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SXmmar\  

 

 

Machine learning is a general term for a class of algorithms that attempt to e[tract the implied laZs 

from a large amoXnt of historical data and Xse them for prediction or classification. More specificall\, 

machine learning can be seen as finding a fXnction Zhere the inpXt is sample data and the oXtpXt is 

the desired resXlt, e[cept that this fXnction is so comple[ that it is less conYenient to e[press formall\. 

It is important to note that the goal of machine learning is to make the learned fXnction Zork Zell for 

the "neZ sample", not jXst to perform Zell on the training sample. The abilit\ to appl\ the learned 

fXnction to neZ samples is called generali]ation. NeXral netZork is a machine learning model, in this 

thesis Zork, it Zill be Xsed to predict the trajector\ of a person in a 3m * 3m room.  

We Xsed foXr capacitiYe sensors operating in loading mode for indoor hXman locali]ation, each 

one Zith a sensing plate installed at chest leYel in the center of a Zall of the room. These sensors 

proYide reading fiYe times per second. The groXnd trXth Zas obtained Xsing foXr XltrasoXnd anchors 

that can locali]e a mobile tag Zith േ2 cm accXrac\ at 15H]. When a person Zears the tag and Zalks 

aroXnd the room, the XltrasoXnd anchors record the ³reference´ trajector\. At the same time, the 

capacitiYe sensors also records position-related data. 

We condXcted foXr e[periments at different times to obtain foXr data sets. Different enYironmental 

conditions (temperatXre, hXmidit\ and so on) affected differentl\ each data set measXrements. Each 

e[periment has a different Zalking Yelocit\ and a different trajector\, bXt the\ all lasted 30 minXtes. 

To improYe the reliabilit\ of the tracking s\stem, Ze process the capacitiYe sensor data Xsing a 

neXral netZork (NN). The NN I Xsed is a 2 la\ers LSTM Zith 8 cells per hidden la\er. HoZeYer, the 

generali]ation abilit\ of the neXral netZork is not so good becaXse Ze don't haYe sXfficient 

e[perimental data. To solYe this problem, I Xsed data aXgmentation techniqXe. Data aXgmentation is 

a techniqXe that artificiall\ e[tends the training data set b\ alloZing limited data to prodXce more 

eqXiYalent data. It is an effectiYe means to oYercome the shortage of training data. Common data  
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aXgmentation methods based on image processing techniqXes inclXde flipping, cropping, rotation, 

translation, noise injection, etc. In m\ case, I Xsed the method of noise injection.  

In this thesis, I chose tZo t\pes of noise to add to the training set: Zhite GaXssian noise and pink 

noise. This is becaXse Zhite GaXssian noise is commonl\ foXnd in the enYironment, Zhile pink noise 

simXlates the drift of a capacitiYe sensor. In addition, since noise is XsXall\ a mi[tXre of these tZo 

t\pes of noise in dail\ life, this thesis also considers combining these tZo t\pes of noise together in 

different Za\s to form mi[ed noise. The parameter to be determined for Zhite noise is the Yariance, 

Zhile for pink noise it is amplitXde.  

After data pre-processing and determined the most performing data set and the best train-

Yalidation-test seqXence permXtation of that set (more details in Chapter 3), I began the e[ploration 

of data aXgmentation. In order to determine Zhether a training resXlt has improYed and b\ hoZ mXch, 

I created a baseline for comparison. Using the original training set, repeat the training 30 times. 

BecaXse the initial Zeights are randomi]ed for each training, the resXlts of the training Zill be 

different. Taking the best among 30 trainings as the baseline. To select the best, the first criterion is 

that the sXm of foXr test MSEs is loZ, the second criterion is the standard deYiation of them is loZ. 

After bXild the baseline, I started to improYe the NN training Xsing data aXgmentation. I added 

noise to the original training set Yia MATLAB. Before adding noise, I rescale the data, and after 

adding the noise, I rescale again so that the nois\ data is betZeen 0 and 1, to improYe the learning 

abilit\ of the neXral netZork. After e[ploration for optimi]ation (Section 3.4), I decided to create 6 

training sets (5 nois\ sets + 1 original set), each training set becomes one batch for batch training, 

Zith one batch at a time, to preserYe the proper temporal seqXence of the e[perimental data. In Zhite 

and pink noise part, I started from a parameter (Yariance for Zhite GaXssian noise, amplitXde for pink 

noise) YalXe loZer than the smallest signal, aroXnd 10 ppm or beloZ, then gradXall\ increase. For 

each noise parameter, the NN is trained 30 times Zith the same data set. I pick the best among these 

30 independent trainings for comparison.  

After that, combining Zhite and pink noise together in different Za\s to form mi[ed noise. Here 

are the steps: 

- First, selecting the tZo best-performing Yariance YalXes in the Zhite noise e[periment, fi[ing 

them, and then Yar\ing the amplitXde of the pink noise (aroXnd the best tZo amplitXdes of the  
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pink noise). Each combination of parameters is trained 30 times and pick the best. 

- Second, selecting the tZo best-performing amplitXde YalXes in the pink noise e[periment, 

fi[ing them, and then Yar\ing the Yariance of the Zhite noise (aroXnd the best tZo Yariances 

YalXe of the Zhite noise). Each combination of parameters is trained 30 times and pick the best. 

  After all these e[periments, I haYe come to this conclXsion: the most significant improYement Zas 

achieYed Zhen Xsing mi[ed noise. The improYement of sXm of test MSEs respect to the baseline is 

9.91%, the improYement of standard deYiation is 12.55% (Table 1). I achieYed the goal of improYing 

the generali]ation of NN. 

 

 

Figure ͳ  Virtual room used for movement tracking experiments ȏͳȐ 

 

 
Table ͳ  Comparison of the best results for white noise (variance α ͷ.ͲͲE-ͲȌ, pink noise 

(amplitude α ͷ.ͲͲE-ͲͷȌ and mixed noise (variance α ͷ.ͲͲE-Ͳͷ, amplitude α ͳ.ͲͲE-ͲͷȌ 

  
Test MSE A 

[𝑚2] 
Test MSE B 

[𝑚2] 
Test MSE C 

[𝑚2] 
Test MSE D 

[𝑚2] 

Improvement of 
Standard 

Deviation of test 
MSEs [𝑚2] 

Improvement 
of Sum of test 

MSEs [𝑚2] 

Baseline 0.0526 0.3098 0.2486 0.1798 0% 0% 

White Noise 0.0509 0.2917 0.2412 0.1362 2.36% 8.95% 

Pink Noise 0.0502 0.2997 0.2635 0.1358 -4.52% 5.25% 

Mixed Noise 0.0612 0.2692 0.2441 0.1379 12.55% 9.91% 

IV 



 
 
ConWenWV 
 
 
LiVW of TableV                    VI 
 
LiVW of FigXreV                   VII 
 

1. Indoor perVon locali]aWion                  1 
1.1  ReYieZ of locali]ation techniqXes  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  1 
1.2  CapacitiYe sensors for indoor locali]ation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 2 
1.3  CapacitiYe sensor modXle and data acqXisition s\stem  .  .  .  .  .  .  .  .  .  .  . 4 
1.4  NeXral netZorks for person locali]ation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  5 

1.4.1  Main NN architectXres  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 5 
 

2. ImproYing generali]aWion of neXral neWZork ZiWh daWa aXgmenWaWion       9 
2.1  Problems Zith small data sets  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 9 
2.2  IntrodXction of data aXgmentation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 10 
 

3. E[perimenWal reVXlWV                  11 
3.1  Methodolog\  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  11 
3.2  Optimi]er AdaMa[  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  15 
3.3  Establish baseline  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 18 
3.4  Data aXgmentation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  20 
 3.4.1  Data aXgmentation Zith Zhite GaXssian noise  .  .  .  .  .  .  .  .  .  .  . 21 
 3.4.2  Data aXgmentation Zith pink noise  .  .  .  .  .  .  .  .  .  .  .  .  .  .  25 
 3.4.3  Data aXgmentation Zith mi[ed noise  .  .  .  .  .  .  .  .  .  .  .  .  .  . 29 
 3.4.4  ConclXsion  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 40 

 
Bibliograph\                    41 
 
 
 
 
 
 
 
 
 
 

V 



 
 
LiVW of TableV 
 
Table 1   Comparison of the best resXlts for Zhite noise (Yariance = 5.00E-06), pink noise 

(amplitXde = 5.00E-05) and mi[ noise (Yariance = 5.00E-05, amplitXde = 1.00E-05) 

Table 3.1  Baseline resXlt 

Table 3.2  Comparison of different nXmber of training sets 

Table 3.3  White GaXssian noise resXlt 

Table 3.4  Pink noise resXlt 

Table 3.5  ResXlts Zhen the Yariance of Zhite noise is fi[ed at 5.00E-06 

Table 3.6  ResXlts Zhen the Yariance of Zhite noise is fi[ed at 7.50E-06 

Table 3.7  ResXlts Zhen the amplitXde of pink noise is fi[ed at 1.00E-05 

Table 3.8  ResXlts Zhen the amplitXde of pink noise is fi[ed at 5.00E-05 

Table 3.9  The best resXlts for different noise combinations 

Table 4.1  Comparison of the best resXlts for Zhite noise (Yariance = 5.00E-06), pink noise 

(amplitXde = 5.00E-05) and mi[ed noise (Yariance = 5.00E-05, amplitXde = 1.00E-05) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VI 



 
 
LiVW of FigXreV 
 
FigXre 1  VirtXal room Xsed for moYement tracking e[periments 

FigXre 1.1  Main sensor capacitances in load mode: plate-bod\ (𝐶), plate-groXnd (𝐶), and 

bod\-groXnd (𝐶) 

FigXre 1.2  FoXr capacitiYe sensors centered on the Zalls of a 3 mî3 m YirtXal room in the lab 

trace the position of a person moYing in the space 

FigXre 1.3  Main bXilding blocks of Sensor Node and Base Station. FoXr Sensor Nodes Zere 

connected to a single Base Station 

FigXre 1.4  (a) A simple 2-la\er FXll\ Connected NeXral NetZork; (b) NeXrons process the inpXt 

data 

FigXre 1.5  ActiYation fXnctions graph 

FigXre 1.6  ConYolXtional NeXral NetZorks (CNN) 

FigXre 1.7  RecXrrent NeXral NetZorks (RNN) 

FigXre 1.8  Long short-term memor\ (LSTM) 

FigXre 3.1 NetZork strXctXre and data access for the Long-Short Term Memor\ (LSTM) netZork 

FigXre 3.2  FloZ diagram of processing steps 

FigXre 3.3  (a) SGD ZithoXt MomentXm; (b) SGD Zith MomentXm 

FigXre 3.4  Algorithm of Adam 

FigXre 3.5 Algorithm of AdaMa[ 

FigXre 3.6  GroXnd trXth Ys prediction for baseline 

FigXre 3.7  Dependenc\ of test MSEs on Yariance of the Zhite GaXssian noise Xsed for data 

aXgmentation 

FigXre 3.8 GroXnd trXth Ys prediction for the best Zhite GaXssian noise (Yariance = 5.00E-06) 

FigXre 3.9  Dependenc\ of test MSEs on amplitXde of the pink noise Xsed for data aXgmentation 

 

VII 



FigXre 3.10  GroXnd trXth Ys prediction for the best pink noise (amplitXde = 5.00E-05) 

