Approximate Tree Matching with pg-Grams

Nikolaus Augsten ¢, Michael B 6hlen, Johann Gamper
DIS - Center for Database and Information Systems
Free University of Bozen-Bolzano, Italy
www. 1 nf.uni bz. it

1—Motivation . . . . . . . .. ... 2
2—RelatedWork . .. .. ... ... .. ... 6
3-pqg-Grams . . . . . ... 7
4—Properties . . . . ... 00000 11
5—Experiments . . . . . . ... ... .. ... 14
6 — Conclusion and Future Work . . . . . . . .. 21

aSupported by the Municipality of Bozen-Bolzano.


www.inf.unibz.it

Motivation — Example Data Sources

[ We want to link data items in different databases that correspond to the same real world object
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Motivation — Address Trees

[] residential addresses are hierarchical — address tree

Address trees:

CESARE ABBA STRASSE G useppe- Cesar e- Abba- St r.
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Motivation — Address Trees

[] residential addresses are hierarchical — address tree

[1 Idea: corresponding streets = similar address tree

| How similar are two address trees? I

Address trees:

CESARE ABBA STRASSE G useppe- Cesar e- Abba- St r.
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Motivation — Standard Solution: The Edit Distance

[1 Edit distance: Minimum cost sequence of edit operations (node insertion, node deletion, and label
change) that transform one tree into an other.
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T T
a X
b Cc b C
d e f g d e fog
h i h i k
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Motivation — Standard Solution: The Edit Distance

[1 Edit distance: Minimum cost sequence of edit operations (node insertion, node deletion, and label
change) that transform one tree into an other.

T T/ T//
a a
/\ insert(k, e, 3) — /\ rename(a,X) — /\
d e f g d e fg d e fg
h i h i hi k
edit distance: disteq (T, T") = 2

0 Problem: Best algorithms O(n? log(n)) = not scalable.
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Motivation — Problem Definition

[1 Our goal: Find an efficient and effective approximation of the tree edit distance that
[] is scalable for large trees,
[1 emphasizes structure .
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Related Work — Tree Distances

[1 71 — number of tree nodes
[] Tree edit distance:

[ for balanced trees [Zhang and Shasha, 1989]: O(n? log®(n))
(] for arbitrary trees [Klein, 1998]: O(n°log(n))
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[1 Tree-edit distance embedding [Garofalakis and Kumar, 2003, Garofalakis and Kumar, 2005]:
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[1 guaranteed distance distortion for tree edit distance with subtree move
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pPq-Grams — Subtrees of the pg-Extended Tree

VLDB 2005, Trondheim

[1 Extended Tree TPY:
Patch boundaries by adding null nodes (* ):

[1 p — 1 ancestors to the root

[1 g — 1 nodes before the first and after
the last child of each non-leaf node

[1 ¢ children to each leaf

2, 3-Extended Tree:
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pg-Grams — Algorithm for pg-Gram Profile

VLDB 2005, Trondheim

A

/IN

createProrILE(T, p, q, P, r, anc)
anc := shift(anc, 1(r))
stb: shift register of size q (initialized with *)

if ris a leaf then
P := P U (anc o sib)
else
for each child c (from left to right) of r do
sib := shift(sib, 1(c))
10 P := P U (anc o sib)
11 P :=prorFiLe(T, p, q, P, c, anc)
12 fork:=1toq—1
13 sib := shift(sib, *)
14 P := P U (anc o sib)
15 retun P

OO Ul WhN -
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T

/N
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11 P :=prorFiLe(T, p, q, P, c, anc)
12 fork:=1toq—1

13 sib := shift(sib, *)

14 P := P U (anc o sib)

15 retun P
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createProrILE(T, p, q, P, r, anc)

anc := shift(anc, 1(r))
stb: shift register of size q (initialized with *)

if ris a leaf then
P := P U (anc o sib)
else
for each child c (from left to right) of r do
sib := shift(sib, 1(c))

P := P U (anc o sib)
P :=prorFiLe(T, p, q, P, c, anc)
fork:=1toq— 1
sib := shift(sib, *)
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return P
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*

sib, L CcReaTEPRoFILE('T, p, q, P, r, anc)

