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1 Distractor Sets

We introduce four new distractor sets consisting of geo-tagged images from the
Yahoo 100M image dataset [3]. There are 724,445 images in total: The first
dataset consists of images taken between 2km and 50km from the center of the
University of Oxford, UK (140,848 images; DD coord.: 51.750318,-1.255942).
The other three datasets were collected from 30 cities across the UK (170,980
images), 30 cities across continental Europe (179,287 images), and 30 cities across
the continental United States (233,330 images). For the latter three distractor
sets, cities were manually chosen to be spread across the respective area. The
UK and Europe datasets consist of images taken within 1km of each city center,
while the US dataset consists of images taken within 2km of each center. We
downloaded images to a maximum resolution of 1024px in either dimension, with
larger images being resized accordingly. A full listing of the 30 cities used for
each distractor set is given in Table 1.

2 Query Dataset

Additionally, we introduce a new query image set, termed World5k, for the pur-
pose of image retrieval, again consisting of images from [3]. This image set con-
sists of 5,320 images collected from 61 sites around the world, plus an additional
163 query images. These image collections were obtained by combining geo-tag
information with overlap information from Heinly et al . [1]. Unlike query sets
such as the Oxford5k dataset [2], our query images are full-size (up to 1024px),
rather than cropped regions of a larger image. We do not consider quality of
view when computing retrieval results (i.e. “junk” versus “ok” versus “good” in
Oxford5k). Also different from Oxford5k, our new query dataset only consists of
landmark images – every image in the dataset has at least one associated query
image, and there are no distractor images. As a result, the dataset has low inter-
landmark confusion. A full list of the various landmarks and their number of
images can be found in Table 2.

? These authors contributed equally to the paper.
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3 Results on Different Vocabularies

In this section, we present additional image retrieval results for vocabulary sizes
of 20k words and 1M words. As in the main paper, we compute mean average
precision (mAP) and timings for the Oxford5k, Paris6k, and World5k query
datasets using vocabularies learned from the Paris6k, Oxford5k, and Oxford5k
datasets, respectively. Tables 3 to 8 show the results for the various methods and
distractor sets tested in the original paper. The results for 20k words outperform
the results for 1M words in terms of mAP, since we use a Hamming embedding
to mitigate quantization artifacts.

4 Source Code and Datasets

The new query and distractor image datasets and the source code for our method
are released to the public at https://github.com/vote-and-verify.
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Table 1. City names and decimal degrees coordinates for the UK, Europe, and US
distractor image sets.
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Table 2. Name, number of database images, and number of query images for each of
the 61 landmarks in our new query set.

N
a
m

e
#

D
a
ta

b
a
se

#
Q

u
er

y
N

a
m

e
#

D
a
ta

b
a
se

#
Q

u
er

y

A
lh

a
m

b
ra

P
a
la

ce
4
8

1
N

o
tr

e
D

a
m

e,
R

o
sa

ry
W

in
d
ow

1
0
0

3
A

rc
d
e

T
ri

o
m

p
h
e

8
5

3
P

a
la

ce
o
f

V
er

sa
il
le

s,
C

h
a
p

el
1
0
0

3
B

a
si

li
ca

d
i

S
a
n
ta

C
ro

ce
7
1

2
P

a
la

ce
o
f

W
es

tm
in

st
er

1
0
0

3
B

el
la

g
io

7
8

3
P

a
n
th

eo
n

(e
x
te

ri
o
r)

1
0
0

3
B

lu
e

M
o
sq

u
e

(e
x
te

ri
o
r)

3
0

1
P

a
n
th

eo
n

(i
n
te

ri
o
r)

1
0
0

3
B

lu
e

M
o
sq

u
e

(i
n
te

ri
o
r)

1
0
0

3
P

a
la

is
G

a
rn

ie
r

1
0
0

3
B

ra
n
d
en

b
u
rg

G
a
te

1
0
0

3
P

et
ra

,
J
o
rd

a
n

9
3

3
B

ri
ti

sh
M

u
se

u
m

(e
x
te

ri
o
r)

1
0
0

3
P

ia
zz

a
d
ei

M
ir

a
co

li
1
0
0

3
B

ri
ti

sh
M

u
se

u
m

(i
n
te

ri
o
r)

8
3

3
P

ia
zz

a
d
el

la
S
ig

n
o
ri

a
9
4

3
B

u
ck

in
g
h
a
m

P
a
la

ce
1
0
0

3
P

ia
zz

a
d
i

S
p
a
g
n
a

1
0
0

3
C

o
lo

ss
eu

m
(e

x
te

ri
o
r)

1
0
0

3
P

ia
zz

a
S
a
n

M
a
rc

o
1
0
0

3
C

o
lo

ss
eu

m
(i

n
te

ri
o
r)

