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Chapter 2 

Component Description 

Thi' ch~I"cr describes Ilw Ilard"," re Lom 1'0""111" and dc")!,, a,pt-c(, or Ihe hubhle (racliTlg 

apparalm, ~1 crT Suppkmclllary de seri plioll s of the exaCl d~,i gn of c~r1ai n ~"Jllp011en[<, 

Call lx' found in 1141_ 

2.1 Overview 

hgur~ ~_1 i, a )!raphic ):hiTlJ:! ~ <ll"~riplion oflhc "yl1~m in ;t, ~n1irety_ 

< .. """ . '" _".OK. 
,"'. ''''K' 

" _ . .. ,,',," 
Figure 2.1: (3raphic showin1,! UCT\ huhhl~ [rueling "amera ,YStCI11, 

Th~ "y~l~ln ~onlail1~ a ~()lumn which provides a cOlltrolkd enviromn~nl ill ,,),,d1 lhe 

hubbb Call be generated and (rack~d_ A lnure delullc<l Jc,criplion of the colulnl1 and 

bubhl~ g~neratillg ~qUlpmcnl is provided in Section 2.2 . 

Alongsic\c the column i, a track with a ~()n\'cyllr bel!. Altached 10 this j, all IFFF 1394 

(Firewirel camera. The Fire" ire cam~ra is co'er~d in more del~il ill Section 2.4. 

5 
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,",V'UULU, were used for space and reasons. Pro-
with one of the sections only The column was extended to its full 

once space in a with a became available. on the occasions when it was 
it was easier to move the column in two sections. 

refers to the fact that the bubble is in or is far from other bubbles that 

this method was the researchers Saffman and who are cred-
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thwugh ~ gl~'> c~ptlbry u,ing ~ p~ir of 'yling~l. Thi, m~thod ~ho allow~d bubbles to 

be gener~ted ,ingly, thollgh lhe .Iow rate at "'hich th~ '}Tingc, had to be oper~led would 

haw reducro th~ predictability of the bubbk relcas~ tim~. rendering it llnlllitabk for 

applications (ha( rcquir~ a de(aminablc re le~ se (imc. :-/, ,nethcle", (hi, method cou Id ~tso 

f,., Cl,">ider~d [or u,~ Wilh UCT', ~pp~r~lu,. 

Finally. the rig ~t ,\kGitl Lni\ersily now mak~s us~ llf ~ ditler~mi~1 prcssure m~(hod to 

gcnerat~ buhhk" which i, d~<.Cribed in 1211. TIli, melhod "'or\.., by pbcing a podel 

of air Ixt"'e~n two hydro,!~lic pre%ur~s· Ihe pr~%(lre on the tip llfth~ capillary in the 

,olumn (rH , aIld the pre"ure from a res ~r\'oir ( PH I, By kceping F" ,iJghtly greater lh~n 

Pr , a yery low Ilow r:lte of ~lr throlLgh the c~pillary. ~nd Ilence a low huhble r~le, c~n 1:>..­

achiewd. Figure 2,3 giws a funct ion~1 di~gr~m of thi s syslem. 

""", 
R .. ",o" 

\ -- .... rw" "i 

Figure 2.3: Function:ll diagrctm of bubble gener:llion syslem. 

II w~. the difkrenti~1 pressure method thm "'~I irnpkrn~nt~d ~llICT, sinc~ lhe lIel' de· 

'ign wa, ba,ed on the one from !\-1cUlil linivcrsity, Thi, I1Icthod had alread} been u,ed 

~I McCrill C ni, er,i 1 y 10 gener:lle hlLbble, o[ \'~riou, sil.C\ by u,ing c:lpi Ibri e, of di IT erenl 

sizes · thi s functionality was r~quired for th~ uel' appara1us, and th~ indications of suc­

Cess wilh lhi' melh(l;l in lhc liter~tlLre ,unnunuing lh~ McGill appar~m, was ,ignilicant. 

Addltion~lly, the ~pp~r.Jll" w~, huilt oul o[ c'omponem, from lhe prototype g~' c~ni'ler 

s y,tel11 mention~d abllw, including the Ill',,-r s~cti(ll1 llf the Clliumn. Thi \ section already 

had ['lelli l Y [or lnserling :l l'b" ~~pillary, ~, rL-qlLlIeu by lhe di IT erenlial pre"lLre meth<lll. 

Finally, this method was also ~.lsily implemenled wilh equipment alrcady in th~ LeT lab. 

Figure 2.--1 ,how, the cquipm~nt related to the 11111intenane~ or (he air poch-t mounted on 

~ hmrd ne:lr the b~,e of lhc collLmn. Be_ides the parls of the apparallL' ,hown in Fi~lLre 

2.3, there ~rc ai sll v~l\'Cs ~H~ch~d to th,- ,y>lem III ~llow th~ ~ir podet to be r~pknishcd , 

,lc'cI in 12:'J. 

9 
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,i m,e uir (-OllliTllL()U,I) leuk, out thwugh the c~pi llat)' duri ng operation. Thc air Jnlet val> e 

opens thc pockel to cornprc"C<! air al u pre"ure ()f ~pproxill1~lely 0_5 kPa. 

"'rHo."o Cop • • ,,' 

"''''",HO,,',om 
R .. mOO-

Figurc 2.4: Photograph 'h'''''ing hourd mounted cani'lCr ami \'uh'e,. 

In 1110,1 (-a,e, "here huhhle, ure relea'ed in 'Ult'actant solu tion. thc differential pre~sure 

melh,xi works~, e~pectcd_ IlowC\"er. this JS not always lhe ~a,e. In tap w~ler, the blJ hhle 

frequency dele, not decay unlfonnly a, air leaks ()ul of the airp<>ekel. flIn reache, a critical 

l~\ cl whe~ buhhle, <:ea,e lo he relea,ed ~I all. de'pile u forward pressure remaining acro,s 

the cupill~t)'. Single bubbles can lhcn k released with a hghltap on the (-oluIl1Tl or frJ.01 e 

Ce'ar (,ome7 h~, aho dcscrlbed some prac(ical diffic-ul(ie, experiellced wiliJ lhe huhhle 

gencratmg apparatu< a( \1cGill, lhough lhe) ha\e Tl()( """n ellllmcratcd in the literatllre. 

,",onelheie", in lap waleI'. ,i Ilgle bll bble, luitablc for lISe in the developnoem of (he aPra­

rulu, <:UTl he gellCwted llsing (he -'(ap" mentioned ablwe v.ilh ()ne of lhe gla" <:upillurie' 

le( alidc for (Ill' project. Their li,e "ei,><:ilie' d() nol e~ceed 40 C!ll.l\ (initially this had 

to he e'lim~led_ th<~lgh it was latcr confirrm'd hy (hc appara(U, ll~ein, alld up<>Il reiea'e 

they arc ,mall enough lhat (hey do Tl()l e,hihi( lurhulenl motioll ~,I they ri,e. th,.>ugh a,1 

they climb higher mid lhe prC"Ufe decrca,e'. their volume increascs and they ""gin to 

OI<:i lIule_ Thu, the t..lbhle\ generatcd wnh lh~ "(ap" meth()d are ()n the upper Ii mil oi' I he 

li7e range of i Illere-t for I hi, re,eurch_ 01 her u\'~i luhle cupi lIariel ,i;,'nerat" bubhlc< I arg,'r 

lhan de"red 

A differeTl( problem IS c\p,'nen~ed when u,ing ,uri'adanl ,olulioll' ill the column. partic­

ularly when the (-"n<:eTltr~lioll i,1 rel~ti\"Cly high. When (he column is tille<l. a relal1>'eiy 

high flow of air thwugh tile' capillary i, ncce"ary lo en,ure lhat waler doe, not flow t>uck 

into the c~pillar}". Thi, implie, a 'trong '>lream of l>llbble, that gradually dies away as 

(he column lc,'ei ri,e,_ The rn.lhhlel g~lher on the ri,;ng surface or the \\a(er/,oIUlion, 

UTld "'me(ime, ~ttach to the lape mea,ure Or Ihe inner wall, ()f (he ~olunlTl. Thi\ effect 

j, not '0 pronounced in lap w~ler ami lower cOllcclltratjon' of \urfactant,. hUl J( i, prela-

-'\\e((in~ ,he in, kle of tho "opJllar)' """ 1O,ertcre wiLil U., Li., huhbk rele"",_ ,m<i ooce ",",or i, ,n Lhe 
~"pillary. il" ditl""ll L" lUI''''' H (KIL LllH>ugh ,""h" ,m"ll ()!"'n[n~_ 

10 



Univ
ers

ity
 of

 C
ap

e Tow
n

lent in hif'h surlactant c()ncenLration:;. to tl .. : POi111 were it "Ill i111~rfere with tracking and 

post -proce~sing. 

Th()llgh llc\c1opmcnt hHS mkCll place wHh the ,1t>OV~ mnllilion~, th~ aClual opermion of 

the ,Ipparatus will reyuire " mollilic~ti()n of the bubble gcnctHting cqulpme111, Due to 

the prot>lcms with hubhle attachment memionell "bove. a method thm does not reYllire " 

~teally Slremn of bllbble:; during set u I' would t>e preferred, Both of the following methods 

meet thm requirement, aoothus could he ~()n,illcrell. 

An Jnlpkme111ation of T,I kenlllra ,md Y~he', metholl woulll reyuire ~ rellesign of the bot­

t()m p"rt of the C()lllmn « 1 put it in pl,lCe, The ahi lity of thei r hllbble generator to gen~rate 

bubble, of lliff~renL si/es renwin, In doubt .1, this wa, not rc<]uired j()r their expcrimel11s, 

Their method r~main:; of intere~tllue to the controllable hllhble relea,e time, but ;;inLe the 

LeT tra~king ~Igmithn' opcrmes fmm a st~nding start, it is not Hn essential function, 

Wll ,mll (,harib's "gentle-pu,h" metlxxl seems to hold morc promise, since it HlIO'''S the 

"olume of the hubhle genNated to he '~ried. Tk bubble would he injected into the 

c()lumn through a g1a:,s capillary, w it is likely lhal no l'olumn modification;; w(mld be 

needed. 

2.3 Personal Computer 

A perMlnal computer (PC I pro"ided the platform for the "pparatus ,oflw"re. ~nd "''', ll""d 

lo ~oJllmlthe electronic hardware, The PC hod an Intel Celeron 1,7 (,liz proces",r and 

two r,mdom aLl'esS memory (RAM) chip,: Gne 512 "Ih. and the other 256 Mt>. 

rhe computer ran \linosoft Wimlows XI' Service pHck 2 HS Hn operating sy:;tcm (which 

resulted in only 632 Mb of the RA\l being ~v"ilable). 

Software included Matl,lt> 7. I, which wa, used primarily lilr ,oft ware development. \1i­

~msoft Visu~1 Ct+ 6,0, u,ed f()r dcwlopment ,md wftware implementation, ~nd" number 

of imaging aPrI ications. 

All development and eventu,11 results proces,ing were performed ()n this pc. Timing re· 

,ults gi\'Cll in later sections Hrc thus :;wlldardi7ed to this PC 

2.4 Fire\-"ire Camera 

All JUUE 1394 (Jiirewire) "m'~ra i~ u,ed to ohl"in "i,u~1 infomlHlion ahoUlthe IX)siti()n 

of the hI,bble in the l'()lumn, TIle camera is mounted on a carriage on ,I tra{:l n~xl to the 

column, alio"ing vertical mobility. The camera', motion" described ill detail ill later 

,edions; thi, secti()ll deHls with thc caJ\ler,I>~ ,oftware ~pe~ifi~ations. 

Figure 2.5 ,h()w:; the camerH HS it is mounted on the n',lCk 

The driver u,ed waS developed at the R()b(){ics In,titute of lamef'ie ~lellon Univer:sit), 

(availahle at CMU\ IEEE l.l94 driver ,ite [http: / /,,'-..,.-.., .. C~ . Clue. elL, / ~ i.,,, n/ 

1 1 
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Figure 2.5: PholOgraph ,howing camera. carriage and track 

1 J S 4 ! I. >ce also 1201 J, The carnera is operated as follows: 

• 640 4~0 pixeL' output image :;ize 

• ~-bil (grayscale) deplh 

• )0 frame, IX'f second (FPS) 

The 6-<-Ox4.'\0 pixd, oulput me is the highest image fe.solution po.s,ible with the canlera 

in u,e. It should be ootGd that the rarnera IS turned Oil its side. so that the 640 pixd a.\l" 

of lhe camera is aligned wilh the rise directi,," of lhe hlLhble The camera" roughly .'\ em 

awa} from the wall of Ih~ column: approxinlately elewn centinleter. oj the rise axis of 

!hG bubble is ,i,ib1c In lhecamera', frame (,ee FiglLre 3.2). 

2.4.1 Image Anjuisition 

rh~ Carnegie Mellon Firewire drJ\'er preSGlllS the image data as a bOl(om-up 640x4~0 

(widthxhGighl) 24-bil RGE ,mage (de'pite the R-hil operalion: the grJ},~ale ,'alue i, 

,imply r~peated three tinlCI in the output) that IS mirrored aboUllhe horizonlal a"is of the 

lInagG, This IS not an ideal format ji,[ the purT,O'>e, of Ire hut>hle lracking appanllus. M' a 

function wa, created to com'erllhe lmage 10 a l",Uee formal. 

