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ABSTRACT
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Buildings use energy considerably and for example the European Union has clear intentions
on improving the building energy efficiency, and existing building stock is important to be
considered when building energy efficiency is discussed.

This work focuses on identifying possible anomalies (i.e. rooms that behave different to other
rooms in the building) by using room temperature data time series. The room temperature
data is combined with weather data obtained from FMI. The aim of the work is to preliminary
examine the possibility to use the data for anomaly detection. Three different Case buildings
are studied.

Three different unsupervised methods are tested. The first two are one based on variable
distributions and a second one called one class support vector machine (OCSVM), which is a
machine-learning method intended especially for anomaly detection. Both of these methods
target point anomalies. The third method, k-means clustering, is treating the time series as a
whole and categorised the rooms based on the complete series.

With all three tested methods it was possible to identify rooms or clusters of rooms which
could be labeled as anomalies. The more detailed analysis and verifying the accuracy of the
methods is left for future work, as the target of this project was to preliminarily assess the pos-
sibilities provided by the data. When the first two methods are compared, the simple variable
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distribution based method seemed more promising. Especially, as the OCSVM was compu-
tationally rather expensive in comparison. K-means clustering seemed quite promising, as
with it several differently behaving clusters could be identified.
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Rakennukset kuluttavat energiaa merkittdvid méérid ja esimerkiksi Euroopan Unionilla on
kunnianhimoisia tavoitetteita koskien rakennusten energiatehokkuutta. EU:n suunnitelmissa
olemassa oleva rakennuskanta on myos erittiin tirkedssi roolissa tavoitteiden saavuttamiseksi.

Téssd tutkielmassa selvitetddn sopiiko huonekohtainen ldmpdétilanmittausdata aikasarjoina
poikkeavien huoneiden tunnistamiseen. Mittausdata huoneldmpdétiloista yhdistetdan Ilmatie-
teenlaitoksen sdddataan. TyOn tavoitteena on alustavasti selvittdd kyseisenkaltaisen datan
sopivuutta poikkeamien tunnistamiseen. Tydssa tutkitaan kolmea eri rakennusta esimerkkeina.

Ty0ssd kokeillaan kolmea valvomatonta menetelméa poikkeavien huoneiden tunnistamiseen.
Kaksi ensimmdistd ovat muuttujien jakaumaan perustava tyhma luokkittelija ja one-class
support vector machine (OCSVM) -niminen koneoppimismenetelmé, joka nimenomaisesti
on alunperin suunniteltu tunnistamaan poikkeamia datasta. Molemmat néistd menetelmisti
soveltuvat pistemaisten poikkeamien tunnistamiseen. Kolmas tutkittu mentelma oli k-means
-klusteroija, joka, tdssé tyOssd, kisittelee aikasarjoja kokonaisena lajitellen ne.



Kaikilla kolmella testatulla menetelmalld oli mahdollista tunnistaa poikkeavia huoneita. Kos-
ka tdma tutkimus oli alustava ja menetelmét valvomattomia, tarkempi analyysi ja menetelmien
tulosten varmistaminen jéa seuraaviin tutkimushankkeisiin. Kun kahta ensimmaéistd menetel-
méid vertaillaan, jakaumiin perustuva mentelma oli parempi, varsinkin kun OCSVM oli lasken-
nallisesti huomattavasti raskaampi. K-means -klusteroija vaikutti erittdin lupaavalta ja sen
avulla pystyi tunnistamaan kokonaisia huoneryhmié, jotka poikkesivat rakennuksen keskiar-
vosta.
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NOMENCLATURE

Latin alphabet
solar radiation
Cp specif heat capacity in constant pressure
N number of sensors
Om mass flow
T temperature

COP coefficient of performance
Greek alphabet
change
exponential distribution parameter
expected value
heat
standard deviation
Abbreviations
AAHP air to air heat pump
AWHP air to water heat pump
COP coefficient of performance
DF  data frame
DHW domestic hot water
DSR demand side response
EV  electric vehicle
ExHP exhaust air heat pump
FMI  Finnish Meteorological Institute
GSHP ground source heat pump
HFO heavy fuel oil
HVAC heating, ventilation and air conditioning
KNN k-nearest neighbours
LFO light fuel oil
LTSM long short-term memory
ML  machine learning
OCSVM one-class support vector machine
PCA principal component analysis

SVM support vector machine

viil

[J/keK]

[kg/s]
[K],[ C]



TABLE OF CONTENTS

ABSTRACT iii

ACKNOWLEDGMENTS vii

NOMENCLATURE viii

1 INTRODUCTION 7

1.1 Aims, limitations and structure of thework . . . . . . . . ... ... ... 11

1.2 Simap Oy . . . . . e 12

2 HEATING ENERGY CONSUMPTION IN FINLAND 13

3 CENTRALISED WATER HEATING SYSTEMS 18

4 ANOMALY DETECTION 25

5 DATA AND USED METHODS 28

5.1 Dataunderstanding and preparation . . . . . . ... ... ... ... ... 29

5.1.1 Variable Construction. . . . . . . ... .. ... ... ....... 31

52 Modelling . . . . .. ... 38

5.2.1 Anomaly detection based on the variable distributions . . . . . . . 38

5.2.2  One-class support vector machine . . . . ... ... ........ 40

523 K-meansclustering . . . . . ... ... .. ... ... 42

6 RESULTS 46

6.1 Anomalies based on the variable distributions . . . . . ... ... ... .. 46

6.1.1 Groupingbyapartment . . . . . . . .. .. ... ... 53

6.2 One-class support vector machine . . . . ... ... ... ......... 58

6.2.1 Grouping by apartment . . . . . . . .. ... ... 59

6.3 K-meansclustering . . . . .. .. ... .. ... .. ... 63

6.3.1 Thenumberofclusters . . . . .. ... ... ... .. ....... 63

6.3.2 Exampleclusters . . . . ... ... ... 66

7 DISCUSSION AND CONCLUSIONS 72

REFERENCES 76
APPENDICES



A NaN analysis

B Variable distributions

LIST OF FIGURES
1 Total energy end-use in Finland (Tilastokeskus 2022). . . . . . .. ... ..
2 Shares of total heat consumption, total residential energy consumption, and
residential heat consumption from the Finnish energy end-use (Tilastokeskus
2022). .. e
3 Total district heating heat consumption in Finland (Tilastokeskus 2022). . .
4 Distribution of district heat consumption in Finland (Tilastokeskus 2022). .
5 Share of heating energy from the residential energy end-use in Finland (Tilas-
tokeskus 2022). . . .. L. e
6 Distribution of energy sources for residential space and domestic hot water
heating in Finland (Tilastokeskus 2022). . . . . ... ... ... ... ...
7 Example of a two-pipe centralised heating system, adaptation from Seppanen
(2001). . . o
8 Example of a single-pipe centralised heating system, adaptation from Seppéa-
nen (2001). . . . . .. e
9 Example of centralised heating system control curves, adaptation from Pietikai-
nen (2007). . . . . e e e
10 Number of annually installed heat pumps (SULPU 2023). GSHP - ground
source heat pump, ExHP - exhaust air heat pump, AWHP - air to water heat
pump, and AAHP - airto airheatpump. . . . . . . ... .. ... ... ..
11 Heat pump COP as a function of heat pump temperature lift (Arpagaus et al.
2018). . .
12 Theoretical heat pump COP as a function of the temperature difference be-
tween the heat source and radiator water. (Knuutila et al. 2022). . . . . ..
13 All the room temperatures, and the average room temperature (red) for Case 1.
14 The distribution of missing values by sensor forCase 1 . . . . .. ... ..
15  The distribution of missing values by sensor for sensors with less than 5 000
missing values forCase 1 . . . . . . . .. ... .. .. ... ... ...,
16  The number of missing values by sensor for sensors with 5 000 or more miss-
ingvaluesforCase 1 . . ... ... ... ... .. ... ... .. ...,
17  Variable distributions forCase 1. . . . . . . ... ... ... ... .....
18  Correlation between variables 1 and 3 forCase 1. . . . . . . ... .. ...

14
15
16
16

17

19

20

21

23

23

24

30
33

34



19

20

21
22

23

24

25

26
27

28

29

30

31

32

33

34

35

36

37

38

39

Example of k-means clustering with two the original data (a) and clustering
totwoclusters(b). . . . .. ... ...
Distance of each data point to its respective cluster centre in the example.

The example clustering with three clusters. . . . . . . ... ... ... ..
The sum of data point distances from the cluster centres as a function of the

number of the clusters. . . . . . . . . . . . ...

Room temperatures of the rooms with the largest number of anomalies over
the studied time frame. . . . . . . ... ... oL Lo
Rooms with the largest number of anomalies in both ends of the variable
distribution, Case 1. . . . . . . . . . . e
Rooms with the largest number of anomalies in both ends of the variable
distribution, Case 1. . . . . . . . . . .
Living room radiator temperatures for apartment 3a90°, Case 1. . . . . . .
Rooms with the largest number of anomalies in both ends of the variable
distribution, Case 2. . . . . . . . ... e
Rooms with the largest number of anomalies in both ends of the variable
distribution, Case 2. . . . . . . . ...
Room temperature for apartment *Odca’, bedroom 1, Case 2, and radiator
temperature for apartment ’45d5°, living room. The figure also show the
global solar radiation for the studied time period. . . . . . ... ... ...
Rooms with the largest number of anomalies in both ends of the variable
distribution, Case 3. . . . . . . . ...
Rooms with the largest number of anomalies in both ends of the variable

distribution, Case 3. . . . . . . . . . ...

Case 1, apartment *d75f” room and radiator temperatures with solar radiation.
Case 2, apartment "4aa9’ room and radiator temperatures with solar radiation.

Case 3, apartment ’28bf” room and radiator temperatures with solar radiation.

Room and radiator temperatures of the five rooms having the most anomalies,

Room and radiator temperatures of the two rooms having the most radiation
related anomalies, Case 1. . . . . . . . . . . . . ..
Room and radiator temperatures of the two rooms having the most radiation

related anomalies, Case 2. . . . . . . . . . . . .. . ... ... .. ...,

43
43
44

44

46

47

49
50

51

52

53

54

55

57

58
58

61

61

61



40

Room and radiator temperatures of the two rooms having the most radiation

related anomalies, Case 1. . . . . . . . . .. . .. .. .. ... . ..... 62
41  Average cluster room temperatures with four and five clusters, Case 3. . . . 64
42 Average cluster radiator temperatures with four and five clusters, Case 2.. . 65
43  Case 1, room temperatures. The red line is the corresponding cluster average
temperature. . . . . . . .. . e e e e e e e e e e e 67
44  Case 1, radiator temperatures. The red line is the corresponding cluster av-
erage temperature. . . . . . . . . . .o e e e e e e e e 68
45  Case 2, room temperatures. The red line is the corresponding cluster average
temperature. . . . . . ... e e e e e e e 70
46  Case 3, radiator temperatures. The red line is the corresponding cluster av-
erage temperature. . . . . . . .. .. e e e e e e 71
A1 The distribution of missing values by sensor for Case 2
A 2 The distribution of missing values by sensor for sensors with less than 5 000
missing values for Case
A 3 The number of missing values by sensor for sensors with 5 000 or more miss-
ing values for Case 2
A 4 The distribution of missing values by sensor for Case 3
A 5 The distribution of missing values by sensor for sensors with less than 5 000
missing values for Case 3
A 6 The number of missing values by sensor for sensors with 5 000 or more miss-
ing values for Case 3
B 1 Variable distributions for Case 2.
B 2 Variable distributions for Case 3.
LIST OF TABLES
1 Average total residential heat consumption, and its distribution by source in
2008-2021 (Tilastokeskus 2022). . . . . . . . .. ... ... ... ... 15
2 Possible reasons for too low temperature in a single room and proposed so-
lutions according to Seppanen (2001). . . . . . . . ... ... ... ..., 22
3 Description of thedata . . . . . .. ... ... ... ... .. ....... 31
4 Summary of NaN analysis. . . . . . ... ... ... ... ......... 32
5 The number of missing values in FMI weather data for each variable. . . . 33
6 Mean values of the normally distributed variables. . . . . . ... ... ... 35
7 Standard deviation of the normally distributed variables. . . . . . ... .. 36



10

11

12

13

14

15

16

17

18
19

20

21

22
23
24
25

Summary variable distributions. . . . . ... ... L L.
Share of anomalies per variable in the distribution analysis, whole time frame
average and deviation. . . . . . . .. ... ..
Share of anomalies per variable in the distribution anomalies, time-step av-
erageand deviation. . . . . . . ... Lo
Share of anomalies with the OCSVM. . . . . . ... ... ... ... ...

The number of anomalies at the upper end of the variable distributions, Case
1. Top five rooms are presented. OH denotes to a living room and MH to a
bedroom. For reference, the Case 1 had 56 034 data points. . . . . .. . ..
The number of anomalies at the lower end of the variable distributions, Case
1. Top five rooms are presented. OH denotes to a living room and MH to a
bedroom. For reference, the Case 1 had 56 034 data points. . . . . .. . ..
The number of anomalies at the upper end of the variable distributions, Case
2. Top five rooms are presented. OH denotes to a living room and MH to a
bedroom. For reference, the Case 2 had 48 537 datapoints. . . . . . . . ..
The number of anomalies at the lower end of the variable distributions, Case
2. Top five rooms are presented. OH denotes to a living room and MH to a
bedroom. For reference, the Case 2 had 48 537 datapoints. . . . . . . . ..
The number of anomalies at the upper end of the variable distributions, Case
3. Top five rooms are presented. OH denotes to a living room and MH to a
bedroom. For reference, the Case 3 had 56 544 datapoints. . . . . .. ...
The number of anomalies at the lower end of the variable distributions, Case
3. Top five rooms are presented. OH denotes to a living room and MH to a
bedroom. For reference, the Case 3 had 56 544 data points. . . . . . . . ..
Number of anomalies by apartment based on the variable distributions. . . .
The number of anomalies classified with OCSVM, Case 1. Top five rooms
are presented. OH denotes to a living room and MH to a bedroom. For
reference, the Case 1 had 56 034 datapoints. . . . . . . ... .. ... ...
The number of anomalies classified with OCSVM, Case 2. Top five rooms
are presented. OH denotes to a living room and MH to a bedroom. For
reference, the Case 2 had 48 537 datapoints. . . . . ... ... ... ...
The number of anomalies classified with OCSVM, Case 3. Top five rooms
are presented. OH denotes to a living room and MH to a bedroom. For
reference, the Case 3 had 56 544 datapoints.. . . . . ... ... ... ...
Number of anomalies by apartment based on the OCSVM classification. . .
Four clusters based on the room temperature. . . . .. ... ... .....
Four clusters based on the radiator temperature. . . . . . . ... ... ...