1
0
0

3
P

ie
ta

M
ic

h
a
el

a
n
g
el

o
1
0
0

3
E

iff
el

T
ow

er
(n

ig
h
t)

8
0

3
P

ra
g
u
e

C
a
st

le
3
2

1
E

sp
la

n
a
d
e

d
es

In
va

li
d
es

4
7

1
R

ei
ch

st
a
g

6
3

2
F

lo
re

n
ce

C
a
th

ed
ra

l
8
4

3
R

oy
a
l

P
a
la

ce
,

A
m

st
er

d
a
m

3
9

1
F

o
rb

id
d
en

C
it

y
(e

n
tr

a
n
ce

)
8
1

3
R

u
in

s
o
f

S
t.

P
a
u
l’
s

1
0
0

3
F

re
ib

u
rg

er
M

u
n
st

er
3
1

1
S
a
cr

e
C

o
eu

r
1
0
0

3
G

o
ld

en
G

a
te

B
ri

d
g
e

8
7

3
S
en

so
-j

i
T

em
p
le

1
0
0

3
G

ra
n
d

C
en

tr
a
l

T
er

m
in

a
l,

N
ew

Y
o
rk

1
0
0

3
S
t.

P
a
u
l’
s

C
a
th

ed
ra

l
1
0
0

3
H

a
g
ia

S
o
p
h
ia

(i
n
te

ri
o
r)

1
0
0

3
S
t.

P
et

er
’s

B
a
si

li
ca

(i
n
te

ri
o
r)

1
0
0

3
It

su
k
u
sh

im
a

S
h
ri

n
e

4
1

1
S
t.

P
et

er
’s

S
q
u
a
re

1
0
0

3
K

in
ka

k
u
-j

i
T

em
p
le

9
8

3
S
t.

V
it

u
s

C
a
th

ed
ra

l
1
0
0

3
K

iy
o
m

iz
u
-d

er
a

T
em

p
le

9
8

3
S
y
d
n
ey

H
a
rb

o
u
r

B
ri

d
g
e

7
4

2
L

o
n
d
o
n

B
ri

d
g
e

1
0
0

3
T

a
j

M
a
h
a
l

1
0
0

3
L

o
n
d
o
n

E
y
e

8
2

3
T

a
j

M
a
h
a
l,

en
tr

a
n
ce

6
0

2
L

o
u
v
re

1
0
0

3
T

o
d
a
i-

ji
T

em
p
le

1
0
0

3
M

il
a
n

C
a
th

ed
ra

l
1
0
0

3
T

re
v
i

F
o
u
n
ta

in
1
0
0

3
M

o
u
n
t

R
u
sh

m
o
re

1
0
0

3
V

ic
to

r
E

m
m

a
n
u
el

II
M

o
n
u
m

en
t

1
0
0

3
N

a
ti

o
n
a
l

G
a
ll
er

y,
L

o
n
d
o
n

1
0
0

3
W

es
te

rn
W

a
ll
,

J
er

u
sa

le
m

9
2

3
N

a
tu

ra
l

H
is

to
ry

M
u
se

u
m

,
L

o
n
d
o
n

4
9

1
W

es
tm

in
st

er
A

b
b

ey
1
0
0

3
N

o
tr

e
D

a
m

e
C

a
th

ed
ra

l
1
0
0

3



A Vote-and-Verify Strategy for Fast Spatial Verification in Image Retrieval 5

Table 3. Verification accuracy and efficiency measured on the Oxford5k dataset us-
ing a vocabulary of 20k words. The best , second-best , and third-best results are
highlighted for each column.
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mAP [%]

Pure Retrieval 72.5 62.7 61.0 55.1 54.3 55.9 53.0 52.6 53.6 50.9 51.0 50.9 49.7 49.8 49.7 48.7 47.8 47.4

FSM Aff 82.0 78.1 75.8 71.6 72.5 75.0 70.0 70.8 72.5 69.0 70.0 70.6 67.7 68.7 68.9 67.8 66.1 65.5
+ Eff. Inl. Eval 81.4 77.8 75.5 71.3 71.9 74.6 69.7 70.4 72.1 68.7 69.7 70.2 67.5 68.4 68.6 67.5 65.9 65.5
+ Eff. Inl. Post 79.5 75.7 73.5 69.3 70.1 72.3 67.8 68.7 70.3 66.8 67.7 68.4 65.8 66.6 66.9 65.7 64.2 63.7

