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Techniqgues covameadnshotmi si pgopaks i nto more usef
peaks, reduce noi se, | mprove the resolution of
artifacts, test hypotheses, optimize measur emer
vi sualdiezceompnods e compl ex signals into their comp
di fficult measurements easier by extracting mor
t ec hneingpullesyo o mabhemati cal procedures that were n
computerized instrumentation.astwebkl|l iampotrbbantict
these t éc hrreiceunets .decades, computer storage and
costly and literally millions of times more caf
compbtsesedpsiogealsi ng techniques béapprmareapraaots
shortcuts that were once ne@ae®sinttatl echgley mather
14207 MTheaere now new material s, new i,nsatnrdu nmeenMm <
automation capabilities. We hav-maggaseess, holi begr a
guantum technol csgysomnmanatecémal bgy, cheea&Wera,n an

measure over a wider range of spPeopd.e tcamper atm
phones and fitness trackerlsocateironvwsh ea redrtiaeoomsggor,
and quafimtdat &@ st hat wWehendwmerr ohdaudc th eofno (041 )aritsi f i c
complredwd lyiunngacnryi zaspects of | ife. Chatbots can |
English, and write code in any computer | anguac

Thbsaoclovmosbhaygic topsesemafnenesdi danoal prggmasi clt
appr oawshmatnhde mat i ¢cs moehl ye memttac yt mespects of <cal c
matri X masteh .l ogi cal angduime ndgrs & pHainda faongti neasteixgpd ai n
ideas, rather than. |IDasaopr é oe sn®dif n gnawih sNeattho tissa t
essential, jumndterdeyciintigoi sgyoof tbell phones, GPS,
comput er anadnensoBlustroru a@ams get started using these
the underl ying math and mgaktewarn ¢ detrai ll s keSgeitr
underkdavwtndwor ks. Nevertheless, in the end, it i
sof tware, any more than knowing how to use a Wwc
aut hor or Imuwsiilcti cagné € dy o ni n.gslitshatp wor kkou t o dec
into advanced topics becomes necessary for your

Why do | title this document "signal processi ng
X, Y nutmeme icdcadtsa recorded by scientific instrume
guantity | i ke energy or wavel enIghihs, iass sionmetthieme
Asquiggly linedo dateatégdamobliddeat woo dmych aimt k
that you would plot in a spreadsheet wsing the

Some of thecemamphkresm my own areas of meseéarch i
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earth science, space, militar yandf ienvaennc inauls,i ca garni
scieHuoner eds hhdv e aggmrets ss ons and experi memtaal da-
hadnel ped shape my writing and software devel opl
document concisetdhdvelpdesndtvaredvagghlmneany. reader s

Recent additions to the bod&4iamncdl uvadret infiulctiiavla riine
4 4H)At the presended imeet, dddverowomkgedr proeesgmningi a

Throughout this work, a wide range ncfl sadlpmlgi cat i
mar ket i nv3e2s/t i hgmépagegnB®6)R vet hbei afsaeisl u(rpea goef a N
(page 72), cosmic ralys dadimmgudre Isiprac eof( pagies e
309 studying beblkbwer 9 8i0bn ( e dienh g aigdes hpiangd

the classical I i mits @©Op a2gderastulme memt el Ini gipleiclt ir toy
(page 99 acnods t38Mi)ni atouww 824)% o mmut earns e(apsaygevay t o ¢
apps 3P.aglehe cit dR2i4donshéei PDF] paglkegygldiemg er @& gea
appl i cAxuick sense of the most common applications areas can be sbenist of termghat

appear in thegapertitles and journal namehatcite this book

This site makesMacto nashi -pleirdgaibt mansce odmmer ci al anoc
computing environment and "fourth generation" j
(14, 17Qc tla®dv, a 2f0ree Mat |l ab alternative that runs
t hbspk®&iyd hoa power f ul -slkowtr cfer d eanggruca geepenrher e i s
Matl ab and Python have become hséy paorpeu |l paorweirnf uslc,i
relatively easy to | earlnangAl avgeardy e i ftnpma,t iguahtioclhs p €

are-covaltfai ned modul es of code that accomplish a
process it, and "returans$ gat (wrsiud i . c d Mp dotrbeaw idiatl s €
assigns itat.o Qnhcee vaa rfiuanhctt & soanv einds fanst ieat ideontt,h ei tMa't

can bkeyustlder Mat |Faun cpailodgwsa™ncsah | ed”™ from the in
functions. Matl ab aind fPyn dhtoinomcs mfeomwiddi rogwiddt a

math, filtering, Fourier translfiomeresr, rceognrveosl suita rn
opt i miYzoaut icoamn. wr i te yout ooawss efthuwsitlodnnr gy olra cbkassou r
programming projects, and you can downdioad forr
contributed functions. Mat |l-earbs hdaaslolbdada e ablde by |
experts in various fields for performing speci
symbol (padyamd to | i braries written in C, C++,
ext ensgnobleed stta fdeas idgymembh €d daed sAy sctoenmpsani on pi ece
Si mui sn& graphical programming environment for

mul ti domai n dyPnyatnniocna lalssyos theanssfa e edb modide.dr 8t eearr

Most of the techniqgques coveredmmamnéeéads woetks cau
Mi cr &€xaedet Opeh ObteOé&aldde 22, 2Z&). bEhdolwatl toard e d
cost from jthhdiprs:wéls osnirtceed oa mhet. tnpest://p/rwow ve..& te &/ r oecot f
iSpreadsheets (for &KXmraddleo ofrorOpae nlGfdti ceendCaldrci)ef ¢
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downl oadabl e spreadsheet templ ates.

You can dowmnyMatadahlo®c P& vdn a pfdusnct i o isp,r eaandds hteleet
templfathatst,p: / / ti nyatl nob@&yshk g ewhtercaeoi nvadeisdn d 1 ivley
feedback .(Ffomwmousergy to run one of my scripts or
function" error, | obktpor/ theymideswmlgd &dac gidtr wihrotr
Matl ab/ Ocpatigpeedhehp patho forsenommr@h i mdtom mat i

| f dounotMaknreelpddénd f ofl 6 owa nguwpMak | apacsfically
sui tredmdgroi calmamet xodeaeni pul ati ons, cpleatttiiomg odf f
al goranusms | mtagri fda peantdetpy piymgnt t o portable de
essenti al Inyuniehrei cnaele dcsonopfut i ng .byMastsloaebetmldgt s and
dynamit y@lelldgss sssweddt ured in a formalitsesndebeéhan
more favored by scientdskedabg eogpnéeerssandntk ¢
progr akantebbsshstreamlined integrated wohladd diwng,s

visualization, debugging, and data analysis in
1. Rapid Prototyping: Quickly write code, Vi su:z:
tool s.

2. Data Analysis anidn Vicawlad iamad i ©otnr aiBght tor war d
simple to analyze and visualize dat a.

3.l ntegrated Debuggiihgbi Déebuggveg wnthkl tool s t
through code, and view results in real ti me.
4. Tool boxes: Prebuilt, specialized tool boxes f

save time and reduce complexity.

5, Ease ofat@sd]l akMiguage and inter f afcrei eanrdel yd ewsoir gkt

with everything accessible through the Comm:
Whil e | anguageasnmakfelhewlitbhiolni toyf et ds bsscianhpal biicliittyy ,
make it particularly effective for researcher s,
everything just works without needing to manageé

Python is didfeftamdésgtutabn demany o tiemgauti alels, tehred i nst a
sever-ahp d&cdkdaBud s i tghaast t aev arftraelgkev et hBnealcnogn d a

di strambmlptyidoeMot e: vy dilc hcaambousea oamconvert Matl ab t
(padgdgPAnd Pyt hon and Matl ab d&d even call each o

There are several veit sandnmse olsdawWsat babdnt i,a ofdudld oyme
functional ver ai oved stereadtgsm@uwprhi ¢ b e loonw)i,P aadnsd aanpdp
i Phon&s ¢ ps: / / www. mat-hwoeksfogmppmtesngnd restr

Even if you do not have Matl ab or Python instal
and .py, respecti-owleilgl .> 1 @p e nwiotwts , > r Ngthe pad.
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I f you are roemddinoelg a dtiolhmteadieedt combiot k€t P& u c a |
any of the http Web addresses or on the names ¢
downl oad Ftomata ictoenp.l et e | ist 488hatp: mytsaptuwhr e

Pagl4d |


http://www.dspguru.com/dsp/links/matlab-clones
http://tinyurl.com/cey8rwh

Z Z . ~ . — 77 O =

ERDUcOWc!I RgqoulJgRH#H

The most basicopégaaileopshawses $ihrag 1 nv ol vpeb ysnitmp | €
point addition, subtraction, mul tiplication, or
Despite their mat hempmat ictaiamd roei mpleif wil t y ,Fotrh esxea mp |

t feit gure below (Window 1) the to@pf caum vextirsadtheo!
of malles a ki nad odurrome koft hpdt ri sl eum.
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A simpbgopmitntsubtraction of two signals all ows
be subtracted from a complex sample (top curve
real ly i n t heaxsiasmpd ewafvrengehntgt. = (Xbsor bance)
This optical spectrum exhibits .t Wd easks g@repatkeso h o |
class of mol ecul ar posphYV snil@drse hculiig eodr noagshkgd rbs £ al | e
exploration. These bands are superimposed on a
sol vent s-ponrphlyy imaommbmpsebhatde. The bottom curve
of ap omromibyerairn ng shale, showing only the backgrc
the shale extract without the backgroundt heéhe I
sample spectrum (top curve). The differetnitce i s
Yaxi s scale). I n this case, the removal of the
spectrum i s measured on a sepagmdwrdgh hsad gosamphe
the two bands more clearly and it i s easier to
( Thantkhse Rlrootf e Davafd tFhre eUWraind .oroft hMasrbypleen tbrad otf s )

Il n this example and the one bel ow, I s mes Xu mi r
axis -val weadher words, that both spectra have be
Subtr,acadavignd)yi, vi di ng tcwe aopgegdter v awauwl df t wo spe
over different wavelength ranges off heaihs dvdlf e
must match up point for point. I n practice, thi
experiment on one instrument, but you must be ¢
combine dat ai memtms tavwro tew@eirnstrument s. I't is po
t echnii qqu e r gtfool acthiasnagnep Itihreg x ir &t iontf{oxrevgad @l i ze unequ
Xx-aXxi s i nt er.vhaél sr eostiusl stmstp hagriema p pr d X iema tcd olswet emough
Excel camalpeulbotrmgos eansctt i on. Matl ab-iantiu®ct aoe
for interpoli ateppdger exmyglreathpehnex a miaglreaZp hi c
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di fferent. Therefore, a direct overl aysianmplsubtrr
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Do the two signals on the | eft have the same s
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right part (Window 2),to0s44@|mam, vwil tHph Qo n\ddhlhuse nd
that the shape of these two -akgsaltangsg. ver

The |l eft part (Window 1) shows two superi mposec
But do they halt itdhehamadet ¢ htaplel?. hlet dtsif onubbd tWwe
signal s, shown in wheicd irgehltatpiavel y( Wi cmndsotwa r2t) ,f r o
value -&f 210 Thhi s means that the shape o022 %Whese
over -axhiiss rxange, andbtohudttt it mest mpreurnneense tha
Above x=440 the ratio is hicst ieveousege(dr dki mat & hy
of ntehxet ¢ @ @2ghe o n

When you divide tweveactao sisnnpgdheen zdegonpowpi onl antisoiro pv e
programnmiwiitsh osn by Azemoishiogly small but finit
not stop the program but will genemate@saahlge bun
avoi dedildibryg a-zemal tonshant t oapgipmleyidregr oani :mmd lolr @
smoot(hpiadgge f t he demolny nasiomg t he Mmi(rembyvz2®c baye
whi ch r epl atchees mzesareessotwnrudmb er s . T hmen ameemmavteesd N auNnsc
(ANot a Numbero)fmomd Vvedtson $i,] nif é mli & @idmignmewe t 1. ne

Onl im&l cul ati on8olahda mishiaWeln gsi senaan ¢ htmmaen aipsp a
extremetgmpeeéduional tool and inforsnambholni sour c
mat henpaltatctsyegmatr ardmaset pul ati o8 s,anadn doaneanrya n a |
t op(ifcrsom t heMamaleenaspb@Et at pagaerns . wengf orm a huge r
statistical <calculations and tests. There are ¢
Pl oan@r apAlelr of these require a reliable I nterne
arweor ki ng on a cnoonbpiultee rd etvhiacte doores notnshavud etdhe I
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end
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https://terpconnect.umd.edu/~toh/spectrum/LastPeakTwoGaussiansPlotpub.png
https://terpconnect.umd.edu/~toh/spectrum/GaussVsExpGauss.m
https://terpconnect.umd.edu/~toh/spectrum/PLotPub.png

val uefsrooni the 10th to the 20th entries. You can
given value i myvaalvzeitrido.crhbgnusiKalg! 2ixmadn(pyl,enax (y) ) )
retuhesti me of thevalnaiindym, g§50)a:ndval 3i nd(et , 660} D
val uebsetowfeen 550 anhdorbt6di (s ssdlad evyg awmrgietDs. n Td et i m
dat atvectbe coulndi dreosaeydrmdsn,g mil |l i seconds, hou

A Matl ab vari médt,eia asnetalosfo vbeectaor s of t he same
array. For example, intensity readings of 10 di
wavel engt hs,i nceadulid thoe tchoeet®l30 xwH@Q dmater it heS.t hird
andl(5, 400)ul d be the intensftyhetexttiras md GtSth evpahae Il

pl ot t(ilrmegnh) ot t { niggMmaw how t o plot multiple signe
Selei meTrficrl .detttawillsl. h-&ll po¢ &t g ome moAenya t g p &c e yf ard c
t he stAastzement 10 ®melfocdor)e t he | oop. Even then, the
| oop.

Plotting a single Gaussian curve Gaussians with 10 different heights subplot{2,2,1) showing y=n*x subplot(2,2,2) showing y=n*sin(x)
1 10 60 10 =

) 1
0.5 [ 5
{ I|I
.II III|
0 i N 0
200 400 600 800 200 800

Gaussians with 10 different position$aussians with 10 different widths g pplot(2,2,3) showing y=n*sqrt(x) subplot(2,2,4) showing y=n*x2
17y 1 30 400

300

i I| { I.I -_
05| [ | | 0.5 > 200

100

il

WA
T R NN

0 A A N
200 400 600 800 200 400 600 800

I n Matl ab/ Octave,\" "/ Tymisngvo'th t bneant greetke v'ia, d e "n"

effect the weighted average ratio esfgutahet satrhelsitt
salt i.onfhe poi Mathearme dioest mott require you to dea
collectionsllbhowsmbhees you are dealing with mat
calcul ation wil/ be a matrix, and it adjusts cz¢
https:// www. mat hworks. com/snat-pp snadatl iadrh snatttd mlb _pr

f=]
(351
'
=2}
(=]
3%
'
@

The most common krealkyeo risn yMait ldb/ Octave are punct

periods, commas, <colons, and semicol onsy,peor part
"hel p"panct he Matkald phempel pgouliétallle a shlienegps. c e
| atn Matl ab. Another common error is getting th

up. (Ful | sdmdaked oaslulr et:hdse ki nd&l ibchkt mix $tthéakt & sg i avlels
exampfesommon vector and matrix operations and
t his, |l recommend that wbtheeadamphiesftherandWr
tr-ampdlrr or process, ewir®trat hesemphgasiege@mmidti nt s tveq
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https://terpconnect.umd.edu/~toh/spectrum/val2ind.m
https://terpconnect.umd.edu/~toh/spectrum/plotting.m
https://terpconnect.umd.edu/~toh/spectrum/plotting2.m
https://terpconnect.umd.edu/~toh/spectrum/TimeTrial.txt
http://www.mathworks.com/help/matlab/ref/arithmeticoperators.html
https://www.mathworks.com/help/matlab/matlab_prog/array-vs-matrix-operations.html
https://terpconnect.umd.edu/~toh/spectrum/help_punct.txt
https://terpconnect.umd.edu/~toh/spectrum/RowsAndColumns.txt
https://terpconnect.umd.edu/~toh/spectrum/RowsAndColumns.txt

There are many code examples in this text that
Octave commamidchH iin®e a Ignr etante wPaDyF tvoe,rl s aosna lcoef o tt,h i
copy, angelpdarsdige ,anodr dr op-| i apy ddfnmu ltewidei rexlaanp | e s
Matl ab or Octave editor or denrtécot lexeicmt e 1§ he i ana
This is especi alulny Maotn vaebn iaenndt riefady omy web. site
Position the windows so that Matl ab shares the
web browserasors htelWa weQrg,ht bett erc o mpsiteetrdveds kit DQr

< Cc = re | https//terpconnectumd.edu, G [N |
T prer— 0 A X Workspace sumulated signal consistng of Up 10 6 Overlapping Gaussian bands plus random WIte nosse.
1 RO E %- @ B e BDBE& ” OF L | P
Dag . L3 s W
do| b A 0&/=a O » x Matlab and Octave have built-in fonctions that can be used for for calculating. measuring and
Name plotting signals and noise, mcluding mean. mas. mun, std K s, plot. ust. ustfit, rand
peakfit m Version 8 No baseline comection [ Heighténont e "help” and the help me
E:ﬂwm 1 apply 101 la For example, if you
20 $ . e have a series of results in a vector \ ", mean(y) refums the returns the
20 B} Measunsdposhiont of all the values in y. For vectors omputes sqrt (sean(y.“2)). You can subtract a scalar
- 4 EH MeasuredPosition? number from a vector (for example, v = v-min(v) sets the lowest value of vector v to zero). If you have
3 10 EH MeasuredWidth1 a set of signals in the rows of a matrix S, where each column represents the value of each signal at the same
s EH Measuredwidth2 value of the independent variable (e.g. time), you can compute the ensemble average of those signals just
p | PR by typing "mean(S)". which computes the mean of each column of §. Note that function and variable
50 & B Pestiontmac? names are case sensitive
~ . Hs
0= 2 Z T f 2 — EH widthError! As an example of the "randn" function in Matlab/Octave. it is used here to generate 100 normally-
Pesks=1 Shape=Gaussian Min Width = 0.67567 Enor=1.785% R2=0.99762 Ew-mhhm | distributed random numbers. then the "hist" fanction computes the m" (probability distribution) of
Hﬂx those random numbers. then the downloadable function peg aussian function (plotted with a
Singe ft EH height ted line) to that distribution
Peak®  Postioh  Heght'  Vadth s Hrape F )
1 002152 2723 23 6708 [ noise >>[N,X]=hist(randn(size(1:100)));
5 . EH positiont >> peakfit([X;N])
EH position | 5
<1x16 double > 3 50 | If you change the 100 to 1000 or a higher number. the distribution becomes closer and closer to a perfect
o <113 double> s ® v} Gaussian and its peak falls closer to 0.00. The "randn” function is useful in signal processing for predicting
w0 » x| the uncertainty of measurements in the presence of random noise. for example by using the 1o or
~|! the bootstrap methods that will be described in 1 section. (You can copy and paste. or drag and dro
K | these two lunes of code ato the Matlab or Octave editor or ato the command line and press Enter to
" execute it).
2 1 0 2 3 |
Residual Plot {
tion1,vaac || The difference between scripts and functions. You can also creata your own nser-defined scripts and
| functions in Matlab or Octave to automate commonly-used algorithms. Scripts and functions are simple
| Coommand Mindow, | text files saved with a " m" file extension to the file name. The difference between a script and a function is

po || that a function definition begins with the word ‘function’: a script 1s just any list of Matlab commands and
statements. For a script, all the variables defined and used are listed i the workspace window. For a
0£1%100. * (posicioni-Neasureapossciont) ./po || fisiction, on the other hand. the variables are internal and private fo that fimction; values can be passed to
ieionError) the function through the inpur arguments, and values can be passed fiom the function through the oupur
arguments, which are both defined m the first line of the function definition. That means that functions are
! a great way to package chucks of code that perform useful operations in a form that can be used as
{ components in other program without worrying that the variable names in the fimction will conflict and
! cause errors. Scripts and functions can call other functions: scripts must have those functions in the Matlab
path: functions. on the other hand. can have all their required sub-fincrions defined with main
fimction irself and thus can be self-contained. (If you run one of my scripts and get an error message that
says "Undefined function...”, you need to download the specified function from functions hitml and place
1t 1n the Matlab/Octave path).

|

ist (randn(size(1:100)));

M, X =hi.
peakeic([X:N]);

vl >

For writing or editing scripts and functions. Matlab and the latest version of Octave have an internal
editor. For an explanation of a function and a simple worked example. type “help function” at the command ~

e

out puts, so you can usteo tewop anmodn itthoer sd essiknhuolpt ahnoer

Hi dntf: you try to run one of my scripts or funct
for the iirgndnitmpg /i/ttemy,urdowrmlimd ahsbeya8itrcnwihragnamt ht r y ag

One thing that you wilvVenptiyes adobadetMatd adbciriisp
anant he first time, there is a small delay befo
machi ne | anguage. HowfeivireigipkAtehra tt hoantl,y thhaep peexnesc uttf
(For the fastest exedMdt loammh & dedpsisleggoar asthalrye agwv ai
st aanldoanpep | i cas epasate from tM@&t Mah | @ddigéentve ryo@unke n
build C/ C++ shared | ibraries, Microsoft . NET as:s
Mat |l ab p¥Yoougrcaams ewveralgnde osdmerg i n eNBat@abfle/ Oct ave

fOGYRgQRWADId&ERUN W

You icmmort your hwntas iiimgpdatiabt ab Cl dam tma ttahoe
Homeab &8t stohanp orftudnacttai ons on the command | ine o
i mported from plain text files (.txt), CSV file
sound formats, 6&6prfegmmppereatdbbeédbs]l owing | ine:

of thefSasmpl i S0P ptmhe svyurrent folder and assig
the independent and dependent variables, respe

™~ -
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https://terpconnect.umd.edu/~toh/spectrum/CopyPasteintoMatlab.png
http://tinyurl.com/cey8rwh
https://www.mathworks.com/help/matlab/matlab_env/what-is-the-matlab-search-path.html
http://www.mathworks.com/products/matlab-compiler-sdk/index.html
http://www.mathworks.com/products/matlab-compiler-sdk/index.html
http://www.mathworks.com/help/matlab/import_export/recommended-methods-for-importing-data.html
https://terpconnect.umd.edu/~toh/spectrum/xlsread.txt
https://terpconnect.umd.edu/~toh/spectrum/importdata.txt

mydatxdsread(' Sample_5.0ppm. csv');
x5=mydata(:, 1);
y5=mydata(:, 2);

Data cleaning funt¢t xmingsiimg Mand adutilnicd ruddkat a, s
stacking and meafseé)aehhed esglrd gppb b €O epnco.gsm thes ea e x amp |
readmuaokctod smm eads heeRori xnhosrxed cfoanmpelMax | safppredrayd s lme e
uselfmpgort (Wikialked > | npohatDgi&es you a preview

data file |l ooking for columns and rows of numer
sel ectl adored rweri abt @si mmar t ot tdhmoad®e vectors, ma
click on the Ilittle arMawl abxwi tb Wi mper yosehe:ce
those o,pewhiitdlbnysou can modify for other file ty
2L Import - C:\Users\Torm'\Dropbox\ MATLABEpS\wehrligs.ft - O X
IMPORT VIEW ®
~ Delimited C0|ll.ll"l"!r'| delimiters: Range: W Qutput Type: v
Delimiter - . _ |EH Table 7| UNIMPORTABLE CELLS | Import
O Fixed Width @DelimiterOpti... . Variable Mames Row: |1 = |EEH Table . Selection
DELIMITERS SELECTION E‘ Eommh ":qdo.rs IMPORT
= = umeric Matrix
. (=R =tr, String Array ©
wehrli5.bet 1} Cell Array
A B C
wehrlig
nmW smnmW sm
Mumber  *Mumber  ~Number -
I TEEEEEEEE TIEEEEEEE Lot
1 n W [/sm/mm W|/sm ~
2 199.5 0.005 5.498E-3
3 200.5 0.007 1.253E-2
4 201.5 0.007 1.971E-2
5 202.5 0.008 2.758E-2
6 203.5 0.009 3.629E-2
7 204.5 0.009 4.57SE-2
3 205.5 0.010 5.531E-2
9 206.5 0.010 6,549E-2

JCAMPXi s a standard ifnmgnd rfacrerd fsprecax ahamgl r el at
i nformation between specimaomébbBlaubdabBassysammse e
can import such Heaadalc Fop Eletoastipdmés sth bd @ee t o i mpor
approxdiamhat d rom graphi gakglhisndyp et sigoirmipert B uif lumn
obtains numelhe cabtodditmatf e omoft mouse clicks, or
s uc hDatsa fAibdAkiegur e iDnm gtihte zMat|l ab Fil e Exchange.
be as accurate as having accesMattd atbohdeR2®rli3@i mal
camead t hoen syemwsrorisPhonevioa-FMindToama gpdpmiego &l s

ol der anal og i n satnrad noegndgist,a |y odagnmhweéendto earmi ¢ r gc @wmrt r o
aUSB volManehtweorr ks Hasaseapquibtet i WMumdtieTohebgaxddi ti o
subtraction, multiplication, or divisamennoinbewc
dat a .polifntnsecessary, you can remove some points
shorter one (usually zeros, which is called fze
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https://www.mathworks.com/discovery/data-cleaning.html
https://terpconnect.umd.edu/~toh/spectrum/xlsreadDemo.m
https://terpconnect.umd.edu/~toh/spectrum/xlsreadDemo.m
http://www.jcamp-dx.org/
https://terpconnect.umd.edu/~toh/spectrum/ReadJcampExample.m
https://datathief.org/
http://www.mathworks.com/matlabcentral/fileexchange/11077-figure-digitizer
http://blogs.mathworks.com/pick/2013/08/09/reading-from-sensors-on-your-mobile-phone/
https://www.google.com/search?q=analog+to+digital+converter+device&sca_esv=9c3862cfc17cffc5&source=hp&ei=KuUyaauXB-SPwbkP7oPfsQo&iflsig=AOw8s4IAAAAAaTLzOm97hAs-KhGn5WPDcf6hgun0N24d&oq=analog+to+digital+converter&gs_lp=Egdnd3Mtd2l6IhthbmFsb2cgdG8gZGlnaXRhbCBjb252ZXJ0ZXIqAggEMggQABiABBixAzIFEAAYgAQyBRAAGIAEMgUQABiABDIFEAAYgAQyBRAAGIAEMgUQABiABDIFEAAYgAQyBRAAGIAEMgUQABiABEiErwFQkwlYhFJwAXgAkAEBmAF8oAHlFqoBBTE5LjExuAEByAEA-AEBmAIeoAKvFqgCCsICChAAGAMY6gIYjwHCAgoQLhgDGOoCGI8BwgIREC4YgAQYsQMY0QMYgwEYxwHCAgsQABiABBixAxiDAcICBBAAGAPCAg4QLhiABBixAxjRAxjHAcICCxAuGIAEGNEDGMcBwgILEC4YgAQYsQMYgwHCAg4QABiABBixAxiDARiKBcICDhAuGIAEGLEDGIMBGIoFwgIFEC4YgATCAhUQLhiABBixAxjRAxiDARjHARgKGAvCAg8QABiABBixAxiDARgKGAvCAgYQABgDGArCAg4QLhiABBixAxiDARjlBMICBRAhGKABwgIIEAAYFhgKGB7CAgsQABiABBiGAxiKBcICCBAAGKIEGIkFwgIIEAAYgAQYogTCAgUQABjvBcICChAAGIAEGLEDGA3CAgcQABiABBgNmAMF8QX0cpW17GV5gpIHBTE3LjEzoAe43wGyBwUxNi4xM7gHqhbCBwYzLjI2LjHIBys&sclient=gws-wiz
https://www.google.com/#q=Arduino+microcontroller+board
https://www.google.com/#q=USB+voltmeter
https://www.mathworks.com/products/data-acquisition.html
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MATLAE Drive Derivative Demo.m

function DerivativeDemo

2 % Derivativebemo.m is a self-contained

it lab/Detave functio

Signal and p
demanstrate an application of

4 % differentiation ta guantitative
analysis of & peak buried in an
unstable

5 % background. Ta run it, just type
DerivativeDemo at the command prompt.

6 % Ygu can change s ral of the

internal variables (e.g. Moise, in

% line 12 or Backgroundimplitude in

line 13), etc.

g clf

9 wincrement=.1;

10 x=l:xincrement:256;

11 SignalWidth=38;

12 Noplse=.paz2;

13 BackgroundAmplitude=.03;

14  BackgroundPeak=-100;

15 Backgroundwidth=600;

15 SignalAmplitudes=[0 .085% .01 .82 .83 .
4] ;

17 DerivativeMade=2;

18 SmoothMode=3;

= 100% .

