äîñòàòî÷íî, áîëüøèíñòâî ïðèëîæåíèé ðàáîòàåò ñ ãðàôî-
âûìè ìîäåëÿìè, îáëàäàþùèìè äîïîëíèòåëüíîé èíôîðìàöèåé. Ïîýòîìó â ÿçûêå GraphML
ïðåäóñìîòðåíû ñðåäñòâà äëÿ âêëþ÷åíèÿ ðàçëè÷íîé èíôîðìàöèè â îïèñàíèå ãðàôà.
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<?xml ve r s i on ="1.0" encoding="UTF−8"?>
<graphml xmlns=http :// graphml . graphdrawing . org /xmlns
xmlns : x s i=http ://www.w3 . org /2001/XMLSchema−i n s t ance
x s i : schemaLocation="http :// graphml . graphdrawing . org /xmlns
http :// graphml . graphdrawing . org /xmlns /1 .1/ graphml . xsd">
<!−−Content : L i s t o f graphs and data−−>
</graphml>

Ðèñ. 4. Ìèíèìàëüíûé GraphML-äîêóìåíò áåç ññûëêè íà ñõåìó

Ñ ïîìîùüþ ìåõàíèçìà ðàñøèðåíèÿ, êîòîðûé íàçûâàåòñÿ GraphML-àòðèáóòû, äëÿ ýëå-
ìåíòîâ ãðàôà ìîæåò áûòü çàäàíà äîïîëíèòåëüíàÿ èíôîðìàöèÿ ïðîñòîãî òèïà. Ïðîñòîé
òèï ïîäðàçóìåâàåò, ÷òî äàííûå îãðàíè÷åíû ñêàëÿðíûìè âåëè÷èíàìè, íàïðèìåð, ÷èñëàìè
è ñòðîêàìè. Ðàñøèðåíèå GraphML-àòðèáóòû óæå âêëþ÷åíî â ôàéë

http://graphml.graphdrawing.org/xmlns/1.1/graphml.xsd,

è òàêèì îáðàçîì çàãîëîâîê ãðàôà ñî ñêàëÿðíûìè àòðèáóòàìè ìîæåò èìåòü âèä, ðàñ-
ñìîòðåííûé â ðàçä. 2.

GraphML-àòðèáóòû íå ñëåäóåò ïóòàòü ñ XML-àòðèáóòàìè, êîòîðûå èìåþò ñîâñåì äðó-
ãîé ñìûñë. GraphML-àòðèáóòû äîáàâëÿþò èíôîðìàöèþ ê ãðàôàì, ìíîæåñòâàì ãðàôîâ
èëè ÷àñòÿì ãðàôîâ, à XML-àòðèáóòû äîáàâëÿþò èíôîðìàöèþ ê XML-ýëåìåíòàì.

Â áîëüøèíñòâå ñëó÷àåâ äîïîëíèòåëüíàÿ èíôîðìàöèÿ ìîæåò è äîëæíà ïðèêðåïëÿòüñÿ ê
ýëåìåíòàì GraphML ñ ïîìîùüþ ìåõàíèçìà GraphML-àòðèáóòîâ, îïèñàííîãî çäåñü. Ýòî ãà-
ðàíòèðóåò ÷èòàåìîñòü îïèñàíèé ãðàôîâ äðóãèìè GraphML-ïàðñåðàìè. Åñëè æå íåîáõîäèì
áîëåå ñëîæíûé ôîðìàò äàííûõ â êà÷åñòâå àòðèáóòîâ, ìîæíî âîñïîëüçîâàòüñÿ ìåõàíèçìîì
ðàñøèðåíèÿ ÿçûêà GraphML ïóòåì äîáàâëåíèÿ íîâûõ àòðèáóòîâ ê GraphML-ýëåìåíòàì
èëè ïóòåì ðàñøèðåíèÿ ñîäåðæèìîãî ýëåìåíòîâ <data> (ñì, íàïðèìåð, [15]).

