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SYSTEMS AND METHODS FOR EFFICIENT 
TOP-K APPROXIMATE SUBTREE 

MATCHING 

TECHNICAL FIELD 

[0001] The present invention relates to computer-based 
searching of databases. More speci?cally, the present inven 
tion relates to a tree-based searching method for ?nding a set 
of closest approximations in a database to a query. 

BACKGROUND OF THE INVENTION 

[0002] Repositories of XML documents have become 
popular and Widespread. Along With this development has 
come the need for ef?cient techniques to approximately 
match XML trees based on their similarity according to a 
given distance metric. Approximate matching is used for 
integrating heterogeneous repositories, cleaning such inte 
grated data, as Well as for ansWering similarity queries. For 
these applications, the issue is the so-called Top-k Approxi 
mate Subtree Matching problem (TASM), i.e., the problem of 
ranking the k best approximate matches of a small query tree 
in a large document tree. More precisely, given tWo ordered 
labeled trees, a query Q of siZe m and a document T of siZe n, 
What is sought is a ranking (Tl-l, T12, . . . ,Tl-k) of k subtrees of 
T (consisting of nodes of T With their descendants) that are 
closest to Q With respect to a given metric. 
[0003] The naive solution to TASM computes the distance 
betWeen the query Q and every subtree in the document T, 
thus requiring n distance computations. Using the Well-estab 
lished tree edit distance as a metric, the naive solution to 
TASM requires O(m2n2) time and O(mn) space. An O(n) 
improvement in time leverages the dynamic programming 
formulation of tree edit distance algorithms: compute the 
distance betWeen Q and T, and rank all subtrees of by visiting 
the resulting memoriZation table. Still, for large documents 
With millions of nodes, the O(mn) space complexity is pro 
hibitive. 
[0004] AnsWering top K queries is an active research ?eld. 
Speci?c to XML, many authors have studied the ranking of 
ansWers to tWig queries, Which are XPath expressions With 
branches specifying predicates on nodes (e.g., restrictions on 
their tag names or content) and structural relationships 
betWeen nodes (e.g., ancestor-descendant). AnsWers (respec 
tively, approximate ansWers) to a tWig query are subtrees of 
the document that satisfy (respectively, partially satisfy) the 
conditions in the query. AnsWers are ranked according to the 
restrictions in the query that they violate. Approximate 
ansWers are found by explicitly relaxing the restrictions in the 
query through a set of prede?ned rules. Relevant subtrees that 
are similar to the query but do not ?t any rule Will not be 
returned by these methods. The main differences among the 
methods above are in the relaxation rules and the scoring 
functions they use. 
[0005] The goal of XML keyWord search is to ?nd the top 
K subtrees of a document given a set of keyWords. AnsWers 
are subtrees that contain at least one such keyWord. Because 
tWo keyWords may appear in different branches of the XML 
tree (and thus be far from each other in terms of structure), 
candidate ansWers are ranked based on a content score (indi 

cating hoW Well a subtree covers the keyWords) and a struc 
tural score (indicating hoW concise a subtree is). These are 
combined into a single ranking. Kaushik et al. study TA-style 
algorithms to combine content and structural scores. TASM 