A
E

== BlackbedyDataFit
emissivity =
0.08935
Temperature =
4. 8458e+83

== DerivativeDema

3 CrOMAERTAR Erypebed Derkrtie e

o
v Mg

==

Tndlarcs, Wwisems e

TR
ol exeched skl 3 ol el
f . i T i L

A

S,

... )

W &g

an d I P a d S ( I | f"_; g:ng:ﬁitﬂ?g:%ggj[5ignal'rlidlh.-" i: ]
riphtThis req{.ad™"
basic Isitoved@end | © o scgongmpie g |-

all the stand| 1 2345678900("'.;*-=
plus any of m . . .
scripts (or a| > & O

that you have @

|l oadedyour ac| 9 W € r t u ' °©o P
Matlgb Alldud h . < q p g h i . | g
versions have

speeds that al® 2. x ¢ v b n m [

a factor of 2| '
showfimgTrial |72 © @ 128 >
~Ccaq@llRO MU

I n Python, after i mporting numpy as np, the
len(d), np.sum(d), np.mean(d), np.std(d),
Exponentiation in notated as44f2%ortrhadrh eax arhplne s
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https://www.tutorialspoint.com/importing-data-in-python
https://pandas.pydata.org/
https://www.mathworks.com/products/matlab-online.html
https://itunes.apple.com/us/app/matlab-mobile/id370976661?mt=8
https://www.mathworks.com/cloud.html
https://terpconnect.umd.edu/~toh/spectrum/TimeTrial.txt
https://www.w3schools.com/python/module_math.asp
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Oct avferaee al t er natainvoes stldy MadddpasbtURHEJly 6 t hat Oct av.

maturgulailghy Matl ab cl one. I't has the highest
Everything I said above aboutheManolsab raelcemntworek s
all my Matlab functions, scripts, demos, and e>»

of Octave wihde okd-ypgthramiged fiumtc ¢ P @(@pka2ghpd Si @omaagle
379 pf( .predgled nidf | Lrteegsempar at d overQmhauwsee di fferent
pan andheoeMmMA@®hat mapotrmteilpg i Matl ab . p S@iefr fasnrsen oe
Bet ween Octavdhérkatlra@ab Wi ndows, Ma.ch€ aWidn ddows<
version can be&cdawrlT@hhedaedifsrdmts oGNUeO@t mwmé i n
seeYoOhEubef ofr dkeekp. For signal processigm@alappl i
processi.ng octave

Octave Version10.3.0is a Matlab clone that igavailable forfreedownloadT he document ati o

Alg|p]zl 2] s oo

onl @seettps: / / www. Alcmasvte .aolrlg my scri pHowaweésf unc:
staeadrmput ati onal | yt hsalhcewdlat dere ba\v e@reagp g dihneg pteacs ki i (c

comparisons for several diTfifrmerTe)i.talBaottgdnarh Ipirrmoe:e <
better, but if you cannot afford Matl ab, Octave
(Note: the alasheen Octmaven,3asdbRbspbmirniyature compu
ompag@d)s.

EGI JcT 1t 61J1A0 W@V~ ¢ qidi ¢ Ho
For signakcompotessi dMgpglbabgd®OcIPykaosnt earr eand mor e

t han wusing ai tslpirlkeeblldys hept padeaheets are more comil
wor ker s c o mp uWice rasy etPhyat fh oNha tolnaeb t hareea s i €epr ¢ ad glkee
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http://en.wikipedia.org/wiki/GNU_Octave
https://cvw.cac.cornell.edu/matlab/octave
http://en.wikipedia.org/wiki/GNU_Octave#MATLAB_compatibility
http://www.dspguru.com/dsp/links/matlab-clones
http://wiki.octave.org/FAQ#Porting_programs_from_Matlab_to_Octave
http://wiki.octave.org/FAQ#Porting_programs_from_Matlab_to_Octave
https://www.google.com/search?q=Key+Differences+Between+Octave+%26+Matlab&oq=Key+Differences+Between+Octave+%26+Matlab&aqs=chrome..69i57j33i10i22i29i30.1334j0j4&sourceid=chrome&ie=UTF-8
https://www.google.com/search?q=Key+Differences+Between+Octave+%26+Matlab&oq=Key+Differences+Between+Octave+%26+Matlab&aqs=chrome..69i57j33i10i22i29i30.1334j0j4&sourceid=chrome&ie=UTF-8
http://sourceforge.net/projects/octave/files/Octave%20Windows%20binaries/Octave%203.6.1%20for%20Windows%20MinGW%20installer/
https://www.google.com/search?q=GNU+Octave&aq=f&oq=GNU+Octave&sugexp=chrome,mod=0&sourceid=chrome&ie=UTF-8
http://www.youtube.com/results?search_query=GNU+octave&oq=GNU+octave&gs_l=youtube.3..0l2j0i5.18053.19469.0.20453.4.4.0.0.0.0.52.167.4.4.0...0.0...1ac.1.UrtIQXZNZoQ
https://www.google.com/search?q=signal+processing+octave&ie=utf-8&oe=utf-8&aq=t&rls=org.mozilla:en-US:unofficial&client=seamonkey-a
https://www.google.com/search?q=signal+processing+octave&ie=utf-8&oe=utf-8&aq=t&rls=org.mozilla:en-US:unofficial&client=seamonkey-a
http://wiki.octave.org/Octave_for_Windows
https://www.octave.org/
https://terpconnect.umd.edu/~toh/spectrum/TimeTrial.txt

witalmd they offer flexible pr eseenettast iaornes iawmgutl taesre
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l evel, showing every $inngobMdtviashQdx Yy énootel ar er

hi¢glevel and abstractcamelrauas enwamise m,qalreed wesardihmarb,l «
punctaatfonction Tchams dos svoermyu cphoower f ak , .f bluret it

Matl ab afhdn&Gandwscri-ptl ebbegsaf¢dmjusnii.mloaient ea s
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on devices tihatsed@rnosgtfaallmerde h facil i tates the t
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defined functions, which in turgwoaolawmiolcdl up ot direy
compl elxewvealg hf ant.ayFeonrst un aared yRy daMmde aasbildyayt 2 st or e
E x cfie kola efd x 6fsixl es and i mpodrutmntsh e nrtoowsv eacntdord mat r i

Using the anal ogy of elecdironrnetceetenmpdsaentsp,r ewu
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coveredl®®Reproeges xovseDasuos. Mat | Glb3)Om t Eavwednr anm@ant @ ¢

t hdel f teepermo afcihedi n@ and imeas,jugwhigstp eiakscovered i
begi nni nhy3 (& n2epldiddgot e spvenaikbhhkypMat sabtihghtdes t he

same thbogtbmgelsfi $§yasu erave | arge quantities of d
mu lsttiep cust omi zed pr eocfefs, s aanudt ocansa tqiuci acl kl 1 AyP yahsh opdoss
is a greavtorwvawetrqg gout eaa sweshpmat baff iwiphboces s
of wvol unsetsoroefd dian asepar at e, datsa sfhidhaea Selmganmtpyl @u ro nc
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SpreadMaeetad/ OandpPywytighams have a huge adsamt age
programs and compi lod cipeeca warned prmoodg mayms mieme t h-
for specific needs. Simple changes are easy to
example, you could easily change the | abel s, ti
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Experi ment al measurements are never perfect, ev
typenseacsur ement errosgshemairecwlgnelaegvery)measu
consistently | ess than or greater than the corr
random mrwlirch there are unpredictable variati c
moment or from measurement to measumeimmmt. Thi s
anal ogy t o Tahceorues tairce nmansye .sources of noise in p
vi brations, air currents, electric power fluct
static electricity, interference themfitawi of age
l iquids, random t her mal motion of mol ecul es, be

the basic quantum nat Wrigidfi zrdiroaadingreomuctbers mar gy i
fixed number of digits)andfic o s mi @f rroany sout er sPpPlaemro f{ steheal B t N

everesent "human error", which can be a major f
adjusting, recording, calibrating, or controlli
|l f random error i &®apr enegan u i didea tsde ad atdeatnigb ff yoire p d
results that are not all theayva&ama gleuvhatcah hies tvhe

of the values divi ded ntoydutmii ) n/iulmbregrt hsgrahahaigtdy v a l
Matl ab/ Oct.aie moshtcommon way to measure the ar
set of data valsuesndiag difid ewliwimg lu toiss t hlee square r o
squares of the deviations fntbm hhenbaveoadageadiavi
sgrt(sume@ae (d)).~r2)./ ¢1)emgitha(tdl)ab/ Oct &\he smeotaatei ar
easily calcuilmtfedn dtyi @ s digadhietrde) da nids A hbea sdiact af ¢
random variables I youhawmbwthearwvisay t sdmdian e xyamp |
when two random variables are adideddr adé& dses a md :
square root of the sum of the squares) Ionf Mahd ac
the fuaotdndt mmasdomswutmhena standard deviati on
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applied. But it dceasn oalbshoe mteeaatnt oofn | tyh@ehdeat lay i n ¢ es
t hat you sge&stionmehs ute-eepir & 8.5 IAa ifi udnddi agmeanit a | pro
measurement is distinguishing Ftolme exraume laewy) d smlpypi
want to measure the average of the signal over
peak that oclchuhres aibns otrhpet mdoanthésgoredc ghnaulnf of 1tbShe f i ¢
t hie mp oopaarntts of the data are probably the absor
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cati on. I n this examnl a t he hoioht nf + haeg
| argest peak is ab|m oo

uniBtust. how t o meas U,y }
the exceptiyonmahava 50_\‘—’/,\_‘\\_
physi cadnabs yrsetassmr i n

i nstrwhmecniteo t b mp| et § "2 26 3 38 4 45 5 55 & 65 7
stabkxefegt the randd, . Secondmeasuement m2

easy way to isol at - |
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be <c anlTcheelnl etdh.e st an . | | _ Diference between mi and w2

of the noise 1 ngitwgdg
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the square root an|*=®
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mat hemati cal @&mndwoarrskperndmpoaugtat i on

https://terpconnect.umd)éde/ MabhabkbpOctaven/ Der i g
iISubtract Two Medhesmo resntetniditse npr ocess quaabaoaveativel

Busuppogdsdet metasur ements are not t drmrée croerpdriondgu coifk
spectrum and nnd hattheraskagt agaou could try to est.i
based asrmrs utmipé atont Is & evetrsm bflleuat u & et e glniatit | e r and
superi mposed onatnkoeassamomath pamgmnmadf t he true und
on some knowledge of the origin of the sitdcreal é
previ ou(@p aghe ttehaemt ababr pti on spectra of | iquid s
range of 4. nTrh e so®o 7hOInwatriitdrys ex hi bit broad smoc
order of 10osol 1001 Bmwiogigsl éerB tmuiss deslkaae hose f
standard deviation of about O0.001. Ofetgero ntt the b e
signal on the baseline where the signraelg.iio3nhf b at
is easy to do with a computer I f the signal i s

| ti mportant to appreciate that the standard dev
can be much higher or mudévbawef ®Bhaargbe aambe
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measurements. For examplandnhé, MmebaadhOchaegef |
nrandom numbemnsavahamegamvef zero and aniss$ ahaagad.
(I'n Python, thepurrmaanddom. fy@mudinigd nstnieet bBndar d devi a
wi || be different each ofFi megaynphledy aslt aatdartdh ate v
stda(@ndn(Imbght vary randomly fr omhl€&.w5 otfo L2arare
Numb e p a3g6g2t Itihse unavoi dabl e natur e toHtahliseniaa nld asredt s
devi ati omeriys roondgyh aa@ ptrlteedmedlyong fApopul ati ono

A quick but approxi mate way to epddipatméntglee amyg
which is the difference between the highest anc
The pepalkk reli@®@® ofrimalrliyput ed irsa nadboomu tn uSmbteirnse s |
devi,atasncan be proved by running trma31s00;i ne of
rn=randn(1, n) -rimarm)n)/ s.tkdo(rr nexampl e, the data o
i guagédhas a pedlkri wittthe acehdhghppefkabhoutsel od. t
aseline is also about 1.0, so'bhetédnbopderdode
hat ratio variesndiib thenskeddda@an@imndoéd 0 GvhG.n |
ontrast, the standard deviati omi bhbecémbetstbDser
omputandadredsdeviati on i f possi bl e.

0O O o —h

n addi st and@oidatheb so pdsusti nMlbeb wmeaakepe wbsol ut
evi atmad”"). The standard deviation is |l arger t
tandard deviation weights ndremdiabigrei axustweantat i o n
variable, the mean absolute deviation i s on ave

n o —

Theuabftwea signal i's oftenseéexmpaeé s sad(dSoqNI @amat thiNd t | Vv
which is the ratio of the true underlying signs:
hei ght) to the standar
noi se. Thus, the S/ N
spectrum i n tlh3es f i gur e
about 0.08/d0th&1l s+ g&@,
pagédhasS/aM ratio.of 1. (
Soy,omoul d s agyu alhiatty tohfe
firsits obneetd @eri tbheltas a
S/ N Matwaisaring the S/ N
much easier i f the noi
separately, asn ginlad .ab s
Depending on the type
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nctionpdlswrdimiatsh ea wei ght e ds isnupné aokf fsahragptdinlee s ) o f
iccaen hteheinsol at edt hbey nsoudbetlr-aforamrmmigtelde exmpeor ment al
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signal s amadfi nt hehef 0 0
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white noiseiscsumdsnjue ne o 100 § >0 100
measurse mehmitties nweirsyeceoomewampl e, JguwamMyogat sbn noi
(t her maghotnoon seeagids ¢ he ionpgsdeienmaadsep ibkyas e whi te fr
di stri battilommaveameé common their origin in disc
the flow of individual electrons or photons
A on se that -hasgadmowmetleaw that is, that has mo
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figure on the right * X

Pag28 |


https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html
https://terpconnect.umd.edu/~toh/spectrum/CurveFittingC.html
https://terpconnect.umd.edu/~toh/spectrum/HarmonicAnalysis.html
https://terpconnect.umd.edu/~toh/spectrum/FourierFilter.html
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html
http://en.wikipedia.org/wiki/Frequency_spectrum
http://en.wikipedia.org/wiki/Colors_of_noise
http://en.wikipedia.org/wiki/White_noise
https://terpconnect.umd.edu/~toh/spectrum/WhiteNoiseSpectrum.png
https://terpconnect.umd.edu/~toh/spectrum/WhiteNoiseSpectrum.png
http://en.wikipedia.org/wiki/Johnson–Nyquist_noise
http://en.wikipedia.org/wiki/Photon_noise
https://terpconnect.umd.edu/~toh/spectrum/CaseStudies.html#G
http://en.wikipedia.org/wiki/Pink_noise
http://en.wikipedia.org/wiki/Pink_noise
https://www.google.com/search?ix=aca&sourceid=chrome&ie=UTF-8&q=1%2Ff+noise
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the accuracy of most smaadwramaretvs aft & somd eohh e nwshe e
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appl i ceamo otahniad-gl aobws | t(epralighego r educe noi se i s mor e
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techniques,optocaé¢pamppeengt hi moadutliaddlonmeasur en
contde meewrtr ent g Di@tteirgmdli ng curtrteenrte YA Ci) n sri gansail
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Anot her tfyrpeeg ucefn clyo wv eBir gohwt meiody mraeomie sl éh aeif sbeort ani st  Rotk
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experi mesatnad csaingnsaelri ously interferepavdtd® accur
Random wal ks and. baseline correction

Conversely, noisehitfhlae qheasc imes aiemo dhadli Iseed ype of
|l ess commonly encountered inperapeassgeamahtsalt hwaor i,
subject tdadiddme pnortpRéywnr t hat dleaveaviorkem edo me
bl urorri nbgr ocpdedealhglgs Bl ueeastiwer aduce (bpra2gganocaontdh i n
it has | essqgehfest fohsl e¢aan the .equivalent amol
2 0qNUAqRYULWLGRGRG]

Thedetection | imit" i
' small est signal that
detect in the presenc
guantchamamwal ysi s, it
usually defined as th
t hat produces the sma
signal (Bef Artshhagte ads
bel ow the detection |
reliabl.yh@tetiex,t eidf t h
measurement i s repeat
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- reported as zero. A s
4 | detection | iydiett ewitleld
. . . . . . . . . and will séledgpn rare dn e
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Signal-to-noise ratio (SNR) of a peak signal
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Observed signal

detecsi®8d8n This is illustrated IinOchavei gere pon
SNRdemo. Mhgsshrcews a noi sy signal indehenéotrtmeofs
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This means that signals | ower than this shoul d

But there. he§i ghegann ® bd leenar | vy drel feasdhtalmlikietploy se pé& e t
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the SNR=3 criterion.abYtvieatasevee al nptoh eltcgwenrph it ¢
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Signal-to-noise ratio (SNR) of a peak signal
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measurement of the signal to itdheeadpeygducwhéree a S
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e | L | | lampl iTtheke.er i ment e
- - i - e si gmnedaves bl oae dot
the left, in the top Thandeéhf eremcws bleit wileléttu abihsit bl
d o)t sand -ftihte rbeded )fl(ritotime a gtu amuefviet t | ng( ma2gpd st i on
shown in the bottom panel, | eavitrhge tnma seaisdes e ¢
signal ampt htmdebaber cmisght ther@a@dssewi th the s

or it imdegermekent of ashei mitghealeXdampplie uodre page

Often, there is a mix ordpntoiicsaels swiéetthr rede sféfoepryeanme
types of noise are recognized, based omhdthen r
noidet ect,ordmibclser (flLuPthwatoinompinsei g@ften t he
nstruments that usewlpiiméedo msl tpir plpsiagutairdeeh tadocotiyanrt & )

[

i ntebsi égt or noise (often the | isntiattien gp hnooti osdei oidr
deteciodepemseme | ight intensity and therefore
the |ight i ntensity. FI ' icker noise, caused by |
errors, sample turbul ence, dluisght bsucbabtlteesr,i negt ch.y,
proportional to the piingghtth ewi i)téheasiot t h(earnd iick eus t
decreased by iigrmdr .e aldnemgpridtdytei ce, the tot al noi se
contribution of all three types of amplitude de
Only in a very few speci al cases is,you mpmossi blee
satisfied by increasing the S/ N ratio as much ¢
understand the possible sources of noi se, breal
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https://terpconnect.umd.edu/~toh/spectrum/EnsembleAverage1.wmv
https://www.chem.agilent.com/Library/technicaloverviews/Public/5990-7651EN.pdf
http://terpconnect.umd.edu/~toh/spectrum/CaseStudies.html#F
http://terpconnect.umd.edu/~toh/spectrum/CaseStudies.html#F
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html
http://www.agilent.com/labs/features/2011_101_spectroscopy.pdf

generated by each part separately, then seek toc
as possi bl e. For example, in optical spectroscoc
el iminatedekrybaskngtamodsizrmd i @ nbet tienrt edrtiregabld a rsa
or specialized i ndd u-hubnednuta bdveesliegengsi hsautwidd ealse n gt h
modul @pa3gl The effect of photon noise and det et
l'ight intensity at the detector, and el ectronic
the detector FRinxgpeaddt e eilnre cdorireaeyy ckset ect or s can be
Phot oncaonilke predicted d&3 oimshfelwwes ¢s pprmel andcsi hphl eetss  t
photon noi s+ -oloiimiet dodel hshivgawa ol |belte s pefclt uopd e ® me ¢
spectrosaapny ¢ emi ssion spectroscopy

N6 IDVME ciH RE B qIRMHIRIqRYTMY 6 WUOY Rt 1J

Anot her property that d¢irobiabmgudi $ lyetshies af nudndcui ti moanin
describes the probabililtiyn od @ertaaidlonmr gvimyy 2 iadd lev
measurements, the most amommaIn adussot eciald U teido m si sa ¢
Ahaystacko curveGaasfunsy de@wpy MNB &sd ghdd )
(sgmy{ Li*y mavimaeirse t he mean (avegmage) heabttandadd d

this distribution, the most comme®Rdnramids & her req Ir:
become | ess common the greater their deviation
common? The noise observed in physical measur er
random event s, each ofbawhiilciht yh adsi sstormeb uutni konno wne |y
kinetiiceprofpegasesher qguagtuuthe mawfhafourcadment al p
such as photons or electrons. But when many s uc
observed quantity, the resultinmg mad blbabilityed:i
Gaussian function. This comh®mt nodlseltiviaitti ohhe ar &

Anume rsii gnaullcaatni odne monstr at e
t his behavi or lanr itshees enxaatm
t he yloamtyrt with a set of
numberasrueh h dli wit ya nddatvesd

armqual ocfhahnacvei ng any val
certai-bpekwmenhs O and +1 i
T T (l'i ke the "rand" functi o
anidMat |ICeckt/ave). The graph
|l eft of the figure shows
di stributhiosnt ogaamedhat i

Single random variable Two random variables
4000

3000

2000

00 1000

0 0
0 02 04 06 08 1 9 05

0
STD = 0.28872 STD = 040712

05 1

6000

0 0

= L . e random ,vawhiiacbh ed0 @, @@® t h
CentrallimitDemo.m number sequaslplaypBdofs cabout

2000 numiNemygo,aeoantbhi nseu stewtasn dé pendeint or mly di strib

vari asahlbes acsonghatbeimhentaesvreedagaet zer o). The r esu

the upper rightriandgtearfi ibgudeompnibaes Weewi th the |
zer oThadc@dssd there are many ways for the differ
but oonwlay f or the dilf f(etrheantc eh atpop ebnes 1o nolry ainfd one
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http://en.wikipedia.org/wiki/Feedback
http://en.wikipedia.org/wiki/Internal_standard
http://en.wikipedia.org/wiki/Internal_standard
https://terpconnect.umd.edu/~toh/models/UVVisSNR.html
https://terpconnect.umd.edu/~toh/models/DualWave1.html
https://terpconnect.umd.edu/~toh/spectrum/Differentiation.html
https://terpconnect.umd.edu/~toh/modspec.html
https://terpconnect.umd.edu/~toh/modspec.html
http://en.wikipedia.org/wiki/Fixed-pattern_noise
https://terpconnect.umd.edu/~toh/models/UVVisSNR.html
https://terpconnect.umd.edu/~toh/models/FluorescenceSNR.html
https://terpconnect.umd.edu/~toh/models/FluorescenceSNR.html
https://terpconnect.umd.edu/~toh/models/AES.html
http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Normal_distribution
http://en.wikipedia.org/wiki/Gaussian_function
http://en.wikipedia.org/wiki/Gaussian_function
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
http://www.wolframalpha.com/input/?i=plot+y%3Dexp%28-%28%28x-mu%29%2F%28sigma%2F%282*sqrt%28ln%282%29%29%29%29%29%5e2%29+for+mu%3D0%2Csigma%3D1
https://en.wikipedia.org/wiki/Central_limit_theorem
http://en.wikipedia.org/wiki/Histogram

t he ot herorl)s. ehkgaxcttolmbfimendependent rbaerndvem nv Or iaant
(Il owerheé efedgul t notwadi att ofattiooangelbalftiskietl yi st heavte
result bz ardmo@eaws for the result to be small,
more rounded, andookadhkemdly EShasgemgr dostdrbput
the Arandn& hfowmctfioonrameér enyg ead mbaetuteo rleower r i g
i ndependent uniform random variables, the combi
cl ostehGausg,sih@afvar commartihsomdhéeommpoghatnte poi nt

emer Gaogsi an diyydaarbisbeurtvieo nh etrhreati s not forced by

ari ses fnractnu ruardii fgotrrmlbyu t(¢au nawanb ed swnl oad a Matl ab
si mul athtotnp :f/r/otmer pconnect.umd. edu) ~toh/ spectrunm

Remar Kahbkel yd,i st ri buti on arfatitagd.issvM bduu acl o uel vde nmosd i hf ayr
di stributions 9 uwbdthiitsuatdidmgelttalioeno b yb ysaudihf iaessd ver
sqgrt(rand), sin(rand)o, orbaead ™2 aoltdhgag#idiavnidd yalt c

di stri butt isoenesms Buhtati no matter what the distrib
by the time ywbawcombt hemevéehe resulting distridl
nor malwo riheda r o socdbsreiral ait iscanreenwcéEehley r ens b lotboialEloif o n's

indi wmicuvaolevepit s, so whatever thendr ebemhdlsi,t yt heke
combimaed oscopi cofothgsrer o ac¢c h oa s nomwremaglé rydiecttrl iybutlitor
common adherence to normal distributioh® wuéatot
t hnee asnt andar di,|ldeagtadi @esn f iidretnegreveatics. , are al | ba:
assumepfti@annor maButdi stéosbusuahly a very good ass

Even so, experimentalways makbe tainde 1 oti Iseer eara&r en ot e
that fall well beyond the fAnormal 06 range. They
effect on the standpod ccharciudhmit@®ar glber s(UbtQER)c a8 gc¢
defined as the difference (bieptreseielne (fph®x)iulpeg® r25)n
instead of the stahdardtrdaemggaadfiifseicgoecthle by.u akdfre wva
normalstri bution, the interquartile range 1 s eq!
way to check the distribution of a | arge set of
deviation and t.Helheinteoguolbh¢3tht he dasgei but.i on i :
If the standnmaucdhhadger ati be data set probably con
deviwit hdet outl i ers can be better estimated by

The i mportance of tihse trhoartmalf dyiosut rkintmdm i$anmme st an
measured value, then you can predict the I|ikeld]
certai nAbaomuotu n6t8.% of values drawn fr admwaynbdbr mal t
meam5 % of the v2ibhunds 9PBi & %arthd iswii tsh ik¥sd vgrma8 & tutl ree
the real pr actsitcaanld aprrd® ldbeeven altarod ht @ : measure accu
|l arge numbeSasdbi® kEawmpbtsb@eadeeé)Nuutmbtehres st andar d
is usually glocah!| e isy gimalo . f

Thttehree characteristics of noheefdeguensygddi str
amplitude distributi eare amut udlel wiNignddmpaaredamtpe |
have any combination of those properties.
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https://terpconnect.umd.edu/~toh/spectrum/CentralLimitDemo.m
http://en.wikipedia.org/wiki/Mean
http://en.wikipedia.org/wiki/Standard_deviation
http://en.wikipedia.org/wiki/Least_squares
http://en.wikipedia.org/wiki/Confidence_limits
https://en.wikipedia.org/wiki/Interquartile_range
https://en.wikipedia.org/wiki/Normal_distribution#Standard_deviation_and_coverage

AVGI 3t BOgqRUNDWI ¢UT YOWUYRY JWRUWEG! WJel
Pop wlpare a dssuhcelexaseOpen Of fi bavi€mabfiuhmdti ons t hat ¢
calcul ating, measuring and plotting signals anc
Gaus pieammplsitudelEKP%kosition)/ (0.60056120439323* wi
where ' ampltihtteude'xi mum peak height, '"pos-akien'’

"wi dt h' I s t e xfi uulm wWiFdAMHMM) a to f h & Ihfes i pgemeakne 6 wWRB 1 8 B 5
and ' x' is the value of the indepéndenpewanlniabl
amplitude/-pbsitxon)/ (0. 5*wi dtth)er*2y9sef ul functi on:
MAX, MI N, VARRDAIN\D,, and GBbARpPlrEeBdsheewusni hiavenl gnly
di strrigborudcend number funcnh o omdi RIANIDDudacendl nnuortb ear
buittmush more reali sti cndromelii smurl Baloduet nsdaokrrroyr, s ytohua tc
ustehe Centr al Li mit Theroorenm ity rcimmumttossd a b @ x is md
combining sever, aF RANDwpildeaa kixmpm eSGR(TEH * ( RAND( )

RAND() +RRNDNDEkYrates nearly nor mal random numbe.
deviation very close to 1, andpaemasihmem maadege :
simulate the operat i(oflnheofe xpPaRytMREAMO- I nst r ument
RAND) RANOD)RAND) RAND)RAND )wor ks similarly but has
rande)create random number s ml,t hs nmstbygmlidyhad de\
numbeflfcreate random numbenzerwi tasliddnpt ynembge . ot |

Thienterquaf¢t¢t @QRr cangke calculated ind myuaprnedddsH
the fiQWARTleL B5B74:QBARTI L B(5B7):, 1)