FigXre 3.11  Dependenc\ of test MSEs Zhen changing the amoXnt of pink noise for fi[ed Zhite 

noise Yariance 5.00E-06 

FigXre 3.12  Dependenc\ of test MSEs Zhen changing the amoXnt of pink noise for fi[ed Zhite 

noise Yariance 7.50E-06 

FigXre 3.13  Dependenc\ of test MSEs Zhen changing the amoXnt of Zhite noise for fi[ed pink 

noise amplitXde 1.00E-05 

FigXre 3.14  Dependenc\ of test MSEs Zhen changing the amoXnt of Zhite noise for fi[ed pink 

noise amplitXde 5.00E-05 

FigXre 3.15  GroXnd trXth Ys prediction for the best mi[ noise (Yariance = 5.00E-05, amplitXde = 

1.00E-05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VIII 



1 
 

 
 
ChaSWeU 1 
 
IndooU SeUVon locali]aWion 
 

1.1 ReYieZ of locali]aWion WechniTXeV 

LRZ-cRVW, ORZ-PaiQWeQaQce, accXUaWe iQdRRU deWecWiRQ aQd ORcaOi]aWiRQ Rf SeUVRQV haV aQ 

iQcUeaViQgO\ iPSRUWaQW UROe WR SOa\ WRda\. NRW RQO\ caQ iW SURYide VeUYiceV fRU SeRSOe'V cRQYeQieQce, 

bXW iW caQ aOVR SOa\ a UROe iQ Whe fieOd Rf heaOWh caUe. FRU e[aPSOe, iQ Whe aUea Rf heaOWh caUe, VWXdieV 

haYe VhRZQ WhaW b\ 2050, Whe QXPbeU Rf eOdeUO\ SeRSOe ZRUOdZide iV eVWiPaWed WR be cORVe WR 2.1 

biOOiRQ, PRUe WhaQ dRXbOe Whe QXPbeU iQ 2015 [2]. WiWh VR PaQ\ eOdeUO\ SeRSOe, iW iV YiWaO WR PRQiWRU 

Whe WUaMecWRU\ Rf Whe eOdeUO\, eVSeciaOO\ WhRVe OiYiQg aORQe. ThURXgh Whe PRQiWRUiQg Rf WUaMecWRUieV, Whe 

V\VWeP caQ deWeUPiQe ZheWheU Whe eOdeUO\ haYe abQRUPaO cRQdiWiRQV, VR WhaW WiPeO\ aOeUWV caQ be 

iVVXed aQd Whe eOdeUO\ caQ UeceiYe WiPeO\ heOS. 

OYeU Whe \eaUV, PaQ\ iQdRRU SRViWiRQiQg WechQiTXeV haYe beeQ SURSRVed. FRU e[aPSOe, YideR RU 

iPagiQg caPeUaV, XOWUaVRQic VeQVRUV, iQfUaUed VeQVRUV, eWc. The\ haYe diffeUeQW dUaZbacNV.  

CaPeUa: iW caSWXUeV Whe iPage RU YideR, aQd Whe V\VWeP SURceVVeV Whe iPage RU YideR WR caOcXOaWe 

Whe ORcaWiRQ Rf Whe SeUVRQ. IW UeTXiUeV high cRPSXWaWiRQaO, QeWZRUNiQg aQd eQeUg\ UeVRXUceV, a diUecW 

OiQe Rf VighW, aQd adeTXaWe OighWQiQg, Zhich iQcUeaVe Whe iQVWaOOaWiRQ cRPSOe[iW\ aQd V\VWeP cRVW. IW 

aOVR UaiVeV VigQificaQW SUiYac\ cRQceUQ. 

UOWUaVRQic VeQVRU: cRQViVW Rf WZR SaUWV, a WUaQVPiWWeU aQd a UeceiYeU. UVXaOO\, Whe\ aUe SOaced Vide 

b\ Vide aV PXch aV SRVVibOe. The WUaQVPiWWeU ePiWV XOWUaVRQic iQ a ceUWaiQ diUecWiRQ aQd VWaUWV WiPiQg 

aW Whe VaPe WiPe aV Whe PRPeQW Rf ePiVViRQ. The XOWUaVRQic WUaYeO WhURXgh Whe aiU aQd UeWXUQ 

iPPediaWeO\ ZheQ iW hiWV aQ RbVWacOe RQ Whe Za\, aQd Whe UeceiYeU VWRSV WiPiQg aV VRRQ aV iW UeceiYeV 

Whe UefOecWed XOWUaVRQic. The diVWaQce Rf Whe RbMecW caQ be caOcXOaWed b\ PeaVXUiQg Whe WiPe iW WaNeV 

fRU Whe XOWUaVRQic WR be UefOecWed b\ Whe RbMecW. UOWUaVRQic V\VWePV UeTXiUe Whe XVeU WR caUU\ a Wag aQd 

ORQg-WeUP e[SRVXUe WR XOWUaVRQic QRiVe caQ caXVe haUPfXO heaOWh effecWV.  
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IQfUaUed VeQVRU: The hXPaQ bRd\ WePSeUaWXUe iV geQeUaOO\ aW 36.5 degUeeV, iW ePiWV iQfUaUed Ua\V 

ZiWh a ZaYeOeQgWh Rf abRXW 10XP. The iQfUaUed VeQVRUV ZRUN b\ deWecWiQg iQfUaUed Ua\V Rf abRXW 10XP 

ePiWWed b\ Whe hXPaQ bRd\. HRZeYeU, Whe\ aUe VeQViWiYe aOVR WR QRQ-hXPaQ heaW VRXUceV, Zhich 

iQcUeaVe Whe chaQce Rf faOVe deWecWiRQ. 

CaSaciWiYe VeQViQg iV aOVR XVed fRU hXPaQ deWecWiRQ, ORcaOi]aWiRQ aQd ideQWificaWiRQ. IW iV e[acWO\ 

ZhaW Ze XVed iQ RXU e[SeUiPeQWV. I deVcUibe iW iQ PRUe deWaiO iQ SecWiRQ 1.2. 

 

 

1.2 CaSaciWiYe VenVoUV foU indooU locali]aWion  

CaSaciWiYe VeQViQg iV a WechQRORg\ WhaW caQ be XVed WR deWecW aQd WUacN cRQdXcWiYe aQd QRQ-

cRQdXcWiYe RbMecWV. CaSaciWiYe VeQVRUV XVe caSaciWiYe WUaQVdXceUV WhaW caQ RSeUaWe iQ WhUee diffeUeQW 

PRdeV (RU cRQfigXUaWiRQV): WUaQVPiW, VhXQW, aQd ORad. The fiUVW WZR PRdeV aUe iQWURdXced b\ 

ZiPPeUPaQ eW aO. [3] iQ 1995. The\ caQ be XVed fRU iQdRRU hXPaQ deWecWiRQ. HRZeYeU, Whe WUaQVdXceU 

RSeUaWiQg Rf bRWh PRdeOV UeTXiUe aW OeaVW WZR gaOYaQicaOO\ cRXSOed SOaWeV, Zhich VigQificaQWO\ 

iQcUeaVeV Whe cRPSOe[iW\ aQd cRVW Rf Whe iQVWaOOaWiRQ. ThaQNfXOO\, Whe ORad RSeUaWiRQ PRde XVeV Whe 

hXPaQ bRd\ aV a cRQVWaQW-SRWeQWiaO SOaWe (FigXUe 1.1) aQd UeTXiUeV MXVW RQe-SOaWe WUaQVdXceUV, Zhich 

iV a gRRd VROXWiRQ WR Whe SUeYiRXVO\ PeQWiRQed SURbOeP. SRPe Rf WheiU adYaQWageV, VXch aV ORZ cRVW, 

eaV\ iQVWaOOaWiRQ, QR PaMRU SUiYac\ cRQceUQV, eWc., giYe XV a UeaVRQ WR chRRVe WheP. 

The caSaciWaQce deSeQdV SUiPaUiO\ RQ Whe geRPeWU\ Rf Whe SOaWe, dieOecWUic SURSeUWieV Rf Whe V\VWeP , 

diVWaQce beWZeeQ hXPaQ bRd\ aQd Whe SOaWe. We iQdiUecWO\ PeaVXUe Whe chaQgeV iQ Whe caSaciWaQce Rf 

Whe VeQVRU b\ PeaVXUiQg Whe fUee UXQQiQg fUeTXeQc\ Rf aQ aVWabOe PXOWiYibUaWRU, Zhich UeSeaWedO\ 

chaUgeV aQd diVchaUgeV Whe caSaciWRU Rf Whe VeQVRU.  

OXU iQdRRU ORcaOi]aWiRQ e[SeUiPeQWV aUe cRQdXcWed iQ a 3P * 3P URRP. We XVed fRXU caSaciWiYe 

VeQVRUV RSeUaWiQg iQ ORadiQg PRde fRU iQdRRU hXPaQ ORcaOi]aWiRQ, each RQe ZiWh a VeQViQg SOaWe 

iQVWaOOed aW cheVW OeYeO iQ Whe ceQWeU Rf a ZaOO Rf Whe URRP (FigXUe 1.2). TheVe VeQVRUV SURYide UeadiQg 

fiYe WiPeV SeU VecRQd. The gURXQd WUXWh ZaV RbWaiQed XViQg fRXU XOWUaVRXQd aQchRUV WhaW caQ ORcaOi]e 

a PRbiOe Wag ZiWh േ2 cP accXUac\ aW 15H]. WheQ a SeUVRQ ZeaUV Whe Wag aQd ZaONV aURXQd Whe URRP, 

Whe XOWUaVRXQd aQchRUV UecRUd Whe ³UefeUeQce´ WUaMecWRU\. AW Whe VaPe WiPe, Whe caSaciWiYe VeQVRUV aOVR 

UecRUd SRViWiRQ-UeOaWed daWa. 

TR iQYeVWigaWe Whe PeaVXUePeQW Rf caSaciWiYe VeQVRUV XQdeU diffeUeQW cRQdiWiRQV, Ze cRQdXcWed fRXU 
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e[SeUiPeQWV aW diffeUeQW WiPeV WR RbWaiQ fRXU daWa VeWV. DiffeUeQW eQYiURQPeQWaO cRQdiWiRQV 

(WePSeUaWXUe, hXPidiW\ aQd VR RQ) affecWed diffeUeQWO\ each daWa VeW PeaVXUePeQWV. Each e[SeUiPeQW 

haV a diffeUeQW ZaONiQg VSeed aQd a diffeUeQW WUaMecWRU\, bXW Whe\ aOO OaVWed 30 PiQXWeV.  
 
 
 

        
Fig�re ͳǤͳ  Main �en�or capaci�ance� in load modeǣ pla�eǦbod� ȋ𝐶Ȍǡ pla�eǦgro�nd ȋ𝐶Ȍǡ and 
bod�Ǧgro�nd ȋ𝐶Ȍ ȏͶȐ 
 

 

 

 

Fig�re ͳǤʹ  Fo�r capaci�i�e �en�or� cen�ered on �he �all� of a ͵ mέ͵ m �ir��al room in �he lab 
�race �he po�i�ion of a per�on mo�ing in �he �pace ȏͳȐ 
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1.3 CaSaciWiYe VenVoU modXle and daWa acTXiViWion V\VWem 

Each VeQVRU haV a cRSSeU cOad SOaWe aWWached aV Whe e[WeUQaO caSaciWRU WR a 555 iQWegUaWed ciUcXiW iQ 

aVWabOe PXOWiYibUaWRU cRQfigXUaWiRQ, fRU Zhich Whe RVciOOaWiRQ fUeTXeQc\ iV: 

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ൌ
1

0.7ሺ𝑅ଵ  2𝑅ଶሻ𝐶
 

ZheUe 𝑅ଵ ൌ 200𝑘𝛺 aQd 𝑅ଵ ൌ 560𝑘𝛺.  

