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Abstract

This thesis presents the system of Pitch bend and Vibrato controller for a keyboard
synthesizer using the capacitive proximity touch sensor. The touch. sensor is used to
measure the position and contact area of fingers on touch sensor’s surface which is used
to generate the MIDI data format. The MIDI data format will be sent to the digital music
instrument to control the Pitch bend and Vibrato effect that corresponds to the
movement of the fingers on the touch sensor. For the pitch bend and vibrato controller
on the keyboard synthesizers, particularly those based on potentiometer as the wheel
and joystick, the keyboardist has to use one hand to control the joystick when using the
Pitch bend or Vibrato. As a result, it prevents the keyboardist to play the music freely
with both hands. Consequently, the system in this report will make the keyboardist be
able to use the Pitch bend and Vibrato without losing one hand. This will helps the
musicians to create new ideas and techniques for playing the keyboard synthesizer and

to produce new sounds for their musical work.
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ﬁ?ié%vidmmimmm (Control interface) wangingiiusanly lnsgusuuiisaulslulaseuiidy
JUuLy Finger board uanadssUnmit 1.1 mmaﬂwmymeﬂuﬁl‘uuumdummmu AW750
Liamamsmmumw ‘Keyboard synthesizer”

dedliaiAetuluAduendusluies funnmsUstinanavenesaidnvseinddeny
'?Umminm"uaaﬁlmawLcauma%vi'mﬂuu@hm‘%aamuﬂ% m’i,*ﬁ’[umsaﬁaaﬂwmwsmmwaa
Ay andeanuiinesns wu nMsdesguuuvveslindnwas Pitch bend %38 Vibrato fimunau
laglddadulen (Wheel) mehudheilavesis Keyboard synthesizer FagunIwd 1.2



jﬂﬁ 1.2 Pitch wheel uag Mod wheel #l4ly Keyboard synthesizer

dmfumsldanudadulen Pitch wheel way Mod wheel u Shaunisndussdeddie
& v e ) ) 08 Y W oo ai el | Y & o ‘
wilstsalagnlualdfiedrelunsmuan  Slihatediansdlil ldanunselddeddy  pitch
bend wa Vibrato fiegdedulenlimnsieinisiau Keyboard synthesizer seaesiiondouiuly
wanaragunIni 1.3

P 1% 3 Y o o v o
UM 1.3 amuanansld Wheel uu Synthesizer mummum’%‘mLﬂummmuam’mﬁmmﬂ

fafu Fadnwndafiraaduosfnduuidvoastemueilngass Favimtfiunums
lddedulonuuduslages Taomsmuaualdivadamsdladuesiiuudd vlkaunsoldmeidy
Pitch bend ,Vibrato Imaﬁﬁaﬁaamﬁaawmmwﬁu‘ﬁﬁmmum‘%aeﬁﬁ aunsadiumaianisiauiudle
wosuAtnaumd vliiennumaInraIe YRR IS SaSSALLASIE LA UARLNTY

1.2 ymjamnsuazinguizasdreslaseny

Immuﬁﬁﬁ’mqﬂwmﬁﬁaﬂwLauau:u’;ﬁmﬂTzﬂ%ﬁﬁﬁuLLUUixwﬁnaaamU@mﬁ@ﬁ% Pitch
bend ua Vibrato uwaSeswuniusstmdusluges fensgavaneifieunduddueiaununis
Iideuluniilleguudisloies dsasvlitnauniannsaldan Pitch bend waw Vibrato vaued
floviaessannsolineglunadoamls



TnoszuvianafioudueiawunididnmseiindusunvAduenduleiged il Husin
Wuweinadusiumiimsdudavesuaeth (Touch sensor) Wusunuvesidluurasiin 3
annsauiieyadnuarmsavesmeiudvadiiuasiinyssnanaiteatrsdowediing
gniauliadteri¥u Pitch bend wag vibrato Wiaeandesmudnunresnisynih dugunsuas
meveuduges  yajoansgegefeliiduseilisunsuazvuedilndifesivasfdves ety
wasgusnnige eliannsnfndeuudnuitves Keyboard synthesizer I wansfagu 1.4

U 1.4 amwansgu iRy Tiansasigatas Touch sensor Tuszuu wWelianunsoind
UUALAGUY Synthesizer 1@
13 vquiuasuwfaildlunstamn

NIAUANTHIFY Pitch bend Way Vibrato wesszuuiu avlinsenddimeuiwesainin
mmﬂ?ﬁuuﬂaamw:ﬁq‘lﬂﬁw (Capacitance proximity sensor) WNunN1slY wheel U keyboard
synthesizer wuusaudaiudnumsvesidumuiuly (Potentiometer) NNIATIVIU
fuvsiwesansihuudddarillilasreulnsiaedlfunamumimesiudusesuazivas
\Wuteyaidmeaiitedsludiuasaussnanandndiu 12C BUS duveinuszinanandnaslily
msusznana whifuleyanndueeimngdduadiiluswa mDl iedsludineufames



fisesiumsdedars MIDI Dikanadesiidenndesmumsiau Keyboard vesldon Tnednwne
\desargnnsldanu Vibrato, Pitch bend musunianazsUiuunsindeuiivesatsd

1.4 voulwnveslAswy

svuumuauileidy  Pitch bend uax Vibrato uwiASesnusiUSTAAY  Keyboard
% & - | o &
synthesizer Tulassauiiavusznousivazidensag sl

UsznaumeniondiindumesasaduiumisnisduiavesarndaTouch  sensor)
Aldunusuvisndluniaglin Swau 13 Fu Beetufeanuentadesids 1
Octave lagvuwipvesduizesazesnwuulifiwimviriuAdun (White key) ity

wailaiildlugueeisslivdnnsanaduanugliiiCapacitive sensing vesiiio
Tnegreenuuulugitvuiaugei (Sliden aunsaszyiumlsvosiold 1 HAnmw
uwIeN AIaSengeameyi 32 sefuserLE Ve AR
syuvarlianunsainmnniwesnasnavestdn(Touching Velocity) Tidusivug
pnusuvendedindigniay ddalfeglureuunuenisdine
fayadwnisnisfuidveauiemniwuee frsunudiduedayszinana
wdintnun1s@eusiouwuy BUS ieadradesidnigniauld@iletdu Pitch bend wae
Vibrato idanndestiugavesiafovizuiges
nuanadestiafignidussldnsidessessminsssuniiadelulassofuaunsel
NNEOANINIFIW MIDI  (Musical Instrument  Digital Interface) Wua®w MIDI
Inefeeg1wesgunsainisesnuInsg 1y MIDI Wy Buldnvsedndfduase, reufiames
Dusu



Ui 2

NOBIUATNANNTS

2.1 Block diagram WEAINITVNINIUVBITZUY

USB/MIDI [ | 7/ | MiDiData f
converter MIDI data {TTL UART) 32-bits Microprocessor
signal for MIDI data generator

e . | ¢Gumumm

........ g

TUITTIIT ]
?
/)

Userhand

= P & ar - p o ) = =
3U% 2.1 Block diagram ?JENWUUL“&NL‘GEJW’JUF};JWGWHU Pitch bend, Vibrato @1¥5ULAS0IAURAS
UssLnv Keyboard synthesizer

dmivAguesadusluwes (Keyboard synthesizer) ﬁqlﬂué’w"%’uﬁmtymmnﬁaﬁuiaﬂ
Weldlunsadreileddy Pitch bend uaz Vibrato u,mmwmsvuu-uaqiﬂsaawuuﬂ"‘maua
mwuqmm‘ssﬂuuuasm-uuwasm'[*ﬁ'lumsamﬁenw Pitch bend unu

Famsmsrndudumiswesinannsovildlagld Touch sensor dsléudnmsuemiandsia
Wuweivininauglnin (Capacitive proximity sensor) @swenuuuludnunralameslals
Lilasmeulnsawoslunmssaydiumisipfidudauy Touch sensor  wazwUasiumisresindiu
Toyanneaiiedsluduaiaustunanavdniiuta 12C davedalsenanavdniviminfiasng



yodioya MIDI Tnei3unuainiidn MIDI data generator Ssarlilulasmovlnsinesiifinuanie
Tunsdnngadioiudeyaninudias Touch sensor wazimisuastieyailésulsinaneidu
MIDI data s¥duwsadiu TTL wavdsiuteyalufeuesa MIDI data signal generator ifiaudas
MIDI data (TTL level) i MiDI #idyaaulnitndudnune current loop sanunsatily
Weuseiuiniesauniduqviegunsaifiiadesiildssuunisdeansuuy MiDI

2.2 Pitch bend uaz Vibrato

2.2.1 Pitch bend

= = & o -J i { L q'a ar 1 2, 1 q' 4’ 5 ]

Pitch bend Ao flituiidsuaunvesiilisiddsgniaueglilamifuiuvioanasly
\Munliadeafuvedlin lagauiveadedinavivdoulvednaeidosnnauildnSudiy
ausneduisndyinvain euaTINaRIgUR 2.2

T t

Bl 7
)
(A)
true
l pitch
amplitude |
time
h Wi S
N\ &

Uit 2.2 (A) nmuamsn1sesUdnEEIBsEsTlIn Pitch bend Feussia 5 Wuves
AuATAINa , (B) NMwuanin1sosuitanwarvendeslin Pitch bend fae
Time domain- waveform vauduslis

2.2.2 Vibrato

. fa o o g w i U T & '

Vibrato fie WeAduinilianutvediniidusgivdsunastuaudntoserudunulay
nmuauileidy  alditusumulunisduresmuildn  Welnlddnsurnsduvesdeslind
wabuly uaasmsvinuvesileridu Vibrato fagudl 2.3



A —

4

Depth of Vibrato Speed of Vibrato

Frequency

[ Time

(B)

Uil 23 (A) nmuaneniseBusdnsuzvendusitia Vibrato Mbussiia 5 duvewusiaina,
(B) Ammuanan1sedulednuuzveddsslun Vibrato A28n5 W Spectrogram

2.3 wiondiiiduveivlnmuglni

wiendfmuosulianuqlni vhanlagerdunanmsiaguuamnuglaiueds 9
U 24 uanwuuheswemiendiifioueirlanugliih  Wethilawdevitdnanlng
aunilwihfiridalegduee fuazuiunsristegnsumuuazieliifnmaugwihudevunuiy
Aeglnivendues dwalimanuglwihsuvesdueesiaiutuiimaunisd 2.1

Csensor = Cparasitic + Cringer (2.1)



Front Panel %

Sensor

r Cs

# 2.4 wiondDA S uwesuiinn Lyl
9

winmsildincmarliihfldnudmiuniendinduiseifuivansds fegrady ms
142993 Relaxation oscillator lun1sasasdumsivauutasesmmiglui msldmailansiady
doyeyies Ramp :NNsAUTERIBUMAITIBNTEARTT vsamaliansdieloulsey (Charge
transfer) {usiu

TAR

Ut 25 hedinistiages Relaxation oscillator lunmsmsaadunsiasunasmasaug
Ivihdmivdiviundonatifidume fnsraduduiia

LmLuadmmwsaLanmamamﬂ’a%maﬂu fiiuugunsnididnvsedindsiensiansendia
wuwes 1 Furoutiann %4134mm“ﬁuﬁ'm'sumwwhﬂmwwuwuLﬁaimﬂﬁ)ﬁwﬁuNawmmﬂ
dnwihiuauvesYeTuld muuﬁ’mﬁﬂﬂsamuuwlwaﬂmim’m%m'iﬂ'luﬂizq'aaﬂws RC
(Resistor-base Capacitive measurement) #wzaSuten1syinsurensasiuidedt 2.3.1

231 MIYIuasAEUTEUOINTS RC

RC time constant §i8ndewilsfife “tau” WWutheaariaess RC ¥139Us¥q (Charge) 111
Aufudsey C sufadumu R i‘l'um'lllm\!ﬁﬂEj"l]’e‘NmLﬂUﬂi“i}um@q‘ﬂﬂS“‘mm 63.2 iWedidun



YBIMMAIT1BVIBNINIAT99T RC menseq 3 (Discharge) ‘wmmwm C WMUANANEATDY
fufuusegiiimszana 36.8 LUEJiL‘U'LJWUENLL%ﬁ%iI’}U Wena993 RC ﬁ'l-uaﬁmamnaﬂ'lugw 2.6
uaEWAnInTINISTISauAEMEUTEUe399s RC lugdl 2.7

vs X1

T
<+

Tclose = 0 R Topen =0
o—so— AN, "
S1 * S2
==} < ME Vs % e ] e
C = _ _.l_ G i,
A ~ B

{Ut 2.6 (A) 2935 RC WUIFAUSEY, (B)

T RO

ve(t) = v,(1 = e t/%

ve() = v

W3 RC wuumeliey)

" / rising voltage
: 3Cross C falling voltage
: f acress C
; tirne =
et " hee | URE ) s "
CHARGE DISCHARGE

Ui 27 NSNS ANEUTEUE995 RC

Vc
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AwdumnannsanTRiumsivdsuulameadunsmnismsakazmeUsequaefinves
WABRTIBUSIAY Vs uazddunu R lideuwdas Azanunsansisdumsiddeunasuese
aqn" v
anuginihudswemiondifiwuwesl

2.4 12C

€811910 Inter Integrate Circuit Bus (IC) feudendusin I'C (le-uar-8) vde 12C (lo-y-
8 Wunesgumsdemseynsuuuudslasia (Synchronous) juwuuvesalaeldaedeya
WBs 2 1@ (TWI : Two-Wire-Interface) gnﬁwm%ﬂﬂﬁﬁﬁm Philips Semiconductors @u13
lidnsodeansteyasewinigunssifivesiues i2C Muwe gy sevidlilasaovlnsaaes (MCU)
Auanitldmeideudeuuu 12¢ aedaaanseneude seral data (SDA) uae serial clock
(SCL) Ausavesnsaeansegit 100 kbit/s Tulvmnuni way 400 Kbit/s Tulvumanu§age

wopaidenldta 12¢ Tumsiv-dsiayasewins Touch sensor AuuesaUsvananaudn
wamdunsdeasuuveynsuiidesselegldsuaumetoyafins 2 @ Ao SDA fu SDL
Tusneiiannso@ousiogunsellesniann (gean 128 guasally 1 o) Fumnraufunis
Weuseihfusuuusiadumeslussuuadassnuiiiiduaannt 13 vesaiwuizes

2.4.1 madeuseneendnurivesqunsaiuuuda 12

Ud 12C Wanedyyn 2 @y fie SCL, SDA dmsuleiugunsaiuuu 2 fiavne Taed
Wdy I 2 sxdesrefufiuIY Rp dnhwauziuy pull up ﬁ’qgﬂﬁ 2.8 A1 Rp Uszapu
10kOhm  \floswniodinpiidnuasu wuy Open Drain #3euuuy Open Collector M3
Wewsegunseivantaduiniutasiediviliimngsiwestadu 400 pF WedlWuuyis
(Bandwidth) vastairasauliansodeansiininangs 100kbitss 16

"’VDD
pull-up
resistors Rpl] [:'Rp

SDA (Serial Data Line)

SCL (Serial Clock Line)

o T P T T
o oot || feagpe ) oue 1 | |

—_—— e —— e — e —

DEVICE 1 DEVICE 2

Uil 2.8 2asnslugunseiuuita 12 waynsifeunesEnIngUNsaiuNTa
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2.4.2 TUslnAea (Protocol) veemsdeansuuy 12C

READ/
srm wnm AC K

SIcvonnu ACK Dc!c

Stk
1

| PRSI  ES————— T

,.._
—

sm
1 o

3
| ESRCOSE e S
= 1
1
o
[}
w
- .
1
xj .
-3
w
£
y
¢
o
L=}

DATA ACK DATA ACK STOP
condition

i
:
&
g
;

Ui 29 namuans Timing diagram ves 1 yedoawilldlulusinaea 12c

qunsaifBesseuuta 12 gruvseeniuaesdnumy Ao Master uay Slave Ty
awnsafl Master way Slave Tounnnimid@adudnwmedonit “Mutt- master, Multi-slave”
Vs Master wow. Slave avmmﬁmﬂulmmqﬂmmawama (Transmitter) wsaqﬂnmswaua
(Receiver) msﬁamsuuuannmumu‘lﬂu Master - eazmumudsuagtunisdu- detayasening