Five clusters based on the room temperature. . . . .. ... .. ......

5

40

40
42

47

48

49

50

53

54
57

59

60

60

63



26

Five clusters based on the radiator temperature.



1 INTRODUCTION

Buildings consume energy considerably. Globally, buildings and construction sector are re-
sponsible for 36% of energy end-use and 39% of energy and process related CO, emissions
(IEA 2019). The European Union takes climate change, and combating it seriously and wants
to set an example for the rest of the world. To help in this, it launched the Green Deal initia-
tive, where the target is to reduce the emissions within the EU by 55% by 2030 (compared to
1990) (European Commission 2021b). The target is also know as “’Fit for 55”. However, the
EU believes that combating the climate change can also seen as an opportunity (European
Commission 2021a); "What is good for the planet, is good for people and the economy”,
and to help with this transition, the EU is planning to launch the Green Taxonomy to help

facilitate sustainable investment (European Commission 2020b)

In the EU, buildings account for 40% of the energy consumption and 36% of the CO, emis-
sions (European Commission 2020a). 80% of the household energy end-use within the EU
goes to heating, cooling and domestic hot water, and it has been estimated that two thirds of
the heating energy comes from fossil sources, and according to present standards, 75% of the
EU building stock is inefficient (European Commission 2021d). It has been estimated that
energy consumption could be reduced by 3-6% and CO, emissions by 3% by renovating 3%
of the existing building stock (European Commission 2020a). However, the EU deems that
the current renovation rate is low and needs to be enhanced (European Commission 2021d).
To help with this, the EU has proposed that the member states renovate 3% of their public
buildings. Additionally, the EU is planning to commit over 7 years around 70 billion € to

renovate buildings.

Current plans by the EU (European Commission 2021¢; European Commission 2021d) in-

clude, amongst others,:

* To be classified as sustainable under the EU Taxonomy Climate Delegated Act, a build-

ing renovation must:
— result in 30% energy savings
— comply with minimum energy performance requirements for major renovations

— be according to specific individual measures, such as installation of control and

measuring devices for the building energy performance

+ Life-cycle emissions should be accounted for



fOHPEHU VWDWHY VKRXOG GUDIW PLQLPXP HQHUJ\ SHU I
F&UHDWLQJDQ HPLVVLRQWUDGLQJ VA\VWHP IRU EXLOGL:
+f(DVLHUUHQHZDEOHLQWHJUDWLRQ

¥ QFHQWLYHVIRUHOHFWULILFDWLRQ RIKHDWLQJ H J |
$f7KHUH VKRXOG EHD SULFHRQ SROOXWLQJIXHOV
F)LQDQFLDO VXSSRUW IRU FLWL]J]HQV HVSHFLDOO\IRUY

+t&DUERQ SULFHIRUGRPHVWLFKHDWLQJWROHYHO WKH
HJ GLVWULFW KHDWLQJDQG KHDW SXPSV

$VLQ(8SROLWLFVLQJIJHQHUDO PRVWRIWKHGHWDLOV DU
JRYHUQPHQW RUJDQLVDWLRQ UHVSRQVLEOH IRU EXLOGLC
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7KHZD\KRZWKHOLQLVWU\KDVFXUUHQWO\DFFRXQWHG IR
LQ EXLOGLQJV DQG FRQVWUXFWLRQ ZRUN LQFOXGH DPRC
Q G >E@

$+$FFRUGLQJWR WKH ODQG XVHDQG EXLOGLQJDFWDQG
LQJVPXVWEHVR FDOOHG]HURHQHUJ\EXLOGLQJV PHD
ZKHUH WKH HQHUJ\ XVHLV ODUJHO\FRYHUHG E\UHQHZ

F%XLOGLQJVDUHUHTXLUHG WRKDYHDQHQHUJ\ SHUIRU

$f7TKHUH DUH UHTXLUHPHQWYV IRU HOHFWULF YHKLFOH (
DOQGIRUEXLOGLQIJV XQGHUJRLQJD PDMRUUHQRYDWLR

F7TKHUHLV D QDWLRQDO VWUDWHI\IRUUHQRYDWLRQV IF

$f7TKHUHDUH VXEVLGLHVIRUH[DPSOHIRUHQHUJ\HIILFLF
WLRQ FRQVWUXFWLRQ ZRUN DQG VZLWFKLQJDZD\ IURF

F&SRPPXQLFDWLRQ WR VWDNHKROGHUV WR LPSURYHHQF

7KHDLP RIWKHORQJ WHUP UHQRYDWLRQ VWHBM/H/I\RY WR

IURP W R OLQLVWU\ RI @ KCH % D @GURQPRIYQNU YV UH VL (
VHUYLFH EXLOGLQJV EXLOW SULRU WR 7KH VWUDWHJ\ |
H[HFXWHG DUHXQGHU SUHSDUDWLRQ DQG KDVEHHQ L



RZQHUV DQG VWDNHKROGHUYV 7KHVWUDWHI\IRFXMBY R QC
SROLF\ PDNLQJ EXWIRU H[DPSOHPHQWLRQV WKH EDODRQF
KHDW SXPSV DQG GHPDQG VLGH UHVSRQVH '65 DV ZD\V W
UHVLGHQWLDO EXLOGLQJY ,QDGGLWLRQ WR WKH VWUDW
SODQIRUWKHVWUDWHJI\ ORWLYD 2\HW DO

$W WKH WLPH RI ZULWLQJ WKLV WKHVLV )LQODQG LV UHQ
JRYHUQPHQW JDYH LWV SURSRVDO WR WKH 3DUOLDBKQW I
WKHDLPLV WKDW WKHUHQHZHGDFW ZRXOG EHLQIRUFH IL
WKHUHQHZHG DFW DUH WR IXUWKHU KHOS LQ WKH SUHYHQ
HFRQRP\ LPSURYHWKHTXDOLW\RIFRQVWUXFWLRQ VWUH
WKHGLIJLWDOLVDWLRQ RI WKHEXLOWHQYLURQPHQW

7KHUH LV D FOHDU SUHVVXUH IRUP WKH SROLF\ PDNLQJ VL
EXLOGLQJY DQGDOVRH[LVWLQJEXLOGLQJVWRFNLVFRQV
LQJWKH QDWLRQDO DQG (8 OHYHO JRDOV

7KHEXLOGLQJVfOLIHF\FOHHQHUJ\XVHDQGHQYLURQPHQ
DQG -RHOVVRRQFOXGHG LQ WK HLUHPW X &L RV KD WRPKMKER R
GRPLQDWHG RYHU WKH SURGXFWLRQ SKDVH 7KH\IXUWKH
RQWKHXVHG HQHUJ\PL[ VWLOO HYHQ ZLWK WKH EHVW HQ'
IURP WKHRSHUDWLRQV ZDV DURXBGW L POKMDHIE IV K MD DU R X
EXLOGLQJVY OQHPHLFWVROY2DQG WR HQHUJ\FRQVXPSWLF
WLRQDO SKDVH UHVSHFWLWMXGL HGOMKHHEX DQGILRLIMWMLRIQ W
HQHUJ\FRQVXPSWLRQDQG OLIH F\FOHFRVWVY DQG FRQFO!
DFFRXQWHG IRU R | WHKRHL @ I ILHR I\ ¥ ODHQSR RIWKH FXP X
FRQVXPSWLRQ )RU $XVWUDOLD WKH FRUUHWSRQGLQJ ILJ
IRUWKHHQHUJ\ UHVSHFWLYHO\ 2Q WKH RWKHU KDQG Wk
RI'WKHOLIHF\FOH FRVWYV

2WKHU UHVHDUFKHUV KDYHUHSRUWHG HVWLPDWHWRDQ WK |
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ZDV GRPLQDQW LQ DOO FOLPDWH FRIDGAHVLVRHGY DD PH 7 KFID!
PHQW FDVHV IURP FRXQWULHY DQG FRQFOXGHG WKDW \
RI WKH WRWDO OLIH F\FOH HQHUJ\ XVH 2IILFH EXLOGLQJV
XVH <XQJHWDQDO\WHG VWXGLHV FRYHULQJ FDVHVL
RXW WKDW RQ DYHUDJH WKHHPERGLHG HQHUJ\ FRUUHVS
HQHUJ\IRURIILFHEXLOGLQJY DQG \HDUVIRUUHVLGHQ!



OLIHWLPHIRUWKHEXLOGLQJVZDVWREHXVHG WKHVH ZR
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5RVVL HW D@VVHVVHG WKDW WKH EXLOGLQJHQHUJ\FRQVX
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**K GHSHQGLQJRQ WKHKHDW SXPS SHQHWUDWLRQ DG
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VIVWHPV .QXXWLEGRMIWDEG WKH HQHUJ\VDYLQJ SRWHQW
SXPSV KHDW UHFRYHU\LQ YHQWLODWLRQ DQG VRODU 39
HQYHORSH PHWKRGYV DQG HVWLPDWHG WKDW RQDYHUDJ
ZDVDFKLHYHG LQ SXEOLFEXLOGLQJV ZLWK WKHPRVWDSS
PHDVXUHV ZHUH PRUH SURILWDEOHLQ PRVW FDVHYV

&RQVWUXFWLRQ SURMHFWYVY FDXVH D VKRUW WHUP HPLVVL
LPSURYHPHQWY WDNH GHFDGHV WR RIITVHW WKH VSLNH LI



EXLOGLQJ VWRFN +HQFH WKHHPLVVLRQ UHGXFWLRQ IUR
KHOS ZLWK WKH VKRUW WHUP HPLVVLRQ UHG&IX® WLRNL W IWUL

%DVHGRQWKHDERYHPHQWLRQHGLWLYFOHDUWKDW WR F
HQHUJ\ FRQVXPSWLRQ QHHGV WR EH UHGXFHG DQG WKH H
LV FUXFLDO FRPSDUHG WR WKH FRQVWUXFWLRQ SKDVH $G
XWPRVW LPSRUWDQFHLQ WKHUHGXFWLRQ )XUWKHUPRUF
ZKHQ EXLOGLQJVDUHFRQVLGHUHGDQG FRQVHTXHQWO\ K|
L1 +9$& VIVWHPV LQ H[LVWLQJ RU IXWXUH EXLOGLQJV DUH V
WR XQGHUVWDQG WKH URRP EHKDYLRXU LQ WKRVH EXLOG
XWLOLVH WKHEHQHILWV IURP '65 LWLV LPSRUWDQW WR X
EXLOGLQJ

$LPV OLPLWDWLRQVDQG VWUXFWXUHRIWKH ZRUN!

7TKHDLP RIWKHSUHVHQW VWXG\LVWRDQVZHU WKHIROOR

4 &DQ URRP WHPSHUDWXUH WLPH VHULHV IURP DQ DSE
DOQRPDOLHV"™

4 KDWNLQG RIDQRPDOLHVFDQEHGHWHFWHG"
4 +RZWKHSURFHVV FRXOGEHLPSURYHGLQ IXWXUH"

7TKHDLP RIWKHSUHVHQW ZRUNLV WR VWXG\WKH SRVVLELC
WXUH GDWD WR GHWHFWDQRPDOLHYVY L H URRPV ZKLFK EH
LVVWXGLHG LQ FRPELQDWLRQ ZLWK ZHDWKHU GDWD VXF
ILQG RXWLILWFDQEHXVHG WRLGHQWLI\URRPV ZKLFK FR
LVWR SUHOLPLQDULO\H[SORUH WKH SRVVLELOLWLHV RI W
WKUHH HI[DPSOH EXLOGLQJV LV XVHG DQG WKH GDWD DQG
ODWHU

7TKHNH\OLPLWDWLRQV RIWKHSUHVHQW SURMHFW DUH DV

F7KH LGHQWLILFDWLRQ RI SRVVLEOH DQRPDOLHV LV XQ
SURMHFW LWFDQQRWEHDVFHUWDLQHG LIWKHDQRPDC(
7TKHYHULILFDWLRQ RIITRXQGDQRPDOLHV LV OHIWIRU I;

+2QO\OLYLQJSUHPLVHVDUHFRQVLGHUHG 6WDLUZD\V
HIFOXGHG IURP WKHDQDO\VLV



FOLVVLQJYDOXHV LQ WKHRULJLQDO UDZ GDWD DUH H[F
SURYLGLQJDQ\GDWD IRUOHQJWK\SHULRGV FRXOG EH
HYHU WKLV LV QRW FRQVLGHUHG LQ WKH SUHVHQW VW
GLVFXVVHG LQ GHWDLO LQ &KDSWHU

t7KHDQDO\VWLVLVOLPLWHGWRDFHUWDLQNLQGRIEXLO
WLPH

+t6HQVRUPHDVXUHPHQWDFFXUDF\LVQRWFRQVLGHUHG
FRQVLGHUHGWREHDQDFFXUDWH IDFWXDO YDOXH (Y
DQGWKHUHLVDOZD\VWKHSRVVLELOLW\IRUV\VWHPDYV
KHUH +RZHYHU DV WKH DQDO\VLV LV XQVXSHUYLVHG
LGHQWLILHG WR EHDQ DQRPDO\ EXW WKHQ LI WKH UH’
FRXOGEHHUURUV LQ WKHPHDVXUHPHQW UDWKHU WKI

7KH ZRUN LV RUJDQLVHG DV IROORZV ,Q WKH ILUVW FKD S
YDQFH RI WKH SURMHFW DUH GLVFXVVHG 7KH VHFRQG DQ
J)LQQLVK KHDWLQJ HQHUJ\ FRQVXPSWLRQ DQG RQ WKH FHQ
WHFWLRQ PHWKRGYV DUH GLVFXVVHG LQ WKH IRXUWK FKDS
DQG XVHG PHWKRGYV 7KH UHVXOWY DUH SUHVHQWHG LQ Wk
UHVXOWYVY DUH GLVFXVVHG DQG WKH ZRUN LV FRQFOXGHG