The oUlput of !hG conversion fUllctio[l is a 10p-doWll 4ROd'i40 R-bil gray,~ale image 

WHh IlO milToring. A lop-down' imag~ format was us~d as it allowed the images to be 

'l"1'-Jo~ n 'p"'ifi., me origi[] pixel (1).0) 10 "" Lhc L(Jp-Ic[1 "r 'oc image. Whlk Ix.,m" up ,!",cifie, the 
uriglll lu "" lhe lx~L(Jrn·lcn 

12 
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Figure 2,6: PhotOf!mph sho"ing electronics box. 

2.6.1 Motor Control 

'Illc trad.illg cOnlroi VOltdg~ from the O!\Q card i, ,ellt to the im'crtcr ,ja an opermional 

~Illpli lier (op ~mp) <:ireui t for i,olatioll_ Direct ion control, perfonned di):itally by the OAQ 

e,Ir(I.; , pa'~ed through a clrclIit "hlCh opll,ally l'o l;l1e, The frag.l le digital 1/0 port tmm 

the iTlvcrtcr, Thi, circuit ai,,, incorporale, hard" are limit ,witek, (, bible i Tl Fi gllr<' 2. 1 ) 

to ,top the mOlOr', operatIOn shol.lld the can-;age approach [he end of the trad .. 

2.6.2 Optical Couuter 

'Illc dcuronic, box al,o Collldln~ the circuilry for d ",,,nter mcd];tni~1Il that mca.wrc, 

the height of the c"m~ge on the trJCk, A toothed wheel i, J1t~che<llo the 111OIOr', axle 

and tum, through d pair of optic~llimit ",itche, which art' ,0nlij'.lIrcd to incITnlcnt or 

d<'cr<'nl~nt a eount~r depending on the tum direction iJnd henc~ the vertical dlrec1"", of 

the camera}. 

The counter value can he 'een on the di'play in the electronic> box (see Figure 2.6) or 

rcad into the computcr, ia two of the digital IIO pOTh on the OAQ cMd 

The po>itioll~1 re,olution oht"in ~d for the c~mera on the 1r~ck wllh this mechaJH"n lS 

approximately I mm per countcr lIIll!. 

'Illc wllmcr i, used I()r the calibration or Camera pmllion bel()rc mIl, (so that til(; ,mnc 

sWrtll1g point can be u,ed each time). to de1ermine when a 1racking. lUll llee(h 10 be 

,topped doo to the camera approaching the top of the track, 

Initially. the imcmioTl was to calculate the ab", lute bubhlc height from the counter value 

14 
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Chapter 3 

Tracking Control 

3.1 Overview 

In orfler H' ()hr~i n ~ <:<11111 nu,"" pk'l of huhhk vd (><;i ty_ ,~mple' of the t>llhhlc', [X"il i (\n ~, 

it ri,~, arc' rt''Iuij'~d The lrading al~orilhm j, Jc"gncd (n ~,,~ ,u,h "unpk, in tlw form 

"I jlll"t'~' ,,[the bur t>l e. l~h'n ~1.111 H'S. Th" ch~r"er de'<:nhe, Ill" tr~ck i n~ ;J ig(l n lhm 

~nd lh (kwl()J'm~ n1 

The t r,IC'~ lIj ~ wHlml 1001' em be ,i 'l'" 1iL~d ," d h lock didgram of the runn ~i\ c'n in Fi ~url' 

-'. L 

Ao.ust 
C d~e c" 

l eioc :. Inverter, 
Motor & 
Gearbox 

Computer 

Flgllll: 3. J: mock di~gr~m oflr~cking control loop. 

" , 

SO' 

S~C1l0n 3.2 de,crihes lh~ inili"h""lion of I h ~ lr~dmg proces,_ The r"llow; ng two ,ecliom 

<k'crii1t: lOC lWO m~il1 ~'I:>ecl' of 1 he \r~d,jng loop - imJgc proc""jng and motor coni [(\1 

During lm('k lng, i ll\a~6 of t he l>ubbl~ in lh~ Co ilLm n are <lCY '" red" ilh lh~ Fi rewir~ ""111-

er~. Th~,e im;lge, ~re proces'>cd 10 oolain ~rror \allle, (,) for the cOn1rollcr lbeillg the 

\c!11cal d"pbc~l11rnl of lh~ buhhk from the center or och frame. ,hovell ill Fi~ure 3.1). 

Th~ im~~e proces"n~ l ~chmque8 u,cd to ()hl~i n Ih~ error ;lre deSCfll-...:d in SeClion 3.3. 

16 
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Th~ wmroller u,e, the error ,,~llJ':' 10 c~kulatl' ~ ~ontrol "olluge (~? ) whIch >Cb the speed 

of the motor. The modeling of thc motor and othcr hardware and the llcvrlopmellt o[ lhe 

l'Ilnlroller ~re lle,crihell in SedioIl3.4. 

3.2 Initialization 

The C"'llera is first moved to ~ poSltlon ..... her~ the tip of the capill~ry (sec rigur,- 2. IJ is 

just out of sight below the bottom of the trame_ l1lis PI"itioli is cOlisistcntly [oulill using 

th~ countl'r-h~,cd p<"ilion LOntrol mentioned 111 Sectioll 2.0.2. AltemJtiveiy. il c~nlJe sel 

by the operator. 

Computer memory (RA\1) i, ,Ct a,ille for thc caplllre of imagcs dUling Ihe tra~king ron. 

After the tracking run. the im<1ges saved in RAM ~re written to th~ PC's hard llrivc. 

Writing llireetly (0 (he hanl dlivc uuring tracking IS ,l{Jt possible (with the currellt PC ~t 

least) ~s the oper~lioll take, I<~> long ~nll ,1<",., down the fr~ll)e r~(e. 

Once all ,\Ccessary memory arid wriables have bc~n initialized, th~ camera begin, to 

~cyuire im~ges ~ t 30 FPS, ~lIll the algori thm ,em~he, the r,oILom of eal-h im"ge for <1 

bubble USillg Ihe bulJble se~r~h melhod de,cribed ill Ihe following sel'lion. 'nle syslem 

w~its i It this st~t~ until ~ buhbk b delel1ed lle"r the boltom of th,- scrccn. 

As ,oon~, ~ huhhle i, detected, the algorithm hegin, tr~dlllg it. Im~ge, from thi, point 

on ;lre s~ved. Ih~ bubble's fr~me p'"itions are ""alyzell (Sel-tion 3.3) "ml the Ir~cking 

cOlltrol algorithm is s(arted (Section 3.4) . 

3.3 Image Processing for Tracking Algorithm 

A SJlllple imilge from a tr"ckillg mn is ShO ..... ll in Figure 3.2. It shou ld oc not~d that th~ 

tape 1l1e~S\ITe, while visible in all imilges from the tracling run (as is r~quired for post­

proce"illg). i, not actu~lIy u,ed lluring tral-king. 

A II) se~rdl algorithm is used to filld lh~ bublJle in each fram~_ A 21) correlation was nOI 

co",iuered, as il was (00 ~xpellsiw in terms of pr(X~ssing tiITle. It was ~lso unnec~ssary, 

a, only ,eni,-~I infOlmalion is imp'>rjilnt for the c"mer~\ molion. The 10 method pro,ed 

(0 be both fast and robust. 

3.3.1 Row Maxima 

First. limits are s~( b,-twe~n which the bubble is ,-xpected to rClllain during the tracking 

run (shown ill hgure 3.2). Si'lCe the buhble', btl'T~1 di,pla~elJlent seluom eu-ecd, 2 or 3 

COl. the r~gion elldo>cd hy thc limits can be l~pt Sll1~l1_ The maximum brighllte% "Jill" 

from the ,cetion of each row between the limi(s is placeu JJ\to an array. The resulting 64D 
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Fij!ul\: 3.2: Sample moaj!e frum a lrad .. ing run. Limih oclween which the bubble i, 
npe;:led are ,hown_ Contmq in the image ,egmenl conuining the la]X' masur~ ha; h"en 
incr~a,~d forclarily_ 

1 R 
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dement long ~rr~l" ha, peal,., in It according to thl' height> or thl' bubbll" in Ihl' imagl', 

A stmng COtltra'T nctwecn hubble ~rnl bJel8mU'I<1 can l>e achle\'ed l>""auw the limiT' cut 

out mo,[ of tlw nOl<'~ in lhe image. a, wdl a, thl' ,,-'gml'nt, that contain bn~hl ol>jl"ll'. 

wch as lhe tajX' measure . 

3.3.2 Filtering and lhrc~hold 

TIn:: army or I'OW nm,ima is low-pa,' tilT,'rcd WiTh" J110ving avcrage function of a size 

h~,d on the e'lilll~lcJ 'lLc or lhl' buhble. 1\ I..~J'Ild SiLL' of ~ighl pixels ,,,,1' found lO be 

mo,( ,ui(abk for (his apparatus contigumtion. '111., mean and ,tundarJ de,-iation of the 

dement> of th~ tiJtered alTay are tllen calculated. and a thrcsllOld le,-el i, SCI two ,tandard 

Jevi~tion, ~bme the mean value. MOlt peaks ,mallC!' (han (hl' bubble are reduced 10 be 

hdow (he thr,'shoIJ level by til<' moving ~ver~g~. whil~ th~ hubble\ pe~k i, consis[ently 

Jele<:leJ. TIll' filll'-fCd array and thresholcl kvd for the llnage in f1igure 3,2 arl' ,ho\,n in 

Figure 3.3. 

II, 

. - - i";',, ;;;;.! 
-~, .. '" , 

'.f-----"',------'"'------",.-----o,',-----,,, .. ~ "' 

I 

, . 
Fi~ure ],]: Tri\('l..ing lImg~ pnxc"lng. '00"1111:: thl' array "fta tiltl'ring by 1lI0yi"g ayer­
age and thc threshold lev~l. j\, 0 ,tandard de\ iatlons abO\ (' the mc~n 

.l.~ .. ' nilation~ and Erosions 

The hgh(ing silllatl'cl aoo"c and belo\, th<' column causes dual hright spots 10 appeJr on 

lhe top JnJ bollom of the bubble. whl:r~ th~ light il J'dlcc(ed. "hik (he middlc of thl' 

bubblc u,ually rCl11ain:; dark. a:; can oc seen in Figure 3.4, Occ~sionJlly. th ~ binJry ~lT~) 

re,ulling r rom tlw lllre,holJ operation ha, gaps 111 i( in till' micldle of tilt bubble. l'Ven "itil 

the us~ of th<' Ii ltcr described abovc. 

To solve thi, probJenl. th~ binary ~rr~y undergo~, further proce,,,ing illlhe form of ~ two 

dern~1ll dila(ion. follm'l'cl by a two elcllll'nt erosion 1131. ']'hese 'tep' have thc effect of 

linking detected region, th~t Jr~ within four dementI of ea~h other while J'daining thc 

o,'erall size of thl' regions. as shown in rigurc 3,4, 
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I,\a . ~", ',dll TI.e<hoId DoI>t1On 

TIHsI-.oId le'," 

Fi~ure 3.4: Procc"ing for image "'eli,,,, conlaimng bubhlc. ,hown v~rli~ally 

3.3...t I-i nal Dt'tl'ction and Sd~ction 

Once the arr<JY of H'" mJxim" h", undergone the pHICe"ing de"ribed Jbove, tll<: lim,l 

bubble sc,H,h and <cleCtlOn take, place. The bi nary array is ,,<'"rehcd fl'f eOll1lllUOIlS "'et"' 

r~gion" Tbe", r~g]( ,n, arl' cnunwraled and lheir J'lNlioTl' in lh,' ~rra~. locir ,iL~' (lenglh,) 

.md their .;enters ar~ Tloled. 

Por eunlple, in the frame in j;igure 3.5. two bubbles were ,]eteCTed .1> "<et"' regions in 

lbe array of Hm llla,irna. 1'he dEtcd~d regl"''' are draw" OTl lhe left ,ide of tll<: image 

In thi, ca>e. the fir,t (top) region i< 14 pIXelS 111 ,i1.c (lengrh). <lnd the \-ertic;ll pmi1ion of 

the centcr ot thc region (sho" n a< the mark protruding from the legion indieatorl I> at a 

p'>'ilion 119 p,xel, from lhe top "flhe frame. The ,eco"d regroTl i, m"" pixels In len~lh, 

"nd ilS c~nl~r" 'Yl2 pixe l, from the top orthe frame '. 

The list of detected region; is (hen used (0 dc(crmine the error for the controller, Fir,\, 

a prediction for thc expectcd bubble position" gcncra(cd bascd on lh~ bubble framc 

pmilion, from Ill<: lwo prevlOU' iterJtion' of the tracking k)op' 

Y"- Y ~ - ,,-I (3. 1 ) 

wh~", Y,f is the predicted \-<llue for the current frame and 1;,_, are 1he actu"l bubble 

positions us.ed from thc prnious (1'10 fmmes. TIli, equa(ion cffcctiwly givc, a lincar 

e,lim31c for the hubhle', motion - it predich lhat th" bubble will mo\-e by th~ 'ame "mount 

e<Jch fralll e. Thi, estimat~ was found to be a good prediction due to (he relatively smooth 

motion of lhc hubble betwecn frame\. 