O 00O Ut W

anc := shift(anc, 1(r))
stb: shift register of size q (initialized with *)

if ris a leaf then
P := P U (anc o sib)
else
for each child c (from left to right) of r do
sib := shift(sib, 1(c))
P := P U (anc o sib)
P :=prorFiLe(T, p, q, P, c, anc)
fork:=1toq— 1
sib := shift(sib, *)
P := P U (anc o sib)
return P

Nikolaus Augsten , Michael Bohlen, Johann Gamper

*

jab)

*

o|o|o

*|T|T|®| D

Page 8



pg-Grams — Algorithm for pg-Gram Profile

anc
T P
a
A RN
/ \ *lall*x|*|a
* a b C

/\ ajajl*|*|e

/ S’Lb\b a e * | % | %
1 createProriLE(T, p, q, P, r, anc) alal|x|el|b
2 anc:= shi_ft(anc_, l(r)) | | alb [+ [+ [
3 stb: shift register of size q (initialized with *)
4 alal|le|b|*
5  if ris aleaf then
6 P := P U (anc o sib) ajajjb|x |«
7 else *lall*x|alb
8 for each child c (from left to right) of r do
9 sib := shift(sib, 1(c))

—>10 P := P U (anc o sib)

11 P :=prorFiLe(T, p, q, P, c, anc)
12 fork:=1toq—1
13 sib := shift(sib, *)
14 P := P U (anc o sib)
15 retun P
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6 P := P U (anc o sib) ajajjb|+
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8 for each child c (from left to right) of r do b [+ [ |
9 sib := shift(sib,1(c)) a
10 P := P U (anc o sib) *lallalb|c
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pPq-Grams — The pg-Gram Profile

The pg-gram profile is Theorem 1 For tree T with [ leaves
(] small — size O(n) and ¢ non-leaves:

[PPY(T)| = 2] + qi — 1.
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pPq-Grams — The pg-Gram Profile

The pg-gram profile is
[0 small — size O(n)

[1 easy to store

[1 represent the pg-grams by fingerprint hash value

[1 store profile in single-attribute relation

Theorem 1 For tree T with [ leaves
and 72 non-leaves:

[PPY(T)| = 2] + qi — 1.

VLDB 2005, Trondheim

P%?(T)

pg—gram

(* ax x ,a)
(a,a,* J* ,*)
(a,e,* J* ,*)
(a,a,x e,b)
(a’b,* * %)
(a,a,eb,*)
(a,a,b,x *)
(*,a,*.a,b)
(a,b,* * %)
(*,a,a,b,c)
(a,c kK ’*)
(*,a,b,c*)
(*,a,C,* *)
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pPq-Grams — The pg-Gram Profile

The pg-gram profile is

[0 small — size O(n)

[1 easy to store

[1 represent the pg-grams by fingerprint hash value

[1 store profile in single-attribute relation

[1 allows effective distance computation

VLDB 2005, Trondheim

between trees

Theorem 1 For tree T with [ leaves
and 72 non-leaves:

[PPY(T)| = 2] + qi — 1.

P%?(T)

pg—gram

(* ax x ,a)
(a,a,* J* ,*)
(a,e,* J* ,*)
(a,a,x e,b)
(a’b,* * %)
(a,a,eb,*)
(a,a,b,x *)
(*,a,*.a,b)
(a,b,* * %)
(*,a,a,b,c)
(a,c kK ’*)
(*,a,b,c*)
(*,a,C,* *)
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pPq-Grams — pq-Gram Distance

[1 Definition 1 For two trees T'; and T'5 the pg-gram distance is:

| PPA(Ty) N PPA(Ty)|

APYT. To)=1—2
(T, T2) PPI(T,) UPPI(T,)|
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Ap’q(Tl,Tg) =1-—-2

[1 can be computed in O(n log n) time and O(n) space (bag intersection of relations)
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pPq-Grams — pq-Gram Distance