6LPDS 2\

7KH WRSLF RI WKLV WKHVLYVY ZDV SURYLGHG E\ 6LPDS 2\ D
6LPDS 2\ KDVGHYHORSHG D FHQWUDOLVHG URRP E\ URRP
UDGLR QHWZRUN 7KH V\VWHP RITHUVHQHUJ\VDYLQJV IRU
QG
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7KH WRWDO HQHUJ\HQG XVH LQKDQ BB EQ DUKRZ@GL Q )T:XK L
\HDUV )LS¥HMHQWY WKH VKDUHV RI WRWDO KHDW FRQVXF
VXPSWLRQ DQG UHVLGHQWLDO KHDW FRQVXPSWLRQ IURP
7KH WRWDO KHDW FRQVXPSWLRQ KDV EHHQ DURXQG TXDU
WKHUHVLGHQWLDO VHFWRUTV WRWDO HQHUJ\ FRQVXPSWL
HQG XVH $GGLWLRQDOO\ KHDW FRQVXPSWLRQDW WKH Ut
RI WKH WRWDO HQHUJ\HQG XVHLQ )LQODQG ZLWK YHU)
FRQVXPSWLRQ LQFOXGHV WKH VSDFH KHDWLQJDQG GRPH)
UHVLGHQWLDO KHDW FRQVXPSWLRQLQ )LQODQG LV DURXQ
RIWKLVY 7LODVWRNHVNXV

J)LIXUH 7TRWDO HQHUJ\HQG XVHLQ)LQODQG 7LO

7KH WRWDO GLVWULFW KHDW FR@WXPISMQ EEWQHHQO DRGC
LQ UHFHQW \H BUM VH QX\OWHW KH GLVWULEXWLRQ RI WKH )LQ
$SSUR[LPDWHO\ KDOI RI WKH GLVWULFW KHDW LV FRQVXP
DFFRXQW IRUDURXQG ,QGXVWU\FRQVXPHV OHVV WKDQ



J)LJIXUH 6KDUHV RI WRWDO KHDW FRQVXPSWLRQ WRWDO
GHQWLDO KHDW FRQVXPSWLRQ IURP WKH )LQQLVK HQHUJ\

E\7LODVWRNHVNXV 7KHJURXS {RWKHUVYLQFOXGHIRUH]
HWF DQG KHDOWKFDUH KRVSLWDOV HWEF 7TLODVWRNFE

%DVHG RQ WKHDERYH PHQWLRQHG LW LV HYLGHQW WKDYV
VLGHUDEO\ DQG PXFKRIWKLVY KHDW LV FRQVXPHG DW WKH
DQ\PHDQLQJIXOLQFUHDVHRU GHFUHDVHLQ WKHKHDW FR

JLIXUIHKRZV WKHVKDUHRIKHDWLQJLQ WRWDO KHDWLQJRI
KRW ZDWHU '+: ITURP WKH UHVLGHQWLDO HQHUJ\HQG XVH
HQG XVH KDV UHPDLQHG WKH VDPHLQ UHFHQW \HDUV +HI
WKHUHVLGHQWLDO HQHUJ\ HQG XVH RI'WKHHQHUJ\ HQ
VSDFHV DQG VOLJKWO\ XQGHU IR U WKKIRZFPMR/AVG E KW Wl
RIHQHUJ\VRXUFHVIRUUHVLGHQWLDO VSDFHDQG GRPHVW]
FRDO QDWXUDOJDV OLJKWIXHORLO /)2 DQG KHDY\IXHO
RI WKH IRVVLIEQ GRKKKWMVFRUUHVSRQGLQJDYHUDJHV IRU WKH
VHOQWHG LQKBIEOWWULFW KHDWLQJKDVEHHQ WKHODUJHV
DQDYHUDJH VKDUH RI DQG YHU\OLWWOH YDULDWLRQ L
ZRRG ZLWK HOHFWULFLW\EHLQJWKHFORVH WKLUG
WULFLW\KDVEHHQFRQVWDQWRYHUWKHUHFHQW\HDUYV )
+RZHYHU KHDW SXPSV SUDFWLFDOO\KDYH WKH VDPH



JLIXUH TRWDO GLVWULFW KHDWLQJ KHDW FRQVXPSWL

IURP )LW FDQ EH QRWHG WKDW WKH VKDUH RIIRVVLOV KD
ZKHUHDV WKH VKDUH RI KHDW SXPSV KDYHEHHQ LQFUHDVL
IXHOVLQ KHDWLQJKDYHEHHQ DQGDUHEHLQJUHSODFHG

7TDEOH $YHUDJH WRWDO UHVLGHQWLDO KHDW FRQVXPSW
7TLODVWRNHVNXV

WRWDO GLVWULFARRG HOHFWULFLW\ IRVVLOV
UHVLGHQWHDWLQJ

KHDW FRQ

VXPSWLRQ

7:K




J)LIXUH 'LVWULEXWLRQ RIGLVWULFW KHDW FRQVXPSW

J)LIXUH 6KDUH RI KHDWLQJ HQHUJ\ IURP WKH UHVLGHQW
WRNHVNXYV



JLIXUH 'LVWULEXWLRQRIHQHUJ\VRXUFHVIRUUHVLGHQ)
LQ)LQODQG 7LODVWRNHVNXV
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$O00 WKH FDVH EXLOGLQJV LQ WKLV VWXG\DUH KHDWHG ZL
GLWLRQDOO\ DV KLIKORAHKQWHOG Q@ QV&EHICDSIWHHIU KHDWLQJ V\
6HSSIQHQFRQFOXGHG WKDW WKHFRPELQDWLRQ GLVWULF
LQJ VI\IVWHP LV WKHPRVW SRSXODU KHDWLQJRSWLRQLQ)L
FHQWUDOLVHG ZDWHU KHDWLQJ V\VWHP

,QDFHQWUDOLVHG ZDWHU KHDWLQJ V\VWHP D EXLOGLQJ
VRXUFH IURP ZKLFK WKH KHDW LV GLVWULEXWHG YLD ZDW
:DUPHU ZDWHU OHDYHV WKH KHDW VRXUFH UHOHDVLQJ W
UHWXUQLQJ EDFN WR WKH KHDW VRXUFH FRROHU WKDQ LW
EXUQHU DKHDW SXPSRUDGLVWULFW KHDWLQJKHDW H[FK
UDGLDWRUV RUXQGHUIORRUKHDWLQJV\VWHP 7\SLFDOO\
WKHGRPHVWLF '+: KRWZDWHUDQG VSDFHVDUHKHDWHG
WKHLU VHSDUDWH SLSLQJ ,Q WKHIROORZLQJ WKH V\VWHI
VSDFH KHDWLQJ EXW WKH VDPH SULQFLSOHDSSOLHV DOV

7TKHUHDUHGLIITHUHQW ZD\VWRDUUDQJHWKHFHQWUDO KH
DUHLOOXVWUDWHG DD/VQHIDR POMMMHU)KRYZ WKH SLSH QHW Z1
IXQGDPHQWDOO\ FRQWDLQV WKHUDGLDWRUV LQ VHULHV I
JURP EDVLFIOXLG G\QDPLFV LWLV ZHOONQRZQ WKDW WK
HTXDO GHILQLQJ KRZ WKH WRWDO PDVV IORZLV GLYLGHG
FRQWURO RIWKHVH VA\VWHPV VRPHZKDW FKDOOHQJLQJ

+HDW UDWHLQ D KHDW H[FKDQJHU LV
=QpCs T

ZKHUHV WKH KgDbDlWw WIKWHPDVYV IORZ WKUR X &KLW RNHKKIH\DSAH R LH
KHDW FDSDFLW\ RI WKHTZRVY MKH WAHPLSG IDDRQMGXUH FKDQJH R
ZLWKLQ WKH KHDW H[FKDQJHU +HQFH WKHDPRXQW RI KH
RQWKHWHPSHUDWXUH GLITHUHQFH EHWZHHQ WKH VXSSO\

,Q )LQODQG WKH VXSSO\DQG UHWXUQ WHPSHUDWXUHV D

& DQG & %HIRUHWKHVHYHQWLHY WKHVXSSO\ZDWH !
W\SLFD®ODQG WKHQ LW & HHEGER2ABRVA WKH HLIKWLHV  +1
VXSSO\ ZDWHU WHPSHUDWXUH LV WKH PRUH LW UHTXLUH
LQFUHDVH (DUOLHU WKH WHPSHUDWXUH GLIIHUHQFH EH



J)LIXUH ([DPSOH RI D WZR SLSH FHQWUDOLVHG KHDWLQ

EH & EXW W\SLFDOO\ QRZ&EBRRNLWILWKH GHVLIJQ WHPSHU
RQH RI WKH NH\ FKRLFHV ZKHQ KHDWLQJ VI\VWHPV DUH GH\
OHDGV WR VPDOOHU SLSHVY UHGXFLQJWKHLU FRVW EXW D
WKHLU FRVW $GGLWLRQDOO\ WKHUH DUH GULYHUV WR IX
6HSSIQHOQ

.H\FKDOOHQJHVLQFHQWUDOLVHG KHDWLQJV\VWHPV DUH
8QGHU RSHUDWLRQ WKHV\VWHP LVFRQWUROOHGE\LQFU
NHHSLQJ WKHWHPSHUDWXUH GLITHUHQFHFRQVWDQW 7KF&E
WKHVXSSO\ZDWHUWHPSHUDWXUHLVVHWEDVHGRQWKHD
FXUYHZLWK WZR FRPPRQ PLVWDPINHMBOUHLIWKKVLQREH RI W
VPDOO WKHURRPWHPSHUDWXUHY ZLOO EHWRR ORZ DW F
FXUYHVORSHLVJRRG EXWWKHVXSSO\WHPSHUDWXUH LV
DWDOORXWVLGHWHPSHUDWXUHYV



J)LIXUH ([DPSOHRIDVLQJOH SLSHFHQWUDOLVHG KHDW

6HSSIQHQQRWHYV WKDW WKH EDODQFLQJRIWKHKHDWLQJ"
LQDVLWXDWLRQ ZKHUH WKH ZKROH VA\VWHP LV RSHUDWHC
KLIJIKHU WKDQ GHVLUHG VXSSO\ZDWHU WHPSHUDWXUHV
WUDOLVHG KHDWLQJ VIVWHP WR ZRUN ZHOO HQRXJK ZLWHK
VXSSO\ WHPSHUDWXUH VKRXOG EH NHSW DV ORZ DV SRVVI
WHPSHUDWXUHYV GLITHUIURP WKRVH SODQQHG W\SLFDO U

$7KH KHDW ORVVHV WKURXJK WKH EXLOGLQJHQYHORSH
VXIILFLHQWLQVXODWLRQ H[FHVVLYHFROGEULGJHV \

$f7KH UDGLDWRUYV DUH FRYHUHG ZLWK H J WKLFN FXUW
IXUQLWXUH

$t7KH V\VWHP KDV EHHQ LPSURSHUO\ EDODQFHG VRPH |
UHVXOWLQJKLIJKHU WKDQ GHVLUHG URRP WHPSHUDW >
IORZUHVXOWLQJLQ WRR ORZURRP WHPSHUDWXUHYV

7TDEGOHLVWV VRPHUHDVRQVDQGIL[HVIRUWRRORZURRP WH
LELG

,Q)LQODQG WKHDOORZHG URRP WHPSHUDWXUHV IRU GLII
LVWU\ RI 6RFLDO $IIDLUVDIQEGIRHOHKWKSOH WKH URRP WHP



J)LIXUH ([(DPSOHRIFHQWUDOLVHG KHDWLQJV\VWHP FRQV

EHWZHHQ BGXULQJWKHKHDWLQJVHDVR® R\ \ELHIMZW
KHDWLQJ VHDVRQ UHVSHFWLYHO\ 3UDFWLEDOO\ WKH Gt
& OLQLVWU\RIWKH (QYLURQPHQW

BHSSIQHQGHILQHVDQRSWLPXPLQGRRUWHPSHUDWXUH W]
ZLWK LW DQG FRQWLQXHV WKDW ZLWKRXW SHUVRQDO FR
JRLQJ WR EH KDSS\ ZLWK WKH WHPSHUDWXUH 7KH RSWLP
ZKLFK LV QRW WRR KRW RU WRR FROG LV GLIITHUHQW IRU t
SUHIHUHQFHVY FORWKLQJDQG PHWYLERIHG/ P WHOELHNVR Q OV K
DQG FRQFOXGHG WKDW DGDSWLYH FRQWURO PRGHOV OHD
HQHUJ\VDYLQJSRWHQWLDO $FRDNOXGHEGNWKDIXRB@EHH Z
FRQVXPSWLRQ GLIIHUHQFHV EHWZHHQ URRPV DQG UHFRPF
SUHYLRXVO\PHQWLRQHG VWX ®\KH BKIVERHW DOVR QRWHC
RIUHGXFWLRQ LQ WKHUPDO FRPIRUW ZDV ODUJHU LQ ORZ
ILQGLQJV RI$LUDNVLQHD@DREKINRIOHMRDG FRXOG HVWLPDYV
DGGLWLRQ WR EXLOGLQJV GLIIHUHQW URRPV KDYLQJ GLII
FRQWURO VFKHPHV WR IXOO\ XWLOLVH WKH SRVVLELOLWL
FRPIRUW



7DEOH 3RVVLEOH UHDVRQV IRUWRR ORZ WHPSHUDWXUH
DFFRUGLQJWR 6HSSIQHQ

$ FROGUDGLDWRULQD FRE@ZBWRBPGLDWRU LQ DFROG UR
$LU RU FRUURVLRQ JDVHYODL®QLWWHRUDGLQDWRIULFLHQW IR
UHPRYH WKH JDVHYV

' UHGXFH WKH KHDWLQJ QHHG |
HJ LPSURYHWKHLQVXODWLRQ
' LQFUHDVH WKHKHDW SRZHU F
GLDWRUWRDODUJHU RQH
TKHZDWHU FRROV GRZQ EHIRUHWKHUDGLDWRU
GXHWRWKHOLQHJRLQJ WKURXJKFROGVSDFHYV

' LQVXODWH WKHFRQGXLW

I1RW HQRXJK ZDWHU LQ WKH UDGLDWRU UHVXOW

LQJ LQ H[FHVVLYH WHPSHUDWXUH GLIIHUHQFH
EHWZHHQ VXSSO\DQG UHWXUQ ZDWHU

' SRRUEDODQFLQJ WKHYDOYHVHWWLQJV PXVW
EHDGGUHVVHG
' EORFNHGUDGLDWRU YDOYHRUFRQGXLW WKH
VI\VWHP PXVWEHRSHQHG DQG FKHFNHG

$VWKHVWDWLVWQBYERWKBSWIHMNULFW KHDWLQJDQG KHE

RIWKHUHVLGHQWLDO KHDW FRQVXPSWLRQLQ)LQODQG
KDVEHHQ SKHQRPHQDO LQAHDAM QWPSIW DY H)KWLOLVHG LQ
LQ VSDFH KHDWLQJDQG GRPHVWLF KRW ZDWHU SURGXFWL
VRXUFH LQ D EXLOGLQJDQG VHFRQGO\ ODUJH LQGXVWULI
GLVWULFW KHDWLQJ QHWZRUN +HDW SXPSV LQ GLVWULF\
UHFHQW \HDUV IRU WKRVH LQWHUHVWEBQQRI® G\ HW DU |
3RSRYVNL HW OMDHVHQEXUJ HWIVHX 5R\R HW2IP@HQ HW DO