We XVed aQ AUdXiQR UQR bRaUd WR PeaVXUe Whe fUeTXeQc\, aQd aQ XBee 802.15.4 PRdeP WR WUaQVPiW 

Whe PeaVXUePeQWV WR a ceQWUaO QRde fRU SRVW-SURceVViQg aQd SeUVRQ ORcaOi]aWiRQ. The bORcN diagUaP 

Rf RXU ORcaOi]aWiRQ V\VWeP iV VhRZQ iQ Fig. 1.3. 

 
Fig�re ͳǤ͵  Main b�ilding block� of Sen�or Node and Ba�e S�a�ionǤ Fo�r Sen�or Node� �ere 
connec�ed �o a �ingle Ba�e S�a�ion ȏͷȐ 
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1.4 NeXUal neWZoUkV foU SeUVon locali]aWion 

TR iPSURYe Whe UeOiabiOiW\ Rf Whe WUacNiQg V\VWeP, Ze SURceVV Whe caSaciWiYe VeQVRU daWa XViQg a 

QeXUaO QeWZRUN. MRUeRYeU, Ze caQ aOVR fiOWeU Whe daWa XViQg QeXUaO QeWZRUN, iQVWead Rf XViQg a digiWaO 

PediaQ fiOWeU aV iQ [4]. 

NeXUaO QeWZRUNV caQ SURceVV OaUge aPRXQWV Rf daWa TXicNO\ aQd accXUaWeO\, aQd heOS VROYe cRPSOe[ 

UeaO-WiPe SURbOePV. NeXUaO QeWZRUNV caQ heOS e[aPiQe aQd PRdeO cRPSOe[ aQd QRQOiQeaU aVVRciaWiRQV 

beWZeeQ PXOWiSOe YaUiabOeV WR dUaZ iQfeUeQceV. A QeXUaO QeWZRUN WUaiQV iWVeOf b\ cRQVWaQWO\ adMXVWiQg 

Whe cRQQecWiRQV beWZeeQ iWV QeXURQV. ThiV aOORZV Whe QeXUaO QeWZRUN WR be cRQWiQXRXVO\ iPSURYed. 

 

1.4.1 Main NN aUchiWecWXUeV 

IQ geQeUaO, Whe baVic VWUXcWXUe Rf QeXUaO QeWZRUN PRdeOV caQ be diYided iQWR WZR W\SeV accRUdiQg WR 

ZheWheU Whe iQfRUPaWiRQ iQSXW iV fed bacN RU QRW: FeedfRUZaUd NeXUaO NeWZRUNV aQd FeedbacN NeXUaO 

NeWZRUNV. 

IQ FeedfRUZaUd NeXUaO NeWZRUN, Whe iQfRUPaWiRQ eQWeUed fURP Whe iQSXW Oa\eU, aQd Whe QeXURQV iQ 

each Oa\eU UeceiYe Whe iQSXW fURP Whe SUeYiRXV Oa\eU aQd RXWSXW WR Whe Qe[W Oa\eU XQWiO Whe RXWSXW Oa\eU. 

TheUe iV QR feedbacN iQ Whe WUaQVPiVViRQ Rf iQfRUPaWiRQ WhURXghRXW Whe QeWZRUN.  

CRPPRQ FeedfRUZaUd NeXUaO NeWZRUN iQcOXde CRQYROXWiRQaO NeXUaO NeWZRUNV (CNN), FXOO\ 

CRQQecWed NeXUaO NeWZRUNV (FCN), GeQeUaWiYe AdYeUVaUiaO NeWZRUNV (GAN), eWc. 

IQ FeedbacN NeXUaO NeWZRUNV, QeXURQV caQ UeceiYe VigQaOV QRW RQO\ fURP RWheU QeXURQV, bXW aOVR 

fURP WhePVeOYeV. CRPSaUed ZiWh Whe FeedfRUZaUd NeXUaO NeWZRUN, Whe QeXURQV iQ Whe FeedbacN 

NeXUaO NeWZRUN haYe a PePRU\ fXQcWiRQ aQd haYe diffeUeQW VWaWeV aW diffeUeQW PRPeQWV. The 

iQfRUPaWiRQ SURSagaWiRQ Rf FeedbacN NeXUaO NeWZRUN caQ be ViQgOe RU bidiUecWiRQaO. 

CRPPRQ FeedbacN NeXUaO NeWZRUNV iQcOXde RecXUUeQW NeXUaO NeWZRUNV (RNN), LRQg ShRUW-

TeUP MePRU\ QeWZRUNV (LSTM), BROW]PaQQ MachiQeV, eWc. 

ThiV VecWiRQ bUiefO\ iQWURdXceV Whe fROORZiQg cRPPRQ NN aUchiWecWXUeV：FCN、CNN、RNN、

LSTM. 

FXOO\ CRQQecWed NeXUaO NeWZRUNV (FCN): aUe Whe PRVW cRPPRQ QeWZRUN VWUXcWXUe fRU deeS 

OeaUQiQg. IW haV WhUee baVic W\SeV Rf Oa\eUV: iQSXW Oa\eU, hiddeQ Oa\eU, aQd RXWSXW Oa\eU. Each QeXURQ iQ 
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Whe cXUUeQW Oa\eU iV cRQQecWed WR each QeXURQ iQ Whe SUeYiRXV Oa\eU. DXUiQg each cRQQecWiRQ, Whe VigQaO 

fURP Whe SUeYiRXV Oa\eU iV PXOWiSOied b\ a ZeighW, aQd a biaV iV added, WheQ SaVV b\ aQ acWiYaWiRQ 

fXQcWiRQ (FigXUe 1.4, FigXUe 1.5), VXch aV VigPRid, WaQh, ReOX, eWc. CRPSOe[ PaSSiQg fURP iQSXW 

VSace WR RXWSXW VSace iV achieYed b\ PXOWiSOe cRPSRViWiRQV Rf ViPSOe QRQOiQeaU fXQcWiRQV. 

 

 

 

       
(a)                                        (b) 

Fig�re ͳǤͶ  ȋaȌ A �imple ʹǦla�er F�ll� Connec�ed Ne�ral Ne��orkǢ ȋbȌ Ne�ron� proce�� �he 

inp�� da�aǤ ȏȐ 

 

 

 

 

Fig�re ͳǤͷ  Ac�i�a�ion f�nc�ion� graph 
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CRQYROXWiRQaO NeXUaO NeWZRUNV (CNN): IPageV haYe YeU\ high diPeQViRQaOiW\, VR WUaiQiQg a 

VWaQdaUd feedfRUZaUd QeWZRUN WR UecRgQi]e iPageV ZRXOd UeTXiUe a hXge aPRXQW Rf QeXURQV. IW iV QRW 

RQO\ YeU\ cRPSXWaWiRQaOO\ iQWeQViYe, bXW caQ aOVR Oead WR PaQ\ SURbOePV aVVRciaWed ZiWh diPeQViRQaO 

diVaVWeUV iQ QeXUaO QeWZRUNV. CRQYROXWiRQaO QeXUaO QeWZRUNV SURYide a VROXWiRQ WhaW XVeV cRQYROXWiRQ 

aQd SRROiQg Oa\eUV WR UedXce Whe diPeQViRQaOiW\ Rf aQ iPage. SiQce Whe cRQYROXWiRQaO Oa\eU iV WUaiQabOe 

bXW haV VigQificaQWO\ feZeU SaUaPeWeUV WhaQ a VWaQdaUd hiddeQ Oa\eU, iW iV abOe WR highOighW Whe iPSRUWaQW 

SaUWV Rf Whe iPage aQd SURSagaWe each iPSRUWaQW SaUW fRUZaUd. 

 

 
Fig�re ͳǤ  Con�ol��ional Ne�ral Ne��ork� ȋCNNȌǤ ȏͺȐ 

 
 
 

RecXUUeQW NeXUaO NeWZRUNV (RNN): aUe a VSeciaO W\Se Rf QeWZRUN WhaW cRQWaiQV ORRSV aQd VeOf-

UeSeWiWiRQV. B\ aOORZiQg iQfRUPaWiRQ WR be VWRUed iQ Whe QeWZRUN, RNNV XVeV iQfeUeQceV fURP SUeYiRXV 

WUaiQiQg WR PaNe beWWeU iQfeUeQceV abRXW XScRPiQg eYeQWV. DXe WR WheiU QaWXUe, RNNV aUe cRPPRQO\ 

XVed fRU e[RgeQRXV VeTXeQWiaO WaVNV VXch aV geQeUaWiQg We[W ZRUd b\ ZRUd RU SUedicWiQg WiPe VeUieV 

daWa.  
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F�gire ͳǤ  Rec�rren� Ne�ral Ne��ork� ȋRNNȌǤ ȏͻȐ 

 
 
 

LRQg VhRUW-WeUP PePRU\ (LSTM): iV VSecificaOO\ deVigQed WR VROYe Whe SURbOeP Rf gUadieQW 

YaQiVhiQg aQd e[SORViRQ WhaW RccXUV ZheQ RNNV OeaUQ ORQg cRQWe[WXaO iQfRUPaWiRQ, ZiWh PePRU\ 

bORcNV iQcRUSRUaWed iQ Whe VWUXcWXUe. Each bORcN cRQWaiQV VeYeUaO c\cOicaOO\ cRQQecWed PePRU\ ceOOV 

aQd WhUee gaWeV (iQSXW, RXWSXW aQd fRUgeW). The iQSXW Rf iQfRUPaWiRQ caQ RQO\ iQWeUacW ZiWh QeXURQV 

WhURXgh each gaWe, VR WheVe gaWeV OeaUQ WR RSeQ aQd cORVe iQWeOOigeQWO\ WR SUeYeQW gUadieQWV fURP 

e[SORdiQg RU YaQiVhiQg. 

 

 

 

 
Fig�re ͳǤͺ  Long �hor�Ǧ�erm memor� ȋLSTMȌǤ ȏͳͲȐ 
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ChaSWeU 2  
 
ImSUoYing geneUali]aWion of neXUal neWZoUk  
ZiWh daWa aXgmenWaWion 
 

WheQeYeU Ze WUaiQ RXU QeXUaO QeWZRUNV, Ze Qeed WR NeeS aQ e\e RQ Whe geQeUaOi]aWiRQ Rf Whe QeXUaO 

QeWZRUN. EVVeQWiaOO\, WhiV UefeUV WR hRZ ZeOO Whe PRdeO OeaUQV fURP Whe giYeQ daWa aQd aSSOieV ZhaW iW 

OeaUQV eOVeZheUe. A QeXUaO QeWZRUN ZiWh gRRd geQeUaOi]aWiRQ ZiOO be abOe WR SURdXce Whe cRUUecW iQSXW-

RXWSXW PaSSiQg eYeQ ZheQ Whe iQSXW daWa iV VOighWO\ diffeUeQW fURP Whe WUaiQiQg VaPSOeV. 
 