Master fiu Slave manSaestavzgnimunlng Master

detregluanueing Jesamnsadunisdemsly  Taudwuduneusresunelased
1. Master  vzddenusi3udy  (START = Conditions)  ifaudmnisueldva
2. 1y Master wdssianIuAu (Control Byte) Brsynause saUsesnfves Slave
8IMsEnfe (Slave Address) uaglvimmsldarudd (Mode) Fafidnaf 2 uwuufe oy
eya(Write) GRT Slave iedudeya (Read) 9N Slave
3. e Slave $UMSTWI1 Master FosnsitazAnsenis Aazdsaniugiug (Acknowledge)
uidli Master wswideyadilddslufimsiuiuar Save #suifusseummumdordmiuns
domsvwioluuds
4. winUavhanwlulvundioy Master szdsluddoya (Data) MdiTouasuutaiiols Slave
vimsgrusaztuiin windavihaululvaagiu Slave avddludteyail Master Aoansasuula
Wil Master vhnseumazdudin mmu‘l‘ummawmamauwuagnumsmmua Feanansnd
nuleanna 1 lud ua.,maﬁuaﬂmsawauawnma‘lmmavhm wnoadin1g Acknowledge
mnaﬂmmmﬂuaﬂnsmwaya
5 ummaﬁuammsawaua Master zfIdenIuL Buegm (STOP Conditions) vile
uannuqﬂn‘sm"luumﬁuqﬂm'ﬂ‘wmm

2

i
g
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anugdaing ﬂaamuvﬂualu"lﬂgﬂ'[mmm SCL uaz SDA azllu logic 17iag nstmun
amu-'Limuuavamuvauamaa 12C BUS (START and STOP Conditions) SaBameasnings
U 2.10

SDA -

e

START STOP

Ut 2.10 dnweizvesdeyyieu START and STOP Condiitions U 12C

anuzi3usiy (START Conditions) A8l SDA wasuin togic 1 amidu logic 0 Tuvaed
scL fAniu logic 1

anugdugn (STOP Conditions) A8l SDA (Wagwann logic 0 wifiu logic 1 Tuwasd scL
fanlu logic 1

2.5 UART

g81n97n* Universal Asynchronous Receiver Transmitter (UART) Wuaesguns
ﬁaa"ﬁaqﬂ'ﬁmmu Asynchronous Tﬂﬂm36@%&?&‘5@%@%3@97mummml.ﬂummmumamv
ns¥udetioyaus TmﬁmwumﬂLm'ums'suawaua'uu'lmmuauﬂumQUﬂsmsuu.avaﬂnimaaLmu
#io mﬂamsmwummmﬁmawmaua(&t rate)'ﬁ‘iam'mLi’J?JBﬂﬁﬂJﬂJ”Im‘UE)Nﬁ(Baud rate) w4
msfuaslivih A uLaziedy

Yefveimsld Asynchronous Redimsndeansuuy Full Duplex 3U uway asldlunan
Weafu wi Asynchronous dllemaiieyanegaymevnfudetoya w36 Sudsloyaianwanald
1INNIMUU Synchronous

ﬁj‘Uﬂanﬂa UART (Universat-Asynchronous Receiver Transmitter) #1884 JUMUUMS
deloya wnnmwumumLwa‘lﬂiuawauaumu Asynchronous Taefigunuusissudl 2.11

LSB MSB

U

311-# 2.11 nmuans Timing diagram ves 1 yedernuilldlulustaaea UART (Ll Parity bit)
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msaamw*mmumﬂqﬂnimmﬂumawaua% Indyann Start Bit Wu Logic 0
mmfui}~mumwmammmmm‘sawemmwaaumwagjﬂunmaan ffud 89 Un u
Tmamlﬂfa::aamsmwauammm 1 lud 9nduazdsdansivasumnuiia (Parity bit) msﬂw 233
ummn'mm'lulmm"tu'lﬁumms'maimﬂ:nuwmwmmuaawagamuumgmemsJ STOP Bit 1y
Logic 1 loway

Data bit mﬁuﬂu Pantv bit
Next

_lblllamlm1l&ﬂi&mlgﬂ4|3iﬁrm]Blt?lsm 13:3:1]
~Dataet | ey "_ét'_tr!!&«

—IB“IB'mla'“IB“Q—[&BF&MIBItS]BtGl9,17' Im

Ui 212 namuans Timing diagram valUsinaea UART (@ Parity bit)

2.6 MIDI

MIDI 319nA7197 Musical Instrument Digital Interface Ui Protocol dwdunisdoans
2 aa P a P v > ' v oo
Joyaidnoavouniewunidiinnseind  leugadeyatussussneumesanuzensquesiing

Mauauey 1wy anmzresnsiau (Event) duvisedlin  (Pitch) mutiiveanisiauliin
(Velocity) {usiu

2.6.1 1Uslanaadwisunisiaansuas MIDI

DI Toenialuazldnnsdeanseynsuiuy - asynchronous mode (UART 8  bits,
no parity bit, 1stop bit) Memiiiveanisaseya 31250 bps lay 1 yardmwas MIDI 4
nunlasiinaues 3 bytes UseAaume 1 Status byte Lag 2 Data byte

Status byte Data byte
€ - >

Status Byte Pitch Byte Data Byte
Action + Channel  Musical Note Velocity etc.
b'1000’ +b’0000’ b'00000000° b'00000000
1 byte 2™ byte 3 byte

g'dﬁ 2.13 JULUUYAAEIYee MIDI
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Status byte Usznaumiedoya 2 dau diuar 4 In Tay ¢ Tnusniusyyfisvesmsideuse
v83gunsal MIDI (MIDI channel) Fsanunsasesiunisifousialéigen 16 dos dau 4 Davdady
Andsruny 1wy Iidusldada(Note on), naadis(Note off) #Sefds Pitch wheel (usiu

Data byte Useneuseteya 2 du dwazl Tus fe Pitch byte way Data byte, Pitch
byte 5u’l%’szuﬁmwﬁwm‘lﬁw \u C3, F#4, Bb3 Wisusimswdsumiuiivesdyaondes d
Data byte azszyvuavesaildludidinnn Status byte Wy ANIIIVEINIINARE (Velocity)
i'ﬂ%'ﬁ'muﬂﬂmuﬁwaﬂﬁmﬁgﬂLfiu WisuRamswasuuvasunavesdysandes Wusy

STATUS 2nd Byte ard Byte Description

1000ccce onnnnnnn Ovvvvvvy Note off,'cceg’ is channel, 'nnnnnnn’ note
value"yyyyyyy' is velocity value

1001ccce onnnnnnn ovvyvyvy Note on,.'ccec’ is channel, 'nopnnnn’ note
value"yyyyyyy' is velocity value

1011ccec | Onnnnnnn Ovvvvvvy Control Change, 'cccc’ is channel,'nonnnon’ is

Controlier Number,' " is value
TTT0ccce | OLLLLLLL | Ommmmmmm | - PILCh WHeel Change, ceee 1o cﬁanng,‘LLLLLLL' 15 158

of value ‘mmmmmmm’ is MSB of valuegenter (no pitch

11111010 none none Start.sent at start of sequence, followed by MID/ clock
pises
11111011 none none Continue,sequence carries on from where it was
4 stopped
11111100 none none Stop, sent when sequence is stopped
| 11111110 none none Active sensing

Uil 2.14 msuansieguyaddses MDI

P o s ok 5o A o A 3 =)
nsovduadlugun 2.14 Aeynddaiildeuilei®u Pitch Bend TopdwiuAduasedudle
woihluuMeSudygranindedulon widwmiussuutedaseeull vesauseinanandnasii
deyadumisiifildnnuesmdueeiuililunisadrsileddy pitch Bend unu

2.6.2 madeustemeendawrivesqunsel MIDI

msifeusiosevinegunsel - MIDI alineisdserliustneuine 3 wese  ldun
MIDI IN, MIDI OUT, MIDI Thru Sauandliseguit 2:15
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o Y ——
THRU OUT H

i Accepts MIDI data
Transmits MIDI data

Passes MIDI data received from MIDI IN

qu#l 2.15 wo$n MIDI IN, MIDI OUT, MIDI Thru

MGG
Ut 2.16 fhegrenisdiensegunsal MID! seminagunsal 2 Hu

MIDI mé‘ammamaaﬂwmmuuw Full-duplex maqmﬂawwanwumwaqmsﬁams
WUU UART mu,ma.,waimummwuﬂwmmwmnﬁﬁeamm Tne MID IN WWunededilddmy
futeyavingunsal MIDI BuilFewseny wag MIDI OUT Tdmivdeteyasenludgunsal MIDI
duileusery winflugunsal MIDI Mideusafuidusening Keyboard uaz PC Tuguit 2.16
annsadeusiolasldifies MIDI IN %30 MIDI OUT 1§ du MIDI Thru ﬂwiﬁéﬁunsmmaﬂnsm
mawzjaumanuaﬂnsmmswmaqm wasa. MIDI- Thru artthufisamerinuvesfeyaillasulag
wasn MIDI IN maaaﬂnimmsmmuu

T

Uil 217 fedrmsidousiegunsal MIDI fiuinndt 2 3 Tagld MIDI Thru
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msWeuseninivesaedyy i 19esdidnvsedndildnuves MIDI Port tuszily
anwEwes Current loop elu MIDI IN wag MIDI OUT Tagasasiagiensidouravesnesn

uamslugusl 2.18

NOTES:

1. Opto—isolater is Sharp
pC-B00, (HP 6N138 or other
con be used with aoppropriote
changes).

2. Gates "A'" are I or
transistor.

MIDIOUT 3. Resistors are 5%.

Uit 2.18 fMedrnsesmsdesseildmulusemesa MDI fa)

Current loop vegUNTal MIDI Huaevhnisuenlamvalwsilagld Opto-isolator ¥y
wdwideya manaduidonnnmnmstiestuagiianaiiinan Ground loop sewing
qunsal MIDI Yisaesdigasasleivnisuenlandseemiienimatuvdnlnihaisuen Wy Hum
50 Hz 9 nsruvagds vilmdndyausunauinlulussuy

nszuanlylu Current loop v83 MIDI Tﬂuﬁdtﬂumﬂiymm 5mA @39l Logic 0 A
YaIMsiUAsuulassziu Logic %mmummawawwu (Rise time) wazyI9a1w8UV1A9 (Fall
time) limnin 2 us esesiumuidives MIDI 7 31250 bps lalagluiinnnuiianainues

Toya
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unil 3
ANTOONLUULASHRINY

3.1 mMIvenuuY Keyboard touch sensor
3.1.1 Tassaduarndnm iy

Keyboard touch sensor gnesnuuulvillassaiadudnuuzvoniy Suiwes
nvaedududalnelivdnnisiarnuglutilh (Capacitive touch sensor) laudaduagn
eenuuuludnuurvesuavdlawes (Siden Weldsryshwnisesihilennnisyn Fsuava
lawesaruszneudeuiunssdududadesdondn Sialnse (electrode) wamsdagud
3.1

| N\
= 0.8} T
>
s |
e OST (D l‘“
a) 1
=
E 04}
T | by P
2 52l P Kk
] l.* #i
g J
a5 L SRS e ) (e T Fa O
) gy C AR T @
Sensor Number
Electrode

Uil 3.1 uansdnwnrvesavalawesiflduuuiuduesaneiududa [1]

mssyyiumiwesaesihvuwaudlawesannsastureldnnguil 3.1 aannsm
tu AluunuAsAeAn  Normalized Value vsuenfspnuusswesnsdudavesusas
dianlnsa (electrode) vunavdlames dasmumisvesdidnininazsyyfounuueues
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nsABAT Sensor Number wnifinsduda o mmmmanimm’lm mmmuw’lumi
duralusuminfufiorgenirudnaduillignaisdua Fafustumisvesihdudady
ansamuulinnmnnuLTInsduiaveyngdidninse

as

TanAliihunuduigeinsinfududaduininuiu PCB vlia 2-layer vnAAILWL
agi 1.6 mm  lageenwuuliaevemasduiuilumsduiavesihidnuuzadatu
unudlawaimetsluwuumne deguil 3.2

o) g (""/ /o
N i

La)_\s .____AL__x\__J\

~
(8

Example of Slider

Ul 3.2 wnualawe farenniseentuLaE UL PCB [2]

wovdladdluiiszdesanquiioauiuuneg wu wivaininesuieg w3eld solder
Mask  9InnsEUUMISAaTIe  PCB - ilellliiiamsidetsenislniilnensssewinausiy
ddninsafuivesgldem

dviuiegwiayauuvihwdnnmseenuuy  PCB layout dmiumsesnuuuuay
dlarnaes Keyboard touch sensor T annsafnwAuailaan
- Freescale Semiconductor Application Note - Designing Touch Sensing Electrodes
(AN3863)
- Atmel Application Note - Button, Slider, Wheel Sensor Guide Design (QTAN0079)
- Texas Instruments Design Guide SLAA576 -~ Capacitive Touch Hardware Design
Guide
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- Texas Instruments Application Report SLAA379 — Capacitive Single-Touch Sensor
Design Guide

- JUsuazvwnivuiivesdianinsauuiinasieaulinensduda (Sensitivity)
didninsaiidunalngjazimmnildemsduiannniosnnuavemsiuiuiite wreniiy
anubsien1ssumuvesingsautineieg

- UINYBY Ground plate YaNINRTAITITLTWIAINQNIBIANINSALINY LoanNa
anulensduifaves Ground plate inswssuusiesnsligunsaiiifanulanentsduda
flanedidnlnsawiniy

- MTANAEERNARUY PCB AISUSYHEINNTENTIN trace (Szee Clearance) i
WounaAudlaninselineaunls Undliaisdinid 10 mill ieasnaldldifenanisdousiu
msdulwihseniddnivaniuddninseteglndides

- Bnuiuiivesdudidnivsnaydedaid trace nqnSegunseiddnnseiindlaey
Tulivieeylndivdidnlvse  Wuldldinniigadedidiane  trace  ilousetuwsiu
aLaﬂimmmmuﬁaagmu’lwauaLaﬂimm"iﬂmmu wae trace tuszdesdimuadnuinie
ieuiusueiuTvessidninse

> 10 mill

Wanseludueiu

electrode

;ﬂ'ﬂ 3.3 MU ML IUTEEEINTENIN trace Tunsesnuuy Capacitive touch sensor [2]
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;'Llﬁ 3.4 MegNNISIAYa trace aleuraiu electrode Tuniseanuuy (2]
3.1.2 209 sdidansefinddwiu Keyboard touch sensor

Basredumsduiavesthvuiovalaweives Keyboard touch' sensor tuasld
winmsinisidduamnsmnismedssguensss  RC - laeillilasreulvsiaedifio
munuuardn SeldeBuondnnshaudiseandoniatedl 23 wh SwsUisuwy
adntnsmdudifivysegitiimuquesntasadivesdidnlnsm Taeases re ddy
ustagudt 3.5

RC Tme constant = R1xC sensor

10 Pont

VO internal circudt of microcontrofier

-

Uil 3.5 2993 RC AddmiuTaniswasuuasen RC time constant
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Iu‘l',ﬂ'mau‘lmmasmLaan'lmawa'i ATmegal68 8-bit MCU m5ena AVR NMSyanu
voneeslugudl 35 ty Guusnlilaseeulysiaesasddlk Q1 (aqmaluiﬂ‘sﬂauiwsnaaﬁa
Uilddm¥unis Pull-up dm3udunm) vhau sihlkises RC Adanndadiumy R1 uazen
Augurevesdidningn Csensor gnandauseqauidisinudaduniu Rou 9ntuazlioms
vowes Q1 Wedutimsmeusyy waravhnmsiaussdunnaseinns RC wdwn
s RC mevszgluwdduszoznaniidmuelilegliines AD  converter anelu
lulasmoulnsiaas °mnﬁmsﬁuﬁaﬂaaﬁquu&éﬂimm ALY Csensor g
Wabuuas aqma‘Lwﬂ’lemumﬂﬂsau'sam RC (Vo) #i0 m 'i”ﬂvrammsﬂwﬂsuqmmu
Wasuuasly ‘ : '