Th~ li'l of the dded~d regio~' is tll<:o "'arched, Jod the region (if there i, Ill0re than 

one) with its centerc!osclt to thc prcdielion i, mcd for the controller error. The fol1owm~ 

e<juation is us~d 10 calclLble the error of the bubble', po;ition from (he center of the 

'Creeo: 

B uhhleP,)';itionp ) 
Visiblel.englh,,,m 

Fr:,mellcigh\, 
(3.2) 

'As an ",iJ", it is til< 10we1' 01 [[,., (1"(' nubble' thal "'a, tdng "a,loo "hen lhi' image w,,-' lalen, Th" 
lOp one wa, adually allacilUl l() ''''' ",ait of Ibe im .. ,r chamber of (he mtumn."oo V,".L' thus ","i,,"",)'. fl 
pa,,,,d "ul "I' lhe ""," "flhe "am~"-" a kw framc, t" 'CT. 
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Figure 3,5: Tracklllg image with two bubble detections Contrast ha, ho.oen increa,ed in 
,egmenl con L~ining tape m~a'ure. 

wher~ all of the rci'rr~nce, with a ,ub'cripl p arc gi'~n in pixels. rh,' VisibleuJlii1h,.,. 

rders to what length of thr column IS visibk in the 640 pi.wl FmmeHeif<htl" and remain, 

approximately 110 mm con,i,lentl)' Lhrougholl l Lh~ run. 

The controller wu' developed a5'uming that the error would be gi"cn in millimeters, 50 

Equation 3.2 con'CTlS a top-down pi~el valu~ for th~ center of th~ deketed region into a 

mi II im~kr error mea,ured from lhe ('en Ler of lh~ frame. The error i, po,iti ve if th e bubble 

j, above (he fr~m~'s center, and n~gativ~ iIbelow, If is this error '~lm' th"t is pro"idrd to 

the controller de'nihed in Section 3.4 

There ;Ir~ ;1 numb~r of contingencie, huilt into the ~rror calculation, For in,tunce, oc­

ca,ionally the proce"ing can fail to d~t,'ct the bubble (th~ thre,hold ,aIm' i, not nwt), 

I~aving lhe li'l of ddeded region, empLy. In lh" ca.,e. Lhe predIction ihelf W'lualion 3,1) 

j, used 10 calcul~le (he error .. Anotherproblem that can arise is a missed detection for the 

tmcked hubblc at the ,ame time a, another, spuriou, detection in lh~ ,atne rram~, Thi, 

leads to the wrong target heing tracked, which can completdy compromise the tracking 

run, To counter this. the range of po"iblc r~gion posi tion, " reduced, On I y region, Wilh 

cenlep., wilhin a certain range of the predicli()n are LOn,idered for U'l' to cakulale tile 

error, If ther~ ar~ no region' within this range, the predicted value is used, 15% of the 

,crCen ,u.e (% pixehl wa., f()und t() be an dfed;ve range all()wing a \'CT)' high tracking 

wcce" rule, 
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Figure 3.6; .\l ulliplc imagl'l of a lracking run through lhc Oange. 

3.4 Motor Controller 

Once the error "alue for ~ frame i, ohl~ined~, de,~rih~d al:>ov~, it i, u,~d in ~ ~ontrol 

algorithm to keep the error minimlled and thu> keep the bubble centered in the frame. 

TIle dClign. testing and pcr/"lnnancc of thl' control loop i, described in this ~cction. 

3.-1. 1 (hen-iew 

The a:,pech of the "pp~ratu, re l C\'~nl to the development of ~ mnlroller ~~n be modeled 

as ~ laplacian block diagram in <,(~ndard kcdback configuralion, as Ihown in figure 3.7. 

J <[SitIS) [ >(')- V'-l-"" 1 r- V1S1 

- , 
E'rDl 
Irr.agp )rtroHe' )0001 Me(harlcai ~amera 

,roc""lCg! js"ftwarei Yo!ta,e 5,>;tem poMI"" 

figure 3.7: Laplacian block diagram modeling tracking control. 
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must 

camera. It is 

was 

is 

(g(8) is a 

can (r(s), a constant 

error (e (s ) ...,"',' ..... "UU\.111 

is 

was a 

8' (1 + s· Tm) 

constant. 

a 

moment it was eTA'nnt>" 

uu,,,,,,,,",., were vA,'''I1I1'',U 

were 

most cases, 

a 

[1 ]: 

no more 

a 

of 

to 

a constant amount 

constant to 

IS to convert 

this case, the process was not aULUHJaUOU, and the nr.<,num data had to extracted unlike in 
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~~~--------

TI.,.[o] 

,'onl101 software dc.'igncrl to 'lll ()(~.h <lut the lIloia.-' , operation, and protect;1 from poten­

lia lly damaging lnpllf signa l" UnfOI1UnJlely. the ;",·crler', wf(,,"re lS mac,'c"iblc W1(] 

unavl1ilahle for modeling 

D,'spiIC the minor di'c rcp~n cie,. the m"d~l gi"cn ill Eqllation 3.3 Ch,jfilc tcri zcs the t>e­
hJviour of lhe' Im'charn<'al (OIll]Xlncnts nf til<- "pparJlllS well enough to ullnw fell "n ,,1" 

fcctivc contrn Ikr dc'; gn, 

A, , uch . iJ~ fullowing ~yuJlion was u'cd to d",cribc the ",celmlllcal >}'tc"" 

22{), eO.' , 

", (1 + 0,3,,8] 
(3.4 ) 

where G "oct T", (from Equation J.3)wcrc c,timJtcc! to he 220 mmhJV and (),35 s respec­

tively. ;.Jotc ,h", a deJd lime of (j, I s, clc~rly visible in the plot, in Figur~ :l.K ha, OCCll 

JnclllJcd as well. 

3.4.3 ControUtr De\'elopment 

Tile c()n\roll~r was d~vclopcd over time with an array of soflware racbg~', inc1udlng 

n ''control r~:: t I' : / hi"i"i • j,:) ere" t i cor. s . cerr.) • Matlah SlTnlli ink (11 t '. P : / / , i ' i'ri . 

rn,,- h'riC):::ks. enm) and the 'CAD software pacbge, wrillel1 hy Pwfc,"or Mal'lin Bmae 

of eel" (h'. Lp; / /'ri'ri;". e~."'2 . uct . ,,"C . "2"/ ~cf'. 'ria rei). 

Th~ design of Ihe controller was an increment~1 pro~e" Ihal gradllally impro\'cd the con­

troller until i(s pcrform3nce pmvidcd the best truc~ing pos,ibk Thi s wos (kll1~ using u 

n llTHOCr of techniq llCS including rool. loem de,i g n, ,imlliation und Irial und error, btlt (here 

were 0 nllmrn,r of de,ign criteria tlla! were m"in!.~ined, 

TI1C system needed to be c~r"bl~ of lracking a con,Wnt ,'clocity set[10int - til e risil1g 

bllhhlc, Thus u Type 2 S)'Slelll III wa, prcfcrr~d for yew ,le3d), ,Iule eITor whcn trading 
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~ velocity setpoinL Thi, de,igTl called for two mtegrating., f~clO'" in the denomin~tor of 

the open loop (OIL) "yswm. One lIltegrator <llre"dy e,\isted in the mechaTlical model (sce 

Eyu~tion 3.4). s<, the nlntmller design ,,'ouldneed 10 indude the seconti_ 

A ,tandarJ de,ign for ~ controller that indudel ~n integrating term is the Proponional­

Integral-Derivative (PID) controller. A PID controller COTlSI>L<. of t\\ 0 Leros ami a pole in 

theory. anti two /.eros and t,,·o poles in practice!I!. The form i, given in the following 

eyU~lion: 

i +f· ,,·+r '_1:" ,," \ 
1'·-,·(111_') 

(3.5) 

where P j, the proporlion~1 term. J' i\ the integraltelTTl. f) i, the derivative tern, and'/ 11 

a lime com,tant Ihat ensure, Ihe extra pole is non"dominant 

Csing Lquation ).5 as a controller template in n-'coTltroi. the v"lucs of P. r. D aTld T 

"ere .J<J)u'ted "i lh the ffie"hmlical 'yslem model i Tl feedhack aTld r~mp inpuls of v~rioU\ 

gradient'_ n-'control ~Ilowl the re~I-lime editing of ~ariabJe, ~nd pole/zero IJO,ilion~ on 

the s-plane. ~nd this proved invaluable in the controller design. The iollowing traTlsfer 

fUTlcl,on ,,," found to be the mo,t promising nmtroller: 

o_mll s2 + 0.41)5, + 0_:)7 i 

8" + :!(),25s 
(3.6) 

\Vhile the above function doe, not exactly fit the rrK1ld of the PID formlll~ given in Equa­

lion 3_5. it h~, the integr~ting s t~clor ~lIowing zero C/L velocity error. ~nd it provided 

good trackIng given the mechamcal "y<,tem model. TIle ramp response of the controller 

and mechaTlical model for the ,teepesl ramp ~~pecled me shown in Figure 3.9 

l.I~ , 
" 
" -u 

• , 
-.. , 

0 

to -,- / 
, S. lpo'" 

/ 
, 

R"I'''''' 

"I , .. -, 
.-<- "',,1, 

-
Time 1'1 , , , , , , , . 

" , " , " , " , 

figure ).9' Ramp tespom.e I-or controller and ,ystem me.lel in unit~ fe~dback conligur~­
tion. Jm~ge], from nJcontrol. 

The root locus diagram for thi, sy,lem in elL c'M1f'guralion is ,h,,,, n in Figure 3_10_ 

TIle elL p;ll~, (boxe'J origm~le at the OIL Jl',le., ~nd, dependent on loop g~in. move along 

lhe loci m~pped OUI in the diagram (CfO,SCS) . TIle controller in Equ"tiOfl 3.6 rrsults III a 

loop gaiTl that places th~ CIL pole, of the 'yslem at Ihe position shown iTl Figure 3_10 
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riglH'~ 3.10: ROOIlocll8 diagram for controller "nd mechanic~1 'y'lem in c/!_ rhe right 
di~gr~m i, ~ /<~)m o[ the ldt di~gr.]m, Im~ges arc from n' con(rol, 

An euminalion of lhe elL pole po,,(ion, inJlea( ~<, tha( the performance of the controlkr 

is very clo'e to optimllm. The domin"nt lX)le~ in lhe conflguralion (lhe llOxeS ~t approxi­

mately -j,G ± 2.~.i) have !>cell pulled a~ far fronl the imaginary ~xi, as po»ibk withollt 

" ilowing them to move [<Xl br li'om lhe' rtal axi, or bend back into the positive' hal!' of the 

s-plalle. This cn,ure, that the 8y'tem remains ~s fast ~s p,,,~ihle wilhoul hecoming I(Xl 

o,cillatory. 

In order for lhe' ullllwlkr (0 be impkm"nt~d hy a wmputcr. it nccck-d to be conv~f(cd 

inl0 n di l crete -time rccur,i\'~ diITe're1lce equ"lion. Thi, w", Jon~ lTI M~lbb. u'"1g lhe 

c2d function to tind thc 7_(fan8form of the laplaci.ln tr~ll:,fer fundion of th~ controller_ 

S~llIplc lillie w~,...-:l al :l:L:l:l" III "s (from (he 30 FPS tr ,unc raw of (he Cam~f<' during 

trac king). ~nd the di ,crdi /atio1l rndhod u,~d ","urncd ~ /cro-order holJ on the input. The 

rc,ul[ wa, ~,follo,,,,: 

U,U~ IlI z~ - U 1 ~2z + u on'! 

z' l">L +U ,-'W 

U,USHI _ IJ.I~2z -1 ~ II.U71:k '1 

Uii:: 1 -'- 0_ 009" Z 

(31) 

(3.8) 

The above trall,fcr func(ioll gh'e~ ri~e to the following recursiw di [[ ~rence eq u"lion. ,uit­

~ble [or implem~nl~linu", ~ Jlgit~l control law: 

1J.,j = (1.01\],,, - 1l , 1 ~2e_, + 0.1.1713,_,, + 1.01"_ 1 -O,">O<Ju _" (3.Y) 

Thll' rh e control \'oh~ge [or lhe current iler.]lion (IJ{)) i, calculal~d from a combination of 
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Figll'" 3.1 I: "'aLlab Sllllulink m{)(ld I{)T apparalu,_ 

Th~ di.crd" ,,,r,ion of IOC ~olllrolJcr is shown III lhi, figure. Sillllllalion, w~ri' al,o I"'T­

formed wilh lhe continuous ver,ion or tI,e controller. and anair>ed ~imilar rc, uhs due to 

the high ,ample rat~ (30 per second). The ~~ults pre'ented here arc all fromlhe di,nel~ 

w"ion. a' lhi, one i, a beller approximalion 10 lb.e true nalure of tfle ~ontroller. The Zero­

Order Hold hlod ,imulmes the )lAO card. which holds the mo,t rec,'ntly ><'t vohagc on 

it> OUlPUL The Step lnput simulmes voltage bias mentioned III the ,edion abo",,_ Tfle 

Saruml;on hlock simlliales lfle fad lhal. dllTing tracking_ Ihe DAQ cmd cannOi OUlput a 

higher voltage than 3.5 Y or kss than 0 yJ Thc dead time in the 'yst,'m is modeled by 

the Transporl Delay, anci the remaincier of the mcchanical sy , tem by its laplacian tran,fer 

fmIClion_ The Smpp hlod provided th~ (lIllpul ('hannel from whi('h the data from the 

simulations could he collectcd. 

