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An Investigation Into the Dynamic Implementation of a 16-electrode FDM 

Electrical Impedance Tomography System 

Abstract 

by 

Gareth Goldswain 

Submitted to the Department of Electrical Engineering 
on 22 July, 2005, in partial fulfillment of the 

requirements for the degree of 
Master of Science 

This thesis documents one phase of an ongoing project - a project which was initiated in 1999, 
and whose research goal is to investigate, and provide insight into, the possibility of using 
impedance tomography to measure the mass flow rate of an air-gravel-seawater mixture. The 
ultimate goal of the research is to develop an instrument which can be placed in-line with an 
industrial scale airlift, and used to monitor its flow characteristics. 

Since the project's conception, a number of researchers have been involved with various 
stages of its development; the research of G. Teague produced the most noteworthy results and 
since their publication (in his Ph.D. thesis), the drive of the project has been to pursue his 
recommendations. 

Teague implemented a dual-plane, 16-electrode, Frequency Division Multiplexed (FDM) 
Electrical Impedance Tomography measurement system using square-wave excitation, as well 
as Neural Network (NN) based image reconstruction algorithms. Research succeeding Teague's 
investigated the use of sine-wave excitation on an singl&plane, 8-electrode system, and using 
the reconstruction software developed previously, demonstrated superior outcomes. 

This thesis is specifically involved with the upgrading of the abovementioned 8-electrode 
system, to a 16-electrode system capable of measuring real flows. Only static environments 
had been investigated prior to this research thus, the project's dynamic implementation issues 
needed to be addressed - a crucial step in the system's industrialisation. 

Besides the design and fabrication of a new, open-ended, 16-electrode electrode ring, hard­
ware issues which needed to be addreBBed included: the development of a new data acquisition 
system and the upgrading of measurement hardware. There exists (now) measurement hard­
ware capable of capturing EIT data from a 16-electrode rig using sine-wave excitation. 

The electrode ring contains three sets of electrodes - one plane of 'line' electrodes and two 
planes of guard electrodes (positioned on either side of the line electrodes). This variety of 
electrodes was realised to enable an investigation into the effects of electrode shape and con­
figuration on NN based reconstruction algorithms. The reason for investigating the use of line 
electrodes is that previous research had shown significantly improved results in 2-dimensional 
Finite Element Method (FEM) simulations of periphery voltages in EIT. 

Regarding the system's reconstruction software and signal processing: a new reconstruction 
method has been proposed and is investigated. Kernel llidge Regression (KRR) is an 'intel­
ligent' generalisation technique which has been demonstrated to outperform classical NN type 
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approaches in similar problems. The experiments of this research benchmark its performance 
against the best performing Multi-Layer Perceptron (MLP) NN found in Teague's research. 

Static training data was attained in much the same way as in forerunning phases of the 
research. Three data sets were captured; measurements obtained using line electrodes, point 
electrodes (realised using one plane of guards) and line + guard electrodes were recorded, 
normalised and split into training and test data. On all datasets KRR outperformed MLP NNs 
in predicting volume fractions of a static 2-phase mixture. Data captured using line electrodes 
displayed improved results to data captured using point electrodes, when using MLPs to predict 
volume fractions. The results of KRR were unchanged. The use of guard electrodes in 
conjunction with line electrodes showed a further improvement in MLP and KRR generalisation 
ability. 

Dynamic experiments were performed using two techniques: firstly, a laboratory scale airlift 
was used to emulate flow regimes similar to that expected in the final application. Results 
of testing MLPs and KRR, trained using the static data of previous experiments, on real 
data acquired from the airlift were poor. Thus, simulated boundary measurements with added 
Gaussian noise were used as training data, the results of which demonstrated a strong correlation 
between mean predicted volume fractions and average recorded flow rate. 

The second dynamic experiment involved obtaining real flow data, captured from a high 
velocity pumping loop, together with reconstructed conductivity 'images' of each data frame. 
The data was supplied, and reconstructed by, Dr. A. Wilkinson's world-class research group 
at the University of Cape Town. The volume fractions of each frame were used as target 
values in database population and were estimated by finding what percentage of pixels in 
the image fell below a certain conductivity threshold. These target values, together with 
the raw voltage measurements used to reconstruct each frame's image, were used as training 
and testing instances. Testing KRR and MLPs on the abovementioned data produced good 
results. Specifically, KRR's mean absolute prediction error was less than 1 % of the vessel's 
cross-sectional area. 

The findings of the research lead to the following conclusions and recommendations: 
1. KRR consistently outperforms MLPs in EIT reconstruction. 
2. Data collected using line electrodes, especially used concurrently with guard electrodes, 

is superior when using KRR or MLPs to predict volume fractions of 2-phase mixtures. 
3. Boundary measurements simulated using the Finite Element Method (with added 

Gaussian noise), produce a more representative training database than the empirical training 
methods used previously. 

4. KRR, using simulated training data, performs well in predicting volume fractions of a 
rising-air-bubbles flow. 

5. Kernel Ridge Regression, when trained using conventional images of a flow, can be used 
to predict volume fractions of similar flows directly. 

6. Simulated measurements should become the method of choice for training database 
population for the prediction of real flows. 

7. The real-time implementation issues of kernel methods should be investigated. 
8. The system should be tested on high velocity flows. 
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Chapter 1 

Introduction 

This thesis documents one phase of an ongoing project - a project which was initiated in 1999, 

and whose research goal is to investigate, and provide insight into, the possibility of using 

impedance tomography to measure the mass flow rate of an air-gravel-seawater mixture. The 

ultimate goal of the research is to develop an instrument whlch can be placed in-line with an 

industrial scale airlift, and used to monitor its fl.ow characteristics. The airlift in question 

simply uses the vacuum created by rising air, injected near the mouth of a pipe, to suck gravel 

and alluvial deposits off the seabed and onto the shore. Such deposits are rich in precious 

material, and until recently have remained an untapped resource - hldden by the ocean from 

the eyes of man. It should thus be obvious why the ability to accurately monitor such a process 

is invaluable, and hence why thls project exists. 

"The project" 1 has been through many stages of development since its conception and has 

been the subject of one undergraduate, two M.Sc. level and one Ph.D. theses [1, 2, 3, 4] before 

the present one. The most broad piece of documentation on thls project is the Ph.D. thesis 

of Gavin Teague [4]. In fact Teague's thesis [4] should be considered as a pre-requisite to thls 

thesis, as it covers almost all the background material relevant to topics covered in thls text. 

1 "The project", throughout this thesis, refers to reasearch done, specifically towards the goal of monitoring a 
air-gravel-seawater mixture in an industrial airlift. 
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1.1 Tomography 

"Tomography can be described as the measurement of some characteristic [of a medium] by 

examining it in cross-section" [5, 6]. The goal of any tomographic system is to, non-intrusively, 

gain certain information about the interior of some vessel (e.g. hu,man body, pipeline, etc.). 

Generally speaking, how this information is obtained is by exposing the body being examined 

to some sort of induced energy field, and simultaneously measuring how this field is affected 

by the specimen. This is done commonly these days using x-rays in CAT ( computer aided 

tomography) scans, and electrical currents in Electrical Impedance Tomography (EIT). 

The information gathering methods of EIT use a number of electrodes - placed around the 

periphery of the body in question - to apply known currents or voltage fields to certain positions 

on the body's boundary. The resulting field, as determined by the internal characteristics of 

the body, is measured on the remaining electrodes. The impedance of the body is what acts on 

the injected currents or applied voltage field and hence, the kind of information gained about 

the body is related to its interior impedance distribution. The subject of how we use the 

collected data to 'reconstruct' the interior impedance distribution of the body being examined, 

is where most of the complexities of the field lie. 

1. 2 Impedance tomography at UCT 

Two groups currently research electrical tomography at the University of Cape Town (UCT). 

The goals and project directions of the two groups are quite different, and hence the approach 

adopted by each group differs somewhat. The first of these groups (in no particular order), 

headed by Dr. A Wilkinson, concentrates on achieving accurate, real-time imaging - this seems 

to be the main focus in the electrical tomography community at present. The other research 

group, headed by Professor J. Tapson and of which the author is a member, is focused on 

obtaining underlying information about the area under investigation without first creating an 

image. 

The above may seem unavailing, but it is important to understand the differences between 

the aims and methodologies of this project, and those of conventional EIT techniques - of which 

Dr. A Wilkinson's group is a world-class example. For this reason a brief summary of each 
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research group's direction and methods appears in table 1.1. 

Dr. A Wilkinson's Research Prof. J. Thpson's Research 

data used in reconstruction resistance data resistance and capacitance data 

type of reconstruction image underlying data. (e.g. volume fraction) 

method of reconstruction ma.thematics of inverse problems neural networks 

present focus of research real-time imaging real-time mass flow measurement 

Table 1.1: A table highlighting the differences between the 2 impedance tomography research 

groups at UCT. 

1. 3 Background to the research 

Since Teague's results were published in [5), the drive of the project has been to improve and 

extend certain aspects of his system, so that a functional tomography system may soon be 

realised in industry. As an example, Giannopoulos improved on Teague's results by using 

sine-wave excitation instead of the square-wave excitation used previously. 

The state of development of the EIT system, when initially handed to the author, was the 

result of Gia.nnopoulos' research [3] into improving Teague's data collection system. Hardware 

capable of capturing bimodal2 data from an 8-electrode electrode ring, as well as the recon­

struction software developed by Teague constituted the EIT system as received by the author. 

The intent was that the hardware should be extended to drive a 16-electrode system ( as was 

the case with Teague's system). 

Furthermore, owing to the fact that both Teague and the researchers who followed him had 

only investigated static (or near static) situations, the logical next step towards the project's 

ultimate goal would be an investigation into the dynamic implementation of the existing system. 

A research partnership with the Flow Process Research Centre at the Cape Peninsula University 

of Technology (CPUT), made available the use of their pumping laboratory. This provided 

the author's research group with the ability to test a dynamic EIT system, once developed, on 

high velocity flows similar to those expected in the final application airlift. 

2Two modes of data i.e. resistance and capacitance data. 
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1.4 Aims and objectives 

As indicated in the previous section, this thesis is involved with the dynamic implementation of 

a 16-electrode EIT system - a crucial step in the project's industrialisation. More specifically, 

the aims of the author's research are: 

1. Undertake the design and construction of a 16-electrode electrode ring, capable of being 

fitted in-line of a high velocity pumping loop3• 

2. Upgrade the current hardware from an 8- to 16-electrode system. This involves the 

addition of four more signal sources, and four more 8-channel demodulators. 

3. Identify and perform any additional hardware modifications neceBBary in implementing a 

dynamic rig. 

4. Contrive and test a new method of training neural networks focused on volume fraction4 

prediction, as opposed to image prediction. 

5. Devise some method of training neural networks on dynamic data as opposed to the static 

training data used previously. This involves some method of absolutely determining the 

flow characteristics (target values) inside the pipe. 

6. H possible, create a link between the conventional image reconstruction methods used 

throughout the field and the neural computing methods used by the research group. 

1.5 Scope and limitations 

Although the long-term goal of the research is to develop an instrument capable of the real-time 

monitoring of industrial flow regimes, this thesis will focus on the instrumentation and signal 

processing side of the problem. The purpose of the research is to further establish whether 

3 Such a pumping loop is available for use at the Cape Peninsula Univereity of Technology (CPUT). Basically, 
it consists of a large reservoir fitted with an industrial strength pump. The pump is capable of driving high 
velocity (up to 5m.s-1

), multi-phase flows through a loop of 57mm PVC piping. The loop is returned to the 
reservoir to complete circulation. 

~'Volume fraction' is that percentage of the 2-dimensional cross-sectional area of the measurement space 
occupied by a certain phase of the flow. 

4 
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such a system is feasible and investigate the issues involved with such a task. The research 

does not aim to achieve all of the functionality required by the final application. Hence, 

where elements or modules envisioned as part of the final instrument are known to be readily 

acquired or developed and are not the author's forte (e.g. optimised software development), 

their functionality is hypothetically assumed ( e.g. un-optimal software may be developed) - but 

with careful consideration and justification. 

The limitations of the research - besides the obvious limitations facing every researcher of 

time and money - are listed below: 

1. For the first year of the author's research, the measurement hardware was being used by 

another member of the group for related research [7]. Thus, any modifications to the 

hardware could only be made after the completion of this work. 

2. The development platform used in data proces:iing was MATLAB - partly due to its su­

perior matrix handling capabilities, and partly because of the author's familiarity with 

the language. MATLAB is a non-real-time platform, and any software developed in the 

project would most likely have to be optimised for on-line implementation. 

3. The measurement strategy employed in previous projects [4, 3, 7] would dictate the mea­

surement strategy used in this research. This is because the data-collection hardware 

received by the author is extremely parallel and thus complex in nature, and is the result 

of more than four years' research; the entire system is thus highly specific and accustomed 

to the measurement strategy realised by the hardware. It was the desire of the project 

sponsors that this hardware be upgraded, and research continued using this technique. 

1.6 Plan of development 

Chapter 2 begins with a brief overview of the basic principles of Electrical Impedance To­

mography (EIT). More specifically, it presents issues relevant to the project's history and 

state of development. Chapter 3 deals with conventional EIT image reconstruction algorithms 

and investigates the factors affecting resolution using such techniques. Chapter 4 introduces 

the reader to the computational intelligence approach to EIT reconstruction - the viewpoint 
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adopted by the author's research group - and highlights the similarities and differences between 

conventional reconstruction methods and those used throughout the project's history. A simi­

lar investigation to that presented in Chapter 3 into the resolution determining factors of such 

systems is documented. Chapter 5 is involved with the design and implementation of a new 

electrode ring, as well as the upgrading of the measurement hardware to a 16-electrode system. 

Chapters 6 and 7 present the results of static and dynamic experiments performed using the 

new electrode ring and measurement hardware. Conclusions and recommendations for further 

development appear in the final chapters. 
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Chapter 2 

rinciples of I and history of the 

project 

This chapter presents a brief overview of the rich field of EIT. It makes no attempt to explain 

the concepts put forward in-depth. Rather it seeks to familiarise the reader with the concepts 

relevant to this thesis, and provide a source of references. Where appropriate, justifications 

are made for the present state of the system. The history of the project is documented in terms 

of decisions made throughout its various stages. 

2.1 A typical EIT system 

Figure 2-1 shows the basic sul:rsystems which constitute a typical EIT system [8]. These 

systems will be referred to throughout the text. 

Measurement Space 

This is the area under investigation and can contain a mixture of anything from human tissue to 

rock and seawater. The literature is rich with methods of extracting data from the measurement 

space [4, 9, 10] - data which contains useful information about the characteristics of the medium 

filling the space. The most common of these methods are discussed further in section 2.2.1. 
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Compulillr Processing 

Curreri/Voltage Mus-..ament 

Oat, AoquillHton 

Figure 2-1: A block diagram illustrating the components of a typical EIT system. Blocks 
here represent subsystems and arrows signal paths. The terminology used here will apply 
throughout this document. 

Voltage or Current Source 

Most EIT systems rely on indirectly solving Maxwell's equations to produce some sort of con­

ductivity map of the measurement space. The choice thus exists whether to inject current 

into the measurement space and measure the resultant voltage field, or to apply voltage and 

measure the resulting current. The various factors that need to be considered when making 

such a choice are discussed in section 2.3. 

Current or Voltage measurement 

ff voltages are to be applied to the periphery of the measurement space, then currents must 

be measured at the periphery and vice versa. This is because, if we are interested in finding 

the resistivity distribution of the measurement space, then by Ohm's law we need to know the 

current and voltage distribution within the space. 

Multiplexing 

To obtain a useful resolution within the measurement space it is necessary to place measurement 

electrodes at closely spaced intervals around the periphery. In fact, it can be shown [4, 10] that 
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:J;-4, ... , lil-1). The r.un-ent source ii; then moved to the next adja<xJlll pair (2 -3) and the 
voltages on tbe i'elllaitlitlg elertmde.-, .rnea,,ured 'T'his prnc,;;;s is Yepea.ted until each elet1a·ode 
p~ar b.a.s OF.en Elltcited, This L'Oruitltutes 1 •frame of da~a. Jllot.e l::hat tl,e: dotted line< in th" 
me'""u.re.ment spadl :represent e.quipotenti'als. 

2.2 FDlVI vs. TDl\,1 systmns 

2.2,1 Time Division ~Vlultiplexin;; (TDl\il) 

Almp;;t. a.U the ElT ~y~tems the author has studied, and indeed most docwuented totnogtapWr: 

.~y~t~ms, lnwe tJ.Sed Time Divii;iot, Mult.iplexins ('1."DM) to inji;,ct/m-re sign~ls intt.1/rrorn. 

1!11, mea&\uement Gpace. Thus, only one iaject.ion sl.<!;IU!,l is present in +lie mediUlll at any oue 

t.ime. Tbis mgn;,l i, apjJlied bet,,,"'-"' a number of electrode:; {usu~lly two) cm the periphery, 

,,nd demo<folated on the othelil The signal is !,lien applleo belw,;en the next pair. m1d sn 

on. One r.ommouly used tecb.nique which illustrates the eflnoept of TDM is tlte Neighuoriuij 

Method depi,::ted in figure 'l.-2. 

A wide variety of l'DM data oollecmnn strategies exist ln the field ~n.cl. have becu t.hor­

L•ughly t.es1'ed afld doCUllltlute,1. llefer to lhe following 'SOUI'CeS for more inform11tlon on U,eiJ• 
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11ttplffl1tf'nfauvn ...u.u cl.lw•;idW'ltHlcs It, Y, 10, Ll, 121, 

2.2 . .2 Frequency Division Multiplexing (FDM) 

On,~ of the in lie.rent. drawlm,\\<s of 'fn:\1 hliliH(i d11t11 colleetion LeGhu.iq uee arises fro,n 1,Le focL l haL 

11ue frame of ,fat~ rnqnii-ee tlle aequeuUal $wilcl1ing of th~ signal source betwc,m 1Jlc clDcr-ro,'k.­

on LM periphct,v, Th~ finite Muoi.mt of time hctwe~r, ,-wlfoluu:,;, sitt«II "" it n,11y h<1, irt, µlie., 

-rm fl5$U111J'1ion 1:har. t.hc nu-1d!nm 1.s 11ot mo"ing. The et'l:.OJ'& ini..ro<luued by LMs ass:wnptJou will. 

h~ insignifit,anL in BLal.ic suuo~ions, bu, will b'-'<=or,~ mo~e sl~1ullcanr ""' the ,speer! will, whkll. 

th.- 1Uat.tiUJJ1 is 11,oving incre;,scs, Ali.hough fn.sr TIJ\f bnsed sy~U-11r,s bav" he~n d,we.lopi;d 113: 

the nature of 'fOM 111e»ns t.1,at 1', is fo11d11rni,11tally limited by Ll,e BP,eed ill which ,ignru8 <.:a11 

I,~ w.,itcl,ed belw.,.;n efecHo~, 

Fur 1,1:le 1·e~ons outlinc,i abo"•~, Frei}llel!ny Lliyisinn M11l l:ipl.,-.<in"-' (FD:dj Jue< he,,n the ,lnL,, 

collect.ion t,cd,ni<tll'" ''""d 1,., r.lt<, Hnlhor's te!<!'!U'ch group suwe proposed by Teogue arul Tapson 

iJJ 2002 :141. n h;JB l'ro,,;,,1 to be an em,ctiw·, dnta eollcction m,:tho.-l. t-hry result~ ,,f which ru-c, 

llo<:wnentecl fa I~, ,1, 7, . 

fl)M i~ ru ,t. c-0m1;ler"ly wltoout dfaa<lv,µ1u1ges, A>l 111entioned in section 2.1, t.bc number of 

lilli;mly i11depen<lenl rMasuremen.ls £\V&ile,blc, whiclJ i~ ,-tiro.ctly f(;Jatc<l t<l the systom resolu1jo11 , 

is l<iwcr thm.1 st,mr, 'T'DM variai,r,;, 11,g. th,; 'f'D~if "4-ele<!trode A,,ijoce.ux Pair" qate .. collecti011 

111ethod prn,iuc,,.s /\'l,x-t) Jn<lep,m®t u1eMuremcnts 115], while the FOM s:;,,<tcm dr,vdoped hv 

lsiMnopoUlos in f::i. nml usr;,l in rhiH projt:<!t T)T<>dw:~ ( ~)2 
• wl!,we, N reµ rese.'lts sbe-1l.U.l'.ll1Jer 

of clw,trodes. 14, 111]. 

Trus ia unimportant f"""t to 11 "'·" ..-1,en designing n lllBaB11J'ernent tig, ll8 iL 11.ll~t,; the m1mbe1' 

(>f eli,ctrnde,; 1·1.quire<l, A~ c'all be ~ceu froru thr., Eormt1ltt(' ab\lVI>; in onfor to oh,.,,Jn r,he s1trne 

~;mcm res<>h,tion a., TD~!, PDM mell,o<ls requlrs more elaell·o,les, It is for this rcn.son that th,; 

,mrl,or's sl,,ige of lhe l)!'Ojed w!ll u~c Hi elc<:trodcs, a., opposed f.o H,., I'.\ ,~sed by GiatitiOpoul0<3 

[3 lu tltr. FDM sy,m-im precedillg l,Ws J·e.iearcll. 

The concept of 1''DM is Hlnst.ml cd in fignrn 2-;l No,;, Lb~t each elecl.tode is (> <lc.iic11e,,,d 

rt'(:eivar ot· lnLns1t1iU,ru 8~ -011po8e<l to performing bn~h toli,,, in 'T'DM_ 

Turlhcrinsighr. int,, die. FDM sila(nal injection mslhoJ i$pte.ientsd in llgnrc 2~l, which a1,.-,,vs 

"" O\Scllloocope s•~rooi1 C<>pturc of rhc v,sjr.age mca,,-ured by (lippirl/\ "" J!<sdllos~opi, ~1,obe Ill t,h" 
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TxC 

TsO 

J-'•ignrn 2-:.l: A rlinp;ram ill11strntin:,, thn concr,pt of FD.VJ. >fotc r.hat thr, clr.ctrotl<.'s art- t-ir.ht-r 
l~beletl.,;; tt,msmilter$ (Tx . ) or reet:ivets (Rx ), Eaci, line <lrnwu iu lite weusure11t.,11t sp<tCe 
rt-prr,,;r.nts tht- shortc,t, path bctwr.t-n a partkuh,r transmittt-r and rt-coiVt-r; it docs not illust,ale 
what thn ~urrnnt flow or v,iit,:tp;n fidcf lool<s likn. 
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~- ,4~1ft:11H l?cla•.-t.1111, t .. . ' 

J 

'l//,•11\w11!J/{~N~w1,11/i::#,iW~i~11~1\ 
I 

F..i:g.µre 2-J.; An osdllo::u.:upe. ~Cri:!e!l t-apt.u.c.f:t of tlie i·olta~·-e -v~. thnP maasu:red: by a,n n~~ill~copf" 
prob(; dipjJ>!d in tbc ccntrt, of tho .i.ctlvc rig lilied wilh lapw~l,er. Ith< cl<;ar il,a.t a 1mmhe1· of 
frcqncneies arc prcs•mt here. 

centre o( the pl'oject',; electrode ri11g (filled wftb t<1pw,1ter) whllc ;,JJ trn,,swittcr clcctl'odeS are 

QCtivc. F(gtrr(; 2-5 shows" Fa.st r 'o1iriftr ' lh1.n,fnrm2 (F'F'l) oft.he vnlt.Hge- ca_ptill'ffll in th~ 

previow; iig1.,re, II ,..bows the cl"m· scp~atiou uf 8 transmitter frcq11cnclcs in the :frequency 

2.3 Voltage Driviug vs. Cul'rent Injection 

fl. was mentiorted in section 2. l I.hat l.l.1.e clwice of u1jectiug currcuts Md m~ding voltages or 

dee wrs& needs. to be rnil<lc whc.u doslgning au ElT sy~lcn1. The, sin;;\., most lmpnrtant d~.slgn 

p11r4meter to mnsi<li,r when m».kin)\ ~uch a c.hoice is lhe uulpuL hnpedance of the drirer 81\tl 

wpuc iu1pcd11ncc oftLc receiver. lf a dliv<>a· hM a high O\ltput impftd1trt1'f' ("-!<- "111'!'ent sc,urce) 

r.l1er1 the ,-ontarL 1mpPd8lli.le (1,e. illivede,nce bev>1-«u electrode and clccttolytc) is k:;s siguilicallt 

than th<1t of a kr<v out.p11t impe(la.n~ <lrinr (ec,:. voltagi, source) Uki.,wi:,,,, "vqllllleler La.s blgu 

ir1pul itnpcd&nce - maklng the contacr. in.pe,:!ance of th" rec,:ivi,r llf,gligjblr., whil\'> a11 mntnet,.,· 

Ln..&.J Im\~ input irnn~danre - .wakir,g il w.ure !-iigoi1icant. 
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Eigurc 2--5: Th<> FFT of t,h<' sigrrnl c;t;p\nrr.cl m figura 2-4, "" perfornui! l)y kbc AC!tL:r.:--r TE(.11{­
Nor.Oc.;n;s :5-lti22D oedllo•cQJJe, $ dioti.nct frequency sp1kt.,:; COOl l)c sr.r.n hr,J•r,, illw,t.rn.t.rn;s how 
FDlvI achieve.,, s1gnol separatvm. 