GraphML-àòðèáóòû ðàññìàòðèâàþòñÿ êàê ÷àñòè÷íûå ôóíêöèè, ïðèïèñûâàþùèå ýëå-
ìåíòàì ãðàôà çíà÷åíèÿ àòðèáóòîâ, êîòîðûå, êàê ïðàâèëî, èìåþò îäèí è òîò æå òèï. Íà-
ïðèìåð, âåñà ðåáåð ìîãóò ðàññìàòðèâàòüñÿ êàê ôóíêöèÿ èç ìíîæåñòâà ðåáåð E â ìíîæå-
ñòâî âåùåñòâåííûõ ÷èñåë R:

weight :E → R.

Äðóãîé ïðèìåð � ýòî ôîðìû èçîáðàæåíèÿ âåðøèí, êîòîðûå ìîæíî ïðåäñòàâèòü â âèäå
ôóíêöèè èç ìíîæåñòâà âåðøèí V â ìíîæåñòâî ñëîâ íàä çàäàííûì àëôàâèòîì Σ :

shape :V → Σ∗.

Äëÿ äîáàâëåíèÿ óêàçàííûõ ôóíêöèé ê ýëåìåíòàì ãðàôà ñëåäóåò èñïîëüçîâàòü
key/data-ìåõàíèçì ÿçûêà GraphML. Ýëåìåíò <key>, ðàçìåùàåìûé â íà÷àëå äîêóìåíòà,
äåêëàðèðóåò íîâóþ ôóíêöèþ ðàçìåòêè; áîëåå òî÷íî ýëåìåíò <key> ñïåöèôèöèðóåò äëÿ
ôóíêöèè åå èäåíòèôèêàòîð, èìÿ, îáëàñòè îïðåäåëåíèÿ è çíà÷åíèÿ. Ñàìè æå çíà÷åíèÿ
ôóíêöèè îïðåäåëÿþòñÿ ñ ïîìîùüþ <data> ýëåìåíòîâ.

Äåêëàðàöèÿ âñåõ ôóíêöèé ðàçìåòêè â ñàìîì íà÷àëå äîêóìåíòà ïîçâîëÿåò ïàðñåðàì ïî-
ñòðîèòü ïîäõîäÿùèå ñòðóêòóðû äàííûõ â íà÷àëå ïðîöåññà ðàçáîðà. Òàêæå ïàðñåðû ìîãóò
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ðàñïîçíàâàòü ñèòóàöèè, êîãäà íåîáõîäèìûå äàííûå îïóùåíû. Íà ðèñ. 5 ïðèâåäåí ïðèìåð
ïðèìåíåíèÿ key/data-ìåõàíèçìà. Çäåñü ôóíêöèÿ âåñà îïèñûâàåòñÿ ñòðîêîé

<key id="d1" f o r="edge" a t t r . name="weight " a t t r . type="double "/>.

Ýëåìåíò <key> èìååò XML-àòðèáóò ñ èìåíåì for, êîòîðûé ñïåöèôèöèðóåò îáëàñòü
îïðåäåëåíèÿ ôóíêöèè. Äëÿ àòðèáóòà for â êà÷åñòâå çíà÷åíèé ìîæíî óêàçàòü graph, node,
edge, graphml, à òàêæå èìåíà äðóãèõ òèïîâ ýëåìåíòîâ ãðàôà, ðàññìîòðåííûå â ðàçä. 2. Äàí-
íûé XML-àòðèáóò ìîæåò òàêæå ïîëó÷èòü çíà÷åíèå all, ÷òî îçíà÷àåò, ÷òî äàííûå ïîìåòêè
ìîãóò ïîìå÷àòü ëþáûå ýëåìåíòû ãðàôà. Àòðèáóò for âìåñòå ñ óíèêàëüíûì àòðèáóòîì
id ÿâëÿþòñÿ îáÿçàòåëüíûìè äëÿ ýëåìåíòîâ <key>. Ðàñøèðåíèå GraphML ïðåäîñòàâëÿåò
åùå äâà àòðèáóòà äëÿ <key>: ýòî àòðèáóò attr.name, êîòîðûé îïðåäåëÿåò èìÿ ôóíêöèè
è èñïîëüçóåòñÿ ïàðñåðîì äëÿ ðàñïîçíàâàíèÿ ñîîòâåòñòâóþùèõ äàííûõ, à òàêæå àòðèáóò
attr.type, êîòîðûé çàäàåò îáëàñòü çíà÷åíèÿ ôóíêöèè è ìîæåò ïðèíèìàòü â êà÷åñòâå çíà-
÷åíèé èìåíà òèïîâ2 boolean, int, long, �oat, double, èëè string.