[1 Definition 1 For two trees T'; and T'5 the pg-gram distance is:

| PP(T1) NPPY(Ty))

| PPA(Ty) U PPA(Ty)|

Ap’q(Tl,Tg) =1-—-2

[1 can be computed in O(n log n) time and O(n) space (bag intersection of relations)
[1 other terms are constants for normalization :

0 AP9(Ty, Ts) = 1if trees have no pg-grams in common

0 AP4(Tq,Ty) = 0if trees have the same pg-gram profile
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Properties — Sensitivity to Structure Change

[1 Intuition: Nodes with structural information — more significant
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Properties — Sensitivity to Structure Change

[1 Intuition: Nodes with structural information — more significant

diSted =2
T/ A%3 =0.30 T
a a
7\ o
/N ﬂ\
d e f d e f
| /N
h i h i
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Properties — Sensitivity to Structure Change

[1 Intuition: Nodes with structural information — more significant

diSted =2 diSted = 2
T/ A2%3 = 0.30 T A?%3 = 0.89 T
a a — a
b b C bdhi kf g
d e f d e f
hi hi

VLDB 2005, Trondheim Nikolaus Augsten , Michael Bohlen, Johann Gamper Page 11



Properties — Sensitivity to Structure Change

[1 Intuition: Nodes with structural information — more significant

[1 Address application: Mismatch of houses (with subnumbers and apartment numbers) is more
significant than mismatch of apartments.

diSted =2 diSted = 2
T A?%3 = 0.30 T A?3 = (.89 T
a a — a
b ¢ b C bdhi kf g
d e f d e f
hi hi
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Properties — Sensitive to Structure Change

[l node changes = pg-grams change

[l pg-grams change =- distance increases
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Properties — Sensitive to Structure Change

[l node changes = pg-grams change
[l pg-grams change =- distance increases
O cntyy(T,v) = g+ fP
[1 leaf change: cost depends only on q
[1 non-leaf change: p prevalent
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Properties — Sensitive to Structure Change

[l node changes = pg-grams change
[l pg-grams change =- distance increases
O cntyy(T,v) = g+ fP
[1 leaf change: cost depends only on q
[1 non-leaf change: p prevalent

Theorem 2 For a complete tree T (fanout f, depth d) the number of pg-grams that contain a node v of
level [ is:

(f+q—1) ifp <d-—1

cntpq<T7V>‘qsg“(l)+{ff} N g =D+ ip>d
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Properties — Sensitive to Structure Change

[l node changes = pg-grams change

[l pg-grams change =- distance increases
O cntyy(T,v) = g+ fP
[1 leaf change: cost depends only on q

[1 non-leaf change: p prevalent

[1 p controls structure sensitivity

Theorem 2 For a complete tree T (fanout f, depth d) the number of pg-grams that contain a node v of
level [ is:

P 1 :
L—=(f+q—1 iftp <d—1
cntpy (T, v) = gsgn(l) + {ffd%gf =1 P
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Properties — Robust to Local Changes

[] Intuition: Weight local changes less than distributed changes!
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[] Intuition: Weight local changes less than distributed changes!

[] Address application : missing house with apartment numbers — small difference, but many nodes
change

[l Local changes — less pg-grams change
[1 neighbored nodes “share” pg-grams
[1 change counts only once.

Theorem 3 Delete or update all nodes of subtree with [ leaves and ¢ non-leaves =- only 2 + iq + q — 1
PQ-grams change

VLDB 2005, Trondheim Nikolaus Augsten , Michael Bohlen, Johann Gamper Page 13



Properties — Robust to Local Changes

[] Intuition: Weight local changes less than distributed changes!

[] Address application : missing house with apartment numbers — small difference, but many nodes
change

[l Local changes — less pg-grams change
[1 neighbored nodes “share” pg-grams
[1 change counts only once.