Th11 otb,,i· t'.i>.r.tnr ir1fh,.,,1duf: the cl,oic" l,et.,,...,11 cur·r~ut or rolt<\\;c driving " systmn is 1·h<1 

"""'" with whkh lhe <lril'ers can be implemen k(l- Currr.nt some,,;; '1r0c mud, ,u,m, diflicult 

co re,-.Iis~ thnn voltPV,r. aomcr,s. !\.ls0, when 11sing FOi\;{, com1,11"x dcmoclt1lt1tlon circuit.ry ii; 

1'r.<Luire1! if i:uu-.;til sO\lrtt>S 1il'I' co be ,.1Sll~l3 . 

Fot thi~ rritt..<.;()JJ, wh0t1 tM!" proj~c:t \I,'~· ~tarted by Teagne r4L voltoge dl'iVCl'S ond ~:iurrmt 

l"tjte.ivero wern decided uvon. Fnrtl111r .i•1sWkation for this dmic;e- origiuutr.s from 1,he types of 

ft,;,ws r.xpr,r.t.<1<! iretlic liwt.1 "l'l'H"a~ion's piµelill<J (a,ir-g1·t1vel-so,a1~<1ler). Thi,5 i~ rek:vnrit. bect111,;c 

''ll h .. ~ beeu ,;how.n. that the cnn,act imr.0:ll\l'J.CG bi?cr>roes ner;ligihl<' fqr the case whr.rr. o;,ly (m11 

of the phase!; is et.induf:'.tivr:l proV1drid ti l"infficic-.11t.ly high r-xdt.:tt10u frc~!:tllo11cy is us~r1 f11:. 

2.4 Reconstruction algorithms 

H hi:tfi bcxm pnt fon,1-l",r<l~ ,rncl st,oul<l hf! r.111ph<a1.sisrxt that att 1m1~r: need uot. he I.he deslred 

out r,tlJ; r,f an ElT aysterri, Rowev<'r, in ,wd<'t to de~cyrninr. srst-11n1 r><ll'fM\11<1,,ce, it is desit.-.bk 

lo hs,ve the ab1li!y to erna\" iin~ges. These imal!.'-'" mn,v in facl, lie use!iil 1n lhe proooss of 

:i A fl'!* r!P.mndul11tk,T1 t~hrr'ij1_u"! h:<1.$ 1-,~r. J)Mp<\'>""c1 h.y Pro{. J 'l:\µt,nn H. if- f'l\1'Y>e1.1.t:ly he1ng: iH'-'~'itignt~1J 

~Mi m3;}' h~ 'implerno1;1r.,P<l ~" th~ )'1f._'i' t, JJh-as~ vr cl\)R- j>r-0;~,c.t. 
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Sj.l:~~r;. Tlu.IB, ,. larg,; prol)Urtil'.lll of ~his thesis focua,'$ on ima,,.(;(' rc<cor1stnictio11, CV(')> tho'lt>,h 

what. ia 1·cqtUrc<l at 1 h~ cud of r hr: liuc: fa n volnwr: frw.-r.imf' prc:-.A.liction, 1ml" ilJJ image 

2.11.l Conventional mcth<.•<l.~ 

l:!y far th<> rnr.st popnlnr au,L ,>;iddy ,k,mnnourcil mr,t.lmd of rccon~t.n1ctinp; im:,gc-.s i.o EIT is 

t,y using tltt1 ModJJied )fowtoti-Haph,,,m (MNil) ,Jgc,titlu.u, u1· simllar. The w-.y il\ whicll rJ11s 

hlgontbrn :idur.v~ itw,J_go u :c:011.,;;;truction i~ hy iu~1·m•;vnly ~Ul!l!;..~lll~{ whar. 1:1,n jm.i:;:r11al c.oni;i"TIC'hYity 

o.lisnilmtiot• of th•~ mcasurc-mcot .spaco looks lik<·. This relic-~ 011 discretising tile d•am.un ink, 

JJlxol---lilm eln.wrmt~. Once: ;1n i.uitinl ~>11~·~ lws. br:ou. r.crn.dn, 1mmnrfoill mm.hods ;\l'(· usctl ro 

j)Tc-dkc whot th<:- boundory m-:-osurem('nt.S wo1<ld-0e - givc-1, this pwpored co11dut1.ivity utap and 

t,h\1 bAowrA iHjC"\c:t.'ie>n ~igu;,;l 1u..og11itudr.~ (r.>omHiJuy (.:olldilinu.'-i). Thr. ~ci1wTr:d tlHforml(lO. bctwc-c.r1 

U,..,., p(edidw v::ilua< x.nJ \"1lueB men<1w-,,cl Jrow !J1i, rig, is il,e enor iuncl.ion w·I,id, Hu, ':\fl'1E( 

Algntit.hm f-,('~ks to miniml~o.. Th~n mot.hod~ arc 1h~cu~H:d i u tnorc detail ifl Chapk-1· 3. 

2_4.2 N,mrnl nelworks 

Thc, lmJig'mg wel.Lod;; c:lesc,1bed ><PO\'e w-;, h ighly t.10inplox, !I.ml rnquirn II grr,llt deal of matb­

n 11Hit'i!til,l 1n1dnr5t.,a,n.diug. pf tJ.1r. altPrit.hrns 'J1J1d m\1-thod:;. U'SC':CL J\lao. these! ntC'thods n1akc ,:1. 

r1 11mbcr of aimpll(yi11g Msumptiolll, \\'hen perfom1ing image reconstruction - aJ'lificial ,w.nrnl 

uot:worl,s, m, tk or her liMHL ,m, tnurmd by o.-.:;implc, ,111d no snch ilRsnmptions me m.;dc I 1, Hi;. 

>kural n~twork l,C<·htdqucs also have the potcnii11l to p<·rform re"1-time im11giu:g o[ fast d1,mgJntl 

1,i-ocess.,s, espedoll)' due J.o the fac t l L,tt 1.Leit weigl1ts ,ind !«Oti va.t ion [lf!lutlolts ( w 11,cl,, toger her 

~·ith d1l"'Jf' 11,n::hirrct.urr. arn cutndy r,:i;port:c;;il;,lr: f,,1· thnir hdt;1i\~01) c;.;m br. st.orr'ld in eon1e· form 

of mcmorJ. th,w atlowir1i; r.hcm to b!' ·;mpkmcritcl as cmb<·drlcd syst,,,m, •l, 19, 20, 211, 
Por tl,08r: ro~pu.e,;. U10 vmt huri~ r~~!'lrt.:l-1 gro11f! l11iUarr:d a. ~tndy i11to tho r:a.p;1r,1t.y of tritr.lligl"'.J."lt, 

systems to perform im~\(!:e rcco11atn1ction m, £IT da to. This stud:,- was based 01, work ,loru: 

b,v )/uoralxl1ij·a1, i,t al :_21], a.ntl ls documrantetl In Te11gu .. ' s Ph.D. Lhesis [4] "~ w,ill '"' (3, 7· 

It• s1101m.;,1y, wh".t Tc/•#;."" cn,,w,ged ro shnw is th11t Dr,ur;,I notworks (l'f.'la) coukl he traiuc-(1, 

4 .Rcou[J i..hul. ·\·ull.l.!llc frnc:.t.lo,:1 1:.- t6At pcrui:.ut.l'ogc oJ: the ,:;q;:;s--tt.·dior:.ul ;1~ of the fltCAS11rt:1flP. llt. SpaC',c 0C".011pl~I 

ii, B CP.d.aiu p ha,iifa. 
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llaiug EIT data (.<1j>Wred ltum a physwat r11;. m suc.ctssfully predict low resob,tlon unagcs ot a 

No at:tcmr,1. ls nwde in ,rus t<aXI to eJ<plaw 1,h., fimtl,,mcnt,--.l rou,1('pt.s nfthe ne-urocomputins 

t«hniques used by 'l"\,,.gue. R,.tJicr, " hilStC undcrstt1ncling of neutQCOlllJmtin~ met.ho.tis 1b 

a,i,,umoo. .A more :in-dept,h dlsci1s.s1on oE the nct1-rocomputing meJ-bods !ldopt.al from fug'16'• 

\\'Ork jl, 4] ancl a:pplkcl t,u th.is projecr is gooseuted iu Cruipter 4. Fur more inl,mcluct,m·y ond 

background lbfonnslion, ihe reader h< referred to p, 4, 22, 23j. 

2 .5 1-Ih;lury o f the projec t 

TIJs S•X'tio□ documents t.ho history n( the tc,;('1,.rcb perfonned by I.he. .gut,ho~ 1't!a....,reb group. 

n i~ presented in s logical clu-011ologiulll sequet1ce. 

'.I:he r-eseard1 of Q . .Sm i1: -2000 [2] 

' l'ho mnin t.opi~ cnnccrnlng &nlt in hi~ te.."".llrcli. W!l.!I to 8"1CP.f(,a11, whether cap(l(lilruic,, di>,t~ l$ 

\loditl in gai.nini; lnfhrmation about tbe loterior <Jf a l\lr-g,r«vel-sea\\'<>ler benring Ve.."'3•,t. Th~. 

u..se of New'n.l Net wr.,tk.; fut image reoon~l.ruc:l;lcm prnvided promlsinJil res11lf.s. 

T he r e•e,u-ch of G . 'l'eaf,iUC • 2002 14] 

Tes>g11~ implemented o t6-eletl.rode, bimodol.5, FDM datii ac<juisi.lio11 .,-yslfllTI 1., -.xtrad, ,dtl.J.;, 

froi:u s\Jl t1ir-gravel-sea,vt\W' filled vessel. 'rem;~ were performed mainly oii purely sra1~t, sirno­

lions, bul alHO on simuh,t.ed bubble movl'2Uent, This wo.s dor,e b;y r,ulom,,; pockets of gr,ivd aml 

[!Olystyre.ne through t.b~ rii; ,Jsing ~no mot,nm. C=s-corrdation techniquas enabled Thagua 

to moasnr.c these simufo.tcd ftowa. 

Teague reiJ.lised novel image mCC>m1,rllction aofhvare ,i,h~ ncur~l n!'f,tVnrko. Using the 

l,pUIUiti pmceclure outlined in 1,.tcr ('.hapkro. hc-.ho,wxl th.~t ncw:al oetworks roukl be l,rnined 

t(l prc<lict. low tef'O)utio11 hlUlges of the measurement sp,ire. l.nt,erett\ug\Y, and signinca;nt to 

Ute requirements of +.hi, final airlift application, ,.-.,T!l,me ,fractfrms cQ'lild be ;,rnliekd d-ii-J:etlyii. 

r. ~ntruod.sl' rGFe-tii to the u11~ l)f hnih rei;retiv.e -W)d capaei~i\>e <lfita in l'-OCOn&tttt.etion. 
11This i.1 $igµifit1aut •~ecautlc t-l1e frnal !lDJ~lirratiQn of the. r~~h require, V()JUm~ fr~ctim1 J)tt;'\hctior~i, 45 o·pll~U 

tu hu~cs. 
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'rhe research of A Ginnnoprn1l111,. 200a p1 j 

\.\,U':!f+.! Teagnc1. used sqllilT~'.\-""A.vt'° P.""..«;itiatiu.n, Gtannopoulos. uoc:d •9ntl8oida1 <':Xcit;\tion ~ prt,ving 

Tl.:~gnc's prc<ll<:Htm-s c:orr<\Ci. i.e. p~rformm1c1. .. \vo,,1t1 be 1mprov,~ using iilin muL'i;:. 'h~-x1r101tlei'\lly 

dean' siru>-wavos. fie. ured tf,e image rcc,mslJ'\li:tit>n sc>fl:w~rn ,1,w«luped by Teagtw ;1, ,r ro ,il:>­

i1\in rP.~ulr,!:). (~ltt.tutopoulo~ ho,vct/\~r. on,ly implmi'1ented ~1i 8;-elce·trode bimoda:1 <latl>l r,.cq11isitu1n 

¥1-.,m j3j , 011.c uf the topics c,f th,, pm, .. ,nt, ;,lu,se o( Ihe ptojecl ia to .::.,tm<l Giannopo111"s 

hardware t.o ll lti-~1mitrof1e ~y-1.te.1,,. 

The research of S. Hcrllolrlt • 2004 [9] 

licrhol<l.t s ttcecf.sfnllJ impJnm<:nt.nrl a m<'i-it..~un:mrnJC+ ~_ybtt'..01 und im~e recu.r~trudion suflww;~ 

us.nu t,1 m,s.sw,, a s;,ctJirig pro<:t.,Sd, Unlike ,..,.,..,~rthers ln th;, group before him. he us.,.il cr,nwn­

tunrn.1 inu1.gn rr.cu, .... truttiun Led1rilq11,;;;. ITte prodilc<l va1.nable in.s1gllt into ,mch m;,thc.m~ri<;al 

nw;J.1otls "" the Pi.u.i t" Elcrucllt ::Vfothod - disC\JSSl'd fortl,cr m scci,mn J.~. 

Thr, ro.search uf V. Capin<ljssa - 20U5 ('i'] 

C1tpi:nrli••"- i,lve:<tigat"d u.;itis the hard•.varc tlc,\"l<;pc<l hy Gi•m:nt>p011los nnd l,h1: imngo "'"'m• 

;(ructicm sufM.ill'..,. <lcvdopc<l by 'fo;iguc to mt.mil.or ,;n irirlusl,dll.l lJydn.>c,yuluue.. Nut s1.upris-

1r1;,;ly, .ilit.1.i.hu reSlllta to rh~t ol Giannopc,11)t>s wnrn oht.>inr.rl jusi,ifyi1Jg 1,1,n ;:r.,1rlinuaciur1 of Lhls 

liranah c,,f the rc.,c,,r1:h. 

2.6 A note ou tLe aut.hvr•~ µha!:i"-' vf t,u_e µrujecL 

11 j~ the .aim ul the ~,utho--r';s rc.;carcb to niodify t,hn rJt1tH c.x>ll<\ction hM'd\'\~.J.,n~ d<)volup<·<l pnwioU$ly 

i;l' , to colh:t ilrma·1me <l..tu. n.nd pr.,dict thtt volum0 Craetiom; (percentage of the cros.~-scd.ion,.l 

ll.te:i, of the mc·=trcmcnt s1ir,q• t><:,:upicd by._ ,.:d.ah, ph&s") or" ruulli-pb"".i !low, B,,;;ide~ 

tJ,e design uf au upen BJt<\c1f clcctrodc ring, this invoh''"' rn-,,valu"tcirii; r.hn mnl.huds prnviuusl,; 

qs,:,d by tlin group. Sown pr.rtinenl, lssue.s 1,tt~d .to be consi<lcl'Cd when cros~ bcr.wt>~fl n. st:,-.tic 

;14d dynarnic cnvlr<mmentc 

7\Opt'.n-,.u,dcd' her~ r,,1..\i.u~s 1(1 rh(.' 1~r.t t,hnr, r;b@ P n.i.-;: nf 1,hfl 1-1lpe., blAc-.t1tJu. wbkb cli:ola.•Jdt!s er~ tu lio 6~u:d lo 
(ah:ictrn,le I lu~) MU phyr.Jt11tlly oµcu. Atlowiu:g 1l◄)W tn 1:t~b.~ through. Prf!Vi<tu.11 prnjs-L1t,~ bEL'tH.tlie tht:1/ '5-'.PJ'C. lovnl\·cjJ 

Wltl1 ~r,atir. al1\111ltlon1t, ni;'-ld U blOt!kca l)if l,;C(:ttl)o or fUl,,1£>', 
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Allnoot all the res,,a,-cb. petfu.t:mcd by tlle)!;rl,lup _ptior lo \he a.utho1•'s stage oft.he project, bas 

Jealt with ne~r att11Jc sit•u,,~ions~. St,ecilfoall}, the perfo=n~R mel!Sure used (rue= squar<:d 

errot) "'"" a,,11uiri,d in a stntJc scenario. This ~ <lur. to th" same re<iSOn that tl1e resP.IU't:h 

problem it.self exists -1.e. Lhen, i~ no ,sonl'<mient, ooslrefr()Ctive, noii-illlrus\w and acnurate Wily 

of koo'l\1ng c,i..'(\cf.ly what real flow• nloviflg "t a significant wlocity - loo)<s like in cros&-sc~tion. 

It ll""ms highly 11nlrkcly 1:hnt neural ~tw~l'kil \rlil.Lle(I using idcoJ. bubble -~hapes and th" 

visual ferificsl.ion proc.sdure us~ J,lrevio\tslyw, -will genernlise to teal l!ows. This is bec;iusc real 

fimv~ ,i.re very mu~.b more complex and irragula11;ban. ona could hope tQ emttlar.e in ~1, of th,, 

'1!t111,p--shot' h\si,o.ncas lJ>!i<:d by 'Tul!g11e, Clianno]l(iU)oS ,'11i<l Cat,,i.rulis.sa in netwwk trnining. His 

a well kn.own fact that d,e performance of lleill'al natwOl'k:$ is rur,,<,t:.Iy and strongly related tu 

haw l1'pres,;nt:i.t.h"' (heir t.ro,ining data 1001 is, ot the data they we to inte1·polai.e from. 

Another fac\01· that :ueeds to hf, cpnsirlcr<)d when ,;raming nctWOikil ln this way, is the 

rmmeru;c time and elio:rt reql1ired to populate a braining t.lat11,l,a..., ext(!!lSl\'e P.TIO\tgh to cnpture 

the uud~1lyiug u-,mpl.,Jciticsof real-world turbuient flow. Tllia rostllness Um.its us to obtaining 

<1 •m8ll number of data point6 in a super diment;ional space-, which is a !mown JJitf11H of nenr.il 

uel:works. 

Even if w~ are t.u d\ateruune how a staticlllly tra,ined 5)1i'item pedo1•mfi on aynrunie flow.;;, 

i;omc 1yay of o.boolutely deterllllnlng t be flow cl,aradi~,ristics, 11eeds lo be addressed. If we don't 

km:iw thls, tl,~,,, how can we evaluo.te "'1-'St©n performance othel' t.hl).n through visu1>l eslimati<»; 

.md guesswork'? 

·'tn U~t~ Icut:W> did •~ ti-¼ !.lf~tem. on idenl buJ:,bJ~ ~hb.p~ t>eiug p\llled tt~ro\Jgb ~bo? 1>11>1 by iWrVo--1tlotont1 

lJut, tl;,1s bi .[O,t irom tL,; vJ.Jlodty •nd bubble di$.tributk,n:;. exp.eded it:t •fo~-fin.al -ap_plkti 1;1,)IJ.. The:,c t,4,,'.SSS $ti: thus 
1U)J:!Sldered to bo: :.t~ili tu tL.iti tbe.c;ls:, 

9Brlefl_y, tbe 1/'i.';lua:1 verifkatit'1ll r,~tlt'f' u~ct_ j)reVt<OUDl\! ;_o\'OlVt.!1 lookilig .ll Htc .:italic. mcCsn.-lC!.ms-nt gpett 

from above to determine the di.5tiribmion -within tbt spa"-e, St..'f kl:tipa 4.2. l fw •" wore in•d.ejll.b desoript.iGu. 
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Chapter 3 

Conventional EIT In1aging Systems 

3.1 Introduction 

Or!ce dac,. has be<m collected from o vi,ssd ,mini\ tl,c, inct,hmL; 1lesc~-ll,.,cl Chapter 2. il is che 

goul of "'1Y ElT system to prodnm ,ome so1" ,,f 1tseful oulJluL which is t«f}te;;,mLHLivc o1 sll,nc 

HsJ.)ect of The int(:rior of tlm vcs.~;;l. Alnmst ;J] BIT ~y,t.!m~ aim Lo prodJ.tcc an ima;;c • this is 

b.,causc nn im,,gc is whnt w,, :cs l11t111,ius l;lre <:omfottable de~ling witll. In the <'.aile of J,ikctrical 

R,,sistanc,,• Tomug.-a]'hy (En.T), the image would ta.kc lhc for111 of,, spm.ial ,,, 111d11c:th·lt,y 111aµ i ,[ 

the v1".:,~I 's int.etior. If ~apacit4ncc d"t.a w0m <':Xtrnc,,cd from t.he vessd, a didectl'ic n, .. 1Jpill:g 

wo\lld be IUf.lfC opproprirw,. 

lt w;is stat.ml "' scx,t.iou 2.41 oh>IJ, by fat• the mo,st popular mctho.-1 of ol:>taiuiug i111"gc,s iu 

Thf'T is usiug t.lu, l\fodilie<l 

)l.,,yton-R,,phson {Yl:'>IR} algorithm. Hu:. ,mcl Woo desctibe Ir. "" "on<:' of thto most thco­

rnt-lcally sow,d algot'Uhm.;'1 and sta te ch,1.t '' it is lmown u; he t,he most. s0plusti~!Lted'1 o[ a.I! th<' 

r,Jg,,ritl1111s iuv,:s,,iga~ed j24-l, f'o1 ' this f~a,,ou it o;iU be the focus of thi~ c:haptcr. 

N'oic chat i.l. wide collm•tiou ,,f litnrat,,ire <,mlrihuttd t.o c.b.e cooc~l'ts und cquaLions prcscntcd 

in wli,u follows. In the foUo"'~Jl,!,'. c..xplani.l.tfons, wl"ir!i " p;;-ct1cnlar i\1Jl.1l<1t (Or eoll..ction of 

aqthrn:~) ha.a apeciii<:ally beeu dtawn from, lt is cited iu the n01'muJ .foslnon; -,Jsc,wh;,IT' a.II oft.he 

following ~re cited, [9. 12, 2:J, 2-1, 21), 26. 27], 



3.2 The Forward vs. Inverse Proble111 

\\Ihm, Volta.:,;.,, (fr r.1unmrs <U'C ~ppliC'<l to the bouudary of,. Jlledii!m. L he current Jlow or elecLrk 

Jiald iu ~I. reg1ori i* d~:;cnb,,i.l by Poi~so,i's P.q11ntinru 

witl1 tlmt11d,;iry r:m1c lit.i..-ms 

V = Vo on BA 

p-i f)V I NH - .ln u·1t /JA 

(3.1) 

w-Y,,-,n. p - rr-s'fat-rni/.J;, V = ·volt.~gt, ~nd f = impressed ct.rrerit sour~e dl~tributfo11s wllllln 

the regior, of imere,;t. Vis the Poi,;sorL ,,pt!mt,c,r. l'o and Jo mt;' r.he voltage and c1n'1"Dnt de:nsity 

rc,;p<:etn-dy, at the bout,dary. 