Îáû÷íûé ïàðñåð, îáðàáàòûâàÿ âåñà ðåáåð, êàê ïðàâèëî, ïîñëå îáðàáîòêè îïèñàíèÿ
ôóíêöèè âåñà èíèöèàëèçèðóåò âíóòðåííþþ ñòðóêòóðó äàííûõ, êîòîðàÿ ñîõðàíÿåò äâîé-
íîå âåùåñòâåííîå ñ êàæäûì ðåáðîì. Â îòëè÷èå îò íåãî äðóãîé ïàðñåð, êîòîðûé íå çíàåò î
ôóíêöèè ïîìåòîê ðåáåð âåñàìè èëè íå íóæäàåòñÿ â ýòîé ôóíêöèè, áóäåò ïðîñòî èãíîðè-
ðîâàòü àññîöèèðîâàííûå <data> ýëåìåíòû.

Çíà÷åíèÿ ôóíêöèè äàííûõ íà íåêîòîðîì ýëåìåíòå ãðàôà (èëè, ÷òî òî æå ñàìîå, çíà÷å-
íèå GraphML-àòðèáóòà ó äàííîãî ýëåìåíòà ãðàôà) çàäàåòñÿ ñ ïîìîùüþ ýëåìåíòà <data>,
âëîæåííîãî â îïèñàíèå äàííîãî ýëåìåíòà. Íàïðèìåð, ôðàãìåíò äîêóìåíòà

<edge id="e0" source="n0" ta r g e t="n2">
<data key="d1">1.0</data>
</edge>

îïðåäåëÿåò çíà÷åíèå 1.0 â êà÷åñòâå âåñà äëÿ çàäàííîé äóãè <edge>. Ýëåìåíò data èìå-
åò XML-àòðèáóò <key>, êîòîðûé ññûëàåòñÿ íà èäåíòèôèêàòîð GraphML-àòðèáóòà. Çíà÷å-
íèå GraphML-àòðèáóòà çàäàåòñÿ òåêñòîâûì ñîäåðæèìûì ýëåìåíòà <data>. Ýòî çíà÷åíèå
äîëæíî èìåòü òèï, îáúÿâëåííûé â ñîîòâåòñòâóþùåì ýëåìåíòå <key>.

Äëÿ GraphML-àòðèáóòîâ ìîæíî îïðåäåëèòü çíà÷åíèå ïî óìîë÷àíèþ. Ñîäåðæèìîå ýëå-
ìåíòà default îïðåäåëÿåò òåêñòîâîå çíà÷åíèå ïî óìîë÷àíèþ. Íàïðèìåð, ôðàãìåíò äîêó-
ìåíòà

<key id="d0" f o r="node" a t t r . name="shape" a t t r . type="s t r i n g">
<de fau l t>c i r c l e </de fau l t>
</key>

îïðåäåëÿåò çíà÷åíèå circle â êà÷åñòâå çíà÷åíèÿ ïî óìîë÷àíèþ äëÿ àòðèáóòà ôîðìà ó âåð-
øèí ãðàôà.

