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Abstract

Federated learning (FL) is a distributed approach to train machine learning models without disclosing private
data from participating clients to a central server. Nevertheless, FL training struggles to converge when clients
have distinct data distributions, which leads to an increased training time and model prediction error. We propose
ATHENA-FL, a federated learning system that considers clients with heterogeneous data distributions to generate
accurate models in fewer training epochs than state-of-the-art approaches. ATHENA-FL reduces communication
costs, providing an additional positive aspect for resource-constrained scenarios. ATHENA-FL mitigates data
heterogeneity by introducing a preliminary step before training that clusters clients with similar data distribution. To
handle that, we use the weights of a locally trained neural network used as a probe. The proposed system also uses
the one-versus-all model to train one binary detector for each class in the cluster. Thus, clients can compose complex
models combining multiple detectors. These detectors are shared with all participants through the system’s database.
We evaluate the clustering procedure using different layers from the neural network and verify that the last layer is
sufficient to cluster the clients efficiently. The experiments show that using the last layer as input for the clustering
algorithm transmits 99.68% fewer bytes to generate clusters compared to using all the neural network weights.
Finally, our results show that ATHENA-FL correctly identifies samples, achieving up to 10.9% higher accuracy
than traditional training. Furthermore, ATHENA-FL achieves lower training communication costs compared with
MobileNet architecture, reducing the number of transmitted bytes between 25% and 97% across evaluated scenarios.
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1 Introduction

Machine learning enables task automation by creating mod-
els that identify patterns in datasets to predict or classify fu-
ture data. In traditional machine learning systems, model
training requires client-data collection, which usually reveals
private or sensitive information from the user or collection
point Liu et al. [2021]. Also, the high data volume generated
by devices imposes a challenge to this practice of centralizing
information into a single point in the network. Therefore,
Federated Learning (FL) has emerged as a proposal for train-
ing machine learning models that preserve the privacy of
the user without sharing local data. Federated learning (FL),
proposed by Google McMabhan et al. [2017], has become
popular among researchers and industry due to the possibility
of training machine learning models while preserving users’
data privacy de Souza et al. [2020]; Djenouri et al. [2023]; Li
et al. [2023a]; Singh et al. [2022]. After the change in data
processing regulations in several countries, for instance, the
California Consumer Privacy Act (CCPA) in the USA and
the General Data Protection Regulations (GDPR) in Europe,
the importance of federated learning research and adoption
increased.

Training in federated learning replaces data sharing with

model parameter sharing. In Federated Averaging (FedAVQ),
the most widely used algorithm for model parameters’ aggre-
gation in FL, clients train the model locally for a few epochs
and send the result to the aggregation server, which com-
bines the individual trained models into a single global model.
Then, the aggregation server broadcasts the global model back
to the clients, which further improves it with fresh training
data. The aggregation server and clients repeat this process
until the global model converges or the training reaches the
amount of maximum global epochs. FedAVG is a specific
algorithm for FL models based on updating parameters via
the loss gradient vector and averaging the vectors sent by
the clients to update the global model. Thus, clients’ train-
ing samples remain stored locally, preserving data and user
privacy. Nevertheless, another problem persists when de-
ploying FL on a large scale: clients have heterogeneous data
generated from non-independent and identically distributed
(non-1ID) distributions, leading to convergence difficulty and
suboptimal performance Zhao et al. [2018]. Therefore, a pro-
posal that reduces the effects of data heterogeneity during
model training and allows the generalization of the classifier
to samples originating from other data distributions becomes
necessary. Clustering clients by data similarity allows models
to be trained on IID data and quickly converge with high final
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FODVVLILFDWLRR\DPWBWP® Q FH 7KLV SDSHU LV RUJDQL]HGSIW MHIONRZ K [
=KKWHO @ SURSRVHXNUDDWGEFH D VWLLRIFRQRFHSWV DERXW WKH )HGHUDWHG
WLRQ VFKHPHWRPLWLJDWH WKH LP 2RFNMBRSRWWPRG R DH @HRWHZAS@WKB VOV D W H
WUDLQLQJIHGHUDWHG OHDUQLQUHPRSHRSRYRDWMWWRGIQFDWHGER WKH FODVVLIL
G29$DOJRULWKP XVHV PRGHOV IRU H1L\ QDG OFHDO\QWLIQ I F DWMHRRYVID@GE&G UHG XFH W
VHOHFWVY FOLHQWV KDYLQJ VDPSOHKHRWW K R JWHDUHIEN\VABHIFEWL\R B B H $ ILIRRUFPR V H
WKH WUDLQLQJ 1HYHUWKHOHVV W)X NLUWHR $BEMEYR@W M W R H/ @&/ENGH GRS P H G
WKH LPSDFW RI WKHPRGHO FUHDWLRIGBD €GP Y DG B WKDHVIHQDUOR WIRFRION KH RE
IRUGHWHFWRU WUDLQLQJ $7+(1% )/ QDROXB\V 6 FRAIFROK CHRARWG&LYQ ZRUN DQG G
WR GDWD GLVWULEXWLRQV EHIRUHUWMVBDQE® GWWKHF2AWISRRR/GHO WK XV
UHGXFLQJGHWHFWRUWUDLQLQJWLPH
7KLV SDSHU SURSRVHV $7+(1%$ )/ $YRLGLQJG6WDWLVWLFDO
+HWHURJHLQHW\UZERWK 2@QMHGHUDWHG /HHUHAD WHG /HDUQLQJ &R (
D VIVWHP WKDW XVHV PRGHOHWWDOMD LQJ ZLWK WKH RQH
2Y$ WHFKQLTXHWR HQDEOHPRGHO VKBXUKEBEMWYW WEKHURKXEXWLRQ GLDJU
$7+(1% )/ UHGXFHV VWDWLVWLFDO KEWHUHRQWHBIBNYRRIJORXBULWQIW WKH DJJU
FOLHQWYV E\ GDWD V LYFH..O\DXO\D VPR GZHK®f BR@HHYWY D VHW RI FOLHQWY WKDQW ZLO
LQGHSHQGHQWO\ WUDLQHG ELQDU\WBiDHWYDR PISHOHEQOHRNNA WILP® WIHUW KHH O H
SUREDELOLW\WKDW D VDPSOH EHORQWW® R\KKH €0IBHQ WV &R Q WX OIDWEHEW BH QH
GHWHFWRU $IWHUWUDLQLQJ WKHGHXWH@WRBZDO ISERYE L QKK FRRPBXMEHDEG P R
FODVVLILFDWLRQ (DFKGHWHFWRU HWW HPDW H ¥ WKW LSRUR ¥ B E IYDILUN 2\ KB v IVIKIY
VDPSOHEHORQJVWRLWY FODVV DQGMNRHEPODRR/E H® USEIREHION KNHKH [V Y WI.gH D
IURP WKH GHWHFWRU WKDW JHQH U D WMKHVARIVIN. SIRISWXW BU R ¥ DVEKLHOYHBH WIRXWH G $
WKH RQBWDOW PHWKRG LV XVHG IRU H I ADFQ FHXMD MRB/HOKWKDHIULIEW VI DYHUDJH LQ
EHWZHHQJURXSVWR FUHDWH D JHQHWIKHPRREGHOI XS EDWWV ) HGHIYOBWAG OHD U C
IURP GLIIHUHQW JURXSV ,Q DGGLWLRY DRKREWMVRLIPWURQASVYRBEOHAO WY ZKLFK .
DFFRUGLQJWR WKHLU GDWD GLVW U L MRQ XRAQ\RDRWKKDHAG-HLWVRH PW RHOW W R igy OHRY MHI
TXLFNHU ZLWK KLJK FODVVLILFDWLRBRGHARVEDQFRHWHU RYWH WDW KRIUSFDCCCPAN
‘HHYDOXDWH WKH DFFXUDF\ HYROXQUTRR® RIUREKY G BIWHPWWURQP QUWKH JOREL
FRPSDUH WKH FODVVLILFDWLRQ SHUIRVPFBHQHN DWE & MrPrX Y KHDRVMIRIGI IDWLRC
UHTXLUHPHQWYV IRUWUDLQLQJ WKHFFORER®WWY 7KH BDBRKHDEURQWKQWLO RQH
PRGHOV GHSHQGYV RQ WKH GLYHUYVLW\PRIMWVXXRPKIDP/SVOHH PO HRBEXIIRQXPEHU R H
WUDLQLQJWKHGHWHFWRUV YHWKX¥KYIBREPDQDH RUWRIQEBBIHQFH RIFODV
DOO PRGHO XS WR KLIJIKHU WKDQ WKH ORELOH1HW DUFKLWHF
WXARZDHW DO @ $W WKH VDPHWLPH WKHDPRXQW R
E\WHV WUDQVPLWWHG RYHU DOO WUDLQLQJ [BERFKN Tv umBHG E\ xS WR
XVLQJ WKHWRDOO PRGHO LQVWHDG RIORELOH1IHW "™
7KXV WKHV\VWHP SURYLGHV DQ HIIHFQ MWHKHZIIR WPR\OND BMYGRYK BIFEIREAREBH U R1 FO L H
HYHQLQ VFHQDULRV ZLWK KHWHUR JNQHRB B, LOXGW 8 HEXRXNIRDY QHWARWK ZHL
'HVXPPDUL]JHWKHFRQWULEXWLRQN@UMXWV B NSHB WP B B HON®RAD/W.DPHWHU
,Q YHG$P*= sp=s ZKHYHV WKH VLAH RI WK
$:H SURSRVH D VIVWHP WKDW F O X WW HOV HHGHE B WABKGHQIKPE @ IUQRII VDPSOH
FOLHQWV WR UHGXFH GDWD KHWH P8 U HQWMN\WIOH B R PX W B M NFUADLLQVI X Q F \
LWVPRGHOVWR GHWHFW VSHFLILA; (wRDY 'E'z\s/nfi(W) 7KHIXGARWILRQHODWHG
$:HIJHQHUDOL]H WKH PRGHOV Wutexf;@il,—wfa"WH@ME@%@MWLLR@.\;W)LZW\MH SUH
HIHFXWLQJIYWKMRQH ODVVLILFDWRCHDSSHRPHKNYE URVLWKPVY] FRQYHUJ
7KH FOXVWHUV VKDUH WKH PRGH®VROHKN EWISPYE RQ IHOWHREOGLVWULE X\
FDSDEOH RIFODVVLI\LQJVDPSOH\GRRRQLEXWHRE QWHBOFXV WH BMILQH WKH |
1'HHYDOXDWH WKH FRPPXQLFDWIRDUBTELBHPRAEL\QRWRAWKH IHDWXUH G

