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Abstract—This paper shows that it is possible to produce
safety knowledge by mining Automatic Dependent Surveillance-
Broadcast (ADS-B) data. The methodology combines exceedance
detection and anomaly detection techniques to identify anomalous
safety events in approach flights. One of these events is unstable
approaches, which are identified with a rule-based algorithm
and a Gaussian Mixture Model (GMM). The first model relies
on the idea that an aircraft during the final approach needs to be
flying within a certain horizontal area. The second one extracts
the energy characteristics of the aircraft using ADS-B data, and
later trains the GMM which is used for anomaly detection. Also,
go-arounds are detected in the data using fuzzy logic with four S-
functions to model the dynamics of a go-around. After identifying
these events, indicators are constructed by aggregating the results
to monitor safety performance. These models are applied to
the ADS-B data from 2018 of the Schiphol Airport area in
Amsterdam. Thus, it is possible to derive insights for runways
and months, and it is possible to combine these indicators with
extra variables such as meteorological data.

Index Terms—anomalous safety event, safety monitoring, ADS-
B, Schiphol Airport, data mining and anomaly detection

I. INTRODUCTION

Air traffic management is one of the most complex systems
that humans have ever created. In this system, ensuring safe
aircraft operations has the utmost importance. For this reason,
operators perform Flight Data Monitoring (FDM) programs,
called Flight Operations Quality Assurance (FOQA) in the
United States. To enhance safety, aviation authorities around
the world have promoted safety information sharing report-
ing mechanisms. The most notable ones are the European
Co-ordination Centre for Accident and Incident Reporting
Systems (ECCAIRS), and the Aviation Safety Information
Analysis and Sharing (ASIAS) from the FAA. Although the
majority of stakeholders join these initiatives, much of the
safety knowledge they generate remains within the boundaries
of their organization. The reason is that only serious occur-
rences must be communicated. Furthermore, it is challenging
for researchers to work with because it is confidential, and
thus, not-easily and not-widely accessible.

In this context, authorities are responsible to ensure the
safety of operations in civil aviation. They monitor its perfor-
mance through the reporting system, and by building statistics
of relevant occurrences. This provides a high-level overview
because it is based on safety occurrences, rather than specific
aircraft data. Automatic Dependent Surveillance-Broadcast
(ADS-B) technology can complement this information, and it
is compulsory for all aircraft from 2020. The system consists

of a transmitter and a receiver. ADS-B Out, the transmitter,
broadcasts continuously, on average every second, the aircraft
position, velocity and track angle. [1]

Furthermore, ADS-B data are not encrypted, there are
no restrictions on its use, and the receiver is cheap. These
characteristics make these data easily retrievable and widely
accessible. Combining these data with data-mining techniques
allows producing safety knowledge. For safety monitoring, it
means that it can be used to gain an independent point of view
on aircraft operations.

This paper aims to contribute to the field of safety monitor-
ing with a concrete use case centered on the final approach op-
erations at Schiphol Airport in Amsterdam, The Netherlands.
The goal is to produce insights based on the safety knowledge
extracted from ADS-B data.

The final approach phase is selected because it is where
65% of accidents occurred between 2011 and 2015 [2].
Furthermore, within this flight phase, the research focuses
on detecting two types of anomalous safety events: unstable
approaches and go-arounds. The first event is a factor in 14%
of the accidents occurring during approach [2]. The second
one is a standard procedure that can be initiated by the pilot
or ATC for different reasons, such as an unstable approach,
conflicting traffic, or adverse weather. For this reason, there is
a strong link between go-arounds and anomalous safety events.

Extracting safety knowledge from aircraft data is an active
field of research. The industry follows it closely. Currently,
they extract safety knowledge from aircraft data using ex-
ceedance detection algorithms, which are dependent on some
thresholds. The main pitfall of this method is that it fails
in detecting unknown events. Instead, researchers focus on
anomaly detection techniques, which have the key advantage
of detecting those. [3] However, their disadvantage is a high
false-positive rate that is generally around 70%.

These two strategies are combined in this paper. Wang et al.
[4] focus on exceedance detection and develop a methodology
to detect unstable approaches using radar data. The rule-
based algorithm is designed using knowledge from safety
regulations. For the detection of go-arounds, Proud [5] offers
a strategy based on a set of rules defined on the attributes of
ADS-B data.

The most well-recognized technique in anomaly detection
is the Once Class Support Vector Machine (OC-SVM) vari-
ant called the Multiple Kernel Anomaly Detection (MKAD)
algorithm, which is developed at NASA by DAS et al. [6].



This algorithm has been tested extensively for approximately
10 years for various phases of flight, and it is able to detect
unstable approaches and go-arounds. [7] [8]

However, its focus is on discovering flight level anomalies,
and it has shown the best results when used with a single
type of aircraft and FOQA data. In this paper, the use case
is different since the strategy is applied to ADS-B data and
on multiple types of aircraft at the same time. To overcome
these limitations, Puranik et al. [9] preprocess the data using
energy metrics [10], and instantaneous anomalies in general
aviation operations are detected using a Gaussian Mixture
Model (GMM).

This paper offers the basis for the development of an
independent safety monitoring mechanism. It shows how a
novel methodology can detect unstable approaches and go-
arounds in ADS-B data. A general overview is shown in Fig. 1.
In the following sections, it becomes clearer how all the pieces
interconnect. Section Il covers aspects regarding the data in
use, the preprocessing strategy, and the postprocessing one.
Section 1l and section IV discuss the detection of anomalous
safety events using a rule-based algorithm, GMM, and fuzzy
logic. Section 111 is specific to the detection of unstable
approaches and section 1V to the detection of go-arounds. The
findings are presented in section V and section VI. The result
consists of a set of safety indicators that can be aggregated in
different ways to produce insights.

_— = = = =, = = = = ==

Preprocessing

¥ ¥

Detection of
unstable
approach

v v

Postprocessing

Detection of
go-around

Fig. 1. The work flow of this paper

I1. DATA

This section provides an overview of the data and a descrip-
tion of the manipulation strategies before and after using the
anomalous safety events detection methods.

A. Data Overview

The data consist of flight data and weather data. Flight data
include ADS-B data, an aircraft database from OpenSky?, and
Schiphol’s Aeronautical Information Services (AIS) publuca-
tions?. While the weather data comprise of METeorological
Aerodrome Report (METAR) reports and Global Forecast

Lopensky-network.org/aircraft-database
Zen.Ivnl.nl/information-for-airmen/publications-for-airmen

System (GFS) data from NOAAS3. These data are all publicly
available and free to download.

ADS-B data constitute the backbone of this research and the
most valuable source of information. In this paper, the ADS-B
data are collected through the antenna positioned on top of the
Aerospace Faculty of Delft University of Technology. ADS-
B data provide the timestamp, the unique ICAOQ identifier of
the aircraft, its ground-speed, its rate of climb, its position,
and its track angle. [11] The source of most of this data is a
satellite radio-navigation system on-board of the aircraft. For
this reason, there is a direct relation between the accuracy of
this instrument and the accuracy of the ADS-B data.

The aircraft database contains more information on the
aircraft under consideration: the manufacturer, the model, the
national registration ID, the operator, the owner, and the
ICAO aircraft type. The database is particularly useful when
preprocessing the data. Also, Schiphol’s data from the AIS
publication are used during the preprocessing step, and in the
rule-based algorithm. In particular, the Instrument Approach
Charts and the specific information of the runways are of
interest.

METAR reports indicate the weather perceived at the airport
on any particular day. In this case, METAR reports from
Schiphol are downloaded from IOWA ASOS network?. These
reports are generated every 30 minutes, and they include many
weather variables. The ones that are used in this research are
the timestamp, the temperature, the dew point temperature,
the wind direction, the wind speed, the pressure, the visibility,
the wind gust, the cloud coverage, and the weather codes.
However, this information is provided only for the airport. This
means that wind speed and direction are accurate only at low
altitudes. The GFS data from NOAA is used to complement
this information for higher altitudes. This dataset offers wind
data at intervals of 700 ft with updates every 6 hours.

B. Preprocessing

In this step, the raw data are cleaned and combined to
obtain something ready for further analysis. It will become
clear how this research resolves some of the limitations of
ADS-B data. A preliminary procedure consists of removing
general aviation aircraft, helicopters, and ground vehicles
using OpenSky aircraft database.

It is possible to know exactly which aircraft communicated
the ADS-B data point because the message includes the
ICAQ’s identifier. However, the same aircraft might land and
take-off multiple times on the same day. For this reason,
the data points of a particular aircraft are further divided
into trajectories. This is a crucial step as we will be using
trajectories later in the analysis. Given the fact that we only
use the area around Schiphol for the analysis, it is easy
to detect inbound and outbound traffic, which gets labeled
respectively as approaching, and taking-off traffic. In this way,
we can further refine the trajectories used for the analysis by

3ncdc.noaa.gov/data-access/model-data/model-datasets
4https://mesonet.agron.iastate.edu/request/download.phtml
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JR DURXQGV ,WLVLPSRUWDQW WR FOHDUO\ GHILQH WKH DU
SODFH WLQFOXGHVDOODUHDV WKDW UHJXODWH WKHLQIOF
DQDO\VLV WKHWHUP 6FKLSKRO $LUVSDFH 6% LV XVHG WR LC

Ft6FKLSKROYV +ROGLQJ VWDFNV WKLV LV WKHDUHD ZKHUH
FDVHRIUXQZD\ XQDYDLODELOLW\

t6FKLSKROTV 7HUPLQDO FRQWURO DUHDV 70%$ WKHDUHD
URXQGLQJWKHDLUSRUW

It6FKLSKROYfV &4RQWURO JRQHV &75 WKH DUHD WKDW H[W
VXUURXQGLQJ WKH DLUSRUW

F6FKLSKROfV 5XQZD\V XVHGIRU WDNH RIIDQG ODQGLQJ
Ff6FKLSKROTV WD[LZD\V XVHGIRUPRYLQJEHWZHHQ SDUNL
It6FKLSKROTV SDUNLQJDUHDV XVHGIRU WKH SDUNLQJRICLC

7TKHSULPDU\GDWD XVHG LV $'6 % GDWDFROOHFWHG XVLQJWK
J)DFEXOW\ RI 78 '"HOIW $ SUHOLPLQDU\DQDO\VLV KDV VKRZQ W
WR WKH DLUSRUW WKHUH LV OLWWOH DYDLODELOLW\ RI JUR

GDWD IURP KWWSV 7ZZZ VFKLSKRO QO HQ VFKLSKRO DV D QHLJKERXU



$ SUREOHP '"HILQLWLRQ

RWKHU GDWDEDVHYVY DUH XVHG WR LPSURYH WKH VLWXDWLROQ
SUH SURFHVVLQJ VWHSV

,Q WKLV WKHVLYV ILQGLQJDQRPDORXVDYLDWLRQHYHQWYV PH
FXUVRUV )JURP ,&$2 DQLQFLGHQW LV DQRFFXUUHQFH RWKH
ZLWK WKH RSHUDWLRQ RIDQ DLUFUDIW ZKLFK DIIHFWV RU FR.
,Q PRUH GHWDLO XVLQJ 6@ DBWD HQANGHH WQALWR RIQPLWH VHT X
$V VKRZQLUGUH WKH ILUVW DQG ODVW DUH VDIH VWDWHV :KL
FRPSURPLVHG RUDQRPDORXV VWDWHY ZLWK DW OHDVW RQH
VWDWH LV DQRPDORXV LQVWHDG RIVDIH WKHVHTXHQFH RI \
SUHFXUVRU LV D FRPSURPLVHG VWDWH ZKLFK LI QRW FRUUH
DFFLGHQW

JLIXUH ¥ KH ILIXUH VKRZV WKH UHSUHVHQWDWLRQ®I DQLQFLGHQW

:KDW PDNHV WKLY WDVN SDUWLFXODUO\FKDOOHQJLQJLV WK
WKHIDFW WKDWDQRPDORXVDYLDWLRQ VDIHW\HYHQWYV DUH I
IOLIJKWYV 2Q WRS RI WKLV FRPSOH[LW\ RQFHDQRPDORXV DYL
JXDUDQWHHG WKDW WKHVH DUH RSHUDWLRQDOO\ VLJQLILFD
GLIIHUHQFH EHWZHHQ RSHUDWLRQDOO\DQRPDORXV DQG VW|

$OJRULWKPV UHFRJQL]H VWDWLVWLFDOO\DEQRUPDO HYHQW
HUDWLRQDOO\ DQRPDXQRIXSKRDHWKH RXWSXW RI D GHWHFWLR
UHODWLRQ WR WKHVH GLITHUHQW HYHQWYV ,Q WKH ILIXUH W/
WKHDOJRULWKP WKDW GLITHUHQWLDWHVY HYHQWYV IRU EHLQJ
ORXV \HOORZ :LWKLQ WKH VWDWLVWLFDOO\DQRPDORXV RC
DODUPV ZKLFK DUH VDIHHYHQWY NQRZQDQG SRWHQWLDOO
LV LQWHUHVWHG LQ RSHUDWLRQDOO\DQRPDORXV HYHQWV

SUREOHPV )RU WKLV UHDVRQ GLIIHUHQW VWUDWHJLHV DUF
IDOVH SRVLWLYHV ZKLFKHFUH BEWFULEHG LQ

,&$2 $QQH]



$ SHVHDUFK 2EMHFWLYH DQG 4XHVWLRQV

JLIXUH § KH ILIXUH VKRZV D JHQHUDOL]JHG RXWSXW IRUD GHWHFW

$ 5HVHDUFK 2EMHFWLYHDQG 4XHVWLRQV
7KLV VHFWLRQ H[SODLQV ZKDW LV WKH REMHFWLYH RI WKLV W
DUH DQVZHUHG WR DFKLHYH LW 7KH GHILQLWLRQ RI WKH UF
IROORZV IURP WKHLGHQWLILFDWERQWRILRKS NH\ FKDOOHQJH

$ SHVHDUFK 2EMHFWLYH
TKHREMHFWLYH RIWKLV UHVHDUFK LV

7R SURSRVH ,/7 D VHW RI VDIHW\ LQGLFDWRUV WKDW SUR
LQWR WKHVDIHW\SHUIRUPDQFHRIDLUFUDIWRSHUDWLRQ
$LUSRUWE\PLQLQJ$'6 % GDWD

7KH REMHFWLYH LV YHU\ SUDFWLFDO DQG LW FRQWULEXWHYV
DQG UHDO ZRUOG DSSOLFDWLRQV RI $'6 % WHFKQRORJ\

$ SHVHDUFK 4XHVWLRQV
,WIROORZV WKHPDLQ UHVHDUFK TXHVWLRQ

+RZFDQ$'6 %GDWDEHXVHGWRJIDLQLQVLIKWYV LQWR WK
IRUPDQFH RI6FKLSKRO $LUSRUW"

7R DQVZHU WKLV TXHVWLRQ VHYHUDO UHVHDUFK TXHVWLRQ
WRIJHWKHU ZLWK VXE TXHVWLRQV DQG VXE JRDOV DEKLHYH W
LGDEOH $QVZHULQJ WKHVH TXHVWLRQV DLP WR GHOLYHU WK
WRRO $IWHU REWDLQLQJD UHVXOW IURP WKH DOJRULWKP
FDQ EH RSHUDWLRQDOL]HG