2993 RC *umvmmsmaﬂs.,qu.avu,ammaanﬁanwsuwlmmgw 3.6

Ve(V)
R T - S I SO P
s (
e & | hifinrrduda
'3 l
\ l ® - dinatdida
~

;ﬂ'ﬂ 3.6 (UW) N3 MUTIAUANATENIDT RC VuzmeUsEy, (619) vdanilaiduvesssuy
m‘s*mé’umsﬁ’mﬁamﬂﬁﬂﬂwﬁﬂmsmwﬁvwawws RC
NNNTMUTWUANASENIES RC Tugudl 3.6 wansauuanansvesnsmisywinediin
dusiarulaifidhduda mamﬁmauuamn%w mﬂ’nm;u,slwmaxanimmavnmwmumﬂ
auglihuslvesiienvasdeaduldesuny Hluhdedt 2.3 lnmseeuseqtnami
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nymduaslugui 3.6 ussiumnasenans RC (Ve) inldilonsesmeussqsessasion
7 = R.C fafirnganinsdiilifidudadauaninsanasweussiunndesnsss RC e
NIMENRY dalu Jeesisannsasssdunsdudalilaensiadives AVe fauduoninn

ala

msdendn Rl fvuzaudmiuaes RC ﬁULﬁIHUﬁBGﬁUWQWNL%’]I‘l.lf‘l’]ﬁmaﬂiaiq
mnmsmeysqiudaiuly ewiliees AD converter hiannsaduindussdiuan
ATONI995 RC léiuman iy JeimseenuuuliiininanisaeUszquens RC 1
HINNINHIIAINTHUAMITWUTBINDS A/D converter Inefivanmsliasizvidail

Sampling V.4 9@ RC time constant

JUA 3.7 AsmdiaeImsvhaumees RC gApUstqiieieesinauenisdue
LSIAUYBINTT A/D converter
V03T 3.7 Tdkanwmavasniniilunsmelsyquenag RC LAY IAINTEY
Awsany Ve 1992995 A/D converter mﬂﬁwm‘iﬁmmﬁ’[‘ﬁ‘lumsmw';:;a;nhﬁuﬁw RC
time constant: T fyuiaildrnaunisi 3.1 wazimualiyaaanisuAIus s
2995 A/D converter Wifle Licddliidusasiaauiua RC time constant winfu 7 s
AuNST 3.2 9zAusoAMaAT RT Mwnvenlfanasinisi 3.3

T = RI.CS‘HH?UI‘ (31)

Tila=n (3.2)
Nt

K=

C"I’ISO." (33)
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Tnguuzdli 7 msfianunng Wevilinavesnsdsuudawase Ve sewinms
dUATUSITUYBINAT A/D converter Uouas NMsduAIIufinARanaIntosas

nsdifiunvalamesuu Keyboard touch sensor Usznaumediadninsadiuauuing
Fomnefle Wuweiifusrimmardongiummsniuhuminesds  uduieesodd
woin 10 veslulasmeulvsianiideusiaiu AD converter melusiuauinn ffesen
lulasmoulnsiaesiildidentdie ATmesa168 Fsfiwasn A/D converter S1uaufiEs 6 Yoq
whtufanunsoldld (6 anavan 8, 8n 2 vnuldidu 12c wudeswniinslé 1o
1)

nmsunlvannsevhldlasltheasiofmdndiges (Multiplexer : MUX) wionisuene
Tnnumsideusiaatas RC Ru 10 vedlilasreulnsaeslinniy nsvihouves
'Na)'sﬁaé‘nwﬁnwm%ﬁmﬁﬂﬁLﬁanﬁaaﬁgggyjmﬁﬁﬁaa&a‘daqwﬁqmﬂwmﬂq’daaﬁmmmmlﬂu
Sunmuarsiovesdygomitioyeiiud niudyg e dmiisnordmdio  wazdlet
SafwanisesinUsuuilesguit 3.5 udh weldneasildnuiifegui 3.8

(ERE
w"ljnl]

4
-

§Ufl 3.8 2095 RC il miuTanisiudsuuasen RC time constant (idumas MUX)

nmsaslugudl 3.8 MIMUALNINMTTUTEIUALEMUATUTWIUTIRIOUTE] B 2995
RC wesdianinsalag awnsavihldlaglddyammunuiafndniees (Control signal)
\ieldenaes RC vesdidnlnsaiidesnsidewsofy 1/0 port weslulaspeulnsiass lay
dumeumsmugumsTIsEuareuusngms RC daelilasreulnsiaes eBute
78 Flow chart 'Iug"d‘ﬁ 3.9



Uil 3.9 TUABUNTIAIVATINMSTITIUTEQUAZETUAT LIS RC mslulasreulnsiaad
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Uszinmvesiaimdniwesiidentdluaiassuil 3.8 e 8-channel analog MUX e
CD4051 winedm3u A/D conversion IﬂamiL%aum’amalusxw;mauwmﬁuawmﬁ’zgfmm
fignidenfuiedmmeziisufunslidinddessedelianududmils  Bondt “oN
Resistance : Ron” lataindiiora$19n1nasas cMOS Tuguuuures Bidirectional switch
FuAnnnmsvunuiusening NMOS nIuTawesuay  PMOS wswu«?}amas'uavﬂaa%
muAIMSIINSELavemMTIUBame adesi U 3.10 A1 Ron Y81 CDAO51 wilituey
fuussdulides (Supply voltage) ‘uaauamLwaﬂwamaviumwami\%ﬂuauwmimw Ron
geanazegfiuszann 500 Ohms Fslsifinasanisvida RC Tureasuil 3.5 WesmnAves
Rpu g1 Ron annq ilvidumismsvisayseqiinaiiiesdin Rpu wintu

= 140 (c) v Sw v,
Al N
Vii "V Vo i Va i
O —0 Vm A
i
¥ (d) Foy., Q
4 T rchannel b | L
Vet ® / r=ov
o _7_400&_
f‘__ H/=+25V
OFF 2.0~ . F="2V,ps
-V 0 +V V;

U7 3.10 () 2sasn6luesainduuy CMOS Bidirection 74ty Analog MUX, (b) 2995
auyayey CMOS Bi-direction, (c) deydnwalaslwiivesaing,
(d) waeansmpduRuSsEning ON Resistance Muinusiudunm [10]

3.1.3 mudenvunuarmuaidunves Keyboard touch sensor

5“UUL‘IJuL%imUﬂm‘W\?ﬂ“Uu Pitch bend ua¥ Vibrato lagld Keyboard touch
sensor uuﬂvmammmmmsnl:uuaawmwm'smUﬂstaaaﬂuTaﬂ (Wheel) wipasuain
(Joystick) wm‘lﬂusmumwaqaauasﬂ%uﬁlﬁwas (Keyboard synthesizer) flagufl 1.2
Tuunit 1 Tasmuannsaiinaiiufie AnuazBenuesileri®y Pitch bend wag Vibrato
numsmauaummam’mm‘uaauawiamﬁ’lﬂumimmuﬁaﬂ'ﬁu Pitch bend wag Vibrato
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Jyvmdnvedassuiildvesiiu  Feeraieannmseenuuuiilimanzan awise
ayuduiatelsided

® syuuMIAUANINAYY Pitch bend wax Vibrato #e Keyboard touch sensor
Liansamevaueserudimsgavesiclumsmunuléivu vildmswadsuudas
delindamnliseilosaslibusssuna

® Aansmiiaana (Delay time) vosnsdsuwdandoslinudenniiseuy
$$uBunavesiiudy Fafemnnanfideddlumsussinanatoyadunaiteadns
winslidudnvurvendedlinaudnwurnsgavesin

mmummmLaavmmmmamaa Keyboard touch sensor finasan11ud1u1500115
ma‘uauamammmms‘smaamLLam'ama.,Laﬂ@ﬂnaﬁvmuﬁan«uu Pitch bend uag
Vibrato TagwannseenuuuInInlaEALas unTes Keyboard touch sensor \ioanka
ypslgmiinanslildinniiandu died

1) wneavewavalames wuarvuinves Keyboard touch sensor
A IngUsvanAvaalasI Uty Keyboard: touch sensor %vﬁa@ﬁ‘ummﬁmﬁuﬁa
duAddu (White key) vesRdusinduslowes feflaranniofnsaguwesivuiduesa

=

Fudluweosatagla Tosvunannssesduidvesfduesadudlews Saiiuin AU

=

WeavauAgdely SseeUsenaudae AdR (Black key) Wax Addu1n u,ammiﬂw 3.11

Dimension of white key '

L =57/8inch (14.9cm)

W = 7/8 inch (2.22¢m)

-l o =T Al *
FUY 3.11 nuansvuIauassIuauneuaze1vesRduluduna (White key)
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NnvesRdigUR 3.11 sl munveulmuuanuemvesavdlaweduay
AanunIvesdidninalunovalawesves Keyboard touch sensor lesunvalawes
wipinseunquiiidauAf L sgRvesAduare U uuedRd  Anuemuas
ANunIveavalamosuarvLInYeIEL Keyboard touch sensor flatiunadtadiy
wuweiunuuiuiinearBeauansluguit 3.12

A h—— Keyboard

12cm touch sensor

Slider

12cm

Ul 3.12 uanssaziBeavuiaues Keyboard touch sensor FuLULLSN

Vnguit 3.12 Fuwedfuuniuliaunemavalawesie 1.2 wudiuns Tag
onlsnamunzantuiuiivesiaeinge ausvewavalamedie 8 Lﬁuﬁmm
durunveuduTesie 12 x 3 A4, %qmmﬂ'lmyn’nﬂmﬂdummmu amaiiiesann
Fodfaiidunuilunaseoniuume PCB

2) madenmuasidun (Resolution) 189 Keyboard touch sensor

mmavLé‘ammaaL%uLmaﬁﬁv’uuWQWﬂﬁwuuuﬁLﬁﬂ“mmﬁag'lmmuﬂama% mnuavdla
Lﬂa‘smm'matanimﬂaqmn qua.,Laam'l,unﬁi.,um'umq‘aamqzqq Fatinavinlian
muwuwaquwmvgﬂuuummmamaa dualiafiAntuaniledy  Pitch bend uaz
Vibrato flagdanuselios sz [Husssuna

uwivnamazdeadiinniiuly Aniainsauiadt (Sampling time) fuvusvesi
delilasreulnsiaesuuduresduaniuiy Luaamﬂaumanﬂnwsmaauuﬂaammq
1wﬁwawm‘}atarﬂmmﬁwmmummumumma%aumwmn'uu fuavilidweesly

'
=

annsonevduewengavesismudhigeld  dafiddanuiduiiesdedinse
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< - e d  dogw '

demmuazduaTINyaNTigniviili Keyboard touch sensor @annsamevaussie
a v v | w a a & o &

mmisaInsgaialaviu uavmuseilioweadealin TaowuAnlunisiiesieviduissgd

Vinger

o,
B

R = resolution (number of electrodes)

[ = slider lenght (cm)

/
E Vinge- = finger speed (cm/sec)

T

P~ ° a s A4 a
3‘.’“ 313 ﬂ’iWLLUU’\]’IﬂENmi?ﬂU’JUUL%uI,'UE)'SmmLﬂﬁ:vf‘mm’mamﬁﬂﬂﬁm}l'wau

Keyboard touch sensor axmneuauswamszainfenmiagdaisodle e
annsagu indaumiang saudalavunan Fovilvioiumisesnisdudait taldtiaay
ravles dnfumnefaduesaunsonsedunsiudadumiaidalnm A was B 16
vunandleduedoudiumdninssfsanidaemuiiain (finger ~speed : Vfinger) g
uamdlugudl 3.13

nnmaesluguil - 3.13 ﬁ]%ﬁﬁ]’]‘imﬂﬁﬂ’l']uL%‘J'tlmﬁ"lﬂdﬁ;Wﬁ@ﬂ‘ﬁ’.}\'}ﬂ’lﬁﬂtﬁﬂFTU
VA ngermma.,Laamamuwa%wmammmuaLan‘[mmmnaq'[uunualamaﬁﬂa R uaz
svpsvimumngmanadninge. A i B wiiu 1/R daiu enudigeaaiidued
anunsomevauesliiutuasiirviniy

[
R.tsr

Viinger = (3.4)
Ty Lo Aonaniililunisduindn (Sampling time) Fumiswasiivuduesii
o - (] ar - o s 2 4
Inuddninsawiiu R 9nnsRnsunsinaurenesduesluided 312 v
vl mnuovalawesveaduweiismaudidnivsanng Wuweiezdouduiaiunn
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4’ @ 4 U - L -3

Tulumsianisdsuasimnuginiemndidninin  Tesaundldinainisie
vousuwesdulvgifensduinavadidningg PNMTIRSI a sy
mwdmusssnindaansguinadiumiy L fudwnudidninsavusovalad R 16

Wu
Le=R1 (3.5)

Tao & Aeviandililumisduindr (Sampling time) sumitvesihvuduwesid
Innudidninsaifis 1 Bidnlnseauaslddaneiin  (Alcorithm) msiasumiswesiia
Wenfuldludugesiisnnudidninsawiniu R wasdlouny s froaunisit 3.5 as
Tuaun1s?l 3.4 zlé

/

Vinger = =23 P (3.6)

P © o = o . Ao o v
ATiuazaInsan M ILBIanIvsagEnd MU uee SdwilA.  Keyboard

1 nv £ 29 L g ;

touch sensor aBNsaRBUANBNABNIFATIILAIIITY Vinger sapaunisil

(3.7)

o ° a & ot Ve
Taed R = dnnudidnlnsauualawesiidmnusramingy 7
[ =@auemvemavalawas (cm)
- >4
Vhinger = anauiaiatiovesnisgnila (cm/s)

¥ H as 1 o 1 ﬂv ﬂ‘ L) = :
Is = nanillunmsduinawhumisesihvudugesidiiuiudianinin1 du
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30

1=8cm. ts=0.5ms
201

Number of electrode : R
s

o

=
—
A

0 A e A A i AN B VT S

0 25 50 75 100 125 150
Viinger (cm/sec)

Uit 3.4 navimndiiusssrihedwaudianinee (R ) vosdladiunnnsuadegan
104
il Keyboard touch sensor asamevauetsanIsgaviy (Vinger)

NNAATT 3.7 msEInIS wuBEnTnsafivnsay Suduitaefomsny
mmﬁamswﬁa Veinger gaaaii il ulé 'T.mﬂmswmaaammmmmigﬂwaau’maw
Loty '»J-"Imﬁwaamawummmumwumﬁhmam (Photo-cell resistor : LDR) i@
mmmimeflwanmsmawwaa'zmL'Ja'mmuamaaummﬁuwaiuaa%ﬂmdﬂmm
\Fuwesuasdngamils Iﬁanmumzavmﬁmmmuwa'suaahﬂmmwm Pnudah
Pranadnaniuinumimniivesitedotmamuiidludunumsiuy
ddninseluunvalawesvemiendimsuwesfmnzay
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Aanians iadoudivesdaile

LDR 1 LDR 2 LDR 3 LDR 4 LDR 5

I

Yaurafl|dasrandiz | vraaefis |eraaanila
1.5cm 1 Scm——dee] Scrm—t—l Sc

WuueIR Ut (side view)

,
rd E

LDR 1 LDR 2 LDR 3 LDR 4 LDR 5

Qe By Q

@ RY

yaeefuuy (top view)

U 3.15 wuvdae swesgunsniinaaiuansgavesihileleldiSuwesuasdamuviu LOR

wauaildenldiunurtinileuastunisvnansnsilfouine MAGNUAY
mmsnmﬁﬂﬁdwLwiﬁ%‘mﬁaﬁaﬁnawﬁmnmﬂmﬂﬁauwawaammmﬁﬂummﬁaﬁms
WasuUaR e Heviy (Rise time) wazahaa1v1as (Fall time) Aaudnauy e
Tismunraiailisowaufisuseunasisuesvitrasfntisaiiias (Delay Time) wél
Lududgmlumslénumsizdanadiaduesiasumuriailretasusazide
wihqify silimsindaadufnansariseiaan 2 9 Mansindeiuaiiad

smumuvligilweuansdmnumuiusnndeldunassiuiumn - widany
munugadislaiuuasimlon suandusud 3.16
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1000
a 100
g 10 "\‘\\
& 10 i %
N
0.1
01 10 10 100 1000 10,000
Lux