SURSRVDO 7KHUHVXOWYV VKRZ W KDRW 5-DMPDQADHGEH 8 WWAURREFKWH G LQ WK H
PXQLFDWLRQ UHTXLUHPHQWV LQWZR ZD\V )LUVW XVLQJRQO\

WKH ILQDO OD\HU WR FOXVWHU WKH FQ v KUHGXEHV WKH
FRPPXQLFDWLRQLQ WKHFOXVWHU va)LﬁQS\AV%WéﬁléﬁéWléhéﬁ&&L\%%
WUDLQLQJVKDOORZ QHXUDO QHWZR/NY) BY WK 5 12 § $1IHYYKDW BAKUHH FoDV
7KHVHPRGHOVFRQYHUJH|DVWHU|M%UW6WM§§;§%% GAR B DNR Q W D
UHGXFHWKHWRWDO WUDQVPLWWRG EWY Y HRREPHH @éWﬁ?&/"ﬂJWIHU o
QHXUDO QHWZRUNV PDLQWDLQLQJ.DOPAKWWES MPEHUDVK RS TR QWDLERIH

OHYHOLQGLITHUHQW GDWDVHWY oHpUQLQJ FOLHQWV KDYHWKHVDPH IHD\
KRZHYHU FOLHQWVY VDPSOHV DUH GLII

$YDLODEOHWOWBi?m#X+QKf:h @16_Cf h>1L ®®3J KDV GLIILFXOW\HVWDEOLVKLQJ SUH


https://github.com/GTA-UFRJ/ATHENA-FL

$7+(1% )/ $YRLGLQIJG6WDWLVWLFDO +HWHURJHQHLW\ZLWK 2QH YHUVXV $0O0LQ )HGHUDWHG /HD!

7TDEOHLVW RIDFURQ\PV XVHG

$7+(1% )/ SYRLGLQJV/DWLVWLFDO ~WHERRO I OLHNVGHALNWKHREMH DU QL QJ
&&3$ &DOLIRUQLD &RQVXPHU 3ULYDF\ $FW

&)/ &RPPXQLFDWLRQ (IILFLHQW )HGHUDWHG /HDUQLQJ

&)l &OXVWHUHG )HGHUDWHG /HDUQLQJ

&,)$5 &DQDGLDQ ,QVWLWXWH )RU $GYDQFHG 5HVHDUFK

'%6&$1 | '"HQVLW\ %DVHG 6SDWLDO &0OXVWHULQJRI$SSOLFDWLRQV ZLWK 1RLV}
&6 '"HFRPSRVHG &RVLQH 6LPLODULW\

JHG$9* | JHGHUDWHG $YHUDJLQJ

JHG29$ | )JHGHUDWHG 2Y$

YHG73 JHGHUDWHG OHDUQLQJE\7UDQVIRUPHU 3HUV|IRQDOL]DWLRQ

)/ JHGHUDWHG /HDUQLQJ

) (( JHGHUDWHG /HDUQLQJ (DUO\ ([LWRILQIHUHQFH

YOH[&)/ | JOH[LEOH &0O0XVWHUHG )HGHUDWHG /HDUQLQJ

)01,67 )DVKLRQ 01,67

*'35 *HQHUDO 'DWD 3URWHFWLRQ5HJXODWLRQV

+LHU 6)/| +LHUDUFKLFDO 6SOLW )HGHUDWHG /HDUQLQJ

&S ,WHUDWLYH)HGHUDWHG &0XVWHULQJ $OJRULWKP
,QGHSHQGHQWDQG ,GHQWLFDOO\'LVWULEXWHG

I'$ /DEHO EDVHG 'LULFKOHW 3DUWLWLRQ

01,67 ORGLILHG 1DWLRQDO ,QVWLWXWH RI6WDQGDUGV DQG 7HFKQRORJ\
237,&6 2UGHULQJ3RLQWVY WR ,GHQWLI\WKH &OXVWHULQJ6WUXFWXUH
2Y$ 2QH ?WH[WLWAYHUVXV" $00

5%0 5DQGRP $FFHVV OHPRU\

6WR&)/ | 6WRFKDVWLF &OXVWHUHG )HGHUDWHG /HDUQ|LQJ

7'7 7RWDO 'DWD 7UDQVPLWWHG

JLIXUPWHGHUDWHG OHDUQLQJ DUFKLW R MWDWHVALILIVIR WK A QU QWM WRRQGEHUYHU UDQGRPO\VHO
WKHLU GDWDVHWY WR HQKDQ#f H WX}G EREED® WR B I9® FRWIPRRHAOLRQW ERPRXQLFDWHY ZLWK WK
LQGHSHQGHQWO\ DQG WKHLU GDWDVHWYVY UHPDLQ RQ WKHLU GHYLFHV WKURXJKRXW WKH WUD
DJJUHIJDWHV WKHUHVSRQVHV WR WKH JOREDO MR GLHID 0 B MUKHAMILGRIEVE KDHP RASFERDD R R FOGRIEKE@RY U RKKK
UHSHDWHG XQWLO D VWRSSLQJFRQGLWLRQLV UHDFKHG VXFKDVPRGHO FRQYHUJHQFH RU WKH