The Puisoon ope.ralor (v) 11Bed .. 1,ove prmhwe,, t.],e p .. tti.,1 rl"1'iv11tivi,,. of n nmdir,rt in orthog­

om,l <llm,msrmis. ' l 'hus, it i., mt11itivc t-hat equation :1.l can be: 4pplled to Lhe 2-dlmensionll.l 

(2-d) r.,nd .'.l-dime11s1ou.,J (3-t!) cus>t Ft» Hu, pllrprmes ,,f tl,is tl1ttsi$, ti!l ly 2-d 1;it\1ations 11re 

considered. 'r-hc literature h,)w<:vcr, eot11.aiM M ,ibunda.nc:e of 3-d 11pplka.Lion,; [2!\, l'.li. 

fo EIT, t.111tn, p;e11erally- "1<ist. no si:mificnnt ~urtcnt s0ur1-.cs w1thln t-hc rcgiou of iuter~st. 

hence f = 0 41.ld equation 3.1 bec:omel': (24) 

(3A) 

Thi$ C'CjUation ir. lmow11 as the gc,veYTl'tll-f/ ,:qu,utim, or EIT and ir. givt1~ ri~e, t;<1 Ht!! 'for"::m!' nnd 

'invi;rse.• pmblerrts. Th1t 'forw'il'd prr,blcm' in ,vords is: "Ch~n /J, fiud V a.ud J (U,~ ioler-ual 

voltage$ iwd c:urren~ ae11sil,i"") ,1.11<1 henclt' \io "ncl .lo or, t h .. bonnil-0.Ty.'' •nw 'irm.•rsc problem' 

is: '1 !:'in,\ ,,-1 giv1;11 Vo and Jo'' :2riJ. ''Ge11er>llly speaking, Lhe umuerical solution of an i11vers,; 

pro.ble,111 l.l:'(Juiree .i.rerathre. i.;olur.icms. nf ;\_ fOT\vnnl prohle.rn1t f~4J~ 
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3.3 Solving th e Forward I'1·ob]ern 

JL tums out tihar ju mnst CU!,~ PuiR~n~~ equation is 'itupossibleto f!Olve an :1. •:mn,inuous rlomain 

so liltruorici,J mol,ho<ls suc!J -0.8 ,h<' Fiuit-o Dilfcrcncc Tufet!Jod ( FDM) or tho Finite Efawcm 

11"61.hud (FEM) must t.,e employed. Tur reason, given l.>y Hu"- >ind Wuo [:U], t.lie Fi;;M ,~ 

supe1for in. th.-. f:Yp<, of prr,blems scue.rAllV on,-cuntcrod in EIT. It will thllil be the oni)' fc,rward 

problom solver di.sGllssod here 

,3,3.1 The Fi.o.iLe ElBm,:,..ni; l\1ethod (FEM) 

• Th" FEM is lJ, well d<1C\1luented metli,:,d, corm:w:mly used fin .solving pa1-tio.l diff~rent:i~l 

equatiol!S (PDEs) . 'The dai-vation of the cquatiom m,ecl tu implement ibi, methc,d em 

oompkx ,i,nd unimpurt~nt, Wilb. f-eJ!,.'ttds to this the:<i,c 

• In e:;,sance, v.•oot che FEM acll,eves, ,a changing the cslculusproblem of equation :J.4into 

a lllli'"-< system of algebraic oq.lt\lt-ions i.e. 'ii . ,,-1 'i/V = 0 is t.l'a.nsformod illt.o the more 

frlondly 1 • 1, = I 1. This is echkvod by divi,iiog t.hc. dom~fu on •rhicl1 the soh,t,ion ,roof.e 

lnto n fini~f! u11ml:re.t of eleiuRnt.is. 

• It c-00.1 be snown t.hat a,; tho siza of olcmant.~ iippro,lf.bcs ecro, so too does t.ho FEM soiutiou 

aµµtoacl1 tM teal so!uHou [24). 

!J.3.2 Discretlsation of tho domain (meshing) 

• The fu-st step in lho FEM is to discre~ise Uie dom;1i11. This i~ t!ome by sy:stemaliic;Jl;y 

cloonlng a uumi>f'.t of poillts, 0111ot.les, in the ,·egioo for wbkh I.he field va.l'iallle (yoltage) 

of t,hc gove.rnin_g eqw,f.ron 3A will be solV1'<l for exac.1.1:;. The nodes shm1Jd be nw.ul>ered 

for iudciti.o.g roSSQQ!;, ,i,nd "ro rhtml\,i.criEcd by a. sot qf cartcsi~n ooqrdln.itos, 

• Tho ucxt step m a moshin!; ~ont-hm is to 'join the dots' in such a w,;i,y r,s t.o crcr,tc a 

,:<lllect.ion of non-ovt!rlapplng ~lem~ts. Aa with f,be .u0des, t-hesii ,;leme.uts ruusl. b~ olllu­

h.L-rod for inc!e:.ing re88JnR. Whm considering the final im,.ge (m r.ooductivH\Y map), tl,P.sC' 
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fil!,um:J-1 · A diagram il111,tratiug theCOIJcsvts of a finit,:, d<:lllcut mc,;;h, Ou the \,.ft iB e. dl'l.1tlat 
Jl"Ometry (s11clt :.s th• c,ross-section of-. pipe) wltich J1as l,oou disc'retised, In the f£_\,(. .,.,cl, 
e1eruont- is assumed t.o hr\,t~ thP~ snr.rm o:imlr,crjvity wt1Qn 5-0lviug the g'O,~ruin& ~u1:1tiou. 'l'hf: 
solution ia t.h,:, gow.,1•ni11g equ.-tlan is si;,Jvt,,:1 1<·itl, •7,ero e.rror at """h node ln thr. me,;h; bctwoon 
uodei; tlie solution ls ttppJoximatro t.,y multiplying tho known nod~ vo.luF.s by ime.rpo!ation 
!\111Ctions. 011 tJ11, fi-gltt, a simple 1-dim~nsiaul\l rose is used to il!Uol,tato how the imorpolat,ion 
Junctions mfghl. a.ohieve r.hi$ "not,; tlt~t ;,,acli uode'~ interpoi&don functiQn ls unity ~t tliu llOdt! 

in qn~.stion1 and q.ero at nll ot.h~r nodefi.". 

clements c:,,n he considnred pixe:1,;. Obviol.l!tly them, mc-..reri!img the number of ek-mentr◄-

• Puc to the disnrel,isat.ion of th;, problem, the "-""ct ,,.,Jue of th>< Ji.,ld n<Ti<lhle (v.olt,ago) is 

unrcsoi•f~ hctw-ccn t,ht-se node~-., and m11~r. hf' -npproxlmate<l il_!:;ing mr.erpola.t.ion fttndicns. 

Tltest>luuctior,:, sssufnc. tl1<J tosiscivity of ~nclt olcm"nt \a he can&cl\nt i,1skk the !llem«nt, 

nnd r.onsrit,ntn thf.' :sh<svn.mmrion~t linear sy::.;.tcm of algchrliic eq_uatiOI.t!:!, 

• 'lne r.hoir.e of such func1:tons is prolile1n,avocific; J1igher order fUJtctioru, will vrocluce i, 

hctt9r api,raxime.tion {or man, r.ompleK cr,se.s. ln most El'l' !IYSf,em.~ simple liorat in­

-t&pol•~icn fw1ctiou1; ,.re usb<l • the <J.dvl\llt"g" l,eu\g ,h!lt these ate ll:Ss l.'Ollljlutatioually 

intc·ush~. 



• 1f pimple linen-, iutc-.rpolntion ftmctions ~1rc u~d to ilf')J)tt·,:ximu.t ,p. fJ1e w,lt.;:u.t11 d 1~.ui~ in m.Hdt 

el<!lllcot, t,hty ~an be wril;l,"11 us: 

• The fuuctfou ¢,j(~:. yj is uuity (.t, th,; ji,./, lli>tifl J.1[ lilt tileiu.,nt and V!l'il QCt, t.bc ot~cr. Usini;. 

chis proprwl,v, and .. ~er ,,;U$id<Jro.bl,;. !Llgebtaw ul.;u1ipul;; \ion il c;;n IH: ohowu th~t ti n, 

·".l,J~meut 1tmtrix:1 (l-,omelimt:!B callC'.d the ·st.ifmc~ ma.t.rlx\.} of fi b.ioH!!-Ultil' elemW-11 bh 

\\1hr.1·~ a = elernent cr.m,dv.ct,·1.idl y, ~ --= ,rr,:..11 o,I' Rlr..1nen1... Tlie sCQ1at \-a.J U~-bl I b2 1,,.,c3 ;\.l'e 

relate,:! to th~. lcngt,b.« of l.h~ 1hlfere.ut slue: uf e.1.cli triaui;ulru cl,m1c11t ~rn · l!!4J l'r,r mw.ct 

dd:lnitioas . 

• 'T'hb eleJ.Uent u1an·p t rk-:scri1,.., tlw r~lu.liou he,w"'-'ll CUl'l'<'Jl! oor.l volti,i;,:- at r.al,h tH•,tL, ni 

the dcmt"nl,. [f "''' ,itt• t,Q uhtaln a s,,lltrion over tli<! t!11Hr1i r1ersilm w,; 1111JSL abStltnl:ilc the 

·rua..'11'.nr 11,~l:rlx-' , r . "The l<;1si,, of the ~,sm11hly J)l'r1coou,., i.s I.hat the l'Rlucs of jJi,, field 

vari~ b!e a.1·c l I 1e same o.t the, 0,1,Je,; whm-t1 cletn..nl~ are lntcrconncc. tccl'' [:!JJ . 

• Ea<.'h cltm:iont's uor,le:s ,i.re, nu111l1~1:cl looally I.e. if llD "1emc11l ha, n u 11<l,,s a«suclaL"cl wll.li 

L<. , lttm locolls l!.o Lh" c!crunoc m q,11:stion). I.hr.:;,., no,lc,; \\llll t,,~ ottmbnrcd I t11 n t,,v:nl 

1,otl,· J111mJ.,,ari11g m us,t.lru8 .mtl.i. ,;lwht•,111 ~s hfllnJ!, r,liajoiut~ and Jndeµ,mdml. Wb cl! lt 

1:•1mo,s 10 ,l>'fltlllllil ing the mas!eJ' 111;,1rL~ 'I", iL Is n eccssOJ'Y to tc-nnrub,,r nnJ"" inn ;;lnhal 

smm·, 'f'his is 1,,~u,,c dllh,rcu r cJcn,c,11ts tvi11 share «"1'1,lilll nodes. Thrs" cnnoF.111,, aw 

JUus1 rnL..d tu. liglU'c 3-'J. 
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Figllrc 3-2: A 13 clement. ! 2 node mesh- Nmob,:,y~ m t-bc- midcllc of clcrnr.:nts a.rr. clement 
111ouhPa·s; numb~rs r,IQSc to node,,, &r~ giohJ node m:unl ,er,. N<>t-<' t-h:<t ca<:\h •l~mcm ha, 3 
h,1,al m,des, whkh m»:r also be lo,~u nude,, of a,l,iatm,t: eJeme,,,ts. 'C'he local 1\ode.. of each 
wJ,miei.1l >'IJ'e wed co cre&Le eav.h .,,penilk cl,,,meur s s~iffness 1uatJ'lx 'Ihe lnL,;,r-elcmc11l s!:a.ru,g 
c,I nnde, nc·r.•ssltat<s th,. form~ti,,n nf thc- gloh,u ma,t,"1' m~,t.rix which rnnfomi," tr,, t.h~ 1tlr.,hal 
nnd<• nnwbf'!r1:ng sc!iema 



coucC'pl of 'mc'lill u>.UJJW!Jlli-. 'file lluJbl, "lil;\Dih~1dlh rd.J.t."" tu Ute ffi<LYTlllun, ,!iip,'<"l'llP­

in :Sl<,baJJ node num):,c<r,; within an clM,ent," 12), When aalvlug t.ll1c1 llle,er.;e 1u,,11fom 

(rlisr.11ssi;rl ·furcl1,;r in section ,U) t-h<' l.a.ndwi,:lt.h will grcacly a,lfoct the m,;-tlJJ)r)' s1i!ili' 

o.-.l ·for ,;toring thf. ~p«.r;;• m;,r,l'i"es rypi<•al t,) inverse i,roblcm,;, 'lhiB in cu1ll r,tfoc~~ 

t.:(JJt't'f!t~ f!lK~ tirr11::. of 11l1e al~~,, i11l1rn. 

:S,3A Solving the FEJ\1 cqu,ltiuos 

• The. rri,-.,,t ~0111111ou rtt~/l.,ul'P.11l"1u t ,r,ra~"(l;Y uJ J;;IT - tha l'\eigl!horing J\l~1-1wd (, l~:»Tihc,:l 

in ~~:ti,m 2.a) . rosi.1lt.= in lmtJWll (~t.11·.ret1-L8 being, iujec.:.tE!(l inti0 l';\ medhntl anrl nnknrJW11 

\·oltag;es hemg caµt,tl,l'ed ttt, Lhe lmwJtlary. 'Tliu:;1 i.o ~irr111l,~uiug UU.t.: rneasm·am~Jl· p1·ntofuJ 
1 

we would solve for the unkn.:m,1:L boun,l,w~ \',)ltagcs giveu U,c lrnowu ·.u.1N,1,io11 .<."UJ'l'eut s.. 

h,y performing thl< follow'mg Of.l"!At-io11: 

u = y-11 

lt€1·,· ,, illld I arc the v,,ltag~aod CU1'J'C11'- vectors 1·csµ.,ct1vely. "fs Ii N il!J 1 an~y t:0.0t1tiui11g 

the voltages of each of the N M<k>- in the m•~h. r ,~ ii 1 ~/J "i array contruni.ug rocl1, 

nt>cl~ ·s n<:I cnnen l flow. 

• 111 tl1e vasa ,,r If,., mea.su.-em~m ,1.ral.egy employ,i,::J iu r.l!is 1rrojl<<lt (]mown l'WtHgas a,pplir,1 

ac.d UllliliuWn '"1t'r,;n1,c mr11sured at lhr. boundni•v). a clill•,r.;nt ap11,orrcll is n1'•.'t,>;sat-y, 'fh11 

rnllcnl"rir;,n wht.:h m;erl:. m be performed is; 

(·3,S) 

• '11, .,oh·e th,,. ert1m11on T~'l•urtt.s t.l.t~ ttrt i<:>Tr,tt111e.nr of rhe problttnf~ ho1mda,-y ttmrl!r,mus 

Cnuslder r.he voltage and t lil' l 'lllif, ""'lors r V aud I) , (.e,_•,wn !!<1dfJS !U I"~ tHe<I, ~Ve 

111,11111.lory ,:m,tl,t.it1ns pre<crihe,1 J:,y r.l1(-} >1ppli<:1J.t ion n.fvolrag<¾-; ,m •h~ bauud,1.ry OtJ1r,rs 

a1·• 'fr•~ '" \"<l.f.\l' I\J, 2til. If w• r~arr:u1ge rh• colt"g~ in " ;;11d, tJrac the· nr~.;;oribcd 

volu,ges /,ra sej.l.tlra,,t,,I from , llf. ' fr<•.l' tu ,w-y' -vultag<\S, :.nd t!J1~1 l'f.a.rrnnge the I a nd Y 
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rnr11;1·tces MCO,rtll1gl,v, we end up ,vita the l\lllflwlng, 

(J 0) 

where th,, subscripts 1, awl I refer tn 'prcscnbcti1 ::,nd ' thn to v;;ry' r~pootiwh~ 

• The rr.,.rranging of J will follow suit of v's re,utangem~t. !lS ilioee nod'!!! w1J,d1 1tilvtl a 

pn,scrlbe<l 1'0ltl!ge are for1>xl t.o lv,vn" nol inw,.rd or out:wu;rd C\ll'N!II flow. The romru.nlr1g 

node,,' currents ( I1 i ,l~ll aU be l!flio due f., u,., ,.sSUifff,U<ift of un eig,iificaat mrrco.1, sou.roo; 

being pro:;cnt witJiin tJ:tc: mesh. 

• U,;ing ,;t.~uda.rd mt\l,d'L algehra, tlle unknown oolilld!ll'Y current.~ (Ip) t.'lin be ..:.lw.<l lor 

SPe [26, !I] for- cl.,i-..il• 

3.4 Sohing the: lnvc:r,m pr:oble1u 

Given 1,hc limiiod nUJ!Jber of k □own bottn<l!l.t)· coutllt.iow, capt11 ce<l from :;Q .ElT olcctrod~ rlng, 

II is t.he t!l.8k of an i.tuagiug al,gorltlun to ro=,;truc.t,, within some error thMSll'lld, t-he t<•ruluv-

1 ivit;y nr perrnittivifJ' dll!trl1Jlll:Jon2 within the lill,.\ging ~_pace. Gf'.Uerelly SflC','ll.'ing, convcmiona.l 

L"!const,ructlml. o.lgol'ithm, seek t.o find 1,hc mvcrso of e 'Sensitivity mat-:r:ix' (ot ' ,focol:ilan Jna­

t.ru: in ERT) whlch deseribes how Lhe dmugea iu hn4nd,~ry volt,~gcs nr currenis are T.;lated t-0 

"hilllge:. in c"1'lh pixel',; rc::,istMty •)r permiUhity f15, 29]. 

Many m<>tbo,ls of obtninitlg th-e Sen,,ith~ cy matrix in EIT C'..'frult - e.g. Linear Blick-Projectiuu 

Method, Pormrbation Mer.hod, Double Cu!JBtJ·s.int Mlftl1otl tJtc. - tho mn;;~ c<>lllQlPn of whic:b 

,we well tluc\1Itle11tetl 1n t-J111 lltcrn~ure (l::!ua and Woo [14] ptovcda a ~oml ov,,rvir.w r,f IJlr.sr.). 

i\ll 11111,horn r;.gtee howe,-er, that s.ilviug the itlveelf' Jll'Oblcrn is a highly complex and norilillW 

[irnblfllu. 

A3 s tated in sectiot, 2.4. l the.. nu~t whlel_y ,=cl and s11p0Jlnr t.1lguritlno for r~,,~.st,ruet.iug 

tm;.ges 'tn EfT ·,s t.hc Modified New1on-Raph6'Jn (Ml\"R) methls,J, For thie rr.111;<1n 1t. ts l,he Oo.lJ• 

p.ouventkrnal tcchniq\1c dls<."\18scd hP.re. 

1in rhe t.:-fl!ltJ C\i 'ERT, l\ conduclanC(! di~dbu'tioo li bprroptbttE=, wW'1t~ ,n £j(>"t.l'11,1,1 ilap.ic1cu.ot>t: 'Iom•.u;-rnph .,. 
<ECI ), ,a t)~rmitti1,1ity d'1:rt,ibllii.:•n w.c,ukl bf' more ::&t,>t, 
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lli~n·e 3-3: A tli1,gc1m1 Hl11sk1itiug :'fowton 's =tlio,L \:Ve ,,.,,,.,k w miu1llll:;/, t!,~ Tmwtlvn .f( .i:) 
;;t,arl by j.':llC"S&Lllg lill a,rhltr!lfy Viii LI!: mf :t, ;,v,-Ju:,~e tll<! fuueuon >illd •.:i.kulH~l:' ti.ti, o,q_wat.iou 0r 

I.he l!iHgcJ'JC, Hue aL th•t. poiut. 'Thb ucxl guess fo,· :t ls tJ1e> y-in1.t;i·cepc of chis llillgcnc. Il.,;pcal. 
um.ti ct>uver,g~nc~ .. 

:..4.1 The Newton-Raphson i:\/Iethod 

'''l'hc l\cwt-on-fu,ph.soo algorithm.i~ an Itttr~tivc rcconot.ruci,1011 o,lgorlthm spocilkally <le.1,1,lupe<l 

!<J.r no11linf'":IT _c,rohlfta1..~"• l"l4_. TI1~ allnrithm SE-,P.ks tn lttinimi.~ft r,be- r.ITor bett\"6CD mcasnrcd 

IM1mila.ry vult,,g~~ ur c11me<1I.~ :tutl t.hu,t' 11r~tlict.~,I h,v " forw11rtl prt,l:,le.w soh'tlr ( 11,mally r.J,~ 

11'BM), IL t5 compar .. hloill_prlndplc to ~-cwr.on's fl.kthGod. wh~rc nn .rbir.rnry g\le6s to thv 1001 

of a function scrl'es /.l'1 flD. iml,i"1 trial so!ntion. Th~ fnm;r,ior, i, "vrunntF.d nl, !,his guF.Ssed V«luP 

Md thC'. t:.ngcnt (or tlcriv~,tivc) c,f ,.he· function a,t that poinr found. The> guC'Ss is r.hc11 UJ,'dll.l,ed 

I ,ccn rc.a,hNl l!ll. A diagram 01l~):'\t-c.i.frot11 l9l, illllstmting r,!ii,; concept appNIIS ill fii;urc 3-:; 
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The J;;,,cobian l\fatrix all<! th .. Update £q11atiu11 

The f\cwton-Raphmu 3l,g<u-ltlun defin$ tb.e e,rur fun,:tlvll in ElT a,; the m~an ,sq11aretJ emr. 

l11•t,ween U1e mt-,a.,iur~tl amJ r-0mputod b<:i-nnd~t·y--vah1cs: 

((l ,lf\) 

where .f(,7) i:; th,; r.ompntcd c1u·rcnt ot voltogc J'('.SJ)ODEO for a giver, condnet.h·it,y dist,'ibut.i,,n 

, ;,nd fq is LI.le U1eMJ.1red ,ei.poll!le w tl,11 rf>al (m,k,,r,wu) c11r1tl11etiviry <li.,tr,burirm. 

In or<l.er t.~ find rr whid1 minimises <i>. wo s,:,I t,h,:, derivath·e ,q,' LO ¥.-tlrO. t.~. 

(3,111 

whore f' l 11) is Cilllcd ,hr.; ' J,1cobian llliltri11,'. 

_,\fu,r ta1cini; " 'fa isl or sen cs Q\'.J>.msion of V (ff) , and canrelll.ng lusiJ,ln1ficant le ruJB, the 

11pd.ate equa,tic.n iLe. t.11!' 8q11,,tiliu wl1 id1 tells u,; in which t:UTCCtion r.,f er t<:, ur,dote -0ur gUa<.S, 

"" ,,,. h> l,er,(i ;,, th!'.' d•roction of d=fitlsing gradie¥,L of the euor foudfon) Is: 

wh•'lr;, ~ i;; 1:h~ ,,.;,n<,l11dtvit, eleruent a,1mb,'r [9, 4, 24]. 

A llow rJrn.rt a<lapt~d frorn [24J of tho ;iJgo1it.h01 is dcr,1cted 1n t!1c1we 3-4. 

