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Cell Cycle Phase Classification from Microscopy Images

Abstract:

Accurate classification of cell cycle phases is essential for cancer research and drug discovery.
While fluorescence microscopy provides high-contrast, biomarker-specific signals that support
precise classification, it relies on staining protocols that limit scalability and compromise cell
viability. In contrast, bright-field microscopy offers a label-free, cost-effective alternative but
poses challenges due to its lower contrast. This study compares five computational strategies
for cell cycle phase classification using fluorescence and bright-field microscopy: traditional
feature-based classification, segmentation-based classification, mask-guided classification via
segmentation, nuclei patch classification, and nuclei patch classification via segmentation.
Results show that fluorescence images support near-perfect classification performance across
all methods. For bright-field images, the highest balanced accuracy of 0.770 was achieved
using a nuclei patch classification approach with a ResNet-50 backbone, followed closely by
mask-guided classification. These findings highlight the potential of deep learning models for
accurate cell cycle classification in bright-field microscopy, advancing the potential for scalable
applications in biomedical research.

Keywords: Cell cycle phase classification, bright-field microscopy, deep learning

CERCS: P176 Artificial intelligence



Rakutsiikli faaside klassifitseerimine mikroskoopia piltidelt.

Lithikokkuvote:

Rakutsiikli faaside tdpne klassifitseerimine on oluline vdhiuuringutes ja ravimite arendamises.
Kuigi fluorestsentsmikroskoopia on tdpne klassifitseerimismeetod korge kontrastsuse
ja biomarkeripohiste signaalide tottu, tugineb see vidrvimisprotokollidele, mis piiravad
meetodi edasiarengut ja voivad kahjustada rakkude elujoulisust. Seevastu heleda vélja
mikroskoopia on méargistusevaba ja kuluefektiivne alternatiiv, kuid siiski esineb véljakutseid
tema madalama kontrastsuse tottu. Kéesolev uuring vordleb viit arvutuslikku strateegiat
rakutsiikli faaside klassifitseerimiseks fluorestsents- ja heleda vilja mikroskoopia abil:
traditsiooniline tunnusepdhine klassifitseerimine, segmentatsioonipohine klassifitseerimine,
segmentatsioonimaski pohine klassifitseerimine, rakutuumaosade pohine klassifitseerimine
ning rakutuumaosade pdhine klassifitseerimine segmentatsiooni kaudu. Tulemused néitavad,
et fluorestsentspildid voimaldavad peaaegu tiiuslikku klassifitseerimist kdikide meetoditega.
Heleda vilja piltide puhul saavutati kdrgeimaks tasakaalustatud tdapsuseks 0.770, milleks
kasutati ResNet-50 pdhist rakutuumaosade klassifitseerimismeetodit. Tulemuselt jirgmine oli
segmentatsioonimaski pohine klassifitseerimine. Need tulemused rohutavad siivadppemudelite
potentsiaali rakutsiikli erinevate faaside klassifitseerimiseks heleda vilja mikroskoopia abil,
mida saab potentsiaalselt rakendada biomeditsiinilises teadustods.

Votmesonad: Rakutsiikli faaside klassifitseerimine, heleda vélja mikroskoopia, siivadpe

CERCS: P176 Tehisintellekt



1. Introduction

Cells are the fundamental units of life. As organisms grow, they undergo a process known as cell
division, which produces new cells. Approximately two trillion cells divide daily in the human
body [1]. Cell division is vital for the development of organisms and plays a key role in various
diseases, particularly cancer. Cancer originates from abnormalities in the cell cycle regulation,
resulting in uncontrolled cell division. Therefore, accurate identification of cell cycle phases
is crucial in cancer research and drug development [2]. For example, by monitoring changes
in cell cycle phase distribution before and after treatment, researchers can identify molecular
targets and improve anticancer therapies.

Drug discovery is a complex procedure typically involving high-throughput screening (HTS).
This robust methodology uses thousands of micro-plates populated with millions of cultivated
cells to evaluate vast libraries of candidate compounds. This approach enables researchers
to assess compound effectiveness in diverse cell lines, varying chemical concentrations, and
distinct stages of disease progression [3].

Despite the capability of biologists to visually discern cell cycle phases through fluorescent
microscopy images, the manual annotation of such large datasets proves to be impractical due
to the significant time, financial resources, and labour required. For example, annotating a
single 3D microscopy image can take hours, making manual analysis impractical for large-scale
studies [4]. Furthermore, manual annotation could be subjective, resulting in inconsistencies
and unreliable outcomes. Given these challenges, there is an increasing demand for automated,
objective, and reproducible methodologies to analyse cell cycle phases derived from microscopy
images [5].

Fluorescence microscopy has traditionally been considered the gold standard in cellular biology,
primarily due to its ability to illuminate specific cellular components using fluorescent biomarkers.
However, this widely used technique comes with drawbacks. Fluorescence microscopy
requires extensive sample preparation, which includes fixation and staining. Such procedures
can significantly alter the physiological states of cells, potentially resulting in misleading
interpretations regarding cellular behaviour. Furthermore, fluorescence microscopy encounters
limitations such as photobleaching, limited availability of fluorescence channels, and higher
operational costs.

