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¥ Spelling Mistakes

¥ Spelling Variants
(e.g. meter and metre,
species name suffix)
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Use Cases

Approximate string matching for named entity identification
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Jaro-Winkler Similarity

e Jaro-Winkler Similarity’-2 is a similarity measure (not a metric) for short strings
e good general evaluation results®

e first characters emphasized

— spelling mistakes typically occur later*
— varying suffix tolerant

"Winkler 1990. “String Comparator Metrics and Enhanced Decision Rules in the Fellegi-Sunter Model of Record
Linkage”

2Winkler et al. 1994. strcmp95.c, Version 2 (original implementation)

3Cohen et al. 2003. “A Comparison of String Distance Metrics for Name-Matching Tasks”

“Pollock et al. 1983. “Collection and characterization of spelling errors in scientific and scholarly text”
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Jaro Similarity

1 m m m—t ;
1 (12 4 (I 4 I=U) ety
Jaro(sy, 82) = {(3) X( T s )

: otherwise

m: number of matching characters with max distance w
w: max distance of matching characters
t: number of transpositions
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Jaro-Winkler Similarity

JaroWinkler(s:. sp) — {Jar0(31,32) + 1% px(1—Jaro(sy,82)) : JaI’O(S1',32) > by
Jaro(sy, Sp) : otherwise
I: length of common prefix up to /jmi
limit= max length of common prefix =4 1
p: prefix scale = 0.1
b;: boost threshold = 0.7

T"Winkler et al. 1994.
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Jaro-Winkler Similarity

Example
|s1] =
|S2| =
\123456789101112 W
si{1/M e | o s i r a m=
$S|M e r i s m o p e d i a =

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~
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Jaro-Winkler Similarity

Example
|s1] =8
|S2| =12
\123456789101112 W
si{1/M e | o s i r a m=
$S|M e r i s m o p e d i a =

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~
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Jaro-Winkler Similarity

Example

|s1] =8
|s2| =12

\123456789101112 W
si{1/M e | o s i r a m=
$S|M e r i s m o p e d i a =
Jaro(S1 5 82) ~

| =

JaroWinkler(s1, $2) ~

w — max(lsil.|sel)

2
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Jaro-Winkler Similarity

Example
|s1| =8
|S2| =12
\123456789101112 w=35
si1|M e | o s i r a =
$S|M e r i s m o p e d i a =
Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~
w — max(lsil.|sel)

2
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Jaro-Winkler Similarity

Example

|s1] =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=35
siM e | os i)r a =
sgerismoped W Lo

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
|1 2 3 45 6 7 8 9 10 11 12 w=5
siM e | os i r)a =
ng@rismopedla C

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1| =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=35
siM e | os i r a m=
ngeismopedla Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=35
s$s|M e | os i r a) =
ngerE]smopedla Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=5
s$s|M e | os i r a) =
ngeri@mopedla Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1| =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=35
s$s|M e | o s i r a) =
ngerisopedla Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=5
ss|M(e | o s i r a) =
ngerism@pedia Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1| =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=35
ss /M e(l o s i r a) =
ngerismo@edla Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
1 2 3 45 6 7 8 9 10 11 12 w=5
ss/M e I (o s i r a) =
ngerismop@dla Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
\123456789101112 w=35
siy|M e | of(s i r a m=
ngerismope@ia Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1| =8
|So| =12
\123456789101112 w=35
s1IM e | o s (i r a m=
ngerismoped@a Lo

Jaro(S1 5 82) ~
| =
JaroWinkler(s1, $2) ~

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
\123456789101112 w=5
st/ M e | o s i(r a =
ngerismopedi@ Lo

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
\123456789101112 w=35
si1|M e | o s i r a =
$S|M e r i s m o p e d i a =

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a =

Q

t
Jaro(S1 . 82)
/
)

JaroWinkler(s, sp

%

m = equal chars not further apart than w
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Jaro-Winkler Similarity