 

2.1  PUoblemV ZiWh Vmall daWa VeWV 

WheQ WUaiQiQg a QeXUaO QeWZRUN, iW iV eaV\ WR caXVe RYeUfiWWiQg if Whe daWa VeW iV UeOaWiYeO\ VPaOO. 

ThaW iV, Whe high-diPeQViRQaO iQSXW VSace cRUUeVSRQdiQg WR Whe VPaOO VaPSOe Vi]e iV VSaUVe, aQd iW iV 

difficXOW fRU Whe QeXUaO QeWZRUN WR OeaUQ Whe PaSSiQg UeOaWiRQVhiSV fURP iW.  

SPaOO daWa VeWV SRVe a SURbOeP ZheQ WUaiQiQg OaUge QeXUaO QeWZRUNV. 

The fiUVW SURbOeP iV WhaW Whe QeWZRUN caQ effecWiYeO\ PePRUi]e Whe WUaiQiQg daWaVeW. The PRdeO caQ 

OeaUQ VSecific iQSXW e[aPSOeV aQd WheiU aVVRciaWed RXWSXWV UaWheU WhaQ OeaUQiQg a geQeUaO PaSSiQg 

fURP iQSXWV WR RXWSXWV. ThiV ZiOO UeVXOW iQ a PRdeO WhaW SeUfRUPV ZeOO RQ Whe WUaiQiQg daWaVeW aQd SRRUO\ 

RQ QeZ daWa, i.e., SRRU geQeUaOi]aWiRQ. 

The VecRQd SURbOeP iV WhaW VPaOO daWa VeWV SURYide OeVV RSSRUWXQiW\ WR deVcUibe Whe VWUXcWXUe Rf Whe 

iQSXW VSace aQd iWV UeOaWiRQVhiS WR Whe RXWSXW. MRUe WUaiQiQg daWa SURYideV a UicheU deVcUiSWiRQ Rf Whe 

SURbOePV WhaW Whe PRdeO caQ OeaUQ. LeVV daWa PeaQV RVciOOaWRU\ aQd diVcUeWe iQSXW VSaceV UaWheU WhaQ 

VPRRWh iQSXW VSaceV, Zhich Pa\ PaNe iW PRUe difficXOW fRU Whe PRdeO WR OeaUQ feaWXUe PaSSiQgV. 
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2.2  InWUodXcWion of daWa aXgmenWaWion 

OQe PeWhRd WR VPRRWh Whe iQSXW VSace iV daWa aXgPeQWaWiRQ, Zhich faciOiWaWeV QeXUaO QeWZRUN 

OeaUQiQg. DaWa AXgPeQWaWiRQ iV a WechQiTXe WhaW aUWificiaOO\ e[WeQdV Whe WUaiQiQg daWa VeW b\ aOORZiQg 

OiPiWed daWa WR SURdXce PRUe eTXiYaOeQW daWa. IW iV aQ effecWiYe PeaQV WR RYeUcRPe Whe VhRUWage Rf 

WUaiQiQg daWa. CRPPRQ daWa aXgPeQWaWiRQ PeWhRdV baVed RQ iPage SURceVViQg WechQiTXeV iQcOXde 

fOiSSiQg, cURSSiQg, URWaWiRQ, WUaQVOaWiRQ, QRiVe iQMecWiRQ, eWc. 

IQ WhiV WheViV, I XVe Whe PeWhRd Rf QRiVe iQMecWiRQ. B\ addiQg QRiVe dXUiQg WUaiQiQg, Whe abiOiW\ Rf 

Whe PRdeO WR OeaUQ PaSSiQg UXOeV fURP Whe iQSXW VSace caQ be iPSURYed, aQd Whe geQeUaOi]aWiRQ abiOiW\ 

aQd eUURU WROeUaQce Rf Whe PRdeO caQ be iPSURYed.  

ThiV PeWhRd aOVR haV Whe VaPe effecW aV UegXOaUi]aWiRQ, Zhich iQ WXUQ iPSURYeV Whe URbXVWQeVV Rf 

Whe PRdeO. AV ZiWh Whe ZeighW UegXOaUi]aWiRQ PeWhRd, iW haV beeQ VhRZQ WhaW addiQg QRiVe haV a ViPiOaU 

effecW RQ Whe ORVV fXQcWiRQ aV Whe SeQaOW\ WeUP.  
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ChaSWeU 3 
 
E[SeUimenWal UeVXlWV 
 

 

3.1  MeWhodolog\ 

IQ RUdeU WR giYe Whe QeXUaO QeWZRUN gRRd e[SUeVViYeQeVV ZhiOe WaNiQg OeVV UeVRXUceV, I XVed 2 Oa\eUV 

LSTM ZiWh 8 ceOOV SeU hiddeQ Oa\eU. The gRaO Rf Whe WheViV iV WR XQdeUVWaQd hRZ diffeUeQW W\SeV Rf 

QRiVe affecW Whe 2Oa\eUV-LSTM QeXUaO QeWZRUN aQd WR WU\ WR iPSURYe Whe geQeUaOi]aWiRQ abiOiW\ Rf Whe 

QeXUaO QeWZRUN b\ addiQg QRiVe. 

FRU each QRiVe SaUaPeWeU, Whe QeXUaO QeWZRUN iV WUaiQed 30 WiPeV ZiWh Whe VaPe daWa VeW. BecaXVe 

Whe iQiWiaO ZeighWV aUe UaQdRPi]ed fRU each WUaiQiQg, Whe UeVXOWV Rf Whe WUaiQiQg ZiOO be diffeUeQW. I SicN 

Whe beVW aPRQg WheVe 30 iQdeSeQdeQW WUaiQiQgV fRU cRPSaUiVRQ. The beVW WUaiQiQg PeaQV bRWh gRRd 

SUedicWiRQ accXUac\ aQd gRRd geQeUaOi]aWiRQ abiOiW\. IW caQ be UeSUeVeQWed b\ VXP Rf WeVW MeaQ STXaUe 

EUURU (MSE) aQd VWaQdaUd deYiaWiRQ Rf fRXU WeVW VeWV, UeVSecWiYeO\. TR VeOecW Whe beVW, Whe fiUVW cUiWeUiRQ 

iV WhaW Whe VXP Rf fRXU WeVW MSEV iV ORZ, Whe VecRQd cUiWeUiRQ iV Whe VWaQdaUd deYiaWiRQ Rf WheP iV ORZ. 

The MeaQ STXaUe EUURU iV defiQed aV: 

𝑀𝑆𝐸 ൌ 
ሺ𝑦 െ 𝑦ොሻଶ

𝑁

ே

ୀଵ

 

ZheUe \ iV Whe OabeO, 𝑦ො iV Whe RXWSXW, N iV Whe QXPbeU Rf VaPSOeV. The XQiW\ Rf PeaVXUePeQW Rf 

MSE iV 𝑚ଶ. 

IQ P\ WheViV ZRUN, I chRVe WZR W\SeV Rf QRiVe WR add WR Whe WUaiQiQg VeW: ZhiWe GaXVViaQ QRiVe aQd 

SiQN QRiVe. ThiV iV becaXVe ZhiWe GaXVViaQ QRiVe iV cRPPRQO\ fRXQd iQ Whe eQYiURQPeQW, ZhiOe SiQN 

QRiVe ViPXOaWeV Whe dUifW Rf a caSaciWiYe VeQVRU. IQ addiWiRQ, ViQce QRiVe iV XVXaOO\ a Pi[WXUe Rf WheVe 

WZR W\SeV Rf QRiVe iQ daiO\ Oife, WhiV WheViV aOVR cRQVideUV cRPbiQiQg WheVe WZR W\SeV Rf QRiVe WRgeWheU 

iQ diffeUeQW Za\V WR fRUP Pi[ed QRiVe. 
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I caUUied RXW Whe fROORZiQg VWeSV: 

SWeS 1: PUe-SURceVViQg Rf daWa. TR OeYeO RccaViRQaO gaSV aQd MiWWeU iQ Whe e[SeUiPeQWaO daWa, Whe 

caSaciWiYe VeQVRU daWa ZeUe UeVaPSOed aW 5 H]. TR iPSURYe Whe OeaUQiQg abiOiW\ Rf Whe QeXUaO QeWZRUN, 

I UeVcaOed Whe daWa iQ Whe iQWeUYaO [0, 1] fRU each VeQVRU VeSaUaWeO\. SeW Whe iQSXW ZiQdRZ Vi]e WR 5V, 

becaXVe iQ [1] iW haV beeQ SURYed WR be Whe RSWiPaO cRQfigXUaWiRQ.  

SWeS 2: BXiOd Whe QeXUaO QeWZRUN. FigXUe 3.1 VhRZV a W\SicaO LSTM VWUXcWXUe. AV aOUead\ PeQWiRQed, 

Whe QeXUaO QeWZRUN I XVe iV a 2-Oa\eU LSTM ZiWh 8 ceOOV SeU hiddeQ Oa\eU. Each Oa\eU iV fROORZed b\ a 

50% dURSRXW (WR aYRid RYeU-fiWWiQg). TheQ Whe RXWSXW Oa\eU. The RSWiPi]eU I XVed iV AdaMa[. SecWiRQ 

3.2 haV aQ iQWURdXcWiRQ WR RSWiPi]eU AdaMa[. IQ Whe KeUaV API fXQcWiRQ fiW(), WheUe aUe WZR baWch 

geQeUaWRU fXQcWiRQV, RQe iV WUaiQiQg baWch geQeUaWRU, aQRWheU iV YaOidaWiRQ baWch geQeUaWRU. IQ daWa 

aXgPeQWaWiRQ SaUW, WheUe aUe Vi[ WUaiQiQg VeWV, Whe fiUVW RQe iV Whe RUigiQaO WUaiQiQg VeW, RWheUV aUe aSSOied 

QRiVe ZiWh Whe VaPe SaUaPeWeUV WR Whe RUigiQaO VaPSOeV. EYeU\ baWch geQeUaWRU SaVVeV WR Whe NN ZiWh 

RQe daWa VeW iQ each baWch fRU a WRWaO Rf 6 baWcheV SeU eSRch, XViQg Whe VhXffOe RUdeU Rf Whe daWa VeWV. 

SiQce iQ RXU caVe, Ze SURceVV a "PRYie" Rf Whe SeUVRQ PRYePeQW, Whe RUdeU Rf Whe VaPSOeV iV YeU\ 

iPSRUWaQW (eQcRde Whe d\QaPic PRYePeQW Rf Whe SeUVRQ), VR Ze VhRXOd QeYeU VhXffOe Whe VaPSOeV, Ze 

caQ RQO\ VhXffOe Whe RUdeU Rf Whe daWa VeWV. 