In contrast, bright-field microscopy utilizes naturally transmitted light, eliminating the need for
chemical staining or extensive preparation. Although bright-field imaging generally exhibits
lower contrast and poses difficulties in precisely identifying cellular features, it offers distinct
advantages. Bright-field microscopy is quicker, less expensive, does not compromise cell
viability, and allows repeated time-series imaging of the same cell populations. Consequently,
the automated analysis of bright-field images has excellent potential to facilitate the evaluation
process, reduce costs, and improve overall drug discovery efficiency. Figure 2 illustrates
representative examples from bright-field and fluorescence imaging modalities.

Despite the advantages of bright-field microscopy, limited research focuses on using bright-field
microscopy to classify cell cycle phases, as most traditional approaches rely on fluorescence
microscopy [6]. Few studies have addressed the challenges of cell cycle classification using



bright-field microscopy, revealing a gap in the literature. The development methodologies based
on bright-field microscopy could offer a powerful and cost-effective approach for accurately
classifying cell cycle phases, which could have important implications for cancer research and
pharmaceutical development.

The primary aim of this thesis is to investigate the capabilities of deep learning models in
classifying phases of the cell cycle from microscopy images. The specific objectives of this
research are as follows:

* Generate reliable and robust ground-truth labels for cell cycle phases from fluorescence
microscopy images, thereby facilitating accurate supervised training.

* Create a comprehensive deep learning pipeline for classifying cell cycle phases from
microscopy images, exploring various classification strategies to improve predictive
accuracy.

 Evaluate the applicability of models trained on fluorescent microscopy annotations in
classifying bright-field microscopy images, potentially reducing the reliance on chemical
staining.

* Identify limitations in existing workflows for microscopy image analysis



2. Background

Determining the cell cycle phase is crucial in cancer research and drug discovery, as insights into
cell growth and division are essential for evaluating treatment effects and identifying therapeutic
targets. In studies involving cancer cell lines, researchers often aim to assess how different
compounds influence the distribution of cells across various cell cycle phases. Since these
processes occur at the single-cell level, microscopy plays a pivotal role in visualising cellular
structures and dynamics over time. This section provides an overview of the biological principles
underlying the cell cycle and the relevant microscopy techniques used for analysis and discusses
how machine learning and deep learning approaches have been employed to classify cell cycle
phases from microscopy images.

2.1 Cell Cycle

The cell cycle describes the sequence of events that a cell undergoes as it grows and divides.
The cycle is divided into two major stages: interphase and mitosis. Interphase includes the
GI (gap 1), S (synthesis), and G2 (gap 2) phases [6]. During G1, cells increase in size and
prepare to duplicate their genetic material, known as DNA. If conditions are not favourable for
division, cells may exit the cycle into a non-dividing resting state called GO [7]. In the S phase,
cells replicate their genetic material, resulting in a doubling of DNA content [6]. The G2 phase
involves further growth and preparation for division. The final stage is the M phase (mitosis),
during which the replicated genetic material is evenly distributed into two new cells [7]. Figure 1
illustrates the sequence of cell cycle phases.

G

Interphase Go H

G S

Figure 1. Illustration of the cell cycle phases, depicting the sequential progression through
interphase (G1, S, G2), followed by mitosis (M phase). Cells in G1 may also enter a
non-dividing resting state in G0. The diagram is adapted from OpenStax [8].

2.2 Microscopy Techniques for Cell Cycle Analysis

Microscopy is the fundamental tool for visualising and analysing cell cycle phases, offering high
spatial and temporal resolution [9]. Various microscopy techniques are used in cell biology, each
providing distinct advantages regarding resolution, contrast, and the ability to observe live or
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VWDQGDUGLVHG LQSXW GDWD ,Q WKLV VWXG\ ZHLPSOHPHQW
GHVLIQHGWR HQKDQFHLPDJH  TXDOLW\ LVRODWHELRORIJLF
GDWD WR PDWFKWKHLQSXWUHTXLUHPHQWY RIRXUPRGHOV
ORZ TXDOLW\N\LPDJHV SL[HOLQWHQVLW\QRUPDOLVDWLRQ GIL
LOQGLYLGXDO QXFOHLLQWR SDWFKHVIRULQVWDQFH OHYHO FC
VWHS ZzDV FDUULHG RXW E\5HYYLW\ XVLQJWKHLU LPDJH DQLCL
IHDWXUH FODVVLILFDWLRQ EDVHG RQ TXDQWLILHG IHDWXUHYV

'DWD &OHDQLQJ

'XULQJ WKH LQLWLDO HISORUDWLRQDQG YLVXDO LQVSHFWL
TXDOLW\NLPDJHYVY 7KHVHLPDJHV ZHUH DIIHFWHG E\DUWHIDF



FDSWXULQJWKHHGIJHRIWKH ZHOO LQV WHDXGVRN WKV H\H O KDSIR-
HIDPSOHV RI WKH H[FOXGHG LPDJHV

J)LIXUH ([DPSOHV RIH[FOXGHG ORZ TXDOLW\LPDJHV SDUW
HGJH RIWKHZHOO UDWKHU WKDQ WKHFHQWUDO FHOO SRSXOCL
QRQ ELRORJLFDO VWUXFWXUHY PLGGOHURZ EOXUU\LPD.