The spr Radsloediusb efrosr. xBRacnedlo,mNaumuld ®enr s Oped s Of € e n e,
i malgeel)ow and t he MaRAMNMDt ©ORA NdMle macrstprtat e t hese f
techniqgue i s usSidmulna ttehdeS isgpmr,ael aBdGEawdsestd amp Ktl ssx an

simul ated signal consisting of up to .6 overl apfg
A B c D E F G H 1 J K L
1 |standard deviation (STDEV) 1.013263 Tom O'Haver (toh@umd.edu), 2013
2 |Interquartile range (IQR) 1.339356
3 |Ratio of IQR/STDEV 1.321824 Press F9 to get another sample of randem numbers.
4 |peak-to-peak value (PtP) 5.489251
5 |Ratio of PtP/STDEV 5.417399
6 Normally-distributed random numbers approximated by
7 |Column of random numbers 0.155137 1.73*(RAND()-RAND()+RAND()-RAND())
8 0.355279 4
9 -2.05102
10 0.231055 :
11 -0.55256 2
12 0.183557
13 -1.07684 B
14 -0.41887 o
15 -0.92242 il IR e el (e ol bl b el slad apaba iAo
16 1.766194 1
17 -1.09515 "
18 -0.90051
19 -1.25545 3
20 -1.17234 )
21 0.27817 Histogram
22 1.422721 180
23 0.55425 150
2 -0.28575 w0
25 -0.7067 o
100
26 -0.33184 80
27 2.175868 60
28 1.30887 40
29 -0.67297 zg
30 -1.32881 4 3 2 -1 0 1 2 3 4
31 -1.44145
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http://www.microsoftstore.com/store/msstore/pd/Excel-Home-and-Student-2010/productID.216446900/vip.true
http://www.microsoftstore.com/store/msstore/pd/Excel-Home-and-Student-2010/productID.216446900/vip.true
http://en.wikipedia.org/wiki/OpenOffice.org_Calc
https://terpconnect.umd.edu/~toh/spectrum/SignalsAndNoise.html#PDF
http://terpconnect.umd.edu/~toh/models/
http://terpconnect.umd.edu/~toh/models/
https://terpconnect.umd.edu/~toh/spectrum/RandomNumbers.xls
https://terpconnect.umd.edu/~toh/spectrum/RandomNumbers.ods
https://terpconnect.umd.edu/~toh/spectrum/RandomNumbers.png
https://terpconnect.umd.edu/~toh/spectrum/RANDtoRANDN.m
https://terpconnect.umd.edu/~toh/spectrum/SimulatedSignal6Gaussian.xlsx
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Mat lasnfic t @wawe e -imuiflutncti ons that can be used for
signal s and meams.g,,sitklot ysdksenvgmped bd st prgarnadr @ch d n
Just type "help" and thhkhe pfromepti oe Mgame bhtel hleae:d
funcapphygy to vectors and matrkaresexampmled | iafs ya
results i n ameaatryet wramrs atbHset dd(wyedrt aug entsa nt dhaer d
deviatiahl tyhe Foal svtecc 0biompspge s ( mean(.y.Yo2) )can sub
a scalar number frwomvamivngjctedrs (tfher | eoxwemnmol e/,al ue
zerlof) .you have a set of Ssigmail e eachheolroms o0ép

each signal at the same value of the independer
average of those sianals just bv tvpina
. akfit.m Version 9.2 No baseline cormrection
"meaB)(", which compuj| sof pet™ - i
each coSl uMat eft hat N
variable naenesi wirvees | / \
open the code for a,,l ) \\ hg
its name and select - Y
) el 1 L 1 1 L T L
Th'erandn" function 2 - 0 ! 2 3
. . Peaks =1 Shape = Gaussian  Min. Width = 0.66429 Error = 2.323% R2 = 0.995
gener atedi sabrmhut gd Single fit
- L Peak # Position | Height "Width Area ! ' i
number S WI t h a mean 1 1 . -0.01056 ZTZQZ ) 2.249 649.9 . d
deviation of 1: e. g s} s a
vector of 100 such N : ]
after importing Anu a X
. . . 5T .
i's sinmitamdom. rahdn( , . . ‘ .
2 -1 0 1 2 3
Il n the foll owiinsg uesx Residual Plot
generate 100 r aMatolnalmagmiaai sncttihemhicompgnt &@m t he
(probability distribut i myp)eadfffidtrhaftgedgdc mwiolmo aad mt

| i)h katGaussian functiop(l ot t erde dv)itdtilmast di.stri buti on

[ N, Xhiest ogrraamdn(si ze(1:100))) ;
peakfit ([;X; N])

| f you chhege 1660 1&dWMegmember, thef diBoseée botmba
becoaless ecrl odsiedra per feercd iiGtauspe akn Hat &ési #IPdser t

ani mdathiaan demonstrates the gradual emergence of
Arandno samples i Norteadow fmraomm Zatmpl eG00.t t ake
di stri butft o omieies "Wwealmldn'l on i s useful in signal p
uncertainty of measurements in the poedenaardfo

t hbeoot met hpds that willalt ebd pdyE@DBitN¢tde i nlm t he P
version ofybosebmadpyw,k angde Ipdarsdtge,, anmwd dr op, ne&nyro:
mu Htiine code examples into the Matlab or Octave
Entted execute it i mmediately.
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http://en.wikipedia.org/wiki/MATLAB
https://terpconnect.umd.edu/~toh/spectrum/SignalArithmetic.html#Octave
http://en.wikipedia.org/wiki/MATLAB
https://terpconnect.umd.edu/~toh/spectrum/SignalArithmetic.html#Octave
https://terpconnect.umd.edu/~toh/spectrum/mean.txt
https://terpconnect.umd.edu/~toh/spectrum/max.txt
https://terpconnect.umd.edu/~toh/spectrum/min.txt
https://terpconnect.umd.edu/~toh/spectrum/std.txt
https://terpconnect.umd.edu/~toh/spectrum/kurtosis.txt
https://terpconnect.umd.edu/~toh/spectrum/skewness.txt
https://terpconnect.umd.edu/~toh/spectrum/plot.txt
https://terpconnect.umd.edu/~toh/spectrum/rand.txt
https://terpconnect.umd.edu/~toh/spectrum/randn.txt
https://en.wikipedia.org/wiki/Standard_deviation
https://en.wikipedia.org/wiki/Standard_deviation
https://terpconnect.umd.edu/~toh/spectrum/peakfit.m
https://terpconnect.umd.edu/~toh/spectrum/peakfit.m
https://terpconnect.umd.edu/~toh/spectrum/peakfit.m
https://terpconnect.umd.edu/~toh/spectrum/RANDNGaussianFit.png
https://terpconnect.umd.edu/~toh/spectrum/RANDNGaussianFit1000.png
https://terpconnect.umd.edu/~toh/spectrum/Histogram1000.mp4
https://terpconnect.umd.edu/~toh/spectrum/Histogram1000.mp4
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html#Monte
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html#bootstrap
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html#Reliability
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|l f you find that you are writing the sarueptaer i e
f unctthiaotn wi | | save your code to the computer so
typographical errors or clumsytcoepyagiagyand owas't
defined scriipn sMatRldalhomraut omate commonly wused

| n Maddiapt s san dj usutmptl ieo nt = xd rteh'iel m"s fsialvee.d wh e hdi f
bet ween a script and a function i s t hast rai pftunicst
j uaslti st of Matl ab commaodsmdndtdteatvame ratbd .e sF are f
i n the wor kasnpda cseh awiendd own tHio nant@ht éaonstchre patsher han:i

arient ernal and pr.iaWautees tcoa htohbaet pfausnscetdiioonnp tt hr ough
vari abl eag gucoginlaend fval uefsr cme benptisswtdpbr ough
vari,abwhisch are both defined in the first |ine

[out put variables] = FunctionName(input variab

That means that functi onkss aorfe cao dger etahta tw apye rtfoo rpm
a form that can bet Besre d pa s avaoidphdouustic tveoorinraytienrgn atl h
vari ablwaitmhamée function wiIWheanoryfolui avtr i d red ac d& wan
save it to the computer,-ianduinctcamsbeé hasedajme s
can upload it to your Matlab account, where it
si mpl eeexamplnction that <calculatesrsdemrel ati v

function relstddev=rsd(x)
relstddev=std(x)./ mean(Xx);

Il n Python, the samd ifkeenctoi:on woul d be coded

def rsd(x):

return np.std(x)/np. mean( x)
(The i ndemittandé Biptt dhssnnot r egbuitr eids inne vMearttihbeblre s s r
clarity whemcrepdisngndodaencti oFns ct@aameschad Ve ott thei
requi fFeaachhcdummns defined within thecoomat aifrh eydowt i o

write a script or function that calls one or m
el se, be sure to include al/|l the customséluimct i c
cont aviméd al | -fruengeutiircendd fsiurbanleu ddyd )naygns secrrrioprt sme s s a g

saybndéfined functiyyomu .need to downfoam the spe
http://tinyand. pbmentMealetéel BarbwhOct avie seedarctebhomastMat | a
scr,iugtts pl ace them at the end of the script and
addgedat t ps: / / www. mat hwor ks . ¢ o ni/uhnecl-ip amast d.tasd./ mtamll

To gretexplanati on ofuactuooaothhbomehet g perwihedlepr o mg
FunctionName is the name of the fRoarctwminti g ,6 o1
scripts and ,t hleatte sotn sv, e rivsaiaonnd boPfy t&htdena/ €Sepiydtessr n a |

When you are writisgryepus, owo uflgaohtosu iaodfn &'l opoanynse nat
beginning wi%6@o#i he Pgthhhaota getxeprl ai n sYowh ani |ils bgeo ign ¢
di d .| altheer first group of comment | ines, up to t
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http://www.ugrad.cs.ubc.ca/~cs302/MatlabGuide/node11.html
http://www.ugrad.cs.ubc.ca/~cs302/MatlabGuide/node11.html
https://terpconnect.umd.edu/~toh/spectrum/rsd.m
http://tinyurl.com/cey8rwh
https://www.mathworks.com/help/matlab/matlab_env/what-is-the-matlab-search-path.html
https://www.mathworks.com/help/matlab/matlab_prog/local-functions-in-scripts.html
https://www.gnu.org/software/octave/news/release/2021/10/30/octave-6.4.0-released.html

used has "help file" for thBunesestcirompdinmphbcdopsncetnito n
l i nesaffusmrcttilon or script Iin the commarddnwitndonw,
scripis. al so a great i1 dea to add one or more e
into the cTonmnsamd IIli nneake your scripts and funct
both by other peopl e Remsd shy tyheu rt scedpdt aytoiuotnd etvod lusa
custom functions for your own work, you will be
yourmwoaokers, or even itb yourg@éifbeommhdsyeys ftultius ef,r
personal (lexgiedi matceal ways). foll ow my own advi ce

Mat | adb versy hdwmdy fluealovhéemnyou type a function ne
yomause fomafaemomegmt ng tihmemeaop eant ed ayr eanfttheers itshe f

wi | | di suppl alyi sat ipnogp a |V a rtihaeb | peossr SEilmbi Imed wionm kst even f
downl oaded functions and f or @&lntye sngeew ifaul nlcyt ihoannsd
t he funsd imanyhiameusasrii lalbéhtthsarsd t o remember al | of

stays on the ,sddragéer igsarnijiatglteygmerr emi nd you wher

& »5 peakfit| V]i
< peakfitisignal,center ,window, NumPeaks,peakshape  extra,umTrials, start,autozero, fixedparameters,plots, bipolar, minwidth, DELTA, clipheight]
More Help..

This feature isieéeasisyyhaveyt o®lkiMok € h@ldioak .t. he
right di splfhoers tthhat hfedrpct i oMoti ed: aOctegpvaea ad ece swi ma
featur e.

f UqUl ¢cHqR2 UMRP PRI BRORCY gt all
Mat |Paylt K p @4goea nMat h e nfaptadigbea Ihlavet er acti vtieo al ternat.i
conventi oiavie s&koeiaeske i nteractive documents t ha

format,t ednd eixnt er aatiavei aghter @lnlver osnimenvte Sall @d
weraeail able in afAd DlsBteRPBdaBebhaklupyter Wihitaertbeo o k s

used to create an interMatthemaatsiaghauatl tver acouwndt
t hfma ni pod luantcd i oma.k eT hhetseeasy to create sharable i
user interfaceddwnmi mesusucbhaskpbbkes, and sl ic
interactively. I n Matl ab, you can dimpirpaepén e
the interface deviwheesr editrheec tnuymbienrtso itnh ea ssscirg npme
gone. When you save it, it becomes an . mlx fil e

Live scrieppe cmnaaEhkpdryiMatl abcusatrs custom tools fo
An exampl e of a ptohrati elaseddm wihh ¢ eh Scthogpaegmml

becasheofwsur types of iLntemactli & oea nfair lbdult ek mew st d
that all ows you to navigate to a specifid file,
angds haweck,bowlisch are used to enabl e or disabl e
show nsmedewlsi ch are used to controldrceagygnwn nuous
me ntuhat all ows multiple choices, shown pulled d
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https://www.mathworks.com/help/matlab/matlab_prog/what-is-a-live-script-or-function.html
https://jupyter.org/
https://terpconnect.umd.edu/~toh/spectrum/DenomAddDemoLiveScript.png
https://terpconnect.umd.edu/~toh/spectrum/DenomAddDemoLiveScript.png

Fourier self-deconvolution 0025 ori.gi"al data

Tom O'Haver 4/5/2023 Original data
Self-Decorvoluted
. . . . i s . ) 0.02
1 Open data file | file= uigetfile('*.csv;*.x1sx");% Click this button to load data
2 mydata=xlsread(file); % from disk in xlsx or csv format. |
0.015 I
1]
4 FrequencySpectra=H/ ; % Check this box to display frequency spectra 0.0
5 PlotAllSteps= 3 % Check this box to plot intermediate steps '(\
& NumPoints=length(mydata); 0.005 \/(\‘
% Set the x-axis scale expansion beginning and end points (@ - 1@e%) ) \
g startpc= 21.4 ; % Percentage of data points to start data selection [ e ! \“*W,Wr_.
e endpc= 72.5 ;% Percentage of data points to end data selection
1 startpoint=round(startpc*NumPoints./1€@);
n oy o . -0.005 *
2 endpn1nt=mund(e.ndpc NumP§1nts./1aB), 2.'400 2600 2800 3000 2000 2400 3600
5 x=mydata(startpoint:endpoint,1); Area recovery: 97.0858 %
4 y=mydata(startpoint:endpoint,2);

Frequency spectra

% Deconvolution function shape

7 Peakshape=(GL blend - |;
3 PCGaussian{ Gaussian
Lorentzian 102
% = f-widt v i i 3
% dw = Decy GL blend 11f-width of deconvolution function df)
1 dw= 25.9 T H
ogistic
% Percent L_.g_._._.. —
3 DA= 3 B 107
% Percentage of entire spectrum included for Fourier filter
5 FrequencyCutoff= 14 3
% for Fourier filter 108
CutOffRate= 3
Denominator addition only
9 if PeakShape=="Gaussian" Fillering only
a df=gaussian({x,min(x),dw)+gaussian{x,max(x),dw); 108 Orignal signal
1 ydc=ifft(fft(y)./ffr(df)).*sum(df); % Deconvolution by fft/ifft Both filtering and denom. addition
2 end - - —
» 10° 10! 102

Live Scripts produce graphic output 1 n small wi
where you can copy, pan and zoom and export to
convert any Live Script grMédyphicte iicki mgai $tsa mgarec
which can then be exported to other graphic for

Ot her examples of LivdaSar smbedthawmudm® ofhdgo 0 b r f§
di f fer egmtargpet sedéconvol ushownsabo®Epgpkhgei tting
on pladgBen hbeaak det  pta2gsph whoiodh has a particularly
slider sdawmnd e rops

These Live scripts are surprisingly easy to cre
conventi.dnakcoseoeerptan existing r-elgiudlart e rkdpitt d
that function and selSeet pafOwre nmeEr a s dedviieal ied p$S$ cagh @ u
Matl ab Live Scbeg@t’/lBaged Appse | isting of Live ¢
corresponddmigv&mryfpumestsi ons
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G @I n RUNT Wid 6 /dR Wty Wt RNUc¢c Gt We O WU YF
HereomeeegampHesi nedtfthanctli dimy esicgpeagitced sfi mmg my
These ar-en nfoao.nd¥uimuwst downl oad them and put the

Data pilpdtotii mgrmesasyf uncti on for plottingsand
sepavreactteoFer Wwanylsli mopd s mWooe xe(@sxgleyymirange]
= plotxrange(Yeytxrlaxt2s and plots values of ve
bet ween speciSégepdwvaimu,eysy]of= Xegpl ot (x)y, NumSe
di visdgs a'l NuSremtsd -l eggah s egnseengmne mtnsd mpd rok esd b
| i nesl,abeeacehd Iwi tshe gamesnmbia number at the bott om,
segmentanddelRessupseodf valmembem 'theg'segment

Peak shheesode examples in this book often u
that for aHgrethee bhapsuntca isoenvse rfaolr Npyaetalka bs hf
encountel e@acuend ioa e nit a g & e erearl seoxnp o5n emrt 0 ad ¢ rye d
Gaus,exponemitoadernyed,exproemmringsi eacd i2gunos «
Gaussian/ Lo,yherdtuzican el feGrardicsasti eddy oli ayrt e, ptr oifa d e
tri angdé¢ el BRatgldeol | owi ng for a mocentcaimpéecedteci
Sech2ShapeCoomp®aessian, Lorentzian, and se:¢
the sech2 pulse in intermeddgradjhibet ween Gaus

peakfunctai dunmti on that generates any of th

ShapedDemonst rébtaess ct lpegaka pshh agaddadwi ng-sthla@evar i .
peaks as muGrtappded@dmes.

Noi se gemhhearageoatsealk t isd mseu ldaatifregr ent types of
(wWhit e,pnokshkaloues,enroapsoer t i, o rsagldl anroei Sreo ot noi se

Mi scell aneous Matlab functions:
st decva mp utsetsa ntdnaer da nddes \dti. lamte il @it iavwelar d devi ati on

Percent Di, f fsarmgprdoye.cml cul ates the percent di f-

| Qr ancgeempmut es the i(rexelqquartdi a@dbovange
hal f wfoéerhmmasuring the f udslmowitdd flp esatky hsaH & p an:

ExpBr oaaeml.ines exponteomtamye thirems& dveend tnagr .

r mname mo v ean u"nmboetr entr, ehifalom s ewcd efr sl for
filrengremmoves zer o9 efprd @am iwnachtt dnresa,e e et nanmher s.

val 2irred.umns the index and the value of the
valudhis is a simple function that is more I
document for Aval2indo to find several examg
These fawrmesefohsin modeling and simulating anal
t echn(ipgadgdsn t he PDF veyowmam ol i-ctlkiicgskr booo ktlhese |
inspect the cedda ckr aynadu scedrecrti ghStave | ink as. ..
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https://terpconnect.umd.edu/~toh/spectrum/functions.html
https://terpconnect.umd.edu/~toh/spectrum/functions.html
https://terpconnect.umd.edu/~toh/spectrum/plotit.m
https://terpconnect.umd.edu/~toh/spectrum/plotxrange.m
https://terpconnect.umd.edu/~toh/spectrum/segplot.m
https://terpconnect.umd.edu/~toh/spectrum/gaussian.m
https://terpconnect.umd.edu/~toh/spectrum/lorentzian.m
https://terpconnect.umd.edu/~toh/spectrum/lognormal.m
https://terpconnect.umd.edu/~toh/spectrum/pearson.m
https://terpconnect.umd.edu/~toh/spectrum/expgaussian.m
https://terpconnect.umd.edu/~toh/spectrum/expgaussian.m
https://terpconnect.umd.edu/~toh/spectrum/explorentzian.m
https://terpconnect.umd.edu/~toh/spectrum/exppulse.m
https://terpconnect.umd.edu/~toh/spectrum/sech2pulse.m
https://terpconnect.umd.edu/~toh/spectrum/sigmoid.m
https://terpconnect.umd.edu/~toh/spectrum/GL.m
https://terpconnect.umd.edu/~toh/spectrum/BiGaussian.m
https://terpconnect.umd.edu/~toh/spectrum/BiLorentzian.m
https://terpconnect.umd.edu/~toh/spectrum/voigt.m
https://terpconnect.umd.edu/~toh/spectrum/triangle.m
https://terpconnect.umd.edu/~toh/spectrum/Sech2ShapeComparison.m
https://terpconnect.umd.edu/~toh/spectrum/Sech2ShapeComparison.png
https://terpconnect.umd.edu/~toh/spectrum/peakfunction.m
https://terpconnect.umd.edu/~toh/spectrum/ShapeDemo.m
https://terpconnect.umd.edu/~toh/spectrum/ShapeDemo.png
https://terpconnect.umd.edu/~toh/spectrum/whitenoise.m
https://terpconnect.umd.edu/~toh/spectrum/pinknoise.m
https://terpconnect.umd.edu/~toh/spectrum/bluenoise.m
https://terpconnect.umd.edu/~toh/spectrum/propnoise.m
https://terpconnect.umd.edu/~toh/spectrum/sqrtnoise.m
https://terpconnect.umd.edu/~toh/spectrum/stdev.m
https://terpconnect.umd.edu/~toh/spectrum/rsd.m
https://terpconnect.umd.edu/~toh/spectrum/PercentDifference.m
http://terpconnect.umd.edu/~toh/spectrum/IQrange.m
https://terpconnect.umd.edu/~toh/spectrum/halfwidth.m
https://terpconnect.umd.edu/~toh/spectrum/ExpBroaden.m
https://terpconnect.umd.edu/~toh/spectrum/ExpBroaden.m
https://terpconnect.umd.edu/~toh/spectrum/rmnan.m
https://terpconnect.umd.edu/~toh/spectrum/rmz.m
https://terpconnect.umd.edu/~toh/spectrum/val2ind.m

nce you have downl oaded t hesar £ tnypoau bcnasn aunsde ptl
i ke any-i othencbuoht For example, you can pl ot
=[1:256]; y=gaussian(x, 128,64) + whfhenaisgodt(gxt) ngpl
hown in thelofsegsgramuhsesfi apmagmre on to demonstrate tl
ei,pbsi t iammotfh a Gaussi anSicaumaleGecTahlrelagsasreivpetr al o
ownl oadabl e functions to-gemeatae eand i glinatl avirn dz
variabl e basel i ne o umsi gvhatr itarbyl et a ammaddoinf yn oti Isee
|l aces to make it |l ook |i ke your type of dat a.
ct awveé houtF arh aaan geea mpydeotwen | loiasdta bdfe functi ons and
hi s prpoadeédir, osne & Intet Web/ 8t nyurl . com/ cey8r wh

The Matl ab/ Ocaiasved efradmestt ircart es t he appearance an
types. It plots Gaussian peaks with four differ
pink (1/f) noise, proprooreth iotnea |l nonhs &,e tnhoda s ef,i tasn ¢
noi sy data set and computes the average and t he
and area for each noise type.prToynpdett" iMlyl/l cn @aivee t
Subtract Two Md ps2gpdeemaomtss.rmt es the technique of

measurements of a waveform to extract the randc
except for the noise).

~ 0T ®aAaTn X —Q

i Si _dmaa@ &9 i s one nmoulptair gdooswenpl ooafd a mb @ ulMahsal vaeb d e v e |
t haambi ne many of thei Seghal pbet kseoygpangebsdsmtr eetdb
and zoom controls, measure signal and noi se amy
the S/ N ratio of peaks. It i s operated by si mpl
smoot(hpiadgge di f f er ent i atainodrt,d epdeeankg nsvhdale wpt®imoam,g s p e .
measur,eomemiter speetcum anal ysi s,

Ot hers in this group bDPemp&@® & 6 axhtiicvhe ffoucnucsteiso nosn i
anidpf . mayz2 whi ch focuses on iterative curve fitt
explorations of complex signals because they me
by simple key pressesMatThabsien enveo rvke be vibeuno wisfle eyyo ud or
wor kMaotnl ab. Mbbt ket hat i bé 000 peewm&kmvddgasgenartsgct a v
anidf i | t efucscet avhee. ® and > key®or( wiatnh aamnd zwiotmho u't

For signals that contain repetitive waveform pe
nominally the same shape except fioRe(apkadgsete ,h atsh e
amnsemble ave@Sahaging amurmotmpane the average of a

works by detecting a single reference peak i n e
therefore does not require that the reg@rearnce be
signal). To use this function, oémnrptomej psaktihm
repeat, paddmrinn to isolate any on&heH tThesaveenp
waveform is displayed in Figure 2 and saved as

i PeakEnsembl e Awer aag dRaSeqea B8diteiacmur i ng-t Blbe s8i gna
Rati o of Codnoprl emxor&i derixalngpibqs d lof i n Matmpak./a®d toanwse
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https://terpconnect.umd.edu/~toh/spectrum/plotting.m
https://terpconnect.umd.edu/~toh/spectrum/gaussian.m
https://terpconnect.umd.edu/~toh/spectrum/SignalGenerator.m
https://terpconnect.umd.edu/~toh/spectrum/SignalArithmetic.html#Octave
http://tinyurl.com/cey8rwh
https://terpconnect.umd.edu/~toh/spectrum/noisetest.m
https://terpconnect.umd.edu/~toh/spectrum/SubtractTwoMeasurements.m
https://terpconnect.umd.edu/~toh/spectrum/iSignal.html
https://www.mathworks.com/products/matlab-online.html
https://itunes.apple.com/us/app/matlab-mobile/id370976661?mt=8
https://terpconnect.umd.edu/~toh/spectrum/ipfoctave.m
https://terpconnect.umd.edu/~toh/spectrum/ipeakoctave.m
https://terpconnect.umd.edu/~toh/spectrum/isignaloctave.m
https://terpconnect.umd.edu/~toh/spectrum/ifilteroctave.m
https://terpconnect.umd.edu/~toh/spectrum/PeakFindingandMeasurement.htm#ipeak
https://terpconnect.umd.edu/~toh/spectrum/PeakFindingandMeasurement.htm#EnsembleAveraging
https://terpconnect.umd.edu/~toh/spectrum/iPeakEnsembleAverageDemo.m
https://terpconnect.umd.edu/~toh/spectrum/CaseStudies.html#SNR
https://terpconnect.umd.edu/~toh/spectrum/CaseStudies.html#SNR
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ed. I n the context of scientific mB886ur e me
signal processing techniqgues have been wi
mat hemati cal modd&®d € oimbi neidgmwalt hshppe D plt pa
m n@bsebpoppagbased on the common character|

i mportant to realize that anstmuhateteadesdi (
Rat her, you can use simulated signals to t
ssing techniqgue, using simulated data who:
the robustness and repreduchnbi mMmutyi pfeasprt
underlying signal parameters RBuwutsiwigth hiemip
| M@y or amdlemi yti ng baselines, interfering p
|l e, Ctdh@t s $ir my ltsahtoewdsS ihgonwa [t.om cr eat e -paec arkeal i s
I that is based on the measfar eMilmémay act er i
cations of 3 hdn®i3i8dea, e.g., on pages

nals that you create should al way s
e in plots. This,Kbiut naolts oo nbl eyc abuescea L
ommh sl gaes ngil lyl | mpd&le dpipy e egle it foo pma re

ated sig
i I

e

gnals that are | imited o34y by the

S

n

t Visi

|l es of
v ol ultl)50

uch-otreehnidgqddéeeT@me pra bl lexhagpea @ @ in d g
(page

time you run the randn funct,i ojnusty oaus gieft
surement in the | aboratory.

ey aspect ofl inklemesr ii salt haitmulhet ipamrgs of t he
|l ying properties of the test signals must
ses the simulated signal s. I n boheécheatdst
ng at t herlhtirsue exeimpn alb vv aoluwse sAyicelt a ti(p ahgasv e f o
write these types of simulations can occa:

ation is also applicab3&4iln dmecsrca | dep i Ptuibc
rcial technical report that <contlaiguead a de

hr omatwigtrdaipaghdye ar nt ay see@taga@tter si mi |l ar chemical

wa s

able tdatbassitdrulreatal ostofc tahe data obtai ne

| l owed me to Arepeat 0 dihfefaenmxapuenrtismeonft nnoui nseer iacnadl
chromatographic and spectr oscaobpilci 1piaensatnaentdefr s , i
applicability of that method to other potenti al
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https://en.wikipedia.org/wiki/Simulation
https://terpconnect.umd.edu/~toh/spectrum/CreateSimulatedSignal.m

EGYYq6RUDN

In many experiments i n sci-axnicse,v alhuee st)r uceh asn ggen arl ¢
functioaxbé vaAkburgs, whereas many Kkinds of noi se
amplitude from point tottpeori nsti twiatthiionn tihte nsa yg nbael

attempt to reduce té¢moobhismgbyoat pragess healdhbee
modi fied so that hnhndhkeRamdutahe pommedi athalty aa@) ace
because of noise) ar kowehdaunc etdh,e aanddy apcoeinntt sp oti hnatts
naturally |l eads to a smoother signal (and a sl c
underlying signal is smooth, then the true sigr
frequency noi se wi l If rbeeq ureenccuyc ®ddo.mplam gnegadms a fs md
oper at i olno-paacstss fas daeci-hgeqhendy ghomponents and |
frequency components with Iittl e fodrlalngfer ed den die
t hensitglnemdi sewirladt iboe | mproved by smoothing, by a
frequencyodi $ hdiShmomiois @n ng camwabhel @edn tdpaa@@Basd ntgo
62 which also reduces noise but does not neces:

EGYYq6RUNWeEONY!I Rad Gt

The sismploashti ng al gori shmé$tamaéddbasaddi ghugt he n” wh
adjacent pointsmsuhtitpkebyodoi pbnbly dasat of number
defines the smooth shape, the products are add:e
becomes one point of smoothed dat aal d¢timhgen otrh e i :e
data and the preocmpkest s mp e hritceficgt adnhgguobrei rt hbno x ¢ a
unwei ght-adesbdgditdgoomphy replaces each pomnt in
adjacent poisntas powhern & s momt évg eFiodd &el xl aepip itehte f or
s mo omi=h 3() :

_ Yo+

j+l

Thi s isoervejlm&a,tZathj]ieErrée*pféjint in the J-'51mlt1)telit)tq'hiendt siing n
the origamtls sihgnalot al numbkBosbfspoeatsheat $ ha

programming | anguages have a fimeanod or fiaver age
S=me awA jy+W/Si mi |l ar smooth operations can bm const
Usuarilsy an odd number. I f the noise in the data

frequencies) and D/t 4 hethnandcer dtdaediaatdi areviiat i on
signal after the firsatvepgage efmoarn hu miyd d g ébtee thhpepl
squaremooagy)y of mherthe smooth width.i sDegnpiotté iits
act waltliymum t he common problem of resdacipregtwlsitte
resp@hsek here f)dhearlecsgpionasle proo @fitnicesgro cthiaing ef |
has the advantage of respondingresmph@telkchmeist |
equal to the smooth widt hSnoiotihdendy kcya ntdhbee | pagm loi
data acquisition, by progtawvaraget mal di gi i z el
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https://terpconnect.umd.edu/~toh/spectrum/HarmonicAnalysis.html#smoothing
https://en.wikipedia.org/wiki/Low-pass_filter
https://terpconnect.umd.edu/~toh/spectrum/SignalsAndNoise.html#SNR
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html#frequency
http://www.analog.com/media/en/technical-documentation/dsp-book/dsp_book_Ch15.pdf
https://www.dspguide.com/ch15/2.htm

only the ad dent aag ea,c qaurir auint"i)gn bly" pdotri ng all the a
smoothing the stored data. The | atter requires

Thtri anguliasr Isinkoeo tthhe rectangul ar smaetilg,htaelove
smoot hing f wpnocitnito ne.anofogtrh a( 5
S _ Vi +2Y +3Y 2+ Y,

! 9
for | -25 3ntdo sn milarly for ot heUn.istmdaitmS)mw adttrhhss. »
both of these cases, theumndfegtehe nno éfafeinaim@miand

resultsganna &émoaoth that has no effect on the s
preseravreesa tuhneder peaks

It is often useful to apply a smoothing operat.
signal, to build | onger and mopei compti amageldarsr
above is equival ot nt ourl aw ¢ Fapgedehs esd oodn tda r3e ct an

smoot h r e@ouhrty sismacagkt Al so -spl ] efderma Wipi ch the coef
the ratio 1:3:6: 7: 6np3a:sls.evsWhoeft pe s empat hr ukeul st i
smoot h nmtwmttlh dfor exampl-pqi Bt pamac @tshp orfi ensiu I5thso oit nh
Thesepmsbt smooths are morkereffentyveoaserieduthe
rectangul ar s moastlho,welruts ttehpe yr eesxphoinbsiet.

I n all these smoothms s tcheswindttlo dfe tame oddmdo o inh e
coefficients are symmetrically balanced around
preser vaexs st lpeosx an o no bl eipne fté&hset usrnrecsot hed si gnal
critical for analytical and spectroscopic appl:.i
measurement objectives.