In lh" abow conligur31ion, lhe outpulS are Ilk. , 'elocilie, of lhe ,elpoint and ri"fXms~ 

(""<Juired hy ,ending the signals through Jerivali\-e hl(x;ks) and lb.e eITOf signal. This wa, 

not alway' the' configuration used, hilt it ,hows how the various signal> de'ired from thc 

simulations could be ocquireJ, In the plots in rigures 3.12 and 3.13, the Signals ,hown 

",iii alwa)'s he mentioned_ 

Hard" arc Simulation 

Thc simulations using the apparatus hardwarc w~re performeci as follows. 

The camera w", placed at a known 'laning point "'ing lhe position control (Seclion 2.6.2), 

and th,'n the timer on the )lAQ card w", starteci, A loop WilS thcn ,wried. iter,ning every 

33 Ill'. II ~olllained lhe following algorithm: 

• Read tim~r 

• C~kul~t" new 'dpmnt PO" lion (in lrack unih) l'rom limer valu~ 

• Read camera po,ition 

• Calculatc errOr. ln mm. ba,ed on dilTeren~e octwcen >elpoillt and camera position 

) ,\ , "<1Imi ""I,"~" (~' less than 0 V ",,,,kt imply the co mer, i, al1"mpllll~ 10 m(We (klw"","rds, "'hkh is 
""'- ka,, 1>k fc.- " rj,jug bubble, 
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Thi, mdl",d allowed the ~"l\lrnlleT t" Ix: tested wllh the apparatus. without needlllg a 

bubble to act as ~ 'etpoim. F~cili\)' was provi,kd in softw~Te to have an initiallll'):ativ" 

error and a hia, voltagt' ll\~ luded, allow, ng n)mpaTi<on be t weell the apparatll~ ,U\d !>btbb 

,imul:ition,. 

"<Ole that this simulation llK'thod ll\cludes the reading of the po,ition from tile eOllllter 

in Tca l- tllllc. 'Ihi, de\icc was f,'ulld lO h~ve prohlem, with ~ceurtl~y ('cc Sed"", 4.LI I 

1I0wewr. ill thi, (:lSo.'. the , imn i~tioll' wcrc on ly :lI1cmpting to giw iln ind'CJtiQIl OfPCT­

fOTTllane~ . ,md the maeLuracit" were 'H~ I~r):~ enollgh to cOTTlp"JIIll'e thaI. 

Fi,!'urc 3.12 "hm\" the simul~tion n~sponses IQ 40 ~nd 20 cm/s setpoinh r~'r=tivcly The 

error rc'ponses ~re "lO"n In the ~r.lph, on top and the ,eiocity re<poll<c' mc ,hown 

I:>eIQw. 

,,,"''' ,,,,, ~ ,,.., , ~ ~ ' '',oont ."" ~ ,,,,,~ .. " , ~ ~ "'''~' 
"I -,. 1''. 

F .:0_.->\, ___ _ 
. : "-'-'-. - --=-.-----=-.. ,-

-,-[~ 

I'-;;;":;-'~ 

•• ~"' ......... to ., ...... ,,,,,ol ,,, ,..1 ..... • '''''n .. '' '"" , .ot .. ~t 

' ~'[" 
. ~.-. ..~ 

Figure}, 12: Simniation rc>pOn>cs to 40 and 20 cm/s >Ctpoilll, 

'Ihet"" different ,inlllbtm, bear a marked re,emblance to each other. p~rti~ularly in lile 

fa,t,'r case. Timing and magnitude of the responsc arc of a ,jmilar ord~r, As prcdicted. 

th~ response in both cas~s i, quick and ~k"e to htlvin~ tl ~rHical damping factor. 

To cn'lIr~ lhatt ile camera would ,ti II be capable of tracki ng ~ s~tpoint with tlw initi a I e,Tor 

nl·gatiw. a, was expected in the practical situation. simulation ;. were p<'rformed under that 

condition Some plots of these call be seen in Figure 3.13. 

:-Jot~ IIlat the response in 20 cm/, C,IS~ is quitc diffcrcnt bctw,'cn thc hardware and soft­

"are simulators. nlis is Ilot entirel~' llnexpected. as there are a'rect, of the mechanical 
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Figur~ ~.u: SimuLnion re'f"""e, to 40 .. nd ~O C1II/, ,dpoinb wilh inilially ncga ll"C 
error:<;. 

,},lem lh:Jl hav~ been negkncd. Thc difference in ""'jXln,e i, 1ll0'1Ii~ely u re,ulr of 

fricti on from the convey'" helll1-..1\ ing agai" , t the tmck, or the control ,on",are or lhe 

i nvener ment ioned above in S ~ctio n '.4.2. K olldh~Ic". the ,~tp01l1t Wet, rohu'll) tracked 

1 n hoth ea"". and i n die~ lcd lh,u the cO IllJlJJ]er would b<: ,;ui\;lhle fo r u~c. 

3.-1.5 Performa nce 

A ()pic'l l profile from actual h-uhhle lrading ru n, j, ,lIow11 \II Figure },14. 

• , , 

Ilubbl. S" .. n Position During Tr ~cking Run 

" 11 

• r::::-::::::::::::";,·;;·i,",::::::::::::::::::: 

., t---::::::::====:::::::: ~ , t--

" 1·+- ........... } ~'w._1 

Figurc 3.14: Plot of VCl1iCCll "reen 1"'lit;on a, a funet;on of time for a bubhle during a 
("Icking !'U11. 

The two diffe re nt r lOh ;lre fro", different run,. one with a fa;;! huhh k (}7 on!, on :Ivcrage. 

l~r "aler). OrlC from a slo"er bll l>b le! 15 em!, 011 "verag". ~llBC ,oJutinn, 30 Pan, P~r 
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" . t----, ,.cc--i-• .L" ... :.,'n.'.·~'"'\ .. '"'""· .. '-"'~ .... ",.-g . ~ " • • . t---'-----~.i-----
I 1 • .. +--,L~~~._" "",,,,_.,_~... •• __ 

f 
. .... --------:----o 0 < 1 < 

T"".[. ] 

"-n).' I 

Figure 4,2: Error plo!' for op!ical coumer for ,-doci!y ,!ep' 

The graph in the figure ,11OW' the inaccuracy of lhe opt icat coumer, Compen,ating for thi, 

apparem time lag was considered. but (his idea was ruled out: while the lag does appeal' to 

ari,e in (he el~ctmnic, hox or lhe driver ror lhe DAQ ~ard, il ~annOl ~a,ily he ~harac,tcriLcd 

0'- guaran(eed to remain con'tanL Even in the pk,(, in Figure -l.2. a ,ubs(amial ji1t~r" 

apparent. especially in (he re'pollse (0 the 44 em/s I(ep. 

Heigilll\leasunmenl UsiuJ!, Tape ;\1~as"r~ 

Due to lhe appme nt ina"': H r~ci~, in (he image pwc'e"iJlg anJ ll.e camUll (ra~l pmi li"n, it 

w,,' deci ded to te:;t a mcthod Wll ieh d i mi oate:; both sources of error. Thi~ method' o\'ot, e~ 

placing a tape mCa,me into lhe ,'olumn in the ,arne planc a, (h~ b ,hble', ri sc a.,is. and 

,-taJ"'g the tape ",~a,urC in ,on wart_ It g"~' an ab,olul~ rdtrenct' for bubhk hc(d,t 

in lhe cotumn. ond theoretiColty al lows the >;lrne ;lccuracy to be obtained a, a humao 

"paator prrfonlllng (ht ana ly,i, (\'oho would t,lima(c lht huhhle hcighl hy rcaJlIlg tht 

tape me"'u'-e. the -arne method empl oy<.~t hy the softwarel_ 

I( was decided W lISC a (ape mcasu[e a' an ab,olll(c ,\'t'cIToce tor a number of rcas.,ns: 

It provides a human-readable rnrmat. Tht hubble", po,ition ,'an lhus tasily b~ lead in 

any frame by a human ,hnuld lhe' T1Ced aris~_ This j , e'p"cially u,dul fordebuggi,,); 

and ~m'r-ch~~king_ 

II i~ not ,u,ccplihlc to aliasing. Each ··reading position'· (cent imeter marb. in thi:; ca:;e) 

on lhe tape measure is uniquely 'flCcihed by a number. O(her ma~hinc-visi"n solu­

lion, nfkn u,,, repdiliv~ pattern, lhat are non-uni<jU~. "uch a, ~heckerboa,-d palt~rn, 

or otlwr alternating·colour patterns, Lsing sllch a pauem could cause pt'oce%ing 

em", due 10 aliasing. Thi, would ,,,,cur if lhe p<"iliona l <:hange hdween fram~' 

(resu lting from the motion of the camera) i, gr,'ater than (he pattern period. 
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Pigur" 4.3. Zoom of huhhl~ in im~g". ,h,,,, ing .'''"r~h r"gion and repccsenlatiolll of (or­
rdation kernel" 

\lole lh~llh" full rang" of k"md ,i/.e, i, only us~d in til<' fiL,t im~ge. In the sub\eguent 

im"ge.'. only kernel siles dose to the best fitt ing size from the previous frame are consid­

ereJ. 

PraClically. the k"md is generaled "' " ",!u"r~ image with" side length equal to the 

diame ll'r of the circll' in lhl' h'rnd. The lJna~l' ;, binary, wilh lh~ circle lighl ~nd the 

hodground dork. 

'Ille clOss-correlation operation It). iJluseclto find (he bubble j, ba,ed on nOrJualizeJ 

c'n,,"-coTTc·]a(ion. a ll'chniq ue which l'n'lIrl'~ f",(h Jala sets haw m~~n' "I' 0 ~nd ~landord 

d,,\'iation, of I hel()r" lh" multipli~~tion and -'UlTImation lake pl"ce. r-,-onnal ized cro." 

correi"tion i, "&ed in the wpe mem;ure processing (Senion --I.-t.-t and Uqua(ion --1, 2). ,0 i( 

"ill no( be di'Cll.S,,-'J in dl't",1 herl', The main poim reb'an( 10 irna~e pn>(;~."ing i., lh"l il 

is indep"ndenl of ~h,mg 'mg in l"nsil:>' \'~ lue, "no" ~n imoge d"" to lhe normali lOI;on, 

In (hi, ,a,,-', however. (he hllbhle u,ually appear, '" all e:l.lr~ hrigh( ,eclion In lhl' re~ion 

hcin~ ,e~r,h~d. The corrdalion e,!lI~(ion fN ~ .,;/" Y X M kernel ,hown helow ~llm ... ' 

that fJct to be exploi(ed; 

I: I: (1;;1· (h~_i.H' - R ) ,. . , 

C~ ", = -~~-"'-Cvc-."--­"h"S , ,u 
H.I ) 

where the I refers to (he inlage region and thl' K rekr' (0 (he h'rnd. -'iotl' tha( the h'rnl'i 

has h"en normaliud (h:>' ,uhtracl ing il, m~on ~nd dividing by i(, swndard de\'iotion). 

while (he image sec(ion of (he image i( ;, compared (0 "not. The final value i, abo 

di"ided hy the ,ize of (h~ k"rne I, which allows a cmnpariwn he l" .,.;n lhe Ii In"" of k"m~ I., 

of different ~ile', 

No(e (h~t thl' fadi", of the bubble i, al,o de(l'lTInned:1' a hyproduCI of (hi, method. Thi , 
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4.4.2 Digit Kernels 

In the rema inder of this sed ion. referenc~~ are mad~ to '"numhe,," and "digits" "Nunl­

her" rdcn< tP a mlLlti-di!;it he'l~.ht mark,'r ,In th~ taP<' mea'urr . Fpr i"stanc~, the tal'" 

meJsur~ >eclion vi8i hl ~ in Figure 3.2 ~onwins the num),.,,, 12 to 22. "lJigit" refer> (0 a 

,ingle numcral within Ill('. number. ofl~n in lh~ contcxt of lhc k~rncl s lhat arC com;lructeJ 

a, de>eri""d her~. This distin<:tiu'n " n()[cd 111 thc !lOTncnclalurc. 

In ord~r to fil1d the numocn; 0 11 the tapc mC:lSUf~ in tho.; framc. corrdation kCJllCl s fc,cm­

hlmg the numhc r:<; had to ~ ('onstructed. 

An examinJtion orFigur~ 3.2 "'ow> ,orne imponant practical ract, ab<.lut the tape meJ­

sure: 

• :-< umbel" arc of a consi,wnl fom (SiLC and shape). 

• Each number. while it varics in width. is nonetheks8 n octly c~nt~rcd on thc linc 

marker for the h,)igh[ 11 refcrs to. 

• )"Iultipk~ of tcn appeal' a, light numhcrs against a dark backgrolUld. oprosit~ to thc 

u8ual. 