'"HIHFWLYH LPDJHV PD\ FRQWDLQ QRLVH RU DUWHIDFWV WKTE
ELRORJLFDO IHDWXUHV RI WKH FHOOV 7KLV FDQ UHVXOW LQ L
PLVFODVVLILFDWLRQ XOWLPDWHO\FRPSURPLVLQJWKH YDO
QRLVHLVLQWHUSUHWHG DVDELRORJLFDOVLJQDO LWFDQ OH
SUHGLFWLRQV 7KLV SUREOHP LV ZHOO GRFXBH®W 6 &V Q DWKHHX
DUWHIDFWV LQ PLFURVFRS\LPDJHV GHJUDGH ERWK VHIJPHQW
PHWKRG $UW6HJ ZKLFK XVHV ZHDN VXSHUYLVLRQ WR VHJPHQW
H[FOXGLQJWKHVHUHJLRQVLPSURYHVY GRZQVWUHDP DQDO\V
REMHFW ZLVH) VFRUHV ZKHQ DUWHIDFWYV ZHUH ILOWHUHG R X
LPDJH TXDOLW\ FRQWURO

7TRDGGUHVV WKLV LVVXH ZH SHUIRUPHG D FDUHIXO PDQXDO U

ORZ TXDOLW\LPDJHV 7KHILQDO GDWDVHW XVHG IRU WKL
UHPRYLQJ WKHVH ORZ TXDOLW\LPDJHV ZH HQVXUH WKDW W
FHOOXODU FKDUDFWHULVWLFV WKHUHE\HQKDQFLQJWKH UH



'‘DWD 1RUPDOLVDWLRQDQG 6WDQGDUGLVDWLRQ

6WDQGDUGLVDWLRQ DQG QRUPDOLVDWLRQRILQSXW GDWD DU
FRQYHUJHQFH DQGLPSURYHG JHQHUDOLV® W,IQRRL EQ EHHRSSA
LPDJHDQDO\VLYV UDZSL[HOLQWHQVLW\YDOXHV FDQ YDU\ VL
FRQGLWLRQV VHQVRU VHQVLWLYLW® DIRIED PN YDRXNERE LHQ
FRQVLVWHQW G\QDPLFUDQJHDFURVV VDPSOHV 6WDQGDUG
GDWD GLVWULEXWLRQDQG VFDOLQJLQSXW YDOXHV WR KDYH

$00 PLFURVFRS\LPDJHV LQ WKH GDWDVHW ZHUH VWRUHG LC
LQWHQVLW\UDQJH HDFK SL[HO YDOXHLQDQLPDJH ZDV GLYLGI
YDOXHLQ ELWLPDJHV 7KLV RSHUDWLRQ VPP HRBMIDRES R[H O
QRUPDOLVDWLRQ WKHGDWDVHW ZDV VSOLW LQWR WUDLQLQJ
DQG VSOLW UHVSHFWLYHO\ 6WDQGDUGLVDWLRQ ZDV Wk
VWDQGDUG GHYLDWLRQ RI SL[HO LQWHQVLWLHV IURP WKH W
H[FOXVLYHO\RQ WKH WUDLQLQJGDWD SUHYHQWV LQIRUPDW
HQVXUHV WKDW WKH PRGHOTV LQSXW VFDOLQJ UHIOHFWYV RC
SUHVHUYLQJWKHLQWHJULW\RIGRZQVWUHDP HYDOXDWLRQ
VWDQGDUGLVHDOO WKUHH VXEVHWY E\VXEWUDEWLQJ WKH P

7KLV SUHSURFHVVLQJVWUDWHJ\FRPELQHV JOREDO QRUPDO
7KLV VWUDWHJI\ ZDV VHOHFWHG RYHUDOWHUQDWLYHV VXFK DV
SHU LPDJHPLQ PD[VFDOLQJLVFRPPRQO\XVHG WRUHGXFH YD
LQ WKLV FRQWH[W ,Q FHOO F\FOH SKDVH FODVVLILFDWLRQ SL
PHDQLQJIXOLQIRUPDWLRQ WKDW UHIOHFWYV WKH VWUXFWXU
OHYHOV DUH DOVR FULWLFDO LQ JHQHUDWLQJ JURXQG WUX
LQGHSHQGHQWO\WR HDFK LPDJH ZRXOG HOLPLQDWH LQWHU
HYHU\LPDJH WR WKH VDPH UDQJH 7KLV ZRXOG GLVFDUG YDC
LPSRUWDQW IRU SKDVH FODVVLILFDWLRQ ,Q FRQWUDVW R}
LQWHQVLW\ YDULDWLRQ ZKLOH HQVXULQJ FRQVLVWHQW LQ!
FRPSXWLQJVWDQGDUGLVDWLRQ SDUDPHWHUY VROHO\ IURP
WKHUHE\VXSSRUWLQJIDLUPRGHO HYDOXDWLRQDQG LPSURY