$ ,PSDFW DQ

G&RQWULEXWLRQ

7TDEOH KLV WDEOH VKRZV UHVHDUFK TXHVWLRQV VXE TXHVWLRQ

5HVHDUFK 4XHVWLR
54

Qé/XE TXHVWLRQV

6XE JRDOV DOO "EXLOG’
WR SURJUDPPLQJ LQ 3\WK

WDVNV UHIH!
RQ

KLFK GDWD VKRXOG

OHUJLQJ GDWDEDVH

0DQXDO FOHDQLQJ RI GDWD
EH GLVFDUGHG"
KowousDY oo e DasaTRarRRWkLay | SHERTDG RIXWOLIUY bR coue
JLYHQ WKH GDWD DYDRIOWEREY DUH DSSOLFDEOH"
KLFK RXxwoLHU uPRYDQ V1 S5Hd PO Al ST
WHFKQLTXHFDQEH XVHG o | 06 SUH SURFHVVLQJ WRRO
"KLFK WKUHVKROG FDQ EH XVHG WR
FRQVWUXFWDQ LQFLGHQW GHWHFWL P o
.KDW GDWD PLQLQJ VW UCLWKMHW RI THDWXUH H[ | JV‘?F\(/DLGﬁ%WXGVH:VYmFWVJ‘VRQ PRGH
FDQ EH GHYHORSHG WARUGIHISBUIRSULDWH WR GHW} g’é%?@ .?RvUGHWH?:WLRQ
LQFLGHQWYV DQG SUHFXUMFKWOJRULWKPV DUH P, oy QLé_bv Eé
IRUWKHILQDODSSURIIRFJKDQ(Q’HPDO\GHWHFWLRQfV{? SUHFEXUVRU
KLFK DOJRULWKPV DUH pRUNTQEEHEWEY
IRUD SUHFXUVRU GHWHFWLRQ PRGHO"
"KDW DUH WKH OLP WD VKIDRAQW RVWYXIFDQ EH SHUIRUPHG WR
RXWFRPHRIWKHVH PRGHOW'LI\ OLPLWV LQ DQRP DORXVGDWHI) DQARPDORXV HYHQWV

:KDW LV WKH RSHUD
VLIQLILFDQFH RI WK

WLRXDW WHVWYV FDQ EH SH
HLGHOXNOLMW"OLPLWYV LQ SUHR

UIRDPHGDWRH SUHFXUVRUV

XUVRUV"

+RZRIWHQ GRHV D FHUWDLQ DQRPDORXYV
5SHQ"

H[ ZHDWKHU WKDW

1 R)ILIDRORDID RIRRO WKDW W
GDWD DV LQSXW DQG FRP
L MQLGIVFDRWRZWHQN DW LV W L
SUHFXUVRUV HJ
ULVWLF RI WKHVH

SHHG SURILOH "

+RZFDQ WKH UHVX
WKH PRGHOV EH XVH
WR GHVLJQ VDIHW\ L
ZKLFKUHYHDO WKH
VDIHW\ SHUIRUPDQF
$LUSRUW"

DNHV $'6 %
SXWHV VDIHV
FV

)VV\(/% W RU SUHFXUVRU KD §
G VWKHUHDFRQGLWLRQ
QDIII|—__l Y, W\KkH DSSHDUDQF#
Kg’glﬁ vV RUSUHFXUVRUV"
HRTS %eaIKHVLPLODU
O RP b6 YHQWV DQG
D WUDMHFWRU\ FKDUDFWH
HYHQWY D SDUWLFXODU V

7KLY UHVHDUFK WDNHV SODFH ZLWKLQ D OLPLWHG DPRXQW R
FRQVWUDLQW LWLV XQOLNHO\ WKDW DOO RSHUDWLRQDO SK
WKHVLVLVVHW XSVXFKWKDWDQVZHULQJDOO T TXHVWLRQV H
SKDVH 2QFH WKH SUH SURFHVVLQJVWHSLVRYHUFRPH RQH
$WWKLV SRLQW WKHDQRPDORXVHYHQWGHWHFWLRQDQG WK
RQO\IRUWKHVHOHFWHG RSHUDWLRQDO SKDVH 7KH UHVXOYV
VDIHWA\LQGLFDWRUV IRU WKLY SDUWLFXODU SKDVH

C

~

,Q FRRUGLQDWLRQ ZLWK ,/7 DQRPDORXV VDIHW\ HYHQWYV RI
WR DFKLHYH WKHPRVW XVHIXORSHUDWLRQDO UHVXOW JLY H(
SUHOLPLQDU\DQDO\WLVWKHIROORZLQJRSHUDWLRQV DUH LC
DURXQG UHMHFWHG WDNH RII DQG UXQZD\FURVVLQJV 6LQF
LQWKHODQGLQJ SKDVH WKLV ZLOO EHWKHILUVW IRFXV RI W
FDQ EH XVHG WR FRQWLQXH WKHUHVHDUFKIRURWKHU RSHUI

$ ,PSDFWDQG &RQWULEXWLRQ
7KH ZRUN RI WKLV WKHVLY KDV DQ LPSDFW LQ WKUHH GLIIHUHF
WKLY VHFWLRQ ,WFRQWULEXWHV WR WKHERG\RINQRZOHG.
7UDIILFODQDIJHPHQW VDIHW\ UHVHDUFK VHJPHQW



$ OHWKRGRORJ\

JLIXUH ¥ KH SLFWXUH VKRZV WKH ZRUN IORZ RI WKLV WKHVL\

7KH FRQWULEXWLRQ RI WKLV WKHVLVY WR WKH ERG\ RI NQRZ!
PHWKRGRORJ\ WKDW XVHV GDWD GULYHQ LQGLFDWRUV WR S
FUHWH XVH FDVH RI' LW 7KLV FRQWULEXWHV LQ EULGJLQJ WK
ZRUOG DSSOLFDWLRQVRI$'6 % WHFKQRORJ\ ,Q WKLV ZD\ LW
LQJ SURDFWLYHULVNDVVHVVPHQW XVLQJ $'6 % GDWD

$'6 % GDWD LVLQGHSHQGHQW 7KLV FKDUDFWHULVWLF PDNH
WR DLU WUDIILF VDIHW\ ERG\ :LWK WKLV PHWKRGRORJ\ LV SF
DLUFUDIW RSHUDWLRQ *LYHQ WKDW WKH FDVH VWXG\IRU Wk
FDQ GLUHFWO\ XVH WKH UHVXOWY RI WKLY WKHVLVY WRJDLQ V

JXUWKHUPRUH WKH UHVHDUFK KDV IDU UHDFKLQJ DSSOLFDW
RORJ\FDQ EH XVHG DQ\ZKHUH LQ WKH ZRUOG $'6 % GDWD LV
ZLWK WKH FRUUHFW UHFHLYHU VHW XS FDQ UHFRUG LW ZLW|
ZRUOG 7KLV UHSUHVHQWV D FRVW HIIHFWLYH ZD\ WR PRQLW
PDQFH ,WPLIKWFRQVWLWXWHD SLHFH RIDQ HIILFLHQW PR(
LQGHYHORSLQJFRXQWULHY ZKHUH DFFLGHQW UDWHV DUH P

$ OHWKRGRORJ\

,Q WKLV VHFWLRQ WKH PHWKRGRORJ\ XVHG WR DFKLHYH WK
)OLJKW GDWD LV XVHG WR SHUIRUP WKH DQDO\VLV ,Q SDUWL
WKURXJKRXW WKH ZRUN ZKLFKPD\EHLQWHJUDWHG ZLWK ZHI
$'6 % GDWDLVFROOHFWHG XVLQJWKHDQWHQQD RQWRS RI W|
$ SUHOLPLQDU\DQDO\VLY KDV VKRZQ WKDW EHFDXVH RI WKH
OLWWOHDYDLODELOLW\RIJURXQG PRYHPHQWY GDWD )RU W
LV XVHG WR LPSURYH WKH FRYHUDJH 7KHVH GDWD FRQVWLW.
DVVKRZQLQUH $

7KH QH[W VWHS FRQVLVWYV RI SUH SURFHVVLQJ WKH GDWD
OHFWHG IURP GLITHUHQW VRXUFHYVY 7KXV GDWDEDVHV DUH P}
FOHDQLQJLQ ZKLFK GDWD QRW XVHIXO IRUWKHDQDO\VLV LV

KWWSV RSHQVN\ QHWZRUN RUJ



$ OHWKRGRORJ\

DOWLWXGHYV KHOLFRSWHUV DQG JURXQG YHKLFOHV ORUH .
TXLUHG GHSHQGLQJRQ WKH DOJRULWKP

JRUH[DPSOH WKHVHFDQEHVHOHFWLQJRQO\RQHW\SHRIDL
DQG DGGLQJ H[WUD IHDWXUHV WR WKH $'6 % EDVLF RQHV H]
DQVZHUV WKH ILUVW UHVHDUFK TXHVWLRQ 2QFH GDWD LV F
DUHD LW ZLOO EH SRVVLEOH WR SHUIRUP WKHDQDO\VLYV

$IWHU SUH SURFHVVLQJ WKH GDWD LV UHDG\ WR EH DQDO\]
HYHQWY 7KHLGHD LV WR XVHD FRPELQDWLRQ RIH[FHHGDQT
WHFWLRQ WHFKQLTXHV WR REWDLQ WKH PRVW HITHFWLYH DQ
UHDVRQ LW LV SULYLOHJHG D VROXWLRQ ZLWK ORZ FRPSOH
FRPSDUHG WR FRPSOH[PRGHOV

$V DQWLFLSDWHG LQ WKH SUHYLRXV VHFWLRQ WKH ILUVW IR
WR GHWHFW XQVWDEOH DSSURDFKHV DQG JR DURXQGV 7KL\
VLQFH LWLV ZKHUH RIDOODFFLGHQWY KDSSHQ 7KLV VWH.
UHVHDUFK TXHVWLRQ

KHQ VWDWLVWLFDOO\ DQRPDORXV HYHQWY DUH GLVFRYHUL
YDOLGDWH WKHRSHUDWLRQDO VLIJQLILFDQFH RIWKHDOJRUL
RI SHUIRUPLQJ VHQVLWLYLW\DQDO\VLVY RQ WKH WXQLQJ SDL
GHUVWDQG KRZ WKH UHVXOW YDULHV FRPSDULQJ LI WKH WU
DOJRULWKPYV DQG YLVXDO LQVSHFWLRQ SRVVLEO\ ZLWK DQ
VDIHW\ HYHQWY FDQ EH FKHFNHG DJDLQVW GDWD IURP RFFXU
WKLUG UHVHDUFK TXHVWLRQ LVIXOO\DGGUHVVHG

2QFH DQRPDORXV DYLDWLRQ VDIHW\HYHQWYV DUH GHWHFWH
WRLGHQWLI\SUHFXUVRUV )RULQVWDQFH LW ZRXOG EHLQW
DURXQGY KDSSHQ EHFDXVH RIFRQIOLFWLQJ WUDIILF SRRUZ
$W WKLV VWHS WKHVHFRQG UHVHDUFK TXHVWLRQ LV IXOO\D

)LRDOO\ VDIHW\ LOQOGLFDWRUYV DUH GHVLJQHG E\ FRPELQLQJ
FXUVRUV &RPSOHWLQJ WKLV VWHS DQVZHUV WKH IRXUWK UF
REMHFWLYH RI WKH W IKGHFWLROHV HQWHG LQ



[LWHUDWXUH

7KH OLWHUDWXUH VWXG\ LY SUHVHQWHG LQ WKLV FKDSWHU
WKDW FRXOG EH XVHIXO ZKLOH SHUIRUPLQJ WKH WKHVLV
UHVHDUFK BUFDNRQ7%H GDWD XVHG IRU WKH DQD®N¥LV LV G
WLRQDQG LW LQFOXGHV DQ RYHUYLHZ RI WK BHPVWIURHRW GD W L
FRQWLQXHV ZLWK DQ DQDO\VLV RI SUH SURFHVVLQJ WHFKQL
GDWD $IWHUZDUG WHFKQLTXHV IRUILQGLQJAMFWGRQWY LQ
DQEHFWLR@PWHU ILQGLQJLQFLGHQWY SUHFXUVRUV DUH GLV
BHFWLRQ7T®%HUH ZLOO EH DQ RYHUYLHZ RI WHFKQLTXHV KLJKO
WKHILHOGDQGDERYHDOO WKHLU DS SOIFFMDLERMXBW DW R]WK H S L
WKH NH\ ILQGLQJV

% SHVHDUFK $UHDV

7KLV UHVHDUFK LV EDVHG RQ PXOWLSOH UHVHDUFK DUHDV
YDWLRQ LQ WKHILHOG RIDYLDWLRQ VDIHW\ 7KLV ILHOG SUR
JRYHUQ DLU WUDIILF RSHUDWLRQV ,Q WKLV WKHVLV WKHVH
RIUXOHV WKDW LVDFFRXQWDEOH LQ WKH $'6 % GDWD 7KH FF
ODSVZLWK WKLV UHVHDUFKILHOG 7KHJRDO LV PLQLPL]JLQJ\
RFFXUUHQFH RIDFFLGHQWY LQFLGHQWY DQG SUHFXUVRUV

,Q WKLV WKHVLVY WKLV JRDO LV DFKLHYHG YLD SURDFWLYH Ul
PHQW LQ DYLDWLRQ LV H[SHULHQFLQJ SURIRXQG FKDQJHV
LQWURGXFHG ZLWK WKH PRGHUQL]DWLRQ RI WKH $70 $LU 7U
DUH FDXVLQJ D VKLIW IURP UHDFWLYH WR SURDFWLYH ULVN
DSSURDFK ULVNV DUH LGHQWLILHG DIWHU D VHULRXV HYHQ
VWUDWHJILHY DUH LGHQWLILHG DIWHU SHUIRUPLQJLQ GHSW
XVLQJVDIHW\PRGHOV VXFKDVWKH6ZLVV &KHHVHEDUULHU D
WLYH ULVN PDQDJHPHQW ZDQWV WR DYRLG WKH RFFXUUHQFH
UHVXOW LW VWXGLHV ZKDW PLJKW SRVH D ULVN WR VDIH RS
LQFLGHQW RFFEXUV

3URDFWLYH ULVN DVVHVVPHQW LV SRVVLEOH EHFDXVH Rl WK
GDWD DQG GDWD PLQLQJWHFKQLTXHV 'DWD PLQLQJLV DQRW



% $'6 % 'DWD

IRU WKLV WKHVLV ,QIDFW SUHSURFHVVLQJ DQRPDO\DQG
UHVXOWLQJIURP LW 'DWD PLQLQJ XVHV WHFKQLTXHV IURP V
FKLQH OHDUQLQJ DQG SURFHVV FRQWURO :LWKLQ GDWD P
LV DQRPDO\ GHWHFWLRQ 7KH UHVHDUFK IRFXVHV RQ LGHQV
QRUPDOLW\ %HFDXVH $'6 % GDWD LV XQODEHOHG WKH IRFX
SHUYLVHG OHDUQLQJDOJRULWKPV 7KHNH\DVVXPSWLRQRI
DUHDQRPDORXV DQG WKLVLVDOVR WKHFDVHIRWDQRPDOR.