We ar e gashseunei + iag ibomtee kealsi gnal is uniform, th

bet weeaxitheval ues ofheadjaanee 1t th r p aighhitos) tii & hdel ssoi gans:
many of therotkbesisagghakchnbogolkandeiscridbdead vearyl
necessary) characteristic of signals that are ¢

More advanced@h@adygicGalkyyog trle fi s9 blased-sqgmu atrtrees Ifaa s
of polynomials to segments onfWi kh eCadmpmar. ed hteo atl h

slidvegage smooths of t-6Gel apgmemwodhhi sthessSaeit
noi senpreueffective at teeéaonipighahdapbéblpesasdl at i
wel | as Bm®odalhgori.t hm i s more compdygheandr tthilea

the smooth types discussed above,sbghi®oddcd nitno d e
various | anguages .i spavdp dvy yi natveasS a catbid Vee daa3gied tnieo n
hasSaai-Galkgyt Anot her advanced v ablagsteedn 0 lumeits otnh g s |
pad&whiatht empts to distinguish signal from noi s
signal

The shape of any smoothing algorithdatcetan ,baandet
signal consisting of all zeros except for one i
Del t aTlehset .rresul ti mpulcseael Ired.ptomese function
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https://terpconnect.umd.edu/~toh/spectrum/UnitGainSmooths.xls
https://terpconnect.umd.edu/~toh/spectrum/Integration.html
http://en.wikipedia.org/wiki/Savitzky%96Golay_smoothing_filter
https://en.wikipedia.org/wiki/Savitzky%E2%80%93Golay_filter
https://terpconnect.umd.edu/~toh/spectrum/Differentiation.html
https://www.google.com/search?sourceid=chrome&ie=UTF-8&q=Savitzky-Golay+smooth+code
https://www.google.com/search?sourceid=chrome&ie=UTF-8&q=Savitzky-Golay+smooth+code
https://terpconnect.umd.edu/~toh/spectrum/SmoothingComparison.html
https://terpconnect.umd.edu/~toh/spectrum/iSignal.html
https://terpconnect.umd.edu/~toh/spectrum/DeltaTest.m

YRt Wl I eHqRYU

Smoothing usually reduces the noise in a signa
all frequencies) abd tihesn stthaen dsatradn ddaervd ad & wina tiiso
the signal after one pass of QN srggd¢t(ammigwmletalre s mo «
smooth width. I f a triangular smooth is wused ir

D* 0. 8m)sSgmoto(t hi ng operations can be applied more
signal can be smooftthdad amai m.e lurs esf anhei igdha sehser e
frequency noise in the si gwhahtoed He wiey elres $ hien ne s
smoot h. Fohmesasmpsl of a rectangul ar smooth redu
appr ox Dmat ems,granlty tampsrloovgeghme nt Fov ea $s$wonepdsbest
demonstrMariiommb| es®moot hNoi seReduction. x| sx

EnnlJHd WHreld)dd IWH Rt gl RA2 qRYU WY nWUYRHY |
Thferequency di st rdietsu tgiroaits edbfo fn@odigses u b sdaf 4 retcit &l It yh e

ability of smoothingOtbavediNoac koo fic OENEpea.rkbast |te
effectpwifnta RdOxcar (unweighted sliding average)
pink, red, and bl ueomiogisreal aurns mdo twhe ¢ hsBileanaduasrad

smoot hinpgass Bileefeptfogecga@nciyt (pilnekssand eédpc
hl-glnequ.ency (.blumaoraentdhaVIOIdtetdlnnaoll S€hsm 1
does white noise.

Note that the computatilon WO &WH&HEIS4e| O vii at i or
independent of the ordejfr Oéméélt‘f)héh@otlase ra)thhus (
frequency. desingbatsen [of data does nat
change its standard deviatSmQOtbﬂw®l§tear@dérd de\
of a sine wave is i ndependent rc%uency

Smoot hing, however, cha§m88trgegjfhndohmeWfreq‘uency
di stribution and standard deviation of a dat a ¢

YWhite noise (Red=smaoothing funciton)  Smoothed VWhite Moise Smoothed Pink (1/) Moise
2 2 2
0 ” a 0
-2 -2 -2
0 a00 1000 0 a00 1000 a a00 1000
Width =20 Type=1 Standard deviation = 0.21187 Standard deviation = 0.59265
Smoothed Blue Moise Smoothed Red Moise Smoothed Yiolet Moise
2 2 2
0 a 0
-2 -2 -2
0 500 1000 a} 500 1000 a 500 1000
Standard deviation =0.049968  Standard deviation = 0.98334  Standard deviation = 0.030941
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https://terpconnect.umd.edu/~toh/spectrum/VariableSmoothNoiseReduction.xlsx
https://terpconnect.umd.edu/~toh/spectrum/SignalsAndNoise.html#Frequency
https://terpconnect.umd.edu/~toh/spectrum/NoiseColorTest.m
https://terpconnect.umd.edu/~toh/spectrum/NoiseColorTest1.png
https://terpconnect.umd.edu/~toh/spectrum/CaseStudies.html#RandomWalk

EUT WInnJEat We UT W6 Wi VYt quWGYRUqt WGI Y
I n the equat-poinst abecvtktangitleald smooih Thedefi nen
enough data in the spiognnatl stnoo odtehf ifnoer at hceo nipilrestte
for the | ast pointo (dat=a np)o,i nbtesc abuesfeo rteh etrhee afrier sr
(Simil-pplipnt amboth is d€fi aaed © hlk yoepfeorraeg nan=nst& obbel
calcul ated for the first two poimwisdtdr sfmmorotthhe
wi |l Imlbhe 2( points at t he nble)g/i2nnponigntosf atth et hsei gennad
whi ch a mew nmdplhetsemoot h cannot be calculated the
approaches. One is to accept the |l oss of point:
the smooth signal. (That's thebaphprolehot a&enafy
t o pursoegr essi vel yats mahlel eern dssmoooft htsh es msa ogtnha | Bi, df By s ¢
5, 7.s. .Boppnanlt panmdt 4.1, ,2,a431;2 rdNn. poi mde spteag 1t inv e |
approach may be preferable if the eddeghafl yt he
increases dewblatut abfi @ttt eewnoct(tipadg8e8 an ut il i ze ei th
t wo meAnrhoalst.er nati ve appwiotahé¢ hariog ti onamad otvlinég bdd g
i s commonly dondi mansmoonahi Ggmawe) dat a.

E+ca0GaUlt WYnuwt aYYq6RUD

The figure below shows a
smoothiTmg | eft half of th
peak. The right half is t
undergoing a triangular s
noi se Iis greatly reduced
hardly changed. The reduc
signal chaakcpesistoos ke
width, area, etc.) to be
by visualbutnsipte cdtoieosn not i
measur mmdat b-ygl@mass. met ho

————en
1.00 200 200 4.00 5.0 See bel ow

Window 1
512 points, 2; 1.0e+0 S le+z To-1.5e-1 Z.2e+

2.00 4
1.50
1.00 4

0.50

00

The | arger the smooth wid
reducti on, but also the gredtetrthbhy hteligp osmo dti Hiing
operation. The optimum choice of smooth width ¢
the digitizati-toynpe ndiegmnall s, Ftodrreopaetrahkt i &w®@il o & aicd ol
the smoontamdwit dhteh number -wifdtphoianft st hen pehaek .hallif ge
smoothing ratiotampsevestitdhebsti gonal s easn ai nrcerdeuacst
i n wihdket h of the peak. Be aware that the smooth
the number of dataxipoiimttseroral ( b)f oas stpleectx oscop
frequency units). The twadadamrme poi mpilsgxiselsampdryv ¢
times the incremanti shendvmest. ld Fihadtieo tsaxme i n eit
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https://terpconnect.umd.edu/~toh/spectrum/fastsmooth.m
https://www.machinecurve.com/index.php/2020/02/10/using-constant-padding-reflection-padding-and-replication-padding-with-keras/
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html#NOT_smooth

Z5E points, 7:  1.0e+0  Zhe+z 1. -1.5e-l  Z.Ze+) The fﬁl@mh! ®\§ exampl €es o f tr
three different smooth wioc
shaped peaks. I n the figur
a true height of 2.0 and t
hawifdth of the peak. The r
uns moot hTehde pteharke.e superi mp
l ines are the results of s
triangular smooth of widttl

2.00

1450 4

100 4

030 o

25, and 51 points. Because
o o i . 25 poi ntssmootthhe fr att h @se t hr ee ¢
— 7/80 = 0.09, 25/80 = 0.31,
espectively. As the smooth width increases, tF
s reduced slightly. WwWiodtsh meotliaregebdty s mocateha,s etdr
bght, the original Z%prlj‘m;.}lil: 2.|ge+;2 nq.aerzn;-\z.z:e-zhﬁ1.c;+n rtgue
eight of -wi.dt ha nadf a3l ,, -

It is also | esabone
he three superi mpol| na
esul tssanodir edenet ri ang
f width 7, 25, and]| "]
he peaki wi dlsihso nclays
hsemo ot hofr att he@se t hr
|l ar¢er21, O0.76, and 020 -
You can see that th

040

(reduction of peak 0 et e

. . 2.00 2.50 2.00 .50 4.00 4.50
peak width) is grea x 10 ak
because the smooth ratios are higher. Smooth reé
excessive peak distortion. Note that even in tt
(assumiang t he original peaks were symmetrical a

shape of the peak i s mor e -tionop osret arnatt it@hpa na fioepht & anvi
the advant ageeonage sSsmodi @gt it gMesahlali nsa e ,h atnlg e d
peak widths vaadga pdushesgnaesntioeadt Wlgi chnal | ows t he s
vary across the psaBggphall,n may sbe ongeedkt, MAsegment
divided into segments with a different smooth ¢

N6WWGI YAGWAGWs RagsWt aYYqé6RUNDW
Smootihd ngf t en | ess benefticinmdr tanmchts rttyltosatn dsi ngohott hti hi
results such as salh dowumsutl rda tbeedd @icre ptehder afdygciamgsree ¢ sie

empl esyngl eofsaanpn®i sy signal that i s smoothed to
to under esti matleofvirtee mmarster,i bwhtiiconn iosf hard to es
t herseo afredw elgome nicy Tthel gisgnal r ebceoirsdu a ITiha esd phlryo brl
a few independent samples of a noisy signal cCor
bel ow.
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https://terpconnect.umd.edu/~toh/spectrum/Integration.html
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html#SegmentedSmooth

x=1:1000;for n=1:10,y(n,:}=2.*gaussianix 500 150)+whitenoisex); end;plot(y) %=1:1000;for n=1:10 ¥(n,:}=fastsmooth(2 *gaussian(x ,500,150) +whitenoise(x) 50,3); .end; plotiy’
5 T T T T T T T T T T T T T T T T T T

F A N = T T T N - -

4

0 0 200 0 40 0 &0 700 B0 900 om0 0 0 200 0 400 &0 60 70 0 em0  10m

x=1:1000; x=1:1000;

for n=1:10, for n=1:10,
y(n,:)=2.*gaussian(x,500)y(n,:)=2.*gaussian(x, 500,
+whitenoi se(x); X))

end y(n,:)=fastsmooth(y(n, :),
pl ot (x,vVy) end

plot (x,vVy)

These figures show ten superi mposed plots with

plotted with a different | ine color, unsmoot hec
reduction i s subst ahthhdeaflf,e rbeustinocolbohseed eidn sgpneacl tsi oom
s hotwsat t hwarei atsi st iild peak position, ,hewhghcth, ias
caused bfyr etghuee nfcoyw noi se remaining in the smooth
woul d have a peak hei ghwi otf h 2Qu spk Bke ccaeurstee ra asti gf
smooth does not reavr etqhueernec yi snonos en oriesnea.i ni ng i n
casmt i || i ntheer ¢ er ee wmeéasur ement of peak position

(The generating scripts below each figure requi
fastsmooth. m beatdeopwrhl/dacegd)yfiremm/ cey8r wh

It should be clear that scnoonoptlheitmegilcye @asve smd sio mn el
out over a range of frequenciepaahdi smobtbaqgqugnec
Only for some very specific twpese abi spedisnet €€ n

spikes) is there hope of anythi ngdcocasoke tthhe coing
smoot hier , desdsice the standard deviationbetftehe n
measurocermemat depends on the situation. Anidsdo n
good that more wild/l necessasbimgt b &e b e ybbuetr nyeoBuah o ¢

shodbdit j.udiciously

The figure on the rigfsti goredlow hast ainloltuhsetrr aetxeasm psl
The signal consists of two Gaussian peaks, one
have a peak heighwi dtfh 10f0 I, andp etahcei tbsudtirfeed nroarnn
noi se with a standard deviationxaki @. $amaps$i nge
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http://tinyurl.com/cey8rwh
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F’”gi”a',‘“g”a'TEf°res”?°°‘“i”9, o As smooth width increases

ool i ncreases, noise is reduc
sl more slowly, and the peak
sl owly at first,notihseen mor

o redudepends on the smooth
06r smooth type (e.g.,.)rectan
3 o and the noi peakoherghbute
Em- al so depends on the peak

0.3F

peak height of th
i ncreases quickly

0.2

the | eft,t hwdircds s
_'0 20 4I0 Gb SIU 1EIJ[J 12I[J 1:10 160 180 200 Gau S SI @m wbe ab( mrom

i mprovement-t@aaoi sderafgaoat
on the number of points in the peak: t

empl oyed and the greater the noise red

the d4iopnasle (defined as
e standa
at firs
max i muhm.s i s biflhhen s matt ed

however, i s di fkise:ir eintt '

for theffomsx=peta® 10 (i2f 1
second peak (from x=1' | |1 s t c
the first peakeinsto’hmaeua_ |
dapaitnhhtshe secondl gpklkak

the first peak is noi "7 1 but
just anhel b-ugbabe r at o4 1
peaks is 10. The secoig 11 sy
because there are few‘D e anc
we tend to underesti m. s mal
sampl &he result of th? 15i gna
is smood dednd smma’k:h m"mu 2'0 4'0 5'0 BID 160 150 1:'10 1én 1éa 200

to be distoropedr teictommg s moot h

shorter and wider than the first peak. The f S
in aegredaegree ob6i mobiaelyediutcthbhoinh Ipemfisanaes me
cur ve meei t{tpidhdgdg0 t he of t he f i rwsitt hp etahke inso insoer ea nsdt
parameters of tBatimeakmeamhmkinabdheabeetond peak,
times more data points in that peak, and t he me
root of the numbef bohed&bmspains dolwint @eadT XThi s d:
foromatin MAdat F abmat

t h

C

Ihtawe f S mi

deced by
* Mat |l ab/ Oc)t.a vleh es cnraixp tmu m

he mor e
uction.

f
d

reducti omi §meguwempwnent s of t he nlod8ree g wmehnecrye anso

remains in the signal even as it 1 s sm

oot hed.
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https://terpconnect.umd.edu/~toh/spectrum/InteractivePeakFitter.htm
https://terpconnect.umd.edu/~toh/spectrum/InteractivePeakFitter.htm
https://terpconnect.umd.edu/~toh/spectrum/udx10noiseAnimation.gif
https://terpconnect.umd.edu/~toh/spectrum/udx.txt
https://terpconnect.umd.edu/~toh/spectrum/udx.txt
https://terpconnect.umd.edu/~toh/spectrum/udx.mat
https://terpconnect.umd.edu/~toh/spectrum/SmoothWidthTest.m

Which is the bestepemdshonathe?purpose of the g
objective of the measurement is to measure the
shoul d be Swswvd-Gaxzbagr twevel et d8Bmov®eh sseppaferrtr
the objective of the measur eamd st viad uteo orhe & shier e
smooth ratios can be employed if desired, becal
(unl ess peakorn st asyimmeteasali n peak width is so
overlap). I f the peak is actually formed of t wc

to be oneupeak,fitthheemgonl|l yv way to measure the pa
Unfortunately, -ttolbe septriahum <siogmeaelsponds to a sm
di storts the peak, which is why curvetHodtfiorg t
measuring peaks pogihtiagkn eahaiog h tah gpaddcewib g/t hc.on s

s mo o tohpienrgagnhi ess it changes your estimate of the
|l guanti tati ve acphpe miccaatli oanrsa Ibyassiesd on cal i bration
height reduction caused bysameghllngriosesseti ngo
applied to the samples and to the standandse, tt

sames that of the sampbe sapauaXxsdectdinyd. tlbhmoed dle cd
widths from 0.5 to 1.0 can be utediiset natce s am)
the figprevioouUsdeaag es ranvpelrea gsel ircdeicnfguma@u.li adrm smproad tl

analytical chemistry, absolute pa€Ck bhaitglhh maga-d
standard solutions is the rule. (Remember: the
signal but rather to measure the concentration
t he siagneal processing steps to the standard sig
systematic error wil/ resul t.

For a more detailed comparison of paBh four s moc

i 60w 6Yedl W Yewt aYYqoWew RNUC G e WL
Theréomeasons to smooth a signal

(ad)or cosmetic reabonkingooprepaeedaamatec ¢

vi sual inspectiespeci publi cladiio@imh a ¥ o0 keenpth @& s
ter mor

(bl)f the signahi+4hengpd miswendsthgi se, which ca
effect dneghbhenkgwsi gnal components (e.g. t he

peaks) than owhite noi se

(ada)f the signal will be subsequently analyze
premscé oof much noise inifthéehei gpaghtbtononfepammp
det erwmi real | 'y owrr dryaphsiimagl Ityhe MAX functi on,
measur efdalblywwdebi on, or if the | ocation of n

i hhe signal iaut omhei dat Ey-mbgedibegtb vafn gtvhzes r «
signal . Optimization of the amount apdgetype
45 .enrally, if a computer i s aviatibleadtleer ttoo m

|l esaggtuar eso medrhsendessdtahad rather than graphical
Pag%=0 |


http://en.wikipedia.org/wiki/Savitzky%96Golay_smoothing_filter
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html#FittingPeaks
https://terpconnect.umd.edu/~toh/spectrum/SmoothingComparison.html
https://terpconnect.umd.edu/~toh/spectrum/halfwidth.m
https://terpconnect.umd.edu/~toh/spectrum/halfwidth.m
https://terpconnect.umd.edu/~toh/spectrum/Differentiation.html
https://terpconnect.umd.edu/~toh/spectrum/Differentiation.html#Smoothing
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html

dat a. I f a commerci al instrumentbéss tbediops
the smoothing anungmrcodabdadh ncda ns aavlewatyhse s moot h

| ater for visual presentation and i-gquarlds be
fitting or other processing that Jy owamay pvear
but i1t shouméasorebeeaked to

(dhhe f or mal l i mit of detection andr dfiegiencod
91,) 9'2ay be i mproved by smoothing or averagi

measur ewaddsc ansb @ddgrd demonstrated by the Ma
SNRdemo. m

You nmuedrme the design of algorithms that empl oy
t ec hnipgeuaek ffoirndi n g dainsdc ursegagsd2g3dsanipeara k s ar e | ocat e
d o wn wa rcdr ozsesrionsgnso oifnh etdhte debutvatheeposition, heic¢
peak is détcasgmamedi wlupratgfpdf a segmemnsmddw@madin
in the vicicmriotsyspefBe7t heatbeo than simply taking
da.t aThat way, even i f heavy smoothing is necess
peaks, the peak parameters extractedumytduwrnve f

N

i 6IJ0W 6Yedl W YelW §NW GYYqéWe W RNUEC
S
n

One common sikybuasrmatmowhierr si gnals i s psuoh 8ae

|l edgtuar efsi tctuirfhhge r e ar e sever al reasons (refere
(aSmoot hing wi l | not significantly i mpr-ove tF
sguares measurements between separate indepe
( A | smoothing algorithms are at | east sligl
signal shape and amplitude

~~

dt) i s tlharadarate the fit by inspecting the re

smoothed noise may be .mistaken for an actual
(d9noot hing the signal wild/l seriously under e:c
al geprapagé&trironm c alndu Ibyd dattdeeest § pdlg/’pgl Even a
visual estimate of the quality of the signal
siglnmdk better. than it really 1is

20¢ 0 RUNWs Raqd6 Wt GRt It We U1 WYeqd RIJI T OW
Sometimes signals are contaminated with very t:
intervals and with random ampl it udes, exuwtmpwiet,h
optical spephobesmolplyi plsii ey stulbl ee cd e tt dic dsspm id@ce sr acyas
from oupasssepgcehrough the front wiQhdeorwe mkow he
radi.atiant only |l ooks ugly, busqguarabsoompseetasti
becausenartmdiss$ yoroiebrudkoend noi se. This type of intei
using the above smoothing methods without distc¢
repl aces each poimetdifanmatt heravteljamtdivat Bnt hpoi nt s
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https://www.longdom.org/open-access/about-estimating-the-limit-of-detection-by-the-signal-to-noise-approach-2153-2435-1000355.pdf
https://www.longdom.org/open-access/about-estimating-the-limit-of-detection-by-the-signal-to-noise-approach-2153-2435-1000355.pdf
https://terpconnect.umd.edu/~toh/spectrum/SNRdemo.m
https://terpconnect.umd.edu/~toh/spectrum/PeakFindingandMeasurement.htm
https://terpconnect.umd.edu/~toh/spectrum/Differentiation.html
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html
http://wmbriggs.com/blog/?p=195
http://wmbriggs.com/blog/?p=195
http://wmbriggs.com/blog/?p=195
https://terpconnect.umd.edu/~toh/spectrum/CurveFittingC.html#Smoothing
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html#Algebraic
https://terpconnect.umd.edu/~toh/spectrum/CurveFitting.html#bootstrap
https://www.hamamatsu.com/resources/pdf/etd/PMT_handbook_v3aE.pdf
https://en.wikipedia.org/wiki/Cherenkov_radiation
https://en.wikipedia.org/wiki/Cherenkov_radiation
https://en.wikipedia.org/wiki/Median

el iminate narrow spikes, with |little change in
points and eqmaldéteop :o/r/ e nre.swi kiihpaend iTeh.eo rsgc/rwipki / Me

iTest Spi. krdf idletmomst rates the median filter in ac
Effect of median filter on measured area a of peak with spikes
'18 T T T T T T T
Criginal signal, v
Median filtered, mfy
16 Signal with spikes, spy| |
1.4 F -
121 .
1k _
=
0.8r .
’f
0.6 s -
4
0.4 .
02 F .
U
D 1 1 1 1 1 1 1
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Delta x increment: 0.02 Number of Spikes: 4 Spike width: 1 MNoise: 0%
Percent AreaErrorBefore =4.5%
Percent AreaError Medi an =0.16%
Percent AreaErrorlinterp =0.004%
For another e2x9a6mpl e, see page

A differena sapipkesialihiummghiatblye piukelt i dmcates and e
the spikes by "patching over them"i nunse dhilgpaeti elnye ar
and aftebet hpbgpi et ai | s.

Unl i ke conventional smooths, pgrhiewredsfgamtteisorn s tdae
functOn nshe ot hepi kasdiahemdthree ss gnal of i nteres
components of the signal arepa@@®d®erfering with t
EUt JGHGWW 2131 ¢NRUDN

Anot hetro waeyduce noi se i n rsete adfabtleen su mgsmg eég k esdi
48 is simply to conmpnusteembtlhee,iarw barvaebrianggen, bcea |pleerdf o

very simply by tpéomMéRrhfTkhep cduhotves caodreeducti on i
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http://en.wikipedia.org/wiki/Median_filter
https://terpconnect.umd.edu/~toh/spectrum/killspikes.m
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html#limits
https://terpconnect.umd.edu/~toh/spectrum/SignalsAndNoise.html#EnsembleAveraging
https://terpconnect.umd.edu/~toh/spectrum/10EnsembleAverage.png

by about sqgrt(10)=3:t2001iTshei sr aitmpor oevneosu gthh et os i sgenea |
with Gaussian shape, which can theanebe spa@PE wme (
using the Matleakf@e{daxe) Foiben dhbewi hg excell ent
with the position (500), height (2), and width
gener at iomg pEgreiMthuge advantage ofn®inse mdbtl ealalve
frequiesci@gdnoe diji @ydnte qtuleency noi se as i n smoot hin
ei tthheer si gnal or the baseline drift.

OYUT Ut RUNDWY2WVI +t ¢caGaUT Wt RNUc¢ Gt
Sometimes signals are wietchridieghenwreamphbredg ma ( ¢ ¢

x-axi s intervals) than necessary to capture al/l
t haecessary data sizes, which slows down signal
capacity. To cormeat st tiasn, beverdampelded nsisi ze ei

(say, dr ospepcipnogd netv eorry every third point) or by r
thaver,asgpe s h i s bou ntcehni Bagmhcéhe cdhtgh e audsvianegt rge ©Hh an

di scadradtiangpoi nts, and it acts |ike smoothing to
noise in the original signal i s whfindtpeo,i na rsd tthee
noise Iis reduced in the cmndanmscevd tisaingeeaselq ukkey ctyh ¢
di stri buteinbannmoifrsgt .heThe Matlkabkt Oaolkeawvoenesstenraitpets t h
boxcar averagnhdghascmgonhéo reduce noi se twithol
shotwlsat theducxsart he,rneenaosvu rnegd rtmehopiu shei ogyh baud mpharse n |
littl e effect on -$deampefikictpiaw @ mern etr sfea dieceadsdars e d
results in a, |[mwtemore tdd gr eefrepoenzlasp s esgnmat éi d
yourself resorting to very | arge smooth widths,

Vi deo Demommsitssalt® od, t hr eSemnoMB yhiBe dweimbaecs t  at es t
triangular smoothing on a singlap&akswi adinh pefak?

initial white noise ampltid awidee isatOi. B, o0fgi avb omgt a3
measure the peak amplitude and peak width of ¢t
initially satre obhsé¢ygoeomaeic uAb it herss atwmwehv ew4,d tthh e
towoi se ratio and the accuracywamd poaakrbeeiadum e me
i mproved. However, above a smooth wi@uhcofoabolt
causes the peak to be s heovretnert htohuagra dtih€ee asn agt nvaol d e
conti nuesat¢ie i gmpowotvle wi dth i s increased.
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https://terpconnect.umd.edu/~toh/spectrum/CurveFittingC.html
https://terpconnect.umd.edu/~toh/spectrum/10EnsembleAverageCurveFit.png
https://terpconnect.umd.edu/~toh/spectrum/testcondense.m
https://terpconnect.umd.edu/~toh/spectrum/consense.m
https://terpconnect.umd.edu/~toh/spectrum/testcondense.png
https://terpconnect.umd.edu/~toh/spectrum/testcondense2.png
https://terpconnect.umd.edu/~toh/spectrum/testcondense.txt
https://terpconnect.umd.edu/~toh/spectrum/testcondense.txt
https://terpconnect.umd.edu/~toh/spectrum/Smooth3.wmv
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Smoothing can be done in spreadsheastcs i beidnma bitohve
demonsstspaéeadcamoeodthsangmoatshi{scg exlls itmages et of mul
coefficients is contained in the formulas that
columns C and E. Qolreetn a& gperafhor(mMs 1a 17 1 1 1 1)
per f orprosit mai aZmsgnoloarh (1 2

% -1 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 61133 2 1), applled t o t he d
Originel deta can type in (or Copy and

|l i ke into column A, and

3 ! spreadsheet to | onger <co
? PR dragging the | ast row of
. NI down as neecdlkeang®utheée sm
a ’ width, you would have to
: in columns C or E and co
T 0135 1922 1828 31 545 4343 5 452 58 581 54970 t he entilrte ogeonlolnmmp.r acti ce
1pass divide the results by th

. so that the net gain is
: t he cursvneo ootfhetdhesi gnal [
: S————— The sprédadslGaenSaodt hs . x
: ' Uni t Gai n Sifsocortehes). ocdwmsaad @i n

: ,:*, ri coll ectig@amnofcomwiof uti on
ﬂm,ﬁ_:g;;;{wm_,,o,m_,mm_ﬂ_mm foarectangul arpsphrimaagul a
smootfhwidth 3 to 29 in b

2 passes (column) and horizont al

o Paste these into your ow

The spréatdsheéteSmonodt hi ng

. pm— Mul ti pl e Sm@ ot iemaagre otdhse
. ? | f tdemoarsatmedrmod i n whic
ZMP&W: cogfficients are.contain
1471013 161572 35 20 31 34 3740 43 48 41 52 55 5861 adjacent cells (in row 5
making it easimorottho shlaprre
. T and wi dtnha x(iuep mIo7)a j ust
changing those 17 <cell s.
: smootperatjiwsnt insert zer

unused c.orelftfhics eespt@simpt e,
triangular smooth-Ts def
and the rest of the coef
this spreadsheett,hrtehee s m

£ 7 9 ISP AR E I F S 648 4T H151 5355 S X

ti mens succession in col umnesctd,v eE, maaxn dnuGnn *sameosout | ht
n+1 = 49 points.Aapgplsiaedd and agel wmntBe above tecl
spreadsheies scumbheodhmhaxmeand them to very | arge s m
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https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html#algorithms
https://terpconnect.umd.edu/~toh/spectrum/smoothing.ods
https://terpconnect.umd.edu/~toh/spectrum/smoothing.xls
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.png
https://terpconnect.umd.edu/~toh/spectrum/UnitGainSmooths.xls
https://terpconnect.umd.edu/~toh/spectrum/UnitGainSmooths.ods
https://terpconnect.umd.edu/~toh/spectrum/UnitGainSmooths.png
https://terpconnect.umd.edu/~toh/spectrum/MultipleSmoothing.xls
https://terpconnect.umd.edu/~toh/spectrum/MultipleSmoothing.ods
https://terpconnect.umd.edu/~toh/spectrum/MultipleSmoothing.png

A more flexible andegppwer daulyttohnvgque | arge al
use the Ispirletadsheet function AVERAGE, which by
but 1 f applied two or thrieang$ elessmadpnePds uscntaeostshsso r
best used in conjunct i ¢pa3gbettoho ntthreo |l NaD | dRyEnCaTmifcu nre
This demonstrateWaltl inablheSisnpovwhHaideshh eteite data i n ¢

smoot hed by three successive applications of A\
width specifiedwi® Bhsissgoet cedviy F8dd whogiht tea e
resul ting smoottho wand tchovinodfhnwD 3piaisntas. The cel l f

smooth OpAVERAGEG| NDI RECT( *(AS RSRIPWRARL 7)A" &ROW( Al
+ ($F$13)/ 2) )uséedDt RECActi on AVE RApGHINYC ttihoen t o t he

rows wi ombwived 2
rowe |l tohwe curren o

Smooth Width {must
be odd integer)

where the wimooit Demonstration of mult-pass smaothing with the AVERAGE function
cell F3. If you e e e
this formula tdq .

spreadsheets,

change all ref e

—

—_—
- —
o =
P P —————
: P —

Foam TRt T Y TN YA
spreadsheet ancg i V”%HWUMWWW"P‘ f 'E'il .

references to
data points, thec—ovw—-wcr—
|

|l ocation of t hg
references wi take care of t hhemsel ves.