111-conditioning an<l 1,lie need £01· reg,1lari\;,itiun 

tho nature of r,:m1ography itself produues systew lll»tdces~ wl,i,h ,;re ,,,.i,l t.o he- '111-p,,.,cd' 

w ' iU-.. onditi<)ttal', A mal·rix ii;. soi<l to 1:>o U-condiUonr,,i "'hen the me.lo vf its m<1.JCrrt11ml t,1 

m.inimum slngul&' 1•11Jues is signifl,:antly l,u:ge. [2J, 24] , The sinp,;il;:,r wlucs of o mat.ri>: an; 

propovtioual to the leJJgths of the ,,xe~ delin<:t1ti~g th<) an1o!lcst cll!p$c (i11 2-d) or eliij:!£;Vid (Jn 

Mghffl' dimension.<) cnd...,ing the d,11,a points repres,;rtte,:I by the rows of IJ,., matrix . 'fh,.,, 

3'$y$ce)u 11r:r.hit11:~· rcforn:cl tu bt.1c◊ uro m:ttrkt:4 \'-'hjclt d~....;;rlt,.; t.h-' lll1iJ11")in9; betwe"'ri lt;.t~rlllt d1n.roc1..en,li.c::,, 
11n.t:I br.ium];,uy \·~llUt.'S vf 1:1 ~)\'Utl tOnLop;ruph.y !>-Jr.tmn. 

28 
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M eke guess et lnitiel 
corui.1ctl vly d lstrl but lo n: 

qk 

Solve the 1or'A6rd problem 
(FEM) 

Calculate error: 

♦(u) = 1(/(u) - /of (/(u)- Ji} 

No 

Yes 

End 

Update Equ1:11tions: 

0 k+t = 0 k + {j,qi 

Figure 3-4: A flow chart of the Modified Newton-Raphson algorithm adapted from [24]. 
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• 

UncorTelated data Partially correlated data CorTelated data 

Figure 3-5: A diagram of 3 datasets: the first dataset is uncorrelated data, the second and third 
possess different degrees of correlation. Each dataset 's encapsulating ellipse is drawn with 
major and minor axes in red and blue respectively. The greater the ratio of the variance of the 
data in these directions, the more ill-posed the data. 

more ill-conditioned data can be contained in a more elongated ellipse/ellipsoid than less ill­

conditioned data. A diagram illustrating these concepts appears in figure 3-5. 

In ERT this can be explained as large changes in conductivity near the centre of the region 

resulting in small changes in the captured. boundary measurements. It is thus intuitive to see 

that if such a system is ill-conditioned., then these small changes on the boundary will easily be 

swamped by noise. Thus, such a system will become inseDBitive to changes near the centre of 

the region. 

This undesired phenomenon can be worsened. by the measurement strategy employed. If 

a measurement strategy which promotes current to flow mainly near the boundary is adopted, 

then it is plain to see that little current can pass through the centre and hence little infor­

mation about this region is contained in the boundary measurements. In reconstruction, 

ill-conditioning leads to conductivity values near the centre being spurious and irregular, as 

they have little effect on the objective function of equation 3.10. Thus, the need for some sort 

of "smoothing" a.rises. 
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Regularisation and Ridge Regression 

The concepts, graphics and equations presented in this section are based on explanations put 

forward in [23]: 

The task of updating the conductivity values of a FEM mesh so as to move in the direction 

of decreasing error, carried out by the MNR algorithm, is comparable to the problem of fitting 

a plane to a set of highly dimensional points in a least squared error sense; in matrix notation: 

(3.13) 

where Xis ap by n matrix ( p = number of points and n = dimensionality of the input space4 ), 

w is a vector of coefficients and t is a vector of target values. Target values being the desired 

values of the function at the corresponding data points in X. Equation 3.13 is the general 

equation of a plane in n + 1 dimensional space which passes through the origin. The shape of 

this plane is determined by the coefficients of X (i.e. w ), and this is what needs to be solved 

so as to determine the plane. If X were invertible, then the solution would be: 

w =X-1 •t (3.14) 

X however, is often non-square (more equations than unknowns) and un-invertible. The solu­

tion is to form the 'Moore-Penrose pseudo-inverse' of X. "It is easy to show by differentiation 

(and is a standard result in statistics) that the loss function [error function between fitted plane 

and desired target values] is minimised by: 

(3.15) 

"[23]. Here, (XTX)-1 • XT is the Moore-Penrose pseudo-inverse (or just pseudo-inverse) of 

X"'5. Equation 3.15 represents the plane which fits the data in a least squared error sense. 

Note too, that it is identical in format to equation 3.12 - the update equation of the MNR 

4 'Input space' is then-dimensional space in which one of the points described by then rows of X lives. 
5 It is easy to show that (XTX)- 1 

• xT represents an inverse since ((XTX)- 1 
• XT) • X = (XTX)- 1 

• 

xTx = x-1cxT)- 1XTX = x- 11x = x-1x = I 

31 



algorithm repeated below for ease of comparison: 

where 

X--+ J'(ak) (Jacobian matrix) 

w--+ t!t.ak (conductivity update vector) 

t--+ f(ak) - Jo (error) 

Consider the simple 2-d datasets of figure 3-5 on page 30. Each data set of figure 3-5 can 

be represented by the p by n matrix of equation 3.13 (X(p,n)). The first data set will produce 

an X matrix of full rank (i.e. all columns/rows are linearly independent), meaning that an 

exact solution/plane can be found. The third data set, which is a correlated data set (i.e. 2 or 

more columns of X are linearly dependent ), will produce an un-invertible correlation matrix 

(XXT), meaning that infinitely many solutions/planes exist. In the partially correlated case of 

the second data set, the correlation matrix (although technically of full rank) is ill-conditioned, 

meaning that there are many equally well fitting planes6 and the solution is thus 'unstable'. 

Regularisation is used to address this problem of multiple unstable solutions; a technique 

known as 'Tikhonov Regularisation' or 'llidge Regression' (this thesis adopts the latter nomen­

clature) is used in most implementations of the MNR algorithm. It involves adding to the 

existing ill-conditioned X matrix, a set of virtual data points close to the origin - one on each 

axis. This has the effect of reducing the slope (smoothing) of the plane in all directions, ex­

cept in those in which it is well defined. Just how close to the origin these points are placed -

which directly effects the degree of smoothing - is determined by a scalar factor known as the 

regularisation parameter7 . The addition of these virtual data points in matrix notation is: 

Xregulari•ed = X + 'YI 

6These many equally well fitting planes are local minima of the error function in the MNR algorithm. 
7 Typically, for normalised data, the regularisation parameter b) is in the order of 10-8 . 
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Regul arl sation 
Parameter 

( .... ] •••• •••• •••• 

\ Identity Matrix (I) 

( 
1 0 0 OJ 

,* 0 1 0 0 
0 0 1 0 
0 0 0 1 

Regularised 

-
Figure 3-6: A matrix manipulation diagram showing how regularisation of a square correlatif 
matrix (XTX) is achieved through 'Ridge Regression'. A small number (gamma) is added o 
the matrix's diagonal - in vector space this is equivalent to introducing a 'virtual data poin ', 
at a distance of .jgamma from the origin, on each axis of the input space. 

where 1 = regularisation parameter, I= the identity matrix and Xis the correlation matrix 

(XTX). This is depicted in the matrix manipulation diagram of figure 3-6. 

Thus, when performing the MNR algorithm with regularisation, the update equation ( equ~ 

tion 3.12) becomes: 

(3.17) 

where I and I have the same meanings as in equation 3.16. Note that the expression 

f'(akf f'(ak) is analogous to the correlation matrix discussed above. 

The 2-d datasets of figure 3-5 are redrawn in figure 3-7 with target values represented tjy 

the z-axis. The possible solutions/planes for each data set without regularisation are depict~d 

to illustrate the need for regularisation. 

3.4.2 A note on image resolution in conventional EIT systems 

"The literature concerning measurement of spatial resolution in EIT is vague" [30]. Different 

groups often quantify image resolution by their own means, thus making it difficult to com­

pare resolution between systems using a generalised measure. The task of quantifying image 

resolution in EIT is further complicated by its spatially variant nature - meaning that a single 

parameter is not adequate, as is the case with most imaging techniques. This spatial variance 

33 



Uncorrllattd data: 
unique pt1n1 tits data 

Part1111y correlated data.: 
plane is unstable 

c orrelatld data: 
Infinitely many planes 

exist• no solution 

Figure 3-7: The datasets of figure 3-5 are redrawn with target values represented by the z-axis. 
The dataset on the left has a unique plane that fits the data, the dataset on the right has 
infinitely many such planes. The middle dataset (ill-conditioned) produces an unstable set of 
planes - local minima. Regularisation is the process of stabilising this plane by adding virtual 
points to the dataset. 

in EIT is due to the non-uniform flow of current through the imaging medium, and is thus 

different for dissimilar current injection patterns [30]. In fact, the spatial variance in EIT 

is directly linked to - and can be explained in terms of - the ill-conditioning of the problem, 

where large changes in impedance near the centre of the region cause small changes in voltage 

at the boundary. Thus, it is possible to obtain much higher resolution near the edges of the 

measurement space (where the current density is high) than near the centre. In this discussion, 

resolution will be explained in terms of the number of elements for which the MNR algorithm 

is guaranteed to converge. 

In EIT, the maximum number of unknowns (conductivity values) which the MNR algo­

rithm is able to resolve, is equal to the number of linearly independent measurements available 

from the measurement space [9, 16]. This is because the heart of the MNR algorithm -

the update equation {3.12) - relies on computing the inverse of the so called 'Hessian matrix' 

(f'(ak)T f'(ak)); recall that f'(ak) is the Jacobian matrix which holds information about the 

effects that each conductivity element has on the boundary measurements. This means that, 
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in order for convergence, the Hessian should be of full rank i.e. its rows and colUlllIIB should be 

linearly independent [31]. 

k:. the number of elements in the finite element mesh increases, so the effect that each 

element's conductivity has on the boundary measurements decreases. It is thus intuitive that 

in a real system, as the resolution of a particular mesh increases, so the entries in the Jacobian 

and hence Hessian matrix will shrink - decreasing the signal to noise ratio and conditioning of 

the matrix. Note that this noise is present in real systems owing to such factors as measurement 

noise and modelling error. It would be naive to think that no noise is present in a computer 

simulation of an EIT problem; even the tiny error introduced by computer rounding is sufficient 

to limit the resolution of ill-conditioned problems. 

It should be mentioned that 'cunning' methods of increasing the resolution of such images are 

known - especially when some a priori information a.bout the measurement space is available. 

It has already been shown that regularisation is one way of improving the conditioning of 

the Hessian matrix, and therefore maximum resolution of an image ( at the expense of image 

smoothing). Mesh-grouping is a technique where certain elements of the mesh are grouped 

together by forcing them to have the same conductivity [32]. This allows the mesh to contain 

a higher number of elements than independent measurements available. The algorithm will 

still converge if, in increasing the number of elements, the number of unknown conductivities 

has not changed. Obviously these methods significantly increase the computation time of such 

an algorithm. 

In summary, the main limiting factor on resolution in EIT is the number of independent 

measurements available of the measurement space. H resolution is pushed beyond this, then 

the MNR algorithm has more unknowns than equations and will not converge. Regularisation 

makes convergence possible at higher resolution, but at the cost of image smoothing. The 

second important resolution-limiting factor in EIT is measurement noise, which heightens the 

ill-conditioning of system matrices. 
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Chapter 4 

eural etwor 

Intelligence for 

and 

I 

omputational 

econstruction 

This chapter seeks to provide the reader with an overview of the reconstruction methods used 

by the research group in the past. This is because some of the techniques used previously 

are carried over to this project. Also, it will be important to have some understanding of 

the methods used previously when they are discarded or altered. Furthermore, background 

information on kernel methods is presented so as to prepare the reader for the results obtained 

in later chapters. 

4.1 Introduction 

Since the explosion of commercially available computing power, artificial learning techniques 

have been finding an ever increasing ensemble of real world applications. Simple algorithms 

can be used to teach intelligent systems, by example, to simulate the mapping performed by 

complex systems. Because such techniques are known to produce good approximators of highly 

complex, nonlinear functions, they may be useful in approximating the functional mapping 

between the internal conductiyity or permittivity distribution within the measurement space in 

EIT, and the boundary measurements obtained from a typical tomography system. In other 

words, artificial learning methods have potential to solve the inverse problem discuBSed in the 

previous chapter. 
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Figure 4--1: A connection diagram representing a common Artificial Neural Network architecture 
used in EIT. The specific nomenclature and symbols used are similar to that used by Teague 
[l, 4]. Note that each 'neuron' has such an activation function as represented by the singular 
blocks. 

4.2 Neural networks for EIT 

"Neurocomputing, parallel distributed processing, connectionist networks, artificial neural net­

works or simply neural nets, whatever the terminology, are all models of large numbers of 

simple but highly parallel and distributed processing elements with a high degree of connectiv­

ity between them 11 [21]. Throughout this document, the term 'Neural Network' (NN hereafter) 

refers to the classical architecture of a number of layered neurons or 'summers'. Each neuron 

performs the weighted summation of its inputs, and typically feeds the result to a non-linear 

activation function. An example of such a network appears in figure 4--1. 

Indeed NN's have found a wide variety of uses in complex medical imaging tasks such 
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as feature classification, image restoration [33] and EEG1 spike detection [34]. Research on 

applying NNs to the task of image reconstruction is however, less common - perhaps due to 

the fact that conventional methods ( e.g. the MNR algorithm) have been the industry standard 

since long before NNs became widely accepted engineering tools. 

In the available documented research on using NNs to solve the inverse problem in EIT, 

simulated impedance measurements are most often used in network training [19, 20, 21, 35, 

36, 18]. In these, boundary measurements are simulated using a finite element modelling of 

systematically created impedance distributions. It was found in [18] that when testing the 

performance of these networks on a physical system, acceptable results were only attained if 

additional simulated noise - similar to the physical system's measurement noise - was added to 

the training data. 

Hence, research into using "a new practical approach whereby the networks are trained and 

tested using real data from an existing impedance tomography system" [5] was initiated by 

the research group. The results and methods of the research are thoroughly documented in 

Teague's Ph.D. thesis [4] and summarised in [5]. The reconstruction technique developed has 

been applied to a number of research projects within the group since then [3, 7], and to the 

author's knowledge constitutes a unique reconstruction method for EIT applications. A brief 

description of how reconstruction is achieved follows. 

4.2.1 Teague's reconstruction methods 

This section presents the key issues required to gain a general understanding of how Teague ( and 

the researchers who followed him) used NNs to perform reconstructions of the measurement 

space. Where appropriate, extracts and graphics are ta.ken from Teague's Ph.D. thesis [4] and 

paper [14]. 

Training database population 

Training data was obtained by recreating what a cross-section of a flow might look like in 

different 'snap-shot' scenarios. Rounded polystyrene cylinders and pockets of gravel submerged 

in seawater were used to reproduce instances in time inside an air-gravel-seawater flow. These 

1 A graphical record of electrical activity of the brain; produced by an electroencephalograph. 
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Figure 4-2: A diagram illustrating the individual training bubble positions within the imaging 
vessel. Circles represent a bubble position, lines form a 10 by 10 matrix of pixels which are 
used to set the desired network output (target). 

contiguous masses of polystyrene or gravel are referred to as 'bubbles' in [4, 5] and throughout 

this document. Boundary measurements would be captured for different bubble positions -

"Essentially, the smallest identifiable element of one phase, or bubble, is placed in a specific 

location in the second phase [seawater] and the readings are taken. The bubble is then moved 

to a different position and the readings are taken again. This process is repeated until the 

superposition of all the individual bubble positions effectively covers the cross-section of the 

vessel." [5]. A diagram illustrating the individual bubble positions taken from [5] appears in 

figure 4-2. 

Due to the static nature of the training database (i.e. the fact that boundary measurements 

are taken while the mediwn is stationary), the networks' desired output or target values were 

manually recorded by looking at the scenario from above. The 'trainer' would, via a graphical 

user interface (GUI), record the entries of an 88 pixel image as being either air, gravel or 

seawater. A screen capture taken from [4] of the GUI used for training appears in figure 4-3. 

39 
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A note on the performance measure used to train neural networks 

Since the research group started investigations into neural networks for EIT, the performance 

measures used to determine the generalisation ability of such networks have been called thresh­

old error and volume fraction error. An extract from [4] describes how these quantities are 

obtained: 

" 1. Threshold error, which is the percentage of pixels that are not predicted correctly. 

For example, if the network predicts that a particular pixel is gravel when it is actually air, then 

this represents an error. These errors are summed over the entire database and are divided by 

the total number of pixels in the database. This performance measure applies only to the image 

reconstruction neural network and gives an indication of the positional correlation between the 

desired network output and the network prediction. 

2. Volume fraction error, which is the percentage error of the volume fraction predictions 

for each of the three phases. For example, if the image reconstruction neural network predicts 

that there are 42 pixels of seawater when there are actually 44, then this represents an error of 

two pixels. These errors in the seawater prediction are summed over the entire database and 

are divided by the total number of pixels in the database to give the seawater volume fraction 

error. For the volume fraction predictor neural networks, the absolute values of the differences 

between the desired and the predicted volume fractions are summed over the entire database 

and then divided by the total number of frames in the database. It therefore represents the 

mean absolute error of the volume fraction predictor neural network for a specific phase. This 

measure is independent of pixel position and operates simply in terms of volume. It gives an 

indication of the ability of the network to predict volume fractions accurately. 11 

Neural network image reconstruction 

Teague researched the use of Multi-Layer Perceptron (MLP) NNs as well as Radial Basis Func­

tion (RBF) NNs to predict the desired output image. In both cases, network architecture was 

such that 88 outputs were available - each output representing a pixel in the image. Each pixel 

would be predicted by the networks to be either air, gravel or seawater. 

RBFs were found to be inferior to MLPs and were thus discarded early in his research. 

Teague's best results for static, 3-pha.se image reconstruction were obtained using a single-layer 
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feed-forward neural network. These results ( documented in [4, pp. 75]) are tabulated in table 

4.1. 

Performance Measure ~ _· T ~::::-Feed-Forward Neural Network 

Threshold error (%) 2.69 

Air volume fraction error (%) 1.22 

Gravel volume fraction error (%) 1.49 

Water volume fraction error (%) 0.80 

Sum volume fraction error (%) 3.50 

Table 4.1: Teague's results for volume fraction predictions using a single-layer feed-forward 

neural network. The training algorithm used was the Gradient Descent method. The entries 

of the table are the mean absolute errors between desired and predicted volume fractions of a 

test database (reported as a percentage of the pipe's cross-sectional area). 

Interestingly, networks trained using only 2-phase data (i.e. either bubbles of air or gravel 

submerged in seawater) could successfully generalise to 3-phase bubble distributions (i.e. bub­

bles of air and gravel submerged in seawater). 

Neural network volume fraction prediction 

Research preceding 14] had shown that greater volume fraction prediction accuracy could be 

obtained by training neural networks to predict the volume fractions directly [1]. Furthermore, 

this type of network can achieve results faster than if performing an image reconstruction first 

11, 4, 5]. This is because fewer output neurons were necessary (2 as opposed to 88 for image 

prediction), and hence far fewer input weights to this final layer needed to be found. It was 

found that the best results could be obtained using a double-layer feed-forward neural network, 

the hidden layer of which contained 25 neurons. These results appear in the following table 

4.2 [4, pp.77]. 
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Performance Measure 

Air volume fraction error (%) 1.15 

Gravel volume fraction error (%) 1.49 

Water volume fraction error (%) 0.86 

Sum volume fraction error (%) 3.50 

Table 4.2: Teague's results for volume fraction predictions using a double-layer feed-forward 

neural network (Multi-Layer Perceptron). The single hidden layer consisted of 25 neurons, each 

having a sigmoid activation function. The training algorithm used was the Resilient Back­

Propogation method. The entries of the table represent the mean absolute errors between 

desired and predicted volume fractions of a test database (reported as a percentage of the 

pipe's cross-sectional area). 

4.3 Kernel methods 

Briefly, kernel methods (as they are called in the computational intelligence community) refer 

to those techniques of function approximation or classification, where kernel functions2 are used 

to map the training data into a higher dimensional feature space. 

Although Teague investigated and ruled out the use of RBF NNs (which are a kernel 

method), re-directed project goals and a new training method proposed by the author have 

inspired a re-opening of the investigation into the ability of kernel methods to perform volume 

fraction prediction in EIT. 

4.3.1 Justification for further investigation of kernel methods 

The reason given by Teague for the poor performance of RBFs (and hence kernel methods) is 

that they suffer from the 'curse of dimensionality' "which specifies that the number of training 

data points required to 'fill' the input space grows exponentially with the dimensions of the 

input space" [23, 37]. In fact, using the database population techniques described in section 

2The exact definition of a kernel function is complex and highly mathematical. For the purposes of this thesis 
it is unnecessary to define such a function, and is sufficient to realise that the Gaussian/Normal distribution is 
such a function. 
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4.2.1, the time ta.ken to suitably fill the input space would be in the order of months! This 

is due to the fact that Teague's GUI (figure 4-3) and training software was focused on image 

reconstruction i.e. the position of training bubbles in the measurement space was important, 

and played a significant role in network training. Thus, the time ta.ken to set up each individual 

bubble configuration, sample the boundary voltages, record the target values of each of the 88 

pixels and reposition the bubbles, makes training a laborious and tedious task. 

Because of the improved results achieved by Teague [1, 4] when predicting volume fractions 

as opposed to image predictions, the focus of the research shifted to predicting volume fractions 

directly. Although this was the case, researchers following Teague (Gia.nnopoulos [3] a.nd 

Capindissa [7]) continued to use Teague's database population method designed for image 

reconstructing networks. This meant that results were still slow in coming forth, and the curse 

of dimensionality remained a limiting factor in the types of intelligent computing techniques 

investigated. 

4.3.2 Kernel methods 

Section 3.4.1 likened the task carried out by the MNR algorithm to fitting a plane to a number 

of data points using simple linear regression techniques. Even when regularising EIT data 

however, it will be impossible to find a plane which fits such data suitably using linear regression. 

This is because the mapping between the data (measured boundary voltages) and target values 

(desired volume fractions) is highly non-linear, deeming linear regression useless; unless some 

non-linear transformation is applied to the data first. 

Kernel methods are capable of achieving highly irregular, nonlinear function mappings by 

placing o~ ea.ch data point (in the training data.base) a kernel function. These kernels are 

functions of the euclidean distance3 between all points in the training data. The most common 

and versatile kernel is the local Gaussian function4 , which is characterised by a 'width' or 

'spread' factor (23]. The kernel width parameter (usually called u) is a parameter which needs 

to be tuned by trial and error. Different datasets will have different optimum O' values which 

JEuclidean distance between two vectors (x and y) is defined as: D = JE(xi. - yi.)2 • In 2-d, Pythagoras' 
theorum is a special case. 

4 Although kernels are by no means limited to this case, they are the only kernels used in this thesis. 
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Figure 4-4: A series of diagrams showing the basic principles of kernel methods. The diagram 
on the left shows how Gaussian bumps are 'placed' on each data point in the training data -
note that all bumps have the same width factor (u). The middle sketch shows how each bump 
is scalE¥! according to the target value corresponding to the input data point. The diagram on 
the rig~t shows how the summation of the smooth, scaled Gaussian bumps results in a function 
which~ be used to generalise to new data. 

give rise to the best classification or regression error. Most datasets however, produce similarly 

shaped u vs. error•5 curves, with a sharp notch in error occurring around a certain value of u. 

Each of these kernels is then scaled by a weight, or a coefficient, and the linear sum of 

all kernels is formed. This weighted sum of kernels becomes the classification function - in 

classification problems, and the regression function - in regression problems. In both cases, 

the a weights applied to each kernel are adjusted so that the kernel has approximately the 

target value ( + 1 or -1 in classification problems, or a real number between O and 1 in regression 

problems) at each data point. The resulting function, as a superposition of smooth basis 

functions, is itself smooth; hence it can generalise or interpolate to new instances [23]. These 

concepts are illustrated in figure 4-4 extracted from [23]. 