U 3.16 N3 muansnudLasE I sA A UM WYes LDR Ausanudiuuasiil OR 15y
[11]

v
s

NN IRFIVIUMsIARuvasidlody TinuguvenwsUisufisunseiu

b2
Qs

(Voltage comparator) nedtygyiaudunmsiuldiasuvausaiu (Voltage divider) i3 LDR
%mmm\amﬁﬁlﬁmuﬁagﬁﬁ 3.17

2 I3 |
LDRx V+ ' :
~\\~\ W 10K
; §: ' > Vo
% V- —/ G:m

Uil 3.17 MSsuisuussulddmiunsiammidamssadalesld LOR

ms’a’mmmv‘%‘waaﬁaL"S":Jmnmsgmf‘hmnam?m’?umu LOR1  iilefhiloundouas
LDR1AMUAIUMNIUYEY LDR1 9 uquwu viliussiulwihanaseusfumy R2 dewas
Faudunanamsesuvausedu hilkeadenldawes R2 WahnirAmanuduny LOR
vuzuasdinaguszann 10 v Ausiulnihanasen R2 axddludhdummay (vi) ves
295u3guiiiey U1 Teae U1 Ao LM393 wndnaidudnune Open-collector Tuwsnedt
unnuIn  (Vi+) ’um’m‘:@ﬂiavmauuuﬂamu:samuaNawdﬂmmmwuuﬂwﬂwaam
Aumuuiuanld (VR1) mamuamaauﬂmu LDR1 2%sifSeuilsunsaiuaslviuseiu
e (Vo) W HIGH iy Vee Lwamatytymaumaﬁw (Interrupt) Ut
lulaspoulvsaaefifielillues (Timen ﬁ:mJna'ma.,lwumasamqﬂuuma
lilaspoulvsawmeslifudyanBumesiminnesioudiovyd 2 344 Lor2 Ty
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Wuweiuas Tasnsmvesdygraduwesimi Vo fldnniedmavenssiSeudiouiiu
wansladiagui 3.18

e : e B e
: : 2114, Bus ; 4
SCAN W>Svs | WCAL EDGE o

H1 =2y CHE =2y

a a @ v T = - A v ove
U 3.18 nemidiyanaBumeimi Vo ldnniowinerensaswisudiou (@) welésy
a e 4: "
dtyauns Vi- (@) yusitiagariau LOR

Availszgniuiiniuasimshdndvednimefifevhmsitnamsindoui
ypsiailosearine LDR2 M LDR3 uawseyine LDR3 fiv LDRY Uazsewing LDR4 f'u LDR5
Toslduannasideaiu ilatingaousiiu LDRS Jatugpduganisgaezlivasaandauiy 4
ffe f1, t2, 13, 14 indussidasaitlafmsludmnaionruEndeves
fiaile eldimunsasnssenindmsumusiadlseuaAnsia ity 1.5 wuiiuns
ﬁaifumwm%aLaﬁﬂ'naamsgmﬁ'aﬂaﬁfhaﬁqﬁ’u

= 1 &ELS
V ger = o— —

TN e

= 17 - = .
ool NV = auay Vinee flomnuiandevasnisgn whefto cm/s
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sl P UNC SENGORE. LEEUY . B LA 3 ShadBORID. A
v, SN N

P Lib
| 2P COME- PUTTY

il 1

1*] HW Seangs | kWi [ Ao
7 vty seocn aferornae

B Toucrhey 4h e Sact tnge

Efapee

 Jama
{

WLOOWTS foey ond iock

T ———

'&. worg 10 ELF
f

Pl ¢ ) & & = Ly ¢ a !
U 3.19 (vu) ygunsaivaaesinanuiinisgavesiilelasldiduwesuaedia LOR, (819)
UARINANTITIVIAINTGALIAINYA LDR2 §ia LDRE Tdaadeusyan 32 ms

3.1.4 waladmiumslesiunanndygiusumu

Wasnnuesilddmiumsasndumsduiamennuglni - Hursesludnune
“High-Impedance”  Zsgunsallueasiinnusuniugunnuarldmdn  daiduveins
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‘[uﬁﬂwmzﬁﬁahimmmmm"am'smﬁmﬂwé’ﬁymmsumuﬁﬁwé’wugqndwL‘ﬁ'wmlﬁéw
oty mamenhaduudindnlafhainszuudslnia (Power line) 50Hz vas1ane
1IN aaedldnu Keyboard touch sensor sunuuiisenuuulaglirsasssguil 3.8 udn
vimsiausadiuanAsennees RC wafiiintufe vuefithduiaisdninsnveaduwedud
wasfiamsilendeygasuniu 50Hz Wiluse Teouansmaiiiatusegud 3.20

A R.56ms Al GO.OmV
o 40.0us o 20.0mvV

0o v M2.00ms A Ch2 -
| W30.90%

jﬂ‘ﬂ 3.20 (VW) uusiunnNATaNI99s RC vaueilifinisunyvesily, @190dygiu
WSIAUANATBNNIT RC VauEfifimsunyvesin

NNFUR 3.20 wavesdygaIsUn Ui TuY A Ye IS I LUANASEINIS RC
wmzﬁﬁaﬁuﬁagﬂaﬂizﬁuLms'fu (Offset voltage) %uﬁaaé’zgwum Sinusoid ALE 50Hz
lavhnsduan (Sampling) usituanageinss RC AmnmsduiildFalimsidsuutas
AROARILBALE 50 Hz vhlimavszanadessymsduiavesthuueueeilosliyndoya
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' lg 1 1 v 1 1 a
wanidululden  Teeesuanmswdennsen AV Aildenmsduauseduuay

=t =t waid o o w Ity wp w1 3 @ o
wWisuiigunsainfiidudadulifiindudadiulusunsy Serial chart faguit 3.21

waiilaifinrsdude

W

time

U 3.21 nswidn AV #ldn NSFUAUTIAUANATOIINT RC 109
Keyboard touch sensor Auluy

mnguit 321 msdeduleiBilininsmiugnihdudavielluraeiiinisdudadu
Wululden dosmnfinsiddsuutasetraunvesen AV. msudlvhdlianuisovivlalag
TH99snsesewnden (Analog fitter) Wi iimsninmsidensionsesnseadfuies RC
Iuludel§1995 Active filter fnaaudmvuendn (nput impedance) g#n9 Lwai‘ﬂm
N‘i]iﬂiadLUaEJULLUNjﬂ‘i’iﬂﬂﬂgmﬁmﬂaﬁuﬂﬂuﬂa‘ﬂﬁﬂﬂﬁﬁ RC u#493 Active filter 1y
dodldgunseididansetinddeudranndshivanzdmsunisesniuy PCB w99 Keyboard
touch sensor ﬁ‘ﬂﬁuﬁﬁaaﬁm%’umsmqﬂnsnﬁ&ﬁﬂmaﬁnﬁ ﬁaﬁuﬁaué’an‘i‘ﬁﬁﬁmﬁ’mmm
sumunrenwslaaliAinsesidnea (Disital filter)

ﬁaﬂsaeﬁ?ﬁmaaﬁqnﬁmﬂi’muﬁa IR Low-pass filter 1ag llR g0319  “Infinite
Impulse Response” mnsaauag‘luaﬂwm sU04 Recursive filter mmmmwmmmmm
WANAIINHATINWUULTEAY (Linear combination) %emuwwwmmﬁwuu 9fin uay
afnvoneWiNAsy wileudnunzvesnisleundu (Feedback) Amsedn Tnelassad
Feeaves IR fitter Huszuanslivagud 3,22
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U 3.22 Block diagram Tassai1swes 3 Order IR filter [3]

Transfer function 109 IR filter Tngvaluudranansouansogluzuvesaunisdal]

N
buz*
Y(z) RZO [kK]
H(_z) .~ X = — -
@ Ofa Zamz—k (3.9)
k=1
ow N #o 9771 Order 99330599 IR filter

bi Ao A1 Coeffecient ¥04d7u Feed-forward
ax 79 A1 Coeffecient UB3dIu Feedback

wanaidenldnudnsesussam IR fitter 1osan msaanuwﬁy’uﬁﬁugmmmn
Analog filter ﬁammsnaanuuu‘lﬁi]nwsmauauaam'mﬁ“luwuuwha'ﬂ.ﬁ iU Low-pass
filter, High-pass filter, Band pass filter, Band stop filter {Judu ﬁaﬁﬁﬁﬁtyﬁﬂ&aﬁ'}w%’u
wgransiden Ao IR filter finmsnovaussmmiiiiduazwsiugind1 FIR fitter (Finite
Impulse Response) nsilifis1uIu Order wovIvsNTOUYINUIESY Swmneda IR filter
sldwniwesaeqlunisdunmeninmisundiwuu FIR fitter vilildiaatlunisine
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tesnnunnuasiiussdninm Jauvvand iy Keyboard touch sensor fifieanis
anuFINshenge lunsevausimsgavesthetnemnng

ﬂWi'l'umumnsmmmmwamﬂﬁmsg*lmsumu 50 Hz eenlutiy YAUeYAINNIT
ammmvmlﬂmumniawmaamﬂﬂs.,nau‘uaaﬁtymm’mmuaqms Feavsedldnisdy
AvheaudnsduAet ey 2 whussmuidygrasunuiidesnsidaeen au
mwgmiqum‘uaa Nyquist-Shannon

Js 2 2. fooise (3.10)

Notch filter fuwasamﬁqmﬁﬂw%umsﬁﬁmﬁtycmmsumu a A UBFETisesnis
Wity Wilinsanneunnnmvesdyudunadestnn  wadwiunisasasiunsduda
Bidnlnse - anuidyansunavdnildainnisdudiahdinnudidentnad  Fafunisld
1" Order IR Low-pass filter wnudsfinududauvesitviduloudetiosnituuy Notch
filter Wazieawalasus ndyginsumuaind 50 Hz senluls 1ne Block diagram w83
IR Low-pass fitter fiunlduduuanstoguit 3.23

Input Output

jﬂ‘?l‘ 3.23 Block diagram %84 IR Low-pass filter fithsldendu Keyboard touch sensor
90 Block diagram w83 IR Low-pass filter Tuguit 3.23 thunilsiduleuse
[8] (Transfer function) Yesszvulailu

(1 o K)z_l (3.11)

Toed 1-K fa @1 Coeffecient @21 Feedback 84 IR filter #il4au
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Fwdonnsmnsmevausmismul (Frequency Response) wasiertulausie

PRNAUNISA 3.11 Tu elglusunsy MATLAB lunisuamsnismevauasnienud leed
il
As1usiatl

%)

=

Q

- —

=

=

o

G

E —
X 05432 N
¥ -3.016

5 } \‘E—
_10 e i L 1 . 1 L A 1

0 Gl L0232\ B e e c OB A 08 /P9 1
Normalized Frequency (xx rad/sample)

jﬂ'ﬂ 3.28 N3WINSABUALEM A IAYES IR Low-pass filter ng#l K = 0.125

mﬂﬂi’]ﬂ§ﬂ1ﬂ 3,24 danaladn IR Low-pass filter ummamiwmwsvﬂauaq%w"
Hediunuly (Sensitivity) sansduNavenduwesiaziilowidn Normalized frequency
U PILNLY 3d8 AN Cutoff frequency seeangas Lman’mum‘mmmnmiauﬂﬂ
%mumaiagw 110Hz wazA1 K =0.125

nndenA1 Coeffecient 4y IR Low-pass filtter tuegldiBnisdannnisal
REUALBIMIWIAT (Transient response) vau@AnNAvRIRINTBIaWhMsUTuA K au
‘lmmwauauamwammw mavmaa‘lmmmwmwmnmﬂaﬂuwaauaaua"u Settling time
fis nedt K avdodlsiiy 1 Brsdunamsalnevausvaaiuel¥iimmaenns v
W1UlUsUNSY Serial Chart TaguansmadnsAuANAaweINTlY IR Low-pass filter fu
nslaild agud 3.25
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ii ‘ “ | | M | ’ C.Jutpu-t.?'i'bﬁishrullR

; MWW"-W\‘\ - Output it IR
7 M/\M\ ; \\
—Jf’ b 5

Uit 3.25 nsmiuamsaruuansnassvinslioyan s Il IR Low-pass filter Ausing
IIR Low-pass filter

3.1.5 mwﬁ’mﬁammuﬁ'}unﬁwmﬁ'muunm‘lamaiﬂm Keyboard touch sensor

MIUAMATUNUIVRINSANNEUY Keyboard touch sensor. ausnszyldlaenis
winsasagui 321 anuzvawdardiannsauuovdlawesaxdiiies 2 aoy Ao gn
Ay nuiugmmv Fagnunuiesiey 1 kar 0 ARy

' ¥

Ul 3.26 namiuanamsRa s Bianinsegndiaviels!

Wi nBaninsafiniumsnsesunfissanlaensivusddnGy
(Threshold) . fsgduvesdyn guiueusaiuinGuianyindianinsaiinsduiauas

[=4

Winadwsidu 1 widsyiuvesdyanuiiniaidnsuuaninddninsaldiinmsdudawas

Tvinadnsidu o

00O 0 01

Ui 3.27 amuansanunsaifuiavesdidninsauunaualanes (8]
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VINgUT 3.27 dumisnséuiaiaBeniigafiunvalawesannsarils fe fumis
msdudfasevindidninge 2 Fu fufu wnuoudlawedustneusedid@ntnindiuay 16
T feganunsaszyhumismsdudaldte 32 sedy Tasanuzvesnudlamesasdoniy
ogludnuurues Thermometer code (W3a13uni1 Unary code) wum 32 Jmdamn
thiuldlumsdeans 12C awdesdedoyafia 4 ludvSeannninlumsseysumiontsdude
o19vildnsdeansseming Keyboard touch sensor fuvedauszinanansniddmiy
asreyadioya MIDI Hraldl fog1dnwarueansidsfauuy Thermometer code uans
Famns193UTl 3.28

Binary Thermometer Code

Decimal b, b, b, d, G g\ o d
0 0 0 0 0 0 0 0 0 0 0
1 0 0 | 0 0 0 0 0 0 1
2 0 1 0 0 0 0 0 0 | |
3 0 1 1 0 0 0 0 | 1 1
4 | 0 0 0 0 0 1 1 1 1
5 1 0 1 0 0 1 1 l 1 1
6 1 1 0 0 1 1 1 1 1 1
7 1 1 1 1 1 I 1 | 1 1

U 3.28 uansshogsdnuyIes Thermometer code uunn 3-bit binary

fiufimusuuiissdensnsiadaltinnutaflflumsdemstonas Toevhns
wasgadieyaves Thermometer code iiuyatieya Binary code Ailumsnaguil 3. 21
Aeuan Thermometer code wasunudlameiinadld 32 um‘lumssmmwua ma
LUaEJuLUWQﬂ‘UEJlJﬁLtUU Binary U1 a@nsnanvuindavesfeyameivs 5 Jawindu
nnuuihdeya Binary Aldluaiisileidunisszysumishuualawesludnuuzvasnsm
wuuu‘lmmsﬂm 3.29



7(00111)
6 (00100)

-
.