The lir:<;[ twO poin[~ ab<.we allow t l-.e kerfk)b for the numher<; [0 ],., construCied out or digit 

t~mplmcs. m<ldc tx,for~ the run and >tored (~l t!J<, PC'> hard drive, Each of the ten digit, 

i~ kept a~ a ,cpamtc file . storcJ ~s a hinary imagc with thc , amc format as thc digit in thc 

frail'" it i~ LO r~pr~~cnL Thi, mcans hlack katul'e again~t a white hackgwund. and rolatcd 

at 90 degree~ . Th ~ t~m~Jte8 c'an then IJt, 8t"cked to f(~l11 tf,., numiler reyuired. Sinc~ the 

temrlate~ havc dillcrcnt widths. thc width of thc numocr kcnld varics to l1latch (hc widlh 

or lile numbn it i ~ d,',il--~lCd to ,e,lrch for. Thi, cJn Ix> ,cen in Figurc 4.5, 

c -

Figure 4.5, DIgit templatc, I,-,r number kcrnds. A numb~r kcmcl is constmClcd from 
,tacking the tcmplat~s. and i8 compan;(\ with a vi~w of the number on the tape meJsure. 

While the numher kernel will n~verexaclly match the imagc ofthc numocr it IS modckd 

Jft~ r. t!J<, match i8 g~ nerall y beller than Jny olher numher in the image 

In the ca<;e or the multiples or l~n (with the oPfX'>itc colour formm). provi,ion is madc to 

n~gat~ 1m, t~ mpfJte in the fUn<:tion that perforrn~ the ('m~<;-co1Telation, 
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(79) 0 

(78) ~S----1 

(77} --!ft-- , 

(76) -ft-- ' 

(75) _"'_ 

(74)- [L_ 5 

('" -If.---- " 
(72).--$-- 7 

, 
(71)-ffi--- 8 

(70)-- 9 

(69) 10 

Figurl' 4.9: :-'egali ve image (blllITed OIle from Fif!ure 4.6) ,howing e<,timatoo number po­
silion' (noS'>hairs). sea",h region, (Ix" e, J. and e,til11ated )Xl,ilion enumeration (nuI11bl'rs 
on right) . Actual number, on th~ l~r<' mea,UCe ~re ,ho">'n on the left 

4.4.4 Numbcr Scclucnccs 

In )XlSI-pr0Cl's:; ing. th~ ~bs.olute bubble height is ,,~kulaled from kllowledgl' of the )Xl,i ­

linn, of the llurn[}e", _i ,ible on lhe l~pe meJ.'ure. The p""'c,,> of finding th~ number" is 

dcscrihed hcre. 

The algorithm requirl" a ,C'l of "known" lIumb"", - number, lhe ~I~()[ithlll ''''lillie, lo be 

vi"ihlc on th~ tal:><: me'lsur~ intne curr~nt fnmoc. Th~ al~orilhm then find,; lh~ po:;i(ion s 

of the ~nown numbers by sl'urchi ng in the rcgiOll:; ~round the l':;limatl'd Pl",tiOll' ,ho", n 

in Figure 4.9. The' ~Igorilhm i, given ~ con,tJll1 ,e[ (thal canl>e ch~nged . if ",,.:n,ary) for 

th~ firs! frarn~ - ,inc~ th~ camera always ,tart, froTll th~ ,anoc positioll nil lh~ track, the 

lalnC Ict of numhcr:s can always be IlIcd initially'. Following that. a n("\v sd Ofnlllllbers 

i, gellerated for ncry haml' ba~ed oil lhl' lOp lIumbl'N vi liblc ill the previou, fr~llIe. 

Thc'c "~nown" :;cts con ,illS of :;ix con s<xlltive number:;. thou~h their kngth can bl' var­

ied (,i.\ \\ia, found to hl' a good number in ll'rrn, of performance). Averaglllg the "litne,," 

for multiple numbers incrca,>cs mbustne,>, hy cn,uring lhat a singk error docs not ('om­

promi>c performance. 

--'TIle- ,-n;me in Fi gure ',c,C,-<-'.-, lly ,t.,w, tile "'ITJ<" m it> mi",,] fl",i1i"", II h", TlOIl" e{ begun to mow 
in troc ,ill» the bubble, due {o >), ' lem dead lime. The initi al set given for th(" fir" image i, th'" th e numbocrs 
16 1021. 
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~r~hitedure ror the ~Ig"nlhm (u,ual ly suh-optirnally)_ If FFnVj,IF-1SUlif. (MFA S) " 

,et, FFI'\V rxe~u(rs <e\'Crai Fl'r" me<lwring (he (line (ul.:cn lor cach to detenmne (he 

hl" t ~Igorithrnic <lrchil<"Clure_ A [unh"r "'-pian"tion can he found in [5J, or~t (ht.t.p· 

A, can h~ '~ll, the f;Sf option prnvide' margin"lly he-tte r re"l lt , in "ach C;lSC_ Th i, is 

likely becau,e Jny ad\,ilIl1Ur-es d Lle to (he M EAS oplion ~re other by (he ovcrhead proces" 

iTlg it ""_Jui re" '" w~1I a, the reiali,'dy ""all FFT , i/(",_ 

The- padding (up to the next highr't power 01 two) ol (he fer-ion was testcd ~, I( w~, 

suspeLl"d lhat an FFT lilal i, ~n C>.ClCl powcr ,,[ two i, ncculed f,,,ler than a 'rn~llcr OJ'" 
wi lh fa~ lo" of higher numhe" in its ,iy,,_ A, can be ,~en in TallIe 4.4. thi, 1~ not the '-",I,e_ 

In (he (e,(, the unpadded fil'Ts perform 1;15(C,{, Thc ,pa(iai domain correlation i, slight ly 

slower. [ollowed by lhe padd~d FFT,. Relalive 10 it, , i/e. lhe spali~1 dom~in correi,uions 

arC" abo more unpr\XIictabl~ w ilh r~gards to proc~,s duration. 

Thc unpadded FfT wr>ion lhlls sccim prderable in teml, ol perlorrnance. and did won.: 

well in pro'-'essing re,ulL, frorn a trac ki ng run wil h a unifonnly li( lape me~,ure, However, 

(his did not hold III' in al l ca,e" ;Illd tM fifT \cf>ion did no( exhibit the same rohu,me,s 

as the spati~1 domain melhod. TIle frame showro in Figure 4. 1 0, lhe n"l from ~ lmcki rog 

rUn . illu ,lmte_,_ 

FigurC" --I_I 0: Image from a (rac ~ i ng run that compromised FI'T perfornuUlce, Secti on of 
mwge millaim ng l"pe mea,ure ha, been e'lua lized for dar; ty_ 

1\0tC" (he change in brighrnes, across the width of the tape meaSure. TIle FFT region 

(expanded by a lemel ,ize) ,e~ITheJ around the numher 20 is highlighted, I( is slightly 

dccentered due to th~ ti l! in the tape mea,ure. bllt note that it stll l contain, (he entire 

number. so edge dTects play no part. 
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Th~ r~gi"n i< nOnlwl i/ed {lnc~, aCnl" lile enLire region. before the FFr correlation" 

penormed. Due 10 this sing le normalization. change, in light illlcn,i ly ~cro" the reglOn 

do h~ve an dfe<::1. and in this case. il comp)llTni,e, the corre lation, 'Ihe brigl1l11air of the 

tape mea,ure rc,ulb in a stm ngcr re,u ll for llle FIT correl~liorl, re,u Iting i n Ih~ c( "reblion 

giving incorreci co-ordi n~ l e, for lile num!>er', center. 

Thi, effe<::1 wa, nmed un ,eveml oCC~,\(m, per fmme "hen pn,ce,sing Ihi, trad"';ng run. 

and resulted in incorred ,equence ' heing dlo,en. compromising the posl-proce<slllg ~I­

gorithm. 

4.5 Bubble Height, Velodt.\-' and Radius Calculations 

'Ji'lO methods we re tested for the bubble height determination, They are de<crib<Jd here, 

followed hy the melhod~ u<~d 10 e~l1mate the huhhle ,elodt) pro fil e ~nd mdiu<. 

j\ 1~lhod I : Lill~ll l" illferellC~ 

The pixel co-ord in ~te< of the bubble and the rvco numhcr~ on the lape meawrc dose,' to 

the bubble (1.0 reduce en-OT< from refr~clion) ~re u-ed 10 calculate the height of the bubble 

in each frame . accordi ng to tile fol101.1'ing equation: 

iYl' - fl·)· i'" I "." I; = ' 
(,Ii) \h) 

iii) 
t " ; 

"here h, i, Ihe ahwlme height of the huhh1c (cm). II, and n J arc the Iium!>ef'; andjon 

t h~ tape me~,ure (cm). !Ii ~nd 1IJ are the} c{)-ordi n al.~, of number'; ~ndj in the frame 

I pixel,) and Yb i, the y co-ordi nate of tile bubble's center in the frame (piXelS j, 

This method i< demon<traled graphically in figure 4 ,1 I. TIle heighl is g"en h, the mti o 

d~"h in ri ~eh, "hich i, Ihe fraction of" centimeter Ih~ 1 lile hu!>ble i, ~h;l\·e 7(, Cm 

Figure -1.1 1: Graphic~1 demOIl,lrati on 01 I-'.quanon -1.,,/. 

NOle that Equ~ ti on../.../ wil l work for ~ny t,,·o num ber- on lbe tape mea'UTe, reg"rdk" 

of Iheir order or P",ilions. pro\·ided thatth,' numbers are ~ept \lith their correct ,. co-
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onJinat.' s. 111i s is Uf;cful, ,incc a reslriction h all6ed t" lhe ('<llelll ~linn: the numher; u,,,d 

10 'ktnl11inc riJc bubblc height 11lU,j h~w a corrc l.111on rc<,ull (sC<' T.1 hlc ..\.3) greater than 

(lA. Number, arC occ;l'ionally cul olT til<.' lOp or hnl t<lJll of the fran",. ,,.- ar~ oh'lructcd 

by" buhhlc stud to thc lJ[lC m"J'lJrc. Thi, can fc,ult in the W!\lng pi~d position for tbe 

center lOf the numhcr, and a lowercll eorrdJtion re'llll. llle re,lnelioTl ~I"ure, Ihal nnly 

,kar nllmbcr.\ on til<" 1,,1'" m"J.lur" arc u<;cd. 

I\Idh",1 2: UllJ t:ndi~tortion 

Tit" ,e<:noo method is :Jctually an dabor"rion of thc allow ll'K'lbod. A ch,Ykrboard pal· 

tcrn was labncatcd. and placed L1I Ihe col mnn (in wal,'r) in f ronl "r Ihc C.lno.:ra. (Chocker­

bnard l'~IINr" are ortell L"ed for ,"llibr'llion in imJ)!" procc,",in)!.) A ""t of ",,,',,Tl ,hOI, 

wcr" l'lh'n (c"Jl11p lc' can be ,,','n in rigurc ..\.I ~ ). .100 lhe>c wcrc Ll sed 1<' c.1libralc 

til<' CamCCa with the M~lltih Ctimera Calibration Toolbox (.ICC 171. als" [L- t ,., . / /'A'_'''' . 
'l i s i Cl ' . ,",'l. : t .. ,",h . .. d " / bc>_ (; w" t .i./ ci\ 1 i ~ d" 'ol Il 

I 

I 

Figure 4 .12: R,ample, of cJlihr~tiOil imJ!!"8. 

The toolbox " <k"gncd 10 cOJllpcn'~I~ for optical di,lortion ari'ing from the I~n' of:1 

~~n"'r~. bm lite ealibr:ltion mctllOd involvc, a gcncral polynomial approximation 10 Ihe 

di,tonion ..... hich cOllld be u>cd 10 compensate for crror, due 10 thc l'<:fr~Clion (Of lighl a, 

11 cxit, the colLlmn. 

The ,C\ of calihr~lion p~rameler, ex tracled fJllm the c~ Ii brJli Oil i mage.\ using the loolbo~ 

Wti.\ inleb'rJled into J function in th,' appal'a1ll:; ~oft\\'.1I'C th.1t performed.1 ray nndi,tortion 
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for gi"cn pixel co-ordinmes. The co-ordinate' for the btlbble-~ cell1er and (OOr.e for (ile 

nllmhers on lbe (~pe mea,"re were unui,tol'lCu u,in)! tbi, fllnLlion hefore (he ~ppli~a(ion 

ot &]Ua(ion 4.4. 

The effe~l ()flhe llndis(or(ion algorithm i, Illinim~l. a, Lan he leen in Figll'" 4.1-' Thi, i, 

duc!O the fllc( (hlll IlK' btlbblc hdgh( i, Ixing l"lIlcul:Md from a referencc tlla( is al~o in,id~ 

(he ~oluIllJL ,'er)' d(),c 1O lbe hu hhle. ,ignifil'aml}; rcd lLcing lJm~eura~y, The linear height 

calculalion gives nearly the .llIm~ accura~y ~J>d (he height calculalion wilh llndisl()rti()n, 

V~locitr 

On~c buhhle heighl informati()n i, oblained from One ()f the two melh",!, mentioned 

above. (lK' trame 10 frame vcloci(y profile for (he bubbk can be es(imat~d by perfonn­

ing ~ di'lTCle ueri vati,'e operation: 

(', -
h, - II; I 

I, 1,_ 1 
(4.5 ) 

where i", i, lbe' velocil}; "timale forthe i'" frame. J./I , i, (he eban)!e in tbe bubble', hci)!b( 

from (he previou, frame. ""I il the ~h~nge in (iIlle fTOm the pre"ioll' frame {lnO of a 

~"COll<l). lind";. h i _ 1. t ; and t;_ 1 are (he ~l"lu~1 huhb Ie IlCights and (imCI for Ihe fr~mC I i 

and, -l . 