The example in the graphic above shows smoot hir
change occurring at bx=ulel lltihnei s hepti smabmbsehgi (Vv
example, the smoothed signal mi ght be used to t
warning that something has occurred, whereas tI
unsui tahtepliopote.

Anot her set of spreadsheets that uses this same
Segment edSmoot hsEegmmpeimatteediipd telx dat a smoot hing spr

can apply individually specified different smoc
especially wuseful i foft heh evaippdalksst antt el poas e ok e
this version, tShewmid aar @& e2np | sad gerse ictosu.l d be const

segment s.

Segment edSmooti FExaamelxa.mgllr axp hokteh tdhaata t(he pl ot i
' ined up with the columns containing,the smoot't
Gradi ent Smo o tohdreapil eart teS md cstx(@ Exa g mp Ic € Bgrrrabdsiae n t

smoodtihnearly increasmogthowi debraasboag)the enti
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https://terpconnect.umd.edu/~toh/spectrum/VariableSmoothExample.png
https://www.lifewire.com/excel-sum-indirect-dynamic-range-formula-3124100
https://terpconnect.umd.edu/~toh/spectrum/VariableSmooth.xlsx
https://support.office.com/en-us/article/indirect-function-474b3a3a-8a26-4f44-b491-92b6306fa261
https://support.office.com/en-us/article/AVERAGE-function-047BAC88-D466-426C-A32B-8F33EB960CF6
https://terpconnect.umd.edu/~toh/spectrum/SegmentedSmoothTemplate.xlsx
https://terpconnect.umd.edu/~toh/spectrum/SegmentedSmoothExample.xlsx
https://terpconnect.umd.edu/~toh/spectrum/SegmentedSmoothExample.png
https://terpconnect.umd.edu/~toh/spectrum/GradientSmoothTemplate.xlsx
https://terpconnect.umd.edu/~toh/spectrum/GradientSmoothExample2.xls
https://terpconnect.umd.edu/~toh/spectrum/GradientSmoothExample2.png

stiamagn d i evgadl mealyt omat i cally generating as many s
wi dt hs as are necessary. (It also enforces the
an odd numberaxit® Phiefvtenit n amhe« smoot hed data).

EGYY q6R Ui c 2 1
Thieudi Nt Asmoot hdo functi on

7510'3 Smooth Width= 160 SmoothTypes: Blue=1 Red=2 Green=3 M a t I a b an d P y t h on , I m p | e
di fferent types of smoot
smootho at the command p

My Maft d radfta sotnsinmopltenme nt s
o : Shdanmul ti ply twypea gsdaeat h
o recursi ve tasl qorMatthrmb f ur

t he doagan s(mmoom, h t)h e, edg
argument " a i's ,(twe i®pu
i the smooth widthWtypeposi
determines the smooth ¢ty
rectangudaaer@glei @irnd oxce

TR D e @i w0 0 7w @0 o0 ow smogpgtylpe=2 gives a trianc
’ equi valent to two passes
antdy pe =3 fipgsipMessmeadt h, equi valent to th€se phapes

i}

compared inehHheSpagdroeg @n ctompari son of these s
argument "edge" controls how the "edges" of 't he
handl ed. | f edge=0, the edges are zero. (I n thi
width. This gives the fastest execution ti me).
small er smooths the closer to the end. (I n thi:c
smooth widths). The smoobhetisSigdbuisanelt @eawnec
argument s:Y,fwadtypmgotsimoot hs with edge=0 and f as
edge=0) . Comp a rbeacks etdo sanmomouv il wtligoomr i t hms, f ast smo
algorithm that typically gives .ftalsctaenr serxoeod uht iaor

1, 00,00 sign®ploiwmitt sl a di n@O0O@versagen ian dteasrsd arh
Windows HRCe' s a simple example of f astermeojpltihc d
x=1:100;

y=randn(size(x));

plot(x,y,x, fastsmooth(y,5,3,21),"r")

xI abel (" Blue: white noise. Red: smoothed white n

Segmented smoothing

Segment ediSssoemgtnhevnetresd on ofThfeastyamaaxtihass ttshheo ost shmem
except that the second i npwdcBogatment="smoot hwi
SegmentedSmooth (Y, smoot hwiTdnhteh sf,u ntcytpieo,n ednidvsi)d e
equlaelngt h regions defined by the | ength of the
a smooth of type "type' avredc'twimooh have dit mesd . by nt |
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http://en.wikipedia.org/wiki/MATLAB
https://terpconnect.umd.edu/~toh/spectrum/SignalArithmetic.html#Octave
https://terpconnect.umd.edu/~toh/spectrum/fastsmooth.m
http://www.analog.com/media/en/technical-documentation/dsp-book/dsp_book_Ch15.pdf#page=282
http://www.analog.com/media/en/technical-documentation/dsp-book/dsp_book_Ch15.pdf#page=282
https://terpconnect.umd.edu/~toh/spectrum/fastsmooth.m
https://terpconnect.umd.edu/~toh/spectrum/SmoothingWhiteNoise.png
https://terpconnect.umd.edu/~toh/spectrum/SegmentedSmooth.m

exanmnpr et he ,next pa
smoot hwidths=[31 §*
which divides up t
equal regions and
region with smoot lfwo} 10}
with smoot htwha tlha d
smoot hwivdt hma&mnly us ¢
number of smaoatyh ||
seqesnof smooj hhs tw

you define the vedq?
Noot her c¢chanTgyep e s" | “w

SegmentedSmooth demo Number of segments =3 Smooth widths = 31 41 51
14

B

2 II I|
SegmentedSmoot h" f
DemoSegment ddSmoodf’f °f ‘
demonstr athidimstwe e r i , .
- - - 1] 2000 4000 6000 8000 1] 2000 4000 6000 8000
o p er a t I on Wi t h d I 1 Original unsmoothed data Smoothed by SegmentedSmooth.m

consisting ewi dntdi sy akasr i abl e

t hlag¢ c omeo gr e s s i(fviegluyr ewiogdne itfh et re gphetak wi dt hs i ncr
across the signal, you can calcul aier tdhfe senpmd i
(" NumSegmenmtes "f)i rst valwue, "startw", and the | a

wstep=(-smndawt w)/ NumSegment s;
smoot hwi dt hs=startw: wstep: endw,;

Ot her smoot.hing functions

Di edédnaisc lpu bSaivs feaadksyggoot h function in Matl ab, whi
t hMat |l ab Fillai Bxt@wietge ai myii rbtudri itnfjwak(p a &9

Greg Riast pmbroidsidfe tdimgfna sotfs moot h function that to
Number ") i nnarhfea sdtastnao o)) H (@mawyaey pe ph of darn gstineat cat h i
t hat r epe%trsr2ad gnaagnsf3a6sdt s moot hAn.gl e(Y, w,type, tol

Most signal processing operations, i ncluding s
(Anot a numbero) or Inf (Ainfinityo). Il n such ¢
down!l oamha dfhiemc t i oreamowéds cNaNs andr épfFacivingint hemt
nei ghboringThead xampnbe rilsel ow creates a data vec
a clean vector of the same | engt h:

>> v=[1 2 3 4 1Inf 6 7 I nf 9] ;
>> rmnan(vVv)
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https://terpconnect.umd.edu/~toh/spectrum/DemoSegmentedSmooth.m
http://www.mathworks.com/matlabcentral/fileexchange/authors/62607
http://www.mathworks.com/matlabcentral/fileexchange/30299-savitzky-golay-smoothdifferentiation-filters-and-filter-application
http://www.mathworks.com/matlabcentral/fileexchange/30299-savitzky-golay-smoothdifferentiation-filters-and-filter-application
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html#Interactive_Smoothing
http://uk.mathworks.com/matlabcentral/profile/authors/1859625-greg-pittam
http://uk.mathworks.com/matlabcentral/fileexchange/52688-nan-tolerant-fast-smooth
http://uk.mathworks.com/matlabcentral/fileexchange/52689-angular-fast-smooth-nan-tolerant
https://terpconnect.umd.edu/~toh/spectrum/rmnan.m

Smoot hWi dtsh hedte.mmnstrati on scritptont hat desnen stt
of smoothing on peakobéesghtratnoi 9é¢, aapedagi gival

T — in line 7, the smooth ty]
4 noise in line 9. A typic:
-§[3_5_ peak with white nwoplsienes m
£ ( pseQaduos simom)t h i s shown c
g s Here, as it is for most |
4 Sgnaktenciseiaty | s | gtn@di se rati o occurs at
al llabout O0.8. However, that

Moise. Red

t osiagni ficant reduawthii@m I
could be a probdlmoOu®d s m
hat he width of the origir
produces | ess distortion
achigeoedi se reduction.

Smoot hVsCius vafsitmiml ar scr

al so compaee ¢ piadgled 1 gan

peak height.  Green

=
i

Blue

0 o : e 1 lalternative method to me:
* Smooth Ratio = SmoothWidth/PeakWidth lwithout .smoothin g
This effect Iis exploodel mwwr e whb beaxpd esrhientvegn th ni . hhMa
Oct amnat creates a Gaussian peak, smooths it, ¢«
uses t telmaw (dtnhd( )t rapz () f preatki dires gthd , p rhian tf wo wWtt
(No timaoa nitl r agprze b oitrh fbwndtti ons in Matl ab and Oct .
hal f wiTdbt H.elmrn more about these functions, type
x=[0:.1:107]";
y=exg&5) . "2)
pl ot (x,vVYy)
ysmoot hed=fastsmooth(y, 11, 3, 1) ;
plot(x,y, x, ysmo)ot hed,
di sp([max(y) halfwidth(x,y,5) trapz(x,y)])
di sp([ max(ysmoothed) halfwidth(x,ysmoothed, 5) trap
ma X hal fwidth Ar e a
1 1. 6662 1. 7725
0. 78442 2.1327 1. 7725

These results sbkdwdtb gte askmaheetihgihntgi hfcr @elas® pte@a kO .
width (from 1.néabb ¢ eoreXafldd3xtt heit pdal ar etaotiafl yaorue ar
under the broadened peak. Smoothing is useful i
simpl e mdathlreadkes, sbwnmto need ttd es mmao tste ptelaek wdpaatr a ma n
are measusgqUdabgs!| mashodsqgqulaeecasusestuuthe sl edbstai ne
data wil|l btehamwrthacsluirghtl y (diee@@e@&dt ed smoot hed

Ot hneorirseed u € tnohi ons.

The Matl ab-0©®©ttaedc hmden s@onmdegngetw,rns a cpndens
i n which enpohngsoup ofepl aced by iyby aweurTéhget or
i s also cal(lFerddyibanséi sgoubet tinldiep efndrexattndvarormbl
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https://terpconnect.umd.edu/~toh/spectrum/SmoothWidthTest.m
https://terpconnect.umd.edu/~toh/spectrum/SmoothVsCurvefit.m
https://terpconnect.umd.edu/~toh/spectrum/CurveFittingC.html
https://terpconnect.umd.edu/~toh/spectrum/SmoothExperiment.m
https://terpconnect.umd.edu/~toh/spectrum/SmoothExperiment.m
https://terpconnect.umd.edu/~toh/spectrum/halfwidth.m
https://terpconnect.umd.edu/~toh/spectrum/halfwidth.m
https://terpconnect.umd.edu/~toh/spectrum/condense.m

dependenysov atrhiaatb |tephwei |fle aat puprecasiv adf tuRRdEsM et o M awei t e nc
t he signal iRk bedutbd bypisgrtplor i s unchanged.

The Matl|l ab-l©tt aedmeéidipan fimeldi anf im t er (pye,rwf)or ms a n
based filter operatiywnin tthhathewean|da aematodpohntval (%

a positikiel liggielges fHima eesch oflidl t er for el i minating
syntfak=1ilsi |l | spi kes(x, vy, threB&dohdti we ditth)f i nds
negative jump in the data between y(n) and y(n-
"width" points of data wipgéanrmi ng me(@n) yesacmxi(grtpwil
Test Spickeenmipdrteesr sbot h spi ke filters on a Gaussi a
recover the original peak area.

ProcesisSiagnklat| ab/Ochavéuvuoocmmamdt hat perfor ms s
on theetieneg data set x,y (column or row vector s
described above. Tgpet hbaetopihmPiaso dfeestsastengsnnatih'e pr o
signal as a vector that has the samePsbagesad >
ProcessSignal (x, vy, DerivativeMode, w, type, er
SI ewRat e, Medi anWi dt h)

Redli mmmoot hing i n Man |pdadigdeme o i hisyntglsesmdlescr i bed or
451LA ve (SpcaBgBepf or smoot hing0Oi s covered on page

i Si _dmaa@ &9 s an ikneyesri@ana ki vuereadt i on fiom c IMandotost bh i tnhga tf

tiwmeries sabhatreosveoiaana : _ :
i . "8" key cycles through smooth types: None, rectangular, triangular, Gaussian, Savitzky-Golay,
al gorithms disc ' ' ' ' ' ' ' '

' ' J b |
RHECEE IS R AT Y T
il L T

Press Shift-A to cycle through spectrum log/linear plot modes

i npgpar ameters co _ j _
- fPURIER SPECTRUM: x=Frequency (e.g. 1/time). Press Shift-X to change to time.

observing the e 1

signal instant ol

observe how dif| g

amounts of smoo| = s ]

and signal, suc IL.

. dt h d ) T T il el S

Wi , an area f02 10 10° o 10
f unec O f 0 n S |n @ m al |d e 1 point Gauss smooth. Ends: 0 Symf: 0 Vwidth: DA: 1 Deriv:0 Median: 0

: . . EScreencastzozMatictcom)

di fferentiati onbF—F~cor——marporr—rgs
interpol-aquames |paahk measurement, and a frequen

smoothing and other functions can change the fi
i Si gnaldeddmolresttr ates the frequency response ol
t hemsi ogdient, sapilkbewi ng you to change the smooth
frequency repewsehebeonodewnZloR dfiitlhesampl e dat a
t es)tTihne g Oct avesvgnal,oonmhasxe. mas different keys f
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https://terpconnect.umd.edu/~toh/spectrum/medianfilter.m
https://terpconnect.umd.edu/~toh/spectrum/killspikes.m
https://terpconnect.umd.edu/~toh/spectrum/TestSpikefilters.m
https://terpconnect.umd.edu/~toh/spectrum/ProcessSignal.m
http://terpconnect.umd.edu/~toh/spectrum/iSignal.html
https://terpconnect.umd.edu/~toh/spectrum/iSignalDeltaTest.m
https://en.wikipedia.org/wiki/Dirac_delta_function
https://terpconnect.umd.edu/~toh/spectrum/isignal.m
https://terpconnect.umd.edu/~toh/spectrum/iSignal8.zip
https://terpconnect.umd.edu/~toh/spectrum/isignaloctave.m

You tHegredspani ment yio8i gahhits yusies nag epxraempil ceu solf
a very noisy si-fgmeadquevidyt@Olblake )pfrodisgear i ngna per
t he ctenxd=lr50, -4 hedmydh=tB0Olrest , 1dSoiwgna adkkodms y Smgna b t he
Mat sabpathh, then execute these statement s:

>> | oMddi sySignal
>> isignal (x,vy);

Use Atam#lk eys t o i ncrease and deSkreeya steo tchyec | semotohtrh
availabl e smoot hwtpy psense.0 t thi mtn:d Wkseee pt hencr easi ng
pedlcomes (Uwnifoirhluematel y, i Signoettdoerst niot doaes e
Web browdeaetl abi 0O8é¢épse: / / www. mat hwo r-krsl. icrgan/ tptr mld t

Notlef: you are r,gadi ogomltihdk haom I|-faimyee olf i nlbhe aonn t hi
Save Litnh&k dAAswnl.oad them to your computer for wus

Live script for smoothing

Here is a interactiveMatlab Live Scripfor performing several types of smoothing applied to
experimental data stored on diglage371, download link:DataSmoothing.mlx It can perform spike
removal, sliding average smooths with up to 5 passes, Sa@slay and Fourier lovpass filtering
(pagel29), and wavelet denoisingg@gel34, which requires thdlatlab Wavelet Toolkit Clicking the
Open data filebutton in line 1 opens a file browser, allowing you to navigate to your data file (in .csv
or .xIsx format The script assumes that your X,y data are in the first two cojudsihshe variables

and settings appear in the Matlab workspagesualThe finished smoothed data are in the vector

"sy".
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https://terpconnect.umd.edu/~toh/spectrum/isignal.m
https://terpconnect.umd.edu/~toh/spectrum/NoisySignal.mat
https://terpconnect.umd.edu/~toh/spectrum/NoisySignal.mat
https://www.mathworks.com/products/matlab-online.html
https://terpconnect.umd.edu/~toh/spectrum/DataSmoothing.mlx
https://www.mathworks.com/products/wavelet.html

Data Smoothing

with median filter, recursive sliding average, Savitsky-Golay, Fourier low-pass, or wavelet denoise
(which requires the Matlab Wavelet Toolbox). 8F

Savitsky-Golay

T
Criginal data
Smoothed data | 7

Tom O'Haver 4/18/2023

1 Open data file |file= uigetfile('*.csv;*.xlsx");% Click this button to load data

2 mydata=xlsread(file); % from disk in xlsx or csv format.

3 PlotBeforeAndAfter= [ ; % Check this box to display smoothed signal as well as ori
4 FrequencySpectra=[/ ; % Check this box to display frequency spectra

% Set the x-axis scale expansion beginning and end points (@ - 1@0%)

7 startpc= 1 5 % Percentage of data points to start data sele

8 endpc= 97.6 ; % Percentage of data points to end data selectic

16 RemoveSpikes= 3 % Check this box to use median filter to remove spikes 10 L L L L L

11 SpikeWidth= & ; % Estimated spike width, in data points 0 50 100 150 200 250 300
Area recovery: 100.0415 %

13 SmoothType =|Savitsky-Golay ~ |; % Select smoothing algrorithm

Frequency spectra

% For sliding average:

16 SmoothWidth= 41 ; % Smooth width for sliding average
17 NumPasses= 4 3 % Number of sliding average passes (1-5)
18 SmoothEnds= [ ; % Click this box to smooth the ends of the data record.

% For Fourier low-pass filter:
2 FrequencyCutoff= 3.5 ; % Fourier filter cutoff freguency

22 CutOoffRate= 4 ; % Fourier filter cutoff rate

% For Savitsky-Golay smooth only

25 SGSmoothWidth= 31 ; % Frame length for Savitsky-Golay
26 PolynomialOrder= 5 ; % Polynomial order must be less than the
% For wavelet denoising only (requires Matlab Wavelet Toolox be installed)
' i =il Original data
20 WavelatType=| biors 5 H Smoothed dala
38 Level= 4 ; % The higher the level, the lower is the frequency L
B 10° 10!
32 NumPoints=length(mydata); - Frequency

The script has several interactive controls. $tagtpc andendpcsliders in lines7 and8 allow you to
select which portion of the data range to process, from 0% to 100% of the total range of the data file.
The RemoveSpikesheckbox applies a median filter (pag® to remove sharp narrow spikes.
SmoothTypedrop-down menu in line 13 selects the smoothing algoritl@ach has one or more
controls specific to thaamoothtype in lines 16 to 30. The first choice is the recursive sliding average
(fastsmooth.malgorithm(page43). The smooth width antthe number of passes are controlled by the
sliders in lines 16 and 17. The other controls are explained in the accompanying comment lines (in
green). Fourier filtering, Savitsk§olay and wavelet denoising are topics that will be explainéaten
sections. Th&lotBeforeAndAfter checkbox in line 3 gives you the option of plotting the original
signal (in black) along with the processed signal (in red).FrequencySpectracheckbox in line 4
allows you to show threquency spectrumf the original and/or processed signgdage95). Note: to
view the graphic plots to the right of the code, as shown abovectighton the empty space on the
right and select "Disable synchronous scrollingdte: you can doublelick any of thesliders to

change their ranges if the initial range is insuffici&®e pag8&73for other interactive tools.
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file:///C:/Users/tomoh/Dropbox/SPECTRUM/fastsmooth.m

Smoot hing performance comparison

The Matlab/Octave functiorMiultiPeakOptimizatioom" is a selfcontained function that compares the
performance of four types @ihearsmooth operations: (1) slidirgverageectangular(2) triangular,

(3) p-spline(equivalent to three passes of a slidmgrage), and (4) Savitzkgolay. These are the

four smooth types discussatiove corresponding to the four values of fis&moothModé input

Peak position error Peak height
25 1.2
Moving average Moving average
9 Triangular 1 Triangular
Gaussian . Gaussian
Savitsky-Golay 0.8 : e S avits ky-Golay

Percent eror
-
o

0.6 ~o
1 ~
0.4 T—
0.5 \\-— e 0.2
] 10 20 30 40 50 60 0 10 20 30 40 50 G0
Total smooth halfwidth. Peak width: 20 Total smooth halfwidth. Peak width: 20
Standard deviation of the noise Relative standard deviation of peak height
0.06 0.05
Moving average Moving average
0.05 Triangular 0.045 s i NG laT

Gaussian Gaussian
Savitsky-Golay 0.04 — avitsky-Golay

0.04

0.03 0.035

0.02 0.03

0.01 0.025

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Total smooth halfwidth. Peak width: 20 Total smooth halfwidth.  Peak width: 20

argument of th&rocessSignaindthe interactivaSignalfunctions. These four smooth operations are
applied toan1800Gpoint signal consisting df81 Gaussian peaall with aheight of 1.0 and a

FWHM (full -width at halfmaximun) of 20 points( A wi d o , whicl aneeall segarated by an x

value of 160.01 (line 16), plus addedise consisting of normalglistributed random white noise with

a mean of zero and a standard deviatiofi 6f o i s e 0 . Thdx-axispeakpd3ifion and yaxis

height ofeachsmoothed peais determined by the height and position of the maximum single signal
point for each peak.ferelativestandard deviation dhe measured peak heights is recoraed

function offi t ostn@oth widtld, tsw, which is defined as the halfwidth of the impulse response of each
smooth typeThe results are shown thefigure belowfor a peak halfwidth of 20 and a noise standard
deviation of 0.2 (i.e., 20% of the peak height).

The four quadrants of the graph are: (upper left) peak position error expressed as a percentage of the
peak separatiqrfupper right) the mean peak height of the smoothed pf@aker left) the standard
deviation of the smoothed nojsand (lower right) the relative standard deviation of the measured peak
heights. The different smooth types are indicated by color:-l8liding-average; red triangular;

yellow - p-spline, and purple Savitzky-Golay.

These results show that the results of these different smooth types are quite similar but that, the
Savitzky-Golay smooth gives the smallest reduction in peak height but the smallest reduobse
amplitude, compared to the other methods. All thessotiimg methods result in similar

improvements in the standard deviation of the peak height (bottom right panel) and in the peak position
error (upper left panel). Moreover, in all cases, the optimum performance is achieved when the total
smooth width is pproximately equal to the halfwidth of the peak. The conclusions are the same for a
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Lorentzian peak, as demonstrated by a similar functibutfPeakOptimizationLorentzian.tn

graphic the difference being that the peak height reduction is greater for the Lorentzian. For
applications where the shape of the signal must be preserved as much as possible, theGidaytzky
smoothis a goodchoice.Iln peak detection applicatiofjgage69), on the other hand, where the purpose

of smoothing is to reduce the noise in the derivative signal, the retention of the shape of that derivative
is less important because peak parameters are determined ksglesasts fitting. Therefore, the

triangularor p-spline smooth is well suited to this purpose and can be faster for very large smooth
widths.

The differences between these methods are even less when the abscissas in the above graphs are
changed frontotal smooth bandwidtto white noise reduction facterdefined as the square root of the
reciprocal of the sum of the square of the impulse response function, as shown below.

Peak position error Peak height
2.5 1.2
Maoving average - Moving average
2 Triangular 1 \ Triangular
5 p-spline ‘-""'--., p-spline
5 —C avitsky-Golay D Savitsky-Golay
£15 0.8
2
&
1 0.6
0.5 0.4
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Noise reduction Noise reduction
Standard deviation of the noise Relative standard deviation of peak height
0.1 0.06 |
Moving average Moving average
0.08 Triangular Triangular
p-spline 0.05 p-spline
0.06 — S avitsky-Golay — G avitsky-Golay
0.04
0.04 i
0.03
0.02 \
0 0.02
1 2 3 4 5 6 7 1 2 3 4 5 6 7
MNoise reduction MNoise reduction

An important detail is that these results apply ahthe noise in the signal ighite (page28). If you
smooth a signal that has been differentiated, for example, the second derivative of a Gaussian peak with
white noise graphig, high-frequency content of both the signal and the noise are greatly enhanced, and
these results will be different, showing much poorer relative performance for the simple moving
averagedraphig. TheSavitzky-Golay smooth remains superior in this case alsmore sophisticated
method of noise reduction, calleagvelet denoisingwill be introduced on page33
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thbgve di f.f eyleaitsiutng tesf t hei absgr.n@a@é cwmietcd rafm t

derivaadbser marecearmpert men units ofabtshe baeatendedemn
cannot compare absorbance to absorbance per n m

houlrtme(ani ngless, for instance, to say that a s
of mdd escagn Yhoouwe v er ,s icogamipdacrkeg rtoneemd sri dytmimad i se r at i
For instance, i n the above exambplhekgrouwdul @t b

(hi ghnert)yhe derivatives.

Loosely tshpepphbhnte of differeaotiaktdyidrdsei sd e rnitveagtrie

signal, youbmi ghlegenee att et d he ori gi nal (zeroth
However, thé®e cionnsd ato#rtigagggarnmli mmi gnal (Il i ke a fI
| ost 1 n dinfifegmreanti iomt icamnot restore it. So stri
| oefs i nformation, ansihobhledeaedsmwldei dé §f euaent oasi wh
term in the original signal i s not of interest.
There are several ways to measure thehamplciatl ude
analysis: tbd dalheoldetre vadliwe at a specific wav
(such as a maximum), or the difference between
techni quecrioss stihneg zrderadsium g meend di ngs de rwavadli evreg tat
where an interfering peak crosses tihti agorot aomt t

measure the standamptdsesand thAles og,a kibeeocwaauyssea t he am
derivative of a peak idepngsodgs asitr dommglcynoéomoilt ®nwi
mi ght change spectral peak width subtlety, suct

NIl ¢B#IJW Ucd!t Rt

One of the widest uses of the derivative signal

t he measur e(metnrtarooefwnd malolf substances in the pre
potentially interfering material s. Il n such appl
noi sy, and superi mposed on | arge backagerdoubnyd si ¢
sampiseamphlheel i ne s hsipfetcsi fdiuce btroo andobneenpd oadbusca rbp tei ocr
(sample cell) positioning, dirt or fingerprints
mat ching, and solution turbi dusuwal IByaseil tt meer svha v
independent (light blockage caused by bubbl es ¢

wavel engt h depeaerntdiemicee t(wrmmdadarn yeixhpaslhteln d f emrent i e
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https://terpconnect.umd.edu/~toh/spectrum/Differentiation.html#DerivativeDemo
https://www.google.com/search?q=opposite+of+differentiation+is+integration&ie=utf-8&oe=utf-8&aq=t&rls=org.mozilla:en-US:unofficial&client=seamonkey-a

gener al help to discriminate relevant absorptic
benefit of the suppression ofvhr oathi béaek prackmgd

amplitude from sample to sample are also reduce
measurement i n many instances, reeslpdetwiivadieé ybavhleaqr
orf there is a | ot of wuncontrolled variability
detect trace component in the presence of stror
Window 1 Window 2
256 points. 3 1. 0e+0 2.6e+2 T: 5.de-2 1.0e4q 256 points. X? 1. 0e+0 2.6e+2 T -3.0e-7 ER
o0 — ® 107
100: 4.00 -
.80
] 2.00 -
D.I'JD—_
0.40—- 0.00 o
IJ.ZIJ—E =200
D.EID I.E:D 1.5Il2| 2.DIIZ| 2.5ID IZI.EIIZI 1.DIIZ| 1.5Il2| 2.IZ:IZ| 2.5IIZ|
= 102 = 102
Thabsorsppecotnrum on the | eft shows a weak shol

concentration of the substance t hathairgnatce ulhia cr
prepasg)dahgeoak i s obscured by the strong backgr
sampl éouThéd odéritwhwasi e@epectrum i s shown on the r
compl etely suppressed and the analyte peak nc¢

The spectrum on the | eft shaotwsxdaledv@)ak t hleoainaeé iy
sigtnmdi se ratio Iis very goo,d hienbtioiasgl, speéopi mm, I
obscures the peak and makes quantitative measur

spectrum is shown on the right. The background
anal yte peak noyw sftaacnds toauti ncgl emeerasur ement . An
bel ow. This is essentially the same spectrum as
analyte is ten times |l ower. The quasthbos BpECL
This is quite Iimpossible to say from the nor mal
shows thatyeheeaoareswiasivssidsldysnt her e, b utt-onoeivseer t he
ratio is sufficiently good for a reasonabl e que
Window 1 Window 2
256 polnts. X 1.0e+0 2.be+2 Y. 9.de-2 1. 0e4 256 points. X_é 1. 0e+0 2.be+s T -d.1e-8 5.6e
1.00 o x10
4.00
080 4
2.00
0.60 +
0.00
0.40 +
<2.00 4
0.20 +
T T T T 1 -<4.00
0.0 1.00 1.50 2.00 250 0350 1.00 1.50 2.00 2.50
x 102 x10%
Li ke the previoud hfei gperaek, i lsudgtoeinmetdi kmetsh altoosvetr ¢ a
seen in the spectrum on the |l eft. The fourth d

reduced i n ampl i tauxdies @sncdatleenjt-de@eigwanad d teiro .y
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Thi s e of signal diff ergamtnitdttiadn vheapsa phte dcaunbea cv

us
gual ity cmpmarrnmdcdut.itchasm tihhadtubap @lniad yttieomwoul d t vy
active ingredient in a pharmaceutical preparat:.
presence of fillers, emul si fsitearlsipztehresa,v e®icmn @i @m |
course, in trace analysisptipmi z ea0b e 8s0,fg atahfee ml
instrument as much as possi bl e.
Al t hough it will eventually be suthowe (pbZg®01 mgr e
can al so perform many of these quUDDOtiIitlae i der mea
techniqgues have the advantage of conceptual anc
graphical way of presenting data.
?2 131 RZCG]I?EIJ’: We UT W YRt DaWNG JWf 6 GY I G]CUFIIJLIJV’n
-_— — 't is often said th
Ty T T increases the noise
but 1t is not the n
fact, computing the
first derivative of
numbers increases |
e || | deviati dmebyqanrlre r
com " s Jof, 2si mply due to t
AL B e R propagat imfn toHe esum
or difference betwe
numbers. As an exan
standard deviation
numbers generated b
' Octave randn functi
Do w www m | we ww G (the standafdsdévirat

der i ysatd(evrei(vilandn(si ze(1:l0qoweal)g)pnbout 1. 4. But e
smoot(hpiaAagga ppl i ed to the derivative wil amerdeduce
poi nt aspnpoloitehd by t he sftafgatssmmo t &hif win(crtain@dn ( si ze
(1:10000)))eqquA)l)s about 0. 4.