Ìîãóò áûòü òàêèå GraphML-àòðèáóòû, êîòîðûå îïðåäåëåíû, íî íå îáúÿâëåíû ñ ïîìî-
ùüþ ýëåìåíòà <data>. Åñëè çíà÷åíèå ïî óìîë÷àíèþ îïðåäåëåíî äëÿ äàííîãî GraphML-
àòðèáóòà, òî òîãäà ýòî çíà÷åíèå ïðèìåíÿåòñÿ ê ñîîòâåòñòâóþùåìó (âõîäÿùåìó â äîìåí
GraphML-àòðèáóòà) ýëåìåíòó ãðàôà. Â âûøåïðèâåäåííîì ïðèìåðå çíà÷åíèå íå îïðåäå-
ëåíî äëÿ âåðøèíû ñ èäåíòèôèêàòîðîì n1 è GraphML-àòðèáóòà ñ èìåíåì shape. Îäíàêî
äëÿ äàííîãî GraphML-àòðèáóòà îïðåäåëåíî çíà÷åíèå ïî óìîë÷àíèþ circle, êîòîðîå áóäåò

2Ýòè òèïû îïðåäåëåíû â ñîîòâåòñòâèè ñ àíàëîãè÷íûìè òèïàìè â ÿçûêå Java.
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<?xml ve r s i on ="1.0" encoding="UTF−8"?>
<graphml>
<key id="d0" f o r="node" a t t r . name="shape" a t t r . type="s t r i n g">
<de fau l t>c i r c l e </de fau l t>
</key>
<key id="d1" f o r="edge" a t t r . name="weight " a t t r . type="double"/>
<graph id="G" edgede f au l t="und i rec ted">
<node id="n0">
<data key="d0">square</data>
</node>
<node id="n1"/>
<node id="n2">
<data key="d0">oval</data>
</node>
<node id="n3">
<data key="d0">square</data>
</node>
<node id="n4"/>
<node id="n5">
<data key="d0">oval</data>
</node>
<node id="n6"/>
<edge id="e0" source="n0" ta r g e t="n2">
<data key="d1">1.0</data>
</edge>
<edge id="e1" source="n0" ta r g e t="n1">
<data key="d1">1.0</data>
</edge>
<edge id="e2" source="n1" ta r g e t="n3">
<data key="d1">2.0</data>
</edge>
<edge id="e3" source="n3" ta r g e t="n2"/>
<edge id="e4" source="n2" ta r g e t="n4"/>
<edge id="e5" source="n3" ta r g e t="n5"/>
<edge id="e6" source="n5" ta r g e t="n4">
<data key="d1">1.1</data>
</edge>
</graph>
</graphml>

Ðèñ. 5. Ïðåäñòàâëåíèå àòðèáóòèðîâàííîãî ãðàôà, â êîòîðîì ðåáðà èìåþò âåñà, à âåðøèíû ôîðìó

ïðèñâîåíî äàííîé âåðøèíå. Åñëè æå çíà÷åíèå ïî óìîë÷àíèþ íå çàäàíî, êàê ýòî èìååò
ìåñòî äëÿ GraphML-àòðèáóòà weight â âûøåïðèâåäåííîì ïðèìåðå, òî çíà÷åíèå GraphML-
àòðèáóòà äëÿ òàêîãî ýëåìåíòà ãðàôà ñ÷èòàåòñÿ íåîïðåäåëåííûì. Â âûøåïðèâåäåííîì ïðè-
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Ðèñ. 6. Èçîáðàæåíèå àòðèáóòèðîâàííîãî ãðàôà, ïðåäñòàâëåííîãî â âèäå GraphML-äîêóìåíòà íà ðèñ. 5

ìåðå íå îïðåäåëåíî çíà÷åíèå GraphML-àòðèáóòà, çàäàþùåãî âåñ, ó ðåáðà ñ èäåíòèôèêà-
òîðîì e3.

5. Èíôîðìàöèÿ äëÿ ïàðñåðà. Ïîìèìî âîçìîæíîñòè çàäàíèÿ àòðèáóòîâ, ê áàçî-
âûì ñðåäñòâàì ÿçûêà îòíîñÿò åùå îäíî ðàñøèðåíèå ôîðìàòà îïèñàíèÿ ãðàôà, íàçûâàå-
ìîå GraphML-Parseinfo. GraphML-Parseinfo äåëàåò âîçìîæíûì ïèñàòü ïðîñòûå ïàðñåðû,
îñíîâàííûå íà äîïîëíèòåëüíîé èíôîðìàöèè â GraphML-ôàéëàõ. Ýòî ðàñøèðåíèå óæå
âêëþ÷åíî â ôàéë:

http://graphml.graphdrawing.org/xmlns/1.1/graphml.xsd.