'‘DWD &URSSLQJLQWR SDWFKHYV

$QDGGLWLRQDO SUHSURFHVVLQJ VWHS ZDV LPSOHPHQWHG
LQSXWLQ WKHIRUPRILQGLYLGXDO QXFOHXYVY SDWFKHV LQV\
LOQVWDQFH VHIPHQWDWLRQ PDVNV ZHUH XVHG WR ORFDOLVH F
DERXQGLQJER[ZDV FRPSXWHG E\LGHQWLI\LQJWKHPLQLPXPL
FRUUHVSRQGHG WR WKHPDVNUHJLRQ 7KHVHERXQGLQJER[H
RIHDFK QXFOHXV DOORZLQJIRU SUHFLVH ORFDOLVDWLRQ Z
ER[HVZHUH WKHQ XWLOLVHG WR FURS ORFDOLVHG UHJLRQV D
IOXRUHVFHQFHDQG EULJKW ILHOG LPDJHYV

7TRSURYLGH KLJK TXDOLW\DQG FRPSOHWHUHSUHVHQWDWLR
ZHUHH[FOXGHG IURP FURSSLQJ 7KHVHLQVWDQFHV RIWHQ U
LPSRUWDQW PRUSKRORJLFDO IHDWXUHV PD\EHPLVVLQJRU WU



J)LIXUH ,OOXVWUDWLRQRIWKHQXFOHL SDWFKH[WUDFWLRC
WKHLQVWDQFH VHIPHQWDWLRQ PDVN OHIW ZLWKJUHHQE
FURSSLQJDQG UHG ER[HVPDUNLQJH[FOXGHG ERUGHU LQVWD
ORFDOLVHFRUUHVSRQGLQJUHILRQVLQ WKHIOXRUHVFHQFH L

SDWFKHVDUHH[WUDFWHG ULJKW 7KHVDPHVWUDWHJ\ZD

FDQ LQWURGXFH DPELJXLW\ SRWHQWLDOO\ PLVOHDGLQJ W
GLVWRUWHG YLVXDO LQIRUPDWLRQ )RUH[DPSOH DFURSSHG (
UHVHPEOH DQ HDUOLHU RUODWHU FHOO F\FOH SKDVH WKHL
JLIXUHODOXVWUDWHY KRZLQVWDQFH VHIPHQWDWLRQ PDVNYV
IURPIOXRUHVFHQFH LPDIJHVDQG WERXQGLQJER[HV VHOHF\
ZKLOHLQVWDQFHVY DW WKHERUGHUV WKDW ZHUH H[FOXGHG D

JHDWXUH ([ WUDFWLRQ

,QDGGLWLRQWR LPDJH EDVHG SUHSURFHVVLQJ ZHLPSOHPH
WKHIHDWXUH EDVHG FODVVLILFDWLRQ DSSURDFK 7KLV SUR
SURSULHWDU\VRIWZDUH ZKLFKDXWRPDWLFDOO\FRPSXWHGD
EDVHG GHVFULSWRUV IRUHDFK QXFOHXYVY )HDWXUHV ZHUH HI\
ILHOG PLFURVFRS\LPDJHV FDSWXULQJYDULRXVDVSHFWYV RI (
VKDSH DQGLQWHJUDWHG LQWHQVLWLHYVY 7KHH[WUDFWLRQ SL
RQWKHLPDJLQJPRGDOLW\ )RUIOXRUHVFHQFHLPDJHV IHD
EULIJKWILHOG LPDJHVY FDSWXUHG DW WZR GLITHUHQW IRFDO S
E\DJJUHIJDWLQJVWDWLVWLFVDFURVVY ERWK SODQHV 7KH RX'
URZFRUUHVSRQGV WR D VLQJOH QXFOHXVDQG FRQWDLQV D FF
LPDJHDVVRFLDWORGVVWUIDWHY WKHIHDWXUH WDEOH JHQHUD)
IHDWXUH EDVHG FODVVLILFDWLRQ DSSURDFK WKLV VWUXFW
IRUWUDGLWLRQDO PDFKLQH OHDUQLQJPRGHOV

'DWD $QQRWDWLRQ

TKH GDWDVHW GLG QRW FRQWDLQ JURXQG WUXWK ODEHOV IF
VXSHUYLVHG OHDUQLQJ WDVNV VXFKDV FODVVLILFDWLRQ 6L
SKDVHRILQGLYLGXDO QXFOHL LWZDV QHFHVVDU\WR JHQHUD'
SURFHVV ODQXDODQQRWDWLRQRIPLFURVFRS\GDWDVHWYV D
WKHODUJH YROXPHRIGDWD $VLQJOHPLFURVFRS\LPDJHFDQ