 

 
Fig�re ͵Ǥͳ Ne��ork ��r�c��re and da�a acce�� for �he LongǦShor� Term Memor� ȋLSTMȌ 
ne��orkǡ in �hich �he LSTM cell� in �he inp�� la�er proce�� �he da�a ��ple� from �he inp�� 
�indo�Ǥ Each �indo� i� labelled for �raining �i�h �he per�on coordina�e� corre�ponding �o 
�he middle ��ple in �he �indo� ȋno� �ho�n for readabili��ȌǤ ȏͳȐ 
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SWeS 3: APRQg 4 daWa VeWV fURP diffeUeQW e[SeUiPeQWV, Whe WUaiQiQg VeW ZiWh Whe beVW WUaiQiQg UeVXOW 

(gRRd SUedicWiRQ accXUac\ aQd gRRd geQeUaOi]aWiRQ abiOiW\) iV ideQWified. IQ WhiV SURceVV, I WUaiQed, 

YaOidaWed aQd WeVWed each Rf WheVe 4 daWaVeWV aQd aOVR cRQVideUed aOO SeUPXWaWiRQV Rf Whe WUaiQiQg-

YaOidaWiRQ-WeVW VeTXeQce. IQ Whe eQd, I VeOecWed Whe fiUVW 20% VaPSOeV Rf VeW A aV Whe YaOidaWiRQ VeW, Whe 

OaVW 60% aV Whe WUaiQiQg VeW, aQd Whe UeVW aV Whe WeVWiQg VeW.  

SWeS 4: ObWaiQ a cRPSaUiVRQ baVeOiQe b\ WaNiQg Whe beVW WUaiQiQg UeVXOW Rf aW OeaVW 30 WUaiQiQgV. AOO 

VXbVeTXeQW daWa aXgPeQWaWiRQ e[SeUiPeQWV ZiOO be cRPSaUed WR iW WR deWeUPiQe if aQd hRZ PXch 

iPSURYePeQW WheUe iV. I ZiOO WaON PRUe abRXW WhiV iQ SecWiRQ 3.3.  

SWeS 5: Add YaUiRXV W\SeV Rf QRiVe（ZhiWe, SiQN, Pi[）, RQe aW a WiPe, RQ Whe VaPSOeV Rf Whe WUaiQiQg 

VeTXeQce Rf VeW A aQd checN Whe effecW RQ Whe YaOidaWiRQ aQd WeVWiQg UeVXOWV XQdeU Whe VaPe cRQdiWiRQV 

aV baVeOiQe. MRUe deWaiOV iQ SecWiRQ 3.4. 

The fORZ diagUaP Rf SURceVViQg VWeSV iV VhRZQ iQ FigXUe 3.2. 
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Fig�re ͵Ǥʹ  Flo� diagram of proce��ing ��ep�Ǥ 
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3.2  OSWimi]eU AdaMa[ 

BefRUe iQWURdXciQg AdaMa[, I bUiefO\ iQWURdXce WZR RWheU aOgRUiWhPV: MRPeQWXP aQd RMSSURS. 

MRPeQWXP iV aQ RSWiPi]aWiRQ Rf Whe SWRchaVWic GUadieQW DeVceQW (SGD) aOgRUiWhP. IW iQWURdXceV 

PRPeQWXP RQ Whe baViV Rf SGD. FURP a Sh\VicaO SRiQW Rf YieZ, Whe iQWURdXcWiRQ Rf PRPeQWXP caQ 

add WZR PaiQ adYaQWageV RYeU Whe SGD. FiUVW, ZheQ eQcRXQWeUiQg a ORcaO RSWiPXP, iW iV SRVVibOe WR 

SXQch RXW Whe ORcaO RSWiPXP XQdeU Whe acWiRQ Rf PRPeQWXP. SecRQd, Whe SGD aOgRUiWhP iV 

cRPSOeWeO\ deWeUPiQed b\ Whe gUadieQW, Zhich Pa\ Oead WR VeUiRXV VhRcNV iQ Whe SURceVV Rf fiQdiQg 

Whe RSWiPaO VROXWiRQ aQd VORZ dRZQ Whe VSeed, hRZeYeU iQ Whe caVe Rf PRPeQWXP, Whe diUecWiRQ Rf 

PRWiRQ iV deWeUPiQed b\ bRWh PRPeQWXP aQd gUadieQW, Zhich caQ PaNe Whe RVciOOaWiRQ ZeaNeQ aQd 

PRYe faVWeU WR Whe RSWiPaO VROXWiRQ (FigXUe 3.3). 

 

 

(a)                                          (b) 

Fig�re ͵Ǥ͵  ȋaȌ SGD �i�ho�� Momen��mǢ ȋbȌ SGD �i�h Momen��mǤ ȏͳͳȐ 

 

HeUe iV Whe iPSOePeQWaWiRQ deWaiOV Rf MRPeQWXP. 

OQ iWeUaWiRQ W: 

 CRPSXWe dW, db RQ Whe cXUUeQW PiQi-baWch 

 𝑣ௗௐ ൌ 𝛽ଵ𝑣ௗௐ  ሺ1 െ 𝛽ଵሻ𝑑𝑊 

 𝑣ௗ ൌ 𝛽ଵ𝑣ௗ  ሺ1 െ 𝛽ଵሻ𝑑𝑏 

 𝑊 ൌ 𝑊 െ 𝛼𝑣ௗௐ 

 𝑏 ൌ 𝑏 െ 𝛼𝑣ௗ 

ZheUe W iV ZeighW, dW iV gUadieQW Rf ZeighW, b iV biaV, db iV gUadieQW Rf biaV, 𝛼 iV a 

h\SeUSaUaPeWeU (OeaUQiQg UaWe), 𝛽ଵ iV a h\SeUSaUaPeWeU (UeSUeVeQWV Whe effecW Rf SaVW gUadieQWV RQ 

Whe cXUUeQW gUadieQW). 
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RMSSURS, Whe fXOO QaPe iV URRW PeaQ VTXaUe SURS. IW caQ aOVR eOiPiQaWe RVciOOaWiRQV iQ gUadieQW 

deVceQW, aQd aOORZV Whe XVe Rf a OaUgeU OeaUQiQg UaWe, WhXV VSeediQg XS aOgRUiWhP OeaUQiQg. 

HeUe iV Whe iPSOePeQWaWiRQ deWaiOV Rf RMSSURS. 

OQ iWeUaWiRQ W: 

 CRPSXWe dW, db RQ Whe cXUUeQW PiQi-baWch 

 𝑆ௗௐ ൌ 𝛽ଶ𝑆ௗௐ  ሺ1 െ 𝛽ଶሻ𝑑𝑊ଶ 

 𝑆ௗ ൌ 𝛽ଶ𝑆ௗ  ሺ1 െ 𝛽ଶሻ𝑑𝑏ଶ 

 𝑊 ൌ 𝑊 െ 𝛼 ௗௐ
ඥௌೈାఌ

 

 𝑏 ൌ 𝑏 െ 𝛼 ௗ
ඥௌ್ାఌ

 

ZheUe W iV ZeighW, dW iV gUadieQW Rf ZeighW, b iV biaV, db iV gUadieQW Rf biaV, 𝛼 iV a 

h\SeUSaUaPeWeU (OeaUQiQg UaWe), 𝛽ଶ iV a h\SeUSaUaPeWeU (UeSUeVeQWV Whe effecW Rf SaVW gUadieQWV RQ 

Whe cXUUeQW gUadieQW), 𝜀 iV a VPaOO QXPbeU WR aYRid a deQRPiQaWRU Rf 0. 

The AdaP RSWiPi]aWiRQ aOgRUiWhP iV baVicaOO\ a cRPbiQaWiRQ Rf MRPeQWXP aQd RMSSURS. IW iV a 

cRPPRQ OeaUQiQg aOgRUiWhP WhaW haV beeQ VhRZQ WR be effecWiYe fRU diffeUeQW QeXUaO QeWZRUNV. 

AdaMa[ iV a YaUiaQW Rf AdaP baVed RQ iQfiQiW\ QRUP. SRPeWiPe AdaMa[ iV beWWeU WhaQ AdaP, 

eVSeciaOO\ iQ PRdeOV ZiWh ePbeddiQg. IQ P\ caVe, I XVed AdaMa[. TheVe WZR aOgRUiWhPV ZeUe fiUVW 

SURSRVed b\ DiedeUiN P. KiQgPa aQd JiPP\ Lei Ba iQ [12]. The aOgRUiWhPV aUe VhRZQ iQ WheiU SaSeU 

(FigXUe 3.4, FigXUe 3.5). 
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Fig�re ͵ǤͶ  Algori�hm of AdamǤ ȏͳʹȐ 

 
 

 

Fig�re ͵Ǥͷ Algori�hm of AdaMa�Ǥ ȏͳʹȐ 
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3.3  EVWabliVh baVeline 

IQ RUdeU WR deWeUPiQe ZheWheU a WUaiQiQg UeVXOW haV iPSURYed aQd b\ hRZ PXch, Ze Qeed WR cUeaWe 

a baVeOiQe fRU cRPSaUiVRQ. The OaVW 60% Rf Whe VaPSOeV Rf VeW A aUe XVed aV Whe WUaiQiQg VeW, Whe fiUVW 

20% VaPSOeV aV Whe YaOidaWiRQ VeW, aQd Whe UeVW aV Whe WeVWiQg VeW. ReSeaW Whe WUaiQiQg 30 WiPeV. TaNiQg 

Whe beVW aPRQg 30 WUaiQiQgV. The beVW UeVXOW iV VhRZQ iQ TabOe 3.1. The MSE YaOXeV VhRZ WhaW Whe WeVW 

VeW B, C aQd D cRQWUibXWeV a ORW WR Whe VXP Rf MSE, eVSeciaOO\ B aQd C, ZhiOe Whe cRQWUibXWiRQ Rf A 

iV YeU\ VPaOO. IW caQ aOVR be VeeQ fURP FigXUe 3.6 WhaW Whe SUedicWiRQ accXUac\ Rf A iV UeOaWiYeO\ high, 

Whe SUedicWiRQ cXUYe fROORZV UefeUeQce cXUYe ZeOO, ZhiOe B, C aQd D aUe QRW. EVSeciaOO\ WeVW VeW B aQd 

D, VRPeWiPeV Whe\ gR iQ Whe RSSRViWe diUecWiRQ Rf Whe gURXQd WUXWh. 

 

 

Table ͵Ǥͳ Ba�eline re��l� 

  
Test MSE A 

[𝑚ଶ] 
Test MSE B 

[𝑚ଶ] 
Test MSE C 

[𝑚ଶ] 
Test MSE D 

[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

Baseline 0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 
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Fig�re ͵Ǥ  Gro�nd �r��h �� predic�ion for ba�eline 
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3.4  DaWa aXgmenWaWion 

WheQ WUaiQiQg a QeXUaO QeWZRUN, iW iV eaV\ WR caXVe RYeUfiWWiQg if Whe daWa VeW iV UeOaWiYeO\ VPaOO. The 

NN caQ effecWiYeO\ PePRUi]e Whe WUaiQiQg daWaVeW. IW caQ OeaUQ VSecific iQSXW e[aPSOeV aQd WheiU 

aVVRciaWed RXWSXWV UaWheU WhaQ OeaUQiQg a geQeUaO PaSSiQg fURP iQSXWV WR RXWSXWV. ThiV ZiOO UeVXOW iQ a 

PRdeO WhaW SeUfRUPV ZeOO RQ Whe WUaiQiQg daWaVeW aQd SRRUO\ RQ QeZ daWa, i.e., SRRU geQeUaOi]aWiRQ. TR 

VROYe WhiV SURbOeP, I XVed daWa aXgPeQWaWiRQ WechQiTXe. 