6D\HJK HW DOXQG DQG 3HUVDMRQ %HUQDWK HW DO

,WLVFRPPRQO\NQRZQ WKDW WKH KHDW SXPS FRHIILFLHQ
OLYHUHG KHDW SHUFRQVXPHG HOHFWULFLW\ KHDYLO\GH
WKHHYDSRUDWRUDQG WKH FRQ GHXG/ H H QW L DIOXKK/AMVW B V3
RIWKHZDWHU LQD GLVWULFW KHDWLQJQHWZRUN RU GRPEL
SXPSVFRXOG XWLOLVHG PRUHHIILFLHQWO\ GUDVWLFDOO
TRHQDEOH WKLV WKHLGHQWLILFDWLRQ RISRVVLEOH ERW



)LIXUH 1XPEHURIDQQXDOO\LQVWDO®HG KHDRX §XGP\SR/X
KHDW SXPS ([+3 H[KDXVW DLU KHDW SXPS $:+3 DLU WR Z|
WR DLU KHDW SXPS

J)LIXUH +HDW SXPS &23DVDIXQFWLRQRIKHDW SXPSWHP



J)LIXUH TKHRUHWLFDO KHDW SXPS &23 DV DIXQFWLRQ RI
WKHKHDW VRXUFHDQG UDGLDWRU ZDWHU . QXXWLOD HW
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$QRPDO\GHWHFWLRQLVDZHOOVWXGLHGWRSLF 7KHUHD
VXLWDEOH IRUDQRPDO\GHWHFWLRQ 7KLV FKDSWHU IRF>
QDPHO\RQH FODVV VXSSRUW YHFWRU PDFKLQH 2&690 DQ
WKH XVDJH RI WKHVH PHWKRGV LQ OLWHUDWXUH LV FRQVL
ZLOOEH SUHVHQWHG ODWHU LQ &KDSWHU

9LOOD 3pUH] HWHDYGHZHG H[LVWLQJDQRPDO\ GHWHFWLFR
WKDW 2&690 ZDV JRRG DPRQJRQHRIWKHEHVW LQ WKH VW]
WKH 2&690 KDV EHHQ XVHG IRUDQRPDO\ GHWHFWLRQ ,Q }
XVHG IRUIDXOW GHWHFWLRQ )DXOWV FDQ EHVHHQ DV DQ
YDQ DQG 6KDXKVHG 2&690 IRUIDXOW GHWHFWLRQ LQ SURFH
28690 DJDLQVW SULQFLSDOFRPSRQHQWDQDO\VLV 3&$ DC
VXLWHG IRU WKH IDXOW GHWHFWLRQ DV LW ZDV DEOH WR
HWDO LPSOHPHQWHGDQGLPSURYHPHQW WR 2&690 ZKLFI
VXSSRUW YHFWRU PDFKLQH DQG FRQFOXGHG WKDW WKHL
GDWD LQFOXGHG RXWO XWWH\G R& 6D VRDODXOW GHWHFWLRG
7KH\FODVVLILHGIDQ YLEUDWLRQVWRLGHQWYHGREBDD Q|
WR LGHQWLI\OHDNV LQ QDWXUDO JDV SLSHOLQHV :LWK 2,
/760 QHXUDO QHWZRUN WR H[WUDFW IHDWXUHV IURP WKH
/760 DQRPDO\GHWHFWLRQ ZDV XVHG \HR$IOAHDEHK\DXQE BD O
LQ YHKLFOH EHKDYLRXU PRGH ORRREL Q1 GHI&BO HIL V& 3&$
WHFW YDOYH VWLFWLRQ 7KHLU SURSRVHG PHWKRG FRXO
ORZ IDOVH SRVLWLYH UDWH HG R B BYOHMRODLGBBEHQWLI\ DQRPD
FRQVXPSWLRQ 7KH\FRQFOXGHG WKDW DQRPDOLHV FRXO
OLHU FRQVXPSWLRQ 'HVSLWHWKHVH SRVLWLYHV WKHUH
EHHQ D JRRG RSWLRQ IURDQRPDO\GHWHFWKRE G Q&6®IL Q|
WR GHWHFW UDLO VTXDW DQG FRQFOXGHG WKDW HOOLSW
WKHP EXW WKDW ZDV PDLQO\ GXH WR WKH IDFW WKDW WK}
KDSSHQHG WR VXLW WKHHOOLSWLFHQYHORSH EHWWHU

2&690 KDV EHHQ DOVR FRPPRQO\ XVHG WR GHWHFW DQRPD

XVHG 2&690 WR LGHQWLI\ F\EHUDWWDFNV DQG WKH P
LGHQWLI\LQJDQRPDOLHVDQG UHODWLYHO\HDV\WRLPSO
‘DQJHWDOXVHG 2&469P WR GHWHFW F\EHUDWWDFNV RQ DX



JRRG IRUWKH SXUSRVH 2Q WKH RWKRQRDXEG @ W KD W W&B
QRWILWWRGHWHFW F\EHUDWWDFNV RQDJDLQVW LQGXVW

JRRG LQGXVWU\NLV DOVRRQHILHOG ZKHUH 2&690 KDV EHH
WHUDWLRQ LQ IRRG LQGXVWU\N LV D ODUJH XWRIESO2HEP6 90 R E
VXFFHVVIXOO\WR LGHQWLI\ FRFRD EXWWHU DGXOWHUDW |
LPSOHPHQWHG WRLGHQWLI\DGXOWHUDWLRQRIFDVVDYD

&KHQ HW D®GRPELQHG 2&690 ZLWK N QHDUHVW QHLJKERXU\
DOQRPDOLHV LQ JHRFKHPLFDO FRPSRVLWLRQV 7KHLGHQW
PLQHUDO HISORUDWLRQ 7KH\FRQFOXGHG WKDW WKH FRP
WKUHHWLPHV RXWRIIRXU WKDQ2&691DORQH 7KHVLQJC
RIWKHXVHG FRPELQDWLRQVRI.11DQG2&690 $GGLWLRQD
EHWWHU WKDQ .11 DORQH *DXVVLDQ PLIWXUH PRGHO RU
=XR XVHG 2&8690 WR LGHQWLI\JHRFKHPLFDO DQRPDOLH
GHWHFWLRQ SURFHVV E\ XVLQJ QHXUDO QHWZRUNV GHHS
DQGIHDWXUH UHGXFWLRQ

2XWVLGH HQJLQHHULQJ LQ PHGLFLQH 2&690 KDV EHHQ LF
SHRSOHV{ JDLW 7HXQKRWILAVDO GUXJ XVH BAXBHDBG U RIROHL
VXUDQFH FODLPV ; N :DWQX¥GLWMDWR HARPSODUHG N PHDQV
RXWOLHU IDFWRU DQG 2&690DQG FRQFOXGHG WKDW 2&69/
DQRPDOLHYV

/IHVRXSOH HWFRQFOXGHG WKDW LI WKH GDWD XVHG WR WU
ODEHOV VHPL VXSHUYLVHG WKH2&690DQRPDO\GHWHEFYV

PHDQV LVD FOXVWHULQJPHWKRG RULJL QDIOXG L YVKDR EX
HIWHQVLYHO\ XVHG LQ HQHUJ\ UHODWHG F O X VARHDUFIOXIGLHIG
WKDW N PHDQV ZDV WKH PRVW ZLGHO\ XVHG FOXVWHULQJ F
5IVIQHQ HW DX’XHG N PHDQV FOXVWHULQJFRPELQHG ZLWK V
HOHFWULFLW\HQG XVHUV %DVHG RQ WKH FOXVWHUV QH
JURXS =KRX HWPRSDUHG N PHDQV WR VHOI RUJDQLVLQJPI
WHULQJ DQG KLHUDUFKLFDO FOXVWHULQJPHWKRGV IRUF
DQG FRQFOXGHG WKDWN PHDQV FOXVWHULQJZDV VLPSOH
N PHDQV FOXVWHULQJ KDV EHHQ XVHG WR FOXVWHU DLU F
DQG KHDW SXPS XVHU SUR VLOHYR/HWEB®HOG N PHDQV FOXVW
HVWLPDWH WKH UHODWLRQ RI IHOW WKHUPDO GLVFRPIRU)\
GLVWLQFW FOXVWHUYV



,Q DGGLWLRQ WR FOXVWHULQJ N PHDQV FDQ DOVR EH XV

FRPELQHGN PHDQVFOXVWHULQJZLWK SUHGLFWLRQP
LQEXLOGLQJY HYHQEHIRUHWKH\RFFXU 7KHLU SURSRVHC
GHWHFWLRQ =XOIFPRHEH@WHIEON PHDQV FOXVWHULQJ ZLWK /¢
LQ VRODU SDQHO FXUUHQWVY IRUSUHGLFWLYH PDLQWHQDQ

PHDQV FOXVHULQJ KDV DOVR EHHQ XVHG WR GHWHFW DC(
DO XVHG N PHDQV FOXVWHULQJ WR GHWHFW DQRPDOLH
WKDW LW FRXOG EH XVHG IRUWKERBRUGRG M PIHTLDNVF O XV
SDUWLFOH VZDUP RSWLPLVDWLRQ WR GHWHFW DQRPDOLH
WKHPHWKRG WKH\ SURSRVHG ZzDV VDWLVIDFWRU\ IRU WKH

XVHG N PHDQV FOXVWHULQJ ZLWK D GHFLVLRQ WUHH
GHFODUHG WKDW WKHLU PHWKRG SURYLGHG JRRG UHVXOYV
UHODWHGDQRPDOLHVY N PHDQVFOXVWHULQJKDVEHHQ XV
WUDMHFWRULHYVY 6iQFKH] 3BHGURFKHHW DO



'$7$$1'86(' 0(7+2'6

7KH SUHVHQW SURMHFW ORRVHO\IROORZV WKH VWHSV XV
SURFHVVIRU 'DWDOLQLQJ SUHVHQWHG R UKHLRRGEHD ED&K
VWHSV &KDSPDG@RW]DO

0
%XVLOQHVV XQGHOQWVWDYHED@QLGLQI WKH SURMHFW REMHTF

'DWD XQGHUVVDWIGEROOHFWLRQ IDPLOLDULVDWLRQ |
GDWD TXDOLW\SUREOHPV DQG ILUVW LQVLJKWYV

'‘DWD SUHSDYDWSESIIRUDWLRQ RI WKH GDWD IRU WKH PRGH
ORGHOIS®GIDHFWLRQDQG DSSOLFDWLRQ RIPRGHOLQJ W

(YDOXDVWWUR®Q/LFDO HYDOXDWLRQ DQG UHYLHZ RI WKH X
VWHSV

'"HSOR\PRQ@WDQLVLQIJDQG SUHVHQWLQJ WKH UHVXOWYV
VWDNHKROGHUV

$GGLWLRQDOOSUYURWHQWY WKHIROORZLQJWLSVIRUWKHD

%XVLQHVV XQGHUVWDQGLQJ KDV IRXUVWHSV GHWHUF
WKHVLWXDWLRQ GHWHUPLQLQIJWKHGDWDPLQLQJJRI
FDQEHVHHQDV WKHIRXQGDWLRQ WR ZKLFK WKH ZKRO

'‘DWD XQGHUVWDQGLQJ VKRXOGLQFOXGH WKHIROORZL
VFULELQJ WKH GDWD VXUIDFH SURSHUWLHYV H[SORUD
TXDOLW\

‘DWD SUHSDUDWLRQ KDVILYHVWHSY VHOHFWLRQ FOI
PDWWLQJWKH GDWD

ORGHOLQJKDVIRXUVWHSY VHOHFWLRQRIPRGHOLQJ"
WKHPRGHO DQGDVVHVVLQJWKHPRGHO

(YDOXDWLRQ KDV WKUHH WDVNV HYDOXDWLQJ WKH Ut
PLQLQJWKH QH[W VWHSYV

'"HSOR\PHQW KDV IRXUVWHSYV SODQQLQJLW SODQQLQ.
WKHILQDO UHSRUWDQG UHYLHZLQJ WKH SURMHFW



,QWKHIROORZLQJHDFKVWHSLVY GLVFXVVHGLQJHQHUDO
SUHVHQW SURMHFW

&RQVLGHULQJ WKH ILUVW VWHS WKHEXVLQHVV XQGHUVW
VFRSH RI WKLV WKHVLY 7KH REMHFWLYHV IRUWKB@GHVH
WKH\ZHUH GLVFXVVHG EHIRUHDQG GXULQJWKH SURMHFW

'DWD XQGHUVWDQGLQJDQG SUHSDUDWLRQ

$O00 WKH GDWD SURFHVVLQJDQG LQ WKLV SURMHFW ZDV G
GUDZWKHILIJXUHV 7KHRULJLQDO GDWD SURYLGHGE\G6LP
IRUHDFKVHQVRU DFFRPSDQLHG ZLWK D ORFDWLRQILOHYV
VHQVRU FRXOG EHFRQQHFWHG WR D VSHFLILF URRP 7KH C
ZHUHPDVNHG D VHQVRUFDQ EHFRQQHFWHG WR D FHUWD!|
FRXOG QRW FRQQHFW WKDW DSDUWPHQW WR WKH FRUUHV
ILOHFRQWDLQHG 87& WLPHVWDPSVDQG WHPSHUDWXUH Ul
ZHUH WDNHQ ZLWK PLOQXWHV LQWHUYDO DQG WKH GDWI

TKHWHPSHUDWXUHIRUHDFKURRPZDV PHDVXUHG
WKHURRP UHIHUUHG DV URRP WHPSHUDWXUH IURP QRZ R(
UHIHUUHG DV UDGLDWRU WHRSHUDMBPIS OBRPLQRQEWY D O (
URRP WHPSHUDWXUHV IURP &DVH DV D FDUSHW SORW ZLW