The way in which these kernels are mathematically 'placed on each data point', is illustrated 

in the matrix multiplication diagram of figure 4-5. 

5 'Error' here is generalisation error: the error between the predicted values and the real target values in a 
test database. 
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0.3679 O.ll.121 0.1353 0.3679 0.6065 10000 -1 

-1 

Figure 4-5: A matrix manipulation diagram illustrating how a simple 2-dimensional linear 
regression problem is transformed by the kernel function into a higher dimellilional problem. 
The way in which kernels are 'placed' on each data point is demonstrated in the middle section 
of the figure. 
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4.3.3 Kernel Ridge Regression 

The process of adjusting the weights, or a coefficients, of each kernel function can be done using 

a variety of methods. Various different kernel classification and regression 'machines' exist, 

and are distinguished by the different methods used to adjust these weights. Support Vector 

Machines (SVMs) for instance, iteratively adjust the weights so that the function passes as 

closely as possible through the training points. In the process many weights become zero, and 

only the 'support vectors' remain. SVMs are viewed as state-of-the-art in the computational 

intelligence field, yet their performance is virtually indistinguishable from a technique known 

as Kernel Ridge Regression (KRR) [23]. 

Simply, how the weights (a values) are found in KRR, is by using the methods of classical 

linear regression i.e. matrix pseudo-inversion ( described in section 3.4.1). This process is 

however ill-conditioned - tending to overfit data - hence, regularisation is added. 

In MATLAB, which is the author's KRR development platform of choice, pseudo-inversion 

of matrices is performed very robustly when using the backslash operator: 

w X\y, or in the case of KRR: a= K\ttr (4.1) 

MATLAB'S backslash operator (\) is an 'overloaded' one, which performs many different 

functions. IT the X or K matrix is un-invertible or ill-conditioned (as in the EIT case), the 

above notation will achieve a minimum-norm, least squared error solution to the equations. 

This is done (very robustly) using 'Singular Value Decomposition' [23], which is described 

further in section 7.1.2. Thus, no need of hardcoding the Moore-Penrose pseudo-inverse will be 

necessary when finding the a-weights, although it will be necessary to perform regularisation 

{Ridge Regression) on the kernel matrix before pseudo-inversion; hence the name Kernel Ridge 

Regression. 

Once the a-weights which best map the transformed training data to its corresponding 

target values have been found, then predictions can be performed on the unseen 'test data'. 

Firstly, the same process as followed in mapping the training data into a higher dimensional 

space needs to be applied to the test data (i.e. a distance table made between each testing 

point and each training point, followed by application of the kernel function). Once the test 
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data has been mapped into this higher dimensional space, the a-weights (found previously) can 

be multiplied by the transformed test data to arrive at predicted target values. 

Below are a few lines of MATLAB paeudercode for implementing KRR. The reader should 

not let the simplicity of the code detract from its power. 

function yte = krr(Xtr, ttr, sigma, gamma, Xte) 

% 

% usage: yte = krr(Xtr, ttr, sigma, gamma, Xte) 

% Xtr is the training data matrix - rows are instances, columns features. 

% ttr is a vector of the associated target values. 

% sigma is the kernel width, gamma the regularisation parameter. 

% Xte is the test data (same format as Xtr). 

%the predictions from Xte are returned in yte. 

% 

D2=dist2(Xtr,Xtr); 

¼ creates a distance table of all the inter-training point squared 

¼ euclidean distances. 

K=e-(-D2/(2•sigma-2)); 

% the kernel matrix using the Gaussian kernel is a function of the 

¼ distance matrix. This is what 'places' a kernel on each data point. 

K=K + gamma•IDENTITY_MX; 

¼ kernel matrix with ridge regression (regularisation). 

alpha=K\ttr; 

¼ finds kernel weights using MATLAB's robust pseudo-inversion operator(\). 

D2=dist2(Xte,Xtr); 

¼ distance table of test-training point squared euclidean distances. 

K=e-(-D2/(2•sigmaA2)); 

¼ kernel activations at test points. 

yte=K•alpha; 

% function value at test points. 
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4.4 A note on resolution in neural network-type EIT systems 

A discussion of image resolution was included in section 3.4.2. The topic was discussed in terms 

of the maximum number of unknowns which would result in an invertible Hessian matrix - the 

requirement for convergence of the MNR algorithm. Since intelligent computing techniques 

are function approximators, and are not directly involved with equation solving, it is difficult 

to predict at what resolution their methods will collapse. This is the main drawback of such 

techniques, i.e. they do not provide the outside world with information about the function they 

approximate, and hence it is difficult to analyse their mechanisms. 

Because the intelligent computing techniques used in EIT (such as the ones developed by 

Teague [1, 4]) are merely another method of solving the same inverse problem as that solved 

by conventional techniques (i.e. image reconstruction using the MNR algorithm), the same 

inherent sources of error contribute to the bounds on reconstruction resolution. Just as the 

MNR algorithm fails to converge for ill-conditioned Hessian matrices, so too does computational 

intelligence find it difficult to find a unique surface which fits the training data if it is ill­

conditioned. Therefore, the first and foremost factor influencing resolution in EIT is the number 

of independent measurements available, which is determined by the number of electrodes and 

measurement protocol employed. 

Given an EIT system with a certain number of electrodes, it is thus safe to say that, 

in an ideal noise-free measurement environment6 , the resolution of any EIT reconstruction 

method is determined by the data-acquisition hardware's ability to measure small changes in 

the boundary values, and the computational device's ability to store (and perform calculations 

with) these small changes. Of course, in the presence of measurement noise, the system 

resolution will deteriorate as these small changes become swamped in noise. Furthermore, 

once measurements have been digitised for computer manipulation, rounding errors will further 

encroach on resolution. Thus, when sampling boundary measurements from an EIT rig, the 

analogue-to-digital conversion resolution and number storage format should be chosen with the 

expected amplitude of measurement noise in mind. It is relatively easy to obtain high resolution 

6 Measurement noise in EIT, besides the effects of electromagnetic interference, is mainly due to unknown 
contact impedances between electrodes and electrolyte. 
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Figure 4-6: A diagram showing the sources of error introduced during the reconstruction process 
in EIT. The largest source of error is that introduced by measurement noise, which is mainly 
due to unknown contact impedances between the electrodes and the medium. Note that an 
additional source of error is introduced in conventional reconstruction techniques. 

analogue-to-digital conversions and number storage formats; the main factor influencing system 

resolution is therefore measurement noise. 

A diagram illustrating these concepts is presented in figure 4-6. The diagram illustrates 

a definite advantage of using an intelligent computing approach in EIT; a further source of 

error introduced by conventional techniques, but not by neurocomputing methods, is that of 

modelling error in the forward problem. 
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Chapter 5 

esign and Implementation of a 

• ynam1c I Measurement System 

All the topics covered in this text so far have been theoretical in nature. Their purpose was to 

introduce the reader to the concepts of EIT relevant to the project - specifically the author's 

stage of it. Background information has been abundant in earlier chapters ( and in Appendix B) 

so as to familiarise the reader with the state of the system and aims of the research - as received 

by the author. All concepts presented have been based on the work of previous researchers 

on the project or in the literature. On the contrary, all that follows is work done, by the 

author, using the tools gained through studying the literature and investigating the constructs 

presented so far. 

This chapter is concerned with the practical issues involved with the design and implemen­

tation of a dynamic EIT measurement system. More specifically, the practicalities involved 

with undertaking such a task (given the present state of the system) are: the design and imple­

mentation of an open-ended electrode ring, the implementation of a new data capture system 

and the upgrading of the current hardware. 

5.1 New direction of the project 

At a meeting with the project sponsors (25 August 2004), it was decided that the project 

needed to become more focused on the practicalities involved with building a new electrode 
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ring; one which could be fitted into the Flow Process Research Centre's pumping loop at the 

Cape Peninsula University of Technology (CPUT). The main decisions ma.de at that meeting, 

concerning the direction of the project appear below: 

1. An electrode ring capable of handling real flows must be designed and built as soon as 

possible. 

2. Since improved results had recently been achieved through Herholdt [9] extending his 

point electrodes to line electrodes1, the effects of performing a. similar a.Iteration to the 

design of a new electrode ring should be investigated. 

3. Due to the issues raised in section 2.6 on page 17 about the training of neural networks 

with dynamic data., a. purely intelligent computing (or black box) type approach may not 

be the best route to follow. The project needs to become more inclusive of previously 

avoided, conventional image reconstruction techniques. 

4. Emphasis must be placed on designing a. system to output volume fraction data (a.s 

opposed to image data.). It is however understood that image data. is a useful tool in 

research of this nature, and should not be sidelined. 

5. For the sake of simplicity the dynamic measurement system should be a single-plane, 

unimodal (resistance data. only) system. The decision to use only resistance data. is further 

justified by the fact that capacitance data. is mainly useful in distinguishing between 

phases of different permittivity (i.e. rock and air); resistance data has proved sufficient for 

distinguishing between pha.ses of different conductivity ( e.g. water and air /rock). Because 

the final application seeks a. volumetric flow of gra.vel2 rather than air, the electrode ring 

can be placed below the air injection point, and measure a purely gravel water mixture. 

The reconstruction of such a mixture should be possible with only resistance data. 

1 This is discussed in detail in section 5.4.1. 
2This gravel is the whole reason the airlift exists - it is what DeBeers are after - and hence why the flow rate 

of gravel needs to be monitored. Also, the amount of air being injected is a known in any case. 
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5.2 Before design, some careful considerations 

When designing a new rig, many design choices must be made which affect the future of the 

project. Specifically, hardware design choices will play a significant role in the successful ex­

change of the project from the author to his successor. This has been learned through the 

difficulties experienced in reviving the dormant hardware of Teague, and analysing Giannopou­

los' upgraded version. 

In fact, Giannopoulos did make provisions for his work to be built upon and extended. It 

is in this spirit, that whenever a design choice is ma.de, careful consideration of the project's 

future is taken. Thus, in what follows, all decisions and design choices are justified in terms of 

their extendability - not necessarily to the ultimate goal, but to the next stage of the project. 

5.3 Data acquisition 

In previous research, both Teague and Giannopoulos had used the EAGLE PC30G data ac­

quisition card to acquire their data. Teague had the following to say about the card: "This 

card is intended for an ISA slot and is soon to be obsolete since it is increasingly difficult to 

purchase computer motherboards that support the ISA standard" [4]. The research group 

recently obtained the much more user friendly DATA TRANSLATION DT9802 card. It is a USB 

data acquisition module with high functionality. The module is supplied with the usual soft­

ware development kit (SDK), which contains numerous libraries with hosts of functions which 

can be called to control the card's sub-systems. More attractive to the end user is a popular 

development tool called DT MEASURE FOUNDRY. At first this seemed attractive because of 

its user friendly GUI with which no hard coding is necessary, and procedures such as exporting 

data to Matlab are performed with mere touches of buttons. However, a little experimenta­

tion revealed that the complexities of the sampling task at hand (namely: the high sampling 

rate, and need for sampling to be perfectly synchronised with external hardware) required the 

module to be hard coded in C. 
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5.3.1 Outside help 

Unfortunately, with a purely electrical background, the author had never coded in C. So it was 

decided, with the aid of Prof. J. Tapson3 that an outside source should be hired to produce 

some skeleton code on which the data acquisition software of the project could be based. An 

electrical/computer engineer (Tim Long) who recently completed his B.Sc. thesis in EIT and 

is currently doing his M.Sc. in EIT, was given the job. The author supplied Long with a list 

of requirements which the skeleton program should meet. All the requirements were b68ed on 

specs obtained from Teague's Ph.D. thesis [4] i.e. number of samples to capture per frame, 

required frame rate etc. The specific requirements appear below: 

1. 256 analogue voltages need to be sampled per frame. 

2. The final application may require a reconstruction rate of up to 200 frames per second, 

therefore the data should be captured at least as fast as this. 

3. Some way of controlling the address lines of 8 16-channel multiplexers needs to be realised. 

Preferably, the card should use one of its onboard counters to drive these address lines in 

parallel. Alternatively, as Teague and Giannopoulos did, an output port of the module 

could be used to communicate with an external sample controller board. 

4. The code should be able to average the data of a number of frames e.g. capture 10 frames 

of data, and then save ( 68 one frame) the average of these 10 frames. This would be useful 

to reduce noise effects. 

5. The code should accept (as an input parameter) a m68k, which tells it which samples are 

significant i.e. which samples to use in reconstruction. 

Note that although it was decided at the August meeting that, initially only one plane 

of resistance data would be used (this corresponds to 64 samples), the requirements above 

categorically state that 256 samples are required per frame (which is the number of samples 

required for a 2-plane 16-electrode FDM system). The requirement for the code to accept a 

masking file as an input parameter takes into account that only one plane, or only one mode 

3Project supervisor. 
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(resistance or capacitance) of one plane of data., might be needed by the user; in this case the 

user would simply enter a mask file corresponding to the desired samples. Keeping extendability 

in mind, this same code can be used for sampling any sequence of cha.nnels up to a 2-plane 

16-electrode bimodal system. 

5.3.2 Functionality of initial code 

The completed skeleton code met all the requirements and ended up controlling the multiplexer 

address lines via an external sample controller board - a board which still needed to be designed 

and built. This was done as opposed to the requested use of on.board counters due to their 

serial nature (i.e. the counter values are output serially, on one pin) which would be ill-suited 

to the high speed requirements of the sampling task at hand. The code appears in Appendix 

C. 

5.3.3 Sample controller board 

Long's skeleton code output a clocking signal on one of the external pins of the DT9802 device. 

This was to be fed to the device's ADC 'input trigger scan' pin, which triggers the internal 

ADC to sample all 16 analogue input channels on its rising edge. This clocking signal could 

then be simultaneously fed to the clock input of an external counter, which in turn would drive 

the address lines of the multiplexers on the demodulation boards. A block diagram of the 

sample controller board ( designed by the author) and how it interacts with the measurement 

system appears in figure 5-1. Its circuit diagram and photograph appear in Appendix B. 

The principle of operation of the sample controller board is similar to that used by Teague 

[4] and Giannopoulos [3], yet slightly simpler - with less chance of loss of synchronisation 

occurring. This is significant because Teague stated in his recommendations that: "there is an 

occasional loss of synchronisation between the sample controller boa.rd and the data acquisition 

card. This loss of synchronisation is the result of false triggering of the data acquisition card 

by noise on the external trigger line." His recommendation was to address the issue in future 

research, and although Gia.nnopoulos used screened cable on his external trigger line, the cause 

of the problem (i.e. separate counter and trigger clock source) had still not been eliminated. 

In the present system, the sampling trigger scan and counter clock come from the same source 
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Figure 5-1: A block diagram showing the interactions between the counter on the sample 
controller board, the multiplexers' address lines and the analogue inputs of the data acquisition 
card. Note that Long's application (coded in the DT9802 flash memory) sampled the analogue 
input channels on the rising edge of an internally generated clocking signal. On the falling 
edge, the multiplexers would be incremented to switch through the next set of measurements on 
the demodulation boards. Note also, that only 4 demodulation boards are used in the present 
system; the data acquisition board however, has been wired to accept up to16 analogue inputs, 
i.e. the number of demodulation boards required for a dual-plane, bimodal, 16-electrode FDM 
EIT system. 56 



(DT9802 output trigger), as opposed to an external clock source (implemented using a 555 timer 

in Teague's and Gia.nnopoulos's sample controller). Thus, even if noise occurs on the trigger 

line, both counter and the trigger scan are effected, meaning that no loss of synchronisation 

occurs, only a bad data point. 

5.3.4 Modification of code for training 

The initial skeleton code was designed to capture - and average if requested - a certain number 

of frames and save the result in a .csv (comma separated variables) file. The application would 

then close. This would be adequate for real-time testing, however it was not adequate for 

training NNs using the methods used by Teague (and the researchers who followed him), where 

time would be needed between each frame in order to change bubble positions. 

It turns out that the two tasks (real-time testing and training data capture) required to be 

performed by the card are quite different; they require totally different use of internal buffers 

and buffer interrupt routines. Thus, an appreciable portion of time was spent gaining an 

understanding of how the DT9802 performed its buffering operations. 

There exists (now), a separate application suitable for training NNs in Teague's fashion 

using the DT9802 (see Appendix C). In fact, as the system stands, a different and more elegant 

method of clocking the external counter has been implemented. This uses a 'clever' function 

of the DT9802 which Long overlooked. It is called the 'digital dynamic output' capability 

and solves problems encountered when dealing with situations which arose when modifying the 

code to be used for training. The functionality is basically the same and is not discussed here; 

however, a figure showing a block diagram of the subsystems' interaction appears in figure 5-2, 

and an oscilloscope screen capture of the digital dynamic output pin and the counter output 

pins is presented in figure 5-3. 

Note that all the commented data capture code developed for this project appears in the 

appendix where its functionality is briefly explained. 
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Figure 5-2: A block diagram showing how the dynamic digital output pin of the DT9802 is 
used to clock the external counter. The dynamic digital output pin outputs a narrow pulse 
each time the last channel is sampled, which happens at the end of every trigger scan. 

5.4 Designing the electrode ring 

5.4.1 Point vs. line electrodes 

An undoubted improvement in EIT image reconstruction is achieved when using axially4 ex­

tended point electrodes (line electrodes) in conjunction with a 2-d finite element model of the 

imaging plane [9]. This is because a simple 2-d model takes no account of fringing. Using line 

electrodes is a well known way of eliminating this fringing, or at least reducing it. The concept 

of how fringing is minimised when using line electrodes is illustrated in figure 5-4. 

At design time, the question still remained as to whether the use of line electrodes would 

improve the predictions made by NNs in EIT. Thus, a practical investigation into the effects 

of training NNs using data collected from both line and point electrodes was initiated and is 

documented below. 

4 The axis being referred to here, and in what follows, is that of the centre line pipe being imaged. 
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"1"':tnm.ic,, n$ this is wh;i.t "'""' to bec u.5cd in the dvn..iuit Jig. Unl<ivtw1at.ely, the aulhur':, 

<.'()lleagut,1 (Vladhoir Ca,pl1uli:-1.f:.1t) -w(\S pnrforming. u,:~\~ of hi$ own U.'-ing tl1is hti.rdwur<: at 

th~ titne5 _ The _prindpie nf op,~ral,ion of T~a~no~;,;- {~q\1a.re-1A'ti.VO. P:<dt.ation) h;1nlwar~ J~ 

huwcvcr identical r.-0 the ;in115'Jidal excil!l.don llflOO. Ly Giaw:.opoulus, except. t Ii.al ,I.nu• 

t:oit!:,1 r.xdb,tion n-~d11t~ dppl<·~ :u r.h~ ,!e'Tnt)dul-utnr 011t.p11t1-.. Any improvcmc111: g;i.incd 

tJ1wugl, line eledtod~-• using square-wav<-> exdt,a~ion ~1,,mld it\LuiUwl.Y .:an·;-- Ulro11gll h, 

1111rec sinn~oi,Js,J txdt·~t.fon. Th11s, Ji.'aguci~ scnsillg clc.ecronic;; were 11;cd. 

• Tbc clectrodc l'ing used w:,s that of Teugue·s, a.~ uonslrm:ced fur his Ph.D. d1«s\s f41, 

Only one p!,,nc 1va, us,xl, ,md only rc,iistancc 1·cccivcrs w1.'l·c connected (as dQcidcd up,m 

• Alwniuium hl}ff' aml c1opprn' \\;rq. worfl Uil~ t.n e"°:torni t.hP.- point l."lci!trodr:-1. A photo.grtt.i►h 

nf thr- ctXtt·:t1(iOO r.lcc:rrodc~. appears in fig1u·c 5-5. 

Method 

• The ssm~ ,nctliu.1 of s1mulatl11g bubble dbttibut iuns >\'S used ui t.h~ furerutmillg pl'ojeds 

[l, 2. 3, •i, 71 WI\$ utilised, i.e. rounded poly8tyrmc c_)'tinckrs n·ptc;cntlng nir bubbles". 

A pltnl.ogmpll o[ some nf th<-> pq]y,;t.yrrm<> b1tbhl"~ used ><f>l!"""• i11 ffgurn 5-0. 

• Tu. both Te~gue'« B.S1<. snd Ph.D. lllt<ais ll, 4], t,e<L result~ in p1'edit:ti11g the Vulume 

Jrncwm.s of a mult-1-phas,}, static mii..'1-urc, were JJbtmncd using" Mnlti-Laycr l'crccptron 

(I\ILP) archlr.e<:tu,·,, )IN witJ1 on.-, hidd~11 hym· mnsistill)!; pf 25 tJ<lUrlllJ~. Rr,sllim,t D:.d< 

I'1upagati1.1U (RT'ROP) was Lhe 1.I-ainiu~ tdgurilhm usetl 1,o ac:hieve these. n,sulls. All 

f22J using lhesu $pccifi1;aLions. 

r,tt was meittlonett in (.!hapt~ 1 1h,:1t n-ne .r,f tl,e limit:tt,ion~ of r;-lu;. .;ql tho:r\~ 1-'t"-i:w-:>i.i'(.:h, ,;.,;;i,s vht~ Hnt!H1h.1Nn1:1= 
sH11:t.1.fon. 

1:No g:i·:wal h11hblP.!'> w,-,e 11.iP.d ;tr. thii=-: ,\•nu!,I Y'et111l1•z- h1Jh.jfl:~.I: (l'P.~i.it.:1.)l(;!: 11.tt,l ¢AJ'l{\~j1,.AU<'-hl Uat"A. 



Figw:e r.-5: A photograph of the line dectrodes usod in t.hc expm-1rnm,t,. 'l'l,o line clc,c:tmd"" 
were realised by extending the point electrode,; of 'l'm:1uc,'s rig with almniidum t.11.pe, 

Figure 5-6: A photograph of the, vmious polyst,yrnne bubbles u•ed in l ht! c;..-p&imcnt. 



• lu onl~, to te«t th" !Jffm:t. nf thi, "'AW',;t.nd t:b,111g<> i:ri ole<:tro<ln sba.r,,. it. "'"' rl,,cidc,I) t<, 

capture two comp&.1·a.ble ~t.B uf l.raiuiug Jat"R - oue u:1iu.g poiut -tdl:!(;t . .rode."l" l:l.nd 011e u.<-siug 

!i1Jr. ckctrodns. Bccr.msc-th,, ulurnatc gonl is volumc-(os opposed to image) reconstruction, 

lmhhlt> JHJ.-..itlon.:.; a.r-r: tmimport:ant iu t:rniuin_g - only r.J11~lf siin i!" ~'t,lfn1fic;H!t Hn-WC.\.Ttr~ 

it WDS <lccirlcr! tn create both t-rruning <l,u:ab~mJ wUh -OX<'\Ct maLching hubblc positions. 