Figure 4,13 .lho"'1 l)("ition ~nd vel",:i!)' pror,les from the proLel';ing of ~ punion ()f a 

lracking run (bubbk in wp ,,'mer. s;millirlO lhc ron in Scction 5.2, I inlhe Resuils). The 

line ,how, the posilion , 'aille (II , ) WilbolL( lmJi,tortion, The lIndi,(ortcu position prohlc 

is nO! ,h()wn. a, the dilTeren~e Lan 1101 he ",en in posi(i()n plo!. l! i\ 'lightl)' Illore evi<ien( 

in th~ velocity plolS. The circle, show th~ \'clocily cstimated from the ray undi,(ortion 

Je,cribt'u above. anJ thc JlI,hcl ,how il ,'slimmed withoU! lhc undislonion, 

C . Ie u I.ted Velo<lty P roli I .. 

" 
'" ~."~~t.<A."'P-<""'~'<fl'h·Tt-i! , '" 

~ "' ,,~ . 
~ 100 & , '.' . " ! 
~ " .r :': . ~======= 

10 oj 

,~ ." 
, . . 

,,' " 2 " " ,., 
Tlm.[> ] 

I • '~'" "'" ".. " ...... " 

Fi gure 4.1-" Pmi lion profi Ie f ronl a lracking run. anu velocity proh k, ealculmcJ Wilh anu 
wilholll ra}; lLnJi,lOrlion opcrmion, 
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Figure 4.14: Fir,t Image before and la,t image after nang~ in whidl buhhle" "i,ihle. 
Contra,t and hriglltness have heen adjusted for clarity_ 

In the left frame in Figure 4.14, lhe lop number vi,ihle i, Ill'). Earlier frame,; before the 

Ilange allo\\ a higher nUlllber to Dc ~isibk due lO the angle of vie\\ for the tape mea!;urc. 

Figure 4.15, from a few Ii-ame!; earlier, illustrat~,. 

The numbers 190 to 192 can be seen, Aecorlling to Section 4.4.4. the top numbers visihle 

in a frame are usell as the "known" numbers in the next fnune. JU,1 below the Ilange, lhi, 

method doe' not work, "-~ ~erlain number, visihk In One frame will be ob",urell in tbe 

next fram,,, re,u Itin~\ In i""nrred '~q uen~e ' hei ng chosen. 

To ,olVe' thi' prohJcm. a simple fi-.:. Wa, Hnplcmented: 

I f lh~ top "known" n urn ber i, Ingber lh.lll 18);, or k,wer lhall 20 I (.,ee beklW), the uk nown" 

array i~ cl1anged 'uch that I)(); i, the lOp numher. (The l1umocr 18); Wi" atway, v;,ihte 

until tk huhhtc disappeared 1~9 "as occa,lOnally obsCUfl'd) TIle number position 

nlimation method 'lill worb - lher<' ,m' sufficient numocTh vi,ibk' to en,ure a <'Orr~ct 

frequency >.:ketion. The >':'11lCllCe rcdu<:Tion nlCthorl desCribed m Section 4.4,5 Hlso still 

funclions ("(mectly, filling ,am]c"ly in with the ,Iighl c,l<k modilication for arouml (he 

flange, Slnce the tape me"'ure i, not movell vertically very much, the "flange number," 

(ISS and 201) don-( need to bo.; ,hanged. though (he facility e~jqs intk program shoutd 

II heLOm~ ne<'~"ary. 

Afier lh~ camera has pa,"eLi h-eyoootr", nange. lhe k"own numher <'~n'l be generaleLi 

from the previous frame easily. Again a 'lmple n~ was implemented: 

A, ,00n as lhe hullble" vi,ible ag"in, (]~ "known" array j, Ie! (0 (h" numher, 1% (0 

201 (201 being the top number). These numhel1S are always visible on the tape mea'UTe 

a, lh~ huhllie r~apf"'ar' afler (h~ Jlange. Po,t-procel,ing bdmviour rdum, to (he liormal 

algorithm once the huhble ha' reappeared. 

The method used to dctClminc jf ti,e bubbk has reappeared from behind the flange (and 

whelher the "known" array ,houlll he set"-, abow), is to keep lr,,~k of how many frames 

Ilave been ignored in post-processing due 10 110 bubble being pre'em ('ee above), Occa-
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Figure ..\.15: !m~ge of tap..' nlCa,urc from further he!",,· n~nge, 

,i oflally the btlbb!e dete"tion <:an 1;1il lluring regular t mcking be<;~u,e the threshold isn't 

cros'ed (sec Scction 3.3.2). hut thi, mr~ly happen' for more than OIW Of IWO framcs in a 

row,. Conscquently. if a huhhle i, not dete;;ted for morc thanlwo fr~me,. il i, a"um~d to 

he hehind Ihe n~nge. Again. lhis number Can he ~dju'led if ne,'e"~I)'. 

A more robusl "11~nge de lenion" method. pcrhill" wking into accounl the hubbl~ helghl 

Or the numher, visible on thc tape ml'asurc lx:frJrl.' lhe buhhle di'~ppeared. h~' '" f~r not 

heen ,'onsidercd kcause lhe method des",ihed ~ho"e work, ildequatcly. 

4.7 Output 

Followinf! lh~ completion of lhe p'lSl-pn.Ke,,,ing algorithm on a ,.,t of lnla!!e, fmm ~ 

tracking run. a CSV fi Ie i, gl'ncr;ned ,'ontaining rd~\' ant data from Ihe run. The f ollowin g 

dat~ are in<; ludl,d: 

Frame numher: rhc d:lla is listl'll according 10 the numher of the im<Jgc;t was nll'acted 

frolll. 

Time: Thl' lime. in 'ecom!,. th~t the rr;llne was laken (calculatl'll from ~'''Lm;ng ~ 30 

FrS frame rate). 

Err .. r: \lumeric<Jl value associated with "erLain err"" in pnKe",ing th~ fmllll' (such as 

from mis,ing the buhhle due 10 l1~nge). 
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Appendix A ~on(;jim certain w",h, for hubhle \~I'lClly profile, from th~ apparalll' ut 

McGill unil'crsity, The upp.'rKlix will occasionall, be rc Icrrcd to for compari,nn. 

5.2 Experimental nata 

5.2.1 Tap \Vater 

Figur~ 5.1 ,hows a plot of the estimated "elocity prohk of a bubble rising in tap wa­

ter. AI,o ,hown in the plot j, a l,'Taph or lh~ calclllalell ah,olut~ height of tt.., buhhle. 

from which the " ~Iocity i, e,t imated. The juxtapo,ition of the"",, graphs allows all ol'crnll 

Imprc,sion of the operation olthe algorithm to be gaLn~d 

rip Wlt.r 

" ._---- ,~ 

i' ~ . 
, , 

, . ' • , 
, 
, , , 

TI", . [oj 

f'igur,> 5.1: Vdocit}' profile 01 bubbk ris1I1g 111 tap wat,'r. Plot of position il also shown. 
Tra<;h·d D~cemh~r 12. 21)()t,. 12:.~ I pm. lotul pf(><:~,sing tlm~ was 37:31 [Or 300 inlag~'. 

\jol~ lhe br~ak in bo lh O[ th~ plol, at ~lllUnd the 6, marl. Thi, is ",here the bubhl ~ wa, 

t"mporarily ob'cllTed by the !lange. Th,',e data points would hc rcgi,tcrcd 'h ,'rTor' by 

the p"'t-pn><:~"ing. and ignor~lI in tk \d''''il} e'timatinn, giving ~ clearer profil~ [or 

velOCity. 

'lot" that the position protik appearl rc lmiwly 'mooth. w ho.:rca, tllen: is a mOre sigm f­

icanl ",alter lo the v~locity reallings rhi, i, due to the di'CI~te deriwtiw o))"ration In 

thc wlocHy calculation, which highlights even subtle dlscr\'pal1cies. sucll as errors due to 

pixdlation. in the c~kulatl-d bu hhk p :hi lion hd" e~n rr~m~' Thi' i, U,dlll [Or highlighl 

ing incorr~ct data poillls. as will he , e~n in laler graphs. If ;t i, de'I\'~d. the gell~rn l 'catt~r 

~an be 'nH~)lh~d "ilh liltering oper~tlOn,. 

In this gmp h. di,~rL'Pan~ies can be ,e~n in th~ rom, of ~n mne~~ed ,c~ll~r following th~ 

flange break, Thi, i, dll~ to an en'or re,ultmg trom til.: operation oft.he bubble lIetection 

mcthod in the po,t-proces,ing algorithm. 11 ;, shov,n and explaincd in Section 5,2.2, 

A, ror the actual realling itwll. Ih~ ,uhl le ve locity lI,,<:ay in thi, p\llfil~ i, very limilar 10 

the Olle lor th~" arnl<'r run ill Figur~ A.I aoo PJnicu larly for the profile for bubhles with 

6) 
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d, " I. c, nlm in Figure A . .l 'The plm in hGure 5.1, ai:><lVe. am'e fmm" Imhhle of ,imil~r 

,i/.~. a'> u)l]firm~ll h)' ",ual anal},i, of the ,ma~e,. 

Th;, plot ,hollirl I:><: conlpared wil h rh,l of" Irock ing tUn from a fe" mooth' earl ier. t"keo 

llurin)1 earlicr ,yq~m devc\opmcllt. II i, ,h.,WIl in I'i!,llre 5.2. IPmlT s,ul~ lilllc i, helter . 

• 1> Ihl' run wa' procc"ed wilh 'mailer r",,~.ions lh;iIlthc Ollle'r re slll": ,cc S<'cI;on <1-.4 .5.) 

T.p w.t •• (Eo,li., Run) 

, 

" ~.~:-,:-:,:,,,y";J'~'~""'»-'.,: _~:'2"',;,,:,'-::.::,-

~ '" 1---------------------­
~ ,-

! +---=== . f-

Figure 5.2: E.Ther trod:in!! run. al""ul tal' "alec. True'ked Augu~t 2·1. 2()()6. 11:00 am 
TOIal proce,,,ing tilne w"s 20:3::; for 247 lmage;. 

l\O(C (hJllhcrc is 110 dcc~y c\idl'Jlt illlhe' "eiocily profile. Inleres(ingly. Ihi'> corrc;ponds 

with lOC colocr profile Irom Figure A.I. Thi" cannol b.l Jir~~l l y confinTIell. \ioce le., tem­

pcr;Jture ,cn,or, ~nll control equipmcnt "erc nOI in place. a, nl entioncd. Note howc\-cr. 

tha( (I~ lkc~ying ~nd non-decaying mil s were takcll ill the (Soulocrn Hcmi,phere',) SUJIl­

mer aOO wmter m<lnth, re'J1<'clivdy. which wOllld a Ifec! the temper~lur~ of the wat~r. and 

<:<luld explain II:><: different b~h~vlOuL 

No(c (ill' pair 01" ,puriou<, data poin(, at ~rolLnll 4.5 "illto the rlLn. A ,harp illl'rea,e ill 

veiocilY followell by a ,harp decreasc mllicatcs that a 'inglc ]X'rturbation in (he heighl 

re~ding. j, rc,polI,ibk. FiglLre 5.3 ,bow, (oc relcvant franll' from (Ilis Irac~j[]g mil . 



Univ
ers

ity
 of

 C
ap

e Tow
n

FijHlfC 5.3: En l'lfgcm.'nt of trackinj! imag~ re'ponsi ble for 'p\lri OU8 dma poi nt in gmph in 
Figure 5.2 

[n lhis tmmc, the bubble bein~ lracked (smalkr, klwcr len) p.hS.'S wry close to a bubble 

alla~n.,1I10 the wall of lhe ~olllIlln (larj!CT, llpp"r ri~hl). In th" frarn~ the two are dm,e 

enough lhal pan of lk larger oobhle i, wilhin the ,eardl region for lhe lradelloobhle. 

lhc bright r~gion of tho.: larj!e bubble provid~s a t>ctwr corrdation rcwlt according to the 

rnelholl de,~ribed in S~<lion 4.3.3. Th~ ~~nlcr of lhi, hri~hl reglOn is tIll" taken 10 be 11~ 

center of the ho.lbble fo r thi8 frame, provlding ll-.., spuriou8 data point (and points in lhe 

.docit)' prohle), In the frarn~s before and aftcr this onc, tho.: ,amera and tmck~d l'l\lbble 

are, of cou"e, in different positions, anll the (,(lITec'l buhh[e i, deLe~l ed. 

5,2.2 Di~tiJl ed Water 

11le eslimaled velocity profi [e of a buhh[e rising in up water is shown in Figure 5 A. 

In this case, the h'klcity prohk 1< \'~1J' closc to th~ lhcor~tical prohk for pur.' ",ater in 

Figure 1.1. In thatlhe ,'elo~ity doe, nol de~ay at all O,er the ('our,e of lhe nuL Vihile it 

lIocs not coi\lCid~ with the prohle for di8tilkd watcr in Figure A3, this (:Im ~ e~plained 

by the p~,en~e or contaminant, In the wal~r, and this j, 'p"cihcally Ill~ntioned in 1171, 

the sourc~ of the j!raph. 