J)LUVW WKHGDWDLVILOWHUHG VRWKDWRQO\OLYLQJSUH
URRPV VXFKDV VWRUDJH URRPV VWDLUZD\V HWF ZHUH I
WKHFDVHEXLOGLQJVDQG RULJLQDO G WDH U DIPGAWH UHL YD D |
VRWKDWRQO\WKHOLYLQJSUHPLVHVDUHOHIW WKHGDWL
yLUvw LW ZDV FKHFNHGLVWKHUHDQ\URZV WLPH VWHSV
DUHPLVVLQJ ,IDQ\ZHUHIRXQG WKKRZWWHKH QXREHG R/IDE
FROXPQVUHPRYHGGXHWRKDYLQJDOOYDOXHVPLVVLQJ )
DOOYDOXHVDUH1ID1 LV VXUSULVLQJO\KLJK +RZHYHU DI
GDWD FROOHFWLRQIRUWKDWFDVHRQO\EHJDQRQ

FDVHV ZHUH WDNHQ IRUWKH VDPH WLPH LQWHUYDO LW M>
RI'WKHRULIJLQDO GDWD SDFNDJH

1H[W WKH1D1 GLVWULEXWLRQ RI HDSWH\DH/®IW \Z MUKHH \GW X &
1D1VE\VHQVRUIRU &DVH JURP WKHILIJXUH LWLV HYLGHC
OHDVW VRPHYDOXHV PLVVLQJ 7KH &DVH KDGLQ WRWDO
KDYHVRPHYDOXHV PLVVLQ]J 2XWRIWKHVHQVRUV ZLWK P/

7KHVH VHQVRUV VWLOO UHFRUG WKHDLU WHPSHUDWXUH FORVH WR
WKHUDGLDWRU ZDWHU WHPSHUDWXUH



JLIXUH $OO0 WKHURRP WHPSHUDWXUHY DQG WKHDYHU|

PLVVLQJYDOXHV DQG KDYHOHVV 7KHGLVWULEXWLRQ

OHVV WKDQ PLVVLQJ YDOXHYY QG $ WHRH® BHH GHHQ) WIK D W
KDYH DURXQG PLVVLQVKPOXWYH)QXPEHU RI PLVVLQJ Y
VHQVRUV ZLWK RUPRUHPLVVLQJYDOXHV ,WFDQEHVFE

RUPRUHPLVVLQJYDOXHY RQO\ KDYHFRQVLGHUDEON\ k
WKH RWKHU RQO\KDYH PLVVLQJYDOXHV MXVW RYHU
YDOXHVLVFKRVHQDQGDOOVHQVRUVKDYLQJPLVVLQJIYD!
ILOWHUHG RXW 1RZ LWVKRXOGEHQRWHG WKDW WKH VHQ
UHFRUGLQJWKHURRP WHPSHUDWXUHDQG D VHQVRU IRU U
DQRGDURRPKDVDVPDQ\UDGLDWRU WHPSHUDWXUH VHQVR
WKHVHQVRUVZLWKWRRPDQ\PLVVLQJYDOXHV DUHILOWH!I
WHPSHUDWXUHVHQVRURUDUDGLDWRUWHPSHUDWXUH VH
FRUUHVSRQGLQJUDGLDWRU WHPSHUDWXUH VHQVRU V DL
DQ\PRUH I WKHVHQVRU ZLWK H[FHVVLYH 1D1V LV DUDGLEL
WKHURRPLQTXHVWLRQKDVPRUHWKDQRQHUDGLDWRU I
WKHUDGLDWRUVHQVRUZLWKWKHPLVVLQIJYDOXHV LV UHF
SDLUHG ZLWK WKH RWKHUUDGLDWRUYYVY VHQVRU +RZHYHU
FRUUHVSRQGLQJURRP WHPSHUDWXUHVHQVRULV UHPRYH
UHPRYHG VHQVRULGV DUHVDYHG 7KHSURFHGXUHLYV WKH
WKH GLVWULEXWLRQ ILIXUHV | RU WKKH@ >XOREHULR HQHIRR ¥ $S5



7TDEOH '"HVFULSWLRQ RIWKH GDWD

&DVH &DVH &DVH

JREDWLRQ +HOVLQNL +HOVLONL 9DQWDD
&RQVWUXFWLRQ\HDU
2ULJLQDO GDWD IUPPH
Y VL]H
'Y VL]IH ZLWK RQO\

OLYLQJSUHPLVHYV | [ [
$SDUWPHQWYV

SRRPV
8VHG ZHDWKHU +HOVLQNL 9DQWD
WLRQ .)\(IéNS[%(OD . XPSXOD DLUSRUW

'LVWDQFH WR WKH
ZHDWKHU VIWDWLRQ LQ
NP

7TKHUHZDVRQHFORVHU )0, ZHDWKHU VWDWLRQ IRU &DVH
UDGLDWLRQ GDWD . XPSXOD ZHDWKHU VWDWLRQ ZDV XVHC

DUHVXPPDULVHS&S W UDEIOHHLQLWLDO FOHDQ XS DQG
WKH &DVHYV DQG DQG WKHVKDUHRI1D1V ZDV

$IWHUWKHFOHDQ XSRIWKHWHPSHUDWXUHGDWD ZHDWKHF
WHRURORJLFDO ,QVWLWXWHYVRSHQ GDWD SRAKWMIZGI DWEO I
GDWD ZDV REWDLQHG ZLWK WKH VDPH PLOQXWHYV LQWHU"
XPSXOD +HOVLQNL DQG +HOVLQNL 9DQWDD DLUSRUW 9l
WKHFDVHEXLOGLQJY ZHUH FKRVHQ DSDUW IRU &DVH ZK
.XPSXOD +RZHYHU DV WKDW ZHDWKHU VWDWLRQ LV QRW
ZHDWKHU VWDWLRQ ZzDV XVHG IRU WKH &DVH DOVR 7KHC
WHPSHUDWXUH DW PHWHUV DQG JOREDO UDGLDWLRQ *C
ZDYHUDGLDWLRQIURP WKH6XQ $OVR WKHGDWD GRZQOR
YDOXHV DQG WKHVH DUH VXXPPPAXWDOLDY AIGDLVQKHDIEE WW DWLRQ K
YDOXHV WKDQ +HOVLQNL 9DQWDD 7KHQXPEHU RIPLVVLQ.
VLGHUHG YHU\VPDOO $GGLWLRQDOO\ WKHPLVVLQJ ZHD\
PLVVLQJ ZHDWKHU GDWD YDOXHV ZHUH UHSODFHG ZLWK W
REVHUYDWLRQ 7KLVLVGHHPHGVXLWDEOH JLYHQ WKDW V
DQG RQHFDQ DVVXPH WKDW WKH ZLWK WKLY WLPH VFDOH I
WKH SUHYLRXVDQG QH[W YDOXHYV

O9DULDEOH &RQVWUXFWLRQ

7TKHIROORZLQJYDULDEOHYVY ZHUH FRQVWUXFWHG IURP WK



7TDEOH 6XPPDU\RI1D1DQDO\VLV

&DVH &DVH &DVH

2ULJLQDO )[VL]JH | [ [
'Yy VL]IH ZLWK RQO\

OLYLQJSUHPLVHYV | [ [
1XPEHU RI FROXPQV

VHQVRUV KDYLQJDOO

WKH YDOXHY PLVVLQJ

1XPEHU RI|URZV

WLPH VWHSV KDY

LQJ DOO WKH YDOXHV

PLVVLQJ

2ULJLQDO QXPEHU RI
VHQVRUYV
1XPEHU RI VHQVRU
ZLWKRXW 1D 1V
1XPEHU RI VHQVRUV
ZLWK 1D1V
1XPEHU RI VHQVRUV
ZLWK OHVV WKDQ

1D1V

1XPEHU RI YVHQVRUV
ZLWK RU PRUH
1D1V

1XPEHU RI VHQVRUV
ZLWK RU PRUH
1D1V

1XPEHU RI UHMHFWHG
VHQVRUYV

'DWD IUDPH|VL]H DI
\NHUVHQVRUlMiMH&WLRQ [ [
1XPEHU RI 1D1V LQ

WKHILQDO GDWD IUDPH
6KDUHRI1IDIVLQWKH

ILQDO GDWD IUDPH




J)LIXUH TKHGLVWULEXWLRQRIPLVVLQIJYDOXHV I

7TDEOH 7TKH QXPEHURIPLVVLQJYDOXHVLQ)O0,ZHDWK

O9DULDEOH XPSXOD +HOVLQNL 9DQWDD
$LUWHPSHUDWXUHDW PHWHUYV
*OREDOUDGLDWLRQ

'"HYLDWLRQ RIURRP WHPSHUDWXUH IURPWR¢H DYHUDJH
'"HYLDWLRQRIUDGLDWRU WHPSHUDWXUH IORE.WMcH DYF

'"HYLDWLRQ RI WKH WHPSHUDWXUH GLITHUHQFH EHWZH
I[JURP WKHDYHUDJH WHPSHUDWXUH GLIITHURQ®H EHWZH

7TKHQRUPDOLVHG URRP WHPSHUDWXUH GHYLDWLRQ IU|
WLSOLHG ZLWK WKH QRUPIRRRMHEE MBRODU UDGLDWLRQ

7TKHQRUPDOLVHG UDGLDWRU WHPSHUDWXUH GHYLDWL
PXOWLSOLHG ZLWK WKH QRUPJR Shid&a MBODU UDGLDWL

IDWHULQ WKHWH[W ZKHQ UHVXOWVDUHGLVFXVVHG WKH
UHVSHFW WR WKHDERYHPHQWLRQHG OLVW ,Q WKHYDULD
ILUVW WKHDYHUDJH YDOXH IRU HDFK WLPH VWHS ZDV FDC
HDFK YDOXHDQG WKHDYHUDJH ZDV FDOFXODWHG )RUHI[DI



J)LIXUH 7TKH GLVWULEXWLRQ RI PLVVLQJ YDOXHV E\ VHQ
PLVVLQJYDOXHV IRU &DVH

GLIIHUHQFHEHWZHHQWKHURRPDQGRXWVLGHWHPSHUDW
EHWZHHQ WKH URRR:DWYBGIREWYLOWLRQ RI URRP W KWEH UD V
WLPH VWHS ZRXOG EH

Xy
(Ten TrxwWLGH

Trxve (TLN TRXV\/,b)LGHi:l

N

ZKHY{LVY WKH URRP WK RSKHW DX VW DSV P HDR/ X H &[aMWY KH

WKH RXWVLGH K WKSMIUPDHMXKWH ® WWHOQBXPEHU RI VHQVRUV  $1
FRQVWUXFWLRQRIWKHILUVWIRXUYDULDEOHYVY WKH\ZHUF
VWHS , H HDFK WLPH VWHS ZDV QRUPDOLVHG VHSDUDWF
QRUPDOLVHG 7KHIRXUWKDQGILIWKYDULDEOHY UHSUHYV
KLIKOLIJKW WKHFRUUHODWLRQ EHWZHHQ D KLIJIKWHPSHUL

7KH GLVWULEXWLRQV RI WKH YD U L DRED &Y \VOHJ HDSUGH MR HIVGHK
IRU&DVHVY DQG )LUVWRIDOO LW VKRXOGEHQRWHG WK
FDVHV UHVHPEOH HDFK RWKHU 7KHUH DUH QR PDMRU GLIIt
WZHHQ WKH FDVHV $00 RWKHU YDULDEOHV H[FHSW WKH L



J)LIXUH 7TKH QXPEHURIPLVVLQJYDOXHV E\VHQVRU IRU V
YDOXHV IRU &DVH

TXLWH ZHOO 7KHGLVWULEXWLRQV RIWKHWZR VRODU UDC
FRQVLGHUDEO\ DQG WKH\IROORZ WKHH[SRQHQWLBO GLV
DQGHDOVR GLVSOD\WKH SUREDELOLW\GHQVLW\IXQFWLRQ
RIHLIK8Y 7KHH[SRQHQWLDO GLVWULEXWLRQLV XQGHUVW
JOREDO UDGLDWLRQ LV YHU\VPDOO RU JHUR ,WFDQ EH V|
UDPHWHU YDOXH WKH3"')VIROORZ W KHYDLO/XHVL ZX\W URIQ T X
VPDRAOAPBOXHYVY WKH GLVWULEXWLRQ GLIIHUV IURP WKH SUH
HYHU DV WKHRXWOLHUV DUFDWR BEY IRKEX Y HW K DERQJHQW
MXVWLILHG

TKHPHDQ YDOXHVDQG VWDQGDUG GHYLDWLRQV RIWKH QR
LQ7DEDQRSUHVSHFWLYHO\ DQGDOO WKHGLVWULEXWLRQV
7TKH 7DEDGI¥F¥XUWKHU FRQILUP WKDW WKHGLIITHUHQFHV EHYV
WKRVH YDULDEOHDUH FORVHWR QRUPDOO\ GLVWULEXWH

7TDEOH OHDQ YDOXHV RIWKHQRUPDOO\GLVWUL

ODULDEROMH &DVH &DVH
Turre
TubcLpwru
Trxw




/DEOH 6WDQGDUG GHYLDWLRQ RI WKH QRUPDOO\

ODULDEROMH &DVH &DVH
TURRP
TUDGLDWRU
TRXW

7TDEOH 6 XPPDU\ YDULDEOH GLVWULEXWLR(

O9DULDEOH

&DVH &DVH &DVH

TURRP

QRUPDO QRUPDO QRUPDO

TUDGLDWRU

VOLIJKW VNHZ
KLIKHU YDOXH UPDO QRUPDO

TLQ

roox v D SWIIAR 06 Y NG b0

WDLO DW WKH 6%OXH

TURF{:PRUPDOLVI—

c H[SRQHQWLDHSRQHQWLDH[SRQHQWLDO

TubcLoRURDOL

He HISRQHQWLDHSRQHQWLDHSRQHQWLDO




D 9DU 5RRP WHPSHUDWXUHVE 9DU UDGLDWRU WHPSHU

F 9DU URRP RXWVLGH G 9DU UDGLDWLRQ[URRP WEt

H 9DU UDGLDWLRQ[UDGLDWRU WHPSHUDW X!

