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OpenFABMARP: An Open Source Toolbox for Appearance-hsed
Loop Closure Detection

Arren Glovel, Sudent Member, |EEE, William Madderr, Sudent Member, |EEE, Michael Warre|,
Stephanie Reid, Michael Milfordlember, IEEE, and Gordon Wyethylember, IEEE

Abstract— Appearance-based loop closure techniques, which Options; allowing location revisiting; and perfomgi the
leverage the high information content of visual imges and can likelihood calculation using a look-up table. Weegent
be used independently of pose, are now widely usedrobotic  results from OpenFABMAP’s application to a numbér o
applications. The current state-of-the-art in the feld is Fast garied research projects including ground-basedpnay3-

Appearance-Based ~Mapping (FAB-MAP) having been g, = oiai manping and temporal (rather than spatia
demonstrated in several seminal robotic mapping exg@iments.

In this paper, we describe OpenFABMAP, a fully opersource  MappIing. _ _
implementation of the original FAB-MAP algorithm. Beyond The paper proceeds as follows. In Section Il wevigle a
the benefits of full user access to the source cqde brief general background on FAB-MAP and the advgeda
OpenFABMAP provides a number of configurable optios of open source software, and then describe the FMAB:

including rapid codebook training and interest poirt feature system in more detail. The new open source sys&m i
tuning. We demonstrate the performance of OpenFABMA on described in Section Ill, with details on the aidial

a number of published datasets and demonstrate the . . id h ion eif tw
advantages of quick algorithm customisation. We pent ©OPUONS It provides users, such as generation n

results from OpenFABMAP’s application in a highly varied — codebooks and tuning of interest point detectorsuibtheir

range of robotics research scenarios. application. Section IV presents the application of
OpenFABMAP in a wide variety of new applications
I. INTRODUCTION illustrating the potential use of an open sourcpeapance-

APPEARANCEBASED localization  techniques have matching tool. The paper concludes in Section Vhwit
advanced rapidly over the past decade. Approach@iscussion and an outline of future work.

such as Fast Appearance-Based Mapping (FAB-MAP¥ hav

been demonstrated mapping large, challenging Il.  BACKGROUND

environments. Notable experimental successes iacthd A brief background on the evolution and use of R¥BP
mapping of a 1000 km journey through England [1§l @n is given before a more detailed explanation ofaigerithm
142 km journey using stereo data and bundle adpr#tfi2]. is presented.

However, with a few exceptions [3] most of the fea
results using FAB-MAP have been achieved “in-housg”
researchers associated with the original system.

To facilitate use by other research groups, thators
released a set of binaries in 2009 with two visu
vocabularies, one for outdoor urban environments @me
for indoor environments. However, FAB-MAP has netb
fully “open sourced” as of this writing. Working lgnwith
binaries and the provided visual vocabularies impos
significant restrictions on the usability acrossvide range
of applications such as those detailed in this pape

A. Appearance-based Loop Closure

A common problem in metric SLAM is the detection of
loop closure events [6]. Recently more attentios baen
faid to using appearance-based approaches to inform
potential loop closures. As the appearance of amesés
independent of the pose and error estimate, theshoals
can potentially provide a solution which allows poo
closures to be quickly and robustly informed.

The current state-of-the-art in appearance-basegp lo
closure detection is FAB-MAP, which is inspired lgg-of-

In this paper we describe OpenFABMAP, a new fully/ords image recognition systems [7] and employsrang
open source implementation of the FAB-MAP algorithmBayesian framework. Most recently the state-ofdtiein
The known implementation differences  betweerin€ field, FAB-MAP, has demonstrated loop closunesery
OpenFABMAP and the FAB-MAP binaries are discussed, large trajectories (over 1000|_<m) with r_es:all rasmfl(:len_t
well as the novelties of OpenFABMAP: the optionsif- [Of coherent maps at high precision [1]. Various
generate the training structures; providing muttigetection IMProvements and advancements on the original itgor