7TKHVH GDWD GULYHQ DOJRULWKPV FDQ EH XVHG EHFDXVHRI\
XVDJHRIS$'6 % @DWBWLH LVDJURZLQJILHOGRIH[SHUWYVY WKDW
WR GLITHUHQW DUHDV RIDYLDWLRQ UHVHDUFK 7KHUHDVRQ I
EHHQ H[SHQVLYHDQG GLIILFXOW WR DFFHVV ,QVWHDG $'6 ¢
EHLQJ HDVLO\ UHWULHYDEOH DQG FKHDS ,Q IDFW DQ\RQH Z
FDQUHFRUG WKLY GDWD 7KHVHFKDUDFWHULVWLFV IDFLOLW
WUDIILF

% $'6 % 'DWD

$'6 % VWDQGVIRU$XWRPDWLF ' HSHQGHQWG6XUYHLOODQFH %
LW WUDQVPLWY GDWD ZLWKRXWDQ\LQSXW RI WKH SLORW DQ¢¢
WKH DLUFUDIWYV QDYLJDWLRQ V\VWHP )XUWKHUPRUH LWL
SRVHG RIWZR GLVWLQFW LQVWUXPHQWY D WUDQVPLWWHULC
PLWWHU DOORZV DQ\HTXLSSHG DLUFUDIW WR "EURDGFDVW’
DQ\RQH ZLWK $'6 % LQ WKHUHFHLYHU W& NQRZ ZKHUH LW LV

$'6 % GDWD LV WKH PDLQ GDWD VRXUFH IRU WKLY PDVWHU Wt
SRVLWLRQ IRUWKHRXWFRPH RI WKHSURMHFW )RU WKLV UH
WKH OLPLWDWLRQ DULVLQJ IURP WKLV WHFKQRORJ\ %DFNJL
6HFWLRQ KLOGHFWLRQWWVFULEHY SRVVLEOH LQDFFXUDF\LQ )
6HFWLRM»GUHVVHY ZK\ WKH OLPLWHG DYDLODELOLW\ RI GD
SUREOHP DQG KRZLWFDQ EHRYHUFRPH

% %WDFNJURXQG

$'6 % UHSUHVHQWY RQH RI WKH NH\ WHFKQRORJLFDO HQDEO
FKLWHFWXUH DOO RYHU WKH ZRUOG DQG LW LV D SLOODU L
ODVWHU 30DQ 6LQFH WKH (OHYHQWK ,&$2 $LU 1DYLJDWLRQ
WRUV UHFRPPHQGHG WKHLPSOHPHQWDWLRQ RI WKH $'6 % WF
LPSURYHPHQW RI VDIHW@®DRG EQBWPIQFH>LW KDV EHHQ HPSO
ZKLFK ZHUH SUHYLRXVO\QRW FRYHUHG E\DQ\VXUYHLOODQF|
HFRQRPLFDOO\RU SK\VLFDOO\IHDVLEOH VXFKDV WKH $XVW
LQ &DQDGD )URP $'6 % 2XW HTXLSPHQW EHEDPH FRPSXOV
GHVLJQDWHG DLU VSDFHLQ (XURSHDQG 86

,Q (XURSH $'6 % RXW XVHV WKH (6 ,&$2 GDWD OLQN VWDQC
LQJVWDQGDUGYV WKLVLVWKHPRVWFRPPRQRQHDQGLWYV QD
IUHTXHQF\ ZKLFK LV W\SLFDOO\XVHG E\DYLDWLRQ VXUYHLO



% $'6 % 'DWD

FDXVHLWV PHVVDJHFRQVLVWYV RI EKDWV  EKMWH DBV WK M THX& 15\
IRUWKHDXWRQRPRXV EURDGFDVWLQJFDSDELOLW\

(YHU\$'6 % PHVVDIJHFRQWDLQV WKH XQLTXH ,&$2LGHQWLILH!
DSLHFHRIVSHFLILFLQIRUPDWLRQ 7KHUHDUH GLITHUHQW
LQIRUPDWLRQLVUDYHOHG WKURXJK D FRGHHQFRGHG DW EL!
7KLV FRGH LV YKRZQWiRIJHWKHU ZLWK WKHUHVSHFWLYH HQFR

7TDEOH KH WDEOH DGD@WWHIGRIWRWKH W\SH FRGH XVHG DQG GDWD FRQWD
PHVVDJH

7\SH &RGGHRQWHQW

$LUFUDIW LGHQWLILEDWLRQ

6XUIDFH SRVLWLRQ

$LUERUQH SRVLWLRQ Z %DUR $OWLWXGF
$LUERUQH YHORFLWLHYV

$LUERUQH SRVLWLRQ Z *166 +HLJKW
S5HVHUYHG

$LUFUDIW VWDWXV

7DUJHW VWDWH DQG VWDWXV LQIRUPDWLE
$LUFUDIW RSHUDWLRQ VWDWXYV

7TKH VRXUFH RI PRVW RI WKLY GDWD LV D VDWHOOLWH UDGLR
XVHRWKHU RQ ERDUG LQVWUXPHQWY VXFK DV WKHLQHUWLD
UHDVRQ WKHUH LV D GLUHFW UHODWLRQ EHWZHHQ WKH DFF?>
DFFXUDF\RIWKH $'6 % GDWD

% ‘DWD 4XDOLW\

JRUWKLV WKHVLY LWLVLPSRUWDQW WR XQGHUVWDQG LI WKI
IRUP WKH DQDO\VLV 9MUEHNDIRNRWODQ PQDO\VLVY WR XQGHU
FDQ EH XVHG DV WKH SULPDU\ PHDQ RI VXUYHLOODQFH WKX)\
VLIQDO TXDOLW\ +LV UHVHDUFK LY HIWUHPHO\ UHOHYDQW E
OHFWHG XVLQJ WKH VHW XS ORFDWHG RQ WRS RI WKH DHURYV
VRXUFH RI GDWD DOVR IRU WKLV WKHVLY 7KHUH DUH WZR PL
ODWHQF\DQG DFFXUDF\ /DWHQF\LV WKH GHOD\ EHWZHHQ PH
VLWLRQ FDXVHG E\WKH SURFHVVLQJRIGDWD $FFXUDF\PHDC
PHDVXUHG FRPSDUHG WR WKHUHDO RQH 9HUEUDDN IRXQG DC
DQDYHUDJH KRUL]JRQWDO RIIVHW RI PZLWK FURVYV WUDFN L
RI WKH W@PH >

$QRWKHU VWXG\RQ WKH TXDOLW\RI $'6 % GDWD K@ VVEKIHHQ FR
DQDO\VLVY ZzDV SHUIRUPHG RQ D OLPLWHG GDWDVHW RI DLUF
ODWHQF\RI VHFDQG D URRWPHDQ VTXDUHHUURU 506 KRU
ZKHUHDV 9HUEUDDN IRXQG D 506 RI PHWHUV ,WLVLPSRUW
LWV GDWDVHW UHPRYLQJ GDWD FRPLQJIURP WKH IDXOW\ $'6

$&%6 $LUERUQH &ROOLVLRQ $YRLGDQFH 6\VWHP



% 3UH SURFHVVLQJ

$OLHWDO SHUIRUPHG DOVR D GHWDLOHG DQDO\VLV RI $'6 %
ZD\VDLUFUD¥W LVHYHDOHG WKDW VRPHRIWKHVHHUURUYV DUF
VI\VWHPDWLFDQG VSHFLILFWRFHUWDLQDLUFUDIW SOXVDYL
W\SHV RI HUURU DUH SRVLWLRQ MXPSV $'6 %9 XSGDWH LQWHL
URUV ULVN WR MHRSDUGL]H WKHLPSOHPHQWDWLRQRI $'6 %"
LVLPSRUWDQW WR SXWLQ SODFHPLWLIJDWLRQ VWUDWHJILHV
$'6 % DYLRQLFV SUWREOHPV >

% $YDLODELOLW\

$QRWKHU LPSRUWDQW DVSHFW LV WKH DYDLODELOLW)\ RI $'¢
SRVLWLRQ RI WKH $'6 % LQ WKH UHFHLYHU 7KH SULPDU\ VR
WKH GDWDEDVH FROOHFWHG XVLQJ WKH VHW XS RQ WRS RI W
7DEOHWKRZV WKHDYHUDJHDYDLODELOLW\RIGDWD DW GLIIHL
)RUDOO DOWLWXGHYV WKHUH LV DUHDVRQDEOH DPRXQW RI (
WKHUH DUH RQO\ SRLQWV SHU IOLJKW RQ DYHUDJH &RQVL
VHF WKLV PHDQV PLQXWHRIWUDMHFWRU\ ZKLOHDLUFUDIV
RSHUDWLRQV ,Q 6FKLSKRO LW FDQ WDNH PRUH WKDQ PLQ
UXQZD\

7KLV LV QRW HQRXJK IRUDQ DQDO\VLV RI JURXQG PRYHPHQ\
GDWDEDVHV LV UHTXLUHG $ SRVVLELOLW\ ZRXOG EH LQWHJL
EHFDXVH LW LV HDVLO\ DFFHVVLEOH IRU UHVHDUFKHUV DQG |
UHJLVWHUH®IDWY( ZKLFK LV RQO\ .PIURP 6FKLSKRO +RZF
EDVHG RQ D FRPPXQLW\ UHFHLYHU QHWZRUN DQG LW SUHVHQ
RIWKHLQWHJULW\@I WKH GDWD >

7TDEOH %$YHUDJH DYDLODELOLW\RI178 '"HOIW $'6 % GDWD DW GLIITHUHQW

SOWLWXGH UDQIG >RVY®RLQWINMWLR

% 3UH SURFHVVLQJ

3UH SURFHVVLQJ WKHGDWD LVDIXQGDPHQWDO VWHS HVSHF
GLITIHUHQW VRXUFHV $'6 % GDWD FRPHVLQWKHIRUPRIDFRQ
LVWRREWDLQ GDWD WKDW LV UHJXODUDQG HDV\WR LQWHUI
SURFHVVLQJVWHSVZLOOEHGHVFULEHG ,WLVOLNHO\WKDW
WR GHWHFW DQRPDOLHVY PRUH SUH SURFHVVLQJ VWHSV ZLO(
WLPH RU VSDFH



% ([FHHGDQFH 'HWHFWLRQ

W LV UHTXLUHG WR PHUJH WKH WZR GDWDEDVHV XQLWYV Zl
FDWHV UHPRYHG DQG SRVVLEOH RXWOLHUV @WRBARBQWH
SUH SURFHVVLQJ VWHSY DUH GDWD VFDOLQJ LQWHUSRODW
LQJ PDFKLQH OHDUQLQJ DOJRULWKPV WKH UDQJH RI GDWD L
LQVWDQFH (XFOLGHDQ GLVWDQFH YDULHVY GHSHQGLQJRQ LI
JRU WKLV UHDVRQ GDWDVVRYFD@H®Q LQVWDQFH RI WKH GLVV
X EHWZHE.Q ®

o_ Xi  min(X)
T max(X) min(X) "

6RPH PDFKLQH OHDUQLQJ DOJRULWKPYVY DOVR UHTXLUH WKH
YDULDQFH 7KHVWDQGDUGL]DWLRQBWRRBEBGXUH LV VKRZQ LG

%

x?:Xi mean(X) %
var(X)

, QWHUSRODWLQJDQG VPRRWKLQJLV RIWHQ UHTXLUHG ZKHQ
LQVWDQFH WKH GDWD FROOHFWHG IRUDQ DLUFUDIW SUHVHC
SRODWLRQLVXVHGZKHQJLYHQD VHWRIPHDVXUHPHQWYV ZH Z
WKH YDOXH RID SRLQW EHWZHHQ NQRZQ RQHV 6PRRWKLQJL
VPDOO PHDVXUHPHQW HUURUV DQG RU IOXFWXDWLRQV &RP
ILOWHUV PRYLQJDYHUDJH DQG VSOLQHV

$QRWKHULPSRUWDQW SUH SURFHVVLQJVWHSLV GLYLGLQJD
,QIDFW $'6 % GDWD SURYLGH LQIRUPDWLRQ DERXW ZKLFK D|
VDJH DQG QRW DERXW WKH VSHFLILFIOLJKW 7KHVDPHDLUF
WLPHVY RQ WKH VDPH GD\ ,Q WKLV WKHVLVY DOO RSHUDWLRQ)\
$LUSRUW )RU WKLV UHDVRQ D UXOH EDVHG PHWKRG LV GHV
ODQGV DQG WDNH RIIV

% ([FHHGDQFH 'HWHFWLRQ

((FHHGDQFHGHWHFWLRQLVFXUUHQWO\WKHPRVWFRPPRQP}
ORXVDYLDWLRQ VDIHW\HYHQWYV &ODVVLFH[FHHGDQFHGHW
2SHUDWLRQ 4XDOLW\ $VVXUDQFH )24% GDWD XVLQJ WKUHVK
WKUHVKROGVDUHVHWE\H[SHUWV EDVHGRQNQRZOHGJHRI S
JHQHUDO SURFHVV LVDVIROORZV 'XULQJDIOLJKW DQDLUF
SRVLWLRQ VSHHG SLORW LQSXWV HQJLQH VHWWLQJ DQG F

IHDWXUHVY UHFRUGHG $IWHU WKH IOLJKW WKLV GDWD LV
FHHGDQFH GHWHFWLRQ DOJRULWKP 7KHHYHQWY KLJKOLJKW
E\D VDIHW\ H{[SHUW WKDW GHFLGHV LI WKHHYHQW UHTXLUHYV

)24%$ GbDWD DQG H[FHHGDQFH GHWHFWLRQ DOJRULWKPYV DUH
WKHVLV XVHV $'6 % GDWD DV WKH PDLQ VRXUFH RILQIRUPDW
JUDGHG H[FHHGDQFH GHWHFWLRQ DOJRULWKPV FDQ QRW EH
FHHGDQFH GHWHFWLRQ LQ WKLV WKHVLV LV SHUIRUPHG XVL(
UHJXODWRUV DQG RSHUDWLQJ PDQXDOV IURP PDQXIDFWXU'
LQIRUPDWLRQ LV UHWULHYHG IURP /91/ ,&%2 &%$162 ($6% (XL



% ([FHHGDQFH 'HWHFWLRQ

IROORZVDQH[DPSOHRIKRZGDWD IURP UHJXODWLRQV DQG U|
HIFHHGDQFH GHWHFWLRQ PHWKRG IRU XQVWDELOLVHG DSSU

B8QVWDELOLVHG DSSURDFK

"HWHFWLQJ XQVWDELOLVHG DSSURDFKHV LV FUXFLDO DV F
SKDVHRI I®PEBRWGLQJ WR WKH )OLJKW 6DIHW\ )RXQGDWLRQ D
SHQV ZKHQ WKH IROORZLQJLV VDWLVILHG

$+7KH DLUFUDIW LV RQ WKH FRUUHFW IOLJKW SDWK
$+2Q0\VPDOO FKDQJHV LQ KHDGLQJ SLWFKDUH QHFHVVDU\

SDWK

f7TKHDLUVSHHG LV QRW PRUH WKDQ 95() NWV LQGLFDWH (
95()

f7KHDLUFUDIW LV LQ WKHFRUUHFW ODQGLQJFRQILIJXUDW
F6LQNUDWHLVQRJUHDWHU WKDQ IHHW PLQXWH LIDQI
JUHDWHU WKDQ IHHW PLQXWHD VSHFLDO EULHILQJ VK

+f3RZHU VHWWLQJ LV DSSURSULDWH IRUWKH DLUFUDIW FR
PLQLPXP SRZHU IRUWKHDSSURDFK DV GHILQHG E\ WKH RS

F$OO EULHILQJV DQG FKHFNOLVWY KDYHEHHQ FRQGXFWHCGC
f6SHFLILF W\SHV RIDSSURDFK DUH VWDELOL]JHG LI WKH\ DC

+ , /6 DSSURDFKHVPXVWEHIORZQZLWKLQRQHGRWRI WK
+D &DWHJRU\ ,, RU ,,, DSSURDFK PXVW EH IORZQ ZLWKLC

EDQG
+ GXULQJD FLUFOLQJDSSURDFK ZLQJV VKRXOG EH OHY
UHDFKHY IHHW DERYHDLUSRUW HOHYDWLRQ

F8QLTXH DSSURDFK FRQGLWLRQV RUDEQRUPDO FRQGLWLH
WKHDERYHHOHPHQWV RIDVWDELOL]HG DSSURDFK UHTXI

$Q DSSURDFK WKDW EHFRPHV XQVWDELOLVHG EHORZ IHH
,0& RU IHHW DERYHDLUSRUW HOHYDWLRQLQ90& UHTXLUHYV
IDLOVWRGRVR LWPD\UHVXOWLQDLUERUQH ORVV RI FRQW!
IOLIJKW LQWR WHUUDLQ