J)LIXUH 9DULDEOH GLVWULEXWLRQV IRU &D



ORGHOOLQJ

, Q WKLV VHFWLRQ WKHXVHG PRGHOOLQJ PHWKRGV DUH G|
&KDSWHWR PDFKLQH OHDUQLQJPHWKRGVDUHFKRVHQ IRUV
YHFWRU PDFKLQH DQG N PHDQV FOXVWHULQJ %RWK PHW|
ODWHG SUREOHPV $GGLWLRQDOO\ RQH VLPSOH PHWKRG
UHIHUHQFH 7KH PHWKRGVY DUH FKRVHQ WR SUHVHQW RQH
WKH DUW PDFKLQH OHDUQLQJ PHWKRG 2&690 DQG D PHW
DOQRPDORXV FOXVWHUV N PHDQV 7KHWKUHHPHWKRGV D

$QRPDO\GHWHFWLRQ EDVHG RQ WKH YDULDEOH GLVW

9DULDEOH GLVWULEXWLRQV KDYH EHHQ WUDGLWLRQDOO\
YDULDEOH LV fWRR IDUTRITWKHDYHUDJH LWFDQEHGHIL
ZKRVH GLVWULEXWLRQV FRXOG EHHVWLPDWBGG®/R EH QR
FRQILGHQFH LQWHUYDO LV XVHG WR GHILQHDQRPDOLHV
IDOOV RXWVLGH WKH FRQILGHQFHLQWHUYDO

JRUWKHUDGLDWLRQ UHODWHG YDULDEOHYV ZKLFK DUH H\
YDULDEOH LV GHILQHG DV DQ DQRPDO\LILWLVLQ WKH OD
HISRQHQWLDO GLVWULEXWLRQ WKDW ZRXOGEHYDOXHV L

OaD5

,H LIDYDULDEOHLV JUHDWHU RULHW KD G WIR QUKG] DWKI® D K
PHQWLRQHG LQ WKH ZONYL\RXVPHFMWER/R EH DQG WKHQ V
WREHDQDQRPDO\ LV

JRUWKHQRUPDOO\GLVWULEXWHG YDULDEOHV WKH XSSHL
UDWHGLQWKHDQDO\VLV $VWKHQRUPDOO\GLVWULEXWH ¢
IURP WKHDYHUDJH WHPSHUDWXUH WUHDWLQJ WKHP VHSL
FDXVHV IRUDQDQRPDO\ )RUH[DPSOH D URRP WKDW LV F
ZRXOGEHLQ WKHORZHU HQG RI WKH GLVWULEXWLRQ DQG
DYHUDJH ZRXOGEHLQ WKH XSSHUHQG RIWKHGLVWULEXYV



"XULQJWKHILUVWURXQGRIDQDO\WWLQJWKHUHVXOWYV LW
WHPSHUDWXUH DQG WHPSHUDWXUHGLIIHUHQFHEHWZH}
$VDQH[DPSOH WKHYDULDEOHY DQG IURP &DVH7KHRWYV
ILIXUH VKRZ WKH YDULDEOHY EHIRUH WKH QRUPDOLVDWLF
WHPSHUDWXUH DQRPDOLHYVY DW WKH XSSHU HQG RI WKH GL
QXPEHURIDQRPDOLHVDWWKHORZHUHQG RIWKHGLVWULI
RQKRZWKHYDULDEOH ZDV FRQVWUXFWHG WKLV ZDV WR E

J)LIXUH &RUUHODWLRQ EHWZHHQ YDULDEOHYV |

7KH YDULDEOH GLVWULEXWLRQV DUH VWXGLHG LQ WZR ZD
LQ HTXDWILRBVOFXODWHG RYHU DOO WKH WLPH VWHSV D
GHYLDWLRQDUH FDOFXODWHG VHSDUDWHO\IRUHDFK WLP
WKDW LQ WKHILUVW RQHDQ DQRPDO\LV GHILQHG IURP WK |
IUDPH DQG LQ WKHVHFRQG DQG DQRPDO\LV GHILQHG LQ |
VWHS ,W ZDV PHQWLRQHG WKDW ZKHQ ZKROH WLPH IUDP
IROORZV H[SRQHQWLDG GLWREZHEXWLRRQHAQ. WRO\ D VLQJO|
FRQVLGHUHG XVARXOWXBOHNMD®WR H[FHVVLYHDPRXQW RI DQ
VWHS VSHFLILF D QIVOANWMALR GR@KLFK JLYHV DSSUR[LPDW
DQRPDOLHVIRUWKHUDGLDWLRQUHODWHG SDUDPHWHUV \
YDULDEOHYV



7TDEOH 6KDUHRIDQRPDOLHYVY SHU YDULDEOHLQ WKH GLVYV
DIHDQG GHYLDWLRQ

YDULDE|JOH &DVH &DVH &DVH
ORZHU HQG XOBHHWAQG XOSKHHWIAQG XSSHU

TurrPp

TubcLpwRU
TURRPRUPDOLVHG

TubcLomRPWILVHG

'LWK WKH DERYH PHQWLRQHG GHILQLWLRQV IRUDQ DQRPEL
PDQ\DQRPDOLHV WKH\KDYHIRUD JLYHQ YDULDEOH DQG W
DUHVXPPDULVHGDQG VWXGLHG 7KHVKDUHRIDQRPDOLH\
LQ 7DEIRWUMWKH FRPSDULVRQ DJDLQVWIRBRWRB PR FSDU H\DRY,
WLPH VWHS VSHFLILEFDYHUDJH 2QHFDQFRQFOXGH WKDW
IRUWKHODWWHUPHWKRG DQG WKHQXPEHURIDQRPDOLHYV
WKH GHILQLWLRQRI FRQILGHQFHLQWHUYDO 7KH UHVX(

2QH FODVV VXSSRUW YHFWRU PDFKLQH

6XSSRUW YHFWRU PDFKLQH 690 LVDELQDU\FODVVLILFD\
PHULFGDWD DQGOLNHRWKHUOLQHDUPRGHOV WKH\DOV
EHWZHHQ WKH WZR FODV R 2IiQH $DIDVMDOSSRUW YHFWRU PD
DVSHFLILFYDULDQWRIOLQHDUDQG ORJLVWLFUHJUHVVL
WR FODVVLI\ WKH GDWD WR WZR FODVVHV 2&690V DUH GH’
QRUPDO DQG WKRVH SRLQWYV QRW IDOOLQJ WR WKH RQH |

$FFRUGLQJWR E1LIEANVKHDSULQFLSOH RI12&690V LV DV IROORZ
$ GDW DXS RV @W D Q \( IFH)UALMGE VDR X(QF WL R Q

IHFWRWRQWDLQV WKH ERHIILFLHQWYV IRU

7DEOH 6KDUH RI DQRPDOLHYV SHU YDULDEOH LQ WKH GL)\
DQG GHYLDWLRQ

YDULDEOH &DVH &DVH &DVH
ORZHU HQG XORHHWBAQG XOKEHHWRHQRG XSSHU I

Turre

TubpcLDwWRU

TURRPRUPD ODGH®WLRQ
TubGLEmMRPDOLVHG




7TKHQ WKHGHFLVLRQ ERXQGDU\EHWZHHQ WKH QRUPD((

W (X) b=0

ZKHUH WKH YDULDEOH WKDW FRQWUROV WKH ELDV

,WLVDVVXPHG WKDW DOO WKH GDWD SRLQWYV XVHG LQ
WKHRSWLPLVDWLRQ SUREOHP VKRXOG EIHVIER Y X\W DY\HI
DVPDQ\WUDLQLQJ SRLQWV DV SRVVLEOH

)RU SRVVLEOH QHJDWLYH WUDLQLQJSRLQWYV D SHQDO\

maxfb W ( X);0g

$GGLWLRQDOO\ DPDUJLQUHIXODWRULV XVHG

1
“KWK?
2

1RZ WKHREMHFWLYHIXQFWLRQ LV

X _
PLQLPJL=V%I<WK2+% maxfb W ( X);0g b
n=1
ZKHUHVY WKH GLITHUHQWLDO ZHLJKW EHWZHHBHQ WANKBI QR L
SULRU SUREDELOLW\A\IRUD SRLQW WREHDQRXWOLHU

,Q WKHOLVW ZERYWAKWEHIITHUHQWLDO ZHLJKW EHWZHHQ W
291HLOO HW®IOVFXVVHG WKH LPSRUWDQFH RI WKH SRUWLR
TKH\FRQFOXGHG WKDW LIWKHUHLV D WRRVPDOO SRUWLRC(
PLIKW RYHUILW

, Q WKLV WKHVLYVY WKHFODVVLILFDWLRQ LWVHOILV GRQH Z
6FLALW7KH IROORZLQJVWHSV ZHUH GRQH GXULQJ WKH

t7KHVDPH WLPHVWHS ZLVH QRUPDOLVHG YDULDEOHYV

$17KHFKRVHQ WRRO GRHV QRW DOORZ 1D1V LQ WKH GDWI
DUHLQORQJVHTXHQFHY UHSODFLQJWKHPEDVHGRQV
QRW ZRUN +HQFH LQ WKLV SURMHFW IRU WKH 2&690 DC

+HUH SRVLWLYHLQGLFDWH WKDW D SRLQW EHORQJV WR WKHQRUP|



D YDOXH RI ZKLFK FDQ EH FRQVLGHUHG DV QHXWUDC
QRUPDOLVHG WR XQLW LQWHUYDO

15 DQGRPO\FKRVHQ RIHDFKGDWDIUDPHLV XVHG WR WL
WKHGDWD IUDPHVY ZHUH WR EH XVHG WKHDQDO\VLV ZR
IRULWY SXUSRVHLQ WKLV SURMHFW

f$V H[SODLQHG DERYH 2&690 UHTXLUH DQ HVWLPDWLR
FRQWDLQV ,QWKLV SURMHFW HVWLPDWLRQLV XVHG
KDYLQJDSSUR[LPDWHO\WKH VDPHQXPEHURIRXWOLH!

7KHUHVXOWVDUHSURFHVVHGLQDVLPLODUZD\WKDQ WKH
RI DQRPDOLHV IRU HDFK VHQVRUV DUH FDOFXODWHG DQG
+RZHYHU XQOLNHIRUWKHGLVWULEXWLRQDQDO\VLV 2&6
LV GXH WR WRR KLJK RUWRR ORZ URRP WHPSHUDWXUH IR
WKH 2&690 FODVVLILFDWLRQ D $N S U$HHVAVOMG] GVIKHH WBBOH |
LI YHU\ FORVH WR WKH VHW D SULRUL SUREDELOLW\ 7KH V

DQG WKHVKDUHRIDQRPDOLHY DQG WKHUHIRUH WKH
GLVWULEXWLRQDQDO\VLV

7TDEOH 6KDUHRIDQRPDOLHV ZLWK WKH 2&6¢

9DULDEOH&DVH &DVH &DVH

Turrp

TubcLowRrU
TurrmRuUPDOLUVHG
TubucoRWRDOLVHG

PHDQV FOXVWHULQJ

PHDQV FOXVWHULQJKDVEHHQ XVHGIRUDQRPDQOQRAHWHF
PHDQV FOXVWHULQJ HDFKGDWD SRLQW LVDVVLIQHG WR L
IURP WKHLU FORVHVW UHSUHVHQWDWLYH FOXVWHU FHQW

Dist (X1;Y}) = kKX;© Y, °K2

7TKHREMHFWLYHLVWRPLQLPLVHWKHVXPRIVTXDUHHUURL
VR WKDW WKH VXP RIWKHVTXDUHHUURULQ WKHGLVWDQF
FHQWUH LV DV VPDOODV SRVVLEOH



7JUDGLWLRQDOO\ WKHN PHDQV FOXVWHULQJLV XVHGLQD
LV GRQH QRUPDOO\ DQG WKHQ WKH GLVWDQFH RI HDFK GD
FDOFXODWHG DQG GDWD SRLQWV KDYLQJEHLQJIDUDZD\ |
WKLV SURMHFW WKHDSSURDFKLVKRZHYHUELWGLIIHUHQ
FOXVWHUV ZKLFK FRXOGVHHQDVDQRPDOLHV 7KHGLIIHUF
ZKLFK LV EDVHG RQ $J)DWZWQVKH GDWD LV DIOHRQI@W WE M
UHVXOWYV RI WKH FOXVWHULQJ ZKHQ WZR FOXVWHUV DUH X
LWV UHVSHFWLYH FOXVWHU FHQWUH FDQ EH DIGFXWO b VGl 6
REVHUYHG WKDW WKHUH LV RQH GDWD SRLQW QXPEHU Z
LWV UHVSHFWLYH FHQWUH WKDQ DQ\ RWKHU GDWD SRLQW
DQRPDO\ 1RZ LIWKHVDPHFOXVWHULQJLV GRQHDJDLQ X\
LVLWV RZQ FOXVWHU )LJ

D 'DWD E &OXVWHULQJWR WZR FO)

J)LIXUH ([DPSOH RIN PHDQV FOXVWHULQJ ZLWK WZR WK
WZR FOXVWHUV E

JLIXUH 'LVWDQFHRIHDFKGDWD SRLQW WR LWV UHVSH

2QH SUREOHPLQN PHDQV FOXVWHULQJLV WKDW WKH QXPE
SURMHFW WKH UHDGLO\LQEXLOW fLQHUWLDY GHILQHG D



J)LIXUH 7TKHH[DPSOHFOXVWHULQJ ZLWK WKU'

HVW FOXVWHU FHQW B W ¥ XIVHIGB WR/ B WURDWH WKH VXLWDE
7TKHVXP RIGLVWDQFHV DV DIXQFWLRQ RI WKH QXPEHU RIF
DOO &DVHV DUH SUHVHQWRG R MXXWHEOH QXPEHU RI FO.
FRQVLGHUHG VXFK WKDWLIDFOXVWHULVDGGHG WKH Gl
FOXVWHULQJZRXOGEHXVHGLQ WKHWUDGLWLRQDO VHQV
FOXVWHUVY ZRXOG RU IRUDOO WKHFDVHV +RZHYHU VL(
WRLGHQWLI\FRPSOHWH FOXVWHUV ZKLFK FRXOG EH VHHQ
LVQHHGHG ,Q WKLV SURMHFW IRXUDQGILYHFOXVWHUYV
WKHUHLVY QRWDQH[DFW FRUUHFW QXPEHU RI FOXVWHUYV

D SRRPWHPSHUDWXUHYV E 5SDGLDWRUWHPSHUDWX

JLIXUH TKHVXPRIGDWD SRLQWGLVWDQFHVIURP WKHFO
RI'WKHFOXVWHUV

, Q WKLY SURMHFW WKH  7VOHDUQYIVWLPHVHULHV N PHDQV
7TVOHP BGQ7KH N PHDQV FOXVWHULQJ LY GRQH RQO\IRU WK
WHPSHUDWXUHDQG WKHUDGLDWRU WHPSHUDWXUH 7KH 1
DVWKH\ZHUH IRUWKHRQH FODVV VXSSRUW YHFWRU PDFK



DYDOXH RI ,Q WKHFOXVWHULQJ WKHPD[LPXP QXPEHU
LQLWLDOLVDWLRQV LV VHWWR DQG (XFOLGHDQ GLVWDQ
SRLQWV IURP WKH FOXVWHU FHQWUH



5(68/76

$QRPDOLHV EDVHG RQ WKH YDULDEOH GLVWULEXW

)LUVW WKHWZRDYHUDJLQJ PHWKRGV DUH FRPSDUHG 7Kl
DYHUDJLQJRYHU WKH ZKROH WLPHIUDPH ZKHUH GHYLDW|
WHPSHUDWXUH RYHU WKH VWXGLHG WLPH IUDPH DQG DY}
WKHQ FRPSDULQJWR WKHWLPH VWKER X6 WKIH URRVYHUDB §H
WKHURRPVZLWK WKHODUJHVW QXPEHURIDQRPDOLHV LGHFH
VWDQGDUG GHYLDWLRQV IRU &DVH WRWK HQGV RI WKH C
HYLGHQW WKDW WKHWLPH VWHSVSHFLILFDYHUDJLQJLGH
WKHURRPVLGHQWLILHGZLWKWKHRWKHUPHWKRG 7KHPL
WLPHIUDPH QDWXUDODQQXDO YDULDWLRQV DUH ORVW L
WKLV DYHUDJH WKHDQRPDOLHV FDQQRW EHLGHQWLILHG
VSHFLILFDYHUDJH +HQFH IRUD SRLQWDQRPDO\ D QDWX
WLPH VWHS LVWKHDYHUDJH WHPSHUDWXUH RIWKH FRUUFE
IURP WKHWLPH VWHS VSHFLILF FRPSDULVRQDUH SUHVHQ!