have been made to get to this point; FAB-MAP was

" . ed S ber 16. 2011 This weak J introduced in smaller urban areas using mobile 1K6].
part g;uti?%tugf;:\;ﬁ ReiZSr?h eCroun‘cil under £®v1yery Im?gcotrtgra;]q Algo”thm §peed-ups W.ere introduced to perform apm
DP0987078 and a Special Research Initiative on Kign Systems constant time [8] and in larger datasets [1]. Geoyneas
TS0669699. introduced in the bag-of-words model to increasecision
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then used to form more complete SLAM systems [1@],[  the prior knowledge of how common a given featsrimithe
FAB-MAP has shown state-of-the-art performanceenvironmentp(e):

however since its first publication in 2007, the sno Pz e =1)p(g =1
exemplary results have been mainly achieved bgréators. pe =1L) = S 16 =5)pE =) ®3)
The authors have made FAB-MAP publically availabie S PAlamIPE =S

binary or executable format which can be instakhed run 3) Data Association

with ease on Windows and Linux systems. Wh_|Ie SOme e probability of matching to locatioh; given all
comparisons have been made to FAB'MAP using the%‘f)servationQ“, which includes the current observatignis
binaries [12-14] as they cannot be recompiled fepurce . . .
they are inflexible for use in less than typicaliations. calculated using recursive Bayes:
In recent times open sources projects have becoare m p(Z, L ,Z"‘l)p(Li |Z* )
P(Z, 127

successful. Projects in robotics and computer misioch as
where the prior probability of a locatiop(Li|ZY) is

OpenCV [15], the Robot Operating System (ROS) [A&d
OpenSURF [17] are widely used throughout the raisoti ™ i ) _ )
community. Open-sourcing software encourages useStimated using a naive motion model which weights
through openly accessible code, and rapid developnas nelghbourhood Qf locations arou_npl prewously reczeggh
many parties are able to contribute to the projeae open locations more highly. The probability is normatizever all
source implementation introduced in this paper Wiest ~Observation likelihood calculations.

used in [3] and was consequentially published na-linder ~_4) Estimation of the Full Probability Distribution
GNU-GPL license in June 2011. As at the time of thi |N€accuracy of FAB-MAP is significantly improvedes
publication, it is the only fully functional openowrce @& Naive Bayesian approach by modelling the depeeden

p(L; 12") = (4)

version of the algorithm available. feature co-occurrence in the environment. For exemp
_ single window frame will produce several differdeatures
B. The FAB-MAP Algorithm and the high co-occurrence can be captured in ditoomal

Here we present the main algorithms that drive FABprobability. When matching observations to locagievhich
MAP. A more in depth description can be found ihd6d have these features, the likelihood will be expoiadp
[8]. OpenFABMAP has been designed by implementirgg t higher when all features are detected (the complatdow),
content of the above publications and thus the corather than only a partial set. The full distriloutiof feature
algorithms of both implementations use the samensei. co-occurrence is estimated using a Chow-Liu deperyde

1) Bag-of-Words tree which is calculated-priori, off-line from training data.

FAB-MAP matches the appearance between the currefthte Chow-Liu algorithm forms a minimum spanningetre
visual scene and a past location by representiagrithge which maximizes information entropy. The likelihood
with bag-of-words techniques [7]. An appearancestias calculation is estimated as:
feature detector is used to find interesting poimtsthe _ M
image and represent the appearance of the lodahreging PZiIL) = P IL)[]qa P24 125,: 1) ®)

a 64 or 128 dimensional vector. The detection looais where the probability of observing is dependent on the
discarded and each feature is matched to a ligtmfori  single parent observatia, andz is the root node of the
generated words dubbed a ‘codebook’. The codebsok Chow-Liu tree.
generated by clustering a large amount of featunesacted 5) Location Generation
from a training dataset, to form a finite list (comnly FAB-MAP generates a list of visited locatioff§" as new
thousands) of ‘general’ appearances often enccenhierthe observations of the environment are made. The pititya
environment. The observatiod, of the image at tim& is  that the current observation comes from a previousl
then reduced to a binary vector, indicating theebmbk unvisited location is also calculated, which proesot
words which are present in the image. mapping rather than solely performing localizatiorhe
Z, :{le---'%v\} (1) ‘new location’ probability is calculated as Equatid is
normalized over all currently mapped locations a4 as all
codebook sizév] is possible unmapped locations. Since the latter datweo
) directly evaluated, it is estimated by samplingaadom