ODQ\ RI WKH LWHPV SURYLGHG LQ WKH RIILFLDO JXLGHOLQH\
$'6 % GDWD :DQJ H&W DURSRVH D PHWKRG WR LGHQWLI\ VWDE
XVLQJUDGDU GDWD ZKLFK SURYLGHV LQIRUPDWLRQ VLPLOD
IRUPDQFH IDFWRUV FKDQJHV LQ VSHHG UDWHRIGHVFHQW |
WHUOLQH DOLJQPHQW ZLWK WKH JOLGHSDWK ,IDQDLUFUDI
IRUPLQJ DQ XQVWDEOH DSSURDFK 7KHLU UHVXOWYV IRU 1HZL
VKRZV WKDW RIWKHDSSURDFKHVDUHVWDELOLVHG ,Q WK
EHIROORZHG ZKHQ LQFLGHQWV DUHLGHQWLILHG ZLWK WKH H

GDWD IPiRPb,ff7HB;?ib 72ivXQ " ;f br@ 'iB+H2f+QKK2 +B H@ ++B/2Mi@ 7BN
3DJH RiliTbh,ffrrrXbFv#  "vX 2°QfBM/2tXT?Tf>BM/bB;?inRd



% $QRPDO\"HWHFWLRQ

% $QRPDO\'HWHFWLRQ

,Q WKLV VHFWLRQ DUHYLHZRIGLIIHUHQW DQRPDO\GHWHFW
DWH WKHLU DSSOLFDELOLW\IRU GHWHFWLQJDQRPDOLHV DW
FDUHIXOO\HYDOXDWHG 7KHVHDUHWKHGDWD XVHG WKH SK
WKH W\SHRI$ & DQG WKHDPRXQW RIIDOVH SRVLWLYH )ROO
VRUD HW@D W KH GLITHUHQW PHWKRGV DQDO\]HG DUH

F6HFWLRQWWDQFHEDVHG PRHNWWKRIGAWKRGY GHWHUPLQH DC
RSHUDWLRQV EDVHG RQ GLVWDQFH VLPLODULW\PHWULF

F6HFWLRQQURXQGDU\EDVHG PKM\KRENWKRGY GHWHUPLQH L
DU\ WKDW VHSDUDWHY QRUPDO RSHUDWLRQV IURP WKH D

F6HFWLRQ6WDWLVWLFDO EDVHKE \PHHRHKWERGY LGHQWLI\ DQ
E\DVVLIQLQJD FHUWDLQ SUREDELOLW\WR HDFK GDWD S|

F6HFWLRQIWXUDO 1HWZRUN EDVHAIGHVHWPKHRGKWR GV XVH D QH?
QHWZRUN WR LGHQWLI\DQRPDOLHV

7TKHVH SURYLGHDQ RYHUYLHZJRLQJIURP FODVVLFDO DSSUR

% ‘'LVWDQFH %DVHG OHWKRGYV

'LVWDQFH EDVHG PHWKRGV XVH D PHDVXUH RI VLPLODULW\ F
SRLQWYV 7KH WHFKQLTXHV WKDW ILQG ZLGHU XVDJH LQ WKH
DQRPDOLHV DUH

fN 1IHDUHVW 1HLJKERXUV 7KLVPHWKRGLVEDVHGRQILQGI
WKH GLVWDQFH RIDOO SRLQWV WR LWV N QHDUHVW SRLQ
FHUWDLQ WKUHVKROG WKLV SRLOQW LV FRQVLGHUHG WR E

F&OXVWHULQJ 7KHLGHDLVWRFOXVWHUGDWDEDVHGRQ V
RUVHPL VXSHUYLVHG WHFKQLTXH $QRPDOLHV DUH SRLQ
FOXVWHU

2HKOLQJ HW DX H>OLJKW 2SHUDWLRQDO 4XDOLW\ $VVXUDQF
E\DLUERUQH IOLJKW VHQVRUV ZLWK WKH /RFDO 2XWOLHU 3UR
DQRPDOLHVLQ WKHDSSURDFK SKDVH PRUH VSHFLILFDOO\ W
GDWD LVDQDO\]HG XVLQJ WKUHVKROG PRGHOV WKDW FRPSD!
WR ILIHG WKUHVKROGV

/IR23 GHYHORSHG E\ .UL®JHU HWVHG RQ WKH DVVXPSWLRQ Wt
RI'N1HDUHVW 1HLJKERXU DURXQG DQ RXWOLHU LV ORZHU W|
, WV DGYDQWDJH RYHU RWKHU GHQVLW\ EDVHG DSSURDFKHYV
WKHUDQJH > @ ZKLFK FDQ EHGLUHFWO\LQWHUSUHWHG DV
RXWOLHU

2HKOLQJHW DRF XV RQWKHILQDO ODQGLQJSKDVHEHFDXVHLW
RFFXUV DQG WKH PRVW FRPPRQ W\SH RIDFFLGHQWY DUH OF
FRQWUROOHG IOLJKW LQWR WHUUDLQ &),7 DQG UXQZD\ H[FX
DFFLGHQWV DUHDQDLUFUDIWHQWHULQJVWDOOIRU/2& , DQ
IRU &),7 DQG DQ DLUFUDIW KDYLQJ WRR PXFK HQHUJ\ IRU 5¢(
WKHVHDUH WKHIHDWXUHY XVHG LQ WKHPRGHO



% $QRPDO\"HWHFWLRQ

1t/ DWHUDO GLVWDQFH IURP UXQZD\ FHQWUHOLQH 10
f+HLIKWDERYHUXQZD\WKUHVKROG IHHW

f$YHUDJH DLUVSHHG NQRWYV

1$QJOH GLIIHUHQFH EHWZHHQ DLUFUDIW WUDFN DQG UXQZ
F$YHUDJH IOLJKW SDWK DQJOH

F$YHUDJH IOLJKW SDWK DFFHOHUDWLRQ J

7TKLVDSSURDFKFRXOG EH XVHG ZLWK VRPHDGDSWDWLRQ LQ"
WLWLHVY DERYH IURP $'6 % GDWD ,W LV HWUHPHO\LPSRUWD
VWXG\LVY SHUIRUPHG RQ PLOOLRQ $ DQG $ IOLIJKWV 7KH
HYHQWYV RI ZKLFK ZHUH IDOVH SRVLWLYH 2Q WKH VDPH
GHWHFWLRQ PHWKRG IRXQG WUXHDQRPDOLHV DQG IDC

,Q>@ DQG> /LHW DO XVHDQDQRPDO\GHWHFWLRQ PHWKRG
DOJRULWKP '%6&%1 7KLV PHWKRG LV FDOOHG &0XVWHUS$' DQ
WHFW DEQRUPDO WDNH RIIVDQG ODQGLQJV 7KHDQDO\VLV L
SKDVHV 7KH WDNH RIl SKDVH LV WKH SHULRG ZKHQ D ODUJH
'KHQ SUHSURFHVVLQJ WKH GDWD HDFKIOLJKW LV VDPSOHG F
VWHDG WKHODQGLQJ SKDVH LV VDPSOHG LQ VSDFH IURP WK
FRQVLVWY RI JHQHUDWLQJ YHU\ KLJK GLPHQVLRQDO YHFWRU
WKH)243$ GDWDVHW ZKLFKLVWKHQUHGXFHGLQGLPHQVLRQ .
FOXVWHULQJDOJRULWKP 7KLVDSSURDFKFDQLGHQWLI\KLJI
SLWFK H[FXUVLRQV DEQRUPDOIODS VHWWLQJV DQG KLJK ZL

'%6&$1 LV D GHQVLW\ EDVHG VSDWLDO FOXVWH@LDUIWFHWK AR ¢
LGHD RI JURXSLQJWRJHWKHU SRLQWV LQ GHQVHIDUHDY OHDY
VKRZVWKHZRUNLQJPHFKDQLVP RI WKBID-OWR H IPDK B 0D UD7PIHY
RI WKH DOJRULWKP ,Q WKLV FDVH LW, U3/SILHV HOWHG BD\QAEK H
DURXQG HDFK SRLQW $ SRLQW LV FODVVLILHG DV D FRUH SR
0,137 ZLWKLQ D GIUMMDBRBEOH SRLQW LI LW LV QRW D FRUH SR
SRLQW ZIDM}A.RXWOLHUV LI WKHUH DU HEDR FRUHH § FDLLCHM R U P W
MRLQLQJFRQQHFWHG FRUHDQ@ UHDFKDEOH SRLQWV >

JLIXUH BYHUYLHZ RI '"%6&$1 D@WRULWKP >



% $QRPDO\"HWHFWLRQ

,Q/LYVDSSOLFDWLRQRI"'%6&%$1WKHYDOXHO0,137LVVHOHFWF
\VLV 7KH YDOXHRI 0,137 M\DIWEHG EKMZHHHQ LWV PD[LPXP DQC
YDOXH $IWHUDIHZLWHUDWLRQV 0,137 LV SLFNHG LQ WKH D
WHFWHG DQRPDOLHVLVLQGHSHQGHQW RHWKHVWHE CHISWE GV
DQDFFHSWDEOH SHUFHQWDJH RI RXWOLHUV GHWHFWHG

,Q >@ /L SHUIRUPV D GHWDLO FRPSDULVRQ RI H[FHHGHQEFH
0.$' ZKLFK ZLOO EH GLVFXVVHG LQ WKH QH[W VXEVHEWLRQ

DO\]JHG DQG LW VKRZV WKDW MXVW D IHZ SHUFHQWDJH DUH C
FHHGDQFH GHWHFWLRQ KDV OHYHOV RI VHYHULW\ OHYHO
PRGHUDWH H[FHHGDQFH DQG OHYHO PLOG H[FHHGDQFH

FOXGHV RIIOLJKWV OHYHO DQG OHYHO *HQHUDO
DQDO\WHG EHFDXVH PRVW Rl WKHP DUH QRW RSHUDWLRQDOC
VLYH WR DQDO\]H WKHP %\ YDU\LQJ WKH GHWHFWLRQ WKUH
EHWZHHQ DQG DV LW FIDEBDH WHHQ@WDEOH DOVR VKRZV WKI
SUHVHQW DW WKH VDPH WLPH LQ ([FHHGDQFH GHWHFWLRQ C
0.$' 7KH FRPSDULVRQ LV SHUIRUPHG RQ OHYHO H[FHHGDQF
QXPEHU RIRXWOLHU LV H[SHFWHG WR EH ORZHU VLQFH LWV W

7TDEOH %KLY WDEOH VXPPDUL]HV WKH GLITHUHQFHY EHWZHHQ 0.$'DQG &
WKUHVKROGV DQG H[FHHGDQFHa&@GHWHFWLRQ OHYHO >

7THFKQLTXH 7KUHVKROG > @
&OXVWHUS$' RQO\>I0[LIKWYV
0.$' RQO\>IOLJKWV@
%RWK >IOLIKWYV
([FHHGDQFH GHWHFWLR
LQ &OXVWHUS$' >IOLJKWV @
([FHHGDQFH GHWHFWLR
LQ 0.$' >IOLIJKWV@

&OXVWHUS$' VKRZVY DSSUR[LPDWHO\ WLPHV PRUH FRPPRQ IO
GHWHFWLRQ PHWKRG 7KLV LV H[SHFWHG EHFDXVH &0XVWHU
WKH GHYLDWLRQ IURP QRPLQDO YDOXHV 7KLV QRPLQDO YDO
XVHG LQ HIFHHGDQFH GHWHFWLRQ %DVHG RQ WKLV FRQVLG
DQRPDOLHV DUH DSSUR[LPDWHO\ RI WKH GDWDVHW WKH ILC
EHDSSUR[LPDWHG WR EH 7KHDXWKRU UHYHDOV WKDW 0.%
GDWD ZKLOH&OXVWHUS$'ZRUNV EHVW ZLWKFRQWLQXRXV GDV
GRHVQRWSURYLGHD VFRUHIRUWKHDQRPDO\DQG WKDWDOGO
ZKLOHO0.$" GLIITHUHQWLDWHEHWZHHQDQRPDOLHV XVLQJD VF
EHFDXVH ZLWK 0.$'LW LV SRVVLEOHWR OLPLW WKH VHDUFK W

&KXUFKLOO@WWHOVHQW D '%6&%$1 FOXVWHULQJ VWUDWHJ\ ED\
SURDFKWRGHWHFWDQRPDOLHVLQDLUFUDIWJURXQG PRYHP
LQVSDFHDQG WKHQ WKH\ FOXVWHU LQ WLPH WR REWDLQ GLI
LVWRILQG VWDQGDUG SDWKV XVLQJ WKH '"%6&%$1 DOJRULWKP



% $QRPDO\"HWHFWLRQ

DE\ SURGXFW 7KLV DSSURDFK FRXOG EH GLUHFWO\DGDSWF
DLUSRUW WR HIWUDSRODWH XVHIXO VDIHW\ LQGLFDWRUV LQ .
% GDWD 7KLV PHWKRG LV WHVWHG IRU IOLIJKWYV DW &KI
$LUSRUW

$GLIIHUHQW NLQG RI FOXVWHULQ Ja& WKKIHGNEN R W HNUKRHR\CE M \\WOBE0!
WLYHORQLWRULQJG6\VWHP ,06 EDVHG RQ FOXVWHULQJ ZKLF
IRUWKH QWHUQDWLRQDO 6SDFH6WDWLRQ ,66 7KHNH\GLII
LV WKDW WKH\WUDLQ DPRGHORQ QRUPDO VDIHRSHUDWLRQ
FDVHV DQRPDOLHV DUH LQFOXGHG LQ WKH WUDLQLQJ GDWD
GHWHFWV DQRPDOLHVY EDVHG RQ WKHLU GLVWDQFHIURP WKH
WKLVDSSURDFK LV WKDW VWHSVDUHUHTXLUHGDQG WR JHQ
WHFKQLTXH QHHGVY WR EH XVHG WR FOHDU LW IURP DQRPDOLF

7KH PDLQ GRZQVLGH RI WKHVH PHWKRGV LV WKDW WKH\ VXIIH
DOLW\ WKDW LV WKH\ GR QRW VFDOH ZHOO ZLWK KLJK GLPHQ
ZLWK IOLJKW GDWD ZKLFK LV JHQHUDOO\ KLJK GLPHQVLRQDGO
DUH XVHG L H RQO\D VXEVHW RI WKHDYDLODEOH RQHV RU"
UHGXFHG XVLQJ WHFKQLTX®V W XR@>RVW DRXXWRHQFRGHUV GLV
ODWH® >

% %WRXQGDU\ %DVHG OHWKRGV

7KHVH PHWKRGV XVH D WUDLQLQJ GDWDVHW WKDW UHSUHVF
ERXQGDULHV Rl UHJXODU RSHUDWLRQV DUH OHDUQHG 7KH
OHDUQ RIIHUV D ZD\ WR HDVLO\ LPSOHPHQW WKHVH DOJRUL
DQRPDO\GHWHRWHRIOPHUV DQ LQWXLWLYHH[SODQDWLRQRI WH
DSSOLHG WRD 'G@WDVHWYV >