That Wt'l;Y r.rrQrn l.ntrm1ncml by ouo dat:t set Mvlng morn rnpr~utatii:r (11.ra. thau the: 

,,th;,t would b~ dillii11H.tt!<l, 

c~pt.uu,tl beJo,·e ;me! aih":. 'l'lus allow~<l foelc,rt1 suc1, 1,s temp'<fal,1m, drift and imputii,i;,s 

ad1kd to t.h~ w/1,tcr to bi:' c01np~11st.tr.,-,J for using thi: follo•r-ini fc,rn,ul~: 

{D.1 j 

ti= ri-ttmber r,f fmmc.s in daiubr,,so 

• Oner. bntb lino aml flOipt tl~1.1d1:,s,-,s h1t,l l,rn11 popuh,t.,,;<l, ... ...:Ji d"taba,;e wa~ wc-d to train 

JO iudep~udt>J1\ ML-P'$ · all with the same aiohlw:-ct,m:c. The- rcaso11 for training 10 Ml ,P's 

is , luc· to the fact, t-h>ti ,,ti trninc-d ).;1.LJ> will h,w,, i.rl,,ntic~l wrights (:.vHI hm1tn 1:hr. ~'""" 

• Av<'mgc I he results of c~ch s<'t of 10 ::VI Ll:''s ;ind rq,ort rr.sTOlts. 

Il.esulls 

Th(' following cabl<' di~p.l'l)'s the results obtropnrl when t<'Stioi thr. tT_iiiue<J uc,tworks on 1111,;:,;)f;n 

v.:~~t. r,~~s. ·rhC?- vc:rformam;c, 111~R~nre tL«ecl is t.l.1e ttlettu a.hsolute enor betv.·am µ1:edicted volume. 

fractio:os ll.n<l ,fosirn.d on.-.;. 
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Trai1,ing Oat~ ML~' , ,..: u·:i 
1 

aLI' .:! ;.,, j>,; I \:I ! l' li 
·r 

11~ UJ!1 ' ~fl?; .\lt.M: 1.:.l hl ~ l l Ll'li! ,., .... :, l>:'t<II I 
. 

Ponn. rl<:-ettode ~.16 4.H 2.27 ~01I 12.01 l..3G 5,Bl L.,~2 ~-l8 S.J5 4.66% l . 
I 

tine t-1eOtl·U•1~ 2.0.-1 Ull ~.20 S.03 1.22. 9.()6 $.iJft S.03 i,.011 Jl.23 6.58% I 

" -~ 
•r~blo ,j. 1 ! A {abl~ showing t,hc n,.vcrngc gcr.u~ra]!tla.tinu {~.rrul'.$ of 20 1,1Lrs - 10 I.rained with 

1•ni11t elt<C\rode da\~ mHl lO with Jinn c,lccttudo &t ... Tbe .,ycr,,g,:, of o,ad1 loJ is t~ko11 &~ t,l.i,­

('er[ormanoc meos,m:; of t.l1t1 d teet.wde type, :,:/oLC; tru:,.t all c11trio, in th<! tAbll! u1fnt to t,}i,, me.m 

a.hsoJnto nrrrit-s. itl -volurnt! f11:1ction pr~dictfon1 n.nd arc rcporbi<l ~ a. µ,~rt1l{11t;tg~ u[ t.he pipf/S 

.-.:ro~·~<.:.tional ar~a .. 

Cot1ch1Si-Ol1s-011 ush,g line electrodeij in tel'mij 11f N~ rec,rnstrucLiau rasults 

l . ?fo .siynijfoi:mt change fa genomlisut-10-n ,,rmr of Mf.,P~ ,,. no!ii;,r,ble be.tweer, Chose lram,·1l 

,;sing po~nt decfrode d(ir.11, ,md /},r,,se fr1>irrntl "·''"!! Tinr ele1n,-;,de dalu, How"v ... ·, iL shou!J 

I)') nc,r.~d tlu;t fl"' data captw·0<l fo.t th" line declr<'.!des was s.ig'ni!k.;:,nt ly morr, ll<JL5Y t hm1 

th1't. 0f point ~lect.to,fos. Tlib wru, becatl8'1 T~ag"\J.,;'s rig IV!\S not ropt-imiscd for ~he "~"' of 

11111•• pj,,cttode~, 1VWch r.-.,ult Ll Wghcr currr,nts bcing injc<:tr,cl and re,:dvc«L Thi$ r•·1s11] ts 

in ~-au1raiitt0 occw:riug in s01nc ::;t.;.igc~:;. of 1:ltH rot:<,!ivt~t.· .dHun, in turn resulting h1 11igt1er 

rlpple amplitn,;lcs r>n thr. domndulatots' ""bpul,1. Thb tipple cau ei.sily J;., elhni1VJ.ttd in 

Ull;' lil:'W l'ig, by ensuring n<• ~«t11r:ar.intt Q<:Cit1.n, in tltt receivei· t1.mplific.alku1 t.ha.tn. 

2. TJ;,lh luw and 7,vint dectrod,e.s shmtld br. imr,/,m.,·1.t,;} m1. th~ ''""'" d g. Dec1tu"" l,he re­

sults of this r,xpcrimcnt. w,:rn ~pmewhat iuwnduslve due tu th" noise present \n the. line 

d e:ctrode,; ,fat,;r ~1>t., a th<\l'nu;,;I, inve>~tigation Hhould be performed w1t11 robu~r cl,,drode,~ 

11:;;fng rrt(~tt!iu~n~_llt .bard"°-ar~ tttlit.~d t-"-• th, ... cnn:(mts don1MJd1,:d by Hw1 t1l,~1-:t,to <lt::=i . ~·)uce 

completed, more ~onn,d cnm:l11sim1s r:ould Le dt-J\Wll. 

It IVOS ~till Bcmngly hehcved by t he ont.hor thot dm imfosiun u[ liu,, elc,c;lrt,d.,s would bcn­

G,J3r. th<~ 1·c·1.~H:u•t:.li\ as dethtlttt iJnpto\·('JJlcnts in ,fi:!.:vt shn,,la.f;-ioos of boundiiry 1neaBur~enl£ 

oould be r,xp"':t<>.(l FEM ~imulatioJ1J; Hre Lhe htru:1. of <,be c,:mvr.nti<mol MNl:t olgr>rithrtr 

a,1d filay b-, useful in trill' nmg l\J\~, rh11o r.!1r,y :u-r:; lill i111pu1•u,.u1, fodor Lo consider when 

d.cs1gnil\g "" d«<:t-tml<! rint, 
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J;A.2 Electrode ring oonstrnction 

• An 11lnctrode riDQ., nooded t,o be irnJil~mented co11J'bn11in:,; to tlte 57nm1 (tnner-diarnerer), 

5mm thick, PVC pip~ 1~w.d in the pumping looi:i at CPUT, where tlw system's dynnm5c 

wsts were inteuded to be perform~tl. 

• The (f,brication of t,he electr,,,'11; ring was realiBcxl with the help of Mt. A. Sutberl~J1U'. 

lt's construction Wl!S LeAfiseU by skille<l ;,.rtis;;ns in the work.~hop•s of OPUT, whlle r,he 

m~hining: of electrodes was pe.rfotmed l:,y a comtnercial. pteci~10.n engineering mmp$Uy. 

1'lw 1·esalt, a goomctricsJly p1ed;re elect.rode ring; capable of beirig co11vartie.11tly Jltt,e<l 

into • high velocity pwr,vu,g foop. 

• It W>it< decided l<1 illlpleil\etlt 16 Jine elect.rode,,, ~ W"ll 'IS J(i 'guard dc,;t,rodes' - positlon~-d 

on cit:hcr sldc ( axially) of ea.ch line <lleci,1-ode. The reasons foJ- tile jnclusion of thfl"" l(Unrd 

electtodc,s Me hvofold: fin-tly. the use of .guatd ekctrod,;a is !cn<JWn tQ reduce the ~ffects 

pf fringing - it has berm s,bowt\. [38] that th~ w;e of gu;,.rc.i electroJe,;. 1Vhi[1, cffoi:ing no 

spccful l\dvootage in pbysiologkhl EIT, definitely doe:i nc h>ll'lli. A dl~gnwi illustratfa_g 

the principle of. how-guard dectrodf.\s rnlnimisc fringing, ancl how fuey 11re sbBped and 

µooitionP.d in the ek,ct;rode Ting; ~ppears In figure 5-,. 

• The 5econd reA.Sou for implement~ guard elecr.rodes oo the new ring, is beca.use the 

elii,ct.s of using line electrode., in d}•rmmic Err rcconstmction arc not conclusive!'· S}1ould 

theif use ptove iuferior it, pc.int eledtotle:;, then t.he origmally mfonde,I 9r,n,rd ele.ctrodcs 

(u~iiclt a,-c sh.a.peiJ to mo,-e cfosely ,essmble p-0int deciffldes) 0011, be 11$ed for measm-emen!. 

Tl11.1S, b}- including thes<' widit\on<li multi-p1u-poll!': electro<i~s, one clcctxod,; ring ,mn 

be UBed t<, more t\C.CW'll le1y I m•eetigate ! he oooseq_uenc"-'! of usin;:; wie ele<..:uot.les (,,;th 

,ruJ 1vith0Ut f{l.f;U'diflts) as opJ>()ser:I t.o point okctrodcs. The lnch1sion of bot.b. liypcs of 

r.!edrod~ in the rlng ha.s tbc.ohvfoUll advoota,gc of savlng tile time and Di®e:, involveti 

in_ fabr1catiug sepa.r11te electrode rings for each el.ectt0tl\' type. 

11).:lr Ai,dresw Suthlrt'"Ja:nd Is -a -M'J)ior tP.'IP.."'fC".b.er 11,t the Flow P-NCfffl.lS .Jvse.~reh Ct!»tre· ht Ce UT~ 
11 A tttmugl1 i;aets, we~ ~ttnfl'l~d QJJ Te;\g\le"F old .$yst~ru to d~ertniue (be eft'eeci:t of uslllii iine e1eci;todes, .a& 

was IDijntlon.~ i11 t-he vrevio~s :,;ectfoii, tht:" r~ult:~ witte 111lt oo.wiiuslvc .a, 1,hu h.itrdwar1~ 1.1$Ud in the "i-overUgaHon 
w~s iU-su.it~!J 'to t]J.e$ u.w. of ill1e electrodes. 

(i4 



Fringing occurs at outer edges 
of gu;ircl electrodes, instead of 

~t main electrodes· edges, 

Guard electtodes dc,n't al low 
fringing lo occur al the main 

electrodes, lnste<1d, current flow 
is perpei1dicular toe k?ctrod,s. 

J:;igtirc 5-7: ;\ di:,.o;r~m ,h,,wiug tl,e dim=iuns of one o:f the 16 clcr.uodc ,:ms, ,is wdl ,os how 
gu:trd d,.,,-t:md,.,, ri,tl1Jct! friaglllg. In lhc skct-rh on th,, right-, turn,nt fid<l li11r,,, bnlm•(1M two 
H<>r.s 11f t>ledrodes un r.,ppoaltc- si<\Cfl of tbn prpc "rn .lnrwu iu 2-<l. I\ ulice tJ,.,,, l,ec,<u;;" tl,e guard 
-eie!(;oro<lt>;.; .arc oo ~Coe to thn main dnc~Todes, /l,lltl /l,l the som.c p,;tor,tlo!, fringing is reduced at 
the ndgc:, nf tl,e ,nain el<>Cltudcs (which ,;re t.s(<:i for me;i,;1)1wt1,.,11t) - rri11gin~: er.ill ,11,c.urs, 1.;ut 
Jllaiuly at the guard nlnctrodo,,. 
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• The JeugtL of the J;n,e Glcctrorlcs is un importml~ design patrunetei·, and should take h:itu 

account such oonsidera.Uo,i,. ail reg,ured :frame r,.te ~ml m:otjmum <ll{poctrxl flow v~!ocity. 

The dcsirod length of the electrodes were cak'ulated using the specifi..:atior,,;, of thn pipcllnC' 

ou whiclt dyuatru(: testing of the s)'lft<lm wa~ intende..-L M opposed to t,he ~pecificat.ii,na 

of the final ;:ipplicat.fon. These electrudes would ltave to be rede;;;igncd whr.., t<JSting on 

pipes with different rha,ractorifrt1<;;3. The specifications a,J provided by M•·~ A Suthetlirud 

~t" llstc,,'I below: 

- I'i.pe inrwr dia.meU:.r = 57w..m 

- Pipe outer i!.iamei.er = 63mm 

• Given a m1D:in11.Ull flow r;;t,e of 6ni..s-1 Md frame rate 11 fra.1,ies.s-1, a tagged dlsturban[l(> 

in the flow will t.ra.val d = ~s-J • 1r1 s.[ram,:-1• hi or<ler fur the <\i,turhanre to he 

IVithin the uniforro 2-d field (i,c, <lircctly under ~he li'ne electrodeJ. \11(, eleet,rode l<;ngr.h 

sbmild be n.t foa.st a metei•s long. 

• Te,igue stated 'that "It cil.rl be ,ahown that the fr.un1Hate Ii, -of a dlli.\) pla.nc £IT system 

intended fol" mass flow· 01e/l,'3t1rei:neut] t11u.sl meet the fullowfog requit·eu:umt: 

( 
1 ) V= 'lL 6t.1 

·v,Vlit;r Via11.x 
(,5,2) 

where L fa r.h,,sopara.tiou bctwocn the two planes, lfi1Ax is themroomum e>..-pect.ed ealoclty 

and v!;~ ls t.he.tlesire<l velor.ity <liwriminM,ion"10 . 

• Tcqgu,, also stat€d tlts.t an optJruuru plane separatior, 11 of t.hree to four pipe diruneiers is 

retJWr~d to min1ro.isc cros&-ti\lk botwr;or, planes. 

• Using vnhic:; of 3 pipe di&U1eters pl,me s<!p<itat,lon tor L, 10% v-,locitr dwi,-iminatiou for 

v,~~x an<l 5m,s-1 foi- V:v,1,,·, a required frllf\1e rateva,lue of 138 frnme$.$_, is mk•tl<•t()'.1. 

'"Tcogno loo~ t hit from [S~. 
11 Bcu~flsC. tlm ·firtal apl)licM:Lion is a fl~w meter, 'i pl~1n8' 'i'i1ll h~ Of;',C4;!f;Ml'J'" fnr 1.,;lc)('lty c;:ilcula.dQlJ \lij.l.Oi 1;ros.,..­

Cs;rre.latWn tt?(lh;niqne-s. Tlro.s, pl:nw sepin1at,k,n l,t 1,be:rttat:1~1ice bet,wooo.. chese -ph,1.0,.,&.. 
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If Wi< Lak« ~u over ,::;;tiln~t,:, of r.hi, wlut, (1:,U fr"·"""·'··'-t ). H,o roqu1re<l lo.t1Ja11·!1 ,,t' melt 

.,Jed.rod-. - cound,,d tot he nearest 5,nm. - is 35mm. 

• The o,•idth <>f 1.1,., el,,L'tro<lr.~ will ue &uun, wl.licll is a •:OlllJ>to.wise between thin electrode,,, 

mq_11ir«d for re,:.iiv.-.rs (lo a,,:,lJ a~-.:re.gi11g of c.quiporcnti"'- contour,;) ancl bro;vl dr,ctrodi:., 

required fo1· trqn,;.mittors ( to crcat,<? o uniform ficl1l) This cl,wlsim, W'-' h•t.•ncl.ou "'111,,al..,,I 

g•.lc~swork a., •:ell ;t.< ,1,., 1Hmo.u~ion~ useJ by D.r. A. \Villdn~n an.LI ~fr. 8. Randall whi, 

l,a.,e "°"'~<!!Slully implt>J.llCrtw,d;. dynrun;c ElT ng &T, CPt;T. 

• Kotc thot althou~lu:i·o-~~ condation mm,nroment, of flow io IJOt• vart of tllia $lai,;e of the 

project. foctors ,;.nd, us pl,mn Sf\l1ara,t1ou aml fr3Ule rat-E! llave b""n •aki,n into al!count for 

mrtr.ndability ren.son, . 

5.5 Upgrading Giannopoulos' hardware 

Althong1, G11mn(iJ>tJ11los' haruwru:e was not perfect, it WM d(-cid"d tlwt 11 wo,i\tl he us,"l S" 

,~,, ro ""'" l.im,,. Fl<,u<;,siguillg ru:i<l fabticQti.nl!, cniil'cly new PCB:; wot1l(1 rxt.rnd tfir w .. it fo, 

,nal 11>.sults C'iill 'further. Gi(II)Jlopo1ilc,5 !,ad macfo pro~lsions fo1 extlilrnioo !:tow S.elec~roJ<: ~u 

LG-{-<lectro<lo d,·modufotion hrnmb. en all tl,a.t wAS. r«Quir"'1 WM to populate the bo&d:; with 

alt \1T:~d, •H<S1 ~· 

5.5.J l)'l'!nsmit,t,ers 

Ginanopoulos JJtin.J H,r: s·a.rne transwiU«r bo,;rd; iu '31 ns Q11i11ton Smil. u;;.-.! for hi~ <'•"J"'•-.itaut·n 

Lomni,;raphy research Zj. Th1J:;.o boards '""rr: <1"siJ1,11r:d for use on large pip"" (dfomctC?• > 

200111.m.J "out.aioing ~e>.llwater, For tho Jl\U'poscs of this re:;;ct,nrh, frcsl, wacr:r will bn used to 

1~liminatc corr(:,,5ion, ~md ~ mm,;h !'maUnr plpti tliaw.atti!' \Vil1 he l'CalisOO. 'Thu~., the current& 

CXJHwt.r,I ,arr far hm-.,r i\n.u tho, llS<\ of :i regttlal' opamp to ,J,ivr. th~ l,fll.llilm1ti.a.r deer.rntle.s will 

be b.upkmon♦.r.o 

!~(hnn11opouJoa. mmlo1n,:u..1y u.udocuillenred altel'ation,; to fht": b-cquf<TIC:y gen(irntiiori ho11.rdt> ~11,ij. di:mudu.laLiun 
hotll'li~- tt t;o.ok 11 w·hile For the wit.l.t.;n ~o dut,_pnrUne , ... •bfl~ modiftt;:it{ons W~l'c t'tl(l,i1fl. ::tnri re~r.ttw thr: morlifird 
dr<:1JJ.LS-, Thi.'> w~1 nn.e ..,1( rbe ,Hffi~nld~_'!; m~nt.iomNt v~rlict wlth rc~fl.Td l,u tbc Jru..rultl.ti; r.ive.t o( die pro.jec~, and 
-.: di~,·u.::HCJ fo1·th~r in 111>po!l\tlix Li . 
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Other rcMoos for ch~giog Lhc drivlng WJpJlfier ®ijt! fir.9tly r.h,, Li\111875T used r,i-eviousl_y 

i~ obsolet" and seoondly, 1,hc bandwidth of this power opamp is <1roUitd 70k.ffz. This i& bdow the 

ulaxlll1Ulli frequm,cy found by Giannoil()ulos' PBfJ, code, whicli r,eel<,; the O}'tim•Jm ~ran,m1i1 t,er 

frequencies ,eruJ.ting in l,b.e leru,~ t'ipple. prooent o.n the. output of t.he 1,ynclironoue detectort\, 

The chose.n r~plae,em~Ilt opamp was the AD7!17 wluch oft,.xs \1llrn-low disJ,orl,ion, wide band­

width 1md hi.gb.curtent output {seeAppe.ndix D fur dat/\>1he.i.t,), TbeTedesignetlcircui, tlet.11.il:l 

are much 1hc ,;.-.mo 'l>1 tho$~ used by Giannopou.loo [31 , except difforcnt gains are applied to 

obtaifi the de;ired c,urrent injection. Tho circul~ dcttJ.ils appear in figure 6-llnnrl aro further 

detailed in AppendLx A, 

{n ,erm~ of the cxtcndalJilll:y L.f t:hoso troo,;mir.t~~ tD higher cw·rP.nt. applioo•;ioo.~ (e.g. larger 

pipe, sea.wate.t), "search has been tlD!'Iefor powffl' op/llllps with ];;rger bandwidth, 1100,-e~w tl,ey 

are eytremdy co~tJy J\lld h,,vo ~i::rufir.xnt dclive.ry rJ1.ncs. Th1Js, m ;i.n effort to Mcclcrarc> tb.c 

p,-oces.1 as rnuclt as possilile, ihe above)ll<mlionet.l. stautln.rd opa.w.p wn~ use.r.L 

The re<:;l]v,w circ.11it detruhi rum!lifi similar to before except. chat, wii.h f·b" m1t.gnit11dc of roceivod 

cuttem.s being fat lower than in Giaunopoulos· Iaeger rig, no buffer will be ret1uir~d iu. the 

fee;:l.bac:Jc l'ath of tJ10 t rao~1mpr;d.~ncc, arnplific;r, Al,;o, an improved nmplifi.or was usl.'rl (LF4l1 

- see App<Jlldix l) for d.t<to.sheist). A cin.:-uil dia,gram of o11e rect!lver amplifier circuit appears in 

figure ~O: for more dcuilled ciiollit infotJollr,ic,n refer t-0 Appeudix A. 

5 ,5,S A note on the implementation of the transmitter ·and i-,-,c.0,iw,r dr.-:uit 

hoards 

The trroJs(11itta11 Md reoeiver5 ,.,,. . ., built. uy tJl., author on VE.!WBo~no, 1'hl$ '\VM duo to 

lb.cir bcin:; prototype,;. Also. t.bo cost and fi.tnc taken t.o develop entireiy new PC.ff» was n 

l\n>thor factcir t o -consider. 

At, imporfant diffro:e.nce to note about the n= board~ is t,hat up t.o 6 channels a.re lmple­

mm:ltcd on one section o! Ye,11000Ano. Th.is is .in contrast to each c.hunn.d on tha warils 

dcl\lgned by Smit j2J ancl used by GlH1wopqulos 13] being bulli <.>n " :;cp~ralcc board, Th,:, 

reason why .ea.di ohannel wil.S prcviou,;ly on its own l,oard, was fo rndui:., the P.ffucts of Btrt1,y 
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•t:apn.r:it1mrr.e ,1;1Wcll h1-.mtJute :uM!llfiCau( wh~n me./'1-",mTTug r.tt[Him.ch•t- ~ltt.t.a (wWrJ1 Uti~ rroJt'IC':r, llt 

Jlut, co,wcmcd with). ff LJ1is project fa Lu be c.xJcndcd to mc$surc ca,pacitivc dat.,,. tl.it,n new 

ttansmittc·~ and rctcivl'r board~ need to be rcaii;,cd or, ~cpor:itc substrat:c,. Th.- i\6tUal circuit 

di,tails c.Qn rrnuain t hi! sm.tw. 

{)1H~ tno1·~ 4,hiug- r.o uou~ a,1,our. tUe uillertillc.e~ l:,el.ween t]1~ okl rUhl m~w traILi.:r,ei"Vl'!r l>oID"c,l~ 

lo tlmL 1n·cvlously. brulka pf dcc,JUpli,,g chpacilMrS wen:· p,cscul for cach driver and re<.-eiv"r. 

Btca:u.c the driver and rc~dvC'r nmplificrs <1rn now on a ~ommo,1 ~ul!eti'!l.ic, o,ily 01Lc bru.tk QI 

docoupling eapadtors W"I" u~e<,I foi- all tramsm1rtms and ,m<>thnr bank for ;,JI r~.co.iv<:rs. Thi: 

\7o1tagt ref],ufator~l:.J [)ft.':8f:mt , .. m th~ 1,revil,m"i tntllHU.itt.cl-r L,.n-i.rrl~ wert! h.owev't'r1 carrft:!<i ti1u.n.1gb 

for c.xtcndt,billt)' rca.so.w; (i.e. to reduce the rippk n.t t'a~h driver should Lhc b1cdililll bt'Cornc· 

mor<' ,:()ndud1vc, - ,-,,g. ~:<IWDt:<-rJ. Rng1il.at.icm <1i thi, ,.,.,.,,,1w•r br,ard'~ volr.ag" mils wtos Q"rform,•cl 

Dr tho. pow"r snpply b,,nn:L 

5.5.4 l•'re<1~1ency CT,meration 

Eoch of Gfa,\1nopoulo$! froq110n41· g<~nm'ii.tion boa.r<b ouf1pnl": 4 d..i:strete fr.eqmmcies- - 2 t1rammu t ... 