2) L°C?‘“°” Represa tation selection of observations from training data:
Locations in space are represented as they aré

where the individual observation of codebook waradf

encountered by the probability the physical objgdh the 2y~ et < P L) 6
environment that produced the visual featrris present at nmzﬁp(zk 1Py 1275 =Ll )E (©)
locationL for each visual feature in the codebook. where Ly is the fixed prior probability of being at a new

{p(e =1Ly)..... p(8, = 1| L)} (2)  location,L, is a sampled location and is the total number
where each individual observation probability igireated °f Samples.

6) Fast Bail-out

lling the reliability of f iqu(z Lo . .
by modeliing the reliability of feature detectigp(zfe), and The calculation time i©(n) with the number of locations



that have been encountered. To reduce the caloultithe input is a collection of images, one for each ptalsi
when a large number of locations exist, the fast-da#g location. Each sequential image is then added lasadion
technique is employed. The likelihood calculatios iin 2! as it is encountered, even if a strong match wadem
performed for all locations in parallel, allowinglikely to a previous location.

locations to be discarded before the entire cdlicuiais OpenFABMAP incorporates location revisiting: an iJBa
complete. The decision to discard a match occumnvthe s only added to the list of locations if the maalm
probablllty that the discarded location becoming:)e[ter' probabiiity match was generated from an unmapped
match than the current best location falls belothrashold, |ocation, as per Equation 6. Alternatively a thaddhcan be
typically as small as 1 x T0The required margin betweenset to add new frames at a fixed probability.

the two partial likelihood calculations is eStlmﬁ.ﬂ’Slng the A Significant advantage of revisiting is the a[y”to use
Bennett Inequality which uses bounds on the maximufigh frame rate datasets. As sequential frames lovilk

value and variance of the remaining calculatioes, [8]. similar to the frames directly prior, a new locatiwill not
be added until a frame is encountered that loaksifetantly
ll.  OPENFABMAP different. The sub-sampling that would otherwise be

The OpenFABMAP algorithm was based only orrequired to use such a dataset is automated witién
published FAB-MAP theory and inherently there wile system. It is more robust than a fixed sub-samgte as the
implementation differences. This section reportsmao appearance itself directly informs the required glamate.
known added functionality available with OpenFABMAP When not using location revisiting (as in the ar@i
and the known differences which may affect perforoea FAB-MAP binaries), the number of re-traversals afieen
The original FAB-MAP algorithm is available in exgable area is limited. When a new image is encounteres th
format (Linux, Mac and Windows) and codebooks arebservation must be added as a new location, whithh
provided for both indoor and outdoor scenarios. then be compared to all following observations. There

: locations recorded that are observations of theedanation,

A System Requirements the harder it is to make a strong match, as magh hi

OpenFABMAP can be checked-out via SVN, Oljkelihoods of matching result in lower probabiiéi after
downloaded from the project home-pageihey are normalised.

http:/code.google.com/p/openfabmafhe core computer  4) Fast Look-up Likelihood

and vision functionality is driven using OpenCV [1&nd Given the representation of a location does nonhgea
other open source projects [17]. The implementati®n after it is made (which is true even when usingatimm
written in C++ with a C-Make build environment COﬂhib'e revisiting), the portion of the likelihood calcula
with Windows and Linux systems. (Equation 5) considering the representationLpfis only
B. Additional Operation Modes depe_ndent on_the observati(_zn tr_lat_was mad_e at that
location (Equation 3). The entire likelihood caktibn then
only depends on the three values, 7, and z. The
Igalculation of the location likelihood can be pmvputed
for each combination of these variables, for eaokdvin the
codebook, given the codebook and Chow-Liu treefizesl.
Using a look-up table for this calculation has shoto
increase calculation speed by an order of magnitude