2(00010)

1 (00001)
0 (00000)

Ul 3.29 uanansadrateitunissrydumimesiivualawosivututulavued

iy

X 7 e L -
dnalagou | - dnalanas

Slider min value = 0 (00000)

Slider max value =31 (11111)

time

- vy ¢
fimsgaihu-asuuuavalanes (8]

g
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3.1.6 Wun7uves Keyboard touch sensor
A5Y191UVBY Keyboard touch sensor @1315008U18MI8WHURS Flow chart 13l

Interr ice Routine (ISR

ISR(TWI_vect) *duFun1seans 12C

Interrupt

K-n--u)

j‘l.lﬂ 3.30 Flow chart kaman15v9ulUsunsues Keyboard touch sensor
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3.2 29TuUasdygyreuenn TTL level Wy MIDI (MIDI data signal generator)

Fyau MDI Aldmniedesnunianinsoludouldvarsedis oy Wideuseuar
ﬂ’mﬁnﬁ‘uLﬂ?a&mum%ﬁﬁmaaLﬂ'%iaq'é‘uw'%aﬁﬂ'lﬂaiaﬁ’uqﬂnsaﬁﬁﬁaq%’umﬁaum MIDI  mdaides
(Sound card) vespBNRAIRRSTuTimmETARBNSTRIIUNTITede MIDI 18 usllsiiiwedn
dmsumsidousedygnn MIDL Tasase msSudedygaldwiinfiunainnesdn MDI sragly
jUwuuves Current loop ﬁaﬂ"uﬁaﬁ’mﬂawsﬁ[,maaﬁmufmmmnqﬂﬂstﬁ MIDI (Current loop) fiu
dyanuseiu TTL  edeudegunsal MDI Wldlumsduensidediin  viadeusey
ABLRUABTHIL MIDI/USB converter iifuuasauszananandn MIDI data generator

MIDt OUT
Plug

Connect to
(=1

Cannecl to

AAR
YV

%am * ¥5‘

Copyright 1985 MIDI Manufacturers Associalion

Ui 331 (uw) mseusie MIDI/USB converter, (@19) WITNABUNALALLBANANIATE UV
gunsnl MIDI [4]
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2asudasdygn MIDL Wudygn TTL level  tusidusedday Opto-isolator &3
wanaldesungiluided 252 Tnuazdeaden Opto-isolators fianunsonauausesnsINg
defoyavesdygiu MIDI Fefiewiiu 32 lulasdundivedmleviu (31250 bps) 10y Opto-
isolators wes H11L1M uumm’lumimmmmﬂw 3.32 Yunanfisuseutiuliiviniy 1
lulasinfuartnanfisusewiuiiiwindy 2 11.!1?1'5')14‘1% dlevanFeuifisuiudnsinisds
%’auamaaé’fytyliDlué’awudw*&'mLamnﬁ%uaauu,ava.ﬁ'a’uaawﬂfuﬁmmL%qmsmavauamﬁmwa
fummiwesdygin MIDI uwaznimaimues HI1LIM Sudhians Schmitt trigeer oy
ma’lumummmmm’tumwumumaﬁ’mmmumuimm

/8
g\
rér

B R Rt s
LY
=

2 <.
N
BT\
k] A i v b
Y 1% !
' el - e
TRANSFER CHARACTERISTICS
AC Characteristics Test Conditions Min Typ Max Units
SWITCHING SPEED
1.0
Tum-Ontime  to, |Ri=2700,Vec=5V,ik=liion, T4=25"C) 065 us
4
0.1
Fall Time b |R=270QVee=5V.Ir=le (gn) TA=25°C 05 us
01
20
Tum-Off Time low RL=270£1,Vcc=5V.lr=k(m), Ta=25°C| 12 us
4
01
Rise time o |Ru=2700,Voe=5V, Ie=leqon, Ta=25°C 0.07 us
01
| Data Rate 10 MHz

Uil 332 2esmelunasguiautinisaindues IC Opto-isolators e H11L1
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+5V
H11L1M
2
+5V R2
L1 u
D1 I; 220 S
1 Fi
N4148 4 UART TTL
R1 1
220
]'U‘ﬂ 3.33 2395 MIDI/TTL converter
45V 1.Ohe) pu
W\ 220 MIDI OUT
R4
1k
R2
220
a1 = .
BC337 —

U 3.38 2995 TTL/MIDI converter

mydeansseninuesaUsyananandndmivatissia Mol fugunsaliednm MIDI dmsu
asmﬁaﬂumuw%‘wmws TTL/MIDI converter mmﬁm 3.34 ‘[ﬂamﬂ‘amﬁwamai Q1 uay
Q2 uumumsumuw Inverter Y8INATUINTFIU 'lu'sﬂva 3 33 @212995 MIDI/TTL converter 1
mmm’lﬂuﬁﬁwsums Debug H1uMsAeasgULUY MIDI Lwammaaummgnmawmmmﬂm

wauﬂme‘]mwu



47

3.3 vednuszinanavdndmivaireyatioya MIDI (MIDI data generator)
3.3.1 Tassafrauasndnmavihnu

MIDI data format o T e e
via UART

_ MIDI data generator
board '

12C bus

jﬂﬁ 3.35 Block diagram wanIMsBenmavasuein MIDI data generator

veinuszmanandmivaiegedeya  MIDI dedwmsulassutrEunieda
MIDI data generator svmiiaiflunisdwyadesa MOl Tagldn sdeanseunsuuuy UART
ludsgunsal - MIDI e dwaieldduidedln Intedioya  MIDI fu%wﬂiunauﬁau
Anudnwaurvaudoalin (W Pitch bend, Vibrato {ufiu) fidenrdasiudnumuzmssail
UU Keyboard touch sensor IﬂammsmLﬂswvwaﬂwmvmsiﬂuﬂﬂmnm‘smummwm
fhan Keyboard touch sensor A IMUSlUmEIuYE 12C wazmsyhauleesinves
Uasn MIDI data generator dzfioudnflo wefiluviliAemsfiaduesaan (Delay time)
mia'mLﬁaﬂumLmmwvm1ﬂLnuiﬂfaum‘lmLaumms;ﬁﬂmmwmalﬂ Faazvimsiay
purdifululdieon fadululasreulnsiaasiliautuvesa MIDI data generator DIl
mmsa’lumsu'ﬁvmawamLwamvmmmsnwaua‘uaamuwumﬁ“lmsumuavaiﬂwﬂ
Yoya MIDI LwamLumLﬁﬂﬂum'l.maiwunawaemumsanmmwmuwm Keyboard

touch sensor

usnminmdentilulasreulvsiaediifinnuiilunsusvinanaguiioannsiin
Aladum dulusunsuvesuesa MIDI data generator avdasiimAdansdanisndnens
(Resource) Tiflogliszuuaninnrevaussadldliiunauazlifnnsdumaivessyuy
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lulaspeulnsiaesidentdiuueda MIDI data generator fls STM32F407VGT6 911
U3HM STmicroelectronic Tassadsanimnssufio ARM Cortex-Md 32-bit Gaflenuita
godnegil 168MHz sie 210 DMIPS mshnsaiielulinuty I6denldiiudnumrves
vedn Evaluation wnumislfnuuuudnieruazanlumswau Tasvedafidenie
STM32FADISCOVERY gusnsdnuaizuazdinseneuiifleguuueinlduanlifegui 3.36

e STM32F407VGTS microcontroller featuring 1 MB of Flash memory, 192 KB of RAM in
an LQFP100 package

+  On-board ST-LINK/V2 with selection mode switch to use the kit as a standalone

ST-LINK/V2 (with SWD connector for programming and debugging)

Board power supply: through USB bus or from an external 5\ supply voltage

Extemnal application power supply- 3V and 5V

LIS3020L or LIS3DSH, ST MEMS maotion sensor, 3-axis digital output accelerometer

MP45DT02, ST MEMS audio sensor, omnidirectional digital microphone

CS43L22, audio DAC with integrated class D speaker driver

Eight LEDs:

- LD1 (redigreen) for USB communication

= LD2 {red) for 3.3V poweron

= Four user LEDs, LD3 (orange), LD4 (green), LDS (red) and LD6 (blue)

- 2USB OTG LEDs LD7 {green) VBus and LDS (red) over-current

+  Two pushbutions {user and reset)

+ USB OTG with micro-AB connector

=  Extension header for LQFP100 /O for quick connection to prototyping board and easy
probing

L I T

Uil 3.36 dnwauruasdruyszneutesuedn STM32FADISCOVERY
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Tsunsumsvhaulaesiuvesuesa MIDI data generator @NSnBS UK

A
Flow chart a3U

Interr! Vi ine (I

TIM1_IRQHandler()
-
Interrupt
‘l TEsun )

=
Keyboard touch sensor AIEIATLIIANT

—

]

Ul 3.37 Flow chart mavhaulaemswestusunsuuuueda MIDI data generator
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9 Flow chart Tugufl 337 dauveslusunsundn (Main) tussenludnwoe
Polling lnefimyiuguasivaeumsiSenldnuilaidusiieg wu n1smsavaeunisdusia, g
sI9deuNslda Vibrato wae Pitch bend Hudiu uavwgﬂmﬂmsmwmé’a MIDI
W14 UART wmmm'sL'a‘anl‘uﬁqrmumﬂamnmu z?ms*umsaummLmuwaammn
Keyboard touch sensor tuta 12C Hu sxvhmsguasaunaimsduasilage:ld
N1SBUMDITN (Interrupt) ¥892935 TIMER Tu STM32F407VGT fsanunsafvusmuiian
Tumsdueildanudiosnms endiildlumsquaeuesamdndesdidunnnirmunsdue
Munisiinves Keyboard touch sensor

fS‘(MDldma generator) ﬁ( Keyboardouch sensor) (312)

332 ammuguadneuzyudeswegunsel MIDI

@eshinfigniduainiatesmuaiviogunsel  MIDI | tuansnsnaauguldkunisds
yaendamnilusanea (Protocol) tmsgunes MIDI 1.0 ludnwaizves UART @sléosune
Wluhdied 2.5 lnugasdaiildnan q‘lusuuwadﬂswuﬁmﬂ

1) Note On ua¥ Note Off

WHugedauanmsiaulimuazmmgaduliin o fmuwnidiinlag ddaeund
whidavanizunngdedeusasanurussnisnargvindy (e nsidy
nevisaisaniaesAt) msadlumluyaddesfpsds Status byte uar Data byte (369
muddiy Tnedisieazidunvesudasludesed

Status byte : 1001 CCCC—

Data byte 1: OPPP PPPP. &~ @1d3 Note On
Data byte 2 : OVWW VWV 2

Status byte:.1000-CCCC

Data byte 1: OPPP PP — f1d3 Note Off

Data byte 2 : OVW VWV

=

“CCCC” Av MIDI channel fifaglutas 0-15

“PPP PPPP” fig siuviiswesliin (Pitch) Tiamnsuminiuszgnssyseriay 3
Anaglutae 0-127 Tagllin Middle C axilduviniu 60 munimuansiumisvaslin
vouTulufaguil sox
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43)
~59

1[n| I 0 IO T 0O YO0 OO RO 0

|
| | ' fonas
c-2 c-1 (&1 C1 c2 ca c4 c5 (013 Cc? C8 8
0 12 24 36 48 60 72 B84 a6 108 120 127
c1 (=] (=] Q2 <] c4 s cs (4 ca [+ ] o
oo o1 [ (=] c4 cs ce or ca [« ] ci0 G0
MIDI NOTES

Uit 3.38 nmuananetiiinu Pitch veslifmly MIDMWigudumwniswesltmuudely

“YW WW” fig-frananse anwsislunisiauliin (Velocity) fnaglutag 0-127
WneimsuSeuifieunives Velocity Weufiumusiuunmasusdannasisguil s

0 1 ‘ 64 127

off Ppp P PP mp mf f ff fff

Uit 3.39 wunmBsuiieurnyes Velocity iisufuammeimneausianna

void Note On(unsigned char channel, unsigned char pitch, unsigned char velocity)

{
if(velocity > 127) velocity = 127;
USART3_SendData(@x9@|channel);
USART3_SendData(pitch);
USART3_SendData(velocity);

¥

void Note Off(unsigned char channel, unsigned char pitch)

USART3_SendData(@x80|channel);
USART3_SendData(pitch);
USART3_SendData(@xe8);

}

Uil 3.40 Hariduniw ¢ Aldidmsusnda Note On wax Note Off

2) Pitch bend

v

dieldnuyadil ﬁlwmmaaaummmaﬂuwmammauag’twqwuma
maﬂ.mmu 1 $ruduadn (Tone wia Whole step) Iﬂwmma%aamaaaﬂaw 14

Un mmwawmmaw 0x2000 {14 0x3FFF  wawiinain Data byte 2 gasauiiu f

]

984 Pitch bend Tuanugisusuiidelufinsidounnuiveslin (Center pitch) A
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0x2000 gamdsszneumie 3 Tud msddludluyedsededs Status byte wae
- o a < = d & ar A‘
Data byte Fesmuddu lnedisvasduaveunarluddail

Status byte : 1110 CCCC
Data byte 1 : OLLL LLLL }mﬂl&mh_bead;hange
Data byte 2 : OMMM MMMM

“CCCC” fip MIDI channel difegluyas 0-15

“OLLL LLLL” uag “OMMM MMMM” @8 Least significant 7 Um wag Most-
significant 7 Um ¥84A7 Pitch bend 9u1a 14 U8 muaisiu

void Pitch_Bend(unsigned char channel,int bend_level)  //middle value st 0, max,min vayle at +8191,-8191

{

int pitch_value;
int LSB;
int MSB;

pitch_value = 8192 + bend level;
if(pitch_value » 16383) pitch value = 16383; /everflow protection

LSB = (pitch_value & 8b81111111);
MSB = ((pitch_value >> 7) & @bal111111);

USART3_sSendData(@xEe|channel);
USART3_sendData( (unsigned char)(LS8));
USART3_SendData((unsigned char)(MsB));

Ui 341 Hariduniw € Alddmsudds Pitch bend

3) Vibrato

4w

dlelfrugedded avvhmsniaunis (Oscillation) maqmmﬁumwmmgﬂ
Lauag‘lwmﬁuu,a.,mauwwaﬂuaalmnu 1% gesmnudinalasiianusauiu
mmn‘ummﬁmmumwaammﬁ‘iun"lﬂm'mﬂ'swayLﬁﬂmaa’ﬁ 7 90 (0-127) i
nsniaunisvasauilinvesiledidy Vibrato vzmmvauﬁmsumummaw 5-8 Hz
ma«qwmaqmsamlﬁaa Vibrato lusnesgiu MiDI thuazidunidds Modulation
wheel : Mod wheel dmiunisdsludluyafmdsazsiosds Status byte waz Data

byte Seamuadu lneliswazidunvewsar ludsadl



53

Status byte : 1011 CCCC
Data byte 1 : 0000 0001 }ﬂlﬂ_mo_dﬂh_eﬂ

Data byte 2 : Ommm mmmm

“CCCC” v MIDI channel fiFneglut 0-15

“Ommm mmmm” waz “Ommm mmmm” A8 A1 Mod wheel Avaziden 7
Um

void Vibrato_Control(unsigned channel,int vibrato_level) //coarse wode with value from 8-127
{

USART3_SendData(@xBe|channel);

USART3_SendData(@x@1);

if(vibrato level > 127) vibrato level = 127;

USART3_SendData(vibrato_level);

Uil 3.42 i ¢ Flddmiudidamunm Vibrato

3.3.3 mamyadumslfie Pitch bend uaz Vibrato 9ndnwmenmsgaila
JUkuunsMUAN Pitch bend losldmunusdiiusvestiauy Keyboard touch
sensor - Tillanuwnurdiguil 3.28 mudhngvesniseanuuutiy - fesnsliidnuaens
AIUAY Pitch bend wdloudldlumsiauuy Violin Fsdwiussvudagldmnsasuulas
AwniihuuovdlawesnnmsgasuiuiinidBammunsAdgausn  muny

ranIswuver i@ igauviednas  Tnemsnsedunsianuvesitaidy  Pitch
bend fiTuneusnaluil

Holding Threshold Scaling

detection function function

31.]‘?' 3.43 Block diagram 984n1395299UN51997% Pitch bend




54

1) mmsetunisuneAnuuAl (Holding detection)

Wienmsnevavasvesasuniidifildainmsuneduroutetsy
Wownanuaves IR low pass filter \evngou Step response YBINITUAY AN
AwniswasihiildezAesiuaudshumisiifinsundlaedidnuaedaguil 3.49

Y(t)

3 oy i o e il S
— 572D iNput ITNNTGANE

s unesswe Ottput UYDUAUEESHIY IR Low-pass flter

t_-b

]Uﬂ 3.44 nawiMInaUAURY Step input IINMsUevdd Tee ¥(2) Aermdunusduiusues
fiauu Keyboard touch sensor

NNJUA 3.44 MIsuAMIIN ISURzE NSty avspslitunsuuduges
madusesvhamiitien  wasvimsenum o geuenvesnTI@sdinginng