FSM-R Aff 81.8 77.9 75.5 71.3 72.0 74.6 69.6 70.4 72.1 68.6 69.7 70.1 67.3 68.3 68.4 67.4 65.7 65.2
+ Eff. Inl. Eval 81.2 77.6 75.1 70.9 71.6 74.2 69.4 70.2 71.7 68.4 69.3 69.8 67.2 68.1 68.3 67.2 65.6 65.3
+ Eff. Inl. Post 79.2 75.5 73.1 68.9 69.6 71.9 67.4 68.4 69.8 66.5 67.4 68.0 65.5 66.3 66.5 65.4 63.9 63.5

FSM Sim 81.2 77.5 75.0 71.0 71.8 74.1 69.3 70.1 71.6 68.4 69.4 69.9 67.1 67.9 68.2 67.3 65.5 65.1
+ Eff. Inl. Eval 80.6 77.0 74.8 71.0 71.8 74.0 69.3 70.2 71.7 68.4 69.3 69.9 67.2 68.0 68.3 67.3 65.7 65.5
+ Eff. Inl. Post 78.2 74.8 72.6 68.6 69.3 71.7 67.2 67.9 69.7 66.2 67.0 67.6 65.1 65.9 66.3 65.2 63.6 63.3

FSM-R Sim 80.6 77.3 74.5 70.5 71.2 73.6 68.9 69.6 71.1 67.9 68.9 69.4 66.6 67.5 67.7 66.8 65.1 64.9
+ Eff. Inl. Eval 80.2 76.9 74.5 70.6 71.4 73.6 69.0 69.8 71.3 68.0 68.9 69.6 66.9 67.7 68.0 66.9 65.4 65.4
+ Eff. Inl. Post 77.5 74.6 71.7 67.7 68.4 70.8 66.3 67.0 68.8 65.3 66.2 66.8 64.3 65.1 65.5 64.4 62.9 63.1

HPM 70.3 64.3 62.8 58.7 58.0 60.4 57.6 57.0 58.8 56.0 56.8 56.5 55.2 55.9 55.6 54.9 54.1 53.7
ADV 73.5 66.6 64.7 59.7 59.5 63.1 58.6 58.4 61.0 57.1 58.4 58.2 56.4 57.5 57.3 56.5 55.7 55.5
PGM 72.1 60.7 58.8 51.8 51.8 52.0 49.5 49.9 50.0 47.6 47.2 47.9 46.6 46.4 46.7 45.8 44.7 44.3

Ours 80.6 76.1 73.1 69.2 69.9 71.7 67.4 68.0 69.3 66.6 67.4 67.9 65.2 65.9 66.2 65.3 63.8 63.5
+ Eff. Inl. Post 79.8 76.3 73.8 69.7 70.0 72.4 68.2 68.7 70.4 67.0 68.0 68.3 65.9 66.8 66.9 65.8 64.5 64.0

Runtime [s]

FSM Aff 94.2 118.8 126.2 157.9 162.4 144.2 182.7 180.8 168.5 192.1 182.6 185.0 191.6 182.1 180.6 190.9 191.9 189.9
+ Eff. Inl. Eval 1493.8 1751.3 1807.1 2149.0 2200.7 1930.2 2191.4 2163.7 2001.0 2280.4 2183.7 2212.9 2253.4 2164.3 2146.6 2249.9 2238.0 2218.4
+ Eff. Inl. Post 94.2 119.0 126.4 158.3 162.7 145.2 184.0 183.0 171.4 193.7 184.3 187.5 194.0 184.2 182.1 192.8 193.3 192.5

FSM-R Aff 53.1 71.1 75.6 99.8 101.7 84.5 104.9 103.2 91.8 111.1 105.0 107.7 110.9 103.5 102.0 109.5 109.6 108.9
+ Eff. Inl. Eval 1230.9 1430.5 1470.7 1740.0 1786.8 1573.7 1761.0 1739.8 1612.4 1825.4 1752.7 1783.9 1822.6 1734.7 1721.0 1795.9 1784.6 1765.6
+ Eff. Inl. Post 53.9 72.2 76.7 101.4 103.4 86.1 107.4 105.4 94.0 114.0 107.1 109.7 113.1 105.7 104.3 111.9 111.6 111.4

FSM Sim 96.0 119.9 127.2 158.3 163.8 148.0 188.8 187.9 176.1 198.6 188.0 193.4 196.5 187.3 184.8 195.5 195.3 192.9
+ Eff. Inl. Eval 1522.8 1777.6 1832.0 2180.5 2233.0 1955.3 2221.8 2196.2 2029.2 2313.4 2212.4 2245.8 2281.4 2192.7 2178.0 2279.2 2265.2 2244.9
+ Eff. Inl. Post 97.1 120.4 128.3 160.8 165.7 149.0 190.7 188.9 177.8 200.6 190.0 195.3 199.2 189.7 188.0 198.4 197.5 195.4