Example
|s1] =8
|S2| =12
\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a —
Jaro(s1, 82) =
| =
JaroWinkler(s1, $2) ~
. unequal positions in matching chars

2
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Jaro-Winkler Similarity

Example

|s1| =8
|s2| =12

\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a —
Jaro(s1, 82) =

| =

JaroWinkler(sy, $p) ~

; _ unequal positions in matching chars BYM e 0 s AN rva

B 2
m| M e r i s o0 a
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Jaro-Winkler Similarity

Example
|s1| =8
|S2| =12
\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a —
Jaro(s1, 82) &
| =
JaroWinkler(sy, $p) ~
; _ unequal positions in matching chars BYM e 0 s AN rva
- 2 e
m| M e r i s o0 a
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Jaro-Winkler Similarity

Example

|s1| =8
|S2| =12

\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a t=2
Jaro(S1 5 82) -

| =

JaroWinkler(sy, $p) ~
; _ unequal positions in matching chars BYM e 0 s AN rva

- 2 e
m| M e r i s o0 a
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Jaro-Winkler Similarity

Example

|si| =8
|So| =12

\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a t=2
Jaro(S1 5 82) ~

| =

JaroWinkler(s1, $2) ~

Jaro(s1 s 32)

1 m m m—t 4
: otherwise
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a =2

1 m m m—t :
3 X —+—+—> =g 0
JaI’O(S-],Sg) {3 ( |s2] m

: otherwise
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Jaro-Winkler Similarity

Example
|s1] =8
|32|:12
\123456789101112 w=35
ss/M e | o s i r a m=7
$S|M e r i s m o p e d i a =2

I = length of common prefix up to 4

Jan Martin Keil Efficient Bounded Jaro-Winkler Similarity Based Search



Jaro-Winkler Similarity

Example
|s1] =8
|32|:12
\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a =2
Jaro(s1 5 Sg) 0.72
/=2

JaroWinkler(sy, $p) ~

I = length of common prefix up to 4
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Jaro-Winkler Similarity

Example
|s1] =8
|So| =12
\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a =2

Jaro(S1 , So

JaroWinkler(s, sp

Jaro(sy,82) + 1 x 0.1 x (1 — Jaro(sy,S2)) : Jaro(sy,sp) > 0.7

JaroWinkler(sy, o) = 7
Jaro(sy, Sp) : otherwise
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Jaro-Winkler Similarity

Example
|s1] =8
|S2| =12
\123456789101112 w=35
si1|M e | o s i r a m=7
$S|M e r i s m o p e d i a t=2
Jaro(sy,82) = 0.72
o2
JaroWinkler(sy, s2) ~ 0.78

Jaro(sy,82) + 1 x 0.1 x (1 — Jaro(sy,S2)) : Jaro(sy,sp) > 0.7

JaroWinkler(sy, o) = 7
Jaro(sy, Sp) : otherwise
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Bounded Jaro-Winkler Similarity Based Search

e Given: query term sy, terminology S, threshold 6

e Task: Find all terms s, € S, with Jaro-Winkler similarity > 6
e naive approach: similarity computation for each pair

— expensive task
— e.g. ~ 0.7 s for single query on terminology with 1,000,000 terms’
— not suitable for interactive use cases with several queries?

"not parallelized on machine with two Intel Xeon Scalable 6140 18 Core 2,3 Ghz processors and 192 GB memory
2Nielsen 1993. Usability Engineering
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Bounded Jaro-Winkler Similarity Based Search
Approach by DreBler et al.’

e filter term pairs by lengths and character frequencies

— early stop similarity computation
— powerful approach for matching of two terminologies

e for search: still processes each pair
— outperformed by the naive approach
— not suitable for the use case

— avoid processing of each pair

"DreBler et al. 2017. “On the efficient execution of bounded Jaro-Winkler distances”
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Efficient Bounded Jaro-Winkler Similarity Based Search