J)LIXUH JHDWXUH WDEOH JHQHUDWLRQ XVLQJS5HYYLW\TV VE
SURGXFHV DWDEOHZKHUHHDFKURZFRUUHVSRQGV WR D QXF(
LOQOWHQVLW\ EDVHG PHWULFV HIWUDFWHG IURPIOXRUHVFH(

ODUJH VFDOH H[SHULPHQWYV RIWHQ FRQVLVW RI WKRXVDQG\
PDQXDOO\ZRXOG UHTXLUH VXEVWDQWLDO H[SHUW WLPH DQ ¢
SRWHQWLDO VXEMHFWLYLW\DQG LQFRQVLVWHQF\ 7TRDGGUI
DGRSWHGD VHPL DXWRPDWHG ODEHOOLQJVWUDWHJI\EDVHG R
LQWHQVLW\

*HQHUDWLQJ/DEHOV

‘HIROORZHG WKHPHWKRGRORJ\RXWOLQHG LQ @& KIHVGENVIF D QB
HDUOLHU LQDSGIE WQR®V W U D WKILG/ IPHMWBRGHKVHY WKH IOXRUHVF
'1$ ELQGLQJVWDLQVDVDSUR[\IRU'1$ FRQWHQW ZKLFK FRU!
%\ FRQVWUXFWLQJ '1$ FRQWHQW KLVWRJUDPVDQG LGHQWLI\L
FRQWHQW OHYHOV FKDUDFWHULVWLF RI HDFK FHOO F\FOH SKD
RIWKHPDMRU SKDVHV * 6 RU* 0 XVLQJSUHGHILQHG LQWH
RXU ODEHOOLQJ SURFHGXUHDUH VXPPDULVHG EHORZ

, QVWDQFH VHIPHQWDWLRQ PDVNV ZHUH XVHG WR ORFDOL"

JRUHDFK QXFOHXV WKHLQWHJUDWHG SLIHOLQWHQVLW
IOXRUHVFHQFHLPDJH 7KHVH LQWUDWQLW RYP 6 %HWRZ B G XNFK
VWDELOLVH YDULDQFH DQGIDFLOLWDWH UREXVW SHDN G
XVHGLQ'1I$ FRQWHQWDQDO\VLY ZKHUHPHDVXUHG LQWHQ
'1$ FRQWHQW EHWZHHQ FHOO F\FOH SKDVHYV

'1$ FRQWHQW KLVWRJUDPVY ZHUH JHQHUDWHG DFURVV DO
7TKHVH KLVWRJUDPV ZHUH XVHG WR LGHQWLI\WKHLQWHQ
DQG* 0SKDVHV 7KHGHWHFWHG SHDN SRVLWLRQV ZHUH |
UREXVWUHIHUHQFH YDOXHYV

$O0 IOXRUHVFHQFHLQWHQVLW\YDOXHV ZHUH WKHQ QRUPLE
VXFK WKDW WKH* * SHDN ZDV FHQWUHG DW DQG WKH * 0

&HOOV ZHUH FODVVLILHGLQWRILYH SKDVHV EDVHG RQ QRU



TVXE * 075
r* * 0:75#4:25
T 6 1:254:75

t* 0 175250
t! 1 > 2:50

JLIXUKOXVWUDWHV WKHFRPSOHWHGDWD DQQRWDWLRQ SLSH
DSSURDFKHQDEOHV UHOLDEOHDQG VFDODEOHDQQRWDWLRC

JLIXUH 2YHUYLHZRIWKHGDWDDQQRWDWLRQ SLSHOLQH
VHIPHQWDWLRQ PDVN DUH XVHG WR H{WUDFW LQWHJUDWHG
7KHVH LQWHQVWW DY CRUHPERBI QRUPDOLVHG DQG FODVVLILH
RQ'1$ FRQWHQW WKUHVKROGY $VDUHVXOW DFODVV PDVN
DVVLIJQHG WR RQH RIWKH ILYHFHOO F\FOH SKD)\

*HQHUDWLQJ &RQILGHQW /DEHOV

KLOHWKH KLVWRJUDP EDVHG DSSURDFK ZLWK ILITHG WKUHV|
LOWHQVLWN\YDOXHV QHDU FODVV ERXQGDULHYVY PD\EHDPELJ
LPSURYHODEHO UHOLDELOLW\ ZHDSSOLHGDQDGGLWLRQD
RQO\QXFOHL ZLWKLQWHJUDWHG IOXRUHVFHQFHLQWHQVLW
ZHUHUHWDLQHG 7KLV SHUFHQWLOH EDVHGILOWHULQJH[FOX
VHW RI FRQILGHQWO\ODEHOONSWQDWB Y MHWH JLOXWHULQJ SURI
FODVV PDVN WKHILOWHUHG FODVV GLVWULEXWLRQ DQG WKl