FSM-R Sim 51.8 68.3 72.6 95.7 98.1 81.3 101.0 99.6 88.5 107.4 100.8 103.8 106.2 99.4 97.8 105.4 105.3 104.5
+ Eff. Inl. Eval 1239.3 1431.7 1469.0 1734.5 1789.7 1573.7 1755.5 1739.3 1609.6 1823.4 1751.9 1786.4 1813.2 1728.0 1720.3 1795.4 1782.1 1762.2
+ Eff. Inl. Post 52.6 69.4 73.8 97.3 99.9 82.9 103.4 102.1 90.6 109.6 103.1 106.2 108.7 101.7 100.1 108.0 107.6 107.1

HPM 7.7 9.5 9.5 11.9 11.5 10.2 14.6 14.3 12.7 15.2 14.6 14.3 15.0 14.2 14.6 14.7 14.8 14.8
ADV 14.1 15.9 16.6 19.9 21.0 18.5 22.1 21.4 20.6 22.9 21.8 23.0 23.2 21.9 21.6 22.8 22.5 22.3
PGM 17.8 18.9 18.7 19.8 20.7 19.5 20.7 20.7 20.4 21.3 21.0 21.1 20.9 20.6 20.7 21.0 21.2 20.7

Ours 7.9 9.6 9.9 12.2 12.0 10.5 13.6 13.4 12.7 14.3 13.9 13.5 15.2 14.4 14.2 15.1 14.8 14.6
+ Eff. Inl. Post 8.2 10.6 11.1 13.7 13.6 12.0 15.6 15.3 14.3 16.4 15.7 15.5 17.1 16.0 15.8 16.8 16.2 16.1

Table 4. Verification accuracy and efficiency
measured on the Paris6k dataset using a vo-
cabulary of 20k words.
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mAP [%]

Pure Retrieval 68.5 56.9 52.1 51.5 47.6 45.8 45.2 44.2

FSM Aff 74.2 65.6 60.6 61.7 58.1 56.6 55.9 54.9
+ Eff. Inl. Eval 74.4 65.6 60.6 61.7 58.0 56.5 55.9 54.8
+ Eff. Inl. Post 73.2 64.4 59.3 60.4 56.8 55.3 54.7 53.7

FSM-R Aff 74.1 65.4 60.5 61.6 58.0 56.5 55.9 54.7
+ Eff. Inl. Eval 74.1 65.2 60.3 61.3 57.7 56.2 55.5 54.4
+ Eff. Inl. Post 73.0 64.0 59.0 60.1 56.5 55.0 54.4 53.4

FSM Sim 73.9 65.2 60.2 61.3 57.6 56.2 55.6 54.6
+ Eff. Inl. Eval 73.8 65.1 60.0 61.2 57.5 56.0 55.4 54.4
+ Eff. Inl. Post 72.6 63.8 58.7 59.8 56.3 55.0 54.3 53.2

FSM-R Sim 73.5 64.9 59.8 60.9 57.3 55.9 55.3 54.4
+ Eff. Inl. Eval 73.4 64.8 59.7 60.8 57.1 55.7 55.0 54.2
+ Eff. Inl. Post 72.2 63.4 58.3 59.5 56.0 54.6 54.0 52.8

HPM 68.7 58.4 52.9 53.8 50.1 48.7 48.1 47.2
ADV 67.2 56.3 53.9 55.3 51.7 50.2 49.3 48.3
PGM 67.1 55.4 50.5 48.9 45.5 43.8 43.2 42.3

Ours 73.0 63.7 58.6 59.6 56.0 54.7 54.0 53.0
+ Eff. Inl. Post 73.1 63.8 58.8 60.1 56.4 55.0 54.3 53.3

Runtime [s]

FSM Aff 145.0 223.6 234.9 224.1 282.3 309.7 341.2 349.4
+ Eff. Inl. Eval 1815.1 2396.9 2530.6 2500.3 2747.4 2776.0 2875.6 3002.9
+ Eff. Inl. Post 145.6 223.7 235.3 224.8 285.5 310.8 344.2 352.6

FSM-R Aff 78.3 128.6 135.0 126.7 151.2 165.8 182.0 185.7
+ Eff. Inl. Eval 1367.1 1697.9 1834.5 1746.6 1896.4 1932.2 1981.0 2021.5
+ Eff. Inl. Post 79.2 129.9 136.6 128.2 153.7 168.3 185.0 188.4

FSM Sim 143.5 218.8 230.6 218.6 284.0 306.2 334.1 343.2
+ Eff. Inl. Eval 1827.4 2422.3 2539.5 2528.2 2792.4 2789.7 2888.0 3031.2
+ Eff. Inl. Post 144.1 220.2 231.2 220.2 285.4 308.6 339.8 347.1