WarLuUare R umN T uMIAY 0 %58 % =

2)  Threshold function

@ -:I' ar 3 = L n: 4‘ - o i qv
MNP TR IRYRE1BMAT MIFATUWIDasadousliivesiiy
WRDMINANMTHEEANZA (Threshold) F992i RN U0 Pitch bend tite
Josunsidauiumisesiafoandntdoslauifiaununilalésils

s

] {@.—- Pitch bend vhau
Y(t) ( Vihreshold= Y — Vref

g ———

Ul 3.45 nsmshumisvesihdmiueBuiemsinuues Threshold detection

A
(e

AanlgAIuAL Pitch bend ﬁ’agﬂﬁ 3,45 A8 Ay = y — Yrgf T Yihreshold

¥

Ineiiazdesagludouly | y — yrg [ yireshon
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3)  Scaling function

ey Pitch bend 'lu'ummﬁ’q MiDI mmaauwwﬁwsumsmmuagw »
8192 @t 8192 duussesiimsvutaimasasiumisiafinndusey
Threshold detection Ivivzauiutisdunavesilaidu Pitch bend

Pitch bend value

U 3.46 novimudLUS e AR ssesT s (Ay) AumBunavasilaidu Pitch
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1) High pass filter

msdewihumiswesiwnuardegiisadntes Aawrsonsyiunsioy
Vibrato Taglilédelald 357létesrunadananienisld 1 Order IR High-pass
Filter #f Cut-off frequency fadmiunsasrimusfinnnainnsdou
Mumindntesvesih Tnsdenarifiegd 6 Hz

31Jﬂ 3.48 Block diagram®a4 IR High pass filter Mddmsunsiadunisidam
Vibrato

Magnitude (dE)

| I ! | | «‘ i |

0 02 LE] 04 05 ] o7 08 13 1
Nomiaized Frequency [vuradzamgle)

jll'ﬂ 3.49 n3muany Magnitude response 484 high pass filter



Finger

s =t :
o 5
position: Y || | T it

57
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ABSTRACT

This paper addresses the question of how to extend the capa-
bilities of a well-established interface in a way that respects
users’ existing expertise. The piano-style keyboard is among
the most widely used and versatile of digital musical inter-
faces. However, it lacks the ability to alter the pitch of a
note after it has been played, a limitation which prevents the
performer from executing common expressive techniques in-
cluding vibrato and pitch bending. We present a system for
controlling pitch from the keyboard surface using capacitive
touch sensors to measure the locations of the player’s fingers
on the keys. The large community of trained pianists makes
the keyboard a compelling target for augmentation, but it also
poses a challenge: how can a musical interface be extended
while making use of the existing techniques performers have
spent thousands of hours learning? In this paper, user stud-
ies with conservatory pianists explore the constraints of tra-
ditional keyboard technique and evaluate the usability of the
continuous pitch control system. The paper also discusses
implications for the extension of other established interfaces
in musical and non-musical contexts.
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Piano keyboard; musical interfaces; capacitive touch
sensing; performance technique; expressivity; digital arts
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INTRODUCTION

Electronic piano-style keyboards are ubiquitous in many
styles of musical performance. Beyond emulating the acous-
tic piano, the keyboard is frequently used to control sam-
pled string, wind or synthesiser sounds. However, the key-
board lacks an important feature found on nearly all string
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and wind instruments: once a note is played, the performer
has no ability to further control its pitch. This limitation
prevents the keyboardist from emulating common expressive
techniques including vibrato, pitch bends and slides between
notes. Some keyboards feature a “pitch wheel” to the side of
the keys for fine pitch adjustment, but this arrangement has
several drawbacks: it requires the dedicated use of one hand;
it lacks the ability to independently control the pitch of mul-
tiple notes; and it requires two unrelated gestures to play, one
to select the key, another to fine-tune its pitch.

We seek to integrate expressive pitch control into the key-
board itself. There are millions of trained keyboardists who
have each spent thousands of hours to become proficient, and
an interface that builds on this wealth of training has signifi-
cantly greater potential for user uptake than an unfamiliar de-
sign. However, existing training is also the chief obstacle for
any new keyboard interface. Ideally, an extended keyboard
should require minimal re-learning by the performer, and in
particular, the addition of new capabilities should not inter-
fere with traditional technique. Broadly framed, then, this
paper addresses the question of how a familiar interface with
a substantial body of user expertise can be extended while
respecting users’ existing knowledge.

BACKGROUND

Previous Enhanced Keyboard Work

Designers and musicians have long been seeking ways to add
new dimensions of expressive control to the keyboard. Yang
and Essl [30] use a 3D depth camera to capture gestures a
performer makes above the keyboard; Brent [4] tracks pianist
arm motion using an IR camera mounted above the keyboard.
Both systems are used to control sonic parameters of the per-
formance. Pianist Sarah Nicolls [18] worked with composers
to create performances using light sensors, accelerometers
and bio-sensors in addition to data from the keyboard.

Over the past century, several designs have sought to integrate
additional control into the keyboard mechanism itself. After-
touch (key pressure sensing) is commonly available on com-
mercial keyboards, though it is rarely used to control pitch.
The Ondioline (invented 1941) and the experimental Yamaha
GX-1 (1973) both let the performer add vibrato to notes by
shifting the keyboard mechanism from side to side [21, 25].
In the 1980s, Robert Moog and composer John Eaton devel-
oped a keyboard measuring the position of the performer’s
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fingers on the key surfaces [17]. allowing continuous con-
trol of pitch and other sonic parameters of each note. The
authors, in previous work [15], also developed a keyboard ca-
pable of continuous finger position measurements, and this
work forms the hardware basis of this paper. The commer-
cial EVO keyboard (ht tp://endeavour. de) senscs ﬁnger po-
sition within a 1x4cm region of each key, with an adjusted ge-
ometry to provide a wider playing surface on the black keys.

Why have none of these advances been integrated into main-
stream keyboard design? The reason may have as much to
do with human factors as the technology itself. In a news-
paper interview, composer Eaton said of the Moog keyboard,
“It’s very difficult to play. But an instrument should be dif-
ficult to play. That’s the only way to master musical mate-
rials, by overcoming these difficulties” [19]. Though using
the location of finger-key contact as a control dimension is
conceptually straightforward, it presents substantial practical
difficulties in performance. Of course, many traditional in-
struments are also difficult to play, but beyond a certain com-
plexity, the designer will encounter limitations of human mo-
tor control and cognitive bandwidth [23]. Jorda defines “mu-
sical instrument efficiency” as the ratio between musical out-
put complexity and control complexity [11]. If the constraints
of keyboard technique are not accounted for, enhanced key-
boards run the risk of greatly increased control complexity in
exchange for only modest gains in musical output.

Constraints of Keyboard Technique

Piano technique rests on two mechanical assumptions; that
the velocity of the initial press, rather than actions thereafter,
determines the sound of a note; and that a key can be pressed
anywhere along its surface with similar results. Where the
fingers touch the keyboard is thus primarily determined by the
physical constraints of playing multiple notes at once, either
simultaneously or in sequence.

From the interface designer’s perspective, finger location is a
“soft” constraint in that the performer could in theory place
the fingers nearly anywhere while playing a passage. In prac-
tice, though, few performers will spend the time needed to
master an instrument that demands drastic changes to their
technique. The question thus becomes how to find the “space
between the notes™: the aspects of performer-keyboard inter-
action which are not constrained by existing technique and
which can therefore be repurposed for new musical effects.

Analysis of existing performance technique is important to
precisely identify its constraints. Motion analysis of piano
playing has a venerable history extending at least as far back
as Ortmann (1929) [20]. Recent analyses include video mo-
tion capture of piano performance [7, 13], examinations of
piano “touch” as profiles of continuous key motion [2, 16]
and movement analysis of the arm using accelerometers [8].

Beyond Music: Challenges of Training and Expertise

Extending the keyboard raises a broader issue of expertise,
both as an enabler and a constraint in interface design. Play-
ers of an extended instrument, even one with a high ceiling of
expressivity, may experience a temporary dip in ability due
to unfamiliarity. Scarr et al. [26], examining expertise in a
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broader HCI context, observe that this dip can deter users
from adopting a higher-performance interface and propose
methods of smoothing the transition from novice to expert.

Analogous situations be found in efforts to extend other fa-
miliar interfaces, including on-screen QWERTY keyboards
[6] and pen-based input [10]. In the latter case, understanding
typical pen motion profiles used in writing can guide the cre-
ation of more natural interfaces [29]. Touchscreen input is a
frequent target for augmentation with new sensor modalities,
including pressure [27], finger angle [28], device tilt [24] and
shear (sideways) force [9]. Cognitive bandwidth constraints
also appear in other domains, including interfaces used while
driving [5]. In all cases, new input methods are added to a
familiar activity, and non-interference with the original task
becomes important.

When new sensors are added to an existing interface, ques-
tions may arise of when a user intends to engage with a
new modality, versus when the sensor data merely reflects
a byproduct of familiar actions. For example, when eye-
tracking is used as an input device, separating intention from
involuntary eye movement is a challenge [22]. Similarly,
most sereen touches will exert a measurable amount of pres-
surc, but pressure will not always reflect a deliberate deci-
sion by the user. Requiring consistent regulation of finger
pressure at all times would make a touchscreen substantially
harder to use, and consequently a pressure-enhanced screen
might make use of the new data only in selected situations.
For other interactive systems, including those employing ges-
ture recognition in free space [3], every motion by the user is.
necessarily an input, making it critical to separate intentional
actions from non-meaningful movement [12].

Paper Overview

The remainder of this paper presents our sensor system ex-
tending the keyboard, followed by an initial investigation of
the constraints of existing keyboard technique. Techniques
are presented for adding expressive pitch control to the key-
board which are evaluated in user studies with expert pianists.
The conclusion examines implications for both keyboard per-
formance and interfaces outside the musical domain,

We recently developed a capacitive sensing system for mea-
suring the location of the player’s fingers on the key surfaces
[15]. Thin printed circuit board overlays adhere to the surface
of an existing keyboard. Figure 1 shows the sensors attached
to a weighted-key electronic piano. The shapes of the sen-
sors reflect measurements of several acoustic and electronic
instruments; experimentally, we have found very little varia-
tion in key dimensions among instruments.

Figure 2 shows the principle of operation. On each black key,
the capacitance values of 17 discrete pads are measured (25
on each white key). The presence of the player’s finger in-
creases the capacitance, and by interpolating between pads,
a spatial resolution of 1024 or more points in the lengthwise
axis is achieved. Both black and white keys measure in the
lengthwise (Y) axis; the front of the white keys also measure
horizontal (X) finger position with 256-point spatial resolu-
tion. Further detail on sensor operation can be found in [14].
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Figure 1. Capacitive sensors installed on a Yamaha Clavinova CLP-150.
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Figure 2. Simulation of touch location measurement by interpolating
between discrete sensor pads.

Data Processing

Finger-key contact locations are scanned at 200 frames per
second and transmitted to a computer by USB. Each incom-
ing frame is compared to the previous frame for the same
key to identify touches that have been added, removed, or
changed in location. This data is combined with MIDI' from
the underlying keyboard to determine finger location for each
played note. In our analyses, we are primarily interested in
the motion of the finger while a key is pressed, though the
sensors can also determine finger contacts on unpressed keys.

Hardware Improvements
The sensor system used in this paper includes several im-
provements to the design in [15]. User feedback highlighted

'Musical Instrument Digital Interface; http: / /www.midi .org
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the square corners of the black keys as a source of discomfort;
they are rounded in the current version (Figure 1). The white
key sensors have been made 0.5mm narrower to reduce the
likelihood of performers catching their fingers on the sides.
The white and black colour of the current system preserves
the familiar look of the keyboard. After considerable testing
of various overlay materials, we found that the raw solder-
mask coating of the printed circuit boards received the most
positive response from performers.

The current sensor system also incorporates optical re-
flectance sensors into the back of each key (Figure 1 bottom).
When a fixed reflective object (e.g. a piece of white plastic cut
to the vertical contours of the keys) is placed above the back
of the keyboard, these sensors provide a measurement of con-
tinuous key angle. Each optical sensor is sampled at 1000Hz.
To handle this increased sensor bandwidth, the original de-
sign’s 8-bit microcontroller is replaced with a design based
on a 72MHz ARM Cortex-M3.> The current paper does not
use the optical sensors, however, instead restricting its focus
to MIDI and capacitive touch sensor data.

PRE-STUDY: FINGER MOTION IN PERFORMANCE

We conducted informal testing with several performers ex-
amining finger motion in traditional piano performance, in-
cluding recording one author’s [AG’s] performance of 8 short
pieces from J.S. Bach’s Notebook for Anna Magdalena Bach
(1722-25). These investigations identified two constraints:

Constraint 1: Raw finger location cannot be used as a di-
mension of expressive control. Finger-key contact location
1s highly dependent on the fingering used, which is often de-
termined by the sequence of notes in a passage. As Figure 3
demonstrates, the different lengths of the fingers (particularly
the shorter thumb and pinky) manifest in different touch lo-
cations. Furthermore, to reach the black keys, the hand must
be positioned higher on the keyboard.

Clearly, these hand positions do not represent free expres-
sive decisions, though a certain amount of variation is possi-
ble. Though raw finger position may be usable for parameters
whose setting has only a secondary impact on the sound (e.g.
pluck location on a string [15]), raw position cannot be used
for expressive pitch control.

Constraint 2: Finger motion on the keys is common, and
the system must separate intentional from unintentional
actions. Though for most notes the finger remains in place
on the key while it is pressed, the touch location can drift
for several reasons, including rolling the finger from the pad
to the tip and shifting the hand to prepare for the following
notes. These factors are further investigated in a study with 8
professional-level pianists, described later in this paper (“Ex-
amining Traditional Technique™; Figure 11).

One straightforward approach to adding expressive control to
the keyboard surface is to consider the relative position of a
touch as it differs from the point of onset. This investigation
highlights the need for, at minimum, a threshold which sepa-
rates smaller movements that result from standard technique

?STMicroelectronics STM32F1; http://www.st.com
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Figure 3. Relationship of hand position to touch data. Finger length and
use of black keys strongly influence touch location.

from larger deliberate motions on the key surfaces [15]. In the
next section we present techniques for continuous pitch con-
trol which further improve on the ability to separate deliberate
expressive actions from byproducts of standard performance.

EXPRESSIVE PITCH CONTROL

We developed techniques for performing vibrato, pitch bends
and slides between notes from the keyboard surface. Based
on earlier feedback from performers, we chose gestures in-
spired by string instrument playing to control these tech-
niques. While on violin family instruments, vibrato and pitch
bends are performed on the same physical axis (lengthwise
on the fingerboard), we chose to separate vibratos and pitch
bends into orthogonal dimensions: vibrato on the horizontal
(X) axis and pitch bends on the vertical (Y) axis (Figure 2).
This was done to match the geometry of the keys (long and
narrow) with the requirements of the gesture (large motion
for pitch bends, small periodic motion for vibrato).

Position
@9
Ty

f Vibrato
LPF 12 Mz HPF 6 Hz Datection

MIDI note ON Control

Figure 4. Data processing system for detecting and controlling vibrato
based on finger motion. Arrows signify the flow of position data from the
keyboard; connections with circles signify other data and triggers (e.g.
changing parameters of a section).

Vibrato
To control vibrato (periodic oscillation in frequency), we had
two primary goals:
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1. Robust detection: vibrato should be easily activated, but
with a minimum of inadvertent triggers

2. Accuracy of the centre pitch while performing the vibrato

By analogy to the violin, we chose a side-to-side rocking ges-
ture to control vibrato, as we found sideways motion easier to
control than front-to-back motion (confirmed in user studies
below). However, since X-axis sensing is only available on
the front of the white keys, rocking along the lengthwise (Y)
axis was used for the remaining parts of the keyboard.

A simple approach might map relative finger position to pitch
bend value, perhaps with a minimum threshold to activate.
However, this fails to adequately address either objective:
thresholds small enough to make the vibrato usable result in
unacceptable numbers of false triggers, and the centre pitch is
easily detuned as the finger rocks back and forth. Instead, we
designed and fine-tuned a system (Figure 4) which filters out
unidirectional movements and slow finger drift from its orig-
inal position. Only when an oscillatory motion in a specific
frequency range is detected does the pitch bending engage.
A high-pass filter on the input position data ensures that the
pitch always remains centred.