DaWa aXgPeQWaWiRQ iV a WechQiTXe WhaW aUWificiaOO\ e[WeQdV Whe WUaiQiQg daWa VeW b\ aOORZiQg OiPiWed 

daWa WR SURdXce PRUe eTXiYaOeQW daWa. IW iV aQ effecWiYe PeaQV WR RYeUcRPe Whe VhRUWage Rf WUaiQiQg 

daWa. NRiVe iQMecWiRQ iV a PeWhRd Rf daWa aXgPeQWaWiRQ. 

I added Whe QRiVe WR Whe RUigiQaO WUaiQiQg VeW Yia MATLAB. BefRUe addiQg Whe QRiVe, I UeVcaOe Whe 

daWa, aQd afWeU addiQg Whe QRiVe, I UeVcaOe agaiQ VR WhaW Whe QRiV\ daWa iV beWZeeQ 0 aQd 1, WR iPSURYe 

Whe OeaUQiQg abiOiW\ Rf Whe QeXUaO QeWZRUN. BXW fiUVW Rf aOO, I VhRXOd decide hRZ PaQ\ QXPbeU Rf 

WUaiQiQg VeWV VhRXOd be cUeaWed. TaNiQg ZhiWe GaXVViaQ QRiVe ZiWh YaUiaQce YaOXe 5.00E-06 (IW iV 

SURYed WR be Whe beVW YaUiaQce YaOXe Rf ZhiWe GaXVViaQ QRiVe iQ SecWiRQ 3.4.1) aV aQ e[aPSOe, I did aQ 

e[SeUiPeQW WR cRPSaUe Whe WUaiQiQg UeVXOWV Rf diffeUeQW QXPbeUV Rf WUaiQiQg VeWV. TabOe 3.2 VhRZV Whe 

UeVXOWV. SiQce Whe fiUVW cUiWeUiRQ iV Whe VXP Rf fRXU WeVW MSEV, Whe VecRQd cUiWeUiRQ iV Whe VWaQdaUd 

deYiaWiRQ Rf WheP, iQ Whe eQd, I decided WR cUeaWe 6 WUaiQiQg VeWV (5 QRiV\ VeWV + 1 RUigiQaO VeW), each 

WUaiQiQg VeW becRPeV RQe baWch fRU baWch WUaiQiQg. IQ WhiV Za\, Whe WUaiQiQg daWa becRPeV 6 WiPeV PRUe 

WhaQ befRUe. 

 
Table ͵Ǥʹ  Compari�on of differen� n�mber of �raining �e�� 

Number of 
training sets 

Test MSE A 
[𝑚ଶ] 

Test MSE B 
[𝑚ଶ] 

Test MSE C 
[𝑚ଶ] 

Test MSE D 
[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

1(Baseline) 0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 

6 0.0509 0.2917 0.2412 0.1362 0.1077 0.7200 

10 0.0566 0.2924 0.2392 0.1507 0.1035 0.7389 

15 0.0534 0.2902 0.2701 0.1394 0.1121 0.7531 

20 0.0535 0.3103 0.2370 0.1342 0.1129 0.7350 
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3.4.1  DaWa aXgmenWaWion ZiWh ZhiWe GaXVVian noiVe 

WhiWe GaXVViaQ QRiVe (WGN) iV a baVic QRiVe PRdeO XVed iQ iQfRUPaWiRQ WheRU\ WR PiPic Whe effecW 

Rf PaQ\ UaQdRP SURceVVeV WhaW RccXU iQ QaWXUe. WhiWe UefeUV WR Whe idea WhaW iW haV XQifRUP SRZeU 

acURVV Whe fUeTXeQc\ baQd fRU Whe iQfRUPaWiRQ V\VWeP. IW iV aQ aQaORg\ WR Whe cRORU ZhiWe Zhich haV 

XQifRUP ePiVViRQV aW aOO fUeTXeQcieV iQ Whe YiVibOe VSecWUXP. GaXVViaQ becaXVe iW haV a QRUPaO 

diVWUibXWiRQ iQ Whe WiPe dRPaiQ ZiWh aQ aYeUage WiPe dRPaiQ YaOXe Rf ]eUR [13]. 

FRU ZhiWe QRiVe, PeaQ YaOXe iV 0 aQd PeaQ SRZeU eTXaOV YaUiaQce. The higheU Whe YaUiaQce, Whe 

higheU Whe SRZeU Rf Whe QRiVe, i.e. Whe VWURQgeU Whe QRiVe. SR Whe SaUaPeWeU WR be decided iV Whe YaUiaQce. 

VaUiaQce eTXaO WR 0 PeaQV QR QRiVe iV added. SWaUWiQg fURP a YaUiaQce YaOXe (1.00E-07) ORZeU WhaQ 

Whe VPaOOeVW VigQaO, aURXQd 10 SSP RU beORZ aQd WheQ gUadXaOO\ iQcUeaVe. AV ZiWh baVeOiQe, Whe WUaiQiQg 

ZaV UeSeaWed 30 WiPeV fRU each YaUiaQce YaOXe, aQd WheQ Whe beVW WUaiQiQg ZaV VeOecWed.  

AW Whe begiQQiQg, WR e[SORUe Whe WUeQd Rf WUaiQiQg UeVXOWV ZiWh YaUiaQce YaOXeV, I chRVe Whe fROORZiQg 

YaUiaQce: 1.00E-07, 5.00E-07, 1.00E-06, 5.00E-06, 1.00E-05, 5.00E-05. B\ cRPSaUiQg Whe UeVXOWV 

(TabOe 3.3) I fRXQd WhaW 5.00E-06 ZaV Whe beVW. SR Qe[W I cRQWiQXed WR e[SORUe aURXQd 5.00E-06. The 

YaUiaQce YaOXe I chRVe ZaV: 2.5E-06, 4.00E-06, 6.00E-06, 7.50E-06. FiQaOO\ I fRXQd WhaW 5.00E-06 

ZaV VWiOO Whe beVW aQd 7.50E-06 ZaV aOVR gRRd. The\ aUe Whe beVW WZR YaUiaQce YaOXeV. 

TR PaNe Whe daWa PRUe iQWXiWiYe, I SUeVeQW Whe daWa iQ Whe fRUP Rf SORWV (FigXUe 3.7). IW caQ be VeeQ 

fURP Whe SORWV, ZheQ Whe YaUiaQce iV WRR VPaOO, Whe iPSURYePeQW Rf Whe QeXUaO QeWZRUN iV TXiWe OiPiWed. 

WheQ Whe YaUiaQce UeacheV 5.00E-05, Whe WUaiQiQg UeVXOWV aUe ZRUVe iQVWead, bRWh VWaQdaUd deYiaWiRQ 

aQd VXP Rf WeVW MSEV iQcUeaVe. 

FURP Whe WabOe aQd SORWV, Ze caQ NQRZ WhaW aOO YaUiaQce YaOXeV e[ceSW 1.00E-06 aQd 5.00E-05 caQ 

PaNe Whe VXP Rf MSE decUeaVe. HRZeYeU, fRU VWaQdaUd deYiaWiRQ, RQO\ 1.00E-07, 4.00E-06, 5.00E-

06 aQd 7.50E-06 decUeaVe, ZhiOe Whe RWheUV iQcUeaVe iQVWead, Zhich iQdicaWeV WhaW Whe geQeUaOi]aWiRQ 

abiOiW\ dReV QRW iPSURYe. WheQ Whe YaUiaQce iV eTXaO WR 5.00E-06, bRWh VXP Rf MSE aQd VWaQdaUd 

deYiaWiRQ aUe Whe ORZeVW, Zhich iQdicaWeV WhaW bRWh SUedicWiRQ accXUac\ aQd geQeUaOi]aWiRQ abiOiW\ haYe 

iPSURYed. IQdeed, aV caQ be VeeQ fURP Whe WabOe, ZheQ Whe YaUiaQce iV 5.00E-06, Whe MSE Rf aOO fRXU 

WeVW VeWV decUeaVeV, eVSeciaOO\ VeW D decUeaVed a ORW. 

FigXUe 3.8 VhRZV Whe gURXQd WUXWh aQd SUedicWiRQ fRU Whe beVW ZhiWe GaXVViaQ QRiVe fRXQd. FRU Whe 

X a[iV Rf WeVW VeW B, WheUe iV a VigQificaQW iPSURYePeQW iQ Whe iQWeUYaO fURP abRXW Whe 4000Wh VaPSOe 
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WR Whe 6000Wh VaPSOe. AQRWheU VigQificaQW iPSURYePeQW aSSeaUV iQ Whe Y a[iV Rf WeVW VeW D, VWaUWiQg 

fURP abRXW Whe 6000Wh VaPSOe WR Whe eQd. IQdeed, iW caQ be VeeQ fURP TabOe 3.3, B aQd D VhRZ PRUe 

iPSURYePeQW WhaQ A aQd C. 

 

 

 
Table ͵Ǥ͵  Whi�e Ga���ian noi�e re��l� 

Variance 
Test MSE A 

[𝑚ଶ] 
Test MSE B 

[𝑚ଶ] 
Test MSE C 

[𝑚ଶ] 
Test MSE D 

[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

0(Baseline) 0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 

1.00E-07 0.0492 0.2777 0.2755 0.1759 0.1079 0.7782 

5.00E-07 0.0513 0.2796 0.2855 0.1643 0.1110 0.7807 

1.00E-06 0.0459 0.2942 0.2864 0.1696 0.1169 0.7961 

2.50E-06 0.0474 0.3176 0.2457 0.1333 0.1195 0.7440 

4.00E-06 0.0580 0.2527 0.3040 0.1451 0.1101 0.7598 

5.00E-06 0.0509 0.2917 0.2412 0.1362 0.1077 0.7200 

6.00E-06 0.0537 0.3036 0.2877 0.1370 0.1207 0.7820 

7.50E-06 0.0531 0.2842 0.2583 0.1352 0.1081 0.7308 

1.00E-05 0.0544 0.2885 0.2663 0.1363 0.1107 0.7455 

5.00E-05 0.0454 0.3355 0.2780 0.1468 0.1306 0.8058 
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Fig�re ͵Ǥ  Dependenc� of �e�� MSE� on �ariance of �he �hi�e Ga���ian noi�e ��ed for da�a 
a�gmen�a�ion 
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Fig�re ͵Ǥͺ  Gro�nd �r��h �� predic�ion for �he be�� �hi�e Ga���ian noi�e ȋ�ariance α ͷǤͲͲEǦͲȌ 
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3.4.2  DaWa aXgmenWaWion ZiWh Sink noiVe 

PiQN QRiVe iV a VigQaO RU SURceVV ZiWh a fUeTXeQc\ VSecWUXP VXch WhaW Whe SRZeU VSecWUaO 

deQViW\ (SRZeU SeU fUeTXeQc\ iQWeUYaO) iV iQYeUVeO\ SURSRUWiRQaO WR Whe fUeTXeQc\ Rf Whe VigQaO [14]. 

PiQN QRiVe haV higheU aPSOiWXde fRU ORZeU fUeTXeQcieV, VR iW ePXOaWeV Whe dUifW fRU Whe VeQVRUV. IQ WhiV 

e[SeUiPeQW, Whe SaUaPeWeU WR be decided iV Whe aPSOiWXde Rf SiQN QRiVe. ReSeaW WUaiQiQg 30 WiPeV aQd 

SicN Whe beVW.  