FSM-R Sim 75.9 123.6 130.0 121.2 147.4 160.3 173.6 177.6
+ Eff. Inl. Eval 1366.3 1693.0 1829.3 1737.2 1892.9 1920.8 1966.0 2005.7
+ Eff. Inl. Post 76.9 125.0 131.8 123.0 150.3 162.7 176.4 180.3

HPM 8.6 12.5 15.0 13.4 17.4 17.7 18.5 18.8
ADV 16.3 21.1 22.8 21.6 25.4 26.6 27.6 28.0
PGM 22.4 24.2 24.8 25.0 26.1 26.6 27.1 27.8

Ours 9.3 13.1 15.7 13.6 17.3 18.4 19.5 19.8
+ Eff. Inl. Post 9.8 14.4 17.4 15.1 19.3 20.6 21.8 22.2

Table 5. Verification accuracy and ef-
ficiency measured on our new World5k
dataset using a vocabulary of 20k words.
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Pure Retrieval 94.8 87.8 88.4 85.4 84.5 84.1

FSM Aff 97.8 94.1 95.2 93.1 92.4 92.2
+ Eff. Inl. Eval 97.6 94.0 95.2 93.1 92.4 92.1
+ Eff. Inl. Post 97.1 93.4 94.6 92.5 91.8 91.5

FSM-R Aff 97.7 94.0 95.2 93.1 92.4 92.1
+ Eff. Inl. Eval 97.4 93.8 94.9 92.8 92.2 91.9
+ Eff. Inl. Post 96.9 93.1 94.4 92.2 91.6 91.3

FSM Sim 97.7 94.0 95.1 93.0 92.4 92.1
+ Eff. Inl. Eval 97.6 93.9 95.1 92.9 92.3 92.0
+ Eff. Inl. Post 97.0 93.3 94.5 92.4 91.8 91.5

FSM-R Sim 97.5 93.8 95.0 92.8 92.2 91.9
+ Eff. Inl. Eval 97.3 93.6 94.8 92.7 92.0 91.8
+ Eff. Inl. Post 96.8 93.1 94.3 92.2 91.5 91.3

HPM 92.9 87.4 88.2 86.0 85.3 85.0
ADV 90.8 77.9 79.2 76.1 74.9 74.3
PGM 93.8 86.3 86.1 83.3 82.5 82.0

Ours 96.4 92.3 93.3 91.3 90.7 90.4
+ Eff. Inl. Post 96.3 92.3 93.4 91.3 90.7 90.5

Runtime [s]

FSM Aff 1056.3 1939.3 1787.9 2320.6 2520.9 2708.6
+ Eff. Inl. Eval 17921.0 25481.0 24010.0 26954.8 27758.7 28482.6
+ Eff. Inl. Post 1059.4 1947.3 1794.0 2334.1 2542.2 2742.2

FSM-R Aff 570.0 1146.6 1051.3 1306.0 1421.4 1490.0
+ Eff. Inl. Eval 13560.9 18038.3 17125.0 18657.7 19023.4 19352.0
+ Eff. Inl. Post 576.1 1156.2 1060.3 1323.2 1436.2 1522.0

FSM Sim 1040.9 1918.5 1766.6 2364.3 2527.8 2694.6
+ Eff. Inl. Eval 18097.0 25675.6 24188.3 27230.4 28026.4 28741.6
+ Eff. Inl. Post 1046.1 1928.3 1775.6 2385.7 2546.2 2723.1

FSM-R Sim 547.2 1100.0 1006.0 1279.3 1373.2 1435.0
+ Eff. Inl. Eval 13576.6 17941.0 17041.0 18595.3 18944.4 19263.3
+ Eff. Inl. Post 554.2 1110.1 1015.6 1296.7 1389.9 1464.1

HPM 50.0 88.4 83.2 126.8 130.9 136.9
ADV 101.5 150.4 139.3 172.3 175.8 183.9
PGM 90.3 118.0 112.8 131.6 135.8 140.6

Ours 51.8 94.2 93.8 121.3 149.4 126.0
+ Eff. Inl. Post 57.2 106.4 107.7 143.4 172.7 147.4
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Table 6. Verification accuracy and efficiency measured on the Oxford5k dataset us-
ing a vocabulary of 1M words. The best , second-best , and third-best results are
highlighted for each column.
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Pure Retrieval 74.8 65.4 63.4 60.0 59.2 59.2 57.5 56.6 56.8 55.9 55.9 55.2 54.3 54.3 53.7 53.5 52.2 51.7