Position Data Filtering

The vibrato system consists of two stages: filtering and os-
cillatory motion detection. In the first stage, the finger posi-
tion relative to note onset is low-pass filtered at 12Hz (1st-
order) to smooth out irregularities in the sensor signal. A
Ist-order high-pass filter at 6Hz eliminates drift from the fin-
ger moving from-its original location. The filter frequencies
were determined empirically, and their slow roll-off allows
oscillatory motion below 6Hz to be detected while blocking
near-constant input.

Oscillatory Motion Detection
Figure 5 shows the features of the filtered signal that are used
to detect oscillatory motion of the finger. This section of the
system has three parameters:

e Threshold: after the filtered finger position crosses zero,
it must reach this value (in either direction) to initiate vi-
brato detection. When the threshold is reached, the algo-
rithm stores the maximum deviation of the filtered finger
position. This parameter is expressed as a fraction of the
key width and can be set independently for X and Y axes.
Default values: z = 0.05, y = 0.05.

e Ratio: after the filtered position crosses the threshold and
the maximum value is stored, the finger position must then
cross zero in the other direction (i.e. move right, then left
or vice-versa). If X represents the maximum deviation in
the first direction, the position must exceed X * ratio in
the other direction for vibrato to begin. Default values:
z=0.3,y = 0.5.

e Minimum Detectable Frequency: over a long enough
time, the finger is likely to move in both directions even
when vibrato is not desired. This parameter calculates a
timeout (orange in Figure 5) between the first threshold
cross and the second (ratio) cross in the opposite direction.
Default value: 1.25Hz.
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Figure 5. Parameters of the oscillatory motion detection algorithm. The
waveform represents filtered finger position relative to point of onset.

Pitch Control and Vibrato Exit

Once vibrato is initiated, the pitch bend value is scaled to the
filtered relative finger position. The total pitch bend range is
a user-adjustable parameter, defaulting to 3 semitones. When
the interval between zero-crossings of the filtered signal ex-
ceeds 1 / (minimum detectable frequency), vibrato is discon-
tinued and the pitch bend returns gradually to 0.

Pitch Bends and Slides

We implemented a system for the performer to deliberately
bend the pitch of a note, which can be used to make porta-
mento (continuous-pitch) transmons between notes. The de-
sign goals were:

1. Robust detection of bend motions

2. Controllable intonation: the ability to play in tune easily
while retaining control ever nuances of pitch

Pitch bends can potentially span wide intervals, so it is ap-
propriate to use the longer Y dimension of the key to control
them. Since the physical motions are larger, the threshold
of motion required for detection can also be larger, helping
separate deliberate gestures from unintentional position vari-
ations. The total pitch range of the key is a user-adjustable pa-
rameter, with typical values ranging from 3 to 12 semitones.

Of the two goals, the second (intonation) proved more chal-
lenging: unlike string players, keyboardists are not accus-
tomed to continuous pitch control, nor to the feel of a fretless
surface on which the right pitch must be located. However we
aim to allow a player unfamiliar with the system the ability to
play in tune with only minutes of training. Therefore we de-
veloped a pitch snapping algorithm which causes the pitch to
gravitate toward the steps of the chromatic scale.

Threshold Detection

Figure 6 shows the operation of the pitch bend system. Ini-
tially, the finger position is calculated relative to MIDI note
onset. When the relative position crosses a pre-defined
threshold, the bend algorithm engages. Our initial approach
was to define the threshold as a fraction of a semitone,
however for large total bend ranges (e.g. 12 semitones for
the length of the key), this produces an unacceptably small
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Figure 6. System for detecting and controlling pitch bends from finger
motion in Y axis.
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threshold and interferes with later parts of the algorithm.
Thus we use two thresholds, one based on total pitch bend
distances (fixed at 0.4 semitones in either direction) and an-
other based on a fraction of the key length (user-adjustable;
see Figure 7).

Dynamic Scaling

While the finger is within the threshold zone, no pitch bend
occurs. Once it exits this zone, the pitch bend should engage
gradually without an abrupt jump. Therefore the centre-point
(zero bend) is recalculated to the edge of the zone. But to
maintain consistency on the total pitch bend range of the key,
the resulting map between finger location and pitch needs to
be warped (Figure 7). This ensures that larger finger motions,
which are less likely than fine adjustments to be executed by
ear, have predictable points of arrival near the key edges.
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Figure 7. Threshold for pitch bend detection and resulting dynamic scal-
ing of pitch.

Pitch Snapping

Figure 8 shows the algorithm for guiding pitch bends to the
nearcst semitone (right) and its conditions for activation (left).
When a key is pressed, the algorithm calculates the positions
along the Y axis which correspond to the steps of the chro-
matic scale. The snap zones are defined around these points,
with a parameter (snap zone size) defining their width in semi-
tones (Figure 9). For example, with a snap zone size of 0.3,
any touch within 0.3 semitones of a chromatic pitch would
engage the algorithm. The zone locations generally remain
static throughout a note, even though the dynamic scaling
function might slightly adjust the actual points correspond-
ing to each chromatic pitch.

Snapping is engaged when a finger enters a snap zone and its
speed of motion falls below a certain value. In this case, the
note’s pitch gets “pulled” toward the exact chromatic pitch. If
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Figure 9. Illustration of snap zones (horizontal arrows) and dynamic
scaling (comparison of scaled pink line to unscaled blue line).

the snap zone size is set to 0.5 semitones, then every point on
the key surface is part of a snap zone, and it becomes nearly
impossible to play out of tune: wherever the finger stops, the
pitch is always pulled toward a chromatic step. Snap zone
size is a user-adjustable parameter, and its effect is examined
in the user studies below.

Parameters

In summary, the primary user-adjustable parameters are the
threshold (expressed as a fraction of key length), the snap
zone size (expressed as a fraction of a semitone) and the total
pitch bend range for the whole key (expressed in semitones).
Default values are 0.1, 0.4 and 7, respectively.

STUDY 1: EXAMINING TRADITIONAL TECHNIQUE

To better understand the constraints of traditional technique
and to evaluate our expressive pitch control system, we con-
ducted a study with 8 pianists (5 female, mean age 23.9,
range 18-28). 7 were currently enrolled in or recently gradu-
ated from conservatory; 1 had recently graduated from (non-
conservatory) university. The pianists had been playing piano
for an average of 17.5 years (range 12-23).
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Each session began with performances of three Inventions by
J.8. Bach (BWYV 772-786) and the Preludes in G major and B
minor by Frédéric Chopin (op. 28 nos. 3 and 6). Each pianist
was given a different selection of Inventions (out of 15 total);
all played the same Preludes. The purpose was to capture
the physical motions of the fingers during traditional piano
performance; sensor data was logged, but no new techniques
were added. In addition to musicological implications to be
explored in future work, the study sought to verify or refute
earlier informal findings about the aspects of finger motion
that could be safely repurposed for expressive pitch control.

Mechanical and Tactile Considerations

Participants played on the instrument in Figure 1. After play-
ing the Bach Inventions, each participant was asked to com-
ment on how the feel of the instrument differed from a tra-
ditional piano. 4 of 8 players focused not on the sensors but
the mechanical action of the electronic piano, which was felt
to be less sensitive than an acoustic grand piano. 2 partici-
pants indicated that the action was realistic for an electronic
keyboard, but none felt it was identical to a grand piano.

The most commonly identified drawback to the sensor system
was the edges of the black keys (mentioned by 5 participants
initially and 1 more on follow-up guestioning), particularly
the tendency for the fingers to catch on the sides when drag-
ging the hand across the keyboard. The texture of the sen-
sor surface was generally well-received. 5 participants found
nothing at all unusual about it. 3 more commented on the tex-
ture, of which 1 found it objectionable (“too metallic”). None
felt that the keys were significantly too sticky or too slippery.

Finger Motion

Detailed analysis of each performance is beyond the scope of
this paper; however, the aggregate data revealed some inter-
esting results. In addition to keys pressed, pianists frequently
rested the hands on keys that were not played: in fact, fewer
than 50% key touches were associated with a MIDI note. The
location of touches that do not correspond to a MIDI note may
be useful for locating the position of the hands or anticipat-
ing the player’s next move, factors which will be explored in
future work. This result also suggests that using touches on
non-pressed keys as an expressive control dimension would
create problems for traditional technique.

Both vibrato and pitch bend algorithms rely on finger mo-
tion relative to its starting location. Figure 10 shows his-
tograms of the amount of finger motion per note on the X
and Y axes, expressed as a fraction of the key length/width.
Table 1 presents details of finger motion broken down by par-
ticipants and pieces. The greater amount of motion in the X
axis is to be expected given the key is much longer than it is
wide. Overall, we found that motion of the fingers toward the
player’s body was more common (“pulling” motion; 63%)
than motion away (“pushing”). Despite the different musi-
cal styles, we found little difference in the patterns of motion
between Bach and Chopin, but more variation among players.

After our pre-studies, we settled on 0.1 as a default threshold
for the pitch bend algorithm: finger motion within this range
will not trigger a change in pitch. In our recordings of Bach
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XMean | X >005 [ X >0.1 | X >0.05(bothdir.) || YMean [ Y >0.056 [ ¥ > 0.1 [ ¥ > 0.05 (both dir.)

All 0.153 75% 54% 8.9% 0.044 26% 11% 0.30%
Participant 1 0.124 66% 43% 8.4% 0.035 20% 7.9% 0.18%
Participant 2 0.171 80% 60% 8.9% 0.039 23% 8.7% 0.20%
Participant 3 0.154 81% 57% 8.3% 0.059 33% 17% 0.83%
Participant 4 0.126 66% 44% 6.2% 0.039 23% 9.0% 0.14%
Participant 5 0.171 T8% 61% 13.6% 0.058 36% 18% 0.15%
Participant 6 0.185 82% 64% 9.2% 0.044 25% 11% 0.33%
Participant 7 0.149 76% 54% 10.4% 0.045 29% 10.3% 0.53%
Participant 8 0.144 73% 52% 8.2% 0.035 22% 7.1% 0.11%
All Bach 0.141 75% 52% 9.4% 0.044 27% 11% 0.16%
All Chopin 0.164 76% 57% 8.4% 0.045 25% 11% 0.47%

Table 1. Amount of finger motion on key surface over the course of a note, measured as the maximum deviation of the finger from its starting location.
Table indicates the percent of notes deviating more than a specified value from onset; “both dir.” indicates notes that deviate more than 0.05 in both

directions from onset, likely to trigger a vibrato gesture.
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Figure 10. Histogram of maximum touch motion on a pressed note, X
and Y axes.

and Chopin, 89% of notes fall below this motion threshold.
97% fall below a higher (but still playable) pitch-bend thresh-
old of 0.2. This implies that with no change whatsoever to
traditional technique, notes within the threshold would sound
normally without inadvertent pitch bends. It is not necessarily
a ceiling on performer accuracy: with an awareness of pitch
bends and acoustic feedback from the instrument, it is likely
that finger motion would be more precisely controlled.

Horizontal motion on the white keys is quite common, and
accordingly, the vibrato algorithm requires evidence of a pe-
riodic motion to engage. We use motion in both directions of
greater than 0.05 as a proxy for vibrato, though bidirectional
motion will only trigger the vibrato if it happens in a short
period of time. By this metric, approximately 9% of X-axis
touches and virtually no Y-axis touches have the possibility
of activating the vibrato function.

Example

Figure 11 shows an example case which involved large touch
motions on the key surface. This example comes from the
left hand of the B minor Prelude. The Y-axis motion reflects
a combination of a deliberate technique of moving the hands
toward and away from the keyboard and the mechanical con-
straints of shifting the hand across octaves. Future work will
analyse these performances in more detail to identify scenar-
ios in which the fingers are expected to move significantly.

STUDY 2: NEW TECHNIQUE EVALUATION

After the study of traditional technique, we evaluated our vi-
brato and pitch snapping systems with the same 8 partici-
pants. These tests were conducted on the previous genera-
tion interface [15] as the algorithms had been optimised in
pre-studies for this sensor configuration.
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Figure 11. Example finger motion during a performance of the Chopin
B minor Prelude, op. 28 no. 6. Top: MIDI notes over time; bottom: Y
location of finger. Colours indicate black and white keys.

Vibrato

Each participant was initially asked to play vibratos on the
white keys using side-to-side hand motion (X axis). After
they became familiar with this technique, they were asked to
play vibrato on the black keys with a front-to-back gesture (Y
axis). Participants unanimously felt that the white key motion
was natural and intuitive, but that the black key motion was
not. One participant observed that the rolling wrist motion
used on the white key vibrato is similar to wrist technique
when playing rapidly alternating octaves. By contrast, sev-
eral participants observed that the larger arm muscles were
required to move the hand forwards and backwards; two par-
ticipants attempted to play vibrato on the black keys by turn-
ing the forearm at a right angle.

Once the basic gestures were familiar, participants were asked
to explore a range of parameter values for sensitivity and pitch
bend range. Data was lost on one ‘participant’s choices, but
on average, the remaining 7 chose a threshold of 0.027 and
a pitch bend range of 2.2 semitones (edge-to-edge of key), a
more sensitive but narrower range than default. Most partici-
pants felt that narrower vibrato was more musically appropri-
ate, and that higher sensitivity allowed the vibrato to engage
more easily while still offering reasonable robustness to inad-
vertent triggers.
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Figure 13. Example performance of a short melody with vibrato. Black
line indicates output pitch; blue and magenta lines indicate X and Y
relative position input. Numbers are MIDI notes.

Results in Melodic Playing

After setting their preferred parameters, each participant was
asked to practice and perform a simple melody (Figure 12).
Notes marked with a wavy line were to be played with vi-
brato, and the other notes without. Of the notes marked with
vibrato, 100% had vibrato added (32/32), and 9% (5/56) of
notes not marked vibrato nonetheless caused the algorithm to
engage. 4 out of 5 incorrect vibrato triggers took place on the
high C (m. 4), where they were generally triggered by hand
motion preparing for the following G.

An example performance is shown in Figure 13. Note that the
pitch stays centred even as the relative touch location drifts,
fulfilling one of our primary goals.

Pitch Bends

To evaluate the accuracy and usability of the pitch bending
interface, each pianist was asked to perform 24 single-note
bends. For the first set of 12 bends, the total range of the
key (i.e. the largest possible bend) was 7 semitones (s.t.); for
second set of 12 bends, it was 5 s.t. Each set of 12 consisted
of three intervals (2 s.t. up, 3 s.t. down, 5 s.t. up; 1 s.t. down;
3 s.t. up; 4 s.t. down) with 4 different settings for the snap
zone parameter (0, 0.15, 0.3 and 0.4 s.t.). Presentation order
within each set was randomised. :

Participants were given 15 seconds to practice each bend, at
which point they were asked to execute it a final time for eval-
uation. Each gesture was performed on a single key, and par-
ticipants were free to choose any key on which to play it. The
existence of the pitch-snapping algorithm (and its changing
parameters) was not revealed to participants during the test.

Following the individual note test, the algorithm was ex-
plained and participants were invited to explore the threshold
and snap zone parameters, choosing values that felt most nat-
ural. Each participant was then given a melody (Figure 14)
to play which incorporated pitch bends. Questions that this
evaluation sought to answer included:

e To what extent can pianists accurately control the tuning of
bent notes?
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Figure 14. Test melody including pitch bends.

Histogram of pitch bend errors for all participants
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Figure 15. Pitch bend tuning errors aggregated across participants (ab-
solute deviation between target and actual arrival pitch).

¢ Does the snapping algorithm improve tuning accuracy?

e Can pitch bends be triggered selectively only when desired,
while other notes are left unaffected?

Analysis of the data began with manual annotation of the be-
ginning of the bend (region of changing pitch), the end of the
bend, and the end of the note. Since some participants ex-
hibited slight pitch variations even upon arrival at the final
note, the pitch was taken as a mean value between the end
of the bend and just before the end of the note. The last few
samples prior to note release were discarded to eliminate bias
from the finger moving as it left the key. Error was calculated
as the difference between the target pitch and the actual pitch,
measured in semitones.