&ODVVLILFDWLRQ 6WUDWHJLHYV

$FFXUDWHDQGDXWRPDWHG FODVVLILFDWLRQRIFHOO F\FOH S
RI WUDGLWLRQDO H[SHULPHQWDO DSSURDFKHV ZKLFK DUH
LQWHQVLYH $V GLVFXVVHG HDUOLHU FRQYHQWLRQDO PHWK
DUHHIIHFWLYH +RZHYHU WKHVHPDUNHUV DUHQRWDOZD\V V]I
@ 7"TRDGGUHVV WKHVH FKDOOHQJHV ZHH[SORUHG FRPSXWI
FHOO F\FOH SKDVH FODVVLILFDWLRQ GLUHFWO\IURP PLFUR



J)LIXUH 'RUNIORZIRUJHQHUDWLQJFRQILGHQW ODEHOV ,QL

ILYHFHOO F\FOH SKDVHV OHIW ILOWHUHG FODVV GLVWULEX

WKH * o MRKRUHVFHQFHLQWHQVLWA\UDQJH PLGGOH ILO
FRQILGHQWO\FODVVLILHG QXFOHL ULJKW

IHDWXUH EDVHG FODVVLILFDWLRQ XVLQJ VRIWZDUH H[WUDFW
FODVVLILFDWLRQ ZKLFKOHYHUDJHV UDZLPDJH GDWD WR D>
7TKHVHVWUDWHIJLHV HQDEOHV HYDOXDWLRQRIERWK WUDGL)
HQG WR HQG OHDUQLQJIUDPHZRUNYV ZLWKLQ WKHFRQWH[W R

JHDWXUH %DVHG &ODVVLILFDWLRQ

7KH IHDWXUH EDVHG FODVVLILFDWLRQ DSSURDFK XWLOL]H'
HIWUDFWLRQ SURFHVV GHMKBIVOIHEDRW $BHAWURGUHVHQW WKH
LQWHQVLW\ EDVHG FKDUDFWHULVWLFEVRILQGLYLGXDO QXFOH
PLFURVFRS\LPDJHV 2QFH H[WUDFWHG WKHVHFHOOXODU IHD
PRGHOV WR WUDLQ PRGHOV WKDW SUHGLFW WKH FHOO F\FOF
ZHUH JHQHUDWHG XVLQJ WKH DQQRW D WhRERPLES K RQ WVR KW O IC
IHDWXUHV ZLWK WKHLU FRUUHVSRQGLQJFHOO F\FOH ODEHOV
RIWKHIHDWXUH EDVHG FODVVLILEFDWLRQ SLSHOLQH LV SUHV

JLIXUH 2YHUYLHZ RIWKH IHDWXUH EDVHG FODVVLILFDWL
JURXQG WUXWK ODEHOVDUH XVHG WRWUDLQDPDFKLQH OHD

‘HHPSOR\HG WZR HQVHPEOH OHDUQLQJPRGHOV 5DQGRP )RU
*%RRVW WR SHUIRUP FODVVLILFDWLRQ %RWKPRGHOV DU



PRGHOOLQJQRQ OLQHDU UHODWLRQVKLSY DQG UREXVWDJDL
DELOLW\WR FRPSXWHIHDWXUHLPSRUWDQFH PDNH WKHP YDO X

,Q5DQGRP)RUHVW PRGHO HQWURS\ZDV XVHG DV WKHVSOLW FI
TXDQWLILHY XQFHUWDLQW\LQ FODVV GLVWULEXWLRQDQG KH¢
JXLGLQIJWUHHV WRZDUG SXUBW Y XER/GHAYDW K HWHOWGHRIS\QHG D

x
H = Pc O Rit)

c=1

ZKHHVY WKH SURSRUWLRQ@RIVDPSOHV RIFODVYV

,Q;* % RRVWPRGHO PXOWL FODVV ORJDULWKPLFORVV ZDV XVH
DOVR NQRZQ DV FDWHJRULFDO FURVV HQWURS\ SHQDOLVHYV L(
RIWKHPRGHOTV RXWSXW SUREDELOLWLHYV 7KHPXOWL FODV

1 XX
Lrosy N Yic OBd)
i=1 c=1
ZKHUHY WKH QXPEHIC RVWDIRIS QXY E H: RVARIONW WHNKH ODEHO L
D@ LV WKH SUHGLFWHG SUREDELOLW\

JHDWXUH EDVHG FODVVLILFDWLRQ SURYLGHV D VWUDLJKWII
F\FOHDQEDO\VLVY +RZHYHU LWV UHOLDQFHRQ SUHGHILQHG I}
IXOO FRPSOH[LW\RIQXFOHDU PRUSKRORJ\DVVRFLDWHG ZLW
OHDUQLQJPRGHOVFDQOHDUQIURPUDZLPDJH GDWD