FSM Aff 77.2 71.1 68.8 66.4 67.0 67.6 64.8 65.3 65.7 64.5 64.7 65.3 63.3 63.4 64.0 63.7 62.6 62.2
+ Eff. Inl. Eval 77.3 71.8 70.0 67.6 68.2 68.8 66.3 66.8 67.2 66.0 66.1 66.8 64.9 64.9 65.7 65.2 64.3 63.9
+ Eff. Inl. Post 77.2 71.5 69.4 67.0 67.6 68.2 65.6 66.1 66.5 65.3 65.4 66.1 64.2 64.2 65.0 64.5 63.5 63.2

FSM-R Aff 77.2 71.1 68.8 66.4 67.0 67.6 64.8 65.3 65.7 64.5 64.7 65.3 63.3 63.4 64.0 63.7 62.6 62.2
+ Eff. Inl. Eval 77.4 71.8 70.0 67.5 68.2 68.7 66.3 66.8 67.2 66.0 66.1 66.8 64.9 64.9 65.7 65.2 64.3 64.0
+ Eff. Inl. Post 77.2 71.6 69.4 67.0 67.5 68.1 65.7 66.0 66.5 65.3 65.4 66.0 64.2 64.2 65.0 64.4 63.5 63.3

FSM Sim 76.6 70.6 68.3 65.9 66.5 66.9 64.2 64.6 65.1 64.0 64.2 64.8 62.7 62.8 63.4 63.2 62.1 61.8
+ Eff. Inl. Eval 76.9 71.2 69.5 66.9 67.6 68.2 65.6 66.1 66.7 65.3 65.5 66.2 64.3 64.4 65.0 64.6 63.7 63.4
+ Eff. Inl. Post 76.7 70.9 68.9 66.2 66.9 67.6 64.8 65.3 65.9 64.5 64.7 65.3 63.4 63.4 64.1 63.7 62.8 62.6

FSM-R Sim 76.6 70.5 68.2 65.8 66.4 66.9 64.1 64.6 65.1 63.9 64.1 64.7 62.7 62.8 63.4 63.2 62.1 61.8
+ Eff. Inl. Eval 76.9 71.2 69.5 66.9 67.5 68.2 65.6 66.1 66.6 65.3 65.5 66.1 64.2 64.3 65.0 64.6 63.6 63.3
+ Eff. Inl. Post 76.7 70.8 68.9 66.2 66.8 67.6 64.7 65.2 65.8 64.4 64.7 65.3 63.3 63.4 64.0 63.6 62.7 62.5

HPM 72.8 63.6 61.3 57.9 57.9 58.1 56.0 56.0 56.2 55.2 55.1 55.1 54.1 54.0 54.0 53.7 52.8 52.5
ADV 75.8 70.0 67.8 65.3 65.5 66.5 63.7 63.9 64.7 63.4 63.7 63.9 62.2 62.5 62.7 62.6 61.6 61.2
PGM 74.8 64.7 62.2 58.8 58.6 58.1 55.6 55.7 55.5 54.6 54.3 54.3 52.7 52.5 52.6 52.1 50.7 50.2

Ours 76.8 70.5 68.1 65.5 66.2 66.4 63.7 64.2 64.4 63.4 63.4 64.0 62.0 62.1 62.7 62.3 61.1 60.8
+ Eff. Inl. Post 77.2 71.6 69.9 67.2 68.0 68.4 66.0 66.5 66.8 65.6 65.6 66.3 64.4 64.4 65.2 64.6 63.7 63.3

Runtime [s]

FSM Aff 25.9 27.9 40.8 44.5 44.5 43.5 52.1 52.9 52.1 53.6 54.8 52.0 53.6 53.8 56.2 55.5 54.1 54.8
+ Eff. Inl. Eval 173.4 184.3 199.3 232.9 228.1 213.6 238.2 236.7 222.5 249.5 241.0 238.2 252.6 245.1 245.4 252.6 257.8 258.1
+ Eff. Inl. Post 23.3 27.5 41.2 45.4 45.2 43.3 52.0 52.9 52.3 54.6 53.5 53.8 54.6 54.8 56.5 54.5 55.3 56.0

FSM-R Aff 2.5 2.9 3.7 4.3 4.2 4.1 5.1 5.1 5.2 5.3 5.4 5.4 5.6 5.5 5.6 5.7 5.9 6.1
+ Eff. Inl. Eval 87.2 100.3 112.6 142.9 138.8 123.6 148.2 145.6 131.8 157.4 150.2 147.7 161.0 154.1 152.7 161.8 165.4 165.6
+ Eff. Inl. Post 2.6 3.0 3.9 4.6 4.4 4.3 5.5 5.6 5.4 5.7 5.6 5.6 6.0 6.0 6.0 6.1 6.3 6.6