Theorem 3 Delete or update all nodes of subtree with [ leaves and ¢ non-leaves =- only 2 + iq + q — 1
PQ-grams change

Example: Delete subtree rooted in € T g3
e € —in 11 pg-grams /\
e h,i,k —in4 pg-grams each b C
e actually changing: 11 pg-grams (vs. 3 X 4+ 11 = 23) ﬂ\
d e fg
hi k
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Experiments — Sensitivity to Structure Changes

[] Cost for leaf change — depends only on ¢
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Experiments — Sensitivity to Structure Changes

[] Cost for leaf change — depends only on ¢

[1 Experiment:
[1 delete leaf nodes

[ measure edit distance
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Experiments — Sensitivity to Structure Changes

[] Cost for leaf change — depends only on ¢

[1 Experiment:

[1 delete leaf nodes

[]

0.18

0.16 |
0.14 |
0.12
0.1
0.08 |
0.06 |
0.04 | x
0.02 | =

pg-gram distance

0

VLDB 2005, Trondheim

measure edit distance

vary p

O 2 4 6 8 10 12 14 16 18 20
edit distance

pg-gram distance

0.2

0.18
0.16 1
0.14 -
0.12 ¢
0.1 ¢
0.08 1
0.06 1
0.04
0.02

vary ¢
2,1-grams —+—
2,2-grams - =7
2,3 a
24
0O 2 4 6 8 10 12 14 16 18 20

edit distance

(Artificial tree with 144 nodes, 102 leaves, fanout 2—6 and depth 6. Average over 100 runs.)
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Experiments — Sensitivity to Structure Changes

[l Cost for non-leaf change — controlled by p
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Experiments — Sensitivity to Structure Changes

[l Cost for non-leaf change — controlled by p

L1 Experiment:
[1 delete non-leaf nodes
[1 measure edit distance

vary p vary q
0.9 0.7
0.8 + I
" " 0.6
O 0.7 + O
8 06 | g 05 ¢t
3 05 | 5 04|
g 0.4 | % 0.3 |
2 03] 2 0.2 |
g 02 . 8 =
o o ]
0.1 g 01 w
O 2 4 6 8 10 12 14 16 18 20 O 2 4 6 8 10 12 14 16 18 20
edit distance edit distance

(Artificial tree with 144 nodes, 102 leaves, fanout 2—6 and depth 6. Average over 100 runs.)
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Experiments — Robustness to Local Changes

[1 Subtree deletions — cheaper than distributed deletions
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Experiments — Robustness to Local Changes

[1 Subtree deletions — cheaper than distributed deletions
L1 Experiment:
[1 delete subtree

[1 randomly delete same number of distributed nodes
[1 compare edit distance
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Experiments — Robustness to Local Changes

[1 Subtree deletions — cheaper than distributed deletions

L1 Experiment:
[1 delete subtree
[1 randomly delete same number of distributed nodes
[1 compare edit distance

0.35 . . .
distributed changes —+—
0.3 | local changes -

0.25
0.2 1
0.15

o

2,3-gram-distance

0.05 1

0 5 10 15 20
edit distance

(Artificial tree with 144 nodes, 102 leaves, fanout 2—6 and depth 6. Average over 100 runs.)
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Experiments — Scalability to Large Trees

[] pg-gram distance — scalable to large trees

[1 compare with edit distance

4implementation by Zhang and Shasha (ht t p: / / www. ¢s. nyu. edu/ cs/ f acul t y/ shasha/ papers/tree. ht m)

VLDB 2005, Trondheim Nikolaus Augsten , Michael Bohlen, Johann Gamper Page 17


http://www.cs.nyu.edu/cs/faculty/shasha/papers/tree.html

Experiments — Scalability to Large Trees

[] pg-gram distance — scalable to large trees
[1 compare with edit distance
[1 Experiment: For pair of trees

[1 compute tree edit distance® and pg-gram distance
[0 vary tree size: up 2 x 10° nodes
[1 measure wall clock time

4implementation by Zhang and Shasha (ht t p: / / www. ¢s. nyu. edu/ cs/ f acul t y/ shasha/ papers/tree. ht m)
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Experiments — Scalability to Large Trees

[] pg-gram distance — scalable to large trees

[1 compare with edit distance

[1 Experiment: For pair of trees

[1 compute tree edit distance® and pg-gram distance

[0 vary tree size: up 2 x 10° nodes

[] measure wall clock time

100000

27 hours

10000 F
1000 F
100 F

10 |

time [sec]

1L
0.1

0.01 F

—T T Y b T

'edi't d'ist'

2,3-gram dist <

0.001 .