FOLHQWY VKRXOG FROOHFW DQG XVSHULY BRGAHRIGWODLQLQJ +RZHYHU
WKHWUDLQLQIJDQG DJJUHIJDWLRQ SURFHVV LV VLPSOH DVDOOFOLHQWYV
XVHLGHQWLFDO LQSXW VL]HV

9HUWLEDO IHGH U BRIV KHDIRYPQRI IHGHUDWHG

OHDUQLQJLV YHUWLFDO ZKLFKDVVXPRYDQMHQDHGR UQ EKKIGF @ & DU RNIQND W L R
KDYHQRQ LQWHUVHFWLQJ IHDW X UHVEK MW WK WD B O\ F T 18 D\Q MAMKKDHY FIRWRWP H -
FKDOOHQJLQJW\SHRIOHDUQLQJ DWBYINHQ@WX\VFRWOHNFINRGE B WEOW KDRVVE D QL C
YDU\LQ GLPHQVLRQ PDNLQJWKH JOREDWIPREMDFE B DMHIRZDIINGR FHNFXWH D 1L
PRUHFRPSOH[ +RZHYHU WKHUH LVZHR QKMW'G ZLRVIKRW RN QLED W I HDUQLQJ W
ZKLFK IHDWXUHV DUH H{(WUDFWHG \SRIBORWRDMWKDYH D PRUH UREXVW
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'DWD 'LVWULEXWLRQ 7KHPRGHOPXVW H[HFXWH D SUH SURFH\
7KLV SUH SURFHVVLOJFRQVLVWYV RI WUDC

,Q WKLV VHFWLRQ ZH GLVFXVV VR R RO v L DG bYW UbDEHOV 7
EXWLRRW DO @ LGHQWLINILYHVFHQBHKRY B QT LR WD) | x FWLR%{WRELQDL

DUHKHWHURJHQHRXV DPRQJFOLHQW/VW R HRWEXYHEEYYYYLE L RQ IﬁtléDUL[
ODEHO GLVWULEXWLRQ VNHZ YHUWLFDO IHGHUDW OHDUQLQJ ODEHOL

FRQVLVWHQF\ DQG TXDQWLW\VNHZ ZKLFK ZHRRRQVLGRY:LQ WKLV
ZRUN %HORZDUHWKHGHWDLOVDQG FKDUDFWHULVM,LFV RI HDFK RQH
JHDWXUH GLVWULEXQ/ DFE@QVNE®W FROOHFWYV GDWD

LW FDQ EH VSHFLILF UDWKHU WKDQ J bW Y800 B kH G Hh R YRIQ &R I\RAMKAKHL R F W L
PLJKW VLIQLILFDQWO\GLIITHU IURP RQHG/IHYRWRWERWAY {RECBAMWHFWRUF
FDQEHUHODWHG WR JHRJUDSKLFDO ORFEDW KR \%’bKDXWZ(FbQGéVYI-%\Mg‘bWXRJW(VLC

GDWD RU HYHQ WR XVHU SHUVRQD&HWMHEWR UHREDREX QDY) \ & H WKH W
KDOGZULWLQJWUDFHV LVUHGXFHG FRPSDUHG WR GHHSHU QHXUT

/DEHO GLVWU L EOWIDR/@GWNVHZKDW K BHAURRXYBREHO FDQ LGHQWLINWKH FOD
FODVVHV KDYH WKLV W\SH RI KHWHURJW Hmo\jﬁ(u HYVWY H—LIQ\F‘élLﬂQ'WZHPHU

KDV VDPSOHVRIFODVV ZKLOH WKHR \YWHT B ¥ SHWHFWRUV GDWDE
RIWKHUHPDLQLQJFODVVHY DQG FOLHQW KDV WKHRSSRVLWH GDWD

EHKDYLRU VDPSOHV DUH IURP FODV, .
GLVWULEXWHG DPRQJ WKH UHPDLQLQJ%B‘DEWW&FQU'I%LQ:NJLPHQWV
FRQVLGHU VSHFLILFDOO\ WKLV W\SH RJ i WHW R AHRAAWY HOHYDQW FKDOOHQ
SHUWLFDO IHGHUDWENG MHDUQUAQIY ERYBYOBE LY LQFUHDVLQJ WKH ILQDO PR
LQKHUHQWO\1RQ ,," VLQFH FOLHQW VO kh & k*ﬁ%éﬁwD'dﬁW\MﬁadLvép\ﬁUPH $0OV
GLVWULEXWLRQV PLIDWLRQ LV D SUR PLNHGU DO @& HRLOHVOLMY
/IDEHO LQFRQ¥QVW®WWF\PD\ GLVDJUWHOZHMMWERB EPRIU ORFDO PRGHI BB UVRC
ODEHOV 7KLV FDQ RFFXU EHFDXVH WKW UVt R X ¢t WONH B RQ AKH KD VWHU F
FODVV D VDPSOH EHORQJV WR RU WWKRIPPEHRLOS FWEKH UM WHEB ®PHFNYLQJI S|
DZHOO GHILQHG SURWRFRO WR DV\6LAMWHABEXWAL\R Y RRUPW R QWU REDELOLW\
H[DPSOH FDWHJRULFDO IHDWXUHV VWEK BYOId RBG D dUd IKOIHLE WO HFWLRQ
SEDG  PLJKW VXEMHFWLYHO\FKDQJH RiRRUGILIOR AR W §t WY RIGI VML BRPOHFW Wi
UHVSRQVLEOH IRUGHILQLQJD VDPS@IEXUDNE¥RQWULEXWH WR PRGHO WUDLC
AXDQWLWY\@MWHKZYV VFHQDULR FOLHQWRH RWHKHIUFRRWO\BREHO SHUVRQDOL]L
LQ WKH GDWDVHW VL]H )Ry +Q000/D QI BOWHQWKKDRYHUDOO WUDLQLQJ KD
ZKLOH FOL#j@80o0;BV7KH GLIITHUHQFHEWHMOGHHIWKUHVKROG ,Q WKLV ZD\ FO
TXDQWLW\VNHZDQG ODEHO GLVW U LEOXREIRRP/RAGIHG ¥ MKIRW QI XKD QLY M S
VNHZ VDPSOH PLJKW RULJLQDWH |IURPR¥EBID %P B HRGP\ODDE HE ¥ /R R R EX WWUDWH.
ZLWK GLIITHUHQW VDPSOH VL]HV DPRQYWHEX\AOHHRW)NY ZKHUHWKHLGHDLV WR
WR WUDLQ PRGHOV ZLWK VLPLODU GDWD D

2QMHUWOW ORGHO
OLHQWYV IRU (IILF

O J

7KLV PRGHO FRPSULVHV D JHQHULF FODVVLILH

RIVHYHUDO VSHFLDOL]HG FODVVLILI—(EﬁWl’)Y/S) '#‘B‘g\g’ VR RN é‘?éHQV

WR GHWHFW MXVW D VLQJOH FODVV VAHERVS VeHIHE EJQIFR

ELQDU\ FODVVLILHUV WKDW UHWXU\EW@%QHPHQB WIQI—YK‘/%%%PHHQLV\(/VL§ OHF

FRPSDULVRQ WR WKH VDPSOHYV RlLW\PWQWWW‘OW EFSHQ YoV RHFUHD VI
K

LV WK WKHOHN

DVDVKDOORZ QHXUDO QHWZRUN 6L QEHW

|
KR
WKH\WHQG WR FRQYHUJH IDVWHU L8 WYk Y1 XVHG 2

OLHV D
HQYLURQPHQWYV
OO FOLHQWY WR UHVSRQ
FOLHQWYV ZLWK KLJK|
Cova (X) = ArgMax r(x): UHGXFH WKHWLPHEHWZHHQ HSRFKV PD)\

2[R FRQYHUJHQFH LI WKH VHOHFWHG FOLHQW

FDQW GDWD IRUWKH OHDUQLQJWDVN 7]