Results: Tuning Test

Figure 15 shows a histogram of tuning errors in the individ-
ual note test. The mean absolute error across all tests was
0.17 semitones, or 1.0% deviation in frequency. Accuracy
varied widely by participant, from 0.067 semitone mean error
(0.39% frequency error) to 0.28 semitones (1.6% frequency).
Based on observation of the tests, it appeared that falling short
of the target bend was more common than overshooting it;
however, the final analysis did not show a significant effect
one way or the other (46% of errors greater than 0.05 semi-
tones overshot the target pitch).

Table 2 shows a breakdown of the tuning errors according
to snap zone size along with pairwise t-test comparisons of
each setting. The two larger snap zones (0.3 and 0.4 semi-
tones) show significantly better pitch accuracy than the two
smaller ones (p < 0.007). From this sample we do not ob-
serve a significant effect between no snapping at all (size 0)
and the smallest snap (0.15), nor do we observe a significant
difference between the two larger zones. We conclude that
the pitch snapping algorithm achieves its goal of improving
tuning, though we leave the fine-tuning of the zone size for
future work (or perhaps to the performer).

Examining the results by target bend size, we observed the
highest accuracy on the 1-semitone bend (Table 3) on the low-
est accuracy on the 4- and 5-semitone bends, suggesting (but
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Snap zone (s.t.) HERINEL 0.3 0.4
Error (s.t.) || 0.223 | 0.207 | 0.129 | 0.122
p-values for t-tests of zone size; bold = significant
Snap zone (s.L.) O S 0.3 0.4
versus 0 -1 0.74 | 0.045 | 0.041

versus 0.15 - - 10078 | 0.071
versus 0.3 - - - 0.88

Table 2. Pitch bend performance, tuning error according to snap zone
parameter value.

Key range (s.t) d 7 7 5 5 3
Interval (s.t) 2 =3 5 -1 3 -4

Error (s.0) [ 0.17 [ 014 | 024 [ 0,067 (017 [ 022

Table 3. Pitch bend tuning error according to target interval size.

not proving) that small bends may be easier to execute. We
did not observe a statistically significant difference in accu-
racy between upward bends (0.19 s.t. error) and downward
bends (0.15 s.t. error; p = 0.17). We expected that we
might observe an improvement in accuracy from beginning to
end of the task as participants became accustomed to the ges-
ture; however, this was not supported by the data. Comparing
bends 2-6 against bends 20-24 (excluding the widely varying
first attempt), the difference in accuracy (0.175 s.t. versus
0.123 s.t.) was not significant (p = 0.23). A larger sample
size and longer training period would be needed to establish
the extent to which pianists improve in accuracy over time.

Results: Melody

Prior to playing the melody, each participant set the snap zone

size and threshold parameters to comfortable values. The
mean choices were 0.24 semitones and 0.15 semitones, re-
spectively (a larger threshold with smaller snap zone than de-
fault). However, it was unclear whether participants were able
to fully internalise the effect of the snap zone size parameter
within the limited period of exploration.

The results for the pitch bend melody were less consistent
than for the melody with vibrato. One of the stronger perfor-
mances is shown in Figure 16. While all notes marked with
a bend had a bend applied, participants were often unhappy
with their performance and would pause to replay a missed
note, making a straightforward analysis of all performances
difficult. In particular, participants found the leap to the high
C followed by the large bend to F# (m. 4) awkward, as the
finger had to be placed near the top of the upper C to allow a
bend of 6 semitones down.
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Figure 16. Example performance of melody with pitch bend, indicating
relative pitch in semitones (black), raw X and Y input (dotted lines) and
MIDI note numbers.
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Discussion

The results of the vibrato and pitch bend tests indicate that
these techniques are accurately playable by trained pianists.
The melodic tests show that vibrato can be reliably applied
to only selected notes, making it easily deployable in larger
pieces of music.

Participants found the pitch bending in particular to be chal-
lenging, such that it would mainly find use in less technically
complex passages. Since continuous pitch control is not a
feature of traditional keyboard playing, several participants
indicated that aural skills (hearing the right interval) was as
significant a challenge as the physical motion. Nonetheless,
the techniques were seen to be playable and useful. One par-
ticipant, professionally active in theatre ensembles, indicated
the techniques would be useful for playing other instrument
sounds from the keyboard as theatre players are often asked to
do. Two others mentioned the possibility of new music being
composed for extended keyboard.

CONCLUSION: ENGAGING WITH EXPERTISE

Pianists spend thousands of hours mastering their instrument,
in the process developing a highly specialised technigue. It is
not reasonable for a new musical interface to receive a similar
amount of training, so existing technique should be consid-
ered a constraint just as much as basic mechanical principles.
We have demonstrated a system which adds expressive pitch
control to the keyboard which aims to be minimally intrusive
to existing technique. Some adaptation will always be re-
quired for any new instrument (as any pianist-harpsichordist’
knows), but our results indicate that the new techniques are
usable by trained pianists.

We offer two suggestions for designers (within or beyond the
musical domain) seeking to add new sensor modalities to in-
terfaces with pre-existing user expertise. First, before any be-
haviours are attached to new sensors, passive logging of the
sensor data is useful to establish traditional patterns of inter-
action, with a focus on finding patterns that are not part of
traditional use. In Benford’s taxonomy of expected, sensed
and desired interaction [1], passive observation can find pat-
terns that are sensed and possibly desired, but not previously
expected. Our vibrato example shows that useful patterns are
often found from the temporal profile of sensor data rather
than single values: every key press has a touch location, and
these locations often change with time, but the particular case
of an oscillating motion was not part of traditional technique.

Second, we suggest that a major problem with extending an
existing interface is the potential for new techniques to be en-
gaged unintentionally. Users may eventually adapt their tech-
nique to minimise unintentional engagement, but it could take
several months of practice for this adaptation to fully develop.
Sensor data from traditional use can provide a rapid and use-
ful proxy for how much a new technique interferes with fa-
miliar use. We found that (algorithm setting dependent) fewer
than 10% of notes in traditional performance would have trig-
gered vibrato or pitch bends. This does not indicate a user’s
eventual false-positive rate, but shows a worst-case scenario
where the user is unaware of the technique and receives no
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feedback from it. We hypothesise that, in general, lower trig-
ger rates in this passive case will translate to a better eventual
separation between traditional and extended techniques.

Future Directions

The sensor hardware in this paper represented a refinement
over earlier versions, but user testing indicates that further
changes would be useful. In particular, the ability to sense
horizontal motion on the black keys would substantially im-
prove the user experience of playing vibrato on these notes.
Future investigations will also examine existing piano tech-
nique more closely, particularly the relationship between ex-
pressive intentions and physical motion on the keyboard.
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#include<avr/io.h>
#include<util/delay.h>
#include<avr/interrupt.h>
#include<compat/deprecated.h>

#include <compat/twi.h>

#include "adc_megax8.h"

#include "i2c_slave.h"

#include "touchkey.h"

#include "uart_megaX8.h"

#define F_CPU 16000000UL
volatile unsigned char slave _address=0x50;
volatile unsigned char data_address;
volatile unsigned char data[0xFF];
T L L L L L L

#define THRESHOLD FILTER OUT 0 200
#define THRESHOLD_FILTER OUT 1 200
#define THRESHOLD_ FILTER_OUT 2 200
#define THRESHOLD_ FILTER OUT 3 200
#define THRESHOLD_ FILTER OUT 4 200
#define THRESHOLD _FILTER OUT 5 200
#define THRESHOLD FILTER OUT 6 200
#define THRESHOLD FILTER QUT 7 200
#define THRESHOLD FILTER_OUT_ 8 200
#define THRESHOLD_FILTER QUT_9 200
#define THRESHOLD FILTER OUT 10 200
#define THRESHOLD FILTER OUT 11 200
#define THRESHOLD FILTER OUT 12 200
#define THRESHOLD _FILTER OUT 13 200
#define THRESHOLD_FILTER OUT 14 200
#define THRESHOLD FILTER OUT 15 200

L



int voltage[16];

int filter_voltage[16];

int ref_filter_voltage[16];

int delay_voltage[16];

int diff_filter_voltage[16];

int delay_diff filter[16];
float k1 = 0.125;

float k2 = 0.125;

float k3 = 0.250;

//for thermal code algorithm
unsigned char count = 0;
int electrode value[16];

int slider_value = 0;
//for graph linking algorithm
unsigned char link_count=0;
int slope;

int link_slider_value;

int delay _link_slider_value;
//for IR filter stage 2

int filter_slider_value;

int delay filter_slider value;

L e s

//state = 1 -> led on

void led_control(unsigned char led, unsigned char state)

{ if(led == 1)
{ if(state == 1)
else

}
else if{lled == 2)

PORTB. |= 0b00001000;
PORTB &= ~(0b00001000);

{ if(state == 1) PORTB |= 0b00010000;

else

PORTB &= ~(0b00010000);



int main()

{

touchkey setup();

Uart_Init(19200,1,0,0,0);

i2c_slave_initi(slave_address);

cli0);

//read steady state voltage -> ref filter voltage

sbi(PORTB,3);

sbi(PORTB,4);

for(int loop=1;loop<=100;l00p++)

{ for(int i=0;i<=15;i++)

{ voltageli] = RC_discharge measure(i);

ref_filter_voltage[il = voltageli] + (int)delay_voltage[i*(1-k1));
delay_voltage[i] = ref filter voltageli];

}
cbi(PORTB,3);
cbi(PORTB,4);
sei();
while(1)
{
led_control(1, 1);
I TTET171171/Scaning the Electrodes with IR filter (1st stace)////////1/1111111/
for(int i=0;i<=15;i4++)
{
voltageli] = RC_discharge _measure(i);
filtter_voltagefi] = voltageli] + (intXdelay_voltage[i]*(1-k1));
delay_voltageli] = filter_voltage[i];

diff_filter_voltageli] = filter_voltageli] - ref filter voltagel[il;

}
LTI LT TET T LT LT LE LT LT L LTI T LT 11111



/1111111 T thermometercode algorithmn//////717117111111111111111111117
if(diff_filter_voltage[0] > THRESHOLD FILTER OUT 0) electrode_value[0] = 1;
else if(diff_filter_voltage[0] <= THRESHOLD_FILTER_OUT 0) electrode value[0] = 0;
if(diff_filter_voltage[1] > THRESHOLD FILTER OUT 1) electrode_value[1] = 1;
else if(diff_filter_voltage[1] <= THRESHOLD_FILTER_OUT 1) electrode value[1] = 0;
if(diff_filter_voltage[2] > THRESHOLD FILTER OUT 2) electrode value[2] = 1;
else if(diff_filter_voltage[2] <= THRESHOLD_FILTER OUT _2) electrode value[2] = 0;
if(diff_filter_voltage[3] > THRESHOLD FILTER OUT 3) electrode_value[3] = 1;
else if(diff_filter_voltage[3] <= THRESHOLD FILTER.OUT 3) electrode value[3] = 0;
if(diff_filter_voltage[4] > THRESHOLD_FILTER_OUT 4) electrode value[d] = 1;
else if(diff_filter_voltage[d] <= THRESHOLD FILTER_OUT_4) electrode value[4] = 0;
if(diff_filter_voltage[5] > THRESHOLD FILTER _OUT -5) electrode_value[5] = 1;
else if(diff_filter_voltage[5] <= THRESHOLD_FILTER OUT 5) electrode value[5] = 0;
if(diff_filter_voltage[6] > THRESHOLD FILTER OUT 6) electrode value[6] = 1;
else if(diff_filter_voltage[6] <= THRESHOLD_FILTER OUT 6) electrode value[6] = 0;
if(diff_filter_voltage[7] > THRESHOLD_FILTER OUT _7) electrode_value[7] = 1;
else if(diff_filter voltage[7] <= THRESHOLD. FILTER_OUT 7) electrode value[7] = 0;
if(diff_filter_voltage[8] > THRESHOLD FILTER_OUT 8) electrode value[8] = 1;
else if(diff_filter voltage[8] <= TH RESHOLD_FILTER_OUT _8) electrode value[8] = 0;
if(diff_filter_voltage[9) > THRESHOLD_FILTER_OUT _9) electrode_value[9] = 1;
else if(diff_filter_voltage[9] <= THRESHOLD_FILTER OUT_9) electrode value[9] = 0;
if(diff_filter_voltage[10] > THRESHOLD FILTER_OUT .10)  electrode value[10] = 1;
else if(diff_filter_voltage[10] <= THRESHOLD_FILTER_OUT _10) electrode value[10] = 0;
if(diff_filter_voltage[11] > THRESHOLD_FILTER_OUT 11)  electrode value[11] = 1;
else if(diff_filter_voltage[11] <= THRESHOLD_FILTER_OUT -11) electrode value[11] = 0;
if(diff_filter_voltage[12] > THRESHOLD_FILTER_OUT 12) electrode value[12] = 1;
else if(diff_filter_voltage[12] <= THRESHOLD_FILTER-OUT 12) electrode value[12] = 0;
if(diff_filter_voltage[13] > THRESHOLD FILTER OUT 13) electrode value[13] = 1;
else if(diff filter_voltage[13] <= THRESHOLD_FILTER_OUT 13) electrode value[13] = 0;
iftdiff_filter_voltage[14] > THRESHOLD_FILTER_OUT 14)  electrode value[14] = 1;
else if(diff_filter_voltage[14] <= THRESHOLD FILTER_OUT 14) electrode value[14] = 0;
ifdiff_filter_voltage[15] > THRESHOLD_FILTER_OUT 15) electrode value[15] = 1;
else if(diff_filter_voltage[15] <= THRESHOLD_FILTER_OUT_15) electrode value[15] = 0;



}

slider_value = 0; //reset slider value for calc a new value

count = 0;
for(int i=0;i<=15;i++)
{

iflelectrode_value[i] == 1)

{ slider_value = slider_value + (2%) + 1;

count++;

}
}
iflcount != 0) slider_value = slider_value/count;
//else slider value = -10; ~ //no touch status

U T T e T e s
IITTITHTTTT 00001 feraph \inking algorithm//2/ 411111111 11T 11111111117
if(slider_value ==0)

{ ifl(delay_link_slider_value > 0)&&{link_count < 4))

{ link_slider_value = delay_link slider value;
link_count++;
}
else
{ link_slider value = slider_value;
link_count = 0;
}
}
else
{ slope = slider_value - delay link slider value;
link_slider_value = slider_value;
link_count =0,
}

delay_link_slider_value = link_slider value;

U L e
data[0x01] = link_slider value;

led control(2, 0);

return 0;



ISR(TWI_vect)
{
static unsigned char i2c_state;
unsigned char twi_status;
// Disable Global Interrupt
cli();
// Get TWI Status Register, mask the prescaler bits (TWPS1,TWPS0)
twi_status=TWSR & OxF8;

switch(twi_status) {
case TW_SR SLA ACK: -~ // 0x60: SLA+W received, ACK returned
i2c_state=0; // Start 12C State for Register Address required

TWCR |= (1<<TWINT); // Clear TWINT Flag
break;

case TW_SR DATA ACK:  // 0x80; data received, ACK returned
if (i2c_state == 0)

#4
data_address = TWDR; // Save data to the register address
i2c_state = 1;
}
else
{

dataldata_address] = TWDR; _ // Save to the register data
i2c_state = 2,

TWCR |= (1<<TWINT); // Clear TWINT Flag
break;
case TW_SR _STOP: // OxAQ: stop or repeated start condition received while selected
if (i2c_state == 2)
{
i2c_state = 0; // Reset 12C State



TWCR |= (1<<TWINT); // Clear TWINT Flag
break;

case TW_ST SLA ACK:  // OxAB: SLA+R received, ACK returned
case TW_ST DATA ACK: // OxB8: data transmitted, ACK received
if (i2c_state == 1)
{
TWDR = data[data_address];  // Store data in TWDR register
i2c_state = 0, // Reset 12C State

TWCR |= (1<<TWINT); // Clear TWINT Flag
break;
case TW_ST_DATA_NACK: // 0xCO: data transmitted, NACK received
case TW_ST_LAST DATA: // 0xC8: last data byte transmitted, ACK received
case TW_BUS ERROR: /7 0x00: illegal start or stop condition
default:
TWCR |= (1<<TWINT); // Clear TWINT Flag
i2c_state = 0; // Back to the Begining State
data_address = 0;
}
// Enable Global Interrupt
sei();