1:;;r fr;;qu;,,1,ci;;., ,iud 2 !)0° 1il1as;; ili.il'l.cd vcr&iotJB of t,ht'St' fi·cqucncks. The phase shilled version~ 

;ire used unly <IS rcft'tt'llc<' sign;.ls in dcmodul;itJc,n c,f cap,,cit"nce: ch,tD . 

Wifl1 t.h,; e•xtensi,m of the. prvjocl. l<> 11) ekdrndes, 4 mure J..,quc,1cic:\ will be requiJ•c<l Lu 

,lrh·e t,ha ,,xlrn ttaru:m.itters. Origluatly it w~ Jecidc<l to rc~llse those frequ,'nc11:i< u.,ing th,· 

c.~iating bo<1rJs. This oould l;,n d()n<> due t<> thn f;id thtol, only r<,~j~t.,111c-c <lat~ i~ pf iur.,,rnst, ,al 

Lhn mnm~t. Thi~ mr-:,ms thiit 1iew fr-t!'que.nc,i~~ could tir~m~t1icttl1y b~ impl~m~te<l tttUng, the 

tr1ir.ro,mrtlrt1Ue,rs' µ<11-r,s pr;;yki!l.!lly dooicated lo Lhe plw;e :fuiftc<l slgt111,l8. Once agi:1111, to Dllow 

·fo1· nxtcnd~bUity, it WH~ dn&":i(.L"1<l tr'I fa.brirJ:Lt,n t,;1u1lly 110,-.· frtX\1Ir<J~C~ .. gt.mer st.um lHJatd::i: U:tie(l u11 

I.hose designed j)l'cviousl,r" 

l~x>lct copies of Ginnnup<111lvs' frei1u~11~-y !(eJ.tl.ej'o .. tion PCBs were mad<' a.nd populaLccl1.J. 

'l1hc- durngC'iS-h11 m-atk tn t hr: nrigirlt\l b<,anh, ,Nhich \\-'f:Tti printed from th~ ~r.ht:1uatir.~ n.ppt'ttriu.g 

irt ::}j (awl 111 AJ>pl\lt.di.s. A), W<!l 'l' cal'ried througl:i Lo t11e ocw boards. An nttc-mpt to <locutu.cnt 

rsflrev-j~4Sl)·, i,1n-.J ou U,e ne"° boai:cl-<.i :! voltJ\gt:: ~,t.uJ.ll)r,N'I"$ WP.rA m-"':d J)f!T' r:hann11I - uM fr,r I.hi; )in:tithy,,-, itnrl 
r,nt' for the ol.!goilve Ti.tll, 

""A~ 01cmtictol.!d, C:1aoQopu.1-1~s ma.i.lc 4 ou.rulmr 'Qt 1.11.u.ltl,cuu1cp11.cd cL.:i.n~ t,O iJ,,: t,c..,vJ~ s..,,;1 , L.,mgcl\ M 

•11·t,t'ini t.nsck,. llnrl r~-wl.r+nP., s\;;nuh. made fftlpul11.tltt~ ihc btr0ttb.~c1..tt&rult 
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1.110 di1Jerences b-en these scherua1fos and howtbe boa~ds werareeeivecl h,,· the autJior atlpe;u-

111 Avr~ntlix B. 

5.5.5 Demodulation bQru:<ls 

D11c l<> the difl'icnltics <:xpcl'!cncod.in rn.in·ormg Giannoponlos' Ei·<XJncncy gt:r:icration boarcl.a, and 

t,lie (!.Xcessive design t.ime requJred tQ design, ll?et, print. au.-l_po.1-1ul8te ll1lttrely new l>oard:;, itr was 

<l~cided net tn nrJnr now d"mod1iJ.~tiou boards. Undocum"Ilt«d ch<'ll.,"1:6 had l)oon carriod out 

OJI f.1,ese boards too. iwtl r.artyillg this over to new boards wbid, wcttld 1,,:,.-,, to be redesigned 

soon Myway was doomed wasteful. 

foot-e."ld it Ml'$ decided to popul\\t,e the r.m,pcy h,-slf of c&cii demodu!,,tion b,:,ard, <1Dd u&a 

Wh'lt was or.igtn,;Uy deBigncd !IS a demodulation t•o<\l'd for a e.ingk receiver in n lll~lectrode, 

I ,lmnd~l S)rsf.em 'll! • demodulatiqn board for '.! receivers in " 16--electrode •mimodal ( resi~t,;mcc 

dJlta. only) system. This ls ,fepktedui.1igw:e 5-10 and described in more dei,a.ll in A.ppfJDJLix B. 

The way in which t.hi~ is <.lCCOlll-pilshod is by using dcmo<lulat.!on cilanncls pr~vlo11,sly roscrYed 

lni· c.apacit;wce deworlttl«tinu, M demodufators for anothor re1;isl;a110.e cha1111el . Thi,, is limle 

uv r~ron~iug the source of the s_vnchrouaus detectors' teforen.c.-e s,gnals. 

5.5.6 A note on the guarding of signal Cl;l.iTYmg cables 

lt ""-'> mentioned iD s,,r,l;on 6.6.3 that prenou:.ly, tranl<mir.ter and te(l!iver bo,,rds wero 1mple­

trJl'}ntcd on scl)s-.ra.t,, 51Jbstr11ics; t-hls me..'lllt tJ1.&t Uansmittet ruid ~~ceivar subei;ra.tell coul:d be 

placed r.loSt! to their '11)rte&pon1linl!, eli;ct.rod,$, thuB rniuin,ising Hie effei;ts of s\r\\y C"-p~citancc 

(I.Ssoci.<1ted wit.b signel <:wrying cabk,. Giann-0po1Jk,s wnnt t,o furth.cr lcogt-hs lo miu.hrJso tllc 

dfect~ of s'ttay capadl:eor.e; by bnlrering- t.he signllll! of .;I] $illJll',! ClltT.Ymg condtictors arul a~ 

-plying this bufforoo si((lll!l to Ute oondnotor al.tLclds, 'bootstraJ,_plug' of the sign~! was ~ch1eved. 

' Bont-~tra1-1ping', by ensming tho potenl;ial diffc1-c:nco b<!tween cooduct.or and shield ls "'""-'Ys 

v.nro, red11c,;:s tho cr.p!lcltance « this cable. to neatly 2.Cro - l,lms negating lill.Y voltage dividing 

effec.ts Stray rapur.itanr;e nt.iietwi"" wqnkl've r--t\usetl. [40I provide,, ,;nnthtr n,awn for dri-;in;l 

t.h" slnel<hl t,f sign;;.! cal'l'}'ml; coodltCtdts m EiT: by reducing the sr,ray ca()ncit!l,Ilro of callles 

b<Jtwcon rtic ctUT~t source and cl(X:trodc, cnrrout; ~ource p('J'furmance is improved• t!ris is ue­

,;anse !ill idelll i.'111~ sourm;, sboultl hll\'e lufoi1te out.put tmp6danr.e, whic.h wnulu be degr:-tl6d 



T<l-fre.que-ricrygene,ation { 
boa1ds E,F, Q.H 

Figure S-10: A hk,c:k diagi'l!m illustrating 1,h<.> d.ifforenc~..s ht>1,we~41 J..~i;mnoplli,los' deillodu.l.!itlon 
l,o;u:ds, Hild the a.e,,,• (r,ltcr.xl) board~, The lar:,." hlo~b repr6'enl an !ll:'ttta!PGB d<.>modulntion 
b,xud a-, it exi.,ts in the system. l'h~ ,;mall block,; c,mtaiuet! Lhe!'elil. BJ·e H)'nd1rouou.s dQtcetl>t$, 
dcmod,1ln.tinp_ the iuoomiug 5igu'Af wlt.h re.ipcct t,o their Jttf~rcnre sip..-ual~ Et\d1 :-iy1u:lu·onou:-, 

,i«te~tor 1s !~belled so as to uc-scrlbc its ti,sk c.!(. "'l'xC "" mi,a11s U,al this synchfonous deteot0r 
j;, deruodulatiw; the- c:apadt,ive component o[ the slgo.nl tmnsmHtcd by t ra11,;111 itt,t¢1 C, aud 
rr.~e,ved 1,y tl,i~ demo<lul.atiou !,om-d's rccc;,iver ck~troct,,. 'l.-,t,e that. d,e layo<tL of llie Loartl.s 
""" 11ot ch~ngc,t, 1\1crc.ly t 1,., rnttt.in;>; 0£ syncl.\rcmous tlcf.ector's rcicrcnc~-signals IJ,.5, 



by a.ny 3h1int. ca,pa.dt.nncc ~c:r.n by it, 

Decause the author~s te.'it,...'"il.·c:h ls involvcrJ with resi3hmr:~ <lat.a.: and voltap;c g'CTI~ra.tor.'i arc 

nsed o.s signal sources, 110 shiel<l.iug of cables is uecesSMy. Thus, where buffers luteu<le<l fot 

.,hid,! drivinµ: 9-,c,1r in Gi,mnopQu\os' hm·dwar<::, tlwy m-,:: bypassed - the lihields arc, merely 

grounded. These <lOacepts ate di<wusse<l further iu A1111en<lix B. 



Chapter 6 

Preliminary Experiments 

0nm fl,,, 11pgrodi11g pf the hMcdvmn, ,,.nd fal>rl,,..iio,1 of Lh,· ck d 1·o<lc 1·ing h{1tl bcc-JJ compktod. 

" n1unb1,r of flrelimiuary experiillents were ,,oJJdllctcJ. The ml\in v bjl'.'ctivc of thC' tC'Sta ,vas 

to dehm11iue the ,,.,.u" i;,c!'form!ln1,c c:harti<;tcl'iatica of the w~v sysr«m. ·l'his ww~ 11.<.:,,,,.-,;ary 111 

,,r,lcr tu etcalc a bcndunro:k wirh 1vhich rhc ~yst1·m1'$ dynamic ptU'formDnci, co•1ld h" r,omp,m~l 

Futthcrmor", the ayst,m's p1,rfotmanc,; ,vo1.1ltl "'""l to l,a c<1rup;,r1,rl with pte,iuus work lly the 

group - ~u of w-Mr:11 was-,lontt in ~tat.if: envirrn1mtmt:-:. 

A m,r.l1~r t~a.•:mu fur performing sla.tit Lest-a boforc moving to c1 dynamic F.U\'i.tonmF:nt•; wos 

to im•stig~t.f, th1•1 use oJ' c,n1v1mf.i1,,utl image re,.>ll.slnwUuu ~oftw11rc ~ developed by Hcrlltl]dl. 

!'or t.h<1 group m :W04 :9J . Tlie devdl)pttd sofiware '~'8" no\ op\imlscJ Ior the monir01·w.g of fost 

1•ha11ging proce,ses 1m;I Lhus lL was tlcdtlcd l.u p.etl:ol'm static tests l'.lnd draw condusior,s fr001 

~~n1r tt. 

In what follows, f.]u, n•,;.ult.s of ,,xpe•rimenr.ing will, fl&h<1ldL';; sofi,wat'C arc· p1·c,cntotl lirst 

tug('L her witb. tb.c j'ls,.ifi~ncion for tbai r inw,,.t.ig,af.ion am! motlifi,mtiru1., ri,quired f<>r lhe sysl"'1! 

i.t lrnntL Fol.lowing Lhal, ih(' l'C'9ults of u,;ing 1-Iulti-L;,,_y,tr P1,rc<·![Jtrons (::1.s 11sml lw 'H:;;g,,.., [L 4] . 

Clannopo11los 13 and G;,,Jlimli,;.sa [71) ancl Kernel Itidg-t, fteg11,,;,~iou io predkt volume fr1.1diona 

nf ,tat.ii, EIT data are documented. The-lllt'thods 11,;1-,d in rhr·\$1\ ,,xptir1Ul/,nt& arn ;;1pp]i1:Jl in 

I.he remaining oh;;pters of rl,is rloc11111eH1· - tI,e;y are r her<!foctt eYJ)loined ln ,k.t.1\il hCJ·c, at• as to 

i,ce_pMrn ih~ r~M<lCT 101~ lalc1· i.!1V('st1gnt1ons. Fino.Uy, to close·~ thn· rl,aptttr, oond11:iiom; Mrt-! dra.\vu 

r,ho11t, the, tll$CS pe,rfon11<,tl. 

Note Lhat. Llu·uugho1;tt thi,:; dtn_prnr ond tho r,,1woindi-~r of tlu:1 ,loc;Hu1tmt:, vrnm.lli ;\,J :\11·J.AH 
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s,npt filo,;. ,ind funcr1on,;c - v,l'lHeo b)' l,he auth.,r - ware useJ. 1,1, .. uhieve cettain rasb (e.g. df\t,n, 

-cmnnnHsatlon, u-ainln.i:t flataba~ collootion\ ,11:,r..) . .i\J! .significant •~ode ap1>ctns io. AppcndL\'. C 

wh~r,:e lts wnrkirtg_R ;-ll'!-! ~,q)lnl11ed t!n·.-,ugh t.bpronc;h C!m1tmc-11t.ing. \·Vhttrc appropri;:i.-t,:, cert.a.in 

,·,1de. Cr.,gmeol., will toe. refer~ ah1,uhl U,., wn!le, v/o,h t,J gait< ,, fnrr lief 1mnft1;;t.,1nding n.f t.he_ 

I e0l,ruques "l't•lied. 

6,1 Exµerimentiug with conventional iu1age reconstT·uct.ion tech• 

niques 

trcll.niques be i11.vesLiiated 'by .the seseard1 gn,up. The mmlified }./1<wu111-R11ph,;nn (MKR.) 

,tl~orit.hm i; th,, most widdy u;;cd <ccou,st111ctivu techulq1:ie for mcll lasks. In faul, free, 

olm~nlo.,dable "'1d u1>timis,,d .softwn.rn is wi,ie.l, m,,ilal:>1~1 for .,11r.h J>Ul'f'OS<'.'..$ ~nd @bcmld be 

mmle nse of hy t.l,., r~.,c:,rch g,o,up in iiiturc. l:nfot't-unat<:>l,v. thC' tl:;ta ool!~tcion UlethurJ USf!tl 

by lhe reseneh grouJ? at. t.JJe 1unmenl (!.t~~ volr:11gt;- ~xdt.~tim1 ~ml PJl"l'tmt met\sura-manc} i.E 

hr,rcl)y uro:I in the impcclan(e t,l.lllog,·•:ph:, community. Th.is is due u, Lhe sigllificanr.tt of t he 

r.rrors intro!l11om b.v unk11own cr,nr.a<:t, impedances (between e.lcc;t.rode .u1d e.Jeciroly~e) wlleli 

ew,lw,tiu.e; t.lte fon1'll.fd pmbl~Jll - 1-.;<111iT<>:l to J:,,:; ;olvPct in each itcrt1tion. 0£ th,;, MNR «li;oritluu. 

Hi:-ncc, no &11itabk so[Lw,,re which cottld be ap1ilied t•o the 1>res,ml .,yste.111 wa., fnnnd. 

Tli.e ,,e.,..,, rdt of Surdried Herboldt, [9j W"S the first m t,hc TIEDl'ECII impc<inncc H>fil<n,trapby 

~rour t.n implcmcr.tt the ?v[NTI, algorit-bm. Alt.h,mg_h his aµµlkulion w~s for 1magi111;" ""'tth111; 

pr1.H:ess us!11g ·JD'.•1, t}j~ prittc,ipl~, iLre- wc~ily 11.ppli'l<I tr. 1t dre,uln1• geometry u,;cing FDM. B(;J'­

hn1dt15 ,tat-a c.olkcuon methou ho;J. als,1 L1Se<l. a ~,,kagedriv~n .,~fau,sy. T1111~ ,t. =~ ,lt,t,i,Jerl ro 

Ulrnllfy Iris 11(irle. 1m-ort.imiaert i.Li1 it was, tri def:\[ wit.b t-hc probkm at krnii. 

£).1.1 .Fonova~d probk,m 1mlver: Finite Element :VIethod 

In order l.•J use lledwlJI 's ct\de t,,. J)erinrm the forwarrl n roblem PD. thcTJcW rig, ft. Wl\S necess .. ry 

t, • make a fe9,,, lilu1ral im1t,. /\ new. mo1~ <'Ompl,:x 1neshing: pc~,gram wa.~ requ.inwl T.f! r.rf.';:tt.f,, ;,.. 

1 Au c...-.:.~nipk ~r :l•Jcl! wfl.w;ire Js uvailabl!! from tl-w. ~lDOftS Wf':h:iltf (~$j. whicL ~ 4 Jfld(~at.1.;J s1tOcon<.;1.tl·n..:d 
i,,.•itJ; tl.tc- trJt::¢:ttcl> of Wmu~rsr,l,y r'="•~0nRb tt<:tiot\ nlg.;.TU b1H~. A.ltu, Dr . .:.\ \<\'.it.ki.o::l.trn c•f t:C:r ha.-, dl!v~lop•;d t1 

U.Uflt ."ipcu~d. l1ipjt, n:rt\Qllftk111 i!lta.,Pnt: 6fftf:Pm fot E.R'J' 
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Figw·u fi .. l : A.u a~awple uf ;,i mesh cre11.Led using thtil m!W 1ne.:1h.iug H.lguri ~hrn 1'l!e mp_1: h -i:f 

spec1ficnU_y litrw:.urc;-J t1J c,:,nf,:,i·m to thi: size of the clccttod~&ou tbc n,m.- rig (i.e, umw wirbl. 

d,eula,r rnesb sll'uctw·c wllkl1 conform!!<! Lu uLc C.'!aCT docr.rodi, spact11i u[ Litt' new d;,ctreirl<' 

J'iug, ;Hs<1, 11u,u·ix .. sscml:>ly lrnd t,e> l:>c-altcrcdso af to 1dkc1, 1JJc.r'Dlvl 11~~111·,., ,,J ,Jaia cap~ure 

D "'' t hr. diJf-,rr·1·,r:c,:c'f in t l11e p:r.r)mP.t,.ry hiet,w,lt'n Tl..,:l«>ldt '::, rir ( """'·" nr•tl"') and rho n'lw ,~y11;,1 .,;,. 

Tl/;, a new meshing: a!gm•ir,hm would ha,:c to be implcmcmcd ft·onl snatc!J. ·I Lis w;,,s dune uJ 

~foTL:\D :-ud ~!lllforniod '" l:h., mnv.,nt.i011• 111<<XI by Hnrltoldt (see 1\ppr:ndix (!~ ''mc;;hJ6,m''J 

Tlm nic:flhxl 11:-.r:d ,\::a." lmS(",.d ,~11 Lhtt.t dcmn.n1tmlr-d h.v Lrn,g in (2,)} - work rlcin<' for 1,h" h"!H;'f 

i-c.cru'Cli group of Dr. A Wilkinson a, UCT. In bifof, the pi·iuciplc of how the nmsh is ,,reared 

i~ by cl.iviuillg t,ht> ci,·cular region into .,spedticd rntmbcr l)f couccnhk rl~ :,ext, ~La, ·Llug !J.L 

t.h1: L'Nltn~ al1d nmving ,uuLw:-t.nfs, each dug i:s divided 1w .. 0 Lrhu1gl~ ~ HS eqlllhltt;r>t! H.:l p<,~11,te. 

Tl1u.s.. vbc lcuµths of tJ1R ~ln.mc-:nt ~id,;1,5 h. :roughly <:qu~l 1·.d thc- Tin~ •tmr,nr.,l,t:ion,. Tht:. l'C;\SOll for 

llu~ ·~uila.tieralm.:::sE 1 of clem~its is to maiuta.in a good 1qua1ity- fuctur' t lu'oug1u.'..tUt. r,l1tt Jut!::lh j .t!, 

dtm1c,m., ~h,1111d h~,·r. no rinl',lr.,, d11,m tn {S(I" ~4- 2~. A11 C'1ramplc: of J> tt110:1h •:'\""'-' rnl 11s111~ r.lds 

nlgonthnl appr,m1< in ·RguIT' 6-1. 
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F~ure 6-2. A j)lot of tile mcas111·etl 11.c1d crilculat ed •,aim:». The :r.-a;;:is reprc.em.s t he t r e.,1s.mit1,er­
teeelver rontbi,l.!ltiot! nun,uet (i,i,. 1'xA/RxA.=1, 'l'xA/ fb:Il=2, ... , l'xll/R,::.tl=M), th• y-mos;,; 
proport1Ut1al to the rc~isr.tmoo Uot\'\"l'(}n the: J>t1ir. A~ with Hr:rholctt's t"",JtJ_H'riluont.s, thn r.a k:.uJat.cd 
periphery vo)ta.~ ~1.1'f' vmy si-rnllar to the rnc~ae,uroci our:&. 

Results 

'flie results of using U.,,rhol<lt'_,, mo<lifie<l ,:.-oc.l~ (""" Appernlix C: 11 feu1.m', "elmt1>Wp.rn". 

'
1slllllnodes.m~) to evs.lunLe tit<\ J'onvnrd problem look prouilotng, A plot of th""" Clikulate<l 

results appei,rs in figuri:: 6-i. On the $amc set of o.xes is the plot of <lnt11 measured rrom d .1e 

pb,ysical rii;. Both t.hc, cr,knlatc<l and mea.snrc<l value;. wcm tb~.o r0$nlrfog from a. homogenou;. 

0mtluativlty Jistril,ution. J'fott that th~ ,'>LlueR haw l,..,n uormt1lise<.l (i.e. subtract the, mc"n 

11.().<l <livicfo t,y the .tan/lard clc••:iat.ion oft.he 64 value,,,). 

6.1.2 Im·erJ!e problem solver: J'YfNR algorithm 

HerhoWL ;;uci;e,;,fully applied oht1 M.,R algtirithm to }lll< prol,l.,m, Results howc,wr, u-cre not 

upr.im>.J . The resolution of hi~ syRtt:m wa.s limitecl to 16 lnvels, whkh wa.• <)ocmcd 11dcque.te 

for \lte problem of hungiug n Seti.ling pCQceo!<. l 'lte re""oll for tld:; Jhnite<.l wsolut.i<Jt\ was due 

to r,hc mc,as11remcnr. ~tmtcJcy 0mpk,yr•cl - very siwril;J.r lf> lhc s•r;;tegy applied to tJti. r,i·oje~l. 