The performance with which the algorithm will rus i . . .
. - While this approach cannot be used for calculations
dependent on the training data used. If the trgidiata does . . ) S
involving the mean field approximation, or any atbastom

not represent the operation environment results arrg resentation not directly formed from a sinalar-bé
compromised. While the FAB-MAP binaries are locked b . y for SINgiey

- words observation, the majority of calculations dake
only 2 training data sets, OpenFABMAP comes eqLdppeadvanta e of this speed boost
with the ability to generate Codebook and Chow-+raes to 9 P '

model any environment. C. Known Implementation Differences

2) AVariety of Feature Detection Methods . The fast bail-out method as described in [8] uses a

The performance of a system is only as good ainfhé  compination of bisection and Newton-Raphson methods
data is reliable. Different interest point detestdnave computed at intervals of 10 features, to numegcabive
different  performance in different  environmentsihe Bennett Inequality. In contrast, OpenFABMAResis
OpenFABMAP allows users to choose and tune thgyy the bisection method calculated at intervals teature.
detection algorithm, using the variety availabledpenCV, —\yhile the OpenFABMAP fast bail-out implementation
including SURF, STAR and MSER. In addition it is@! jncreases computation speed over the full calaniatt may
possible to view the detection results to verifps@nable ot pe as efficient as the original FAB-MAP fastiloait
feature detection is occurring. implementation.

3) LocationRevisting = _ The OpenFABMAP implementation employs only a mean
The available FAB-MAP binaries assume that the alisu

By being open source users can easily alter orangpthe
code to perform more specific functionality, or dngorate
the algorithms into a larger system. The OpenFABMA
implementation also has additional operation modes
available in the binary version of FAB-MAP.

1) Codebook and Chow-Liu Tree Generation



field approximation to estimate the probabilitytbé current map failure. As perhaps one of the only metricslaigke to
observation coming from an unvisited location. Thean compare implementations, the reported recall at%d00
field (as described in [6]) replaces Equation @ngis precision on this dataset is used. Both OpenFABM2AH
1y = and FAB-MAP [18] report similar recall rates ofgditly less
%p(zk IL)P( 127 =Pz | gvg)p(anlzk ) ™ than 10%. However, as analysis techniques mayrditfiés
to calculate the probability of an unknown locatievhere comparison may not be valid.

Lag is a single location which represents the ‘avérag FAB-MAP: 100% Precision

appearance of all locations. 40
The latest release of FAB-MAP, FAB-MAP 2.0, which PR TN ——
boosts speed and precision when processing vege lar Uﬂ"w |
datasets, is not, as of yet, included in the ctirvension of NS — "33"'
the OpenFABMAP toolbox. 201 e

y (m)

IV. APPLYING OPENFABMAP
A range of different appearance-based mapping aog |

40} . e )/' 1

-60

closure scenarios are presented. The datasetsnvagyms 80| :

of the environment and data capturing methods. &xtet 100l X _J.J
use of the algorithms varies with application. Ground Truth =
OpenFABMAP has been used to quickly train codebmudk -120 True Positive | R ]
Chow-Liu trees on specific environment types, piow = e

good |_00p closure results in each unique _S'tuatEaCh Fig. 2. The loop closures detected for OpenFABMAPthe New College
scenario has used OpenFABMAP to provide a resear¢hjataset at 100% precision [19]. The visual coisparof this image to

outcome, but for a different application. [18] shows similar results.