Òàêèì îáðàçîì, çàãîëîâîê ôàéëà ñ îïèñàíèåì ãðàôà, èñïîëüçóþùèì ýòî ðàñøèðåíèå,
ìîæåò èìåòü òîò æå âèä, ÷òî è ðàññìîòðåííûé ðàíåå (â ðàçä. 2).

Óêàçàííîå ðàñøèðåíèå íàïðàâëåíî íà îïòèìèçàöèþ ñèíòàêñè÷åñêîãî ðàçáîðà äîêóìåí-
òà ñ ïîìîùüþ ïàðñåðà çà ñ÷åò èñïîëüçîâàíèÿ ñïåöèàëüíûõ ìåòàäàííûõ, êîòîðûå ìîãóò
áûòü äîáàâëåíû ê íåêîòîðûì GraphML-ýëåìåíòàì ñ ïîìîùüþ XML-àòðèáóòîâ. Èìååò-
ñÿ äâà âèäà ìåòàäàííûõ: èíôîðìàöèÿ î êîëè÷åñòâå ýëåìåíòîâ è èíôîðìàöèÿ î ñïîñîáå
êîäèðîâàíèÿ êîíêðåòíûõ äàííûõ â äîêóìåíòå. Íàïðèìåð, äëÿ ïàðñåðà, êîòîðûé ñîõðàíÿ-
åò âåðøèíû è èíöèäåíòíûå ðåáðà â ôîðìå ìàññèâîâ, ìîæåò îêàçàòüñÿ âåñüìà ïîëåçíîé
èíôîðìàöèÿ î êîëè÷åñòâàõ âåðøèí è ðåáåð â ãðàôå, à òàêæå ñòåïåíÿõ åãî âåðøèí. Âñå
XML-àòðèáóòû, çàäàþùèå óêàçàííûå ìåòàäàííûå, èìåþò ïðåôèêñ parse.

Äëÿ ïåðâîãî âèäà ìåòàäàííûõ, ñâÿçàííîãî ñ èíôîðìàöèåé î êîëè÷åñòâå ýëåìåíòîâ,
îïðåäåëåíû ñëåäóþùèå XML-àòðèáóòû äëÿ ýëåìåíòà <graph>: XML-àòðèáóò parse.nodes
çàäàåò êîëè÷åñòâî âåðøèí â ãðàôå, XML-àòðèáóò parse.edges îïðåäåëÿåò êîëè÷åñòâî ðå-
áåð â ãðàôå, XML-àòðèáóò parse.maxindegree îïðåäåëÿåò ìàêñèìàëüíîå êîëè÷åñòâî ðåáåð,
âõîäÿùèõ â îäíó âåðøèíó ãðàôà, à XML-àòðèáóò parse.maxoutdegree îïðåäåëÿåò ìàêñè-
ìàëüíîå êîëè÷åñòâî ðåáåð, èñõîäÿùèõ èç îäíîé âåðøèíû ãðàôà.

Êðîìå òîãî, äëÿ ýëåìåíòà <node> ââåäåíû íîâûå XML-àòðèáóòû parse.indegree è
parse.outdegree, êîòîðûå îïðåäåëÿþò äëÿ äàííîé âåðøèíû êîëè÷åñòâà âõîäÿùèõ è èñõî-
äÿùèõ ðåáåð.

Äëÿ ìåòàäàííûõ, ñâÿçàííûõ ñî ñïîñîáîì êîäèðîâàíèÿ, îïðåäåëåíû XML-àòðèáóòû
parse.nodeids, parse.edgeids è parse.order äëÿ ýëåìåíòà <graph> ñî ñëåäóþùåé ñåìàíòè-
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<?xml ve r s i on ="1.0" encoding="UTF−8"?>
<graphml>
<graph id="G" edgede f au l t="d i r e c t ed "

parse . nodes="11"
parse . edges="13"
parse . maxindegree="2"
parse . maxoutdegree="3"
parse . node ids="canon i ca l "
parse . edge ids=" f r e e "
parse . order="n o d e s f i r s t ">