FSM Sim 25.2 30.1 44.3 48.4 48.4 47.8 56.8 57.0 57.3 58.5 57.7 57.8 58.9 59.4 61.2 58.9 59.5 60.1
+ Eff. Inl. Eval 180.6 192.2 208.6 241.3 235.9 221.2 247.9 244.9 231.8 258.5 249.9 245.9 262.0 255.3 253.9 260.8 266.3 265.5
+ Eff. Inl. Post 25.3 30.2 44.6 48.8 48.5 48.2 57.3 58.0 57.8 59.6 58.8 58.8 59.6 60.9 61.3 61.1 60.7 61.6

FSM-R Sim 2.4 2.7 3.5 4.1 4.0 3.9 4.8 4.9 4.9 5.2 5.0 5.1 5.4 5.3 5.4 5.5 5.6 5.8
+ Eff. Inl. Eval 86.4 99.6 111.8 141.9 137.5 122.2 146.6 144.3 130.6 156.2 148.7 145.6 159.9 153.0 151.5 160.1 164.0 164.1
+ Eff. Inl. Post 2.5 2.8 3.7 4.4 4.2 4.1 5.2 5.2 5.3 5.5 5.3 5.5 5.8 5.7 5.8 5.9 6.3 6.3

HPM 0.6 0.5 0.7 1.0 0.9 0.8 1.0 1.0 0.8 1.1 1.0 0.9 1.0 0.9 1.0 1.0 1.0 1.3
ADV 0.9 1.1 1.3 1.8 1.7 1.6 2.0 2.0 1.8 2.3 2.0 2.1 2.4 2.3 2.3 2.4 2.5 2.5
PGM 14.8 11.4 11.6 12.4 12.3 12.5 12.1 12.1 11.9 11.8 12.0 11.8 12.0 12.1 12.3 12.0 11.8 11.8

Ours 0.8 0.6 0.7 1.0 0.9 0.8 1.1 1.1 1.0 1.2 1.2 1.1 1.3 1.2 1.2 1.4 1.4 1.4
+ Eff. Inl. Post 0.8 0.7 0.8 1.1 1.0 0.9 1.2 1.2 1.1 1.4 1.3 1.2 1.4 1.3 1.4 1.5 1.5 1.6

Table 7. Verification accuracy and effi-
ciency measured on the Paris6k dataset
using a vocabulary of 1M words.
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Pure Retrieval 70.2 60.1 55.5 54.0 50.7 49.0 48.1 47.8

FSM Aff 72.2 64.5 60.1 59.6 56.9 55.7 55.2 54.9
+ Eff. Inl. Eval 72.4 64.9 60.6 60.1 57.5 56.3 55.7 55.4
+ Eff. Inl. Post 72.1 64.6 60.0 59.6 56.9 55.6 55.0 54.9

FSM-R Aff 72.2 64.5 60.1 59.6 56.9 55.7 55.2 54.9
+ Eff. Inl. Eval 72.3 64.7 60.4 59.9 57.3 56.1 55.5 55.2
+ Eff. Inl. Post 72.0 64.5 59.8 59.4 56.7 55.4 54.9 54.7

FSM Sim 72.0 64.0 59.7 59.3 56.6 55.4 54.9 54.5
+ Eff. Inl. Eval 72.1 64.4 60.1 59.8 57.0 55.8 55.3 54.8
+ Eff. Inl. Post 71.9 64.0 59.5 59.2 56.5 55.2 54.7 54.3

FSM-R Sim 71.9 63.9 59.6 59.2 56.5 55.2 54.7 54.3
+ Eff. Inl. Eval 72.0 64.2 59.9 59.6 56.9 55.7 55.1 54.6
+ Eff. Inl. Post 71.8 63.8 59.3 59.0 56.2 55.0 54.5 54.0

HPM 70.0 60.5 54.8 54.4 50.9 49.5 48.8 48.5
ADV 69.4 61.9 58.5 58.3 55.7 54.3 53.8 53.4
PGM 69.9 59.7 54.7 53.1 49.8 48.0 47.3 46.9

Ours 71.5 63.4 58.6 58.2 55.5 54.4 53.8 53.6
+ Eff. Inl. Post 72.0 64.3 59.7 59.3 56.7 55.5 54.9 54.6

Runtime [s]

FSM Aff 35.9 46.9 59.6 57.9 80.4 84.5 86.2 88.7
+ Eff. Inl. Eval 324.6 415.1 432.6 434.0 492.5 529.0 540.1 581.0
+ Eff. Inl. Post 35.9 47.2 60.2 58.8 81.7 84.2 88.1 89.9