It is important to note that, with the exceptiontioé New B g [ucia Suburbs Dataset
College dataset, a comparison between the perfaenah .
. ) Th . L r her i
the original FAB-MAP algorithm and OpenFABMAP on e St. Lucia suburbs dataset was gathered usioga

h dataset Id not b de | bust and \I;?jgolution, forward facing web-cam attached to avdaich
each dataset could not be made In a Tobust and Wk 4 en through a series of streets to gathetah of 10

measured manner. The FAB-MAP binary does not permdtatasets at different times of day over the cowfsthree

testing under the same conditions as existed inother .
Lo weeks. GPS was used to evaluate mapping performance
applications of OpenFABMAP. : - ——_ Peng b )

A. New College Dataset

OpenFABMAP was used to map the New College 1
dataset as used in [18], previously mapped by tiginal
FAB-MAP algorithm. The dataset consisted of panacam
images (Fig. 1) collected on a mobile robot witlG®S (@ (b) . (o

round truth Fig. 1. A selection of scenes from the St. Lucisaset. highlighting the
g ’ . . . particular challenge of mapping between differémets of day. The same

OpenFABMAP was used as visual input for continuougcation at (a) 8:45am (b) 3:45pm and (c) 8:45apraximately 3 weeks
appearance-based trajectory SLAM (CAT-SLAM) [4]]19 later [3].

which demonstrated improved results over appearaniye  The data was somewhat different to that of the @kfo

SLAM by incorporating robust particle-based pos@ataset as the appearance of a scene could cheasgiealy

estimation. In this application the OpenFABMAP wag,yer the course of a day as lighting conditionsngea. The
altered to remove the fast bail-out approximatisnaahigh

accuracy of match probability was required over fuk
location distribution.

typical information provided by SURF extraction als
changed due to the reduced field of view and image
resolution.
In [3], OpenFABMAP was used to generate a

probabilistic location likelihood which formed tli@nt end
to the biologically inspired pose filtering of tRAT-SLAM
system. The amalgamation of the two algorithms igexV a
means to create coherent maps linking all 10 d&tgsee
Fig. 3), where the both algorithms failed when &apl
individually. While the underlying problem was slari to
the Oxford dataset test, the vastly different esrwinent and

Fig. 2 indicates the positive loop closures ofower resolution images (generating different SURF
OpenFABMAP at 100% precision. SLAM systems requirglescriptors) required new training data to effesgivmodel
100% precision as any false positives result imstedphic  the environment. At best, OpenFABMAP reported 16%

Fig. 1. An example image taken from the New Callégdataset. The high
resolution panoramic images provide high amountsfofmation.



recall at 100% precision between 2 of the 10 d&gasalues space, before performing a 3-D geometry check. &stal
on par with typical FAB-MAP results. loop closures were used to inform a pose-graphmigdtion
1000 : : of the entire scene.

The dataset again provided unique challenges duketo
environment. Typically, while flying over grassefiis, the
environment consisted of many self-similar featuvath
little variation in the scenery. Salient uniquetteas existed
only rarely in the dataset, as seen in Fig. 4. RABP is
designed to handle these conditions given the apiate
training data. The performance of the algorithm was
therefore highly dependent on the ability of OpeBRMAP
to customize on new training data. It was also ébtirat the
o o use of a different feature detector (OpenCV's STAR
400 — ‘ i i . ‘ j detector) further increased loop-closure perforreamt this

-1000  -B00 -600 -400 -200 ul 200 400 /OO 00
x ) dataset.

Fig. 3. The OpenFABMAP loop closures (red) whertamiag back to a D. Loop Closurein Time
map (blue) created using FAB-MAP/RatSLAM amalgaorabn data taken ) P ) )
three weeks earlier [3]. OpenFABMAP has been used for appearance matching in

new research addressing the problem of how robats c
develop an understanding of time in order to infapatial
navigation. OpenFABMAP is used to create ‘locatidhst
refer to atime rather than a place. The initial studies have
investigated whether appearance can then be usedaitse
back to a previous time of day, as in Fig. 5.