Oct. 4, 2012 

differs from keyWord search: instead of keyWords, queries are 
entire trees; instead of using text similarity, subtrees are 
ranked based on the Well-understood tree edit distance. 
[0006] XFinder ranks the top-k approximate matches of a 
small query tree in a large document tree. Both the query and 
the document are transformed to strings using Priifer 
sequences, and the tree edit distance is approximated by the 
longest subsequence distance betWeen the resulting strings. 
The edit model used to compute distances in XFinder does not 
handle renaming operations. Also, no runtime analysis is 
given and the experiments reported use documents of up to 5 
MB. 
[0007] For ordered trees like XML the problem of comput 
ing the similarity betWeen the query and the subtrees of the 
document can be solved With elegant dynamic programming 
formulations. Zhang and Shasha present an O(n2 log2n) time 
and O(n2) space algorithm for trees With n nodes and height 
O(logn). Their Worst case complexity is O(n4). Demaine et al. 
use a different tree decomposition strategy to improved the 
time complexity to O(n3) in the Worst case. This is not a 
concern in practice since XML documents tend to be shalloW 
and Wide. 
[0008] Guha et al. match pairs of XML trees from hetero 
geneous repositories Whose tree edit distance falls Within a 
threshold. They give upper and loWer bounds for the tree edit 
distance that can be computed in O(n2) time as a pruning 
strategy to avoid comparing all pairs of trees from the reposi 
tories. Yang et al. andAugsten et al. provide loWer bounds for 
the tree edit distance that can be computed in O(nlogn) time. 
[0009] Approximate substructure matching has also been 
studied in the context of graphs. TALE is a tool that supports 
approximate graph queries against large graph databases. 
TALE is based on an indexing method that scales linearly to 
the number of nodes of the graph database. TALE uses heu 
ristic techniques and does not guarantee that the ?nal ansWer 
Will include the best matches or that all possible matches Will 
be considered. 
[0010] Based on the above, there is therefore a need for 
systems and methods that can provide a solution to the TASM 
issue or Which can, at the very least, mitigate the problems 
With the prior art as noted above. 

SUMMARY OF INVENTION 

[0011] The present invention provides systems and method 
for searching for approximate matches in a database of docu 
ments represented by a tree structure. A fast solution to the 
Top-k Approximate Subtree Matching Problem involves 
determining candidate subtrees Which Will be considered as 
possible matches to a query also represented by a tree struc 
ture. Once these candidate subtrees are found, a tree edit 
distance betWeen each candidate subtree and the query tree is 
calculated. The results are then sorted to ?nd those With the 
loWest tree edit distance. 
[0012] In a ?rst aspect, the present invention provides a 
method for sorting nodes in a document tree to determine a 
number of closest approximations to a query represented by a 
query tree, the method comprising: 

[0013] a) determining a limit siZe of subtrees of said 
document tree to be considered; 

[0014] b) determining candidate subtrees of said docu 
ment tree, each candidate subtree of said document tree 
having a siZe equal to or less than said limit siZe and each 
candidate subtree is not a subtree of another subtree 
having a siZe less than or equal to said limit siZe; 
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[0015] c) for each candidate subtree, determining a tree 
edit distance betWeen said candidate subtree and said 
query tree; 

[0016] d) sorting candidate subtrees in accordance With 
their respective tree edit distances With said query tree, 
in order to determine Which candidate subtrees have 
least tree edit distances With said query tree; 

Wherein said tree edit distance is a cost to convert contents of 
one subtree into contents of a second subtree. 

[0017] In a second aspect, the present invention provides 
computer-readable media having encoded thereon computer 
readable and computer executable instructions Which, When 
executed, executes a method for sorting nodes in a document 
tree to determine a number of closest approximations to a 
query represented by a query tree, the method comprising: 

[0018] a) determining a limit siZe of subtrees of said 
document tree to be considered; 

[0019] b) determining candidate subtrees of said docu 
ment tree, each candidate subtree of said document tree 
having a siZe equal to or less than said limit siZe and each 
candidate subtree is not a subtree of another subtree 
having a siZe less than or equal to said limit siZe; 

[0020] c) for each candidate subtree, determining a tree 
edit distance betWeen said candidate subtree and said 
query tree; 

[0021] d) sorting candidate subtrees in accordance With 
their respective tree edit distances With said query tree, 
in order to determine Which candidate subtrees have 
least tree edit distances With said query tree; 

Wherein said tree edit distance is a cost to convert contents of 
one subtree into contents of a second subtree. 