7KH PRGHO FRPSULVH Y,V BX HUKD PODHNWHIEMEMREHU RI HSRFKV IRUPRGHO WUDLQ
VDPSOKWG UHWXUQ WKH SUREDELOLVWDFKDHE RAKKH VERSOW EMORWKRUV VLP X
WR WK FEBIAO LYY DML QV WR W K HOWDRLSOIN WKKD UDFWHULVWLFV DQG WKHL
ODEHO WKDW KDV WKH KLJKHVW SURBREWU B GW k B RARKH PRO@YGHHMW HOWIRUWALPH R

U WHH, HP PLJ
INVANTe o ARV E%‘\/WR WKE
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/XRHW BORSRVH D QRQ FRQYH[ IXQFWLORQ ERPID 0 @QUIRBRN HP FOXVWHULQJ VI
SHFWHG QXPEHU RI HSRFKV EDVHG R QRADEG IQMOM $HBWMERM\RROS GRMWBXWKRUV |
/DHW DORLGYV WKH OLQHDU SURJUDP PEQX VUKD MQLIQR @LVHHOMVE WHRIQH QW VDP S C
IXQFWLRQ WKDW HYDOXDWHV FO L H QWHWIHW WIKIHDHYNO RKWHVUVW DSSURDFK KL

'DQHWPO D@ SURSRVHWR DSSO\UHLQIRUFHRHYWWHLWDHURQFW VDPSOH VL]H WR
LQJIRUFOLHQW VHOHFWLRQ 7KH U HILOXRW FAKFGHI WA MDLRQL G K B WHQRWIHY WK L
WXQHG WR VHOHFW WKH EHVW FO LHBMW\H RWVH PFEXOW BIDRDQL BH KHBYRRUN Q 5Q W
SURYLGH WKH EHVW VXEVHW R1 FOLKQRWDILY RRGM O H F X LKINMQWD NKRIETRGS H O
PRGHO VWDWH 7KH V\VWHP HVWLP D®WVE®X HQOWARIPPW Q WALDAMMLLFD B YUHHIOKHH
YDQFH WKURXJK WKH ORVV JUDGLHQW YKRAWRO M A X WRQRRW K6 LDHIQ WHIJGMFLRHD V
VHUYHU 7KLV SURFHGXUH PDLQW D LEXYGMKH SWIDWIHAK RVIKWMKIH DO HFW XV D F\ R
GDWRHW PO @ SUHVHQW D VXUYH\ RVAOHHFQW R/GI KHRFAMIYRIQY LV LQVXIILFLHQ
VIVWHPV DQG IUDPHZRUNV LQ IHGH UDOWH G ROIPHQOW Y ¥ LWKKKHBBBRUHQHRXV
SUHVHQWY WKH VWDWH RI WKH DUWL\QFRGHQ S VHWVRIG /@ RI® WVQ & @ R PIS DR M.
WKHLU PDLQ GLIIHUHQFHV GHPRQVWDPRRIDGE MKIDWRFW KHQ W & R BBl 6 W& IDRADKIDY G
JUHDW SRWHQWLDO WR SURGXFH PRWHDDFHXUDWH PRGHOV LQ IHGHUDWHG
OHDUQLQJ ZLWK OHVV WUDLQLQJ WLPH

JHG3UR[LV DIUDPHZRUN WR UHGXFH WKH HITHEWV RI VWDWLVWLFDO
DQG VIVWHP KHWHW BIH@HEZWHN GLITHUHQ¥HUVRQDOL]J]HG ORGHOV LQ )/

EHWZHHQ )HG3UR[ DQG )HG$9* LV WKH_I R \7UDQVIF
ZRUNWKHFOLHQWYV SHUIRUP :KLOH)H QD%J };@pj 3 GDWD K
DPRXQW RIZRUNWR DOO FOLHQWYV ) [ N 1LO
KDUGZDUH FRQVWUDLQWYV WR DVVLJ(# Yy I'(_)éH
$OVR WKHDXWKRUV SURSRVH LQVH U 1 WK
WKHORFDO REMHFWLYHIXQFWLRQ W % é{, B R PRGHOV L

GDWD LQ WKHIHGHUDWHG QHWZRUN
1LVKLR DQG <R @HSWIRBIRVH D SURW

[ e

HWDO @ LV DQ )/ IUDPHZRUN WKDW G
ZRUN LQWR WKUHH GLITHUHQW OHYHO
PRGHO 7KXV HDFK RQH RI WKH QHXU@%
VRFLDWHG ORVV IXQFWLRQ ZKLFK LV@ E

(&

REMHFWLYHLY WR UHGXFH WKH FRP
WKHWUDLQLQJ +RZHYHU WKH GLVVQi| L
FOLHQWV LV QRW FRQVLGHUHG ZKL

%l FROYHUIHQFH SUREOHPV +RZHYH
WS R B BEPEOLEDWLRO R
VHOHFWLRQ LQ IHGHUDWHG OHDUQLQJ % 15‘%9 &M}H{WWSDU
SURFHVVLQJFDSDELOLWLHV DQG OR : SUFOWL WH G
SULRULWL]HG LQ WKH S U H\LBHQWWHB@ H O LR AR 0 W R
SURSRVH D KLHUDUFKLFDO DUFKLWH 1 [E? %‘1 W
ZKLFK SHUIRUPV ORFDO DJJUHJDWLR B
WLRQ DW WKH QHWZRUNHGJHV DQG J v JHQES COR
3URFHVVLQJ GDWD DW WKH HGJH GHF kﬁQ\)V 9)5 ! ea’ OV H(
EXWWKHUHVWULFWHG QXPEHU RI G A |K|5)LUHUDU|
WKH JOREDO PRGHO WR FRQYHUJH Vi Hy VHG E\ QR
FDQDFFHVV PRUHGHYLFHVDQG FDS é) A ﬁ ﬁKHDX\
FRVW RI KLIJKHU FRPPXQLFDWLRQ OD { c? »%51# 03 W
SO\IHGHUDWHG WUDLQLQJRQ OHYH H Y 3
&OLHQWYV PDLQWDLQ ORZ ODWHQF\ TRU FR P P LRQ ZLWK W (o
HGJH DQG WKH FORXG FDQ DFFHVYV ‘ %ﬁ( %@hMSDUDV
HGJHV +LHUDUFKLFDO 630LW)H43_HQUV§Y %@ @ORSWLPL]DWL
H F
he g WDk B R,
ol KH Q GDWD
Y v R v&} VY DQG IDI
W L% UH V)
3 %}E FOHUR O o K
RIPRGHOV LQ VFHQDULRV ZLWK QRQ FR/ . VLSJ ORFE'(SJUV\'/*}
5DHWHO @ SURSRVH WKH LUUHOHY hQ % g&% @65?
IRUFOLHQW VHOHFWLRQ WR LPSURYHWKHILYD ) RYHRSWPY RSR
OHDUQLQJPRGHOVLQ,,  DQOG QRQ ,,' VFHODULRYV 7KHREMHFWLYH
LV WR VHOHFW FOLHQW YV FRQVLGHULQJWGNWWGWG%@%W@W%\MDU
WKHLU VDPSOHV (DFKFOLHQW FRPSXWHV LWV LUUHOHYDQFH VDPSOLOJ