D $YHUDJH DQG VWDQGDUG GHELBWHRMDISHUQWLPWMDQGDUG GH
VWHS ZKROH GDWD IUDPH

J)LIXUH SRRP WHPSHUDWXUHV RI WKH URRPV ZLWK WKH (
VWXGLHG WLPHIUDPH

)LUVW WKH QXPEHU RI DQRPDOLHV LGHQWLILHG DV GLVFX
IRUHDFK VHQVRUDQG WKHQ WKH VHQVRUV URRPV ZLWK W
TDEOHDWGVKRZ WKHWRS URRPV EDVHG RQ WKH QXPEHU Kk
ORZHUHQGV RIWKH GLVWULEXWLRQV [RW&D VKD L VUWH WXKHHP
IRU &DVHV DQG UHVSHFWLYHO\ *HQHUDOO\VSHDNLQJ
RI SRLQWYVY GHILQHG DVDQRPDOLHYVY KDYH WKHP RYHU FRQ



WKH KLIKHVW QXPEHU RIDQRPDOLHV IRUHDFKFDVH LV FR
DOQRPDORXVIRUDURXQG DQG RI WKHVWXGLHG WL
GLVWULEXWLRQ DQGWKHXVHGGHILQLWLRQ WKH&DVH V
ZKLOVW WKH &DVH KDV WKH OHDVW

D SRRPWHPSHUDWXUH E 5SDGLDWRU WHPSHUDWX

J)LIXUH SRRPV ZLWK WKH ODUJHVW QXPEHU RIDQRPDOLI
EXWLRQ &DVH

JLIXUHSUHVHQWYVY WKHURRPV ZLWK WKH KLIKHVW QXPEHU |
WHPSHUDWXSH¥WLYHO\ IRU &DVH 7TKHURRP ZLWK WKH |
WKHORZHUHQG RIWKHURRP WHPSHUDWXUH GLVWULEXWL
URRP ZLWK WKH ODUJHVW QXPEHU RIDQRPDOLHV LQ WKH X
URRP LV PRUHFROGHU RYHU ORQJHU WLPH WKDQ WKH ZDU
WKHDYHUDJH LV ODUJHU ZLWK WKH UDGLDWRU WHPSHUD
"KHQ 7TDEDHVWXGLHG VRPHSDWWHUQVFDQEHUHFRJQLVH
DQGTH 9YOLYLQJURRPVKDYHKLIJKURRPDQGUDGLDWRU
RIWKH VWXGLHG WLPH SHULRGVE® G H DRIHOWRJFOR VLLD 7 F UAH
1 11 DQGT F 1TZKHUH ERWK WKH URRPDQGUDGLDWRU W
RIDQRPDOLHY :KHQ WKHUDGLDWLRQ UHODWHG YDULDEC

W VKRXOG EHQRWHG WKDW DV PHQWLRQHG SUHYLRXVO\ WKH UD
WHPSHUDWXUH PHDVXUHG FORVH WR WKISHDGHDWRU QRW WKH UDGLEL

7TDEOH TKHQXPEHURIDQRPDOLHVDWWKHXSSHUHQG RI
ILYHURRPVDUHSUHVHQWHG 2+ GHQRWHV WR DOLYLQJUR

WKH &DVH KDG GDWD SRLQWYV
URRP Tyrrp URRP Typsipwrd RRP Tyrgmurpdivi RRP  TypsiprumpoLvHe
HI 0+ 2+ F 0+ D 2+
H 2+ D 2+ D 2+ 0+
HD 0+ D 2+ DE 0O+ GH 2+
G D 2+ H 2+ G H 0+ F 0+
I H 2+ I H 2+ I F O+ D 2+




7TDEOH TKHQXPEHURIDQRPDOLHVDWWKHORZHU HQG RI
ILYHURRPVDUHSUHVHQWHG 2+ GHQRWHV WR DOLYLQJUR

WKH &DVH KDG GDWD SRLQWYV
URRP Tyrrp URRP TypsLbwru

0+ 0+

G | 0+ H 0+

| 2+ F 0+

F 0+ G | 0+

G | 0+ I H O+

WKDWIRUH[DPSOHDSDUWPHQW T D TKDVKLJKQXPEHU RI
DQRQGLQWKHWZRUDGLDWLRQ UHODWHG YDULDEOHV 7R IXI
WKH URRPDQG UDGLDWRU WHPSHUDWXUHYV WKUHH VFDW)
JOREDO VRODUUDGLDWLRQ YV QRUPDOLWHKG W HMAPSSHOHDWDA

([(DPSOH $ODUJHQXPEHURIUDGLDWLRQUHODWHG DC
RIWHPSHUDWXUHUHODWHG DQRPDOLHYV

([DPSOH $ ODUJH QXPEHU RI UDGLDWLRQ UHODWHG
WHPSHUDWXUH UHODWHG DQRPDOLHYV

([DPSOH 1RODUJHQXPEHURIUDGLDWLRQDQRPDOLH)
UHODWHG DQRPDOLHYV

JURP )LIXWJRQH FDQ VHH WKDW WKH ODUJHVW QXPEHU RI K
VSRQGLQJURRP WHPSHUDWXUHLVLQ WKHPLGGOH UDQJH
OHYHOV ZLWK ORZWHPSHUDWXUHY 7KHUHDUHYHU\OLWW
PDOLVHG WHPSHUDWXUH DQGDERYH 7KHURRP ZLWK K
DQG KLJK QXPEHURIDQRPDOLHVLQ WKHFRUUHVERDQGH QJ |
WKH SRLQWYV ZKHUH WKH JOREDO UDGLDWLRQ LV KLJKDW Y
DWWKHWHPSHUDWXUH UDQJH RIDURXQG $GGLWL
ZKHUH WKH WHPSHUDWXUH LV KLJK EXW WKH JOREDO UDGL
WKDW WKH UHDVRQ IRUKLJKUDGLDWRU WHPSHUDWXUHV I
QRW EHFDXVH RI D KLJK VR ODWHYHRMWWWWR 8 O)LYXQHURRP |
WXUHV IRUDSDUWPHQW I D T DQG IURP WKH ILJXUH RQF|
KLIJK WHPSHUDWXUHDW WKHHQG RI WKHVWXGLHG WLPH IL

& KLJKHU WKDQ WKHDYHUDJH WHPSHUDWXUH LV DW WKH
GDWH RIWKH GDWD FROOHFWLRQ ZDV DW WKH HQG RI -DQX
LV YHU\ ORZ DW WKH HQG RI WKH VWXGLHG WLPH IUDPH HJ
UDGLDWLRQ SRE QMWW MXK)LWIG H[DFESWKRIYDQ H[DPSOH ZKH!
LV QRW D ODUJH QXPEHU RI UDGLDWLRQ UHODWHG DQRPDC



D ([DPSOH T F 9 EHGURRP E ([DPSOH T D 9 OLYLQJUI

F ([DPSOH T HI 1 EHGURRP

J)LIXUH SRRPV ZLWK WKH ODUJHVW QXPEHU RI DQRPDOLI
EXWLRQ &DVH

DWXUH UHODWHG DQRPDOLHYVY 7KHUHDUHPDQ\SRLQWYV Z|
UDGLDWLRQLQ WKRVHSRLOQW LV PRGHUDWH OHVV WKDQ

7TDEOH TKHQXPEHURIDQRPDOLHVDWWKHXSSHUHQG RI
ILYHURRPVDUHSUHVHQWHG 2+ GHQRWHV WRDOLYLQJUR

WKH &DVH KDG GDWD SRLQWYV
URRP Tyrrp URRP TypcipwrRURRP TuyrrpruprpotvH® RRP  TypciomumepoLvHe
GFD 0+ G 2+ GFD 0+ GGDD 2+
GFD 2+ G 2+ HD 0+ GFD 0+
FH 2+ G 0+ | 0+ H D 2+
D 2+ G 0+ DD 0+ D 2+
E 0+ F F 2+ HD 2+ E 0+

&RQVLGHULQJ &D\DHQGODEWHWKH QXPEHU RI REVHUYHG DQ
GLITHUHQW WR WKRVH REVHUYHG LQ &DVH KHUHDYV IRU
WKH URRPDQG UDGLDWRU WHPSHUDWXUHV IRU WKH VDPH
VHHPV WKDW WKHUH DUH VRPHDSDUWPHQWYV ZKHUH PDQ)\
LQ WKHVDPHYDULDEOH )RUH[DPSOH DSDUWPHQW Y GFD
WKH EHGURRP DQG OLYLQJURRP WHPSHUDWXUHV DQG D¢



J)LIXUH /ILYLQJURRPUDGLDWRU WHPSHUDWXUHV IR

7TDEOH TKHQXPEHURIDQRPDOLHVDWWKHORZHUHQG RI
ILYHURRPVDUHSUHVHQWHG 2+ GHQRWHV WR DOLYLQJUR

WKH &DVH KDG GDWD SRLQWYV
URRP Tyrrp URRP TypciLbpwru

0+ DD 2+

0+ 2+

2+ E O+

2+ 2+

| 0O+ DG 0+

KLIK QXPEHU RIDQRPDOLHV LQ WKH UDGLDWRU WHPSHUD
6LPLODUO\ DSDUWPHQW T KDVWKUHHURRPV ZLWK KLJ
RIWKHYDULDEOH GLWKREZEXIMWKHRQR RPWKDGEG UDGLDWRUYV Z
RIDQRPDOLHV LQ WKHERWKHQGY RI WKHWHPSHUDWXUH ¢
WKHURRP WHPSHWDDWXUHOWD YUHVW GHYLDWLRQV IURP WKF
WKHVWXGLHG WLPH SHULRG 7KHURRPZLWK WKH KLJK QXF
EHWWHU WKDQ WKH FRUUHVSRQGLQJH[DPSOH LQ &DVH X
VWXGLHGWLPHIUDPH DIWHU ZKLFKWKHURRPWHPSHUDW
7TKHVDPHDSSOLHV WR WKHURRP ZLWK WKH ODUJHVW QXP|
WKHDYHUDJH EHIJLQV HDUOLHU /RRNLQJBWVWKH BB 8 IZLW
WKH KLIKHVW QXPEHU RI ZDUPHU WHPSHUDWXUHV KDYHF
REVHUYHG WLPH 2QO\GXULQJWKHVXPPHU WKHWHPSHUI
OLNHO\VRPHWKLQJLVEORFNLQJWKHKHDWWUDQVIHUIUR
WASLFDOO\ WKH VSDFH KHDWLQJ LV VZLWFKHG RIl WKH Wt
URRPZLWKFROGHUUDGLDWRUWHPSHUDWXUHY DUHFROC
GXULQJ WKH VXPPHU WKH WHPSHUDWXUHY DUH FORVH WF
7TKHQ DW WKHHQG RI WKHVWXGLHG WLPHIUDPH WKHUDGL



DYHUDJH DQGLIWKHUHDVRQLVQRWLQWKHKHDWLQJV\V
KDV FKDQJHG )RU H[DPSOH VRPH ODUJH SLHFH RI IXUQL!
UDGLDWRUGXULQJWKH VXPPHU

D SRRPWHPSHUDWXUH E 5SDGLDWRU WHPSHUDWX

J)LIXUH SRRPV ZLWK WKH ODUJHVW QXPEHU RI DQRPDOLI
EXWLRQ &DVH

JLIXUBUHVHQWY VLPLODU WKUHH HIDPSOHV RI WKH WHPS|
JLIXUBUHVHQWHG IRU &DVH 7TKH ILUVW H[DPSOH VKRZ
RFFXUZKHQ WKH FRUUHVSRQGLQJURRP WHPSHUDWXUH G|
DQG +HQFH WKH URRP KDV VRPH KLIJIKHU WHPSHUDW XL
WRFRQVWLWXWHDVDQDQRPDO\ +RZHYHU WKHLQFUHDYV
JRU WKH VHFRQG DQG WKLUG H[DPSOH ZKLFK UHSUHVHQW
DQG WHPSHUDWXUH UHODWHG DQRPDOLHV DQG D FDVH ZL
DQG QRW WKDW PDQ\UDGLDWLRQ UHODWHG DQRPDOLHV !
SUHVHQWHGIURPIIKLFK LW FDQ REVHUYHG WKDW IRU WKH"
WHPSHUDWXUHYV RFFXU DW WKH VDPH WLPH ZKHQ WKHUH L
WKHREVHUYHG KLJKHU WHPSHUDWXUHYVY PD\ EH GXH WR Wi
UDGLDWLRQWKDQWKHRWKHUURRPVLQWKHEXLOGLQJ 7K
GXULQJWKHZLQWHU ZKHQ WKH VRODU UDGLDWLRRUHK OR
WKDQ KDOlI RI WKH WHPSHUDWXUH DQRPDOLHV RFFXU ZKH:
+HQFH IRUWKDWURRP WKHUHDVRQ IRUKLJKUDGLDWRU