More i mportantsi ginaadies dodrcaarrt maade it éhekat i ve i s aln
much | ower (poorer) than t hattheofn utnheer iocrailg iannapl!l is
derivative Iis (asayby manhsemafberyourself in ¢
smoot hailnmagiesd i n any practical apiptblpt stmeotort hti o gc
t he diogpnasle of aeddmirwatthi@ame tchaen uns moot hed ori gi
application of differentiation in quantitative
in combination with suffictenti semoathianhgedhia o:}
figure oMattlhaell daeofdtdri § fi gure.) Window 1 shows a

of added white noise. Windows 2, 3, and 4, shov
smooth widthswi Akowymgnlooa thh enegg togoni asle rati o of th
can be substantially .pokaveeav drh,anwitthhe add qu antad &
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http://www.google.com/search?hl=en&client=firefox-a&rls=org.mozilla%3Aen-US%3Aofficial&hs=TM1&q=derivative+spectroscopy+application&btnG=Search
http://www.google.com/search?hl=en&client=firefox-a&rls=org.mozilla%3Aen-US%3Aofficial&hs=x1L&q=derivative+spectroscopy+pharmaceutical&btnG=Search
https://terpconnect.umd.edu/~toh/models/AbsSlitWidth.html
https://terpconnect.umd.edu/~toh/spectrum/CaseStudies.html#comparison
https://terpconnect.umd.edu/~toh/spectrum/ErrorPropagation.pdf
https://terpconnect.umd.edu/~toh/spectrum/deriv1.m
https://terpconnect.umd.edu/~toh/spectrum/fastsmooth.m
https://terpconnect.umd.edu/~toh/spectrum/derivdemo3.m

t he dimgpnale rati o of tihke nmsumdco tbhee dbest e sabnkdh ycearne tehvae
that of the unsmoothed original

Thi s oeff fsemeotot hi ng @éerinvatoir seestdmidk ivimag i ivie , t ms s hc
i gvhatt [(ab/ Odtoavd hdasdd i gur e )}t.-mdins & hriat ica scef, tthee

=

econd der i vatpg=Zuwim=——=—"0pg Window 2

206 ponts. Mo Z.0e+2 EREE ¥ -2.2e-2 1.0e+0 256 points. 3 Z2.0e+Z q.Be+Z ¥ -36e-z 3 1e-Z
-2

S SO pPOOTr Yy OUl:s

he signal Vi g ]

S
i
t
smoot hed secor
I
n
S

0.60 A

ooksDiffifneer.e nt

0.40 100

ot actually &
i gralt here we.l
. . o.on 4 : . . ; WTA . . ‘ . .

all in the ori| = G = 5w T T I Ay
t h e d e r I V a t I V e 256 points X“3 Z.0e+Z 4.6:y2induysr2.63-3 11le-3 256 points X—s 2 0e+Z 4\':::':']“'; -1.2e-3 5 Ge-d
no ne p 8 e D( e b p 1 | 100 050
pag@gd)l.
What i s partic

-1 o0

about the noi s
derivative Siisg w]
the ool(@e2gge Th ot T e e
noisewhisRaemdnter,@ R * :
bl wutehat i s, it habki Mvhedqueamocice powkeranawhi te noi se
t hat t htehdendéf eeenni ated si gnaslmoiost heisassgi d egma resdturcaet

above.

Becauseawdriadlgemgs moot hi ng and diffemakebBahbon ar
di fference whether the smooth operation is appl
i mportant, however, ismdadten nragtuipceobdbft hbesmmobhrt
of the original peak), and the number tt?nfe ti mes
smooth ratio for derivative signal swapsp laipcpatoixan
a simpl e srldedtvaenggaugpeatr h ( or one application of a
For a secondraged i catiwveas of a simple rectangul :
triangulagaed sgqnb@ttdgener al rileri vathive; fUsese wher
equi valent of at | east n+1TR$apvi-Gaakaiyo nss tohfd daa |r ¢
for computing smoothed derivatives because it
smoothhegMatl ab si gnailSipg rodcilesscspiangg® 6o uosng s atnhi s ap

| f the peak widths vary suilfotraretxiaanplly ,adrfodds et
wi der -aal tbdei-tbepwasesmay Ise ghrednudegdp 3534 milsiec a
t he smootsh maidkdrtyh cacr oss the signal

Smoothing derivaeduveresideampsitt svikeeé | i gure on tF
the amplitude of the most heavily smoothed deri
smoothed version (Window 3). gHieawmeawu dra,t itvhei sa nwail lyl
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https://terpconnect.umd.edu/~toh/spectrum/derivdemo4.m
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html
https://terpconnect.umd.edu/~toh/spectrum/SavitzkyGolayHelpFile.txt
https://terpconnect.umd.edu/~toh/spectrum/iSignal.html
https://terpconnect.umd.edu/~toh/spectrum/Smoothing.html#SegmentedSmooth

applications, i f the standard (analytical) cur\

and measurement procedure as is applied to the
smoot hinBbiaeaer bpetbhei melsi t ude of a smoot hed de
the amplitude of the original signal, which al/l
t hset andard cal i(bpadgB8ohf t goamppmgadicles si ng t echn
the standards as well as to the samples, everyt
Because of the different kinds and degrees of ¢
computation of digital di fferentiation of exper
di fferent i nstruments ahdtaerpercomepusattnbaessat
commer ci al instruments and software packages, t
obtain both the original (zeroth derivative) si
from t he usmeenmet iorstsoft ware package, t hwemi dthewitlel
beovdragdeaan be used to discover and duplicate
|l nterestingly, neglecting to smooth a derivati\

S pacecdNASfAL' sofMar icrerd wplryogd2a,m 1962, whi clhl was r e|
i nfamous s"o.f tlwa rhei sbllg9s@8d obm ke BDift IBpraceE@. Clarke
mi ssion as "wrecked by the most ex pe @saucptesr shceyrpihp
baaver the symWbi cthhoa sfvierlsotc idteyr i(vati ve of posit]|
An overbar conveave nagsimog tfduinouti ifadre,s samom bhee f or
calculamedvihtheée of t he ti m¥i dbaohiuey astmovoet ha fn gp of suint

mi nor variations would cause its derivative to
kick in prematurely, causi ng¢lot thee rfamd kett'os tfhloisgt
engi meardi,ng handwriting it waswagsiteie&ayl anidn a

exploration

Video Demonstrations
The f-sesbond3 1. 5SnvBoyttheD evriidyehs mo/re2t. rwarive s-t dbesbug

ratio improvements that are possi bladdehénwas moet
The seconslevodep, De¥ i MEBavttiev,e B@d kgdeomomd2 raemes t h
measurement of a weak peak buried in a strong ¢
video, the amplitadpubfedewie)e nof0 tahned ple.alk4d ,i sbut t h
t hatc htameapeesa knpnl iltoucdaet e o« a=rhe@ ®0 8|y vi si bl e. Then th
(Order=4) is computed, and the scale expansi on
8 8. Finally, the amplitude (Amp) of the peak i ¢
in tgmealsiare now quite noticeable and easily me.

The diff eraenmtkioagtmalms od per formeer awi it dnal sampl ief
Two or more such circuits canobeecasecadedtti veshb
noi se problems described above apply tpoasasnafliadqgt
circuits that are analogous to smoothing.
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http://en.wikipedia.org/wiki/Linearity
https://terpconnect.umd.edu/~toh/models/Bracket.html
https://terpconnect.umd.edu/~toh/spectrum/Deconvolution.html
https://terpconnect.umd.edu/~toh/spectrum/Deconvolution.html
http://en.wikipedia.org/wiki/Mariner_program#Mariners_1_and_2
http://www.infoworld.com/d/security-central/epic-failures-11-infamous-software-bugs-891?page=0,1
http://www.infoworld.com/d/security-central/epic-failures-11-infamous-software-bugs-891?page=0,1
http://www.amazon.com/The-Promise-Space-Arthur-Clarke/dp/0425075656
https://terpconnect.umd.edu/~toh/spectrum/SmoothDerivative2.wmv
https://terpconnect.umd.edu/~toh/spectrum/DerivativeBackground2.wmv
https://terpconnect.umd.edu/~toh/ElectroSim/Differentiator.html

2RnnJI JUqR¢c qRYUWRUWEGI D¢l t 6110qt

Di fferentiation operations such as described at
Excel or OpenOffice Cal c. Both the derivative e
by t ha&ansguwlitfitpl y met h ocdh admetrsesro 0 t kpdasighdnn t phrei nci pl e,
possible to combine any degree of @dindbetrepltyat:i
coeffiaci entlu3@t ridmedsehéd exi bl e and easier to ad
deri vand veeasch stage of smoothing separately in
Derivati veSnoorotOpienngQfofiiessc ¢ v@a li v e & modr o tkahhic redh., xslnso ot |
t he dat a anfdi rcotmpdiereisv aBhiewd tchf__ Y (col umn

respect tA) ,X t(heeal warmpmp | i es t haf- T n d
di fferentiation process succeé- mput e
and third derivatives. The, sa- coef f
c ol ukinksr cAllg har e appl i ed succe|- ach s
di fferemWi@amoenter any set of. . _ . —~—— le (pr
symmetrical about thSe. c¥omt eca ot oot umn

paste your owsAaret( & iamtdoSr‘tQﬁ)Hi.ou

o oooz

DerivativeSmootxkriipgohWietmoMaoit s ea.i™

cccccc

of smoothingomonseheasi ofmakak g~
i doe o 51 peak | ocated at
sl opi ng Dblats eulsien... —

nnnnnnnn

daaPeri vat i v.exSlnumwme
but saidnwsl at ed w
t hedafYau can <co

amount of addged™ - e .

Anot her example of a derivative ¢
SecondDeri vdltdfvtewWR2c kRl demonstrat e

measuring changes in the second ¢
lor accel er athiaonng)i nogf sa gtniarhe Thi s
the apparent increase i n noise ¢cC:¢

2nd derivative of twice-smoothed data (Column 1)

extent toiswdicantbhe neduced by s
by two paesosienst afriaansgul ar smoot h)
derivative shows a | aageepeahktt be
: changes (at x=30) ,eiadctrt leasdpeaa k| i
di stinctdhyowinet(qatadé@ ei mccel erati omedkefdraeanacnd, af
respec®ti hveerl ye xdainftpfl eerse motfi at i d'ns ha rfrdu IstmomIt yh"i nao rowo |
i ncMuwdé i pl eConvol uti onaFnMudttDerl ieCatnivwod Mid mm.nXlt h D

2RNN I WUOqR¢ qfRYPARU W~ ¢ qqt ¢ Hwe U1 W

Fi nditfef eirfenerenti ati on functions such as descri
Octav&8ome simple derivapaved f uinoekd ies i féiorrgdta gduear!
usi ngpdihret -Ada drfterraelndg er,imetnh awuch,s moot hed first deri
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https://terpconnect.umd.edu/~toh/spectrum/smoothing.html
https://terpconnect.umd.edu/~toh/spectrum/CombinedDerivativesAndSmooths.txt
https://terpconnect.umd.edu/~toh/spectrum/DerivativeSmoothing.ods
https://terpconnect.umd.edu/~toh/spectrum/DerivativeSmoothing.ods
https://terpconnect.umd.edu/~toh/spectrum/DerivativeSmoothing.xls
https://terpconnect.umd.edu/~toh/spectrum/DerivativeSmoothingWithNoise.xlsx
https://terpconnect.umd.edu/~toh/spectrum/DerivativeSmoothing.xls
https://terpconnect.umd.edu/~toh/spectrum/SecondDerivativeXY2.xlsx
https://terpconnect.umd.edu/~toh/spectrum/SecondDerivativeXY2.png
https://terpconnect.umd.edu/~toh/spectrum/MultipleConvolutionFirstDerivativeDemo.xls
https://terpconnect.umd.edu/~toh/spectrum/MultipleConvolution4thDerivativeDemo.xls
https://terpconnect.umd.edu/~toh/spectrum/SignalArithmetic.html#Octave
https://terpconnect.umd.edu/~toh/spectrum/deriv.m
https://terpconnect.umd.edu/~toh/spectrum/deriv1.m

di ffedenicea® ,second de+tpiov at i-ddef rfhesricetngc et hnee t3hod, a

deruwidngoantd f odemyil Va4 edraindat i woimsi fgranu’ a. Each
simple Matl ab fdrdeetriiv yohpuheaf gumew't, iasnda tshiegr
di fferentiated signdal Fsr r dradetsruéestipdahcseadt Boen vtehcet o r
independent variable (x) axis, there deeiveygsi
angdecderitvhvay take two i npaunydaegueenovoss (g8om)ai wi
i ndependent and. dependent variables

Smoot hDerdombtiinvees. ndi fferentiation and smoothing
SmoothedDerivative(x,y, DerivativeOrder, w,type, €

derivative order (O through 5), "' w' i's the smoc
I f type=0, the signal is not smoothed
I f type=1, r acvtearmgwl arr (bolxicdirng
I f type=2, trianeawlearag(ed passes of sliding
I f typeEBnep (3 pawsesresge)f sl iding
I f type=-Gpl 8gvembhkyh
"ends' controls how the "ends" of the signal (t
ends=0, the ends are zeroed: I f ends=1, the enc

closer to the end. Tiypr dsbhmé pe Splcddte¢ i vatt i we C
di fferenti at i onFonuertiheord Thr a@slesdc aonnm ct@hpez gé at e der i v
and also inlcudes smoothing (reference 88).

Peak det dditei eanm mpl est xc,dy@eat ®ef $ ndi mpvaakl su ed otklsa tf «
| oweral ues onalblogdnanadddes n@ti ve approach is to u

all the maxi ma by olwooommdadngs ¢ihreg ,potimats iod, t he p
derivative "déer i(ycxoprgpsusteesd fbryom positive to negat
functiona ni § usnchkhuiolnt t hat returns 1 i f t haen-del e me
if it 1is less than zero. The roautosei Pg:i nts out
d=derivxy(x,y);
for j=1:1enbt h(x)
if sign(d(j))=>sign(d(j+1))
disp([x(ji) y(Ci)l)
end
end
|l f the data are noisy, many false zero crossinc
t hat . I f the data are sparsely samprxied,val morat
zecoossing) can be obtained by interpolating be

crossing, using ther Masfpdanboht@acotna:ive fdi nterplo
interpl([d(j) d(j+1)],[x(j) x(j+1)],0)
Il n Pyt hon, vydoeu icvaan iiwrep 6irgontasico py. mi sc i mpodt der i
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https://terpconnect.umd.edu/~toh/spectrum/deriv2.m
https://terpconnect.umd.edu/~toh/spectrum/deriv3.m
https://terpconnect.umd.edu/~toh/spectrum/deriv4.m
https://terpconnect.umd.edu/~toh/spectrum/derivxy.m
https://terpconnect.umd.edu/~toh/spectrum/derivxy.m
https://terpconnect.umd.edu/~toh/spectrum/secderivxy.m
https://terpconnect.umd.edu/~toh/spectrum/SmoothDerivative.m
https://terpconnect.umd.edu/~toh/spectrum/SmoothDerivative.png
https://terpconnect.umd.edu/~toh/spectrum/allpeaks.m
https://terpconnect.umd.edu/~toh/spectrum/derivxy.m
https://svitla.com/blog/numerical-differentiation-methods-in-python

Processm®misgmalMat | ab/ ODctnavéuoocmmandt hat perfor ms
di fferenti asemwmineosndathea $etmex,y (column olrt row v

returns the processed signal as a vector that h
syntRrxociessed = ProcessSignal (x, Y, Deri vati veMode,
Shar pen, factor 1, factor 2, Symi z e, Symfactor, S| ewF

Derivati (dbRdimsw.)anosnelafi ned Mat |l ab/ Octave demo f ur

Criginal Signals %« 10Y  Smoothed Derivative Signals
0.06 5
0.05
0.04
0
0.03
0.02
-5
0.01
0
0.01 - - - - -10 - - - -
a 50 100 150 200 250 0 50 100 150 200 250
Amplitude of smoothed signal at center of peak w1 Derivative results
0.04 Palynamial Order of fit = 1 a Polynomial Order of fit = 1
Fit coefficients = 0.95235 0.0032495 = Fit coefiicients = 0 0023957 -2.0455.-
0.035F R-Squared = 0.86326 = gt R-Sguared =099333
2 =
£ 003 -
o [l
5 0025 28
E =
& om . 5,
e 1] e 1]
5 0.015 o
2 . =
e 1]
= 001 . 2 2
0.005 =
L L L |:| L L L
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Actual peak amplitude Actual peak amplitude
Process&nmlnattiotmdnre monstrate an application of di
analysis of a peak buried in an unstable backgr
object is to derive a measure of peeaakk aammpplliittuuddee
i's mirmifmadtle¢ed by the background and the noise.
command prompt. You can change several of the i
t o makeas$ tehearednetr or easier. Note that, even th
seems to be numerically smaller than thea-oorigirtr
noi se ratio of tthhaen dtelrdtv adfi vdehd sosbiefjiteedat leeds gy at

background instability.
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https://terpconnect.umd.edu/~toh/spectrum/ProcessSignal.m
https://terpconnect.umd.edu/~toh/spectrum/ProcessSignal.m
https://terpconnect.umd.edu/~toh/spectrum/plotit.m

i Signerd@8d§dS hown on the |l eft) is an intmamaetive I

iSignal 2.9. Mo baseline correction. Press K for keyboard commands S i g'm radcessin g 0] p erati
o] covered in this book
SS\ di fferentiation and
) tiweries sighhls, up
derivative, automati
=r i the required type of
or . 1 Si mple keystrokes al |
0 60 70 80 90 100 110 120 130 140 150 .
v 609at 1007 P/P:225 Area 674e+003 Std Dev: 66 the smoothing par ame:
Smooth: S, A/Z Derivatives: D Peak Meas: P Spectrum: Shift-S  linflog: H Sharpen: E,F/V G/B t y p e Wi d t h an d en d :
L . observing the effect
80" T dynami cabhym&tBdt he
501 \ . y

e xanphHcclwer ea series o
peaks at x=100, 250,
heights in the ratio
101 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500 a str Ong cur \héd baC k'
1 point Mo smooth. Ends: 0 Der: 0 Slew: 0 Median: 0 smoot hed second and 1
: :
derivatives are comp
t hat backgrouhdoeVdewnZloR dfciblHe sampl| e Tdhaete a f or t
interactive keypress omdrl atbhi om wvworvkedbMat bevisiefr y c

Mobiolfem Oct@Mete: figures | ike th@&Manecabiowet héo:
l efanamgtadhics that can be Miicerwesdo fi th uvso rwde b3l 6b5n ¢
ani mate in any PDF viewer that | have ever trie
As an example of smoothing in i Sifgerailyvattihwee fofl |

Gaussian peaki Qingln ®dius pwialyl iniesidy,alu.simaved om@d

der ibvdf onr e e xfeod U taeiwniagh g nmeent s .

>> x=[1:.1:300]";

>> y=deriv4(100000. *gaussian(x,150,50)+.1*randn(si z
>> isignal (x,vy);

The signal i s mostly blue noise (because of t he
consi der athahidlkeyws et d hiencrease and deSkrgade® tclyel
through the avail abl Bs Elmomdas dnyietedsree aisnmd t h uwied t

Reattimediffereniation in Matlab is discussexh page348.

Live Script for Differentiation

DataDifferentiation.mIxgraphiq is a Live Script for differentiation and smoothing applied to
experimental data stored on disk. It is similaD&taSmoothing.mixliscusse@n pages0, with the
addition of a slider (line 9) to select the derivative order (up toNdXe: If the "PlotBeforeAndAfter"
check box is checked, the derivative (red curve) will be scaled to match the maximum of the original
signal(black curve) If that box is not checked, the derivative will be displayed by itself withctisal
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amplitude. (This is done because the numerical amplitude of deriwetigften orders of magnitude
different than the original signals§ee pag&73for other interactive tools.
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Digital techniques to reduce useagorihmdta antificalfly pe ak s
reduce the widths adverlappingoeaksn a signal, with the intentdfocat i ng t he peak p
hidden peaks and/ or measuring their areas more
peaks narrower but taller, preserving the areas-c
techniquebdasedri(datil tewith-bhesred) (adrealldlgd8vo n o lomn!

The figure bempwesbwmwgmmdt hehkeft conseéesdlsved s
(that i1is, partory pedkheappitegsi veanoverl ap of t hi
measurement of impesgedk epoeivie rnooni $sceu ghatti lbe | ssi g/ re:
woul d Dbteo emaesaiseurr e t he posi tiifdhewgref mohe pgoanps ed @
resol ved, ptelavkasr @ snarirfowenre.

Window 1 Window 2
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Apeak shargeninigm applied to the signal on th
resolution of the peaks. I n the resulting sign
accurately, but at t-heaocsetratia.decrec

E200WT I R2¢qR21IW 6¢1 GJURUDN

One of the simplegieak sharpeninglgorithmscomputeghe weighted sum of the original signal and
the negative of its second derivative:
R =Y-kY"

where Ris the resolutiorenhanced signal, Y is the original signal, Y" is the second derivative of Y,

and k is a usesselected ? derivative weighting factor. It ispto the user to select the weighting

factor k which gives the best trad#f betweerthe extent of sharpeningignatto-noise degradation
(described on page 7(nd baseline flatness. The optimum choice depends upon the width, shape, and
digitization interval of the signahs an inevitable tradeff, the signailto-noise ratio is degraded, but

this can be moderated Bynoothing( p adgleAs with all sharpeningechniqus, thiswill be useful

only if the overlap of peaksather than the signalo-noise ratiq is the limiting factor
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Here is how it works. The figure below shows, in Window 1, a comygérerated peak (with a
Lorentzian shape) in red, superimposed omegmativeof its second derivative in green).

The second derivative is amplified (by multipl)
sides of the inverted second derivative (from ¢
ar oungihr r or 1 mage of the sides of the original p
peak is added to the inverteadppsoxacmdtedryiowat ii we
t wo side regions but will reinforce each other
shown i n IVWWokdso wn2r,e | i ResabGaasnsiah Wiablout 50 %)
and a corresponding increase in hesbhpedTphpeakesf

With Gashagpieadn peaks, the resoluomloyn abhdatnc2msBnt

Peak Sharpening by Weighted Addition of 2nd Derivative ChatGPT Th ® p t | mu m \V; m |e u e \V; fa 1) “ Ve h av e |

. onone ek wm-oss|| T @ cftoorr s econd,idemioda tfii wee,d
s -l depends on what yo-of€onsi
1 vecemiwmocsi| bet ween peak sharpening a
5 08 Hi gher val ue s hrag ®lato nign g
2 0 . high a value will cause t
EM peak to dip below zero. T
t heval ue, staring from | o\
v i ncreasing by degrees whi
° baselrieas oirha btleéaber a Gauss
vzl pe a =W/ 32 where W is the
x t hpeeak 1T n x units. W th tF
Gaussian peak wil/l be reduced in width bv about
2 O %' t h e b ase | | ne W | | . Peak Sharpening by Weighted Addition of2ndlDlerivative ChatGPT I a t ’
resulting peak will f w-ameew-oan| | f h
percent fitting erriorf os —yesemmmuenell doan
0.9999. Largved lvalses AT Do
narrower peak, but th?g?" e so
The figure above-gleenfetr:%
noi séaessi an peak -widt
of 1.0 sharpenewalbyed
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(refedéhicest Te exiatngg | bagy sMaetch ematiiccsal | y, t his t
simplified ver 3$awpho cefxspearncsea some r g ienv @vin ideerdrdi evralt y vteh
terms in the expansion are taken and for which
is the simplest possil gl eheef-giheb otrlvat nah mpedd&s .
second dérghatiyee. r&sulits pamy bepibdudgiraln evdat i v e
term, with twozaanddj ukst abl e factors Kk
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practice, this type of sharpening ttewmbnsgueat bc
begin with. An example is shown in the figures
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If the peak imasymmetricat that is, slopes down faster on one side than the ethen the weighted
addition (or subtraction) of farst derivativeterm, Y',may behelpful, because the first derivative of a
peak isantisymmetrigpositive on one side and negative on the other). lgitiehicexamplebelow,
on the lefttheasymmetricapeak (in blue) tails to the righand its first derivative, Y, (dotted yellow)
has a positive lobe on the left and a broader but smaller negative lobe on the right. Wisakithe
added to the weighted first derivative, fhasitive lobe of the derivative reinforces the leading edge
and thenegative lobe suppresses the trailing edgsulting in improved symmetr{tHad thepeak
sloped to théeft, the negativeof its derivative would be addedjhis is also an old technique, having

been used in chromatography since at least 1965 (referéné§,/7 wher e it h-as been
taili,ngr,emowing the tailo.
A
S=Y;+kYo
4 Figures - Figure 1 - u] X |
File Edit View Insert Tools Debug Desktop Window Help ~|a x| Fle Edit View Inset Tools Desktop Window Help
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I't sometimes happens that peaekpetwthelddr pumdelry i de

sy mme tariiec adlroebts er @ d ymme t r inc aelx,p omtemnitliealon t he | e
trail ifogr ead gka utsiss amamelmek descri bed mat hemati ca
A A . p+ do? —t

t)= Zexp | = (2u + Ao — 2t) | - erfc
7= o (5 ) e ()

wheret is the independent variablejs the @nter of the Gaussiad is itswidth (standard deviation)
anda-is therate of exponential decay.

Yur i K dréfaaxemde €30 a s s h dhefinst-dervative addition technique works perfectly for
exponentially broadened peaksawmiy shapenot only for theGaussianWith the correct first derivative
weighting factor, k the resul§ is a symmetricapeakwith a half-width substantially less than that of
the original(orange line)In fact, it is exactly the underlyingeakto which the exponential convolution
has been appliedReferences 70, 71Jhe first derivative weighting facton ks independent of the
peak height and width and is simply equal to the exponential time coastatihe abovdormulation

of the EMG. It works perfectly iy = & In practice ais not known and sk: must be determined
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experimentally, which is most easily done for the last peak in a group of pgakhi animatior).
Put simply, if you get ktoo high, the result will dip below the baseline after the peak.

It is easy to determine the optimalalue experimentalljor anisolatedpeak Just increase it until the
processedignal $dips below the baseline after the peak, then reduce it until the baseline is flat, as
shown in theGIF animation at this linkOf course, in real application the signal will contain noise,

with the result that the symmetrized result will be noisier that the original signal. The first derivative
weighting factor, k, will have to be estimated by eye and is therefore subject to some uncertainty.

If one stage of derivative addition does not do the trick, try one of the double exponential routines
described belowrurthermore, this appears to be a general behavior and it works similarly for any other
peak shape that is broadened by exponential convolution, such a Lorentzian, and it even works for
peaks that are already broadened by a previous exponential camvdilét, a double exponential),

which can béandled by two successive stages of derivative addition with differest

If the signaito-noise ratio of the original signal is high enoudte symmetrized peak 8sulting from
the firstderivative addition procedure can still be further sharpened by thedeverative techniques
described above, assuming that the sigoraoise ratio of the original is good enoudgthis is
illustrated in the righhand panel of the previous figure.

A useful property oall of these derivative addition algorithms is that they do not changetti@area
under the peak®ecause thtotal area under the curve ahyderivative of any peakhaped signahat
returns to the baselinge essentiallyzero(the area under the negative lobes cancels the area under the
positive lobes). Therefore, these techniques can be helpful in measurargdsainder overlapped
peakgpagel3d).