&ODVVLILFDWLRQ YLDG6HIJPHQWDWLRQ

,Q WKLV VWXG\ ZHLPSOHPHQWHG D VHIPHQWDWLRQ EDVHG I
IRUPXODWLQJWKH WDVNDV PXOWL FODVV VHPDQWLF VHIJPHQV
E\&KDQ HW@D® GHHS QHXUDO QHWZRUN LV WUDLQHG WR SUH(
PLFURVFRS\LPDJHVDVLQSXWDQGFODVV PDVNV DV VXSHUYL
EDVHG FODVVLILFDWLRQ SLSH®@KQFKLYUWKRZOWNQWIKHXDRIU N |
IOXRUHVFHQFH LPDJHDVDQH[DPSOH 7KHVDPHDSSURDFK ZC
LQD SDUDOOHO HYDOXDWLRQ

TR RSWLPLVHPRGHO SHUIRUPDQFH ZHHPSOR\HG D FRPSRVLYV
(QWURS\/RVVDQG'LFH/RVV &URVV (QWURS\/RVV SHQDOLVHV
DQGLVZLGHO\XVHGLQPXOWL FODVV FODVVLL;rDWERRQ QUIKEEO
DV

x
L&(: ye OB

c=1
ZKHWHY WKH QXPEHY RV WKPHVR/GHYW KRW HQFRGHG DYFIXNQ G WU X
WKH SUHGLFWHG SUREDELOLW\IRUFODVYV

‘'LFH/RVV PHDVXUHV WKHVSDWLDO RYHUODS EHWZHHQ WKH S
PDNLQJLW SDUWLFXODUO\HIITHFWLYHLQ WKH BUHMWHILFHHRI FO



J)LIXUH &ODVVLILFDWLRQ YLD VHIPHQWDWLRQ $GHHS QHXU
IOXRUHVFHQFH RU EULJKW ILHOG DVLQSXWDQG SURGXFHV
HDFK SL[HO WR RQHRIILYHELRORJLFDO FODVVHV VXE * * °

WUDLQHG XVLQJD FRPELQDWLRQ RIFURVV HQWURS

E\ p
F2 iyﬁ'
it %
ZKHY WD YPcUHSUHVHQW WKH JURXQG WUXWK DQG SUHGLFWH
UHVSHFWLYHO\

Lirrl

7KH WRWDO ORVV LV FRPSXWHG DV D ZHLJKWHG VXP
L7RWDQ &(+ L.ien
ZLWKO:5DQG0:5WR EDODQFH SL[HO OHYHO FODVVLILFDWLRQ DF

ODVN *XLGHG &ODVVLILFDWLRQ YLD 6HIJPHQWDW1

7RLPSURYH FRQVLVWHQF\LQ FHOO F\FOH SKDVH SUHGLFWL
VHIPHQWDWLRQ DSSURDFK E\LQFRUSRUDWLQJLQVWDQFH OH
PDVNV 7KHDLP RI WKLV DSSURDFKLVWRHQFRXUDJHWKHPRG
HQWLUH QXFOHL UDWKHU WKDQ UHO\LQJ SXUHO\RQ SL[HO Z|
LQ PLFURVFRS\ VHWWLQJYV ZKHUH SDUWLDO PLVFODVVLILFI
ELRORJLFDOO\PLVOHDGLQJLQWHUSUHWDWLRQV

6LPLODU WR WKH EDVHOLQH VHIJPHQWDWLRQ DSSURDFK WKH
DQG SURGXFHV D SL[HO ZLVH VHIJPHQWDWLRQ PDSLQGLFDWL
SL[HO ,Q WKLV H[WHQGHG IUDPHZRUN ZHLQWHJUDWH WKH LQ"
PRGHOfV LQSXWE\XVLQJLWDVDQDGGLWLRQDO FKDQQHO D
LQSXW H[SOLFLWO\SURYLGHY REMHFW OHYHO ERXQGDULH\
DGMDFHQW QXFOHLDQG PDLQWDLQ LQWHUQDO FRQVLVWHQF\
WUXWK FODVV PDVNV DUH XVHG IRU VXSHUYLVLRQ DQG WKH
LQVWDQFHOHYHO 6SHFLILFDOO\ SUHGLFWLRQV DUH DJJUHJ
QXFOHXV DQG WKHDYHUDJHG SUHGLFWLRQ LV FRPSDUHG D
WKDW LQVWDQFH XVLQJ LQVWDQFH OHYHO FURVV HQWURS\
SURGXFHFRQVLVWHQW SUHGLFWLRQV IRUHDFK QXFOHXV D\
FODVVLILFDWLRQ YLD VHJPHQWD W LRQVBK B K.IDK. R HODVRUK-HRVZFH IQF
VKRZQLQ WKH ILJXUH WKHVDPHPHWKRG ZDV DOVR DSSOLHG \



JLIXUH 2YHUYLHZ RIWKHPDVN JXLGHG FODVVLILFDWLRQ
QHXUDO QHWZRUN UHFHLYHV D WKUHH FKDQQHO LQSXW FRPS|
EULJKW ILHOG DQG WKHFRUUHVSRQGLQJLQVWDQFH VHJIP
SL[HO ZLVH FHOO F\FOH SKDVH PDS 'XULQJWUDLQLQJ LQVW
HQIRUFH SUHGLFWLRQ FRQVLVWHQF\DFURVV HDF