PHWULFDQG VHQGV LW WR WKH VHUY H & OXK/NNHHIUHGH B &/ U QVFEIDE DM B U'Q MKHL V |
FOLHQWV DFFRUGLQJWR WKH LQIRUPBIGLYDWXR Q@ Q@ @ KHGIHRWIDVRE G @HD K QH B J U H
FOXVWHUV SRVLWLYH QHJDWLYH RQG HURW ).IQQ D/ANC) DW/KIH ISHI\R &/RVIHUEU D Q J
PHWKRGRORJ\UDQGRPO\VHOHFWYV \GKHALFQDILGE QWL RHWBHUKREERWWWU WRH S U |
DFKLHYHIDVWHU PRGHO FRQYHUJHQHW®WLDWHG E\ FOXVWHULQJVWUDWHJ\ P
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7TDEOBRPSDULVRQ RIUHODWHG ZRUNYV

| ‘RUN [ tHWHURJHQHLW!\ 5 FGWIDWRD SOJRULWWRDWHJI\, Q SWWUDWLHR D J FK\
2X\D@W DO @ &OLHQW &OXVWHBHQIRGLF FOXVWHOWLRRGHO VT Z HK(BKW V
‘DQHW DO D@ &OLHQW 6HOHFWHRQIRUFHPHQW OHBOQLELJKWYV 12
IXRAWDO @ &OLHQW 6HOHFWLRQWLPLIDWLRQ 8VHUVY UHVRXUPHV
/DHW DO @ &OLHQW 6HOHEWLRQW TV XWLOL W\ @WDYXYH R WRXWIRHV
TLHW DO @ &OLHQW 6HOHFWIRREHO UHJXODUL3DWLRP@O WHUP YRPOXH
ILVKLRDQGXR@HWDQDLHQW 6HOHFWLRQWLPLIDWLRQ 8VHUVY UHVRXEF6 V
TLHWDO @ +LHUDUFKLFDD 7UBRQUQSKLFDO WUBV@UYY /RFOWLRR
4LEWDO @ +LHUDUFKLFDO 7UDHQDUFKLFDO HDUWD QNLRW P HG ' B\6D
SDHWDO @ &OLHQW 6HOHFWIURI@HYDQFH PHD VXUHGHYWQFH OBV U[LF
JUDERQ®O @ &OLHQW 6HOHFW&BRVWHUHG VDBSPSQB VLIH R VIRLODULW\
TLHW D O E@ ORGHO 3HUVRQDOLHDWORWR SHUVRQDARFABO GDWD 12
=KR@W DO @ +LHUDUFKLFDO 7UDHQDUFKLFDO HD BOHHWIWRF DWLRX
TLHW DO @ ORGHO 3HUVRQDOMIARWMRHBV RSWLPLIBWARKLIKWV <(6
"HQQHW PO @ &OLHQW &OXVWHUUWULEXWHG FOX8WHUVYQBHQWURZ2G
=KNWDO @ ORGHO 3HUVRQDOLIP@H RGUVXV [$OO8VHUVY UHVERQZH
&KKWDO @ &OLHQW &OXVWHURQYDLQ PHWKRGXFOLGHDQ GILVWD QFH
=HQOW PO @ &OLHQW &OXVWHWRIRYLQH VLPLODBVWUVY ORVV[IXQRWLRQ
*KR\HAW D0 @ &OLHQW &OXVWHMRUDWLYH FOXVWEIUHQW VYT GHFEVERQ 0XOWLSOH
"XDEW DO @ &OLHQW &OXVWHULQUJ&6 $OO :HLJKWV <(6
6DWMWBO @ &OLHQW &OXVWHIHRUVLYH FOXVWRAYLIQUD GLHQW ¥{6F WRAXOWLSOH
2XU &OLHQW &OXVWHBHQBULF FOXVWHDV@J/D\HU :HLIKW®V

&()/ &RPPXQLFDWLRQ (IILFLHQ W\ HREHWOMIHIG UHDDWLRQ VHUYHU VLQFH LW Q
DQ)/ EDVHG IUDPHZRUN IRU PHG&R & OH®G B W DCPRRECCHID WWULLDLLGQ 2QQITHE W EKO @O0 XN W H |
HWPO @ 7KHDXWKRUV GHWHUPLQHDA KB RHZPR ON IRUANAEHDMWAHH ERPRJIHQHR X'
FOLHQWV E\ FDOFXODWLQJ WKH (XF8UGMWHHGE ®HDVDQ BDH R Q WIKUHRRPLHDAMW T K |
QHXUDO QHWZRUN ZHLJKWV %DVHG RHWVILARLGLOFUY. MY LWLKRHD WX I R/®! RVIROKNW H F W L
WHUV FOLHQWYV XVLQ %\ R B ERE0IE. Q OH WEREH WKH FRQYHUJHQFH WLPH IRU WKF
HDFK JURXS WKHFOLHQW ZLWK WKH KLKEKH/WRSRNRIOVEPLGDHMMQW WRBHFH V'
OHDGHU 7KH OHDGHU SHUIRUPV IHG HRUYHUHKG VG DD\) WEKHRD XWKKIRPRGIHRQHA HH P |
ILUVW OD\HUV ZLWK OHDGHUV I[URP RWXKHWKNBRXBYVH7E&H PRGHOMVIWED PO SURSH
OD\HUV DUH WUDLQHG LQGLYLGXDOORU®BWERQUBKBPRGHOV RI RWKHU FOXV\

BWR&FWRFKDVWLF &0 XV W H U HGl QHIGMKIHD BVAHFX LIHDRY QRQ FOLHQWYV ZLWK JHQHU
HWHO @ LVDIHGHUDWHG OHDUQLQJ | JDH{ & BFOENWEBKCD@E LRODX MVWDHPBZ RUN W K D W
FOLHQWV DFFRUGLQJWR WKH FRVLQH QLRAIQODWIL @D WHE 68V RSIREXHNLERWWRLPH
GXFHV WZR PRGHOV WKH JOREDO PRGN® D QG RV KK IEFOKX YV WRHLLGR/RIGHVI KH G X O |
7KH JOREDO PRGHO PDLQWDLQV LQIREPWWWRED | @ RPRIOEKN ®OV @ ISRV $0 VR
ZKLOH FOLHQWY RQO\ SDUWLFLSDWWKHIPRBHDRW N XIWVHVQRIQM\DLGHEW KW R |
FOXVWHU WKH\DUHLQYROYHG 0H D @2KPLEOHJ R/ IKFHYHVIWHUR/LLI®@ WRWW WRVHP 7|
WKH V\VWHPTV FOLHQWYV ZKR PXVW ¥DXXOWAD & B FOX WO UWWKDH. @ FFK. M MRZRD E R X \
PRGHOV IRUH HDFK URXQG WKHDXWKRUV H[HFXW|