FSM-R Aff 6.4 8.6 10.0 10.2 13.6 15.6 15.4 16.7
+ Eff. Inl. Eval 181.1 243.2 285.0 286.9 335.2 366.4 375.6 386.6
+ Eff. Inl. Post 6.6 8.9 10.4 10.6 14.2 16.1 16.4 17.6

FSM Sim 38.8 46.8 64.3 62.2 86.6 87.1 92.1 87.6
+ Eff. Inl. Eval 361.2 440.7 468.4 471.2 530.3 561.9 575.1 603.0
+ Eff. Inl. Post 39.2 48.4 64.6 63.1 88.3 88.9 91.0 88.5

FSM-R Sim 6.3 8.3 9.6 9.8 13.2 14.8 14.9 16.1
+ Eff. Inl. Eval 178.3 241.2 280.2 283.8 331.0 361.9 370.7 381.3
+ Eff. Inl. Post 6.5 8.6 10.1 10.3 13.9 15.6 15.7 17.0

HPM 1.1 1.3 1.4 1.5 2.0 2.4 2.4 2.7
ADV 2.0 2.7 3.2 3.1 4.3 4.9 5.2 5.3
PGM 15.5 15.1 15.1 14.9 15.0 15.7 15.5 15.3

Ours 1.0 1.4 1.7 1.7 2.4 2.8 2.9 3.1
+ Eff. Inl. Post 1.2 1.7 2.1 2.1 2.7 3.2 3.1 3.5

Table 8. Verification accuracy and ef-
ficiency measured on our new World5k
dataset using a vocabulary of 1M
words.
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Pure Retrieval 97.4 93.0 93.3 91.0 90.3 89.9

FSM Aff 98.1 95.8 96.5 95.2 94.9 94.8
+ Eff. Inl. Eval 98.1 95.9 96.7 95.4 95.1 95.0
+ Eff. Inl. Post 98.0 95.6 96.4 95.0 94.7 94.5

FSM-R Aff 98.1 95.8 96.5 95.2 94.9 94.8
+ Eff. Inl. Eval 98.1 95.8 96.6 95.3 95.0 94.9
+ Eff. Inl. Post 97.9 95.5 96.3 94.9 94.6 94.4

FSM Sim 98.1 95.7 96.5 95.1 94.8 94.6
+ Eff. Inl. Eval 98.1 95.9 96.7 95.3 95.1 94.9
+ Eff. Inl. Post 97.9 95.4 96.3 94.8 94.5 94.4

FSM-R Sim 98.0 95.6 96.4 95.0 94.7 94.6
+ Eff. Inl. Eval 98.0 95.8 96.6 95.2 94.9 94.8
+ Eff. Inl. Post 97.9 95.3 96.2 94.7 94.4 94.2

HPM 96.6 92.1 92.4 90.7 90.2 89.9
ADV 97.9 95.1 95.7 94.2 93.9 93.8
PGM 97.0 91.8 91.7 89.4 88.7 88.1

Ours 97.8 95.1 95.6 94.3 94.0 93.9
+ Eff. Inl. Post 97.8 95.3 96.0 94.8 94.5 94.3

Runtime [s]

FSM Aff 197.3 292.2 282.7 374.3 382.1 383.1
+ Eff. Inl. Eval 2709.5 3543.6 3465.8 3879.3 4067.2 4185.8
+ Eff. Inl. Post 197.9 300.4 289.0 385.3 392.3 396.1

FSM-R Aff 38.3 61.4 61.3 85.6 91.5 93.6
+ Eff. Inl. Eval 1312.7 2079.1 2007.9 2356.2 2508.8 2599.1
+ Eff. Inl. Post 39.7 64.6 64.2 89.9 96.2 98.6

FSM Sim 216.9 322.8 309.9 418.8 423.0 420.4
+ Eff. Inl. Eval 2874.7 3702.7 3618.0 4032.9 4221.9 4332.6
+ Eff. Inl. Post 218.6 331.8 318.2 432.1 436.3 440.4

FSM-R Sim 37.9 59.4 59.3 82.8 88.3 90.7
+ Eff. Inl. Eval 1303.7 2055.8 1986.7 2325.2 2475.3 2563.4
+ Eff. Inl. Post 39.4 62.7 62.4 87.4 93.8 95.8

HPM 6.4 9.7 9.8 12.0 12.7 13.5
ADV 14.8 22.2 21.6 27.4 29.1 33.1
PGM 44.8 45.5 45.4 46.9 48.3 48.9

Ours 6.3 11.0 10.6 13.2 13.9 15.0
+ Eff. Inl. Post 7.6 13.4 13.1 15.6 16.3 17.3