<node id="n0" parse . i ndeg re e="0" parse . outdegree="1"/>
<node id="n1" parse . i ndeg re e="1" parse . outdegree="1"/>
<node id="n2" parse . i ndeg re e="2" parse . outdegree="1"/>
<node id="n3" parse . i ndeg re e="1" parse . outdegree="2"/>
<node id="n4" parse . i ndeg re e="1" parse . outdegree="1"/>
<node id="n5" parse . i ndeg re e="2" parse . outdegree="1"/>
<node id="n6" parse . i ndeg re e="1" parse . outdegree="2"/>
<node id="n7" parse . i ndeg re e="2" parse . outdegree="0"/>
<node id="n8" parse . i ndeg re e="1" parse . outdegree="3"/>
<node id="n9" parse . i ndeg re e="1" parse . outdegree="0"/>
<node id="n10" parse . i ndeg ree="1" parse . outdegree="1"/>

<edge id="edge0001" source="n0" ta r g e t="n2"/>
<edge id="edge0002" source="n1" ta r g e t="n2"/>
<edge id="edge0003" source="n2" ta r g e t="n3"/>
<edge id="edge0004" source="n3" ta r g e t="n5"/>
<edge id="edge0005" source="n3" ta r g e t="n4"/>
<edge id="edge0006" source="n4" ta r g e t="n6"/>
<edge id="edge0007" source="n6" ta r g e t="n5"/>
<edge id="edge0008" source="n5" ta r g e t="n7"/>
<edge id="edge0009" source="n6" ta r g e t="n8"/>
<edge id="edge0010" source="n8" ta r g e t="n7"/>
<edge id="edge0011" source="n8" ta r g e t="n9"/>
<edge id="edge0012" source="n8" ta r g e t="n10"/>
<edge id="edge0013" source="n10" ta r g e t="n1"/>

</graph>
</graphml>

Ðèñ. 7. Èñïîëüçîâàíèå GraphML-Parseinfo ìåòàäàííûõ

êîé. Åñëè XML-àòðèáóò parse.nodeids èìååò çíà÷åíèå canonical, âñå âåðøèíû ïîëó÷àþò
èäåíòèôèêàòîð âèäà nX, ãäå X îáîçíà÷àåò êîëè÷åñòâî ýëåìåíòîâ <node>, ïðåäøåñòâó-
þùèõ äàííîìó ýëåìåíòó. Äðóãîå âîçìîæíîå çíà÷åíèå äàííîãî XML-àòðèáóòà ðàâíî free.
Àíàëîãè÷íûì îáðàçîì äåéñòâóåò XML-àòðèáóò parse.edgeids, êîòîðûé çàäàåò âèä èäåíòè-
ôèêàòîðà äëÿ ðåáåð. Îòëè÷èå ñîñòîèò òîëüêî â òîì, ÷òî ýòîò èäåíòèôèêàòîð èìååò âèä
eX. XML-àòðèáóò parse.order îïðåäåëÿåò ïîðÿäîê, â êîòîðîì âåðøèíû è ðåáðà ðàñïîëàãà-
þòñÿ â äîêóìåíòå. Ïðè çíà÷åíèè, ðàâíîì nodes�rst, âñå ýëåìåíòû <node> ðàñïîëàãàþòñÿ
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ðàíüøå ýëåìåíòîâ <edge>. Ïðè çíà÷åíèè, ðàâíîì adjacencylist, îáúÿâëåíèå âåðøèíû ïðåä-
øåñòâóåò îáúÿâëåíèþ ñìåæíûõ åé âåðøèí. Äëÿ çíà÷åíèÿ free ïîðÿäîê ñëåäîâàíèÿ âåðøèí
è ðåáåð íèêàê íå îãðàíè÷èâàåòñÿ.

Ïðèìåð íà ðèñ. 7 èëëþñòðèðóåò èñïîëüçîâàíèå óêàçàííîãî âèäà èíôîðìàöèè äëÿ
ïàðñåðà.
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