10 100 1000 10000 100000 1le+06

number of nodes (n)

4implementation by Zhang and Shasha (ht t p: / / www. ¢s. nyu. edu/ cs/ f acul t y/ shasha/ papers/tree. ht m)
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Experiments — Influence of p and ¢ on Scalability

[l Scalability independent of p and q.
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Experiments — Influence of p and ¢ on Scalability

[l Scalability independent of p and q.

[1 Experiment: For pair of trees

[1 compute pg-gram distance for varying p and ¢
[0 vary tree size: up 10° nodes

[] measure wall clock time
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Experiments — Influence of p and ¢ on Scalability

[l Scalability independent of p and q.

[1 Experiment: For pair of trees
[1 compute pg-gram distance for varying p and ¢
[0 vary tree size: up 10° nodes

[] measure wall clock time

25 . . . . . .
3,4-gram dist —+—
2,3-gram dist > X
1,2-gram dist >
20 B ,"':;;’// -
o 15 | ]
O]
£,
E10} ]
5 - .
O i 1 1 1 1 1
0 100000 200000 300000 400000 500000

number of nodes (n)
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Experiments — Effectiveness for Real World Dataset

[l pg-gram distance — effective approximation of tree edit distance

[] test on real world data (address databases )
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Experiments — Effectiveness for Real World Dataset

[l pg-gram distance — effective approximation of tree edit distance
[] test on real world data (address databases )

[1 Experiment: For two sets of address trees
[1 find matches (closest tree of other set)
[1 use different distance functions
[1 count correct matches
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Experiments — Effectiveness for Real World Dataset

[l pg-gram distance — effective approximation of tree edit distance
[] test on real world data (address databases )

[1 Experiment: For two sets of address trees
[1 find matches (closest tree of other set)
[1 use different distance functions
[1 count correct matches

accuracy correct false pos. runtime
edit dist 82.7% 248 9 187,538s
1,2-grams 78.3% 235 5 181s
2,3-grams 77.3% 232 4 204s
3,2-grams 79.3% 238 2 180s
tree-embedding 69.0% 207 8 313s
buttom-up 50.0% 150 12 237s
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Experiments — Tree-Embedding vs. pq-Grams

tree edit distance embedding Pg-grams

[1 variable shapes L] fixed shape
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Experiments — Tree-Embedding vs. pq-Grams

tree edit distance embedding

pg-grams

[1 variable shapes

[1 elements can be

[1 single node (no structure)

L1 O O

Typical address tree (nearly complete tree):

chains (only vertical structure)

contiguous leaves (only horizontal structure)
subtrees with vertical and horizontal structure

Phase O 1 2 3 4 5 tot.
singlenodes | 29 8 4 2 1 - 44
chains - 1 1 - - - 2
cont. leaves - 7 2 - - -
subtrees - - 3 4 3 2 13

VLDB 2005, Trondheim

[] fixed shape

[ 1 horizontal and vertical structure

tree-embed | pg-gram
65% 0%
3% 0%
13% 0%
19% 100%
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Experiments — Tree-Embedding vs. pq-Grams

tree edit distance embedding

pg-grams

[1 variable shapes

[1 elements can be

[1 single node (no structure)

L1 O O

[1 guarantees with respect to tree edit distance

Typical address tree (nearly complete tree):

chains (only vertical structure)
contiguous leaves (only horizontal structure)
subtrees with vertical and horizontal structure

Phase O 1 2 3 4 5 tot.
singlenodes | 29 8 4 2 1 - 44
chains - 1 1 - - - 2
cont. leaves - 7 2 - - -
subtrees - - 3 4 3 2 13

VLDB 2005, Trondheim

[] fixed shape

[ 1 horizontal and vertical structure

[1 emphasizes structure

tree-embed | pg-gram
65% 0%
3% 0%
13% 0%
19% 100%

Nikolaus Augsten , Michael Bohlen, Johann Gamper
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Conclusion and Future Work

[l pg-gram distance
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