,)&$ ,WHUDWLYH )HGHUDWHX&VUKZWIHUQ\WY §EPRUQWKWK WKH VDPH GLVWU
HWPHO @ LV D SURSRVDO IRUFOXVWHKHQ JMKH G IQWWDWQ R 1$ H JIRVHRHIED/OD SUHGH I L
L]JHWKHLU PRGHOV ,Q WKH SURSRV I H®L WE\E Y DIRH B AMKIREOM\EWHURQJ VW
FKRRVLQJWKHLU FOXVWHUV ,Q DG GSLWRLSRRY DNOK b HDTXVL K RIV\K S U RIS B VIR RVIOHW D \
XVH RI PXOWL WDVN OHDUQLQJ ZKLFHRROMLOY WR & HWKHFW. @ K M BS®NV D VKL IW
QHXUDO QHWZRUN ZHLJKWV IRU FOLHQWM BRRWBDVOHG S WR SSRLWHVD E DX WWRIQVHG
ZLWK LQWHUVHFWLRQV EXWDUHLQ GJAVIWHR QW ERXNKVHDNVK E XN UWHHD BN VQ
WKH GRZQVLGHRIGHOHJDWLQJ WKH SVRAHGS &1 WRHQWR L\Q WKHJRESZSVWHU PR
WR WKH FOLHQWYV LV WKDW WKH HQ Y MW\WREP H & WVEHFRIPRDVFKXO\QFFHISHD VEHYHAWVK R | L
PDOLFLRXV EHKDYLRU DQG UHTXLUHWHBRE H\F REKSXMIPMLIRR BRFRVWHQFH -
IURP WKH FOLHQWVY GHYLFHV $QR WKW HGDGR U6 WHLIHRWDKINWSORNH FOI
SRVDO LV WR DVVXPH WKDW WKH Q XREHINW WRPSD LY NQREQ D7VKXV FOLH
SULRUL ZKLFK PD\EH XQIHDVLEOH DN@RZIDMH B 1 W KW FEXKH U H QW LZFROWH P SUR Y F
RUXQGHUHVWLPDWH WKH QXPEHU R IDHZ DY W RFRPEXDW MUKH PRGHOV JHQHUDYV

&)/6DWMWBO @ UHFXUVLYHO\ S D U WIKW RXQ K WHGHAHNVHBU VXV $00 PRGHO
OHDUQLQJ FOLHQWYV LQWR PRUH KRPRHISQREBRVHBRXEGN YKDVISGRUDWHG O
FHGXUH PLWLJDWHY WKH SURE OHP \EDNV® G RIMFIOX EWE R QQ,J F®ILHG WL E\ GDWI
EXWLRQV 3DUWLWLRQLQJRFFXUV ZWHQHY HQ MXKHXQROVQH\D 7R HYSHRIREBIEO V W
WRU H[FHHGV D SUH HVWDEOLVKHG Q@L'$WDSRFHRW K K H VKIR/DOLED GR\Z FRKHWUS UR S F
FOLHQWVJUHFXUVLYH SDUWLWLRQ D®DW K MLRI RRPYSKIVD QVHL W @ R O NR X H IUKKHD\G |
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DOJRULWKP /LNHRWKHU &)/ SUR'S R VFDIDXN W/H I \F D R GWAHRJ E Q 81 B WRIFHVOYHULF P
LQFUHDVHY WKH DFFXUDF\ DQG UHGKRE M OVKRIQVWU B WYLRI JWWLIPLHOR QW EHQ D U \
PRGHOV RI HDFK FOXVWHU DV LW PENBV (WK K G\HIDHW RU EDA\MB WRHISUREDE
KRPRJHQHRXV 8QOLNH SUHYLRXV SWRRSRW U G0 DH/DF 16 1 QR KISWKBID HQWF XWH D E
PXOWLSOHPRGHOV ZKLFK DUH GHWWB IVRUMVOR | SWIRHF AU B V.V HADS W H W HDAME F R ¢
LQ WKH FOLHQWVY GDWDVHWV $W W®&H 0RO MWDPRQNQR WRKP®R G HFOD RV FO
HDFK JURXS LWLV SRVVLEOH WR FRPWEKE K WWH P R U/HOHF W DWHWIOD R @ H WK |
RIVDPSOHV RXWVLGH WKH FOXVWHUEEXOLYI WRHDZY$ PR G WO PRKOHE LSWSHOEL\WW
SHUIRUPDQFHRI$7+(1$ )/ LV FRPSDUMXWR WHSMSKRISRVHG IRU H[HFXWLQJ W
WKH OREEQADHMW DO @ DQG ORELOMIHWO
GOMW DO @ DUFKLWHFWXUH OLJKWZHLng\j\/#@lﬁ@ﬁﬁ@@g(@WLR%
ZRUNV IRULPDJH FODVVLILFDWLRQ )XUWKHUPRUH WKHH[SHULPHOW
FRPSDUH WKH FRPPXQLFDWLRQ FRVW RH W ¥ ¥ X\PARIDISIBHRDOIFKHE FBDUQLQJI VF
FXODWHG WKURXJK WKH QXPEHU RI & DMWHDVGW VW Q VP X WIMRHGNKHDWRD K H & VX V W
GXULQJWUDLQLQJ :HVKRZ WKDW W KWUKHI U\HDRAJUHD G B [RH QEVMWK DI WIKRH. O D U V
QXPEHURIH[LVWLQJFODVVHV VEGWRHKDBBERUS W RDWEW ROWHFWRUV IRUDOO
DOO PRGHO ZKHQ WKH FOXVWHUV KDYBIWIBDX A@/IVV V,@VD G R UW ERQ VWKW VHUYH
LQ WKH VA\VWHP LPSO\PRUH GHWHFWRWY XAEIOL G BRRWWIEHWHHDYWHGI FODVVL
ZLWK PRUHGLYHUVH GDWD IRU D EHW WHU '@ Z\DW LQIF & ERQ ¥ M WY IF B Q FEODIVYHR'U S
7KXV GHWHFWRUV WUDLQHG ZLWK | HZ W& B X WHO/RSAVHR/IH G| W HDUDROZ M) § @ W HO DV
IRUPDQFHRQRXW RI JURXS GDWD UWGEXBLPRIUW KW BIF B X DO R RWKTEKDO ODEH C
2Y$ PRGHO 7KLV SDSHU H[WHQGYV D TRU WKW HF TD Y WAHWHIQQSWEH W\VWHP EH
SUHYLRXVOGIXERMNWEBE® E\H[HFXWLRIQKRQ ,,' WHVWYV DUH EDVHG RQ WKH
H[SHULPHQWYV DERXW WKH FRPPXQLNFWQRQLRSDFW :HFRQVLGHU
WKH WUDQVPLVVLRQ WLPH DPRQJ HS RFRUXOMNCHKRFOWHKGVOWEBWHG RQ WKHL L
RI OD\HUV XVHG WR FOXVWHU LPSDFWR ®/ K, W\NAEMP/ G B®VRQZNKKREUDLQLQJ
WKDW RXU SURSRVDO RI XVLQJ MXVWHW K KWV OVE B \GIDWY DPLVHFE DY WQS X W
UHGXFHV WKHLQSXW VL]H WR GH ILQHKAGXK\DW M UYQ Y LFDD. G @\ ¥ WRGREYDIGR | W K H
H[SHULPHQW FRQVLGHULQJ D GLVWULEX LR Q/XMMHYURDQWHHGEHEN MAHR/USS HU FO D
IXQFWLRQ ZKLFKLVDPRUHUHDOLVW®ILGURILR QIRDINAGQHOBIVRIE PROW,LYH IXQF W I
GDWD WKH FODVVLILFDWLRQrdBURGNRY WDOH
7DEOWKPPDUL]HV WKH FKDUDFWHULBWUPWB®3 BRPSDULVRQV R
DOOUHODWHG ZRUNV :HFODVVLI\WKHZRUNV GXHWR WKH VWUDWH J\
WR UHGXFH KHWHURJHQHLW\ WKH DOJRULWKP X\Shgfc%(“ W%H DQJRULWKP
LOSXW ZKHWKHU WKH DSSURDFK LV LW H WJBWw "Y®) 5o cRerz (B8 o\ kL
HUDUFKLFDO OHYHOV WKHUH DUH 7KH VWUDWHJLHV'WR UHGXFH WUDLQLQJ
KHWHURJHQHLW\DUH FOLHQW VH O H F W@ LIV W/ W K & FIENO WAHKR R DRV AP GH O
SHUVRQDOL]DWLRQ RUFOLHQW FOXYWHI\ORR VWb G H & WWEHKIUEHPRUARKRMEOUN b\
SOHDOJRULWKPV XVHG ZKLFK GHSH QG IR0 Il H WHKRVO RE BXOVRME MHKEDLLYHD MR |
DOJRULWKP DOVR GHWHUPLQHV LI WKW\ K BWWHAWRWHUDWLYH 5HJDUG
LQJ WKH FOXVWHULQJ OHYHO PHDQV WKDW WKH SURSRVDO XVHV D
VLQJOH JOREDO PRGHO DQG WKHSURSIE%\(&M@_J,E%@ W\Vﬁ@w 2OLF
HDFK RQH KDV D FOXVWHU JOREDO PRGHO o) U;}—f‘O VPO @
OHYHOV PHDQ WKDW WKH FOXVWHU FD,Q EWL®LO®\G W& H YWRVRH@HRU BB YHF O L H
VXE FOXVWHUV WR WKH GDWD VLPLODULW\ 7KLV VWHS
WKH WUDLQLQJ GDWD DUHLQGHSHQGHQ
,,'GDWDVHWV IDFLOLWDWH PRGHO FRQY
7TKH $7+(1% )/ 6\VWHP  FODVVLILFDW L RIQSHW:DROUEED Q AN HUW K H O
WR PDLQWDLQ WKH SULYDF\DVVXPSWLR
$7+(1%$ )/LVD IHGHUDWHG OHDUQ LRT+Y1% WHR RWWEMQOREWDLQV IURP FOLI
PRGHOV HQVXULQJ GDWD SULYDF\ PRWAOVWGIW BERYWWRRQI VAKXV ZH X VI
RIFOLHQWY FOXVWHUHG DFFRUG L Q F WRHEDWWIHVHPX W B D Il WX WO LHIQ\Y FIDXR/F k
WHULQJDOORZV WKH WUDLQLQJRI| PDRHIDOHRQYHQYARGNEY WRKUNH PRG |
HIILFLHQWO\WKDQ WKH LQLW LOF®DHGHQD WM G %0BI\VH® 6 D WURSRWOXVWHULQJ R
KDIQW 0 @ XQGHU QRQ ,,' GDWD GLVW WhE&KML R QX VMGFUHDIVIQIRULWKP WR LGt
WKH ILQDO DFFXUDF\DQG UHG XFL Q &WKWMULREWD OR{BRFEB S DRAY PREHOLHQW V
FRQYHUJHQFH 1HYHUWKHOHVV FO X\ IWIEKWMHOR ZAVUW IDRMNHW H/SSHHFIHER W R G E\ $7 +
HOV ZKLFK XVXDOO\FDQ RQO\ FOD VM HBVP SR VIIUHRM-BUPAHHE® MR P FFRUG L G
WKH VDPH FOXVWHU 7KXV ZH SURSRWIHDW RN DGRISW YRG! R IEMRIDBOBVWYV D JH
YHUWDOW 2Y$ PRGHO WR VKDUH PRGIFOYMQM Y QAIGHRD G DILHQYMWIYW GMXVW WK
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JLIXUHKH $7+(1% )/ H[HFXWLRQ VFKHPH FRQVLVWV Rl VWHSV 6WHSV WR PLWLJDWH WKH V\VWH|
WR WKHVLPLODULW\RIWKHGDWD ,Q 6WHS FOLHQWV WUDLQ WKHPRGHOVLQVLGH WKHFOXVWHU
FDQ FRPELQHPRGHOV IURP GLIITHUHQW FOXVWHUV WR FUHDWH D JHQHULF 2Y$PRGHO