JLIXUH ®YHUYLHZ RI FODVVLFDO DQRPDO\@HWHFWLRQ DOJRUL



% $QRPDO\"HWHFWLRQ

$PRQJ WKHVH DOJRULWKPV WKH RQH WKDW ILQGV ZLGHU XVI
DYLDWLRQLVRQH FODVV VXSSRUW YHFWRU PDFKLQH 2& 690
GHVLIQHGWR GHWHFWRXWOLHUV 7KLVWHFKQLTXHILQGYV D |
WKDW FRPSULVHV RQO\JRRG REVHUYDWLRQ OHDYLQJ WKH RX
GHVFULEHG E\ WKHXIR\O ORZ @&Q J

XQ
PLQS + — |
5, YQI; "
V- W (xi) b R+ i=1;:1n
i 0 i=1;::5n

' KDWIT XDWLRH}SUHVVHY FRQFUHWHO\ LV ILQGLQJWKH VPDOO}
PLQLPLJL@XKH UDGLXV Rl WKH KVBKIN EDOGND@&LDEOH 6XFK
VTXDUH (XFOLGHDQ GLVWIZEERKRLYKHSQEQWRSWKH EMQWHU |
WKH K\SHUEDOO LV VPD®QHUKRIWH TXDWAHRHVVDU\ WR DOOR
RXWOLHUV GHW B PWHRZM L,JKOWW HDFUWHR/BH QWY WKH QXPEHU RI VD
LW LV XVHG WR QRUPDOL]H DQG PDNH WKH UHVX®DMW WDKGH SHQ
XVHU GHVLJQ SDUDPHWHU XVHG WR GHWKUPLQH WKH DPRXQV

%DVHG RQ 2& 690 LV WKHOXOWLSOH .HUQHO $QRPDO\'HWHFW
RSHG E\'DV HW DO M@V, Q¥ELY WHFKQLTXH PXOWLSOH NHUQ
DQDO\]H GLVFUHWHDQG FRQWLQXRXV GDWD DW WKH VDPH WL
\WLV RI)24%$ VXUYHLOODQFH GDWD DQG HYHQ RFFXUUHQFH
WKH SDUDPHWHUV LQ WKH )OLJKW 2SHUDWLRQV 4XDOLW\ $
PHDQLQJIXO IHDWXUHV DUH VHOHFWHG ,W FDQ GHWHFW DS
JXVW\ ZLQG DQRPDO\ DQG JR DURXQG

'DV DW DO @LRQG ODWWKHZV@ WHDWW DQB>RQ D ODUJHU GDWD
RI PXOWLSOH DLUFUDIW ,W FDQ GHWHFW KLJK HQHUJ\ DSSUF
DOWLWXGH DQG WXUEXOHQW DSSURDFKHV ZKHUH D ORVV R
7KH EDVLF LGHD LV WKDW DYLDWLRQ GDWD LV KLJKO\PXOWLY
SDUH GLUHFWO\ )RU WKLV UHDVRQ .HUQHO IXQFWLRQV DUF
GLPHQVLRQ ZKHUH VLPLODULW\FDQ EHDVVHVVHG $W WKLV ¢
GLIIHUHQW IURP PRVW RWKHU IOLJKWYV 0.$'LV WKH PRVW VW
WLRQ DOJRULWKP LQ DYLDWLRQ ,WLVYHU\RIWHQ XVHG DV D

ODWWKHZV H@ ROH 6.$' RQ VXUYHLOODQFH GDWD ZKLFK LQF
IHDWXUHVY ODWLWXGH ORQJLWXGH DOWLWXGH DQG WLPH

WR WKHFORVHVW QHLJKERULQJDLUFUDIWLVY DGGHG DV D IHLC
Rl WKH GD\VSUHFHGLQJ WKH WHVW GD\ 7KH PRVW VWDWL
DQDO\|JHG E\DQ H[SHUW ZKLFKFRQVLGHUHG WR EH RSHUDYV

$ NH\ SUREOHP RI1 0.$'LV WKH QXPEHU RIIDOVH SRVLWLYHV S
DQRWKHU H[SHULPHQW ZLWK D GRPDLQ H[SHUW VKRZV WKDW
IOLJKWV RQO\ DUH RSHUDWLRQDOO\VLJQLILFDQW DWU WKI
1$6$ IRFXVHG RQ WKH ZD\WRRYHUFRPH WKLV OLPLWDWLRQ X'
DSSURDFK LV EDVHGRQDQ H[SHUW WKDW UHYLHZV WKH UHV X



% $QRPDO\"HWHFWLRQ

WKH DQRPDO\LVRSHUDWLRQDOO\VLJQLILFDQW 7KH DSSURE
LV D FRVW DVVRFLDWHG ZLWK ODEHOLQJ WKH GDWDVHW WK
0.$' 7KH SURFHVV LV DV IROORZV 7KHH[SHUW UHYLHZV DQ L
DVWKHPRVW DQRPDORXV E\0.$' ,Q WKLV ZD\ LWLV SRVVLEO
WKDW GHWHUPLQHV ZKLFK DQRPDO\ LV RSHUDWLRQDOO\ VLJ
WKLV FODVVLILHU WKHH[SHUWLVLQWHUURJDWHGDJDLQ ZLV\
XVHG WR LPSURYH WKH FODVVLILHU LWVHOI 7KH H[SHUW QR\
DOVR SURYLGH DQ H[SODQDWLRQ ZKLFK WKH UHVHDUFKHUV
NHUQHO 7KH UHVXOW VKRZV D VOLJKW LPSURYHPHQW RYHU
WKHWRS DQRPDORXVIOLJKWVRI$/DQGO.$' UHYHDOV WKDW
DQRPDOLHV DQG 0.$'

$QRWKHU DSSOLFDWLRQ RI 2& 690LV SUHVHQW@ Q $WKHRSDSH
VWHS VWUDWHJI\ LV XVHG WR GHWHFW DQRPDOLHYV LQ WKH DS
XV0LQJ )24%$ GDWD %HIRUH SHUIRUPLQJ WKH DQRPDO\ GHWH
JHQHUDWLRQ VWHS LQ ZKLFK WKH\WUDQVIRUP WKH @DWD XVL
8VLQIJHQHUJ\PHWULFV LV SDUWLFXODUO\LPSRUWDQW EHFD:
HQHUJ\ PDQDJHPHQW RI WKH DLUFUDIWJXKH ®R&HA LY VKR Z1
XVHG WR REWDLQ WKHQXPEHU RIFOXVWHUV LQ WKHGDWD VH
DQRPDOLHYV

JLIXUH ®WUDWHJI\RI 3XUDQLN WR LGHQWLI\DQRPD@LHY LQ JHQHUD

7THVWLQJ LV SHUIRUPHG RQ GLITHUHQW HQHUJ\ PHWULFV RQ
WKH WRS DQRPDORXV IOLJKWYVY DUH FRQVLGHUHG 7KHVH I
NLQGV RI lHDWXUHV ZLWK WKH PRVW OLPLWHG RQH XVLQJ RC
DOWLWXGH ,QWHUHVWLQJO\ RIWKHIOLIKWYVY GHWHFWHG Z
PHDQV WKDW XVLQJ $'6 % GDWD VKRXOG JLYH VLPLODU UHVXC
LOQVHQVLWLYHRIUXQZD\ DLUSRUW DQGDLUFUDIWPRGHO 71
EH XVHG ZLWK GLIITHUHQW DLUFUDIW ODQGLQJ DW GLITHUHQMW
JRU IXWXUH ZRUN WKLV SDSHU UDLVHV WKH SRLQW WKDW L\
RSHUDWLRQV FKDQJH EDVHG RQ WKH ZHDWKHU &RPSDULQJ
REWDLQHG IURP &O0OXVWHUS$" UHYHDOV WKDW RI WKH DQRPL
GLIIHUHQFHV DULVHIURP DQRPDOLHV WKDW DUH YHU\IHDWX

7THPSRUDO /RJLF %DVHG /HDUQLQJLVD QRYHODQRPDO\GHWH
RIWRLQIHUVLIQDO WHPSRUDO ORJLF 67/ IRUPXODHUHVHPE
67/ LV D ODQJXDJH XVHG WR VSHFLI\ VIVWHP SDUDPHWHUYV I
JUHDWHU WKDQ T; WKHARQ@GWKULW ZLOO GURS EHORZ\DQG UHP
OHDNVN W @

'HVKPXNK DW@DS SOLHG WKLV WHFKQLTXH WR WUDMHFWRULH
LQ WHUPLQDO DLUVSDFH 7KH\ FDOO WKHLU PHWKRGRORJ\ ~
WZR VWHSV ILUVW WKH\DSSO\ '%6&$1 WR FOXVWHU WRJHWK
WKH\ XVH WHPSRUDO ORJLF OHDUQLQJ WR GHILQH ERXQGDU!
RSWLPL]DWLRQ SUREOHRVVRPRBBUDWR.RQV DUH ERXQGHG LQ



% $QRPDO\"HWHFWLRQ

KRULIRQWDO ODWLWXGHDQG ORQJLWXGH DOWLWXGH VSH
WKDW ERXQGV DUH QRW FRPELQHG ZKHQ GHWHFWLQJ RXWOLI
LV WUDLQHG RQHDFK ERXQGDQG WHVWHG VHSDUDWHO\ )RU
WKHDLUFUDIW LV RXW RI OLPLWY LQ DOWLWXGH EXW LW GR
VSHHG DQG DOWLWXGH LV DQRPDORXYV

,QDVXEVHTXHQW SXEOLFDWLR® WHDIQRXRKMHGITEPS$' LQ DC
PHQWDO OHDUQLQJDOJRULWKP 7KHDXWKRUV UHDOL]H WKD
ODUJH DPRXQWV Rl GDWD EHFDXVH ZKHQ WUDLQHG ZLWK GD\
LW EHFRPHV WRR FRQVHUYDWLYH 7KH FDXVH LV WKDW DLU \
SDWWHUQ DQG WKH\ FKDQJH GHSHQGLQJ RQ WKH WLPH RI WK
UHDVRQ WKH LQFUHPHQWDO OHDUQLQJ DOJRULWKP XSGDW|
GD\ 7KLV DSSURDFK FDQ UHFRJQL]HJR DURXQG 6 WXUQ SDYV
VSHHG ODWH LQWHUFHSWLRQ RI JOLGHVORSH HQHUJ\ H[FH
DQRPDOLHYV

% 6WDWLVWLFDO %DVHG OHWKRGYV

6WDWLVWLFDO PHWKRGVY UHO\RQ WKHFRQFHSW RIDVVLJQLQ
SRLQW 1RUPDO GDWD ZLOO IDOO LQ KLJK SUREDELOLW\ UHJ
SUREDELOLW\UHJLRQV

*DXVVLDQ OLIWXUHORGHO

*DXVVLDQ OL[WXUH ORGHO *00 LV D SUREDELOLVWLFPRGHO
SRLQWV DUH JHQHUDWHG E\ VHYHUDO ZHLJKWHG *DXVVLDQ C
LQDYLDWLRQ GHULYHV IURP WKH IDFW WKH\ KDQGOH PXOWL
GHWHFWVDQRPDO\E\FDOFXODWLQJWKHSUREDELOLW\WKD\
*DXVVLDQ GLVWULEXWLRQ DQG LI WKLV SUREDELOLW\ LV OF
FRQVLGHU LW DV DQRXWOLHU

7KHUH DUHWZR FRPPRQ ZD\VRIHVWLPDWLQJ*DXVVLDQ GLVW
RQ DQ LWHUDWLYH H[SHFWDWLRQ PD[LPL]DWLRQ (0 DOJRUL
WKH OLNHOLKRRG WKDW HDFK GDWD SRLQW EHORQJV WR D F|
DSSURDFK WKH QXPEHU RI *DXVVLDQ LV DVVXPHG WR EH NQ
DOJRULWKP FDQ ILQG D ORFDO RSWLPXP $ ZD\ WR FKHFN WK
FRUUHFWO\LV E\LQYHVWLIJDWLQJ WKDW WKH UHVXOWLQJ *D
LH DFRPSRQHQW WKDW FRUUHVSRQGVY WRDVLQJOH SRLQW
YDULDQFH HTXDOV

7KH VHFRQG DSSURDFK LV FDOOHG %D\HVLDQ *DXVVLDQ OL[W
WKLVDOJRULWKP FDQ HVWLPDWH WKH QXPEHU RI*DXVVLDQV
K\SHU SDUDPHWHUYV 7KHPRVW LPSRUWDQW RI ZKLFK LV WKH
WHU ,IDORZYDOXHLVFKRVHQ DIHZFRPSRQHQWV ZLOO FDU
DKLIKYDOXHLVY FKRVHQ PDQ\FRPSRQHQWVIZEOBVWA®»D\ D URC
PDUL]HV WKH GLITHUHQFHV EHWZHHQ WKHWZR HVWLPDWLRQ
PRGHO LV WKDW LI WKHWUDLQLQJ GDWDVHW KDV PDQ\RXWOL
RXWOLHU )RU WKLV UHDVRQ WKH GDWDVHW VKRXOG EH FOF
YHU\ FKDOOHQJLQJ



% $QRPDO\"HWHFWLRQ

7TDEOH %KH WDEOH VXPPDUL]JHV WKH NH\ GLITHUHQFH EHWZHHQ WKH WZR F

IURP ®
(0 %D\HVLDOQ
3UR QHQ
1R ELDV /HVV VHQVLEOH WR FKDQJH
LQ SDUDPHWHUYV
T US\DVUHDQPVHLVE\E/SUVVAIBIg%lﬁ)l?kaQ (0
&RQ%Q
6LQIJXODULWLHV,PSOLFLW ELDV

7KH PDLQ DSSOLFDWLRQ RI *00LQ DYLDWLRQ LV GHWHFWLQJ
LQVWDQFH 3XUDQLNDQG/L ZKRDUH SUHVHQWHG LQ WKH SUHI
LQVWDQWDQHRXV DQRPDO\GHWHFWLRQ WR WKHLU IOLJKW D
HW DO@ XVH *00 EHFDXVH LW GHDOV ZLWK PXOWLYDULDWH GD
WRU 7KH\ILQG WKH QXPEHU RI FRPSRQHQWYV E\ XVLQJ WKH &
FULWHULD EHFDXVHLW SURYLGHV WKH FOHDUHVW GHILQLWLTF
QRW RQO\LGHQWLI\LQVWDQWDQHRXV DQRPDO\EXW DOVR PR
DQRPDORXV SUREDELOLW)\ VFRUH

JXUWKHUPRUH WKHUHLV D FRPSDULVRQ ZLWK H[FHHGDQFH G
LvDQHIDWLYH FRUUHODWLRQ EHWZHHQ WKH WZR PHWKRGYV
OHYHO EXW D ORZ DQRPDORXV SUREDELOLW\ VFRUH +RZHY
RQO\ WKH WRS DQRPDORXV SRLQWYV UHVXOWLQJ IURP WKH
DQRPDOLHV IRUWKHH[FHHGDQFH GHWHFWLRQ DOJRULWKP
WHFW DQRPDOLHV LQ WDNH RIIDQG ODQGLQJ