oot
500
acal
)&

ok

1)1 AP e

C. Aerial Mapping

-85

9:28 AM

Probability (Log Likelihood)

-105

RE ! | ! L L I L
SPM 8PM 11PM 2AM SAM BAM 11AM 2PM
Time

Fig. 5. The Log Likelihood PDF showing a strongtchafor the current
frame (taken at around 9:30) to frames in the 2etining dataset. Both the
‘new location’ and normalisation steps of FAB-MARem not needed for
this investigation.

jol [ msPse
FABMAP Links

. L L . L L , L
[ 50 00 180 200 250 300 30

(b)
Fig. 4. (a) The final structural map of the aedataset with reprojected
texture and (b) the OpenFABMAP links greater tha®90plotted on the
6DOF UAV odometry ground truth. Despite constargeggance similarity
OpenFABMAP rejected most of the incorrect matchEse few false
positives were discarded in a further check farcgtrral similarity.

OpenFABMAP was used within a vision-only geometric
SLAM system for airborne vehicles. The dataset isbed of
high resolution images of the ground plane takemfa low
flying UAV following a path of over 1.7km. The corepe : e
system developed simultaneous estimates of posethend Fig. 6. The static camera field of view for thenforal loop closure
reconstructed 3D scene using Structure from Mot ©xperiments using OpenFABMAP.
bundle-adjustment techniques. OpenFABMAP was used t OpenFABMAP provided a rapid and easily customizable
select hypothesis ‘loop-closure’ locations in appeee tool with which to conduct these experiments. Ralsrly




important was the ability to train a codebook thaited the of applications validates the toolbox as a veryfulse
nature of the experiments — in this case the mgidiatasets resource.
were taken entirely from one camera location (sige ), By presenting this paper to the robotics commumity
the very opposite of the normal training processF8B- hope to encourage the use of FAB-MAP in many ned an
MAP. novel robotics applications. In addition, we hopeatld to
E. Facilitating Comparison the growing amount of open source code availabfarther

' support state-of-the art research in robotics @hdrdields.

OpenFABMAP has also been used to facilitate rapid
comparison of novel localisation techniques to therent
state-of-the-art of the FAB-MAP algorithm. In onggi
work by Milford et al [5], the focus is on mappinaf
relatively low quality camera footage from enviroems
under significantly varying environmental conditsocaused
by day-night and seasonal cycles (Fig. 7). OpenFABM
was used to rapidly train codebooks on data that mvare
representative of the environmental changes, antti¢hen
be used to validly compare performance with othapping
algorithms.

(1]

(2]

(3]

[4]

(5]

e [6]
'#a’

(71

Fig. 7. Datasets with changes caused by seaspns [5

V. DISCUSSION
(8]

We described a wide variety of applications in khic
OpenFABMAP has been used, despite its relativetgme
release. The ease of use and simple customisabflithe
complex algorithms makes this a useful tool foresesh in
many applications which require robust visual imaggdl
matching.

The utility of customisable calculation processesl a [11]
output can be particularly seen in the temporalchiag
study. The appearance domain was interestinglyerifit

[9]

12
than typical robotics scenarios due to the gatlgeahthe (2
dataset on a stationary camera. As the appearattéotv
variance, a novel environment model was requirddo A& [13]

‘new location’ measure was not required as onlalisation
within the previous day was performed. The fundldn
could easily be achieved by compiling an executdhle 14!
which the base function calls to the matching athors

were customised as required. [15]
The ability to incorporate FAB-MAP style matching a
larger system is easily done using OpenFABMAP a%ﬁ]
demonstrated in both the ground mapping scenaridstze
aerial mapping. The software can also be used staral- [17]
alone tool for quick comparison with the statetod-tart, in a 18]

SLAM domain as presented, or in many other situatio
Incomplete knowledge of both implementation and

analysis methods, combined with the limited runmmgdes

of the original FAB-MAP binaries, made a direct

performance comparison to OpenFABMAP invalid.

However, the high-quality results obtained in thdewange
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