/\, C'aIl he ,een, lhi, plot of wlo";ty also ('ontain, an en[arg~lI re~ion of ,caller following 

the flange break (aro\lnd (> 8 intD the nm!. This i, a relatl\'ely common occurren('e in The 

results pn.'S~I11~1I here. Figure 5.5 helps pn)\'illc an cxplanation, 
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Di."II.d W.t.r 

:. I 
.;;' . "". ...... .~"' .".';'.'" .. 

ru • • ['1 

Figurl' 5.4: Vdoclly proilie' 01 huhble ri"ng in Ji'll11eJ ""Uer. Track~J T)"cemher 1~ 
2()O(), I :2:': pm. rotal proc~,sjng time was J..\: 10 for 277 images. 

Figur~ .~5 Zo"meJ ;mag~, or the ",me huhble, 'howing (.'"lcuLl1ed bubble center 
(crosshair,j, 

The Idtmost Image i, a zooml'J image 01 till' buhble lrom (he liT' l framl' oj' (he Ji,tllied 

lI;ttl'r trackin.~ ru n, from ... hich (he gr~ph in Figure ,~ . ..\ ,,~, created, A, C,ln I:>e 'e·~n. the 

huhhl~ i, wdl i l hllninat~J. and the bubble ,earch algori(hm ha, lound Ihl' approxunate 

center of the bubhlc. 

The middl~ anJ ri~h( imag~' ~re "'" enn'~CUll'e image, corre'>lxlIld1ng to the Ii!'>t two 

Jata point' lhat are noticeably more scaltered (marked "ith till' da,he" 1n FijCure 5.4). <1,., 

can be 'ccn. lall'r in run tile bubbl~ rdl~ct, light from alx,,~ anJ klnw in lwo Ji,>linct 

r~g]{>n' Thi, i, due to the column lighting lrom abow and bdo" Both region< ,Ire 

contai ned in (hl' -.carch rejCion for till' hubbk. ," th~y ar~ Ii nk~J hy the Ji blion, m~I1lion~J 

in Section 3.3.3. In tll~ miJJi~ image, th~ ~Igorithm determine' the center of the buhhlc 

10 h~ in th~ upper bright region, but In the follo"lng unage, II i< dl'tl'Ttlllned to bl' Ifl tl1<.' 

lower bright regIOn, 

The Jdenn ineJ cenlcr', ,h itt aero'>' the height of the bubble j, the cau,e 01 the mcrl';t.,ed 

,caner visible' ln the Te"Uit< jCrarh,. F,'r TJloq of the ~'farh, th~ J~le'T1lineJ e~nt~r T~m~in' 

on the ,amC point on the bubhle ror ",,"1 of the run. It I, ,el on the <KlUal center, If the 

bubble i, well illuminated. Oncc the bright region bil'urC;tle" lh,' algOrit hm gl'Jler,tll} ll,e, 

the hrighter of thl' tllO rcgion, a, tIle dl'terlJlin~d e~IlI~T. Bd,,,, the ,c'aller, Ihi, t~ nJ, lo 

he the iowl'r "'l'jon. Ju~ to th~ hghtmg of the column fTOm belo", Abo,~ the ,c.l1tcr. the 

tcmkrxy i, to u,c thl' IIPI:..:r region, due to lightlll); from abow nl~ ,ealtcred reglOIl i, 
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f1igllr~ 5.7: f1irst im~ge from tracking run shown in f1igure 5.6. 

lh~ run TllC irrcglliarilic, inlhe nlIl in Figurc 5.6 wcre includcd 10 ocmon-tra(c (hi, . 

Follo\Vlng [he flange. (h~ u,ual ,c~((er i, visible. but ther~ j:; ~lso ~ wry large pair of 

'PllTlOlI' veiocil,. poinb. Figurc 5.8" a zoom of a frame from lhe run from arollnd lllO S ~ 

point-. 

Figurc 5.8: Zoom of lIn~ge from run shown in Figure 5.6. nearto ,ptlrlOU' wlocny poims. 
Contra't ~nd brig hlne" h~,e b~~n ~nh~n~~d I(lr ~laril y. 

A bubbk atta("h~d to the mpe m~~sure lS obscuring the number n I. This c~u>ed in.:;"rred 

'~~lI~n~e, to be d-...,>ot'n for a numlx'r offramc,. giving n'C (0 thc ,purioul dilla [)(Iin(', 

This is simibr lo lh~ pr(J<:e"ing ~rror shown in Figure 53. e~cepl in lhi, Ca",. (he extra 

bubblG lws ,-"u:;ed a tap" mea'ure proc~"ing error. rath~r th~n a bubble pwce,,-,ing error. 

The 'purious data point i, clearly vi,ibk on the graph. and ean Ix; ca,il,. idcntifkd. ,md if 

ne<:e"ar),. r~mov~d from the p[o( hy a hllman op"ral,,,-. 

Figure 5-') ,how, a plOl for a run in a ,ollilion or Dowlrolh 2.~O al a l'Oncentrd(ion of 30 
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Dowfrolh 2M g J O PP M 

< 
I 
> 

, 

Figurl' 5,9: Vclocill' proJile for Dowlrolh 250 <!!' 30 PPM. d, ~ 1 ,j mm. TrucXl'd ne:~cn l 

her I';. 2()06. I I :2h am 'Jot,,1 pro<:e"i ng time "a~ ~0:16 tor ~ 1 6 jm"ge~. 

On<:" ~gain . the ,imilari tic' l< \ lhe plot obtalned by Sam 1171 arC ,"karl)' vi,iblc (Figure 

A.7. 30 PPM g r~l'h) . Nole that tbere i, no brea~ in the d"la. Thi~ i, bee'lU'e the bubble i, 

IllO"ing , 0 slowl}' that it doc, rIOt rC;l~h the ~ :iI'g~ by the cnd of to.:: ru n, Th" i, tOmmon 

for ' lin, in high , urfa~ l "nl (:oTlCcnlmtiom. I r a lo roger rll" wnc dc'lT~d. 11 "o"ld ,i mply be 

a <'a~e or i n<:re~,i n g Ihe maximum numhc r of rr~me, u",d. ~nd requi.-.ng more c0mpUl~r 

mcmory to be ,et aside'. 

o r in tcrcs( is thc fir..! nOn-£Cro "elocj(}, data point. "hi~h >ccms ahnolTllally high, How. 

evcr, th~r~ is no '~eon d. ~hnmm"lly low vdocity fXlinllhal wou ld m~ke up the pair Ih~, 

accompml ic> a position en'or Investi gmion of the output me ind icated th.H there we re 

no procc, :;ing crrol">. Til i:; high "eloci(y value aCllIa ll}, COffe:,pond:, 10 the cxpcetc:d oc­

h.t" jour for high , urf~n~nl con cenl r~tion,. I ni ti"l ly. lhere i, a higher wloc ity a, lhe bubble 

is rcleJscd. but the nbll ndant sUJi'a~t ant molcwlcs are: mpi d l~ adsonxd onto thc bubble' , 

,urfuce. prcwming i( fro m ~cqu iri n~ ii' maximum po"ibl~ wh.: ity ({ -",ur - ~ee Sedion 

1.4), 

Til e: othe:r ,cemingl y spuriolls da(a poinl of IntcrcSl for in\'c:;tig"lion 1 S the high w locity 

",,,d ingju<;t before 2 ~ inlo lhe run. Figure 5.10 is tm, fr~me con-"<;ponding to lhis fXl inl. 

The cro"hairs in the: imagc ,ilow (hc ~3kll1a(cd posi tions used for Ihc lWO nllmocr:; lIse:d 

(0 determine lh~ fluhbk 's h~i~ht~, A, ~~n he '~~n . Ihe fX"ilion u,ed for the numher 40 i, 

inco rrect. Til i, is cau~ed by a I~rge number ofbllbbles on (he Hl pe mca,urc - they intCIi'crc 

wi lh the uCTur~ey of (he n orl11 ~ l iLed em",-c'orTe Imiol1', 

The re arc two possible melhod, (0 fix thi s, The fiN i:; to il1c rca..c the th re::; hold for lhc 

corrclation resull of 3 nllmbe:r Ihm \( mU,l ,misfy to be u,cd 10 euielLla(c (he buhble', 

I As il ,tOl"'h. a run requ ire, '11<mol), fo< 1.00 imag,,, of t>40x4~O ~) ",.. "()(kJl1~ ,>J ( (" ,"~r 9:2 Jl,Ih "t 
11.11 .\ 1. 
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Figure 5. 10: Track unagc COITe'sponding 10 IpuriOliS data POUll In Figure' 5.9. 

po,ilion (Seclion 4.5). In this cas~. it would r~,ult m the 11umber, 41 and 39 bei11g us~d 

to c"kulate the bubble,> height'. 

The se'Cond solution is 10 ma"" u,e of" bubble r~le~'e m~~hanism that do~, 1101 for~e a 

,tream oj buhhl", to 110" during set up. This probkm was mcntioncd in Se'ction 2.2.1. 

~nd the im.lge in Figure ~.IO demomlrale, the extcnt or this effect. The elimination of 

th~ bubbk< ,tuck to the t"1X' JIle",ur~ and w"lI of the column would be ~ byprodu~t of 

imptementing ,uch a bubble rckase' JIlcchamsm. In the meantime'. lhc algori thm pc'rforrns 

qui Ie \\. ell ~nd rclativdy ~ccurate Iy, despite the noise. 

:'.2...1 ]\[JRC 

Figurc 5.11 ,hoW', a nm In a surfactant >olUlion of MIBC at a conc~lllration of O.IX> PPM. 

Also included i, a plol of the bubble" horl/onlal fmme po,ition lhrolLghoul the ntn, m 

pi'(cls. plOll~d such that higher in th~ gr"ph i, 10 the left i11th~ fr~m~. 

\10,t of the 'purious poinh in thi, profile reMllt from phe'nome'na that havc alrcady bee'n 

covered. The hTSt. minor sc~tter occulTing ~t "round 0.5 s i, due to a bubble ob,curing 

numbe[', u,ed 10 ealculalc blLbbk jx"ition. such as in Figure 5.10. The major ClTOrs in 

toc point, on dtocr ,ide of th~ Ilange "re caused by numbers being obs~ured by bubbles 

'The Lwo nLJm""" clo-,"" Lo 11>< ~"1"'1""", u,o<l 10 ocer""'" lho olrot(, "'[racLiM Lhal eookl il"-'"",,'" 
""i~hl err"". 
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I~IBC (f 0 06 PPM 

w __ OJ , 

" 

hgur" 5 II: Velocity profik Jlld hOJ'iwlltal frame pl"ition for "'IlBC@O.06PP"'Ld, = 

1 ,", mm. T r~eked De~emher 15. 2006. I~: 1 ') pill. Iota I prcX;"SI; ng time wm. 36:52 for 291 
lInJge,. 

or ,n1lLdgel on the col ullln. CJIN ng th~ '" IDng '~qocn(,·, to be ~hosen, In holh ~~,,,s. Ihe 

sy-tem managed to re~over" ilhin one frJm e. 

Ii is [he ,el,x;11y de,ial;oll "I "round 3 w<:olld, illto the nm that h of lnlerC,1 in lhi, eh.rrl 

Al lirlt. the Iponlall~oll' dip in th~ velocity apP<'areJ to be ~n error in lhe pnx;es.lll1g. hut 

1I1\e,ligatioIl of the oUlpullile and vi,b, foot"ge proved thi' W;IS 1I00Ihe ,a,e, A, ,an hc 

'Ct'll fwm III<' horimntal fr~nle I"',itio". fhcr(' ";l rt;;lI[1Cnllrhation of Ihc hllhbk allhal 

rnint III fhe r\ln . 'rh~ huhhk I, knocked 10 th,' left. rllKl o'cillat;""s. v;,ihk as Ihe .IJgg,·d 

l"Ie' inlhc horizontal po"ti"". -tar! ,', a r,·sull. 

Th~ vid~o foolage IIH)w, n(\ .. "ihk oh,tnlcfiol1' (ont;l('[ing: the bLlhble at th;, [~'int The 

~Ju'e '--~\l!ld he ~ 'lK\dc" ch;lng<' ofwlllp<'ratLlrI' in!hc ,<,ILlti.,n in Ihe <'OIUll"'. or lhe "Ie 

ot the huhblc_ lIl~rcallng ~I Ihe huhhle rilel C11]O th" pre";urc d~cre;l'~,. r~acllC' ~ ,'ritical 

Incl wher" (""ill~tmy huhhlc "'"tion c<ln "'t in, /\ combinatIon or [ht"C I"" is al,,' ""I) 

i11;~ly. 

Th,· 1l1l1"'rlanllXllnt for fhll dis'~rT;l1ion. i, thJl lh<' tx-h<l"i"uJ' "a, pic'ktd "1' dc,'rl) cmd 

c~\lly In Ih" prlKC''Ing, 1'11,' "lddt'n. subtlt ~hanF III \elc-I<:lty 1\ a pon of the bubhk 

beh,1I'iou]' thai Ihi, "l'par~IU\ '''-'-, de\ifll"d for. and the form;l1l)f thc d;Ha OlltpUI ,1110"" 

plo[<, of ,l!tf<'~lll '''peel, of lh" run ('>U~h al yelocity ~Ild horilllntal frame po,ition. in lhi, 

CJI") io be ,hown "nd cOl'r~laled. 