6LPLODUO\ DIWHU GHYHORSLQJ &0 XV W H@® & QMH\QW L % B WHLW/K
RI *00 2Q D KLJK OHYHO WKH NH\ GLIIHUHQFH LV WKDW WKH ¢
DEQRUPDO GDWD SRLQW LQVWHDG RIDQ DEQRUPDO IOLJKW S
DQH[SHUW KDV WRUHYLHZ WKH IOLJKW EHFDXVHKHFDQ DQD
1RUPDO RSHUDWLRQV DUH FDSWXUHG E\ WKH *DXVVLDQ FRPS
SURDFK GLIIHUHQW NLQGV RIYLVXDODSSURDFKDQG WRXFKC
PDWULFHV DUH XQQHFHVVDU\HYHQ ZKHQ IOLJKW SDUDPHWH
IRUH GLDJRQDO FRYDULDQFH PDWULFHVY FDQ EH XVHG ZKLFK
PRUH FRPSXWDWLRQDOO\ HIILFLHQW $V 3XUDQLN /L XVHV (
QXPEHU RI FRPSRQHQWV LV FKRVHQ EDVHG RQ WKH %D\HVLD¢
ZKLFK ILQGVY WKH RSWLPDO EDODQFH EHWZHHQ PRGHO DFEXU

7TKHDXWKRUV DQDO\|JHD GDWDVHW RI $ IOLIKWYV ZLWK W
O\]HG WKH PRVWDQRPDORXV IOLIJKW ZLWK D JURXS RI H[SH
SRVLWLYH UDWH )XUWKHUPRUH WKH\ FRPSDUH WKLV QHZ D
WHUS$' 0.$'DQG H[FHHGDQFH GHWHFWLRQ 7KH UHVXOW LV VW
GXFHV UHVXOWY PRUHLQ OLQH ZLWK OHYHO H[FHHGDQFH G



% $QRPDO\"HWHFWLRQ

GHWHFWHG E\ *00 ZLWK D WKUHVKROG RI DUHDOVR LQ OHYF
7KLV PHDQV WKDW WKH SHUFHQWDJH RIIDOVH SRVLWLYHFDQ

7KH PDLQ FKDOOHQJHV LQ DSSO\LQJ WKH ZRUN RI /L DQG 3XU
IHUHQFH LQ GDWD DQG WKH GLIITHUHQW DLUFUDIW 7KH GDWE
GDWD ZKLOH LQ WKH ZRUN RI /L DQG 3XUDQLN )24$ GDWD LV
DQG/LIRFXVHV RQDVSHFLILFW\SHRIDLUFUDIW ZKLOH WKH
DLUFUDIW ODQGLQJ DW 6FKLSKRO 7KH VHFRQG SUREOHP FD
WKH DLUFUDIW LQ GLITHUHQW FDWHJRULHV DQG SHUIRUPLQJ

BULQFLSDO &RPSRQHQW $QDO\VLYV

BULQFLSDO &RPSRQHQW $QDO\VLV 3&$ LV D OLQHDU WUDQV
IRUPV WKH IHDWXUH VSDFH VXFK WKDW YDULDQFH LV PD[LPL
SULQFLSDO FRPSRQHQW KDV D PD[LPXP YDULDQFH DQG WKH
VXFFHVVLYH FRPSRQHQWY ,Q SDUWLFXODU LW LV JXDUDQV
IRUPHG XVLQJRQO\WKH SULQFLSDO FRPSRQHQW WKHREWDL
WKH VXP RI WKH VTXDUH GLIITHUHQFHY EHWZHHQ WKH RULJLQ
YDOXH )OLJKW GDWD LV RIWHQ QRQ OLQHDU DQG UHVHDUEFK
ZLWK QRQ OLQHDULWLHV )RU I@G WDHFRS H GO HIW.BDH O W . |
.3&% DOJRULWKP RSWLPL]HG VSHELILFDOO\IRUIOLJKW GDW

-DUU\ HW ®OXV:H YXQFWLRQDO 3&% )3&$ DQG XQVXSHUYLVHG
UDGDUGDWDWRGHWHFW 1RQ &RPSOLDQW $SSURDFK 1&$ WK
$SSURDFK 16$ ZKLFK PD\ OHDG WR FDWDVWURSKLF DFFLGH
&), 7 7KH VWHS DSSURDFK FRQVLVWV RI DSSO\LQJ )3&$ RQ
DQG ODWHU DSSO\LQJKLHUDUFKLFDO FOXVWHULQJ 7KHWRW
RIHQHUJ\LV WKH NH\UHDVRQ IRUQRQ FRPSOLDQFH 7KH UDC
ODWLWXGH DOWLWXGH JURXQGVSHHG WLPH YHUWLEDO VS
DUH WKH VDPH SDUDPHWHUV SURYLGHG E\$'6 % ZKLFK PDNH
WKH WKHVLV )3&$DOORZV UHGXFLQJWKH GLPHQVLRQ E\HVW
/IRJYH GHFRPSRVLWLRQ ,WLVEDVHGRQWKHIDFWWKDW DLUI
GDWD DQG LW FDQ EH FRQVLGHUHG DV UHDOL]DWLRQV RI DQ
IXQFWLRQ

)XUWKHUPRUH WR DOORZ IRUD FRPSDULVRQ EHWZHHQ GLIII
RSHUDWLRQDO VSHHGVY WKH UHIHUHQFH V\VWHP LV EDVHG R
WKH UXQZD\ WKUHVKROG 7KH DXWKRU DQDO\HV D VPDOO L(
WR SURYLGH VHIJPHQW QRQ FRPSOLDQFH VFRUH E\ XVLQJ D
UHFXUVLYHO\ WKH DOJRULWKP 7R FRPSXWH WKH QRQ FRPS
6&$1 +'%6&$1 LV XVHG DIWHU ZKLFK WKH *OREDO /RFDO 2XV
FKLHV */26+ DOJRULWKP LV DSSOLHG WR REWDLQ DVFRUH EI

+'%6&%$1 FRQVWUXFWY WKH PLQLPXP VSDQQLQJ WUHH DPRQJ
GHQVLW\ GHQGURJUDP EDVHG RQ WKH VL]H Rl WKH HGJHV EH!
VHOHFWHG IURP WKH GHQGURJUDP EDVHG RQ WKH QXPEHU R
$FFRUGLQJWR WKHDXWKRUV WKLVDSSURDFKLV YHU\VHQVL
VL]H -DUU\ H& W[WHQVLYHO\ WHVWHG WKLY DSSURDFK DW P>
UHVXOWVY 7KH UHDVRQ IRUWKH GHYHORSPHQW RI WKLV PHW



% $QRPDO\"HWHFWLRQ

HIFHHGDQFH GHWHFWLRQ PHWKRGRORJ\ KDV D KLJKIDOVH S
DXWKRU PHQWLRQ D V\VWHP IURP WKH )UHQFK JRYHUQPHQW
IDOVH SRVLWLYH UDWH RI :KLOH WKH )3&%$ PHWKRG KDV D |

,QGHSHQGHQW &RPSRQHQW $QDO\VLV

,QGHSHQGHQW &RPSRQHQW $QDO\VLV ,&$ LVDVWDWLVWLFI
HDUWUDQVIRUPDWLRQ RIVRPH REVHUYHG GDWD WR D QHZ IH
WKH REVHUYHG GDWD RULJLQDWHV IURP D PL[ RI QRQ *DXVVL
ODWHQW YDULDEOHV ,&$ UHYHDOV WKH ODWHQW YDULDEOH:
PD[LPL]JHIHDWXUHUHFRQVWUXFWLRQ VXFKWKDW LW LV SRVV
WKH RULJLQDO RQH DQG YLFH@ BS8DLH® @BHW VEH>D YLD W
,Q SDUWLEXODU WKH\XVHDFRPSOH[ QHWZRUN DSSURDFK ED
FRQJHVWLRQ RXWVLGH WKH 7THUPLQDO ODQHXYHULQJ DUHD

SHJUHVVLRQ PRGHO EDVHG

7KLY DSSURDFK FRQVLVWY RI WUDLQLQJ D UHJUHVVLRQ PRC
EDVHGRQ WKHGLVWDQFHEHWZHHQ WKHH[SHFWHG YDOXH SU
DQG WKH DFWXDO YDOXH ,Q WKH FDVH RIDLUFUDIW GDWD
PRGHO LV XVHG WR WDNHLQWRDFFRXQWPXOWLSOH WLPH VH

OHOQ\N HW@ 8® PRGHOV WKH IOLJKWV XVLQJ D G\QDPLF %D\H\
LQJ GLVFUHWH DQG FRQWLQXRXV YDULDEOHY WDNHQ IURP W
LV D VHPL ODUNRY VZLWFKLQJ YHFWRU DXWRUHJUHVVLYH PR
IROORZV $VLQJOH9$5 PRGHO EXLOW XVLQJFRQWLQXRXV GD
IOLJKW )RU WKLV UHDVRQ GLIIHUHQW 935 PRGHOV DUH XVHC
ZKLFK LV UHYHDOHG E\D FRPELQDWLRQ RI WKH IOLJKW VZLW
IOLJKW SKDVH LV QRW REVHUYHG LQ GDWD DQG LW LV PRGHO
ODUNRY SURFHVV $Q H[DPSOH RI IOLJKW SKDVHV LGHQWLIL
OHYHOLQJ RIIDWD FHUWDLQ DOWLWXGH ILQDO DSSURDFK \

$IWHU WUDLQLQJ WKH PRGHO RQ WKH IXOO GDWDVHW LW ILC
VWDWHJLYHQ WKH FXUUHQW RQH 7KHQ LW FRPSXWHYV WKH ¢
EHWZHHQ WKHWZR VWDWHY 7THVWLQJWKHDOJRULWKP RQ VL
ZRUNV ZHOO ZLWK D SHUFHQWDJH RI DQRPDOLHV XS WR l
WR OHDUQ WKH DQRPDOLHVY DQG WKH PRGHO IDLOV 7HVWLC
RQ IOLIJKWYV DQG WDNLQJ WKH PRVW VWDWLVWLFDOO!'
9$5 GHWHFWYV RSHUDWLRQDO DQRPDOLHV 606 9%5 DQG C
DSSURDFKVHHPV WR SHUIRUP EHWWHU WKDQ 0.%$" LW ZLOO QF
EHFDXVHLQ RUGHU WR DFKLHYH WKHVDPHOHYHO RI SHUIRUP
VKRXOG EH XVHG DV ZHOO 2WKHUZLVH WKLV ZRXOG EH D VLF
ZRUVH WKDQ 0.%'

% IHXUDO 1HWZRUN %DVHG OHWKRGYV

7KH SULQFLSOH RI WKH QHXUDO QHWZRUN LV WR UHVHPEOH V
PDQ EUDLQ ,WLVDVLPXODWLRQLQYROYLQJLQWHUFRQQHF
RUJDQL]HG LQ OD\HUV DQG HDFK QHXURQRID OD\HULV FRQQ
ERULQJ OD\HUV 7KH ILUVW OD\HU UHFHLYHV WKH LQSXW GD\



% $QRPDO\"HWHFWLRQ

RXWSXW RI WKH QHWZRUN ,Q EHWZHHQ WKHUH DUH WKH KL«
DGHHSHU fXQGHUVWDQGLQJY Rl WKH G DWIX UK 8 QVGHIX F W X |
VWDQGLQJ PHDQVILQGLQJD UHODWLRQVKLS EHWZHHQ GDW
KLGGHQ PDWKHPDWLFDO IXQFWLRQ WKDW UHSURGXFHV WKH

JLIXUH BWUXFWXUH RI FRPPRQ Q®XUDO QHWZRUN >

7TKHUHH[LVWGLITHUHQW W\SHV RIQHXUDO QHWZRUNV XVHG L
VHFWLRQ ZKLFKZLOOEHDQDO\|JHGLQ WKHIROORZLQJVHFW

SHFXUUHQW 1HXUDO 1HWZRUN

SHFXUUHQW 1HXUDO 1HWZRUNV 511 KDYH D GLITHUHQW VW!
VKRZHGLUQUH %KLV W\SHRI QHWZRUN LV GHVLJQHG WR WDNH
QR SUHGHWHUPLQHG VL]H $V L)WILWSRW K HENOHH & RI MHHHIQFH Z
JLIXUHIY WKDW WKH ZHLJKWYVY DUH DSSOLHG "UHFXUUHQWO\"
DFRQQHFWLRQ EHWZHHQ WKH GLITHUHQW LQSXW VHTXHQFHYV
YLD DKLGGHQ VWDWH ZKLFK LV FDOFXODWHG IURP WKH FXU
WKHSUHYLRXV VWHS 7KLVIHDWXUHLVDOVRFDOOHG PHPRU
ZKDW KDSSHQHG DW WKH SUHYLRXV WLPHVWDPS 7KHLGHD E
FDQ XQGHUVWDQG WKHVHTXHQWLDO QDWXUH RI GDWD DQG |

1DQGXUL H& ©WH>»11 EDVHG PRGHOV /RQJ 6KRUW 7HUP OHPF
*DWHG 5HFXUUHQW 8QLWYV *58 ZLWK )24%$ GDWD /670 LQWUF
WKH EDVLF511 PRVWLPSRUWDQWO\ WKH FHOO VWDWH ,Q W
WR XQGHUVWDQG LI WKHLQIRUPDWLRQ LV LPSRUWDQW LQ D J
/1670 WKDW PHUJHVY QRQ UHOHYDQW LQIRUPDWLRQ DQG WKH L

,Q DQ H[SHULPHQW ERWK 511 DQG 0.$' DUH WUDLQHG RQ WUI
30DQH ,Q SDUWLFXODU WKHUHDUH WUDLQLQJH[DPSOHV
FRQWDLQ DQ DQRPDO\ 7KLV WHVW VHW XS UDLVHV FRQFHUC
YHU\ OLPLWHG DQG LW LV SRVVLEOH WKDW LI WKLV PRGHO LV
IURP WKH RQH Rl WKLV DXWKRU 7KH RXWSXW Rl WKH 511 PR (
WKH DLUFUDIW $Q DQRPDO\LV GHWHFWHG ZKHQ WKH HUURU



% $QRPDO\"HWHFWLRQ

JLIXUH %WUXFWXUH RIUHFXUUHQ@V QHXUDO QHWZRUN >

VWDWH LV KLJK 511 PRGHOV GLG QRW KDYH IDOVH SRVLWLY
PRUH 511 PRGHOV VKRZ D PXFK KLJKHU UHFDOO WKDQ 0.%$' FQC
RIDQRPDOLHV FRPSDUHG ZLWK RI0O.$" $PRQIJWKHWZR511F
WKH EHVW SHUIRUPDQFH DV WKH 06( LV KLJKHU ZKLFK PHDQ\
LWN\LQ GHWHFWLQJ DQRPDOLHVY 5HFXUUHQW 1HXUDO 1HWZR
FDQRQLFDODQRPDOLHVLQ WKHWHVW GDWDVHW ZKLOHO0.$'

$XWRHQFRGHU

$XWRHQFRGHUV DUH IHHG IRUZDUG QHXUDO QHWZRUNYV ZLW
RXWSXW QRGHV WLV FRPSRVHG RI WZR SDUWVXDRQ WQFRGH
VKRZV WKH JHQHUDO VWUXFWXUH RIDQ DXWRHQKRGHLU $V L\
DQDXWRHQFRGHU UHGXFHV WKHIHDWXUH VSDFH RI WKH LQS
WRUHFUHDWHLWLQ WKHGHFRGLQJSDUW 7KHREMHFWLYHR
HUURU RI WKHUHFRQVWUXFWHG UHVXOW $QRPDOLHV DUH G!