However,a remainingoroblem is that the baseline on either side of the sharpenednasakot be
perfectly flaf leaving some interference from nearby peaks, even if baseline resolution of adjacent
peaks is achieved. For the ewdgrivative technige applied t@ Gaussian peakpout 99.7%graphic

link) of the area of the peak is contained in the central maximum, aad_firentzian peglkabout 80%

of the area of the pediraphic link)is contained in the central maximum

Because differentiation and smoothing are biotar techniqueghesuperposition princijgl applies
and the amplitude of symmetrized osharpened signal directly proportional to the amplitude of the
original signal, which allowstandardsasedjuantitative analysis applications employing any of the
standard calibration techniqu@smge457). But it is essentiathatyou apply thesame signaprocessing
techniques to the standards as well as to the samapl@sneasure the signals in the same.way

Peak sharpening can be useful in autompesak detection and measuremg@rage235) to increase the

ability to detect weak overlapping peaks that appear only as shoulders in the original signaly o u a r e
readi ng ,tlickfosananimated ex@ampléeak sharpening casobe useful

beforemeasuring the aredgagel46) under overlapping peaks, becaitds easier and more accurate

to measure the areas of peaks that are more completely separated.
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A very simplemethodof peak sharpening
involves raising each data point to a power bower=1
greater tharl (reference 61, 63). The effect of fwidth=4.82
this is to change the peak shapes, essentially
stretching out the highest center region of thg
peak to greater amplitudes and placing more
weight on the points near the peagsulting in | ;. s
asmaller peak widthFor Gaussian peaks ’ ’ o0 ’ von
specifically, the result is another Gaussian w Normalized y® Normalized y’
width reducedby the squareoot of the powen. power=5 power=7

The technique idemonstrated by the Matlab/| . S o5 e
Octave scripPowerLawDemo.nshown in the

figure on theright, which plots noisy Gaussian o———- R of—— e
raised to the power p=1 to Wijth theirpeak
heights normalized to 1.0, showing that as th| 05/ : o N AN : - p
power increases, peak width decreases and horse

is reduced on the baseline but increased on the peak maximum. Since this process does not move the
positions of the peaks, the peak resolution (defined as the ratio of peak separatiorbaspeakh)

is increased. For Gaussian peaks, the area under the original peak can be calculated from the area unde
the normalized powesharpened curvedference 68

Normmalized y1 Nomalized y3

power=3
(width=2.5761

0.5 0.5

The Power Methad. Blus=y!  Green=y? Red=y? Cyan=y® In the figure on théeft, theblue lineshows two

' ' ' ' ' ' slightly overlappindEMG (exponentially modified

| | Gaussianpeaks. The other lines are the result of

raising the data to the powermf 2, 3, and 4 and
normalizing each to a height of 1.0Dhe resuk are

more nearly Gaussian peak shafmnly because

most peak shapes are locaBpussian near the peak
maximum), andie peak widths, measured with the
halfwidth.mfunction, areeduced19.2, 12.4, 9.9,

and 8.4 units for powers 1 through 4, respectively.

This method is independent of, and can be used in
conjunction with, thether sharpeningethod

discussed abovélowever, for a signal of two

overlapping Gaussians, the result of raising the signal

to a power is not the same as adding two paveerowed Gaussians: simply+a" is not the same as

(at+b) for n>1. This can be demonstrated graphically by the sBopterPeaks.rgraphig, which

curvefits a two-Gaussian model to the poweised sum of two overlapping Gaussiafs the power
nincreases, thpeaks are narrowed and the valley between them is deepened, but the resulting signal is
no longer the sum of two Gaussians unless the resolution is sufficiently high that the two peaks do not
overlap significantly.
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Somelimitationsof the powedaw method are:

(a) It only works if the peaks of interest make a distinct maximtis rfot effective for side
peaks that are so small that they only famoulderstheremustbe a valley between the peaks).

(b) The baseline must be zero for best results.

(c) For noisy signals there is a decrease in signabise ratio because the smaller width
means fewer data points are contributing to the measuresmaothing  p4algaam help).

Compensating for the nonlinearity . Naturally,the powemethod introduces severe nlnearity

into the signal, changing the ratios between peak heights (as is evidenpiawoeisfigure) and
complicating further processing, especially quantitative measurement calibration. But there is an easy
way to compensate for this: after the raw data have been raised to then@owlgreaks heights and/or
areas have been measured, the resulting peak measures can be simply raised to the, pesteriig

the original linearity ljut not the slopeof the calibration curves used in quantitative analytical
measurements. (This works because the peak area is proportional to the height times width, and peak
height of the power transformed peaks is proportional to the nth power of the original height, but the
width of the peak is not a function of peak heightaistann, thus the area of the transformed peaks
remains proportional to nth power of the original heightke tBthnique is demonstrated quantitatively

for two variable overlapping peaks by the Matlab/Octave seriptwe r L a wC-®leimlmr ant i on
(g r a ) whick takes tha™ power of the overlappingeak signal, measures the areas of the power
narrowed peaks, and then takes threpbwer of the measured areas, constructing and using a
calibration curve to convert areas to concentration. Peak areas are measured by perpendicular drop,
using the hakway point to mark the boundary between the peaks. The script simulates a mixture signa
with concentrations that you can specify in lines 15 and 16. You can change the power and any of the
parameters in lines 122. The results show that the power method improves the accuracy of the
measurements as longthge 4sigma resolution (the ratio of peak separation to 4 timestémelard
deviationof the Gaussians) is above about 0.4. It is most accurate when the peaks are roughly equal in
width and when the ratio of the two concentratimsot very different from the ratio in the standards

from which the calibration curve is constructed. Note that, even whesmtidatedrandom noise (in

line 22) is zero, the results are not perfect becauseedffect ofpeak overlap othe measurementf

area, which varies depending upon the ratio of two components in the mixture.

Theself-contained functio®PowerMethodDemo.rdemonstrates the power method for measuring the
area of small shouldering peak that is partly overlapped by a much stronger interferi(grapbik).
It shows the effect of random noisenoothing and any uncorrected background under the peaks.

Combining sharpening methods The power method is independent of, and can be used in
conjunctionwith, the derivative methods discussed above. However, because the power methed is non
linear, theorder in which the operations aperformed is important. THst step should be the first
derivative symmetrization if the signal is exponentially broadenedgeabendstep should be even

derivative sharpening, and the power method should belasted@he reason for this order is that the
power method depends whethethereis a valley betweethe peaksbut cannot create onevhereas
thederivative methodmaybe able to create a valley between peaks if the overlap is not too severe.
Moreover, when used last, the power method reduces the severity of baseline oscillations that are a
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residue of the evederivative sharpening (particularly noticeable on a Lorentzian peak). The
MatlalyOctavescriptsSharpenedGaussianDemoA@raphig andSharpenedLorentzianDemo2.m
(Graphig make this point for Gaussian and Lorentzian peaks respectively, comparing the result of
evenderivative sharpening alone with evearivative sharpening followed by the power method (and
preforming the power method two ways, taking the square of thpested peak or multiplying it by

the original peak). For both the Gaussian and Lorentzian original peak shapes, the final sharpened
results are fit to Gaussian models to show the changes in peak parameters. The result is that the
combination of methods yig$ (a) the narrowest final peak aifl) the closest to Gaussiéinal shape.

Of course, the linearity issues otthower method remain, but they can be compensated as before.

Deconvolution Another signal processing technique that can increase the resolution of overlapping
peaks igdeconvolutionwhich will be covered on padgls. It is applicable the situati@where the

original shape of the peaks has been broadened and/or made asymmetrical by some broadening proces:
or function. If the broadening process can be described mathematically or measured separately, then
deconvolution from the observed broadened pésikn principle capable of extracting thleape of the
underlying peak

Peak ShbtopeBkog$pramad Lhad et s

The everderivative sharpening method with two derivative ternié#@d 4") is available for Excel

and Calc in the form of an empty templaefkSharpeningDeriv.xlsand.odg or with example data
entered PeakSharpeningDerivWithData.xlaxnd.odg. You can either type in the values of the

derivative weighting factors K1 and K2 directly into celBandJ4, or you can enter the estimated

peak width (FWHM in number of data points) in dé#t and the spreadsheet will calculate K1 and K2.
There is also a demonstration version with adjustable simulated peaks which you can experiment with
(PeakSharpeningDemo.xlsxdPeakSharpeningDemo.9gds

Click buttons to change K1 and K2 There are alsgersiors that have clickablebuttons(detail on
k187612 B |<1| 5 | +k1| ++ k1| left) for convenient interactive adjustment of the K1 and K2
-1 oser0r | Kz[ ol e factors by 1% or by 10% for each clickou can type in first

estimates for K1 and K2 directly into cells J4 and J5 and then
use the buttons to firine the values. If the signal is noisy,
adjust the smoothing using the 17 coefficients in row 5 colitntisoughAA, just as with the
smoothing spreadshedtsmge54). (Note: Unfortunately, theséctiveX buttons do not work in the iPad
version of Excel).

Rs=|0.625

There is also & s e g m etamplatadedsion where the sharpening constants can be specified for each
of 20 signal segmentSégmentedPeakSharpeningDeriv.x$orthoseapplicationan whichthe peak
widths gradually increase (or decrease) with time, there is @jsmdéentpeak sharpening template
whereyou need only set the starting and ending peak widths and the spreadsheet will apply the
required sharpening factors K1 and K@radientPeakSharpeningDeriv.X)sand an example with data
already entere(GradientPeakSharpeningDerivExample.Xsx

The templatdPeakSymmetricalizationTemplate.xI¢streen image on the next page) performs
symmetrization of exponentially modified Gaussians (EMG) by the weighted addition of the first
derivative PeakSymmetricalizationExample.xlssan example application with sample data already
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typed in It is shown on the next page.

There is also a demo version that allows you to determine the accuracy of the technique by
synthesizingverlapping peaks with specified resolution, asymmetry, relative peak height,amase
baselinePeakSharpeningAreaMeasurementEMGDemo2.Xtgaphig. These spreadsheets also allow
further second derivative sharpening of the resulting symmetrical peak.

PeakDoubl eSymmetr ipzatifioomsx d rhel es.yxmimemiri zati on o
broadened peak. |t has but tdoenrsi vtaot iivnet ew eaicgthi tvienl gy
vari alt2) onsac{(ude data for two overl apping peaks,
perpendicul ar drop.

EffectOfNoiseAndBaselineNormalVsPower.xld@monstrates the effect of the power method on area
measurements of Gaussian and exponentially broadened Gaussian peaks, including the diffesent effect
that random noise and naero baseline has on the power sharpening method

A | B c D g F G H )| K L M N O P Q@ R|S | T U|V W, X Y Z | AA AB AC
1 Template for perpendicular drop area measurements of two overlapping peaks, using 1st derivative symmetricalization and 2nd derivative sharpening.
2 (1) Paste your raw data into column A and B, rows 9 to 613. (2) Adjust K1 first for symmetry. (3) Enter the x-values for the start, valley, and end for the pair of sharpened peaks to measure.

m‘ First Second

3 Peak settings areas peak peak Type estimated values of K1 (1st derivative) and K2 (2nd derivative) weighting factors and then click the buttons to fine-tune.|
a Start x 500 Raw 192.17 | 111.63 | |k1=|190.336 == || = ‘ + ‘ +t ‘ The smooth function is defined by the 17 red coefficients in row 5, columns K through AA.
5 Valleyx| 1310 Sharpened 249.33 53.30 K2=(66.58803 J - | + | ++ ‘ -8 7 6 5 4 -3 -2 -1 o 1 2 3 4 5 6 7 8
6 End x 2800 Smooth CDEfﬂ'C\'EmS—'—ﬁE 0 0 0 0 0 0 0 1 2 1 0 0 0 0 0 0 0
7 |Raw data| Baseline 0 .

—— R smoothed | 2nd | Smoothed Original data (Blue) and Sharpened (Orange)
8 X corrected derivative  1st deriv. derivative 2nd deriv. 12
9 0 0 0 9.1€-24)
10 29E-24 0 0 0 2.49€-23
11 7.7E-24 0 0 0 6.72E-23
12 2E-23 0 0 0 1.8E-22 1
13 54E-23 0 0 0 4.77-22
14 14E-22 0 0 0 1.25E-21
15 3.6E-22 0 0 0 3.25E-21
16 9E-22 0 0 0 8.36E-21 08
17 23E-21 0 0 0 2.13E-20
18 5.6E-21  6.864E-21 0 o 1.36E-18
19 14E-20 1.684E-20 1.7E-21 o 3.34e-18
20 3.4E-20 4.03E-20 4.08E-21 o 8.12E-18 06
21 8.2E-20 9.836E-20 9.66E-21 o 1.95e-17
22 2E-19  2.342E-13 2.27E-20 o 4.65E-17
23 4.6E-19  5.521E-13 5.27E-20 o 1.1E-16
24 1.1E-18  1.283E-18 1.21E-19 o 2.57E-16
25 2.5E-18 | 2.978E-18 2.76E-19 0 5.93E-16 0.4
26 5.8E-18  6.815E-18 6.23E-19 o 1.36E-15
27 1.3E-17  1.544E-17 1.3%E-18 1.62E-18 2.97e-15
28 3E-17  3.463E-17 3.07E-18 3.57E-18 6.68E-15
29 6.6E-17 | 7.692E-17 6.73E-18 7.77E-18 1.49e-14 02
30 1.5E-16  1.691E-16 146E-17 1.68E-17 3.27e-14
31 3.2E-16 | 3.683E-16 3.12E-17 3.58E-17 7.14e-14
32 6.9E-16 = 7.938E-16 6.63E-17 7.58E-17 1.54e-12
33 1.5E-15  1.694E-15 1.39E-16 1.59E-16 3.29e-12 0|
34 3.1E-15 3.58E-15 2.9E-16 3.29E-16 6.97e-12
35 6.6E-15  7.491E-15 5.97E-16 6.75E-16 1.46E-12
36 14E-14  1.552E-14 1.22E-15 1.37E-15 3.03e-12
37 2.8E-14  3.183E-14 2.46E-15 2.76E-15 6.23E-12
38 S7E-14  6.464E-14 491E-15 5.49E-15 127611 02
= T B TP I e PSS PP 1y e 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

The spreampglPemek Sy mmet ri cal ioi st isdvo Wenmprieaatsed.r X Insgm
the first of two pairs of overl apping asymmetr.

AlJ¢ t WE 6 alY® 103 R dgtHa ke BdIU T

The custom Matlal®dctavefunctionsharperhas the form

SharpenedSignal = sharpen(signal, k1,k2,SmoothWidth) )

where "signal" is the original signal vector, the arguments k2 and k4%aad4" derivative

weighting factors, and SmoothWidth is the width of the bBoikmooth. The resolutieenhanced
signal is returned in the vectd8HarpenedSigndll f you are r,gadi iclgomthdsi s on
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link aboveto inspect the code, or rightick to download for use within Matlab @ctave Thek

values determine the traddéf between peak sharpness and baseline flatitagsvalues vary with the
peak shape and width agdu should adjusthemfor your own needd-or peaks of Gaussian shape,
reasonable value for ks PeakWidtA/32 and for k is PeakWidti900 (or PeakWidt#8 and
PeakWidtl/700 for Lorentzian peaks), where PeakWidth is the full width at half maximum of the
peaksn x units Because sharpening methods are typically sensitive to random noise in thatdgnal,

usually necessary to apphysmoothingoperation the Matlab/Octav@rocessSignal.ifunction allows
both sharpening and smoothing to be applied in one function.

Here is a simpl&latlab/Octaveexample that creates a signal consisting of four partly overlapping

Gaussian peaks of equal height and width, applies both the derivative sharpening method and the power
method, and compares a p{shown belowomparing the original signal (in blue) teetresoltion-
enhanced version (in red).

x=0:.01:18;

y=exp( - (x - 4).72)+exp( - (X -9)."2)+exp( - (X - 12).22)+exp(

y=y+.001.*randn(size(x));

k1=1212;k2=1147420;

SharpenedSignal=ProcessSignal(x,y,0,35,3,0,1,k1,k2,0,0,0,0);
figure(1)

plot(x,y,x,SharpenedSignal,'r’

title('Peak sharpening (red) by the derivative method")
figure(2)

plot(x,y,X,y."6,'r")
title('Peak sharpening (red) by the power method’)

- (x - 13.7).72);

Peak sharpening (red) by the derivative method
1.4
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Four overlapping Gaussian peaks of equal height and width.
Blue: Original. RedAfter sharpenindy the evesterivative method.
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The power methodis effective as Ing as there is

a valley between the overlapping peahks, it
introduces nosinearity, which must be corrected
later, whereas the derivative method preserves the
original peak areas and the ratio between the peak
heights.PowerLawCalibrationDemdemonstrates
the linearization of the power transform calibration
curves for two overlapping peaks by taking the nth
power of data, locating the valley between them,
measuring the areas by the perpendicular drop
method( p algdg3and then taking the 1/n power
of the measured areagéphig.

Constant-area symmetrization (de-tailing) of asymmetric peaksby the weighted addition of the
first derivative is performed by the functionSy ns y=mme(ttr,iyz,ef act or , smddt"hwi d
"iyndapeadeaatdl edependent."vaciabl! ei secthersirs

and

wei ghti.hgmbatthuo
"type", and "en
Segment ep&mame th
the internal s m
derivative. To
segmented symme
"factor" and "s
be vectors. I
symmetrize. m sm
derivative, not
Symmet r i zreuDnesmoa
examples in the
help file, each

n

signal amplitude

Effect of sharpening on area measurements of overlapping exp. broadened Gaussians
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isolated pealby using
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AutoSymmetrizdt, y, SmoothWidth, plotswhich finds the value of tau that produces the most
symmetrical peak, judged by comparing the slope of the tangents to the leading and trailing edges. In
theexample showabove the original peakijue ling is a mathematically calculated exponentially

modified Gaussian with a tau value of 100 and the red line is the output generated by AutoSymmetrize,
which estimates the tauto an accuracy of I% pe fAhel p Aut oSymmetri zeo.
differ only by0.01% Sy mmet i zedOvdemap®emat ems t he optimizat
symmetrizat imerasfuocoefmetngo aoear | apping exponenti al

Segmentecevenderivative peak sharpening If the peak widthsr the noise variance changes
substantially across the signal, you can usesggmentegtersionSegmentedSharpen,fior which the
input arguments factorl, factor2, and ) , Demonstration of segmented sharben function.
SmoothWidth arerectors The script
DemoSegmentedSharpen shown on the right
uses this function to sharpen four Gaussian
peaks with gradually increasing peak widths
from left to right with increasing degrees of 125
sharpening, showing that the peak width ot
isreduced by 20% to 22%om to the original. s}
DemoSegmentedSharpenzsirows four peaks
of thesamewidth sharpened to increasing
degrees.

181

141

06|

02r
Double exponential symmetrizationin ol l
Matlab/Octave is performed by the function o 5 B 5 20 2 a0 £ a0
DEMSymmm which applieswo successive Fou Ganeaan pedk (e wih nerachg withe subeced o sy shapering (e
applications of weighted addition of the fickrivative, with weighting factors ideally equal to the two
taus. Theobjective is to make the peaks
more symmetrical and narrower while
preserving the peak areathreelevel
plusandminus bracketingechnique
helps you to determine the best values for
thetwo weighting factorsThe technique
Is demonstrated by the script
DemoDEMSymm.mand its two variations
(1, 2), whichcreates two overlapping
g | doubleexponential peakfrom Gaussian
W\ originals, then calls the function
= DEMSymmm to perform the
- . . . . . . symmetrizationIn the example on the

’ o e Eeme W ¥ eft, the middle bracketing line is the
optimum value. In summaryf, you attempt to symmetrize an asymmetrical peakveighted first
derivative additiorand the result is still asymmetricalnitay bethat the remaining asymmetcpuld

Blue: Original double exponential peak Green: second stage Red: Recovered peak
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be due to another stageefponentiabroadeningvith a differenttau, so in that casehe application of
DEMSymm.m will likely produce a more symmetrical final result.

ProcessSignah Matlab/Octave commasithe function that performs smoothing, differentiation, and
peak sharpening on the tirseries data set x,y (column or row vectors). Type "help ProcessSigrtal”.
returns the processed signal as a vector that has the same shapgaasllesseof the shape of y.

Processed=ProcessSignal(x, y, DerivativeMode, w, type, ends, Sharpen,
factorl, factor2, Symize, Symfactor, SlewRate, MedianWidth)

I ST dVerskipa &9 ima Hauincti onMaht aba € unmeceél puedeekst h a t

s har pfeamri tgirmees sibgpnales-cceviemv agi vlea mhaenficdadna(n ¥ h e
fi-deti vative symmetrization method, with keystr
weighting factors and the smoothing continuous|
d y n a miThed kdy turnsthe peak sharpeninfyunction on and off. View the codesreor download

the ZIP file with sample data for testingsignalestimateshe sharpening and smoothing settings for
Gaussian and for Lorentzian peak shapes usiny @nedU keys, respectively, using the expression

given above. Just isolate a single typical peak in the upper window using the pan and zoom keys, press
P to turn on the peak measurement mode, then prees Gaussian oU for Lorentzian peaks/ou

can finetune the sharpening with tiiéV andG/B keys and the smoothing with tAéZ keys.(If your

signal has peaks of widely different widths, one setting will not be optimum for all the peaks. In such
cases, you can use the segmestatpen functiongegmentedSharpenym

iSignal 1.5, Arrow keys to pan and zoom. Press K for keyboard commands iSignal 1.5. Arrow keys to pan and zoom. Press K for keyboard commands
s T T T T T T T
positiog=0.30039 250 po'sition=0.30001 §
80 height=08.2427 . omok height=271.1102 |
width=0. 16563 widths0.069389
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In iSignaland iniPeak the Shift-Y key engages thirst-derivativesymmetrizatiortechniqueand uses

thel, Shift-1, 2, andShift-2 keys to adjust the weighting factor by 10% or 1% per keypiekse
i s ntco elase the factor

ias | pwsabble but not

i dea
unt il the baseline after
negati ve

"Shift Y" key toggles Symmetrize mode off and on
0.8 f |
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iSignalcan also use the power transform method (pres’ keg, enter the powaer (any positive

number greater than 1.00) and prEésger. To reverse this, simply raise to thex power.iPeak ( pa g e
2 5)/a Matlab interactive peak detection and measurement program, hasia pedk sharpening

mode that is based onetleven derivativéechnique as well as thérst-derivativesymmetrization

using the same keystrokesi8gynal Seepeakdemo®mn p2ag@ The GI F ani mati on
this in action.

Peak sharpeningdgerbotahi bg 6k eamevV ednezcaotnivoon ua n do nF om
ariencl uded ast papadcatko vdeetthitee & k D@t ¢ @ is @ ro.eamiggdye

Reattime peak sharpening in Matlab is discussed p3adgBe
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Some signals exhibit periodic components that repeat at fixed intervals throughout the signal, like a

sine wave. It is often useful to describe the amplitude and frequency of such periodic components
exactly.In fact, it is possible to analyzanyarbitrary set of data into periodic components, whether or

not the data appear periodidarmonic analysigs conventionally based on thk@urier transform

which is a way of expressing a signal as a weighted sum@fand cosine wavel can be shown that

any arbitrary discretely sampled signal can be described completely by the sum of a finite number of
sine and cosine componemibose frequenciesareQ,23 . .. n/ 2 ti mes the fre
g Xis the interval between adjacenaixis values and n is the total number of points. The Fourier

transform is simply the set of amplitudes of those sine and cosine components (or, which is equivalent
mathematicallythe frequency and phase of sine componehisu could calculate those coefficients

yourself simply but laboriously by multiplying the signal peloytpoint with each of those sine and

cosine components and adding up the proditts.famousC o0 o 1T @ K @gst Fourier Transfortn

(FFT) dates from 1965 and idaster and more efficient algoriththat makes use of tlesymmetry of

the sine and cosine functioard other math shortcuts to get the same resuthmore quickly The
inverseFourier transform (IFT) is a similar algorithm that converts a Fourier transform back into the
original signal.

As a mathematical convenience, Fourier transformgradgionally expressed in terms éEomplex
numbers , whi ¢ h admbioethe sine anel cosime information at each frequemto a
single compact expression, using thkowing identity.

cos(2isfitn) 2¥f't) e

Even for data that are not complesjng thei e xnptationr at her t han fAsin+coso
compact and eleganand mostomputer languagesan handle complex arithmetic automaticaByu t

t his ter mimiod logaaddatabseeb®i ne an de gcuoaslilnye. Jupsaprotrst aanrte
because the two parts are caldeds "metal i"mpmlnyd t"h a
more sitgmaditcha@dseaondgor,seso erxipdraniagta anf gyr Ke ot

The concept of the Fourier transform is involved in two very importaderninstrumental methods

in chemcal analysisin Fourier transform infrared spectroscopy (FT,IRe Fourier transform of the
spectrum is measured directly by the instrument, as the interferogram formed by plotting the detector
signal vs mirror displacement in a scanning Michaelson interferometeoulner Transform Nuclear
Magnetic Resonance spectroscopy (FTNM#Xcitation of the sample by an intense, short pulse of
radio-frequency energy produces a free induction decay signal that is the Fourier transform of the
resonance spectrum. In both casesomputer is used to recover the specthyninverse Fourier
transformation of the measured (interferogram or free induction decay) signal.

Thepower spectrunor frequency spectrums a simple way of showing the total amplitude at each of

these frequencie#t is calculated as the square root of the sum of the squares of the coefficients of the
sine and cosine components. The power spectrum retaifredjuencyinformation but discards the
phaseinformation, so that the power spectrum of a sine wave would be the same as that of a cosine
wave of the same frequency, even though the complete Fourier transforms of sine and cosine waves are
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different in phase. Inaresituations where thphase componentd a signal are the major source of
noise (e.g. random shifts in the horizontaxs position of the signal), it can be advantageous to base
measurement on the power spectrum, which discards the phase inforimagosemble averaging
(page28) thepower spectra of repeated signals: this is demonstrated by the Matlab/Octave scripts
EnsembleAverageFFT.andEnsembleAverageFFTGaussian.m

The Fourier transform is simply the set of amplitudes of those sine and cosine compainaets

series signal witlm points gives a power spectrum with only (n/2)+1 points. The first point is the zero
frequency (constant) component, corresponding to thefi@&¢t currend) component of the signakt

looks like a straight flatline The second point corresponds to a

exactly equal to the time duration of the dat a)
where @x i s the | naxievalues bnd b isthenaatnuentet pojnta. dhe fast X
Three sine waves ofdrfferent frequenmes and amplltudes (hlgheSt frequency) p0|nt in the power

1 ' spectrum ( n/wBighisoregpx =1/ 2
0.5 8 .
/\ half the sampling rate.
DZ \/ The figure on the lefshows asimulated
h 1000point signalwith onesecond

0 01 02 0. duration anda sampling rate of 1000 Hz
time, sec. Blue f1= 1Hz Red f2= 5Hz Yellowa 40Hz . . . .
The sum of the three sine waves (middle panel). This signal containsly
7 7 7 T T ] threesine waves (shown separately in
different colors in the top paneBll of
which areclearly distinguishablevhen

added upn the signal itsel{middle

amplitude

amplitude

2 : : : : : : : : : panel) You can even count the cycles of
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 . . .
time, sec. the sine waves to confirm their
Frequency Spectrum of the above signal separates the three components . . .
500 - . . . . . . . . frequenciesTheFourier amplitude
L 1 | spectrums shownas a bar grapim the
T 300 .

bottom pane(showing frequencies only

up to 50 Hz, out of a maximum of 500

. L N Hz). The frequencies aflhow up at the

o 5 0 15 ZDFrequ.j:Cy‘ Jeoomoe s ® expected placesnd with the expected
relativeamplitudesThis also works

similarly with cosinewaves, which differ from sine waves only in theitase(x-axis shift).

The limits of sampling. The highestfrequency that can be represented in a discretely sampled

waveform is onéhalf the sampling frequency, which is called Mwyyuistfrequencyl n t he si gna
above, the Nybwxileoof s atf@pestokiigitzé analog signals with higher
frequencies are "folded back" to lower frequencies, severely distorting the Sigisak called

aliasing The frequency resolution, that is, the difference between the frequencies of adjacent points in
the calculated frequency spectrum, is simply the reciprocal of the time duration of the kignal

The selfcontained Matlab scrigiliasingDemo.m(graphig demonstrates the phenomenon of aliasing
and frequency folding. It creates a sine wave of a fixed frequency (100 Hz), then samples it repeatedly
at gradually decreasing sampling rasgartingat 600 Hzwell above theNyquist frequency200 Hz)
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and endingat 130 Hzwell below theNyquist frequencyThe running graphic shows that the distortion
caused by sampling starts small but increases drastically as the sampling rate approaches 200 Hz,
below which the apparent frequencydicated by the number of peaks countelécreases.

iSignal 5 Frequency Spectrum Mode (Press Shifl-8 again to cancel) iSignal 5 Frequency Spectrum Mode (Press Shift- again to cancel) iSignal 5 Frequency Spectrum Mode (Press Shift-5 again to cancel
1 1 1 1 !
05 0.8
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4 \ \ | , 0 , , , , , \ , , . | h | , 1 . |
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Press Shift-A to cycle through spectrum log/inear plot modss Press Shift-A to cycle through spectrum log/linear plot modes Press Shifl-A 1o cycle through spectrum lag/linear plot modes o
X
1ot x=Frequency (e.. 14tims). Press ShitX to change to time. x=Frequency (e.q. 1/time). Press Shift-X to change to time. o x=Frequency (g.g. 1ime). Press Shift-X to change to time
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1
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1
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e ] Py ] 0 00 Dm ana huEzd Duzg Dnag‘ SaaMde 045 05 005 01 015 02 02 03 035 04 045 05
0 point No smooth. Ends: 1 Der 0 Slew: 0 Median: 0 point No smooth. Ends er ew. edian 3 poit Na smaoth. Ends: 0 Der 0 Slew 0 Median: 0

singlzeernoonfFourier component corresponding to it
consisting of zeros ewvetrywhalleedx@zegpel ad fauschi
components at all frequencies (previous page,
spread out over a wide frequency range. The noi
(pa2ge) with pink noise having more power at | ow
frequencies, and white noise having roughly t he

Real <ix@amgpllhees f i gur e 60-setoodecoslihgoofasheagbeat, aadlanelectre
cardiograp(ECG),which is an example of a periodic wavefotimat repeatover time Thefigure

iSignal 4 Frequency Spectrum Mode (Press Shift-5 again to cancel ShOWS the Wavefornm blue n the top

. ' ' ' ' ' 1 panel and its frequency spectrum in red in
04 the bottom panellhe smallest repeating
0o h unit of the signais called theperiod, and
ol the reciprocal of that period is called the
02k fundamental frequenc\Non-sinusoidal
04l periodic waveforméike thisexhibit a
0 10 20 0 0 a0 series of frequency components that are
Frese S to eycle through spectiu logfinear plot motles multiples of the fundamental frequency
)10 xeFreauency (e.. 1itime). Press Shit-Xto change 1o fime which are called "harmonicsThis
Ssl 1R e | spectrummshows a fundamental frequency
5l 1 of 0.6685 Hzwith multiple harmonicst
5 sl 1 frequencies that are2, X3, xX4..., etc,
5 s | times the fundamental frequendyhe
sl Faaa | lowest frequency in the spectrum is 0.067
ol b . . Hz (the reciprocal of the recording time)
10 10 10

3 point Mo smooth. Ends: 0 Der: 0 Slew: 0 Media;:DD 103 and the hlgheSt iS 400 HZ (Ghalf the
sampling rate)The fundamental and the
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harmonics arsharp peaksand they are labeledlith their frequenciesn tis graphThe spectrum is
qualitatively similar tahatfor perfectly regular identical peakgraphiq. (Recorded vocal sounds,
especially vowels, also hateis kind ofperiodic waveform with harmonidggraphig). The sharpness
of the peaks ithe electrocardiograshows that theamplitude and the frequency are very constant
over the60 secondecording interval in this examp(ehich is normal behavior for a healthy heart)
Changes in amplitude or frequency over the recording interval will pradustersor bands

of Fourier components rather than sharp peag® the examplen page304.