Th~ hnal te,t run p~,eJlled h<,~. performed ",ilh J bubble ri';ng in ;1 ,olutioll of MLBC m 

30 PI'\1. i, ,hOWll ill Fi gllre 5.12. 
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Figllr~.~ 12: Vdoeit} rlllfil~, Wilh lrend line. for :>'11BC @ 30 PP:>'1, dc' = 1.5 mm. 
Tracked December 15, 2006, J 2AO pm, Total processing time was 3~:39 for 299 images. 

rh~r~ are no proc~,sing ~rrors vi,ible in tnc graph (despit~ the pr~'>Cnce of a large number 

of hubble' ,(uck (0 the tape mtasure). (he scancr is rela(ively \I~ll contained. and the gr~rh 

conform~ to lhe ~xpeded I:>ehaviollr for rubble, ri,ing in high '"rfocl~nll'onLentration' 

A tr~nd line is added to sho\l the effect ofa smoothing k~mcl applied to the data, 

Tl., initi~lly high "eioei ty Mea}, rapidly (oward, the (ermina I ,'e locity - lhi' i, mort dem 

than in the case of the high concentrat ion Dowfrulh 250 run {Figure 5,9 j, 

5.3 Error of Parallax 

The caicut;ltion.' perfomleJ hy the algorithm to oN~in lh~ r~.,"lt, m~~~ th~ ",.,"mplion 

that th" (ape mcasure number,; and th~ {~nt.'1' ofth.' bubble ar.' coplanar (they Ii.' the ,am.' 

d"lanct from the \lall of the column f"cing the camera), Til<: 2D imagts generattd in 

tracking do not ,how Int('rat \lllbble motion towa,-d, and ;I\'''-~)' from lh~ l'am~ra. 

E"amination of (he graph ill Figurt ), II shows that thert lS a significan( amoulll of hori­

u)ntal hlLhhl~ molion, e\'en before lhe o><;itiutions hegin. Ill'an be ~"lLmed that" "mil"r 

motion pan.'rn ,,"ould be .'vident perpendicular to the camera. 

If lhe huhhle and the tapt me~,urc ~rt not In tilt same plant, tnUr of paralla" Can come 

into dfect. Th is sect; on contains an investigation of the uncertainties :1S",,-,i~l~d wi th error 

of p~rallax. aoo it, effcct on tilt rnults. 

The co lUinn was filled with wat~r, and two rul~r' \lere sel up in from of ~nd behind the 

collimn. relative to (Ilt camera, hgurt 5,13 is an imag~ from the camera showing the 

rulers, and Figur~ 5, I" is an illu,tration of the ,ide view g~omCiry, 

Tht lmc~ on the image show th~ places wh~re readings wer~ tak~n from the two rulen;. 

The 'lighl ,loping ,,i,lI:01e in ",me of lhe markings on (he fron( ruler i, due (0 it, beveled 
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Figure 5.13: Image fmm ~a",,,ra ,hO"Hlg [,," ruIen; mlll li"e, u,etl for raj' tl:lla pOllllS. 
The front ruler is on (he right. and slightly out of focus. though the numbers arc stili 
vi'lble. The rear ruler. hehind Ihecolumn i,. vhihle on the left. 
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ctlge, R~atlLng, wcrr takcn from the leftt))("t edge. for CQn,i'lellCY. 'md a, Ih"l ed;:e was 

close,t to the pen.p~~ or the COllLITlIl 

Emlr or p"r"I1"". in lhi, rasc. atrccts the bubble's hdght reatling .• ',sociated witll th~ 

\' CO-Qrdinal~' of Ih~ hlLbbl~ alld Jllllnl.l~,,·l. 11lU " lhl' honl.OnLal (x) cOlilponenLs of lhe 

~o-nrtlinate, will h~ nc~lcord for This '1Il"ly,.i,_ allQwing Ih~ Iwo rilier r~adin;:, III Fi;:ure 

5, I:> 10 be repr~,ented ", ray' Hllh~ profile image ,ho"n in riglLr~ 5, 14. 

Column 

Rays 

, 
IJi 

u 

• 

L 20 mm 

L-1C<] """ ---.JiL,i'L_
C1 

-

80 "-<11 

FiglL'" 5.14: Ra}s through the ce>lumn het"e~nThe two rul~". 

The profile shm\', various path' throu~h thc column that my, call take. al"XiatiIlg a mea­

,urement <)lIthe rear ruler" Llh one on the from rul~r. Ther~ \\"uld oc a ,light refraction a, 

lh~ ray" pass lhrolLgh tllC ].>Crspex w'llb. hut thi, h,IS been lle;:lected a, the pers[lC" ITl"kes 

up only" ,mall pan or lhe IOl,,1 di>fanc~, 

For a ~ivcn fa} cntcring tile Cllnera. irthe 1)I)[;/onl,11 pmitlOIl or the largel (hubbk) has 

all ull(:en"jnty (,hO\\'Il "s i1" in FiglLr~ 5,(4). thl'fC will be ,I correlpondiIlg \"erlic,lllLIlcer­

willty in the re,ldin;: (,hown '" 1J-y)' Th~ vL'TtinlllLnCCr1aimy is ,kp~ndcnt on (he g"ldient 

of lh~ m}. and 11CllCl'. (h~ ".;recn positioll of the bubble. 

The r:ly gr"dieIll as a rlLndion of scr~en po,i(ion was dl'(ennin~d a, foliowl: A set or 

gradiell( value, '''as determ ined u 'ing th~ "'adi n;:, frOIil lhe 1 ",0 rukrs from figllfC 5, 1 3. 

lli](l the I:.Il"wlctl~e (hat !lIC colllllln wid(h W,IS 176 m]11. A line~r ~ppm~illlalion lO lhi' 

data set wa, generated by lea'II<JlLar~'. Fjgur~ 5 15 show, (he data pointl (crosses), and 

lhe fil(~d ClLrVe (linc), 

ill., x l'o-urJinalc wilt unl)' "tle("1 th~ h~ighf reading in tile ca,c ,>1' op'ical di"mli .. , ill 'lx: irn"~e, [row 
tile c,mcr, ,,.. "'!'''',-,Li,", ill fhe l'Oiullrn. ll., purpo,., oj' ,he my und"tort algonthm (s"ctinll +.'i) wa' ,,, 

conlJ"'ll""~ tilr thi" It ,""",cd 'hal'hc c[fc"' '>'fa, rmlllrnai 
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R.,. Grodl.n! as 0 FU01ctioo or Ser .. n Po.ltion 
• 

[ 

.. 

,. 

figllre 5.15: Mcawrcd gradient vJJu~, ~lId hncar (lea,t >quare,) ~pproxHn"(ioll to da(~ 

set 

A, can be ,",en. the appro>,im~lio" !iI, l~ dal~ well. Thi, graph L~n l~n he ,,, .. d 10 

"'timak ~ wrticailLn"ertainly fmIll Iil<' -.creell [X,,;!;On and a given horiwntai uncen~il11y 

according to the follow; ng equation,: 

(5.2) 

(5.3 ) 

rigllfC 5.16 ,how, the magnilw:Jc of u" for variom. valu~, of U~. using ll,,' vertical frame 

POSilioll of Ill.' OObbk from tht' tap water trading rUll. ,hown in Figure 5.1. 

H.ighl Unc ortoinly in T.p W,t.r Ru n 

-.. .. 
' '''.['] ... 

f' igure 5.16: Ileight unc~nainty in lap v,atcr run. for \'ariou, a"uIlleu vallie' for U ,( . 

Thu, if the bubble j, 1 em d",er 10 or further rmmlhe "i.mera lhan the plane contailling 

lho> lap" mea,ure. tho, resu l1 S in a maXlmum ul1ccnainty of roughly 0.25 em in (he po,i ­

liol1 readil1g. If (he bllbble dC'la(es..l g,re..llCr distance from (hi' tape measure rbn~. lhe 
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ma>.i1111un posiliClnal uncen~i]11y increa\e' . H()v,cvl'r. nnCe the bubble i~ centered, error 

of para Ib, disappear" ;1, uocs the lIn~ertai nty ~"oci 'lied with I r. 

The etrcct of errorofparHllJx on lhe vd()<:ily rcadlJl[!.s i:; IllLlre compln, as It i, cil(JIIg<'< 

in the error of Ihe hl'II:~ht reading lhal affe,! velodty. A ~on!inuou, jx"ition awr v,ould 

nLll afk,t Ihe velocity reading. An impr~'<;iCln ()tthe vc1txity urICenain1y ('1m be ,)btained 

by e,limaling the horiwIilal motion of lhe bubble (t,mard, alld J""'Y [rom the camera) 

between frJme,. 

The bubblc's lateral tllClTion in the fran", (p"'pcndicular l<l the camera) i, :l>stHned 1LI t>e 

,im i lar 10, and give an ilKI icalion of. the l)(] bble" m(\tion 10v, ard, and ~v, ay tWill the cam 

era, Th~refore. lhe flubhk cemer' ~ -' co-ordinare value, ar~ l'(Hl\'erleu 10 a me~'UreJHeIlI 

in ,-emimeters, 'md then the mean dra"!i(' ill frame PCl:;;liClIl is used to plot ,'elocity uncer­

lainty. The plol, ()f vel()city and ooriwnlal frame [X"ition ~g~in'llillle for 1!J., lap water 

nm are \hClwn in Figur~ S.17. Horizonlal fram~ position ha, been conv~rteu from pixels 

l() ceIilimders (lI,ing Ille tape me~,ur~ ~, an e,liTTlale, 50 pixels/cm), 'CI the horirontal 

fT~Ill~ jXJSili()n lS given a:; a eli'lance from th<e l'enler ()fihe 'lT~en, Ollce again, lIpward, 

in 1he gr"ph repres~nt~ leftward, m the sneen, 

, 
r"". [I] 

" . " 

, 

"' 
"' 
H 

FiguIT S, 17: VcI'K'iry and hori mn/;ll fr'llne [X"ition ltap w~tel !lm), 

From the horizoil1,,1 f';1me lwsi1io)l dJl~ in FigilIT 5,17. rhe average ,h;1nge in frame po­

,itlon wa, delenlllneu 10 l~ 36.23 x lU ' ('In. " ,ilh a 'I,muard devlati()n of JH.90 v 10 ", 

The maximum jUlllp in frame position wa:; fmll1d !O he tL Hi ~m. yuile T",ar the end Clf tfIC 

nm. where o~cillation' t>eg'lTl to get lar~e, 

\rOle thaI ihl' ,landard deviation i, larger !h'lTllhe m~~n v~lu~, indIcating a bmad 'catler 

in!he data sel, Thj~ i, evidenl in Ihe plOlClfhorizontal frame POSili(HL as the hubble has 

minimal lateral motiCln in Ihe beginning of th<e run, hUI Ihis innea'e' once osci]btion, 

begin. 

A"uming !hal !be horizonlal moti()n loward:; and away from the "Imer~ would he ,imilar 

to the plot in Figure 5.17, ils mean and maximum v~lue, can he used!O e:;timale the 

velocity unLerl~jnty due 10 emJr oI parallax. These plot' ~an be ~een in Pigure 5, I H. 
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V"O<~y Un«rt,inty from I~ .. n ond I~ .. imum 
Chon g. in Ii<> ri,ont.1 Po.i1lcn 

I'i gun: 5.1~: Vclouty ulKcrtainty. a"uming ~hangc in horiLonlal bubble po,i lion ll<'l w~~n 
frmnEs ~qui~aIEnt 10 meal1 amim ~x 1 nlum ,'.' h,,,,, for lateral motiol1 (perpendicular to cam 
cra) ill t~p wdtcr TUn. 

A, can be ,e,'n. the ut)('crtaintie~ from ~rrOr o[ parallax are wr)' ,mall III compariSoJlI" 

toc VC10Cllic, tl,,)t the bubOl", d<'hi~v,'. TIl<' p"ak ,alue for lhE mcan '; one hllildredth of a 

em!,. al1d the tll<lXlnlUm plot peab aT only four lim~, that. :-Jow alw that. ,inc~ the hubhle 

i nitiall y doc, nO! m<-"·e In och latcrally. Ill<' unccnaiJlt y valoc near lhe be)!innm)! " h kely 10 

he low - the ",ean va I lie ~i\'", a b.ell"r ",(imate. f'urthr.r lil1(l the rUIl. once thc mci Iiali om 

hegil1. the maximum valuc givc, lhe he!1~r unc~rtaimy e't;m"l~. blll ,incc Tlw bubble is 

centered in lhe frarnc by this timc. error 01 parallax rades d",ay inlO in"gnilj<:ancc. a, doc<; 

(he ulIccrtainty a,social.:.:i ",,(h it. 

IL ,hould be noled lhat lhe s(Jtj,(ical d~ta u;ed ill thi, al1alysi, is from ~ ,inglc mn. f'Or 

" full er1\11' of paralla.>. llll<:CJlainty anal pi,. much more data would n~cd 10 he collECl~d 

and proce,scd. NOll<,llwlcss. the ,h<lr1en~d unaly,is pr"'~nl~d herE indicatE.' thal ~lTor 

o[ parallax in Ihe re.Kling; does 110t hu\-" ~ ,igl1iticant influcllce Oil (he vcloci(y reading, 

(lb(~incd by thi, apparatus. UIICer1ailHi~.' and ooi.'" [rom olher SOUl1:e, ploy a mu<:h mor" 

,ignilj<:anl role in the vEiocily profil~s. 
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