JLIXUH %WUXFWXUH RIDQ D®BWRHQFRGHU >

20LYH HW@OQBO\]H RQH \HDU RI $'6 % GDWD EHWZHHQ GLIIHK
DQRPDOLHV LQ IOLJKW WUDMHFWRU\ DQG LGHQWLI\ FRQWUF
FOXGHVY WHUPLQDO PDQHXYHULQJ DUHD RSHUDWLRQV 7KH\



% SUHFXUVRUV '"HWHFWLRQ

LQSXWDQG RXWSXW QHXURQV QHXURQVLQ WKHKLGGHQ O
DQG PHDQ VTXDUHG HUURU DV WKH ORVV IXQFWLRQ 7KH\VKR
LV KLJKHU IRU DQRPDOLHY FDXVHG E\ ZHDWKHU FRQGLWLRQ
$78& GHFRQIOLFWLRQ FDXVHV DQRPDOLHV ZLWK D ORZHU HUU
IURP WKH 2SHQ6N\ QHWZRUN

([SDQGLQJRQWKHSUHYLRXV ZRUB ADHYH@OW O WD\PRIZER YN W F
DQRPDOLHV LQ WUDMHFWRULHY EDVHG RQ D WZR VWHS DSSU
WHFWLRQ )LUVW WKH\DSSO\'6%6&$1 WRLGHQWLI\WUDMHF\
WKH\ XVH DQ DXWRHQFRGHU ZLWK D UHJXODUL]DWLRQ WHUP
O\][H PRQWKV RI GDWD IURP WKH 2SHQ6N\ GDWDEDVH IRU WK
E\%RUGHDX[ $&&

-DQDNLUDPDQ DQ @1LLAHDVHHRHQW D VSHFLDO W\SHRIDXWRHQF
/JHDUQLQJODFKLQH (/0 WRGHWHFW DQRPDOLHV LQ WKH ODV)\
PDSVWKHLQSXW GDWD WRD UDQGRP K\SHUVSDFH OLNHDXW|
GLQJLVDSSOLHG $QRPDOLHV DUH GHWHFWHG EDVHG RQ WK
VSDFH RULJLQ 7KH\ XVH UHDO VXUYHLOODQFH GDWD ZLWK W
WXGH DOWLWXGH DQG GLVWDQFH IURP WKH FORVHVW QHLJ
WR FRQVLGHU WKH ORVV RI VHSDUDWLRQ DQRPDOLHV 7KH\F

0.$" RQDGDWDVHW RI IOLIKWV DQG D WHVW GDWDVHW RI
UHVXOWY ZLWK WKH GLITHUHQFH WKDW (/0 ; IDVWHU (/0 KDV
PRUH WKDQ ZKLOHIRUO0.$'LV ,WLVLPSRUWDQW WR Q

XVLQJ WKH VDPH SDUDPHWHUY HPSOR\HG IRU (/0 7KH DQRPD!
KLIK VSHHG ODQGLQJ RYHUVKRRWLQJ WKHLU ILQDO WXUQ E
ODQGLQJDLUFUDIW

% 3UHFXUVRUV 'HWHFWLRQ

7TKLVVHFWLRQ GHVFULEHVY GLITHUHQW PHWKRGV WR LGHQWLI
FLGHQWV DUHLGHQWLILHG GLIITHUHQW DOJRULWKPV H[LVW V
DUHVLPLODUWRWKHDQRPDO\GHWHFWLRQ RQHV ZLWK WKH
JRULWKPVDUHPRGLILHGWR WDNHPRVWDGYDQWDJHIURP OCLC
ODEHOHG DV DQRPDORXV RU QRUPDO DIWHU DSSO\LQJ H[FHI
GHWHFWLRQ 3UHFXUVRUGHWHFWLRQ QRW RQO\UHYHDOV ZlI
LOQFLGHQW EXWDOVR FRUUHFWLQJDFWLRQ WDNHQ WR DYRL

5HLQIRUFHPHQW OHDUQLQJ

5SHLQIRUFHPHQW /HDUQLQJ 5/ LVEDVHG RQ WKHLGHD WKDW
SDUWLFXODU WDVN E\ LQWHUDFWLQJ DXWRQRPRXVO\ ZLWK \
WKH WDVN DW HYHU\ LWHUDWLRQ WKH DFWLYH DJHQW SHU
REVHUYDWLRQ IURP WKH HQYLURQPHQW 'HSHQGLQJ RQ WK
UHZDUG DQG VWULYHV WR PD[LPL]H WKH FXPXODWLYH UHZDU
WKH H[SHFWHG IXWXUH UHZDUGV

-DQDNLUDPDQ ®@WWA$6$S XVHV D PL[ RI UHLQIRUFHPHQW OHD
UHLQIRUFHPHQW OHDUQLQJWRLGHQWLI\SUHFXUVRUV 7KH |
IRUVXERSWLPDODFWLRQVLQWKHDGYHUVHWLPHVHULHYV ZK



% SUHFXUVRUV '"HWHFWLRQ

JLIXUH 8WUXFWXUH RI SUHFXUVRU GAHWHFWLRQ DOJRULWKF

7KH DOJRULWKP LVIXKRZ2®BHIRUH ORRNLQJ IRU SUHFXUVRUYV

WR ODEHO WKH WLPH VHULHY D IOLJKW WRLGHQWLI\IOLJKW
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B.7. Summary

Table B.5: This table shows a summary of the strategy identified to achieve the objective. In the
table, ”/” means that different models are developed based on the same strategy depending on the
flight phase. When talking about A/C type, "multiple” refers to a single model that can be used at the
same time with multiple A/C models. False positive data is not specified when absent in the paper.

Strategy Technique: citation (data, flight phase, A/C type, false positive[%])
Exceedance detection - Rule-based: [13] (radar data, approach, multiple)

- k-NN: [14](FOQA, approach, A320, 84)
Distance based methods - DBSCAN: [17](FOQA, approach, B777/A320, 80)

[20](ADS-B, ground movements, multiple)

- OC-SVM: [26](FOQA/radar, take off/approach, multiple, 65-75)

Boundary based methods [31](FOQA, approach, general aviation)
[34](ADS-B, approach, multiple)

- GMM: [36](FOQA-radar, take off/approach, general aviation)

[37](FOQA, take off/approach, A320, 70)

- PCA: [39](radar, approach, multiple)

- SMS-VAR: [42])(FOQA, approach, multiple, 50)

- RNN: [45](simulated FOQA, approach, multiple)

Neural Network based methods | - Autoencoders: [46](ADS-B, en-route, multiple)

- ELM: [48](radar, approach, multiple, 70)

- RL: [49](labeled data, approach/take-off, multiple)

- DT-MIL: [50](labeled data, approach, multiple)

- OC-SVM: [51](labeled data, approach, multiple)

- PCA: [52](existing fault tree + ADS-B, ground movements, multiple)

Statistical based methods

Precursor detection

ADS-B data because it is highly dependent on the pilot button switches. The algorithm
works in such a way that when it detects a switch it changes its dynamics.

There is an important consideration to make about the false positive rate. The values
provided are not exact because it heavily relies on expert judgment. The concept of
what is operational significant varies depending on the expert. This is shown by LI et
al. in [37] where 4 experts could not agree on which situation poses safety concerns.

Table B.5 shows that researchers have mainly focused on detecting anomalous safety
events in the approach phase. This is crucial as 50% of the accidents happen in this
phase of flight including airborne loss of control, runway excursion, or controlled flight
into terrain.*

Interestingly, distance based methods are generally less applicable to multiple aircraft
at the same time. The reason is that these models, such as Oehling et al.[14] and
Li et al.[17], use features directly and identify anomalies based on the distance from
cluster. On the other hand, all other anomaly detection models implicitly project the
feature in other spaces where anomalies are computed taking into account also the
inter-relations of the features. It is important to underline that these researchers used
FOQA data, which provides features that are more aircraft dependent.

Furthermore, the applicability of a single model to multiple aircraft types grows when
features are preprocessed in a meaningful way. Puranik et al.[31] [36], Deshmukh

4data from: 000000000000000000000000000000000000000000000000000000000000000000000000
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B.7. Summary

et al.[34] and Jarry et al.[39] augment the set of features available with some energy
metrics[32]. This is more important when ADS-B and radar data are used, as it en-
riches the limited amount of features available.

Techniques that have been recently developed to identify anomalies include Neural
Networks, different types of networks have been implemented by different researchers:
Naduri et al.[45] works with Recurrent Neural Networks, Olive et al.[46] with Autoen-
coders, and Janakiraman et al.[48] with Extreme Learning Machines. Results from
these methods are promising, and many researchers are working with Autoencoders.
Although, as it is possible to see from the table, the false positive rate remains in
line with more classical approaches for the moment. Goel et al. [54] test VAR, RNN-
LSTM, and autoencoder-LSTM in reconstructing time series of aircraft data. They
perform some experiments on real and synthetic data. It shows that VAR performs
better than both LSTMs. When a value can be predicted by looking at a few previous
steps, a linear model (VAR) is better.

Precursor detection techniques are mainly semi-supervised approaches that use the
identified anomalous aviation events as labeled data, such as Janakiraman et al.[49]
[50] and Deshmukh at al.[51]. A very different approach is used by Olive et al.[52].
Instead of having an algorithm looking for precursors autonomously, the idea is to
use an existing fault tree model developed by Future Sky Safety and estimate the
probabilities of contributing factors using PCA with ADS-B data.
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Preprocessing

This chapter provides an overview of the data used and the preprocessing strategy ex-
perimented with. Preprocessing is a required activity when dealing with large amounts
of data. Often data contains outliers and noise that can jeopardize the result of the
analysis. Outliers are erroneous data points, and noise is an oscillation in the recorded
data. The reasons for these phenomena are errors in the raw data captured with the
antenna and possible errors in processing the raw data.

C.1. Manual Cleaning

In this phase, the intuition of possible useless data and possible outliers is used to
delete and modify data. The steps are removing duplicates, change in measurement
units, and merging the Open Sky and the Delft databases Furthermore, operations out
of the limits of the Schiphol Airspace are removed. Trajectories with few points are
removed because they can’t be analyzed. Also, trajectories belonging to a particular
type of vehicle are removed such as ground vehicles and helicopters. Finally, the
trajectory is divided into different pieces depending on the aircraft operation: landing,
take-off, and ground movements.

C.2. Divide Flights

This section describes the divide flights function. This function assigns to each aircraft,
identified through the ICAQO code, its flight phases. In fact, the same aircraft might
land and take-off multiple times on the same day. There are 4 possible phases: land
(L), take-off(T), unidentified(C), and ground operations(G). The unidentified phase is
a special case that includes aircraft cruising and aircraft taking off and landing without
exiting Schiphol Airspace. These are identified based on 2 steps:

* ldentify changes in phase
* |dentify ground movements

Identify changes in phase assumes that if data is not received within 20 minutes, it
must have changed. Once these breaking points are collected in a list, phases are
assigned as follows:
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Identify ground movements assumes that ground movements are all the ones taking
place below 100ft, and it assigns G to all these points in the phase_attribute list.

C.3. Normalization

Normalization is used to prepare the data for the following steps. Normalizing the data
ensures that all data is uniformly scaled between 0 and 1. In this way, it is possible to
use the same algorithms for data that have different statistical characteristics. For
instance, altitude has values ranging from 10,000 ft to 0, while speed has values
between 500 kts and 0 kts. When a threshold-based algorithm is used, a different
threshold value would be required. While if the data is standardized the same value
can be used. The standardization procedure is shown in Equation C.1.

o = Xi mean(X)
P var(X)

Every trajectory is analyzed separately, and every feature of the trajectory is normal-
ized. Now the data is ready for the remotion of outliers.

(C.1)

C.4. Deletion of Outliers

Removing outliers improves the quality of the analysis. First of all, it improves the
accuracy of the smoothing procedure. It will also improve the result of the overall
result of the research when performing the analysis. Batista et al. [55] use a Hampel
filter to remove outliers from radar data. Hampel filter is based on the 3 rule, which
assumes the data to be normally distributed and the outlier to be a point further than
3 standard deviations.

MAD = median (jX median(X)j) (C.2)

The Hampel filter runs a moving window through the data and replaces outliers with
the median of the sample based on a robust 3 rule. Instead of using the mean of the
window, it uses the median. While instead of the standard deviation, it used the median
absolute deviation (MAD) calculates as shown in Equation C.2. The algorithm has two
tuning parameters: the size of the window size, and the threshold for outlier removal,
expressed in the number of median absolute deviations. Limitations of this technique
are the masking effect means, outliers are undetected because there are multiple ones
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C.5. Smoothing

next to each other, and the swamping effect, a good data point is considered an outlier
because of the presence of multiple outliers in its proximity.

C.5. Smoothing

The purpose of smoothing the data is to remove noise. Different techniques are ex-
perimented with and researched. It follows an overview of the discarded techniques:

» Forward-backward filter is excluded because it provides sub-optimal results that
vary considerably the behavior of data.

+ Savitzky-Golay filter is a low-pass filter that runs a moving average over the data.
It is found to change the behavior of data.

+ Kalman smoother relies on a Kalman filter to determine the most probable posi-
tion of the aircraft given the sensor data available. A shortcoming of this tech-
nique is that an acceleration needs to be assumed to construct the aircraft mo-
tion matrix. This research analyzes operations in the Terminal Schiphol Airspace
that are all operations with variable acceleration. For this reason, this method is
excluded as it is required to define a possible function of the acceleration.

» Generalized additive models (GAM) are linear combinations of base functions
used to fit a set of data. There is an optimization routine that runs to produce a
result with little least square error. This approach works quite well, but it uses a
complex model that requires some time to optimize.

After some tuning, splines are found to produce the most efficient result. A spline is
a piecewise polynomial and knots are the points where the different parts join. In this
case, 3rd order B-splines are used. The main challenge is tuning the knots parame-
ter. A basic choice would be choosing equally spaced knots, this offers sub-optimal
solutions. Then Dung et al. [56] propose a method that places the knots at variable
positions while minimizing the least square error of the current segment. The imple-
mentation works as follows. Serial bisection is applied to the data to find the largest
segments for which the least square error is lower than a certain threshold.

The result of the smoothing procedure is a set of spline functions where noise is re-
moved, as can be seen in the next section. Having a set of functions describing every
feature is particularly advantageous because it allows resampling at any frequency,
and it can be stored extremely efficiently. Instead of storing thousands of rows per tra-
jectory, now a single row containing the spline coefficients is enough. This method
showed to be unreliable. Smoothing has the side-effect of removing too much
information from the data, as can be seen in Figure C.1. The result is for a trajec-
tory selected randomly on 1st January 2018. It shows that the preprocessing strategy
can effectively remove noise and compute smooth polynomials.

C.6. Track Angle

Track angle data has shown to be a valuable source of information, but its accuracy is
highly susceptible to rapid aircraft movements. It is observed that sometimes when an
aircraft performs a go-around, or after landing when it moves along the taxiways, its
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C.6. Track Angle

(a) Longitude (b) Latitude
(c) Altitude (d) Heading
(c) Ground Speed (d) Rate of Climb

Figure C.1: The figure shows the output of the smoothing strategy for a single trajectory. Data fit with
a spline is in blue and the original one is in orange.

47



C.7. AIP the Netherlands

track angle indicator doesn’t follow the aircraft movements. The track angle communi-
cated via ADS-B data doesn’t change whereas it is clear it should have. To solve this
issue, an algorithm has been developed such that the track angle information commu-
nicated from the ADS-B data is compared to an estimate of it computed using latitude
and longitude information. If the difference between the two is higher than 60 deg, the
estimate is used as track angle data. To limit the influence of poor measurements in
the track angle estimation, a window of 40 s is considered and a minimum amount of
5 points.

C.7. AIP the Netherlands

Information from AIP Netherlands produced by LVNL is used to define the ILS inter-
cept on a map, useful for detecting unstable approaches. In particular, information
is collected from the instrument landing procedures charts. The intercept is defined
as the line connecting the Final Approach Fix (FAF), Runway Threshold (THR), and
Runway Localizer (LOC). Table C.1 has an overview of these values for runways with
an ILS procedure in place.