Another familiar example dftableperiodicoscillationis the seasonal variation in temperature, for
exampletheaverage daily temperature measured in New York City between 1995 andsBROMS in

the figurebelow. This signal exhibits obvious periodicity, except for the shegative spikeéwvhich
are due tonissirg data point$ perhaps local power outageNpte the logarithmic scalen the yaxis
of the spectrum in the bottom panéhis spectrum covers\erywide range of amplitudes.

iSignal 4 Frequency Spectrum Mode (Press Shit-S again to cancel

I [ I
&n : b
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20 i‘ll
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Press Shift-A to cycle through spectrum log/linear plot modes

»=Time. Press Shifi-X to change to frequency,
— T T

|
2008 2010 2012

2014

L
10° 107 10"

3 point Mo smooth. Ends: 0 Der: 0 Slew: 0 Median: 0

In this examplethe spectrum in the lower panél red,is plotted withtime (the reciprocal of
frequency) on the-axis This iscalled aperiodogram Despite the considerable random noise due to

local weather variations and missing datés shows the

expected peak at exactly 1 ye@hat peak iover 100
times strongethan the background noise and is very
sharpbecause the periodicity is extremely precise (in
fact, it is literally astronomicallyprecise). In contrast, tf
random noise isot periodic but ratheis spread out
roughly equally over the entire periodogram.

The figureon the rightshows some simulated data thg
demonstrateBow hard it is to see a periodic compons
in the presence of random noise, and yet how easy i
pick it out in the frequency spectrum. In this example
signal (top panel) contains aqual mixtureof random

Linear y

4

Spectrum: x=Frequency (e.g. 14ime)
T T T

10 15 20 25 30 35
Frequency

40 45 50
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white noise and a single sine wall@e sine wave is almost completely obscured by the ramaise.

The frequency spectrufereated usingny Matlab/Octave function PlotFrequencySpectruinis

shown in the bottom panel. The frequency spectrum of the white noise is spread out evenly over the
entire spectrum, whereas the sine wave is concentratedsimglaspectral element, where it stands

out clearly.Here is the MatlabDctave code that generated that figoifeu can Copy and Paste it into
Matlab/Octave:

x=[0:.01:2*pi]’;

y=sin(200*x)+randn(size(x));

subplot(2,1,1);

plot(x,y);
subplot(2,1,2);
PowerSpectrum=PlotFrequencySpectrum (x,y,1,0,1);

A common practical application is the use of the power spectrum as a diagnostic tool to distinguish
between signal and noise components. An example is the AC {lioe/@ickup depicted in the figure

below, which has a fundamental frequency of 60 Hz ilx84 (why that frequency?r 50 Hz in

many othercountries Again, the sharpness of the peaks in the spectrum shows tlzemphieude and

the frequency are very constaRbwer companies take pains to keep the frequehdye AC very

constant to avoid problems between different sections of the power grid. Other examples of signals and
their frequency spectra aseown below

iSignal 4 Frequency Spectrum Mode (Press Shift-5 again to cancel)

iSignal 4 Frequency Spectrurn Mode (Press Shift-5 again to cancel)

0 001 002 003 004 005 005 007 008 009 T2 T Ta T T = T

Fress Shift-A to cycle through spectrum logdinear plot modes Press Shifi-A ta cycle through spectrum log/linear plot modes

x=Frequency (e.g. 1Aime). Press Shift-X to change to time. ¥=Frequency (e.g. 14ime). Press Shift-X to change 1o time.

0.534835 sk 02417

g 723.84B5 ] r
1 ! v 3 g 3

10 10 10 10* 1’ 10 10 10 1’ 10°
1 point Mo smooth. Ends: 0 Der: 0 Slew: 0 Median: 0 1 point Mo smooth. Ends: 0 Der: 0 Slew: 0 Median: 0

iSignal, showing dta from an audio recording, zoomed in to the u iperibddmmediatelybefore
(left) and after (right) the actual sound@his fiowsthere is a residuasinusoidal oscillatiorin those
periods(x = time in seconds). In the lower panel, trever spectrunof each signal (x = frequency in
Hz) shows a strong sharp peak vapar 60 Hz, suggesting that thuscillation is caused by stray pick
up from the60 Hz power lingsince it was recordenh the USAHad the recording been made in
Europe it would be 50 Hz). Improved shielding and grounding of the equipment might reduce this
interference. Thé&before" spectrumon the left, has a frequency resolution of only 10 Hz (the
reciprocal of the recording time of about 0.1 seconds) and it includlgsabout 6 cycles of the 60 Hz
frequency (which is why that peak in the spectrum is the 6th péinéchieve a bettaesolution,you
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would have had to have begun the recording earlier, to achieve a longer recording. The "after"
spectrum, on the right, has an even shorter recording time and thus a poorer frequency resolution.
Peaktype signals have power spectra that are concentrated in a range of low frequencies, whereas
random noise often spreads out over a much wider frequency range. thkeisaasosmoothing (low
pass filtering) can make a noisy sigfadk nicer, but also why smoothing does not usually help with
guantitative measurement, because most of the peak information is fdandraguencies, where
low-frequency noise remains unchanged by smoothing{&ge45).

iSignal 2.8 Frequency Spectrum Mode (Press Shift-5 again to cancel
T T T T T

iSignal 2.8 Frequency Spectrum Mode (Press Shift-5 again to cancel
oo F T T T T T .
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The figures above show a classic example of harmonic andlysiews the annual variation in the
number ofsunspots observedhich have been recordadnuallysince the year 1700! In this case, the
time axis is inyears(top window). A plot of the power spectrum (bottom window, left) shows a strong
peak at 0.09 cycles/yeand the periodogram (right) shows a peak at the-kvedivn 11year cycle,
plus some evidence of a weaker cycle at around gy&80period. (You can downlodlis data sebr
the latesiearly sunspot data from NOAA hese frequency spectra are plotted usagdVvatlab
functioniSignal (page379). In this case, thpeaks in the spectrum amet sharp single peaks, but
rather form alusterof Fourier components, becaubke amplitude and the frequency are not constant
over thenearly 300year interval of the data, as is obvious by inspecting the data in the time
domain.Thestrong solar
flares observed in 20A4ll
on the next predicteslinspot
9] maximumand also on a
' maximum in thesolar radie
frequency emissionsvhich
effects communications and

ol | power grids
- | An example of a time series

, _ _ with complex multiple
"L I WOV , | periodicitesis the world
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wide daily page view¢x=days, y=page views) fahis web siteover a 200-day period (about 5 years).
In the periodogramplot (shownabove you can clearly see sharp peaks at 7 and 3.5 days,
corresponding to the first and second harmonics of the expected workday/weekentl aljgdeshows
smaller peaks at 365 days (corresponding to a sharp dip each year during the winter indlidays
northern hemispheyand at 182 days (roughly a hgHar),perhapsaused by increased use in the
two-peryear semester cycle at unigiies.The large values at the longest times are caused by the
gradual increase in use ovhat time periodwhich can be thought of as a very knequency
component whose period is much longenttiee entire dataecord

Anotherexamples shownbelow. The signal (in the top window) contains no visually evident periodic

iSignal 2.7. Arrow keys to pan and zoom. Press K for keyboard commands Component_sn seemso be just
nozr random noisetHowever, the
001t i frequency spectrum (in the bottom

window) shows that there is much
more to this signal than meets the
eye. There are two major frequency
components: one at low frequencies

a

-0.01)

002 F

a0 100 120 140 160 180

Autozers OFF y:D.0127 at 1285  P/P-0.042 A 0313  Std. Dev:00p7| @round 0.02 and the other at high
FPower spectrum (Shift-A to cycle through plot mades) frequencies between 0.5 and 5. (|f
"o ' ' ' the xaxis units of the signal plot had
06} 1 beensecondsthe units of the
%‘ 0al | frequency spectrum plot would
£ beHz Note that the saxis is
02r /\'\ 1 logarithmic). In this case, tHewer
a , , frequency component,ig fact,
10° 107 107 10 10' thesignal and therequency

¥=Frequency (e.g. cycles/second). Press Shift-¥ to change.

component is residudlue noise
remainingfrom previous signal processing operations. The two components are fortunately well
separated on the frequency axis, suggesting thap&ss filtering (i.e., smoothingage43) will be
able to remove the noise without distorting the signal.

In all the examples shown above, the signals are-sienes signals witfrequency(or time) as the
independent variable. More generally, it is possible to compute the Fourier transform and power
spectrum ofinysignal, such as awptical spectrumwhere the independent variable might be
wavelength or wavenumber, or alectrochemical signalwhere the independent variable might be
volts, or aspatial signa)] where the independent variable might be in length units. In such cases, the
units of the xaxis of the power spectrum are simply the reciprocal of the units ofdlesf the

original signal (e.g., nrhfor a signal whose-gxis is in nm).
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Analysis ofthe frequency spectra of signals eaFisuressFisues .
provides another way to understand sigoal LIS RS HOB S~
noise ratio, filteringsmoothing and
differentiation Smoothing is a form dbw- -
passfiltering, reducing the higiirequency 06f
components of a signal. If a signal consists «
smooth features, such as Gaussian peaks, t L . . L
its spectrum will be concentrated mainly R sﬁ.ﬂ.mfcyde fﬁmugh ipectmi mgn.;ear pmf e
atlow frequencies. The wider the width of the  ag - ceeney (&8 Tme) Press SN0 chance lofime.
peak, the more concentrated the frequency
spectrum will be at low frequencig# the
figure below does not animate, click thisk).
A signalthat haswvhite noise (spread out ever

iSignal 2.9 Frequency Spectrum Mode (Press Shift-S again to cancel)

10° 10’

over a” frequenCieS)1 then SmOOthing WI” me 3 point No smooth. Ends: 0 Der: 0 Slew: 0 Median: 0
the signal look better, because it reduces th¢ SeEeEesHNEEEem o ax

high-frequency components of the noise. However, theflfegquency noise will remain in the signal
after smoothing, where it will continue to interfere with the measurement of signal parameters such as
peak heights, positions, widths, and areas. This eaeimonstrated bgleastsquares measurement

1B Figures - Figure 1 Converselydifferentiation is a form ohigh-
D&|s O B8 =0 - x| passfiltering, reducing thdow-frequency
1Signa) 2% Freuency Spectum Hode (Press Shit= agan to cancel) components of a signal and emphasizing
| | anyhigh-frequency components present in the
05t ] signal. A simple computegenerated Gaussian
peak showrabove (click forGIF animation)
T S S S TR TR R TR TR has most of its powas concentrated in just a
Pffls:qhu':'n?f}:;'T;E?.Ziufgr;'i?;ﬁ{%’ﬁ'fﬁ:ﬁ;!‘?o"ﬁid:_sI | few low frequencies, but as successive orders

150

of differentiation are appliefin theyellow
circle), the waveform of the derivative swings
from positive to negative like a sine wave, and
its frequency spectrum shifts progressively to

100F
Peak 0.10101 a
50+

Linear y

3 point No smooth. Ends: 0 Der 0 Slew 0 Median: 0 higher frequencies. This behavior is typical
= o= x| of any signal with smooth peakSo, the

optimum range for signal information ofléferentiated signais restricted to a relatively narrow
range, with little useful information above and below that range.

The fact that2pvhiist es mrodasde owtagien the frequency
freqguenaciseusbthhaes advantage over other noise colo
cleanly separat.eddYioman hmonte meagiolmaiaesti mate t he
observing it in frequency regions where the sic
the entire specihiusm fdeguwinicly bangeed | ater as
of measurements fshhataraese chuaved fonlthlemagstof noi sy

The t ec peaksawpeninfdge79) also emphasizes the hifffequency components by adding
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a portion of the second and fourth derivatives to the original signal. You can see this clearly in the
Matlab/Octavescript PeakSharpeningFrequencySpectrumaiich shows the frequency spectrum of
the original and sharpened version of a signal consisting of several pesiisid.

SineToDelta.mA demonstration animatiggelick for animated graphjcshows the waveform and the
power spectrum of a rectangular pulsed sine wave of variable duration (whose power sigeztrum
"sinc" function)changing continuously from a pure sine wave at one extreme (where its power
spectrum is a delta function) to a singl@nt pulse at the other extreme (where its power spectrum is a
flat line).GaussianSineToDelta.is similar, except that it shows@aussiampulsed sine wavayhose
power spectrunis a Gaussian function, but which is the same at the two extremes of pulse duration
(animated graphjc

Real experimental signals are often contaminated with drift and baseline shift, which are essentially
low-frequencyeffects, and random noise, which is usually spmatall frequenciesFor these
reasons, differentiation is always used in . _ Criinal Signals . .
conjunction with smoothingNorking

together, smoothing and differentiation a
as a kind of frequenegelectivebandpass
filter that optimally passes the band of
frequenciecontaining the differentiated °®
signal information but reduces both the oo 1
lower-frequencyeffects, such as slowly o bl
changing drift and background, as well a: , , , ‘ ,
thehigh-frequencynoise. An example of . . woomoomeomemme =

this can be seen in tiigerivativeDemo.ndescribedn a previous section (pad®). In the set of six
original signals, showabove in different colorghe random noise occurs mostly in hfgdquendes

with many cyclesver the xaxis range, and the baseline shifa much loweifrequency phenomenon,
with only asmall fraction of one cycleccurring over that range. In contrast, the peak of interest, in the
center of the xange, occupies antermediatefrequency range, with few cyclesver that range.
Thereforeyou could predict that a quantitative measure based on differentatidbsmoothing might
work well, because that emphasizes the intermediate frequencies.

0o0sr

003F

o

Ll
b
i “,umﬂ

Smoothing and differentiation change Hmaplitudesof the variousrequency components of signals,

but they do not changw shift the frequencies themselves. &xperiment described lat§yage397)
illustrates this idedy smoothing and differentiatirey brief recording ohumanspeech. Interestingly,
different degrees of smoothing and differentiation will chatihgeimbre of the voice but hakttle

effect on the intelligibilitybecausehe sequence of pitches is not shifted in pitch or time but merely
changed in amplitude by smoothing and differentiation. Because of this, recorded speech can survive
digitization, transmission over long distancaigiorithmic compressiomnd playback via tiny speakers

and headphones without significant loss of intelligibilMusic, on the other hand, suffers greater loss
under such circumstances, as you tediroy listening taelephone "hold" musjavhich often sounds
terribleeven though speech over the same connectiarysntelligible, because music has a different
frequency structure than speech. Cochlear implants for the hearing impaired have the same limitation
(as dramatized in the 2019 movie AThe Sound of
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https://terpconnect.umd.edu/~toh/spectrum/PeakSharpeningFrequencySpectrum.m
https://terpconnect.umd.edu/~toh/spectrum/PeakSharpeningFrequencySpectrum.png
https://terpconnect.umd.edu/~toh/spectrum/SineToDelta.m
https://terpconnect.umd.edu/~toh/spectrum/SineToDelta.gif
https://terpconnect.umd.edu/~toh/spectrum/GaussianSineToDelta.m
https://terpconnect.umd.edu/~toh/spectrum/GaussianSineToDelta.gif
https://terpconnect.umd.edu/~toh/spectrum/DerivativeDemo.m
https://terpconnect.umd.edu/~toh/spectrum/iSignal.html#sounds
https://en.wikipedia.org/wiki/Timbre
https://www.reddit.com/r/AskEngineers/comments/2dwj84/why_does_hold_music_always_sound_so_terrible/
https://terpconnect.umd.edu/~toh/spectrum/OriginalSignals.png

Software details

In a spreadsheet or computer language, a sine wave can be deschbg t he ' si nfiXxtp)f unct
ory = s i (bijx8p), where” is 3.14159....f is frequencyof the waveformt is theperiod of the
waveform,p is thephase andx is the independent variable (usually time).

There areseveral Web sitethat can compute Fourier transforms interactively (@/glframAlphg).

Microsoft Excel hasmmaddin function that makes it possible to perform Fourier transforms relatively
easily:(Click Tools > Add-Ins... > Analysis Toolpak> Fourier Analysis). See Excel and Fouriér

for details.SeefiE x ¢ e | |0#omaa exierssive and excellent collection of addunctions and macros

for Excel,courtesy oDr. Robert deLevie oBowdoin CollegeThere are several dedicated FFT

spectral analysis programs, includi8gopeDSRhttps://iowegian.com/scoped$p/

andAudacity (http://sourceforge.net/projects/audaqity/ f y ou ar e r,eaydantgclnmi s
Clitchkese |l inks to open these sites automaticall

MatlabandOctave

Matlab and Octavlave builtin functions for computing the Fourier transforfit &ndifft). These
functions express their results as complex numbers. For examyme,ddbmpute the Fourier transform
of a simple 3element vectoryou geta 3-element result of complex numbers:

y=[010];

fft(y)

ans = 1.0000 - 0.5000 - 0.8660i - 0.5000+0.8660i

where the "i" indicates the "imaginary" part. The first element of the fft is just the suentérs in y.
Theinverseftt, ifft([1.0000 - 0.5000 - 0.8660i - 0.5000+0.8660i]), returns the
original vector{0 1 0]

For another example, the fit 8 1 0 1] is[2 0 -2 0Q]. In general, the fft of an-element vector of real
numbers returns anelement vector of real or complex numbers, but only the first n/2+1 elements are
unigue Therest of the elements a mirror image of the first. Operations on individual elements of the
fft, such as irFourier filtering must take this structure into account.

The frequency spectrufin soba signal vectory" can be computed asal(sqrt(fft( y) .*
conj (fft(s)))) . Here is a simple example whereu know the answer in advance, at least
gualitatively: an 8lement vector of integers that trace ostragle cycle of a sine wave
y=[071070 -7 -10 -7);

s=real(sqrt(fft(y).*conj(fft(y))))

The frequency spectrum in this cas@i89.9 0 0.201 0 0.201 0 39.9] A

In Python, the syntax is similag=np.array([0, 7, 10, 7, 0, -7, -10,-7)
s=np.real(np.sqrt(fft.fft(y)*np.conj(fft.fft(y)))) . Again, the first element is the
average (which is zero) and elements 2 through 4 are the mirror image of the last 4. The unique
elements are the first four, which are the amplitudes of the sine wave components whose frequencies
are 0, 1, 2, 3 times the freency of a sine wave that would just fit a single cycle in the period of the
signal. In this caset istheseconcelement (39.8) that is the largest by far, which is just wbat
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https://www.google.com/search?q=fourier+transform&ie=utf-8&oe=utf-8&aq=t&rls=org.mozilla:en-US:unofficial&client=seamonkey-a#q=calculate+discrete+fourier+transform+online
http://www.wolframalpha.com/input/?i=Fourier+transform+calculator
http://www.brainmapping.org/NITP/PNA/tests/ProblemSet3_files/FourierExcel.htm
https://learn.bowdoin.edu/excellaneous/
https://iowegian.com/scopedsp/
http://sourceforge.net/projects/audacity/
http://en.wikipedia.org/wiki/MATLAB
https://terpconnect.umd.edu/~toh/spectrum/SignalArithmetic.html#Octave
https://terpconnect.umd.edu/~toh/spectrum/FFT.txt
https://terpconnect.umd.edu/~toh/spectrum/IFFT.txt
https://terpconnect.umd.edu/~toh/spectrum/FourierFilter.html

would expect for a signal that approximates a single cycleswfedrather than @osing wave. Had the
signal beertwo cycles of a sine wave,=[0 10 0-10 0 10 0-10], thethird element would have been
the strongest (try it). The highest frequency that can be represented t®yesmedit vector is one that
has a period equal to 2 elements. It takes a minimum of 4 poist®tv one cycle, e.g. [#1 0 -1].

I f you are readied@rt i Madrdlaibnes,crdlpitckk hat <creat
uses the fft function to calculate and pl ot t he
Wat ch what happens when the frequency2*aDpeplrtoaac)h e
1/0.02=50. Al so, see what happens when you char
sine wave is sampl ed.

Myf uncRrieocqquency §peaitsrakmegonency Spedt rruentf mryn)s r e al p
Fourier power spedtlrodrkreaefguxe,np ysbdp eay uneamtcryinkxs.pect r
periodograms on | inear or | og coordinates. Type

x
Il

0O:.01:2*pi]";

[
f=25% Frequency
y=sin(2*pi*f*x)+randn(size(x));
subplot (2,1, 1);
plot(x,y);
subplot (2,1, 2);
FS=Pl ot FrequencySpectrum(x,vy, 1,0, 1);

The plot of the (pretqiute(ogFcSy pbpotvsum EBEngl e strol
frequency of the sthysageslt2imadksS{n, F)S nax (FSyen2
For some other examples of using FFT,tbese exampled\ Siow Fourier Transforem f unct i on
also beempublished bu is 3000 to7000 times slowewith a 10,008point data vectorYou can

demonstratéhis with this bit of codethat you can copy/paste into the Matlab command line
y=co0s(.1:.01:100); tic; fft(y); ffttime=toc; tic; sft(y); sfttime=toc;
TimeRatio=sfttime/ffttime.

Ti rseegment ed Fourier power spectrum.

The f WPl oottiScemy F r, e ¢ $PBM @ PlotSeyFreqSpect(x, y, NumSegments,
MaxHarmonic, logmode) ,cr eat e “Segmented Power Spectrum, linear z-axis amplitude scale

di spltayne ganeFnotuerdi e r " | | | |
spec.tPl wm Se g ForreeqaXpse
signal 1into ' NuemSget
s egmenutl ¢ je@lbiga saap o d
Hanni ng cwinmpdidwve,s t h
spectrum of each s
magni tude of the f
Fouri ggroneoams versu
numbercoasoarTipé ot u
returns the power
fregwmenpdy tude) as

140

Frequency (Harmonics)
@ o = [
(=] (=1 (=} (=}
Al '
O@ody 6
" b

=
=1

(=]
=1

Time Segments

NumSegments x MaxHarmomTr =T T



https://terpconnect.umd.edu/~toh/FrequencySpectrumDemo.m
https://terpconnect.umd.edu/~toh/spectrum/FrequencySpectrum.m
https://terpconnect.umd.edu/~toh/spectrum/PlotFrequencySpectrum.m
https://terpconnect.umd.edu/~toh/spectrum/FrequencySpectrumExample.png
https://www.mathworks.com/examples/search?q=fourier
https://terpconnect.umd.edu/~toh/spectrum/sft.m
http://www.mathworks.com/matlabcentral/fileexchange/2271-numerical-methods-for-physics/content/edition1/matlab4/sft.m
https://terpconnect.umd.edu/~toh/spectrum/PlotSegFreqSpect.m
https://en.wikipedia.org/wiki/Contour_line

l ogmode=1, it computes and plots the baselO | oc¢
colors representiagphmamubde udwshi ghue=0Oblwer exan
i nclude t he asspeda omtgr v tsdfrooed inlge tther Doppdmp | ef dect
human épeesbnogram) shown in example 2 (graphic

The nexts erxsappwse napd iexknal cohsestcoqppohents adde

Separate signal components Raw signal
T T T T T T T T

15

2.5

fIATRAn

kRt ﬂf

. I . I I I I I I . . . . . . . . .
0 02 0.4 06 038 1 12 14 16 18 2 0 02 04 06 08 1 12 14 18 18 2
Blue: signal peaks Green: white noise  Red: swept sine wave . 10% Data points 104

(bel owwilwe &Gka)u:s si aant pxe=abkOsO 0 and 10000 (bl ue) with
frequewayesime erference (|

Segmented Power Spectrum, log z-axis amplitude scale

i noi se (green). When you ac
components, the eGdwgaildry (
4 anale invisible in the raw
will call this the fAburi ec

use it agdi3)l nlsapteecrt,i opna goef
Pl ot SegFreqSpect tfhaethrcd m @ n

Frequency (Harmonics)

5 di agonal stripe of yellow
and the blue and twhei t e bac
random noi se, betivlypd w basl 3¢

ti me segmenthe Doanadmdodt t |
segment edl sfelat ruma( tel | s

1 1.5 2 25 3 3.5 4 45 5 55 6

Time Segments there is some'thhniditgs mer ound
segments that has higher f
surrounddnrce sereand .hat, you can constrain the ran

vertifgg psanlootthy ng hiogheduekbgiudfsiet t i ng to the ra
(introdude&)d olnn pfagget , the curve fiwittidi@er esul t s

better for the peak positions (true values =50(
the invisibility of the peaks in the raw dat a.
Peak# Position Hei ght Wi dt h Ar
1 503104157492280. 6 382. 33
2 10036 0.16136 2407 . 2 41

But yowsuetehesfpeaks to kBassethoowntoheéryawhaata al or
(Pl ot SegHrsegSpeicltar -to Mot abOesmeuFbaraphi transf
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https://terpconnect.umd.edu/~toh/spectrum/PlotSegFreqSpectExample1.png
https://terpconnect.umd.edu/~toh/spectrum/PlotSegFreqSpectExample2.png
https://terpconnect.umd.edu/~toh/spectrum/PlotSegFreqSpectExample2.png
https://terpconnect.umd.edu/~toh/spectrum/PlotSegFreqSpectExample6.m
https://terpconnect.umd.edu/~toh/spectrum/PlotSegFreqSpectExample6c.png
https://terpconnect.umd.edu/~toh/spectrum/Example6CurveFitResults.png
https://terpconnect.umd.edu/~toh/spectrum/testing123stft.png

§Ht DI 2RUNDW[ | hRBR\BUWMEGIHq! ¢ Ws Rqd LW
iSignal (p a @ &) & a multipurpose interactive signal processing tool that Hagquency

Spectrum mode toggled on and off by th&hift-S key, whichcomputeghefrequency spectrum of the
segment of the signal displayed in the upper window and displays it in the lower window (in red). You
can use the pan and zoom keys to adjust the region of the signal to be (@ewes<Ctrl -A to select

the entire signal PressShift-Sagain to return to the normalmoden t he fr equency sp:
you caShipfttessycle through four plot moaodgg . (1 i ne
Because of the wide range of amplitudes and fr e
sometrienseusl t i n a clearer graph (tShhaXtto hteo g-glnee atrh
axi s bfetewgesesriic.neDet ai | s anan i@&Pa ucti ons are

Frequency visualization.
What happens ciofmptohoetd o trseeq uveintchy t i me? Consi der, f
in the folThewighddvnibtaaddnr ee Si na&tBanstit stesi mdwd\he e
bursts of threeeadch fwirteimtand rseipmleiptcieddes pLG toinrme ¢
wh intoeiesgeu a | I n amplitude to t htehef isrissgta &sinonséth & engvm e
firsonbuh&o | eddowmiTdaSsi eneBur st s. mat and i signal
and type:

|l oad@hreeSi neBuart sitssi.gmal (y) ;

at the Matl ab. command prompt

iSignal 10 Frequency Spectrum Mode (Press Shift-S again to cancel)
T T T T T T T T

100
50 -
0 T
-50 -
_100 = | 1 | | 1 | 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Press Shift-A to cycle through spectrum log/linear plot modes %<10%

FOURIER SPECTRUM: x=Frequency (e.g. 1/time). Press Shift-X to change to time.
1010 T I T T T T T T

Logy

105

B o anih € o o § i <L b B n i i

| | | 1 | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
3 point No smooth. Ends: 0 Symf: 0 Vwidth: 0 DA:1 Deriv:0 Slew: 0 Median: 0

ThMat !l ab if%ingrnadalonm di splays a signal (top panel)

10°

Pr e&SshaSftto dii ¢ gl dy equency spectrum i nshdprepdktewer p
the frequenci ber (ed deoinhee tfhirreset one, which is al m
pan&hg cursoyokey® @lahownd zoom across the sigl
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https://terpconnect.umd.edu/~toh/spectrum/iSignal.html#Spectrum
https://terpconnect.umd.edu/~toh/spectrum/iSignal.html#Spectrum
https://terpconnect.umd.edu/~toh/spectrum/ThreeSineBursts.mat

yowan inspect the frequency $PpeHiWattim tsHeee atniyme eda
frequency varidatsipd my@&h taee tFioieegrn allrransd otr ondr pl o
(bel ow) with amplitude displayed as color (bl ue

Short-Time Fourier Transform

160
150

140

Frequency (kHz)
N
Magnitude (dB)

130

120

0.5
0 : : ! ' —10
0.5 1 1.5 2
Time (s)
Th®&hitUfcto mmeored f orms a similar function but with

enter the number ofl setglife ott S eardletfghSesp cgermap keisc  a
one atbhsep e ckkll ralc k gr o vy mach diasnh 4 éh e

f UqUl ¢cHqR2IUJWERNDUcCGW~YTI RnRAECqRYU
A very important @&lelatsuirgen aolf pirSoicgensasli nigs ftuhnactt i on

spectrummoodeh, derivative, etc.), sO0O you can o
frequency spedtnmend iSdtmeel hyei gmna@lnapr ocessi ng oper a
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