SWaUWiQg fURP aQ aPSOiWXde YaOXe ORZeU WhaQ Whe VPaOOeVW VigQaO, aURXQd 10 SSP RU beORZ, WheQ 

gUadXaOO\ iQcUeaVe. AW Whe begiQQiQg, WR e[SORUe Whe WUeQd Rf WUaiQiQg UeVXOWV ZiWh aPSOiWXde YaOXeV, I 

chRVe Whe fROORZiQg aPSOiWXdeV: 1.00E-06, 5.00E-06, 1.00E-05, 5.00E-05, 1.00E-04, 5.00E-04, 0.001. 

FURP TabOe 3.4 iW caQ be VeeQ, aOWhRXgh Whe ORZeVW VXP Rf WeVW MSEV (0.7375 𝑚ଶ) ZaV fRXQd ZheQ 

aPSOiWXde = 1.00E-05, Whe WeVW MSE decUeaVed fRU RQO\ WZR WeVW VeWV (C aQd D). HRZeYeU eYeQ WhRXgh 

Whe VXP Rf MSE iV QRW Whe ORZeVW ZheQ aPSOiWXde = 5.00E-05, WheUe aUe WhUee WeVW MSEV WhaW decUeaVe. 

TheUefRUe, aPRQg aOO WheVe aPSOiWXde YaOXeV, iW caQ be cRQVideUed WhaW 5.00E-05 SeUfRUPV Whe beVW. 

Ne[W I cRQWiQXed WR e[SORUe aURXQd 5.00E-05. The aPSOiWXde YaOXe I chRVe ZaV: 2.5E-05, 7.50E-05. 

BXW Whe cRQcOXViRQ UePaiQV Whe VaPe. 

AgaiQ, I SUeVeQW Whe daWa iQ Whe fRUP Rf SORWV (FigXUe 3.9). IW caQ be VeeQ fURP Whe SORWV, WheQ Whe 

aPSOiWXde iV WRR VPaOO RU WRR big, Whe iPSURYePeQW Rf Whe QeXUaO QeWZRUN iV QRW gRRd. FRU aOO aPSOiWXde 

YaOXeV, Whe VWaQdaUd deYiaWiRQ iQcUeaVed, VXP Rf MSE decUeaVed (e[ceSW fRU 2.50E-05), bXW QRW 

VigQificaQWO\.  

FigXUe 3.10 VhRZV Whe gURXQd WUXWh aQd SUedicWiRQ fRU Whe beVW SiQN QRiVe (aPSOiWXde = 5.00E-05) 

fRXQd. CRQViVWeQW ZiWh Whe daWa iQ TabOe 3.4, RQO\ WeVW VeW D haV a VigQificaQW iPSURYePeQW, VWaUWiQg 

fURP abRXW Whe 6000Wh VaPSOe WR Whe eQd. 
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Table ͵ǤͶ  Pink noi�e re��l� 

Amplitude 
Test MSE A 

[𝑚ଶ] 
Test MSE B 

[𝑚ଶ] 
Test MSE C 

[𝑚ଶ] 
Test MSE D 

[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

0(Baseline) 0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 

1.00E-06 0.0476 0.2736 0.3108 0.1554 0.1195 0.7874 

5.00E-06 0.0450 0.3472 0.2440 0.1510 0.1291 0.7871 

1.00E-05 0.0532 0.3173 0.2300 0.1370 0.1143 0.7375 

2.50E-05 0.0467 0.2903 0.2951 0.1714 0.1176 0.8034 

5.00E-05 0.0502 0.2997 0.2635 0.1358 0.1153 0.7493 

7.50E-05 0.0444 0.2678 0.3038 0.1603 0.1169 0.7763 

1.00E-04 0.0515 0.3293 0.2283 0.1383 0.1193 0.7473 

5.00E-04 0.0464 0.2909 0.2829 0.1445 0.1176 0.7647 

0.001 0.0523 0.3048 0.2745 0.1588 0.1155 0.7904 
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Fig�re ͵Ǥͻ  Dependenc� of �e�� MSE� on ampli��de of �he pink noi�e ��ed for da�a 
a�gmen�a�ion 
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Fig�re ͵ǤͳͲ  Gro�nd �r��h �� predic�ion for �he be�� pink noi�e ȋampli��de α ͷǤͲͲEǦͲͷȌ 
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3.4.3  DaWa aXgmenWaWion ZiWh mi[ed noiVe 

IQ UeaO Oife, iW iV RfWeQ Whe caVe WhaW diffeUeQW NiQdV Rf QRiVe aSSeaU aW Whe VaPe WiPe. TR beWWeU 

ViPXOaWe WhiV ViWXaWiRQ, I Pi[ed ZhiWe QRiVe aQd SiQN QRiVe WR Vee hRZ iW ZRXOd affecW Whe UeVXOWV. IQ 

Whe SUeYiRXV e[SeUiPeQWV, I haYe fRXQd Whe beVW-SeUfRUPiQg ZhiWe aQd SiQN QRiVe, aQd I ZiOO XVe Whe 

UeVXOWV WR cRQdXcW e[SeUiPeQWV ZiWh Pi[ed QRiVe. HeUe aUe P\ VWeSV: 

- FiUVW, VeOecWiQg Whe WZR beVW-SeUfRUPiQg YaUiaQce YaOXeV (5.00E-06 aQd 7.50E-06) iQ Whe ZhiWe 

QRiVe e[SeUiPeQW, fi[iQg WheP, aQd WheQ YaU\iQg Whe aPSOiWXde Rf Whe SiQN QRiVe (aURXQd Whe 

beVW WZR aPSOiWXdeV Rf Whe SiQN QRiVe 1.00E-05 aQd 5.00E-05). Each cRPbiQaWiRQ Rf SaUaPeWeUV 

iV WUaiQed 30 WiPeV aQd SicN Whe beVW. 

- SecRQd, VeOecWiQg Whe WZR beVW-SeUfRUPiQg aPSOiWXde YaOXeV (1.00E-05 aQd 5.00E-05) iQ Whe 

SiQN QRiVe e[SeUiPeQW, fi[iQg WheP, aQd WheQ YaU\iQg Whe YaUiaQce Rf Whe ZhiWe QRiVe (aURXQd 

Whe beVW WZR YaUiaQceV Rf Whe ZhiWe QRiVe 5.00E-06 aQd 7.50E-06). Each cRPbiQaWiRQ Rf 

SaUaPeWeUV iV WUaiQed 30 WiPeV aQd SicN Whe beVW. 
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TabOe 3.5 VhRZV Whe UeVXOWV Rf Pi[iQg diffeUeQW SiQN QRiVe ZheQ Whe YaUiaQce YaOXe Rf ZhiWe QRiVe 

iV 5.00E-06. AV caQ be VeeQ fURP FigXUe 3.11, Whe YaUiaWiRQ Rf VWaQdaUd deYiaWiRQ iV QRW VWabOe, ZhiOe 

Whe VXP Rf WeVW MSEV cRQViVWeQWO\ iPSURYeV iQ Whe iQWeUYaO [0.000001, 0.0001]. The QeXUaO QeWZRUN 

SeUfRUPV beVW ZheQ Whe aPSOiWXde Rf SiQN QRiVe iV eTXaO WR 1.00E-05, VhRZiQg ORZ VWaQdaUd deYiaWiRQ 

(0.1078 𝑚ଶ) aQd ORZ VXP Rf WeVW MSEV (0.7309 𝑚ଶ). 
 
 
 

Table ͵Ǥͷ  Re��l�� �hen �he �ariance of �hi�e noi�e i� fi�ed a� ͷǤͲͲEǦͲ 

Pink Noise 
Amplitude 

Test MSE A 
[𝑚ଶ] 

Test MSE B 
[𝑚ଶ] 

Test MSE C 
[𝑚ଶ] 

Test MSE D 
[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

Baseline 0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 

1.00E-06 0.0518 0.2892 0.2853 0.1353 0.1170 0.7615 

2.50E-06 0.0489 0.2998 0.2926 0.1384 0.1226 0.7797 

5.00E-06 0.0578 0.3022 0.2521 0.1495 0.1089 0.7615 

7.50E-06 0.0574 0.3222 0.2626 0.1427 0.1189 0.7849 

1.00E-05 0.0491 0.2807 0.2586 0.1425 0.1078 0.7309 

2.50E-05 0.0511 0.3116 0.2370 0.1540 0.1119 0.7537 

5.00E-05 0.0492 0.2975 0.2599 0.1405 0.1136 0.7471 

7.50E-05 0.0539 0.2951 0.2495 0.1459 0.1080 0.7444 

0.0001 0.0478 0.2894 0.2786 0.1548 0.1143 0.7706 
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Fig�re ͵Ǥͳͳ  Dependenc� of �e�� MSE� �hen changing �he amo�n� of pink noi�e for fi�ed 
�hi�e noi�e �ariance ͷǤͲͲEǦͲ 
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TabOe 3.6 VhRZV Whe UeVXOWV Rf Pi[iQg diffeUeQW SiQN QRiVe ZheQ Whe YaUiaQce YaOXe Rf ZhiWe QRiVe 

iV 7.50E-06. SiPiOaU WR Whe caVe ZheUe Whe ZhiWe QRiVe YaUiaQce iV 5.00E-06, Whe YaUiaWiRQ Rf VWaQdaUd 

deYiaWiRQ iV QRW VWabOe, ZhiOe Whe VXP Rf WeVW MSEV cRQViVWeQWO\ iPSURYeV iQ Whe iQWeUYaO (FigXUe 3.12). 

The QeXUaO QeWZRUN SeUfRUPV ZeOO ZheQ Whe aPSOiWXde iV eTXaO WR 1.00E-05 aQd 7.50E-05. I chRRVe 

Whe UeVXOW ZiWh aQ aPSOiWXde Rf 7.50E-05 aV Whe beVW. BecaXVe cRPSaUed ZiWh 1.00E-05, ZhiOe Whe VXP 

Rf WeVW MSEV Rf 7.50E-05 iV 0.075% higheU, Whe VWaQdaUd deYiaWiRQ iV 3% ORZeU.  
 