This information is used to define the allowed horizontal bound for all runways with an
ILS intercept procedure in place: 06, 18C, 18R, 22, 27, 36C, 36R.

C.8. METAR Data

METAR reports can be used to have an idea of how the weather was like on a particular
day. In this case, METAR reports from Schiphol are downloaded from IOWA ASOS
network'. In particular, information about wind speed and direction is collected for
each trajectory. Furthermore, using METAR reports is possible to determine if an
aircraft is flying in VMC or IMC. This is performed using Table C.2.[57]

Table C.2: This table shows the definition of VMC and IMC condition.

Altitude [ft] | VMC IMC
- Visibility ~ 5km e
- <
<3000 - In sight of the surface Visibility < Skm
- Not clear of clouds
and clear of clouds
- Visibility ~ 5km e
- <
3000 - Distance from clounds: 1500m \l\/lljtlbc::ng o?i((:rlzuds
horizontally and 1000ft vertically
- Visibility ~ 8km e
>10000 - Distance from clounds: 1500m | - Visibility < 8km

- Not clear of clouds

horizontally and 1000ft vertically

https://mesonet.agron.iastate .edu/request/download.phtml
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C.8. METAR Data

Table C.1: This table shows an overview of the waypoints used to define the ideal intercept.

Runway Wpt_type Lat Lon AMSL [ft] | Hdg True [deg]
6 EH609 - FAF | 52°14’04"N 004°35’45"E 2000 057.92
6 EH616 - INT | 52°15'13"N 004°38’43"E 1310 057.92
6 THRO6 52°17°20.78"’N | 004°44’14.01"E 50 057.92
6 LOCO06 52°18°25.71"N | 004°47°03.10"E -11,1 057.92
22 EH661 - FAF | 52°23'28"N 004°54'49"E 2000 221.27
22 EH651 - INT | 52°21'51"N 004°52°29"E 1310 221.27
22 THR22 52°18’50.51”N | 004°48'10.89’E 46 221.27
22 LOC22 52°17°55.25"N | 004°46°51.82"E -13,7 221.27
18C EH630 - FAF | 52°26’01.7’N 004°44’'58"E 2000 183.22
18C EH626 - INT | 52°23'52.6"N | 004°44’45.3"E 1310 183.22
18C THR18C 52°19’53.03"’N | 004°44'24 11"E 50 183.22
18C LOC18C 52°18°00.50"N | 004°44°13.78"E -12 183.22
18R EH621 - FAF | 52°27°45.7’N 004°43'16"E 2000 183.20
18R EH622 - INT | 52°25'36.2"N | 004°43'04.1"E 1310 183.20
18R THR18R 52°21’36.93"’N | 004°42°'42.21"E 50 183.20
18R LOC18R 52°19’32.22"N | 004°42’30.93’E -13 183.20
27 EH639 - FAF | 52°19'26"N 004°57°50"E 2000 266.82
27 EH640 - INT | 52°19'19°N 004°54'19"E 1310 266.82
27 THR27 52°19’°06.15"N | 004°47°48.81"E 50 266.82
27 LOC27 52°18’59.67"N | 004°44°39.71"E -121 266.82
36C EH632 - FAF | 52°12'12"N 004°43’42°E 2000 003.22
36C EH633 - INT | 52°14'22"N 004°43'54"E 1310 003.22
36C THR36C 52°18°20.99"N | 004°44’15.66"E 50 003.22
36C LOC36C 52°20°02.33"N | 004°44°24 97"E -12 003.22
36R EH636 - FAF | 52°11°18"N 004°46’°04"E 2000 003.25
36R EH635 - INT | 52°13'28"N 004°46’16"E 1310 003.25
36R THR36R 52°17°26.97"N | 004°46’38.45"E 50 003.25
36R LOC36R 52°19°'24.61"N | 004°46'49.34’E -111 003.25
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C.9. Obtaining Altitude Above Ground and Airspeed

C.9. Obtaining Altitude Above Ground and Airspeed

ADS-B data provide respectively ground speed and barometric altitude. Ground speed
is dependent on the windspeed. Barometric altitude assumes standard temperature
and pressure. These two values can be adjusted using the METAR reports. In Equa-
tion C.3, itis possible to compute the altitude of the aircraft knowing pysa, Tisa, PMETAR,
TweTar and the constants.

Tac,sa = Tisa+a hac,q,
_9

— TACISA
Pac;sa = Pisa Tios
ISA
PACisa = PACMETAR (C3)
aR
T =T PAC BT AR .
ACAIETAR - METAR pMETAR
_ TaCumrar TMETAR

hACMETAR - a

However, the data from the METAR report is obtained at ground level, and at higher
altitudes, there might be large differences in wind speed and direction. For this reason,
METAR reports are used to correct speed up to an altitude of 100 m, where the differ-
ence in wind speed is estimated to be approximately 1.5 m/s. ? After this point, data
is extracted from the National Climatic Data Center (NCDC), a department of NOAA .3
This dataset offers wind data at intervals of 700 ft with updates every 6 hours.

For both the METAR and NOAA datasets, the direction is expressed, in tens of de-
grees, from which the wind is blowing with respect to the true north.* While aircraft
direction is expressed in terms of where it is going to. For this reason, the correction
is, as follows:

TrueAirSpeed = GroundSpeed W indSpeed (C.4)

C.10. Weather Algorithm

It is important to establish a way to assess the severity of the weather to determine
its contribution to a go-around. This section describes an algorithm that attaches a
numerical score to the quality of the weather. The METAR reports are the input data
for the algorithm. These reports are generated every 30 minutes at Schiphol airport,
and they contain many weather features (i.e. precipitation type, visibility, cloud base,
wind speed). Much of the content of this chapter is based on the technical report
"Algorithm to describe weather conditions at European airports” published in 2011 by
EUROCONTROL.[58]

The objective of this technical report is to describe the ATMAP weather algorithm,
which "assesses the weather conditions independently from traffic congestion”.[58]
The algorithm described by EUROCONTROL works as follows:

http://euanmearns .com/high-altitude-wind-power-reviewed/
3https://www.ncdc.noaa .gov/data-access/model-data/model-datasets/global-forcast-system-gfs
4https://www.wmo.int/pages/prog/www/WDM/Guides/Guide-binary-2.html
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C.10. Weather Algorithm

1. Each METAR report is evaluated considering weather class

2. The scores of each class are summed, and the overall score is obtained for a
single METAR report

3. The quality of a given day is evaluated averaging the values of all METAR scores

The end goal of EUROCONTROL's algorithm is to determine the overall quality of the
weather in a single day. They assume that if the score is higher than 1.5 the day is bad.
Shultz et al. [59] work with METAR reports from Frankfurt airport and they recommend
to increase the threshold to 2.8. From this description, it is clear that for this thesis
we are interested specifically in points number 1 and 2. After a description of how the
score for each METAR is calculated, a new threshold is defined to assess the overall
severity of a single report.

There are 5 weather classes to assess the severity score for a METAR report: ceil-
ing & visibility, wind, precipitations, freezing conditions, and dangerous phenomena.
Each class analyses certain elements of the METAR reports (i.e. wind speed), and it
associates a coefficient indicating the level of severity to a set of thresholds. These
thresholds are decided by experts at EUROCONTROL. The coefficient constitutes the
score obtained by a METAR report for that weather class. The tables below show how
the thresholds are linked to a given coefficient. Each weather class has a single table,
except for the dangerous class. For this class, coefficients are calculated for all the
tables, and the final score for this class is the highest of them. Table C.3 explains the
symbol found in the following tables, which are also the ones found in METAR reports.

Table C.3: This table explains the symbols present in the weather class tables.

- = slight + = Heavy BC = Patches BL = Blowing FEW = Few

BR = Mist DR = Low Drifting DS = Dust Storm DU = Widespread Dust SCT = Scattered

DZ = Drizzle FG = Fog FC = Funnel Cloud FU = Smoke BKN = Broken

FZ = Freezing GR = Hail GS = Small Hail HZ = Haze OVC = Overcast

IC = Ice Crystals MI = Shallow PL = Ice Pellets PO = Dust Devils CB = Cumulonimbus
RA = Rain SA = Sand SG = Snow Grains SH = Shower TCU = Tower Cumulus
SN = Snow UP = Unid. Precip. SS = Sandstorm TS = Thunderstorm VA = Volcanic Ash

Table C.4: Ceiling & visibility class ATMAP algorithm.

coefficient | visibility [m] OR | (vertical visibility [ft] | AND octas [-])
0 >800 >300 OVC, BKS
2 >550 >200 OVC, BKS
4 >350 >100 OVC, BKS
5 <= 350 <=100 OVC, BKS
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C.10. Weather Algorithm

Table C.5: Wind class ATMAP algorithm.

coefficient (with gust)

wind speed [kt]

0 (+1)
1 (+1)

2 (+1)
4 (+1)

<=15
>15
>20
>30

Table C.6: Precipitations class ATMAP algorithm.

coefficient | type of precipitations
0 no precipitation
1 RA, UP,DZ, IC
2 -SN, SG, +RA
3 FZ, SN, + SN

Table C.7: Freezing class ATMAP algorithm.

coefficient | (temperature [C] AND type of precipitations (Notes: TT me.ans True
Temperature [C], and DP Dew Point [C]))
0 >3 any
1 <=3 DZ, IC, RA, UP, FG, GR, GS, PL,
TT -DP <3
3 <=3 -SN, SG, +RA, RASN, BR
4 <=3 SN, +SN, SHSN, FZ
4 <=-15 any

Table C.8: Dangerous phenomena class 1: CB and TCU condition without precipitation ATMAP

algorithm.
octas | coefficient CB | coefficient TCU
FEW 4 3
SCT 6 5
BKN 10 8
ovC 12 10
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Table C.9: Dangerous phenomena class 2: CB and TCU condition with shower precipitation ATMAP.

(octas TCU OR | octas CB) | coefficient -SH | coefficient SH
FEW - 4 6
SCT FEW 8 12
BKN SCT 10 15
ovC BKN 12 20
- ovC 18 24

Table C.10: Dangerous phenomena class 3

coefficient | type of precipitations
18 GS
o4 FC, DS, SS, VA,
SA,GR, PL, TS
30 +TS

Once the METAR report score for each class is obtained, the overall score is computed.
The weather of a METAR report is considered to be bad if its overall score is equal or
higher than 4. The reasons for this value rely on the explanation of each class present
in EUROCONTROL'’s report[58]. For instance, coefficient 4 is associated with:

» Ceiling & visibility class: With these conditions operations become more com-
plex, CAT Il approaches should be conducted, Low Visibility Operations are ac-
tivated and the landing intervals between aircraft will increase.

» Wind class: With wind speeds higher than 30kts, it starts having a severe im-
pact on airport operations (higher impact on ground speed and more and more
aircraft reach the crosswind airworthiness limits).

* Freezing class: Freezing conditions become very harsh and difficult to mitigate,
even for Scandinavian airports.

Performing an analysis on METAR reports from January 2018 reveals that 207 reports
have a value higher than 4, which represents 14% of the total number of reports. In
terms of time, this means approximately that 4.5 days had severe weather conditions.
Table C.11 shows an overview of how the number of severe METAR reports changes
with different thresholds.
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Table C.11: This table shows how the number of severe reports depends on the threshold for January

2018.
Threshold | # severe reports | % total

3 221 15
4 207 14
5 122 8

6 99 6.6
10 81 5.5
12 54 3.6
14 29 2.6
20 10 0.7

Note: Values in Table C.11 are computed considering METAR reports received at any
time of the day (incl.nights).

C.11. Aircraft Database

An aircraft database is a collection of ICAO24 codes, registration numbers, vehicle
type, type of aircraft, manufacturer, operator, and owner. This database is very useful
to distinctly identify an aircraft given an identification parameter. Basically the ICAO
provided by the ADS-B data is enriched with more information that can be useful in
the analysis. For this thesis, the aircraft database from OpenSky is used because
during some experiments it seemed to be the most complete one.® Table C.12 shows
an overview of the available data.

Table C.12: This table shows the features offered by OpenSky aircraft database.

Icao24 | National registration Manufacturer Model
Operator Owner Status Year built
Engines First flight Seat configuration | Icao aircraft type

C.12. Results

This section presents the result of the preprocessing performed on the data. Ta-
ble C.13 shows a comparison of the data available between the Delft database and the
combined Delft-Open Sky database. The tables are produced after the same manual
cleaning procedures are applied to these two databases. This is the average data of
a day taking a sample of four days. There is a clear improvement in the data available
when comparing the two tables: more than 1.5X data at all altitudes, and 4 times more
for ground movements.

Examining the number of usable trajectories, approximately 10% more trajectories at
all altitudes and approximately 1.5X more ground trajectory. A trajectory is defined
as a series of continuous data points with a distance of less than 5 minutes between
each other. The ratio column represents the average amount of points per trajectory.

Shttps://opensky-network.org/aircraft-database
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Table C.13: These tables show a comparison of the average data available per day between the 9th
and 12th of January 2018. The same preprocessing techniques are applied to obtain these two
tables, namely only manual cleaning. The table on the left shows the data available from Delft. The
one on the right shows the data available combining the two databases.

Altitude [ft] #1traj | # of points | ratio Altitude [ft] #traj | # of points | ratio

10000 - 8000 | 1138.0 72058.0 63.32 10000 - 8000 | 1282.67 | 126080.67 | 98.3

8000 - 6000 1133.0 | 98771.25 | 87.18 8000 - 6000 | 1277.67 164209 128.72
6000 - 4000 1124.0 111976.5 | 99.62 6000 - 4000 1260 190615.67 | 151.28
4000 - 2000 | 1114.75 | 176721.0 | 158.53 4000 - 2000 | 1238.33 306796 | 247.75
2000 - 1000 1082.5 | 76064.75 | 70.27 2000 - 1000 1206 152605 126.54

1000 - 500 1052.25 | 34341.25 | 32.64 1000 - 500 1164 51704 44.42
500 - 100 1008.0 | 16817.75 | 16.68 500 - 100 1148.67 | 30520.16 | 26.57
100-0 403.0 11162.0 277 100-0 641.33 44232 68.97

Looking at the ratio column, it is clear that by merging the two databases the number
of points per trajectory increases considerably at all altitudes, and as for the other
parameters, the highest increase happens at the ground level. This is likely a direct
consequence of the fact that OpenSky adds crowdsource antennas spread across the
Netherlands. Considering the trajectories present both above 9000ft and below 500ft
reveals that on average operations at Schiphol Airport from 100FL to 100 ft take 580 s,
approximately 10 minutes. The average latency is 0.85s. It is possible to estimate an
average traveling time per altitude range knowing the latency. For Delft only data is
450 s, while for combined data, itis 700 s. Itis possible to conclude that for operations
between 100FL and 100ft even using only Delft data offers a reasonable amount of
data and combining the two datasets offers a clearer picture. For ground operations,
data seems to be scarce even when combing the two datasets. More knowledge
regarding operations at Schiphol is required to confirm these findings.

Note that a trajectory might have more points than the one shown in the table. The
reason is that the analysis is per altitude level and the same trajectory might appear
in multiple altitudes because it has points at different levels.

Verification for tables

To test that duplicates between the two databases are removed the preprocessing
process applied to produce these tables is performed merging the same database.
The Delft database is used to perform this test. The result is exactly the one presented
with the table on the left meaning that all duplicates are removed successfully.

Density maps

Figure C.2 shows the point density over Schiphol operational area. As expected, with
growing altitude operations get further from the airport. Looking at the subfigures a
and b, it shows that there were certain runways particularly used on the day of the
analysis.
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