Search Tree

¢ avoid processing of each pair by
storing terminology in PATRICIA

tree
— clustering of terms with common
prefix car d ye
— easy reuse of previous results car ay/\o ar/\s
— easy skipping of whole branches | i \ \
e offline preparation of search tree day 9 or year yes
* break condition for search tree dog do‘or

traversal required
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Efficient Bounded Jaro-Winkler Similarity Based Search

Break Condition for Search Tree Traversal'

Jaro(S1 ) Sg) + 1 xpx (1 - Jaro(s1 ; Sg)) : Jaro(S1 : 82) > by
Jaro(sy, $p) : otherwise

4

JaroWinkler(s1, s2) = {

_ 1— (1 — max (Jaro)) X <1 — max (/) x p> : max (Jaro) > by
max (JaroWinkler) = $2€S; $2€S; $2€S;
2E5 maxs,es; (Jaro) : otherwise

1JaroWinkler, Jaro, I, m, and t depend on (sy, Sp). S} = Set of strings with prefix s3 and length |s;|.
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Efficient Bounded Jaro-Winkler Similarity Based Search

Break Condition for Search Tree Traversal'

%x(ﬂ+ﬂ+m—‘t> “m=4

Jaro(sq, 8p) = Isil " sz :
: otherwise
max (m) i (m) mig (1)

1 Sp€S; SpESS SpESS -

7 X +1 - == :max(m) >0
Smeaé(Jaro): 8 sl I s;‘ea%(m) 52685( )
292 .

0 : otherwise

1JaroWinkler, Jaro, I, m, and t depend on (sy, Sp). S} = Set of strings with prefix s3 and length |s;|.
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Efficient Bounded Jaro-Winkler Similarity Based Search

Break Condition for Search Tree Traversal'

max (JaroWinkler) < 6
52655

(1 — max (Jar0)> X (1 — max (/) x p) - max (Jaro) > by

max (JaroWinkler) = S2€8; S2€8; $€S;
SgES* ’
maxs,es; (Jaro) : otherwise
max (m) max (m) min ()
1 % SpESy Sp€SS b/ g $2€5; e (m) 4%
max (Jaro) = ¢ 3 sl || S”‘Ea;*(m) "$€S;
SQGS 9
0 : otherwise

1JaroWinkler, Jaro, I, m, and t depend on (sy, Sp). S} = Set of strings with prefix s3 and length |s;|.

Jan Martin Keil Efficient Bounded Jaro-Winkler Similarity Based Search



Efficient Bounded Jaro-Winkler Similarity Based Search

Non-Monotonicity of maxs,es; (JaroWinkler) regarding |so|

e changes of |s,| can increase or
decrease maxs,cs; (JaroWinkler)

¢ only reuse results for equal |ss|

car d ye
— traverse search tree once for each o W ——
|Sz| value car ay o ar s
— term lengths additionally stored at \ N | |
search tree nodes daljm 9 - JOr T Neyedbmyos
dog door
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Efficient Bounded Jaro-Winkler Similarity Based Search

Non-Monotonicity of maxs,es; (JaroWinkler) regarding |so|

3,4
e changes of |s,| can increase or
decrease maxs,cs; (JaroWinkler)
® only reuse results for equal |s,
y qual sz cop 3 d3a ye 34
— traverse search tree once for each o e
|so| value car ay 3 034 ary, S
— term lengths additionally stored at \ N | |

search tree nodes day 93 Ors Yyear yes

dog door
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 |s1| =8
s1|M e | o s i r a |so| = 12
m<8

m
t>0
mo 1<4

JaroWinkler(s1, s2) < 0.93

Jan Martin Keil Efficient Bounded Jaro-Winkler Similarity Based Search



Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

1 2 3 45 6 7 8 9 10 11 12 51| =8
/M e I o s i)r a T~
S w=5

m<38
m

t>0
mo 1<4

JaroWinkler(s1, s2) < 0.93
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 51| =8
s1 (M e | o s i r)a iy
: | M () Lok