 

 

Table ͵Ǥ  Re��l�� �hen �he �ariance of �hi�e noi�e i� fi�ed a� ǤͷͲEǦͲ 

Pink Noise 
Amplitude 

Test MSE A 
[𝑚ଶ] 

Test MSE B 
[𝑚ଶ] 

Test MSE C 
[𝑚ଶ] 

Test MSE D 
[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

Baseline 0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 

1.00E-06 0.0588 0.3258 0.2350 0.1344 0.1166 0.7540 

2.50E-06 0.0570 0.2882 0.2894 0.1437 0.1144 0.7783 

5.00E-06 0.0523 0.2919 0.2706 0.1456 0.1123 0.7605 

7.50E-06 0.0653 0.3106 0.2518 0.1481 0.1090 0.7758 

1.00E-05 0.0552 0.2831 0.2391 0.1414 0.1020 0.7188 

2.50E-05 0.0530 0.2941 0.2725 0.1433 0.1134 0.7629 

5.00E-05 0.0584 0.2960 0.2850 0.1402 0.1154 0.7796 

7.50E-05 0.0549 0.2728 0.2430 0.1488 0.0987 0.7194 

0.0001 0.0549 0.3187 0.2570 0.1519 0.1164 0.7826 

0.0005 0.0481 0.2959 0.2650 0.1418 0.1144 0.7508 
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Fig�re ͵Ǥͳʹ  Dependenc� of �e�� MSE� �hen changing �he amo�n� of pink noi�e for fi�ed 
�hi�e noi�e �ariance ǤͷͲEǦͲǤ 
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TabOe 3.7 VhRZV Whe UeVXOWV Rf Pi[iQg diffeUeQW ZhiWe QRiVe ZheQ Whe aPSOiWXde Rf SiQN QRiVe iV 

1.00E-05. FigXUe 3.13 VhRZV Whe SORWV. We caQ Vee WhaW bRWh VWaQdaUd deYiaWiRQ aQd VXP Rf WeVW MSEV 

VWaUW WR UiVe VhaUSO\ VWaUWiQg fURP a YaUiaQce Rf 7.50E-05. IW caQ be aVVXPed WhaW Whe high QRiVe iV QRW 

cRQdXciYe WR Whe WUaiQiQg Rf Whe QeXUaO QeWZRUN. The QeXUaO QeWZRUN SeUfRUPV beVW ZheQ Whe YaUiaQce 

Rf ZhiWe QRiVe iV eTXaO WR 5.00E-05, VhRZiQg ORZeVW VWaQdaUd deYiaWiRQ (0.0965 𝑚ଶ) aQd ORZeVW VXP 

Rf WeVW MSEV (0.7124 𝑚ଶ). 
 

 

 

Table ͵Ǥ  Re��l�� �hen �he ampli��de of pink noi�e i� fi�ed a� ͳǤͲͲEǦͲͷ 

White Noise 
Variance 

Test MSE A 
[𝑚ଶ] 

Test MSE B 
[𝑚ଶ] 

Test MSE C 
[𝑚ଶ] 

Test MSE D 
[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

  0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 

2.50E-07 0.0553 0.2986 0.2545 0.1483 0.1093 0.7567 

5.00E-07 0.0487 0.2789 0.2864 0.1604 0.1125 0.7744 

7.50E-07 0.0538 0.3110 0.2509 0.1422 0.1143 0.7580 

1.00E-06 0.0467 0.2867 0.2767 0.1324 0.1164 0.7426 

2.50E-06 0.0526 0.2918 0.2668 0.1440 0.1114 0.7552 

5.00E-06 0.0491 0.2807 0.2586 0.1425 0.1078 0.7309 

7.50E-06 0.0486 0.2887 0.2637 0.1466 0.1111 0.7476 

1.00E-05 0.0491 0.3055 0.2754 0.1470 0.1187 0.7769 

2.50E-05 0.0689 0.3022 0.2532 0.1466 0.1050 0.7709 

5.00E-05 0.0612 0.2692 0.2441 0.1379 0.0965 0.7124 

7.50E-05 0.0537 0.3371 0.2826 0.1377 0.1302 0.8110 

1.00E-04 0.0607 0.3051 0.2906 0.1400 0.1187 0.7965 

2.50E-04 0.0567 0.3270 0.3311 0.1316 0.1390 0.8463 
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Fig�re ͵Ǥͳ͵  Dependenc� of �e�� MSE� �hen changing �he amo�n� of �hi�e noi�e for fi�ed 
pink noi�e ampli��de ͳǤͲͲEǦͲͷǤ 
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TabOe 3.8 VhRZV Whe UeVXOWV Rf Pi[iQg diffeUeQW ZhiWe QRiVe ZheQ Whe aPSOiWXde YaOXe Rf SiQN QRiVe 

iV 5.00E-05. FURP Whe WabOe aQd SORWV (FigXUe 3.14), IW caQ be VeeQ WhaW Whe VWaQdaUd deYiaWiRQ Rf WeVW 

MSEV iV higheU WhaQ Whe baVeOiQe iQ Whe ZhROe iQWeUYaO, aQd Whe VXP Rf WeVW MSEV iV iPSURYed iQ Whe 

iQWeUYaO [2.50E-07, 1.00E-05] (e[ceSW fRU 1.00E-06), hRZeYeU Whe iPSURYePeQW iV QRW VR PXch. IQ 

WhiV caVe, Whe beVW UeVXOW iV ZheQ Whe ZhiWe QRiVe YaUiaQce iV eTXaO WR 1.00E-05. 
 
 
 

Table ͵Ǥͺ  Re��l�� �hen �he ampli��de of pink noi�e i� fi�ed a� ͷǤͲͲEǦͲͷ 

White Noise 
Variance 

Test MSE A 
[𝑚ଶ] 

Test MSE B 
[𝑚ଶ] 

Test MSE C 
[𝑚ଶ] 

Test MSE D 
[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

Baseline 0.0526 0.3098 0.2486 0.1798 0.1103 0.7908 

2.50E-07 0.0500 0.2830 0.2865 0.1663 0.1125 0.7857 

5.00E-07 0.0478 0.3027 0.2683 0.1585 0.1154 0.7773 

7.50E-07 0.0605 0.3353 0.2378 0.1412 0.1190 0.7747 

1.00E-06 0.0542 0.3131 0.2744 0.1622 0.1169 0.8038 

2.50E-06 0.0482 0.3421 0.2537 0.1350 0.1294 0.7791 

5.00E-06 0.0580 0.3022 0.2710 0.1422 0.1137 0.7734 

7.50E-06 0.0522 0.3141 0.2853 0.1394 0.1236 0.7909 

1.00E-05 0.0521 0.3120 0.2492 0.1582 0.1131 0.7716 

2.50E-05 0.0556 0.3109 0.2950 0.1299 0.1253 0.7914 

5.00E-05 0.0491 0.3064 0.2862 0.1517 0.1209 0.7934 
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Fig�re ͵ǤͳͶ  Dependenc� of �e�� MSE� �hen changing �he amo�n� of �hi�e noi�e for fi�ed 
pink noi�e ampli��de ͷǤͲͲEǦͲͷǤ 
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AV a VXPPaU\ Rf WhiV VecWiRQ, Whe beVW SeUfRUPiQg cRPbiQaWiRQ Rf ZhiWe QRiVe aQd SiQN QRiVe iQ 

Whe e[SeUiPeQWV iV YaUiaQce 5.00E-05 SOXV aPSOiWXde 1.00E-05 (TabOe 3.9)  

FigXUe 3.15 VhRZV Whe gURXQd WUXWh aQd SUedicWiRQ fRU Whe beVW Pi[ QRiVe fRXQd. AOWhRXgh fRU WeVW 

VeW A, NN VWiOO haV accXUaWe SUedicWiRQV, Whe Uagged ORRN Rf bRWh X aQd Y iV PRUe SURQRXQced 

cRPSaUed WR baVeOiQe. FRU WeVW VeW B, eYeQ WhRXgh Whe caVe Rf gRiQg iQ Whe RSSRViWe diUecWiRQ WR gURXQd 

WUXWh VWiOO e[iVWV, QXPeUicaOO\ iW iV beWWeU WhaQ baVeOiQe. FRU WeVW VeW D, VaPe aV befRUe, WheUe iV a 

VigQificaQW iPSURYePeQW fURP abRXW Whe 6000Wh VaPSOe WR Whe eQd. 
 
 
 

Table ͵Ǥͻ  The be�� re��l�� for differen� noi�e combina�ion� 

  
Test MSE A 

[𝑚ଶ] 
Test MSE B 

[𝑚ଶ] 
Test MSE C 

[𝑚ଶ] 
Test MSE D 

[𝑚ଶ] 

Standard 
Deviation of 
test MSEs 

[𝑚ଶ] 

Sum of test 
MSEs 
[𝑚ଶ] 

var5e-6 + ampl1e-5 0.0491 0.2807 0.2586 0.1425 0.1078 0.7309 

var7.5e-6 + ampl7.5e-5 0.0549 0.2728 0.2430 0.1488 0.0987 0.7194 

var5e-5 + ampl1e-5 0.0612 0.2692 0.2441 0.1379 0.0965 0.7124 

var1e-5 + ampl5e-5 0.0521 0.3120 0.2492 0.1582 0.1131 0.7716 
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Fig�re ͵Ǥͳͷ  Gro�nd �r��h �� predic�ion for �he be�� mi� noi�e ȋ�ariance α ͷǤͲͲEǦͲͷǡ 
ampli��de α ͳǤͲͲEǦͲͷȌ 
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3.4.4  ConclXVion 

TabOe 4.1 VhRZV Whe iPSURYePeQW Rf Whe WhUee QRiVeV UeOaWiYe WR Whe baVeOiQe iQ WeUPV Rf VWaQdaUd 

deYiaWiRQ aQd VXP Rf fRXU WeVW MSEV, e[SUeVVed aV a SeUceQWage. IW VhRZV WhaW, Whe SiQN QRiVe dReV 

QRW SeUfRUP VR ZeOO, eVSeciaOO\ Whe VWaQdaUd deYiaWiRQ iV a QegaWiYe YaOXe, iQdicaWiQg WhaW Whe 

SUedicWiRQ accXUac\ Rf Whe QeXUaO QeWZRUN YaU\ PRUe ZideO\ fRU diffeUeQW daWa VeWV. WhiWe QRiVe aQd 

Pi[ed QRiVe Pade PRUe iPSURYePeQWV RQ Whe QeXUaO QeWZRUN. EVSeciaOO\ Whe Pi[ed QRiVe, bRWh VXP 

Rf WeVW MSEV aQd VWaQdaUd deYiaWiRQ aUe Whe PRVW iPSURYed aPRQg Whe WhUee W\SeV Rf QRiVe. ThiV 

iQdicaWeV WhaW Whe Pi[ed QRiVe iPSURYeV bRWh Whe SUedicWiRQ accXUac\ aQd geQeUaOi]aWiRQ abiOiW\ Rf Whe 

QeXUaO QeWZRUN.  

IQ P\ WheViV ZRUN, Whe SeUfRUPaQce Rf Whe QeXUaO QeWZRUN iV iPSURYed b\ aSSO\iQg daWa 

aXgPeQWaWiRQ WechQiTXe. B\ addiQg QRiVe WR Whe WUaiQiQg VeW, Whe QeXUaO QeWZRUN'V abiOiW\ WR aSSO\ Whe 

OeaUQed fXQcWiRQV WR QeZ VaPSOeV iV iPSURYed 
 

 

Table ͶǤͳ  Compari�on of �he be�� re��l�� for �hi�e noi�e ȋ�ariance α ͷǤͲͲEǦͲȌǡ pink noi�e 
ȋampli��de α ͷǤͲͲEǦͲͷȌ and mi�ed noi�e ȋ�ariance α ͷǤͲͲEǦͲͷǡ ampli��de α ͳǤͲͲEǦͲͷȌ 

  
Test MSE A 

[𝑚ଶ] 
Test MSE B 

[𝑚ଶ] 
Test MSE C 

[𝑚ଶ] 
Test MSE D 

[𝑚ଶ] 

Improvement of 
Standard 

Deviation of test 
MSEs [𝑚ଶ] 

Improvement 
of Sum of test 

MSEs [𝑚ଶ] 

Baseline 0.0526 0.3098 0.2486 0.1798 0% 0% 

White Noise 0.0509 0.2917 0.2412 0.1362 2.36% 8.95% 

Pink Noise 0.0502 0.2997 0.2635 0.1358 -4.52% 5.25% 

Mixed Noise 0.0612 0.2692 0.2441 0.1379 12.55% 9.91% 
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