[0022] In yet another aspect, the present invention provides 
a method for determining Which subtrees in a document tree 
most closely approximate a given query tree, the method 
comprising: 

[0023] a) determining a limit siZe of subtrees of said 
document tree to be considered; 

[0024] b) determining candidate subtrees of said docu 
ment tree, each candidate subtree of said document tree 
being, at most, equal in siZe to said limit siZe, 

[0025] c) for each candidate subtree, determining a cost 
to convert contents of said candidate subtree into con 
tents of said query tree; 

[0026] d) sorting candidate subtrees in accordance With 
costs for converting said candidate subtrees into said 
query tree, 

[0027] e) determining Which candidate subtrees have 
loWest costs for converting said candidate subtrees into 
said query tree, candidate subtrees having loWest costs 
for being converted into said query tree being subtrees 
Which most closely approximate said query tree. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] The embodiments of the present invention Will noW 
be described by reference to the folloWing ?gures, in Which 
identical reference numerals in different ?gures indicate 
identical elements and in Which: 
[0029] FIG. 1 illustrates an example query tree G and a 
document tree H; 
[0030] FIG. 2 lists decomposition rules for calculating tree 
edit distance; 
[0031] FIGS. 2A-2E shoW the different algorithms used in 
the invention; 
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[0032] FIG. 3 illustrates an example of decomposing the 
document tree H in FIG. 1 into pre?xes; 
[0033] FIG. 4 illustrates a calculation of tree edit distances 
using the rules in FIG. 2 and the query tree G and document 
tree H; 
[0034] FIGS. 5a and 5b illustrates an example document 
tree D and its corresponding postorder queue; 
[0035] FIG. 6 shoWs hoW incoming nodes are appended to 
the memory buffer; 
[0036] FIG. 7 illustrates a ring buffer as it is pruned of 
subtrees; 
[0037] FIG. 8 shoWs the pre?x arrays of three pre?xes 
derived from the document tree D in FIG. 5a; 
[0038] FIG. 9 illustrates an implementation of the pre?x 
ring buffer; 
[0039] FIGS. 10a, 10b, and 100 illustrate execution times 
for varying siZes of documents, queries, and k; 
[0040] FIG. 11 illustrates a graph comparing the execution 
times for TASM-dynamic+ and TASM-dynamic for k:5; 
[0041] FIG. 12 is a graph illustrating memory usage as a 
function of document siZe for k:5; 
[0042] FIG. 13 is a graph shoWing relative performance of 
TASM-postorder as a function of document siZe for 10:8 and 
k:5 
[0043] FIGS. 14a, 14b, and 140 are plots shoWing a com 
parison of the number of subtrees that various methods have 
to calculate to ?nd the top-l ranking of subtrees for a speci? 
cally siZed query; 
[0044] FIG. 15 illustrates cumulative subtree siZe differ 
ence for computing top-l queries; and 
[0045] FIG. 16 is a diagram illustrating an example edit 
mapping betWeen tWo trees A and B. 

DETAILED DESCRIPTION OF THE INVENTION 

[0046] As Will be seenbeloW, there is developed an ef?cient 
method for TASM based on a pre?x ring buffer that performs 
a single scan of the large document. The siZe of the pre?x ring 
buffer is independent of the document siZe. Also provided for 
beloW are: 

[0047] A proof of an upper bound '5 on the siZe of the 
subtrees that must be considered for solving TASM. This 
threshold is independent of document siZe and structure. 

[0048] An introduction of a pre?x ring buffer to prune 
subtrees larger than "c in O('c) space, during a single 
postorder scan of the document. 

[0049] Also provided is TASM-postorder, an ef?cient 
and scalable method for solving TASM. The space com 
plexity is independent of the document siZe and the time 
complexity is linear in the document siZe. 

[0050] To begin, the problem to be solved must ?rst be 
de?ned. 
[0051] De?nition l (Top-k Approximate Subtree Matching 
Problem). 
[0052] Let Q (query) and T (document) be ordered labeled 
trees, n be the number of nodes of T, Tl. be the subtree of T that 
is rooted at node ti and includes all its descendants, d(.,.) be a 
distance function betWeen ordered labeled trees, and kén be 
an integer. A sequence of subtrees, R:(Tl-l, TZ-Z, . . . , Til), is a 
top-k ranking of the subtrees of the document T With respect 
to the query Q iff 

[0053] l. the ranking contains the k subtrees that are 
closest to the query: 
