ZKLFKGHSHQG RQ WKH SULYDWH G D W®DAWHGO ¥ OV HGMIB UGICXIFBIRFIDM PR GHO V
HDFK FOLHQW KROGV WKH VDPH QH X UKDDVQIH WKR BHDMOVRN WRARW X UK LEKW Z QWK U\ L
GLITHUHQW ZHLJKWYV 7KHFOLHQWY YHRXS @QGUW KRHESHMWANZHRABNRAMN/L L & W/\R W D O
ZLWKWKHDJJUHIDWLRQ VHUYHU LQ 6WHKBS FRYWHKH QO XKW WO RH WRARMMDFK GHW |
ZHLIJKWV DUH FRUUHODWHG ZLWK WKW IOHRFO DHZPDWADT RENM U W BHIUW Q Y WKLV K D V
GDWD KDYHFORVHU ZHLJKW YHFWR UMW RZKHOHUV BMUKHZARVKH®IM IHHGHUWVD WBE D Q W
GLVWULEXWLRQV 7KHUHIRUH WKH\ IBHWHPW JRGICG\WNRKW KHH VD WH G O K OW NV H V
LQ6WHS :HXVHWNKMHMBRGD® WRLGHEWWVI\DIWHU LWV FRQYHUJHQFH HDFK G|
WKHFOXVWHUV DV GRQH 6RPDIBDE MR RXYP WRKILNGHWHFWRUTY GDWDEDVH RI WKH \
8QOLNHGHWHFWRUV WKH PRGHO XVHG VROJOWRYZW EQL HQ W B HHISPPRAWAKNBOOVA U R X
IRUPXOWLFODVYV FODVVLILFDWLRQPRE HOVLAM VHKFGHAWV B W W R VFRAGBHWIHW H G |
GDWD GLVWULEXWLRQV DFURVV DOO F@WHBVDO DWW RVAALW KW B B8 HDKWLRROOXK MOHIH.Q
SURFHVV HQGV ZLWK 6WHS ZKLFK HWHEWWHY WU BYIHFMRUY RWKHU FOXVV
FOLHQWY DEVHQW LQ WKH JURXS F UMKOMER-Q 1\SW) DIP\H G ROAWWAN W iR TX/HODNWW K B V H
VHUYHU WR EH DOORFDWHG LQWR D FQXVAMWHRIUBA R [ H XWWHRQN YUMKBXROFRERIGMNGA W K
VWHSV $7+(1%$ )/ DOORZVD SDUDOOHO FODVVLIL

WKDW DV GHWHFWRUVDUHLQGHSHQGH(

. FDO VLPXOWDQHRXVO\JHQHUDWH WKH \
JURP 6SHFLILFWR *HQHULFIFRGHOWR WKH GHWHFWRUJV FODVV

7UDLQLQJVWDUWYV ZLWK WKH VHOHFWLRQ DQG DJJUHJDWLRQ VHUYHU
GHWHUPLQLQJ ZKLFK GHWHFWRU ZLOO.ES}FVYJ @Rﬁp%@WJQEGWW.BUF
JURXS $IWHUGHILQLQJWKHFODVVRIL U R N K
VHUYHU VHQGV WKLV LQIRUPDWLRQ VR W[Kk® W BdLR v/ WG BHHS\W XKWV
WKH ODEHOV 7KXV LQVEMHB\VRMHBRIWUBLQV

GHWHFWRUV IRUHDFK FODVV 'HW H FWRG HPRHEHOSHIGUW KHU BT-QH & L /QBWHR W R V

SHOQGHQWO\ FRQFHUQLQJ PRGHOV BUWRRRQIYHUH GW FILOAPHQY DE®@JIXDJIH
GHWHFWRUV WUDLQHG ZLWKLQ HDFK FO% M YW ® DK VU WWKH.ZRWNH 8 B [BE @ LEGHG L Q
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DWHG OHDUQLQJHQYLURQPHQW DQG WKH ¢FV ML RGO BY. JH (FEOXIDW LR C