=

m4 M m_8
t>0

JaroWinkler(s1, s2) < 0.93
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 |si| =8

s$s|M e I o s i r a) T~
ss|M e(r) w=5
<

m | M e i,
t>0

m | M e 1<4

JaroWinkler(s1, s2) < 0.93
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 51| =8

s$s|M e I o s i r a) T~
<

m | M e i,
t>0

m | M e r b2

JaroWinkler(sy, s2) < 0.91
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 |s{| =8

/M e I o s i r aj T~
=

m | M e i,
t>0

m | M e r i /<2

JaroWinkler(sy, s2) < 0.91
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 51| =8

ss|M e I o s i r a) T~
ss|M e r i s O
=

m | M e i,
t>0

m|M e r i s b2

JaroWinkler(sy, s2) < 0.91
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

1 2 3 45 6 7 8 9 10 11 12 51| =8
ss[M(e I o s i r a) T~
ss|M e r i s m(o O

=
m | M e i,
t>0
m| M e r i s o b2

JaroWinkler(sy, s2) < 0.91
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 345 6 7 8 9 10 11 12 51| =8

ss /M e(l o s i r a) T~
ss|M e r i s m o(p) O
=

m | M e i,
t>0

m| M e r i s o b2

JaroWinkler(sy, s2) < 0.91
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 1| =8
si{/M e I (o s i r a o iy
ss|M e r i s mo p(e) O
m | M e o s i r i,
F F FF t>2

m| M e r i s o b2

JaroWinkler(sy,sp) < 0.78
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 |s1| =8
ss|M e | of(s i r a |so| = 12
ss|M e r i s mo p e(d O
m | M e o s i r i,
£ £ £ # t>2

m| M e r i s o b2

JaroWinkler(sy, s2) < 0.78

Jan Martin Keil Efficient Bounded Jaro-Winkler Similarity Based Search



Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 |s1| =8
ss|M e | o s (i r a |so| = 12
ss|M e r i s mope d(i O
m|M e o s i r i,
£ £ £ # t>2

m| M e r i s o b2

JaroWinkler(sy, s2) < 0.78
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

|1 2 3 45 6 7 8 9 10 11 12 |si| =8
ss| M e | o s i(r a |so| = 12
ss|Mer i smope d i(a O
m|M e o s i r i,
F F FF t>2

m| M e r i s o b2

JaroWinkler(sy, s2) < 0.78
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Efficient Bounded Jaro-Winkler Similarity Based Search

Sequential Calculation Example

1 2 3 45 6 7 8 9 10 11 12 |s1] =
s1 M e | o s i r a |so| = 12
M e r i s m o p e d i a AR
m|M e o s i r a Yl
F F £ # (=
m| M e r i s o a I=2
JaroWinkler(sy, s2) ~ 0.78
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Evaluation

How good is the approach?
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Evaluation

e comparison of naive approach, approach by DreB3ler et al. and our approach
® measurement parameter:
* number of queries: 1, 10, 102, 103, 104, 10°
number of terms: 1, 10, 102, 103, 104, 10°, 108
threshold: 0.91, 0.95, 0.99
overlap: full, half, none
preparation: unprepared, prepared
e 20 measurements on 3 machines' = 60 measurements per configuration

not parallelized, each two Intel Xeon Scalable 6140 18 Core 2,3 Ghz processors and 192 GB memory
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Evaluation

Results

For 100 to 108 terms, threshold > 0.91, and mixed full, half or no overlap:

— unprepared terminology:
statistically significant improved search efficiency for 10 to 10° queries

— prepared terminology:
statistically significant improved search efficiency for 1 to 103 queries
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Evaluation

Results
Mean of measurements with prepared 108 terms and mixed full, half or no overlap.

Threshold = 0.91 Threshold = 0.95 Threshold = 0.99

103 ] }

10°1 /\o\.ﬂ

101

[y
1

Approach
@ Drelller

@ Naive
@ Our

Number of Queries

Mean Time per Query (ms)

©
=
L
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Conclusion

Statistically significant improved efficiency of
Bounded Jaro-Winkler Similarity Based Search
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