JRUWKH WKLUG &DVH WKH WRS DRRBP ¥\DRHQQN VRUHEGLUWM [
WKH &DVH KDG WKHPRVWQXPEHURIDQRPDOLHVIURP WKHF
RIDQRPDOLHV UHVHPEOH WKDW LQ &DVH WKHUH DUH PD
PHOQWV RQWKHOLVWY )RUH[DPSOH WKHURRPV RQ WKH O
DOQRPDOLHV DUHIURP WZR DSDUWPHQWV IRU HDFK OLVW >
JLIXUBUHVHQWYV WKH URRPV ZLWK WKH PRVW QXPEHU RI D
WHPSHUDWXUHY UHVSHFWLYHO\ _WFDQEHVHHQ WKDW V



D ([DPSOH Tl T EHGURRP E ([DPSOH T GFDY EHGURR

F ([DPSOH T G Y OLYLQJURRP

J)LIXUH SRRPV ZLWK WKH ODUJHVW QXPEHU RI DQRPDOLI
EXWLRQ &DVH

SHUHQG RIWKHGLVWULEXWLRQLVFRQVLGHUDEO\ZDUPH
URRP WHPSHUDWXUN KREBRMH WKDQ ZKDW D QRUPDO URRP V
GXULQIJWKHKHDWLQJVHDVRQ )RUWKH UD E&LW WH R/®I WHHPLS
WXUHV IOXFWXDWHTXLWHDORW (VSHFLDOO\WKHURRP Z
DOQRPDOLHV DW WKH XSSHU HQG RI WKH GLVWULEXWLRQ V
8QOHVV WKHUH DUH VRPHWKLQJ FRQVLGHUDEO\ ZURQJ LQ
WHPSHUDWXUH ZLWKLQ WKHUDGLDWRU VKRXOG QRW IOXF
WKDW NLQG RITOXFWXDWLRQ ZRXOG EH WKDW WKH RFFXSD
WLODWH E\RSHQLQJ WKH YHQWLODWLRQ ZLQGRZV 7KLV Z
IRUVKRUW SHULRGV DQG DV W\SLFDOO\LQ )LQODQG WKH
EHORZ WKH ZLQGRZV WKH HIITHFW ZRXOG EH PRUH SURIRX:
WKHURRP WHPSHUDWXUH

JLIXUMKRZV VLPLODU VRODUUDGLDWLRQH[DPSOHV WKDQ
ZHOO 7KHILUVWH[DPSOH KLJKQXPEHURIUDGLDWLRQ UF
WHPSHUDWXUHDQRPDOLHYVY KDV WKHKLIJKUDGLDWLRQ YD



D 1 GFDY EHGURRP E 1 G OLYLQJURRP

J)LIXUH SRRPWHPSHUDWXUHIRUDSDUWPHQW T GFDYT EF
DWXUHIRUDSDUWPHQW Y G T OLYLQJURRP 7KHILIJXUHTL
WKHVWXGLHG WLPH SHULRG

7TDEOH TKHQXPEHURIDQRPDOLHVDWWKHXSSHUHQG RI
ILYHURRPVDUHSUHVHQWHG 2+ GHQRWHV WR DOLYLQJUR
WKH &DVH KDG GDWD SRLQWYV

URRP Tyrrp URRP TypcipwrRMRRP  Tyrgprurpdivi¥ RRP  TypcierurwolLvhe
ElI O+ G F O+ FE 2+ F 2+
EI 0O+ D DH 0+ D DH 0+ 0+
EI 2+ F 2+ 2+ DH 0+
G F 0+ EI O+ FE O+ H | 0+
G F 2+ EI 2+ EI 0+ FE 2+

SHUDWXUHYVY 7KHVHFRQG HIDPSOH ZKLFK KDV KLJK QXPE'
QXPEHURIUDGLDWLRQ UHODWHG DQRPDOLHV VHHP WR KI
OHYHOV ZKLFKZRXOGLQGLFDWH WKDW WKH UHDVRQ IRU
UDGLDWLRQ 7KHWKLUG H[DPSOH KDV VRPH YHU\KLJK WHF

*URXSLQJE\DSDUWPHQW

%»DVHG RQ WKH URRP OLVWYV SUHVHQWHG DERYH LW VHHF
DW OHDVW VRPH RI WKH URRPV KDYH KL JKUHVHEHUVRW K 8 R\F
DSDUWPHQWY EDVHGRQWKHQXPEHURITDQRPDORXVTUR
DV {DQRPDORXVYf LILW ZDV DPRQJVW WKH WRS URRPV IR
DOQRPDOLHV 7KHDSDUWPHQW ZLWK WKH PRVWDQRPDORX
GHWDLO

t&DVH DSDUWPHQW G

19
%YHGURRP KDV WKHVHFRQG PRVW FROGHU URRP WF

%YHGURRP KDV WKHILIWKPRVWFROGHU URRP WHP S



7TDEOH

7KHQXPEHURIDQRPDOLHVDWWKHORZHUHQG R
ILYH URRPVDUH SUHVHQWHG 2+ GHQRWHV WRDOLYLQJUR
WKH &DVH KDG GDWD SRLQWYV
URRP TURRP URRP TUDGLDWRU
H 0+ H I 0+
H I 0+ H 1 2+
H I 0+ H I 0+
H 1 2+ H 0+
H 2+ H | 2+
D SRRPWHPSHUDWXUH E S DGLDWRU WHPSHUDWX

J)LIXUH SRRPV ZLWK WKH ODUJHVW QXPEHU RI DQRPDOLI
EXWLRQ &DVH

7TKHOLYLQJURRP KDVWKHWHQWKPRVWFROGHU UF
%YHGURRP KDV WKHIRXUWKPRVWFROGHUUDGLDW|
%YHGURRP KDV WKHQLQWKPRVW FROGHUUDGLDWR
TKHOLYLQJURRP KDV WKHWHQWKPRVWUDGLDWRU

7TKHOLYLQJURRPKDV WKHHLIJKWPRVWUDGLDWLRQ
DWXUH YDULDEOH DQRPDOLHV DURXQG SFV

t&DVH DSDUWPHQW § DD 1

7TKHOLYLQJURRP KDV WKHPRVWFROGHUUDGLDWRI
%YHGURRP KDV WKHVL[WKPRVWFROGHUUDGLDWRL
7TKHOLYLQJURRPKDV WKHWHQWKPRVWFROGHU UR

%HGURRP KOD®¥RWKMHFROGHU URRP WHPSHUDWXUHYV



D ([DPSOH fFEYTY EHGURRP E ([DPSOH T F 9 OLYLQJUI

F ([DPSOH 1T EIYf EHGURRP

JLIXUH SRRPV ZLWK WKH ODUJHVW QXPEHU RI DQRPDOLI
EXWLRQ &DVH

%YHGURRP KDV WKHIRXUWKPRVWKLIJKUDGLDWLRQ
WXUH YDULDEOH DOQRPDOLHV DURXQG SFV

%YHGURRP KDV WKHQLQWK PRVWUDGLDWLRQ FRPE
YDULDEOH DQRPDOLHV DURXQG SFV

$1&DVH DSDUWPHQW Y EIT
%YHGURRP KDV WKHPRVWZDUPHU URRP WHPSHUDW
%YHGURRP KDV WKHVHFRQGPRVWZDUPHU URRP WH

7TKHOLYLQJ URRP KDV WKH WKLUG PRVW ZDUPHU UR
SFV

%YHGURRP KDV WKHIRXUWKPRVW ZDUPHU UDGLDWEF

7TKH OLYLQJ URRP KDV WKH ILIWK PRVW ZDUPHU UD(
DURXQG SFV



%YHGURRP KDV WKHVL[WKPRVWZDUPHUUDGLDWRL

7KHOLYLQJURRP KDV WKHVHYHQWK PRVW ZDUPHU |
DURXQG SFV

%YHGURRP KDVWKHILIWKPRVWKLIJIKUDGLDWLRQ FF
YDULDEOH DQRPDOLHV DURXQG SFV

%YHGURRP KDV WKHVHYHQWKPRVWKLIJKUDGLDWLF
DWXUH YDULDEOH DQRPDOLHV DURXQG SFV

7KH OLYLQJ URRPRPWWKHK UDGLDWLRQ FRPELQHG
SHUDWXUH YDULDEOH DOQRPDOLHV DURXQG S

%YHGURRP KDV WKHHLJKW PRVW UDGLDWLRQ FRPEI
YDULDEOH DQRPDOLHV DURXQG SFV

J)LIXUHV GLVSOD\ WKH URRP DQG UDGLDWRU WHPSHUDW X
URRPV KDYLQJDQRPDOLHV LQ WKH WRS IRUHDFK FDVH

DQRPDOLHV LV FROGHU WKDQ DYHUDJH IRU ORQJ WLPH S
VWXGLHG WLPH SHULRG WKHURRPDQGUDGLDWRU WHPSH
LQJ WKDW WKHURRPVDQG DSDUWPHQW ZRXOG EHKDYH QR
WLPH IUDPH WKH EHKDYLRXU FRQVLGHUDEO\ FKDQJHV D
URRP WHPSHUDWRUH¥HWFZHHQ DQG GHJUHHVFROGHUW
DWXUH DSDUW IRUWKH VXPPHU WLPH 7KHUDGLDWRU WHF
WKHDYHUDJH UDGLDWRHE WEBEBEMULRWYWROW\)WKH UDGLDWR
DWHV FRQVLGHUDEO\ ZLWK W K& FEOKAVRXOOEMA IUR) HERHI HQU DWW R
KHDWLQJ VHDVRQ FRXOG LQGLFDWH WKDW WKH KHDWLQJ Z
TXHVWLRQ ,WPLIJKWEHWKDWWKHKHDWLQJZDWHULVDO!
UHFHLYHV LW

,Q &DVH DVDOUHDG\PHQWLRQHG WKH QXPEHU RI DQRPI
FDVHV DQG WKLV FDQ EH YLVXDOO\ fRQQ WKRIXIKJWR R MVE K L
DORPDORXVWHPSHUDWXUHV LV VPDOOHU WKHURRP WHP S
GLG LQ &DVH 7TKH UDGLEMOREB WXIIPV8 HHD'WMRUWIARUH 7KHUF
SHDNV LQ WKHUDGLDWRU WHPSHUDWXUHV HVSHFLDOO\ Q
WKHUDGLDWRU WHPSHURBWXUHY SHDN WR DURXQG

,Q&DVH WKHDSDUWPHQW  ZLWKWKHPRVWDQRPDORXYV U
WKDQ WKHDYHUDJH ZKHUH DV LQ &DVHV DQG LW ZDV F

DVKRZWKDWDOO WKUHHURRPV RIWRKRHDYFPHW KO DY H
HIFHSWIRU WKH VXPPHU ZKHQ WKH URRP WHPSHUDWXUHYV



SHUDWXUHVDYUH DERYHDYHUDJH EXW WKH\KDYH FRQVLGI
WKHWHPSHUDWXUH GURSV WR E KO REHUHH B DIKAW HEHHVHG R D
IRUWKH EHKDYLRXU EXW RQH SRVVLEOH H[SODQDWLRQ F
ZDUPY KHDWLQJZDWHU ZKLFKLVVHHQDV KLJKHU WHPSHL
WKHFHQWUDOLVHG KHDWLQJLV fRIITTfWKHWHPSHUDWXUH
ZDWHULVY DOVR VHHQ LQ WKH UDGLDWRU WHPSHUDWXUHYV
UDGLDWRU WHPSHUDWXUHY FRXOG EH WKHRFFXSDQW EHK
WKHDSDUWPHQW E\ YHQWLODWLQJ WKHDSDUWPHQW DQC
KLIKHUIOXFWXDWLRQLQ WKHUDGLDWRU WHPSHUDWXUH \

D SRRPWHPSHUDWXUH E 5SDGLDWRU WHPSHUDWX

J)LIXUH &DVH DSDUWPHQW G IfURRPDQG UDGLDWRI

7TDEOH I1XPEHURIDQRPDOLHVY E\DSDUWPHQW EDVHG
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D SRRPWHPSHUDWXUH E SDGLDWRU WHPSHUDWX

J)LIXUH &DVH DSDUWPHQW Y DD TURRPDQG UDGLDWR

D SRRPWHPSHUDWXUH E 5SDGLDWRU WHPSHUDWX

J)LIXUH &DVH DSDUWPHQW Y EITURRPDQGUDGLDWRI

2QH FODVV VXSSRUW YHFWRU PDFKLQH

7TKHWRSILYHURRPIRUHDFKFDVH LQWHUPV RIQXPEHU RI
DUHOLVWHG LQ \WWEBRXOG EHQRWHG WKDW XQOLNHIRUW
ZLWKWKH2&690RQHFDQQRWGLYLGHWKHDQRPDOLHV WR
‘KHQ WKH URRP DQG UDGLDWRU WHPSHUDWXUHYV DUH FRQ'
ZLWK 2&690LQ DOO FDVHV ZHUH DOVR LQ WKHWRS ILYH URTF
GLVWULEXWLRQV ZHUH FRQULWLUGHHW&ESU AVEHQNMWWKH URRP DC
WHPSHUDWXUHYV RI WKHILYHURRPV ZLWK WKH PRVWDQRP
FDQ VHH WKDW DV H[SHFWHG ZLWK 2&690 VRPH RI WKH UF
DYHUDJHWHPSHUDWXUHY DQG VRPHZDUPHU

JRUWKHUDGLDWLRQUHODWHG YDULDEOHYV WKHUHDUHRC
ERWKPHWKRGV ) 8UXKVHQW IRUHDFK FDVHWKH WKH URRP
RI WKH WZR URRPV UDGLDWRUYV ZLWK WKH PRVW UDGLDWI
WHPSHUDWXUHV LD 8\DKMHZDJURHU WKDQ DYHUDJH WHPSHU






	ABSTRACT
	ACKNOWLEDGMENTS
	NOMENCLATURE
	INTRODUCTION
	Aims, limitations and structure of the work
	Simap Oy

	HEATING ENERGY CONSUMPTION IN FINLAND
	CENTRALISED WATER HEATING SYSTEMS
	ANOMALY DETECTION
	DATA AND USED METHODS
	Data understanding and preparation
	Variable Construction

	Modelling
	Anomaly detection based on the variable distributions
	One-class support vector machine
	K-means clustering


	RESULTS
	Anomalies based on the variable distributions
	Grouping by apartment

	One-class support vector machine
	Grouping by apartment

	K-means clustering
	The number of clusters
	Example clusters


	DISCUSSION AND CONCLUSIONS
	REFERENCES
	NaN analysis
	Variable distributions