IRUFUHDWLQJFOXVWHULQJPRGHOV DQG WKH .HUDV Y OLEUDU\
WR FUHDWH WKH GHHS OHDUQLQJ PRGHOV 7KH H[SHULPHQWYV ZHUH
HI[HFXWHG RQ DQ ,QWHO ;HRQ &38 ( *+] VHUYHU

ZLWK SURFHVVLQJ FRUHV DQG *% RI 580 :H VKRZ

H[SHULPHQWDO UHVXOWY RI WKHPRGHOVYTHYDOXDWLRQ ZLWK WKHDY
HUDJH DFFXUDF\ REWDLQHG DPRQJ DOO WKH FOLHQWYVY DQG D
FRQILGHQFHLQWHUYDO :HFRPSDUHRXUSURSRVDO ZLWK)HG$9*
EHFDXVH RWKHU DSSURDFKHYV XVH GLITHUHQW PRGHOV RUGDWDVHWYV
7KXV )YHG$9* HVWDEOLVKHVY D EDVHOLQH FRPSDULVRQ ZLWK WKH
VWDWH RI WKH DUWDOJRULWKPV

7KHIHGHUDWHG OHDUQLQJVFHQDULR KDV FOLHQWV WKDW WUDLQ WKH

PRGHO GXULQJ ORFDO HSRFKVIRUDWRWDORI JOREDO HSRFKYV

ZLWK D VHOHFWLRQ SUREDELOLW\ RI 7KHVHOHFWLRQ SUREDELOLW\

LV WKH SHUFHQWDJH RI FOLHQWY VHOHFWHG ZLWKLQ HDFK FOXVWHU IRU

WUDLQLQJ JOREDO HSRFK :H XVH D EDWFK VL]JHRI VDPSOHYV

DQG WKH DFFXUDF\ UHVXOWY DUH REWDLQHG IURP WKH VHOHFWLRQ RI

DOO FOLHQWY DW WKH HQG RI HDFK JOREDO HSRFK 7KH FOXVWHULQJ

DOJRULWKPLVGHILQHGZLWKOM)K?BGLVWD%JFHSDUDPHW Y VP LWWHG DFFRUGLG

DQGWKHPLQLPXPQXPEHUR'FOLHQ\)@H’&Q Nﬁ%’%ﬁé\%ﬁi%é\@\& JWKHFOXVWHULQJ

7KH QHXUDO QHWZRUN D UF KIHVWNBFROXUH XVHG LQ WKH RQH

PRGHO ZDVDGDSWHG IURPD GRJDQG FDW LPDJHLGHQWLILFDWLR

SUREOHP HVWDEOLVKLQJDVLPSOH BPRBHBORKREWVEBY HEDHWLAHRMHLY WR G

WLRIQJIJXEQHAVILTKHQ WKLV QHXUDO QM@/'MPI\PMU—M@/WF‘@/B{@NVR FODVVLI\ WKH

ZDVDGDSWHG WR EH WKH EDVLVRlWH#@QWM’FRNS%L{R/Y W0 Rfv\kLkQé HOD'

YHUWXOW PRGHO GXHWR LWV VPDOO V4 HJIB' é’V\NUkFL Wé’b WHU WKHF

FRUUHFWO\LGHQWLI\VDPSOHYV WZR SURFHGX WRYHU'—'\WK
WV%'

TKHGHHS DUFKLWHFWXUHY XVHG LQ ¢Q \\9\5}{9 F%%H UHDGOV\(/?F

WLSOH FODVVHV DUH ORELOHlHWDQG& U |§ WKH F
U % %/%hbDFFRUG

ZDV FKRVHQ EHFDXVH LW LV WKH D
VLILFDWLRQ H[DPSOH RI WKH &,)$5 I':_IHPLQHVV\
UL 5' \|7| HV SHU FOL

IUDPHZRUN DQGORELOHlHWEHFDXVg;t 3\/%
IgEHU RIH[SHFWHG FOXVWHUV

WLPHDQG LW LV VKDOORZHU WKDQ 0
:HHYDOXDWH WKH WUDLQLQJDQG SHYIRNARIGREEEVRIWRR IrRU wkH 1L
YH WKDW VKDULQJ DOO QHXUDO G

WKUHH LPDJH GDWDWVH]WMH¥\NEO6 @
FKFOLHQW 0% 7KXV LWLV H\

01,67/H&XIOPW DO @ DQG )DVKLRQ 01RF§%”5
h%g’j L RIS %@WM“K% E

1,67, LDRWHDO @ 7KH &,)$5 GDWDVH§/
FHQDULR ZL

VDPSOHV DQG D WRWDO RI FODVVH
LPDOV 7KHLPDJHV DUH FRORUHG Z
VHQWV 5*% FKDQQHOV DQG KDYH |

GDWDVHW 01,67 KDV VDPSOHYV
ZKLFK UHSUHVHQW KDQGZULWWHQ
KDV FODVVHV DQG VDPSOHV
IDVKLRQ FORWKHV GLYLGHG LQWR H
IRUWHVWLQJ 01,67 DQG )01,67 LPII\))\Q/X

JUD\WVFDOH RULJLQDOO\ [ SL[HO

WR HIWHQG WR [ SL[HOV WR XVH WK f’R%'ﬂlPRQVWUDW
DUFKLWHFWXUH LQ DOO GDWD 7KHREDWDVHW ﬁﬁﬁ%'r' 5 H oX e KC"IH%DV

DPRQJH[LVWLQJ FODVVHYV FOXVWHULQJ DOJRULWKP UHGXF

"HFRQGXFWIRXUHYDOXDWLRQV L ZJI-‘*\Q\H%BYV\NNLPS%)%WVIJ{'IUV

XVLQJGLIIHUHQW OD\HUV GXULQJWKHFOXVWHULQJVWHS LL ZHYHU
LI\WKH GHWHFWRUVY DFFXUDF\DQG FRPSDUH LW ZLWK D FRPSOH]

PRGHO WUDLQHG ZLWK )HG$9* LLL ZH GBHEQHWWKHN QP OXDRY LR Q
HSRFKVY QHFHVVDU\IRU ERWK PRGHOV WR FRQYHUJH DQGILQDOO\

LY ZHHVWLPDWH WKH WRWDO DPRXQHWHR DE\X\DHWHSE PQASPLRWHVHED@GUWRQ .
LQJWKHWUDLQLQJ SURFHVV IRU W KBXWZR QO WHMHIIR/OL Y, H& D YWD ® XNDWULLREEX W |
L LVGLVFXVVHG W® 48 B\WEUHRVG QWAFWEBBIULRY LQ WKHILUVW RQHHDFK FOL
GLVFXVVLRQRIHYDOXDWLRQV LL FQGVMHV RIKNKOH GOKWODLHW RQB WK H VH
SUHVHQWHG LQ 6HFWLRQ VDPSOHV RIILYHGLIIHUHQW FODVVHYV

UWKH .OHDQVF

% ; \E %%u HDFK OD

OD\HUV K
A “clgtll O OD\HUV
N QWVDUH FRUUH
HHHVV D
¥

g
cr






	Introduction
	Federated Learning Concepts
	Feature Distribution
	Data Distribution
	One-versus-All Model

	Related Work
	Selecting Clients for Efficient Training
	Personalized Models in FL
	Clustered Federated Learning

	The ATHENA-FL System
	Problem Formulation
	Data Similarity-based Clients Clustering
	From Specific to Generic Models

	Development of the Prototype and Experimental Results
	Test Model Size Evaluation
	Accuracy Evaluation
	IID Data Scenario
	Scenarios with Non-IID Data

	Communication Evaluation
	Computational Time

	Conclusion and Future Work