,Q WKLV PDVN JXLGHG DSSURDFK WKH VWDQGDUG &URVV (Q
LQVWDQFH OHYHO 6SHFLILFDOO\ IRUHDFK QXFOHXV LGHQW
LVRODWH DOO FRUUHVSRQGLQJ SL[HOVDQG FRPSXWH WKH PD
SL[HOV 7KH SUHGLFWHG FODVV VFRUHV IRUWKDW QXFOHXV D
LQVWDQFH WR SURGXFHD VLQJOH SUHGLFWLRQ YHFWRU 7K|
LQVWDQFH OHYHO JURXQG WUXWK XVLQJVWDQGDUG &URVYV (

7KHLQVWDQFH DZDUH &URVYV (QWUKRS\GRMWQIRRG DWLQJOH LQV

(k) x (k) (k)
I‘&(: Ye O@J)

c=1

ZKHUHY WKH QXPEHU'RLVFOMRQMHKRW HQFRGHG YHFWRU LQG
JURXQG WUXWK CD P ILIRUWLIQN WRDIFPHD[ QRUPDOLVHG DYHUD
DOO SL[HOVKLQ LQVWDQFH

/IHWGHQRWH WKH VHW RIDOO YDOLG QXFOHXV LQVWDQFHV LQ
(QWURS\/RVV LV FRPSXWHG E\DYHUDJLQJRYHUDOOLQVWDQ

L&( QVV\FD?%HX L(g)(
’ J k2K

TKHILQDO WUDLQLQJ REMHFWLYHUHPDLQVD ZHLIJKWHG FRPE
&URVV (QWURS\/RVV

L7rwpo Le( ovwbork LFH



ZKHUHQ®UH ZHLIJKWLQJFRHIILFLHQWY $V LQ W KHOESIDMHE® LQH IF
=0O5WR HTXDOO\EDODQFH SLIHO OHYHO RYHUODS DQG LQVWLEL
SHQDOLVHVY WKH PRGHO PRUH VWURQJO\ ZKHQ LW PLVFODV
FRKHUHQFH DFURVV DOO SL[HOV ZLWKLQ DQ REMHFW W L\
HQYLURQPHQWY ZKHUH SL[HO ZLVH SUHGLFWLRQV PD\EH QRL

1XFOHL SDWFK &ODVVLILFDWLRQ

,QDGGLWLRQWR VHIPHQWDWLRQ EDVHG VWUDWHILHV ZHLP
DSSURDFK E\DSSURDFKLQJ WKH WDVN DV D QXFOHXV OHYHC(
ZHUH FURSSHG LQWR SDWFKHV XVLQJ WKH SUHSURKHVHMLQJ S
QXFOHXVY FHQWHUHG SDWFKHV ZHUH WKHQ XVHG DV LQSXWYV \
SUHGLFW WKHFRUUHVSRQGLQJFHOO F\FOH SKDVH

6HSDUDWH FODVVLILFDWLRQ PRGHOV ZHUH WUDLQHG IRU 10X
,QERWKFDVHV WKHQHWZRUNUHFHLYHG D FURSSHG QXFOHXYV
GLVWULEXWLRQ RYHU WKHILYH WDUJHW FODVVHV VXE * *
ODEHOV ZHUH DVVLIQHG EDVHG RQ WKHDQQRWDWLRQ VWUL
SDWFK EDVHG FODVVLILFDWLRQ SLSHOLQHLVLOOXVWUDWHC

J)LIXUH 1XFOHL SDWFKFODVVLILFDWLRQ &URSSHG QXFOt
LPDIJHV IOXRUHVFHQFH RUEULJKW ILHOG DQGIHG LQWR D F(
SUREDELOLW\GLVWULEXWLRQRYHUILYHFHOO F\FOH SKDVHYV
IRVV LV XVHG GXULQJWUDLQLQJWRDGGUHVYVY FODVV LPEDOD

7R WUDLQ WKH PRGHOV ZH XVHG )RFDO /RVV IXQFWLRQ $O0OV
XVHG IRUPXOWL FODVV FODVVLILFDWLRQ LW SURYHG LQVXII
SUHVHQWLQ WKHGDWDVHW2SDUWLFXODUO\WKH XQGHU UHSU
PLWLIDWHV WKLV LVVXHE\G\QDPLFDOO\VFDOLQJWKHFRQWUI
FRQILGHQFH RILWY SUHGLFWLRQ SODFLQJJUHDWHU HPSKD
HIDPSO®V KLV PDNHV LW HVSHFLDOO\HIIHFWLYHIRUELRORJ
RIFHOO VWDWHY PD\EHQDWXUDOO\VNHZHG 7KH)RFDO /RVV

Lyrrso (1 %) OB

ZKH@J HV WKH SUHGLFWHG SUREBDEL® DW\ABVYWYXSH¥FU XLH ZGID VY KW
DGGUHVV LPEVDWBEHARFXVLQIJ SDUDPHWHU WKDW DGMXVWYV WK
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