A 6~urtHJxLrnct-etl from llerholc.lt'• l\,LSc, ll1e:,is appe11r• 111 figU£• fi-:S; it shows th,; re,;ults he 
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Flgu.r,; 6-3: A figure e.-,:tmctetl l'rorn 11~,ru,Jtlt,'• .:\l,$c_ 1,b.,.·,; [01- Tlr,1,9 r.1Jat n11ly HJ lt<•~t. yf 
re;olutk1t1 w~.m ohrninoli - this wa.s dmmr.<l nrloqua ,a for· I he t;.s;k at ltMd. 

obt&ued uB-ing th~ MNR <Llgonthm to recou~tn1ct thr. iut.ttrk;l' rrmrh.tctivity rti;;t,rit;iudon of 8 

.ettllng tank, 

T<'.,t, [><·rfo"norl 11sin_g H!:rhoJdt's fv[NR nigorithru and the new alecl,l'C>de ,uig rave-JI&! t hat 

::-in.til'W: rel::itricc.iore in resollltron arr• prc~nt in i·h<: nr:w rigi r.lonrly~ 16 lovels of res0Jq,1io11 {l.e. 

pixels) is ~VE>l'WY iru.d,,quat.i,- for the tMk of p1'eilicting \'l.lhw,e fr,.ctlons of as littlr."" 1% of 

the ves~l's <.:ro~~CtJoual artm~ Hittl tbr: rreutts .uc not $hown hr:t'f!. A:. mentioned al)ove; it 

i, stron.i;lv bellevecl ~hat this testl'ictiou iu teoolutiou is Jue to the .u1e<1Su.rem,,nt strntogy us,,d, 

whir.h nllrrn;!t unknnvm oont,ac:t impr.ct-arHm to sign\fi'-'.'.a.nf,ly degrade 1.he signfil i;o .ooiSt:> ratiu uf 

the mee.stuement:, obtiiiilt'd, 

6.1..3 I uvestigation of kernel methods 

l:!etor~ an in-rtr,1,1:h inw,.,t.igatk,n into thn u.•e ,)£ kernel method~ for EJ'l' ..::oultl b~ initiatr.d, io 

1'11S 11ece,;sary to cletermine wht.ll,h~r l,heir perfon""""" w& 1llflrr:d .,omparal\lf' r,;, l,]le motho,ll; 

used prnviou.sly in the rn.snrurh (nl.•-s.sirnl N\' ardtil,actures). Lncl<lly, owlni,: i.o th~ waun,,r iu 

" 'hieh kernel llle(hod,; g,meralil!e t,, wween data (by ,wuu,ing ,-up<:rimp;;»x:'1 kr.rnrl func.l.ions-), 

!l ii; ,elativcly easy to =rt.nin .,,-1,t,tb<,r tb<'ir t .oclmiqu.,. h(lld p<,>tenrial G:>r I.he e.lMsifico.tioll of 

a spcx:ilic data ser. Cene1·:,!Jy ~pe&king, if,. k,mu,I hi,s such potetltinl.. then wh.,,, tec-;tir,g for 

!,"[lerallsation abili\y <lll a, giv'ffl <lat,;. '1<'t \by •cnnn\np;,ovnr ~orious vall\es of 1'erne! witltb . u) , 





Figw·e G-5: A ph,)rograph ,)r the ' bubbles· u.cd in trnining. Polyothylcnc,rods were shaped into 
oul:>Eile ,;hoped mtl.SSC• ,me! mounted nn dowel-sticks fr., ~Asn of posit,ioni,,:,;. l\,1te. tlw.t there a,~ 
t2 r,f ~nr.l1 huhhle di.a1n~tm-- !S",O 1:u, tu int-rodntt-1:'1 ,v1der va.1·llity of vo:luwe: fraction:: wbe.n oon1hine<l 
">-'1th ol.h~ lmhhle:i - 1..lr~ providing a wid~cv~niation in target vttlucs u.sGd jn ttainin,i;. 

The mctbf,dok,gies pr<!S<>nted in th!~ ~ecti0u 11,e uuportaot pecl:lust' they i\l'C used in later ch;;p­

rnr~ ;n t11e i11, estigaUon of dyne,mic situations. Most of the, method,; wed i11 the rernrurnler nf 

lh1s document 11rc presented, .1ustiiied a11<l explainml '"'"" • it. wi1J lie ""sumed in late!' ,,h.apl,e.rs 

t.J1i\t t.h~n corn:eJlL~ are mHk~1·~luod , 

-11-aining database co-11struclion A. 'Vadet,y of hupblc sizes wc1X' created, modelled in n 

s imilar foshion t,, Teng11e's . ,sylinilri1:al sl1;;pr,s "-~ lung >1.4 lite -ltlaill eleclnides (35ul.u1j with 

ro11nd«d ends . They w,;.1·" 11JAUufuctur,~d from poly-ethylene. whid1 h"s' ;\ ~imilar c,1ndncl:hity 

to air1 and nttnchcd t.o thi11 dowd-:<1°H~ frn ~d.~]' positioning iu the mect811remen.L p]aJl~- A 

ph\!togrnph of thGSC ' bubb!GS' !lppcars in figure ~,5. ~)ru:h bubbl<; or r.ombinnrion of huhbk,i; 

Por!'nch targ<'t val11c, 10(f0 fr,;mes were,caplured wll.ileo,at;lt bubbl,eculllIJluat,on was 's~wred 



,m.,11r11l r.J,,, mu,g111g 111:m!! ,;o rb.nt. tb.c, whole pl;mo wn.s nlkr,! Tnult1plc tnnc.<. T he c'1c'-trodc 

c,,nfi,;u.r:,tJ,)n nM.r! WM t bn:t which wns Cl<jlec:Led, but nol ye,L ~i\lven. co ,irodw.:t l•h" besl, 

re;ulls, ;'fol.n l.l1a1 Hnbhh:e wort: alk1w,:cl t.t> mum into c.ont.nnt wit.h ck,rc-mdc, (nnlikc Tt:nguc's 

t rniuinis ,fotnb,1:;c coUccri,in techniques wh$·t1 ouly bubbles u...at' e/IB c,,..Jll.ro .-ere .:omdd.,,·at.J) 

which W8E done so as r,,1 si.muJu1 i..! a 1nore z.•ealist!<.' dy11atU.it B.ow oit.111,tlQu, Or1-tl4?- Ay ~l\1crn.~ln~; 

wa; J.l"rfortu..d so lh~r. "~dt capt,m,d fr= w,u; t.ho «:«ult. ,-,f ;,vcnigin~ 3 nctu>1I fnrtn\:$ o! data. 

This !Joi Po irim,i.,o t hn ~it.r....l tn 11,)1sc; rat io oi the d,w,i., i111p1·oviug _:,jN l!,l<lleraU~aLion ,i.l,lhl,y'' , 

AJ.'tP..r ,l,,tc, nc.rmalisa1\011, tht> lllt!&S1.11"1nei1Ls 01pt.mcd wNr. r;t.<Jrr.d in a <L,:,.;i.ba.~o, w1\h 1•;;,gr.r 

w.J.1e., appended t.o "~d, wt. of mc11autr..rac□t$. Tat.i,,;<'t. ,·ell.lJO/l lv<1r<1 1.,l,i.aill.,,1 by wu.cul~.I iug, 

whn.t w>!umc fraction eal:h I Hibble "ombluaLion. cteau,<i - au 1•osy ta..-;l< sin,·~ l'h" i11r111r dian,,··t,•r 

l)f tlie eh:ckode 1·ing !lTHl di:um:t.nr nf lmbhlr& was known r,, /nivrt. Tbf! uumbt!t of bllbLI~ 

,,omlnnn,.ions m,td ;•,:,,;,1ltcd in 1-1 i;liffcrcht ,-ohune fracLiom (aud h ill\ec, r.arr,;rsr. Yl\lW!!!) btit1!', 

,,.,,s,;at., thus producing an :wni.la.1:ile t,<a.iniug ,fat~lms~ of 1~ 1100 insl,.m,w •. 

A uote on t he ' s1.irriug' training method J\'o\,, 1,hnl t.h,• mrthod us,:tl here n;,r l:ll.li.ng 

t i"' t.raim11g i111t.a.bm;<• with mc·Mt\! r,mr,nts obtaiu<Xl from 1-~rir,u,, b1.1 bbl~ puai I Ions i:.t !mrnc,wha.t 

,,httcr..nt to Lt.al used dmmghout, I )11: prnjc:r.t.'., hist.m y. It. is ccrtninJy n lot simp ler as mJl 

~ i;.l1om~•H1d:-=- (>f i,uu~ Ii1..'ft.\!f. J'hc- tHffrrcoct~ is ov:.i.ilg tu cl.ti!! fa.t:t 1:hat bubble p.tlsition-' rn~ 

no Jongcr an ir11pon:snt EJ&rt, of t.Ut! tM:t~.el data; ouly t.lte,: nr•rCt1J~t<1r,'o of ~.he- vcs.~~J'.;;; Cl'f).51?­

,,cr.tioual arc1t v1hlch the hubhleoi omupy ( rnlmu~ frnr.tiou) i., ml]'){)rt.l,11,. Tlui., it. i.9 pu,Bil,1~ I,,:, 

1:onlillu.ously ca,()1.UJ,'.~ rlata at l1i~;11 fnlll.1!! r~re;;, ·atl,Hc 1.;;tirdn,,~1 cnclt bubble. oombl.t.'lAf.iou ri.rouud 

Uw UH!'J.suroml'f1r. ~pt1f'\'\•. AU fr.inlcs captm·t.--d for t!.acb. bttbhl~ c:ombiutt.t.h,u will lu1m r.l,.o -1;\mf! 

t.1,rr;ct y;ilue,;. TWH 11 iu contrast 1:o th" diff\:rcnt, .,p,lviil,lly r.onr.crnc,d ,.~rgc t, vi1lnt1S ui;sodau,d 

witih f1ar:l1 t,rnlnjng 1m,ta.ncc·:nscrl prr.vi.rnrsJy. 

/\ hotc on dntu nprmalisatlou 11 Usunlly, iu dMss1finat101J mid rcgr<'.-si'>JI it, is .>chisabl•' to 

narmulise X jlJ.i~ Lrainiug <lat" umr.rbcj (,m,:I r if VM\CS arc 1•0..'\.I) , l'iorm .. tisatlou, hi,re, mew,s 

,cv,kin!!, t.h~ U1f"1ll ot ~-"<h cohunn lfec,.tur.,l () and th(, s1,at1<lard dcd11t lor, 1 ·• [2:J .. Judood, all t.l,c 

.c.lr,,;aific.Mlon ~nd l'>l,;rl).'l//iou 1,1robh,mB the 11uthor h,.,, r,r,cu1n1'.omd havn 11n<lnrtalmn sc,u113 frirrn of 



d:tl• nom1albn.,1nH, tl,e '"'""'"tnr<st.n,n. tm,lm1qur,;; a~wilopo:l b,v 'lcngu1: (Mltl !l>lOU In i.lJ(' ~•C\IJCCt 

,sl'.llcc then) ct11ploycd tlar,!1, nori:muisatiou - tlte p,·,,cesoJ u;;i;tl is di11:un1l,,nt,xl in IJ\ lt ;;;h<>ukl he 

notc,d tbar, dota w;ormw!i&,\ion is <>.6snntial when implcmcntiITg kcrnd mct,li<Jds. wl,e,,e lrenu,ls >ll'<e 

l ul1Cl1i011~ 4'f t,h~ e11clidt:::m rli~nnc~ l 1er.v.:een dli ti;:, p(~inr,it. In t hi~ tillS01 11( tJ't!H\IJSm.ion CJJ.£1.U:CS t b al1 

ent ll.Jll fo111,11rr.s qf 1,hn inpur. rfrt,tn ;,iw: uoc ,1ll""''L'O r,n ,lomiMc,c sysc1:m pcrfortnlilll'.tl, ht tenm of 

MulH-La,1·w Pc1t-'"f.'yr,1011s, nm·rn• lisa tioll 1 mptuve; tl,e 11unir. ncdl conditJ.Pning oi the: optill.liBation 

to.sk involvnd in_ trn.inil?.g ·1, 23I , A iurc,hcr, hardw,i.r,:, ,·chwo:l, aJ.wantnge a.d1ie1'tltl ihrnnS(li 

11orni:,lis,,t;i,1n is that the! '-'ffem.~ of Jmrdwarr: mr:n-surf!Dlr:nt drifi. &re' cliruinatt' l:>,1 J'CJ.n<,ving eaclt 

kat.w,e's Jc-bi!IS ( t11ca.u) s,,. AppeuJLx C: 11 11orut>1l_ sv<lm1' fpr tbr. w;rmoliF~t,1,~n co<lr, 

Vofurno f,•,wt.1<;11) rr.,cmst.n1ctloo (MLPs vs, K"RR) 1n tow of tilt following""'""' (I.ff.Po 

an,l Kll.R) the '''"''-'1, sattte tla.ta-w.,s u,;ed Fm tr(l.ini 11K and t.Mting, i\llrl 1:>oc,msc ~b,: ll1llllbc.'r oJ 

c,rnining instoncc'S waE foxgc (.3(100 mti.1.1.iog iust,1111cc.J, the tra111it1)!; <la.t>iba.,e is ;;;r.nn t l;) bn a trur 

rn1u:e:;b~1tr;ti1>n ,,r ~:IT d~t,,- 1 h~ ,;,.nH, i.~ tnir, of ,.J,r test dAta (rnou h1st,m=,1. Wl,m, tr-ainiai, 

1'1:LP~ a furt,hw set, of llJOO in~t/1.111:es w,,,Jt< nsr.<l. o,; vtuidnth>n <lil\£\, ,;;r, llS ,o huplnmcctt 'c!lfl,Y 

5topping ., ,i5 usrni 1,, Tr.agur.. 

lmp,m,r,iw lo ll(l <,a js Lh~t when.,ver genrm:ili,atir,,n CI'l'OJ' Ir, rnp,;1•,,r,d &?r ,, given ptc,:Liction 

mnths.,d, the t,e,;l dath ~ to calculate t.hl~ u1Cl\$ute l,ook aliS<il11r,dy un p11•t in mijnina 

c>E p,,rforrn~nl'<', In ,;,rdcr for tlit> ft':iultJ; ol,talac<l t,o be cot11p."1'l1ble t,o httt~t! ,11' T;,ag11r. and 

1,lie ~~cl,er:i~ ,..,h,) Ii )H,,wecl l1hu~ .µ,~erall:-1i\rJrn, f!ITO!' t.--1 calcnln.t-r.d as tho fill'&li u.bsolu rn eti:oi 

1-mt,woon 11 msc tint.a s;,r,'s tlc!;IJ·.:,J 1,11.1·gc • values n.nd ,bosc p1·aU,~t.ed hy t.!1,;, 11 11,Nu.iue. 

JvlLP NNs 

• Filsc.ly. 10 ) ,!LP (.:V1ulr1-La[Ye,· P!!iU<:J1lr1m) '-JI\',; ;,,e,:e troili,~tl u,;ir.~ :X1Nri.AD'S f{c\iJral 

'.:'Jtit"'ork T,~,Jboo: _22J" Thi, r,i,:,,c.t Sllltlfl Y,.-1\" crooning mctboJ;; a.utl o,rcliitcctt.ll'e"" ,,!Josr• 

u;;,:d Ly Teague ht hi.$ br__":it pc-1'forwl.t1.g vQlutne Irac.r,ion ptf::tlict.,,r w-nrn m~r:d..! nmnoly 

'•F,::.rly R1•0))plr,~;> )~ lbfi t:1r(,<~es8 <>f stoppit;g: t11i; !J.1'.IJue\1.uout of ML-P wciMlit.i; JwlCL~ IJ1.L tuilmui;, p.coc:eti-a, -t..fl:ff~ 

1:hi.:- ~~tlei-Uli~l'ti+m i~b~fir.), t,I' l.lu.' ML,P st.,ni.s 1,v d.e1,td.crra1c on I\. !'kp1'rnt!'! d~til- ~~1 - r.Alleft_ ~bf! ~1dida~iof\ tlat.J 
u~I.. 'f,lu~ L1..:~-ht1..1~u.:, ... ocun:::- t .. lt-:d; t.h~. ~:CLP do~ not riv.Pmt, rbe ..,pf.OHic tr~i11ing <latu s1,Ji1. lfr;i1 _uwi:e it\ Jepll1 
1,1tcua~1qn .-.t 1ts 1l.1"1J1IN11 rmra~on ,,i~f; ~71 



fle.sili~nt. ll1U'l<'-Prr.pogar,100 rrairong Dlgorn.lnn with c;u:Iy stoppm~ . and " sit1g!e JlJddau 

Jayc1 of 2/J noutous !,let lv!LP. 

• Tl,« re;ult:; of 11•inJ; tl1ese JO MLP:< to predict the volumo fr«<:tioas of the l...sr, dsu, aeL 

,1v1Jld then be a~1'\Mi,:"11'', aurl the result roporrcrl. This woulq srrve "5 ,; uo,uparl~on (,,:, 

1)1'<"-viou~ rcr:earcb, a.llow.ing rerf,alll cood usions to be dn:1v.11.. buTthenrn-,re, ft beud1m-ark 

would he '-"-"•l~,l with wl!itb Lil~ syBt-.m1s ,Lynamk ,,~rformatt"", ,111(\ tho r,;,,u]t,;; of ut.in,g 

J<RR, l J{erue! l{id;1;e. Rf.C,Tessinn) nn t,hc data. coitlr\ 1:,c c,:,mpart,d., 

.KR8. 

• N!;'.!(t,, t.h,.- Lt6P t;J,.' l(RR ws~ iu;-e:;ti~;Llcd .. thfl pmra,;;~ ofir.lv~~Cign.t.inn lt,volvr-.-t pcrfo!'mlnJ~ 

~ 11:ml se1,ul1 f,,,, I.hi' optimal kemd wi<.ltb (,r ) :;.nd rcguJ;11'ls,1tii:111 i;>f<i'~UM\..r 1'7/) - ,.., 

Appendix C:: ";;c,msglOfoklm" ·23:, Tlilg prose,, was <lm,~ b.,, 

l. So!ecliug i.be <1,vailal.Jle lrait.u~ illl.t'a1 ant.I ming t.enfolt.l r.rc.s,;-volidotl,-,n ( cti•c•tSF.!•1 

in I h~ fn!IQwillf( •oction) tr, r.lot<."j'mine t.he g=eri,Jis~liou error ful' ~11..-JI <T, •, r.ombiuil­

Uoll, 

1! Osiug ,.1,,., v/1111" fc,, -1 whk.h rel(tlt-,(_] in Jr.w,..,~t. ~rn,r ~ f<'fi)\~r\ s<';;,rch for JJ is perf,>tsm·• I 

t>"tW"'ln t.h.e \ll\ht-c'.s II I x bt.!st rr t,,:, 10 x beet /J - wh..ie l,e,,l CJ' is th<1 ct•vah,,. wl11r.h 

l'C$nlted in [<,li5L e,'tor, Tl1e ri,,1sm1 f,,r perfonn,ng a rdine,:l snnrch for O' l11.1r n,:it •;, 

f::i dn1t t.'n t,lte f'ar.t lln,1. ~ 1s fmrly unr:rit.ir,;d n,,Uove ii 1!~t'LY.i.t1 ,·ulue- wluuh w,fukl !rnv~ 

br:c11 SlU'!JiLS~d iu w,·, )l;l'id S..aJOdt, 

• Th<, b<:;;I ,r, •~ cumbint:ttfoll wt\s th€u ,q>pli"'l r<> tr:unmg data (,.~., App,:n,lix C: 11 krr.m 11) 

~ud ,Pr~<Lll'rilJHO mml,, on thP. IP.st dMa - chc~~ rc:;uJt,s pm thcu l'"IJIH' i.o!{I, 

A note on tenfold ct•oss-validalion Wh{an ,eek,ug t.h.; opttmum O' ,md , tuning pm·ronotr;1,; 

l•.11' v kc11,t:l ma.thiue, oue need~ Lo perfl)nu m,1ltiple nm~ uf -t.raitflng and td-.ting- to ':-lt.'C' \1.:tiat 

f,ht= _gonen11i::sation ~tmrs. rem1lting flnm i•a,.ri011,-,. combin-ntio11S of th~i;,e piirWJJeLer~ art:i. 1£, fw 

,,;.1ch comb1n~.tion of" i\lld ,, the. s,:uu,, dhl>J &jilil I bet w""tl 1,r,u.,tl11!!; 1111\l lesr ,J,,, aJ ,, 11,~i.l, then 

>ThL1 1~1,;10 l'tn- ohe.teg1.og the r@;ruJC: of W }ILR& is- r,hst All ul ♦,hm11 mw1 t,NIITif11i « llltliA!lg fr('IH n l',OlrlillH 

\H?l!!,"h\. ini1.iall!.tJcUl,1 T·bu!i, o-o '.'\,U.P1, wFlghts 1\1)11"rn;I ;1p E--XMtly 1,11~-=-""'•Ut 



1.1....., parllUleten; wou.lrl lie specW<'ally Lnne<I fnr this pnrli<n)lm ,11,ta. splil.. 'l'h11s, U,01sP. ,-nlues 

WIE>Uirl D!>I. he a r~l\abfo ilidkaci'>!t nf thn opl.imum ,·a.lues rc.,latiug to the cl1<tn set as a whulr.. 

'T:hr solution is tn jlcrform m11Jtiple data splits for eacll ·cmtlbiMtiorl of tunittg !)all\Ill.et,ars.. The 

~11~r,;l1sation =ur !or ,,,.cll <:>lwhioaHor, is then lnken os I.he ,wei:t~e error for <'.Och daii\. split 

• this ffiSUres thill 1.hf f)llf"'IUctcJ, i,;wp not h<;<,o t1Jn<YI :,rpund a ~po,•jt\<:, i;plit ill t.hc ,fat.a. 

Tc11told cr00<-va.hct.-,tic.n i;; th~ must oommun v;,li1.fotion proc..,uurn the 11.11tbur hl!S e,,:peri• 

rtnced ;md 0bsecved w the lite.r:.tme, fl,[ore gwtarelly ~peoki.ug, i l is romel.imes cnlled v- fold 

<:1•0,;,i-validntion,- •, • ref~r rU\(.\ to the 1lllmber o( d8la splJ,s performed for <',~ch ruo. A rliflb'T&U 

l)l11s1.ra.Liug r.he p_rnceas of t"tuold c ros•p,ra.Jid.-,r.ion ,,pperu,s iu fig,rrc ~ • thr. c.,;d0 for JJC:Xformi1111, 

J.111; proccd.1,1rc ~pµC'~~ m ApJHilld>x: C: ''tep{oldkrr.m" (2.:51 : 

Qltc etc. eic. 

!I()•, . U;lillit,Q 

l!frar1 •1t•r2 

F•ii;,trc 6-6: A diAgrnm ill11otr.,tfng t.ho. prnor<Ss of tGr,fold orn, .. vniitl-ru.inn, lilr•t the date fa ;;plit 
,)Ito !lo% rrainiug, J IJ% i,Clli,ing . KR.R is pcrfom,oo nod the error rcr.nrdm , Nox-t, I.ho pr!'Vious 
t.1•sfu1g data. is afilxad t;, t.11r, top uf thp <fata mru.r"' w hllr. tllr. ,·est o l' 1;h" unti. is. shift.r,t dmvn. 
Annt,hr.r <1,-.to split i~ mndr, and KRR pr.rformc,rl. "Gnin. Thi~ pmr.r,;s ia Tepc,-,t.ed wtr.i! e.11 rtat1t 

ba.s boon <)tied for wstiug 1111d t.n.uning l lll t.u:ru,s) nnd the. resnl~• liVcrAgcd ,md TcpnrtotJ. 

Results 

'l 'his scr,tion prc,ieoi$ a s.,rlcs oi .~Tnphs ,md t.ab)cs whlvl.J show tha IE<mlts obtained ~·hen pet~ 

f<1nning tests in Lhe mwm«r Jes!lribeJ. <i.bove, llirst, the resuHs of naining MLPs urt' urescnl,nd 

1:15 





U10 rest of thi;; chc.si; since t.hcy \\'ere obtained 1.J6it1g the same methods a, used by TtJ-.(Lle [I, 4) 

,wtl Giru111u1lonl<,s [3]. 

l\r•xt, r hr• rnsuli:,; of porF;;muinf\ a g,rin sr,;,tth for tl,o Qptiw~l <T, 1 combination v~Juc'S i1.,cd 

\11 Kil..Tl. is shown in flr,;urc u--8 by a, uu!\lcc pk,l of the mean error resi.llting lrt.JUJ t1ml'olcl L'tili<>r 

VRlillnt.J.011. F0Uo~vlli~1, fllll.t . fl ciwmnfl_cy .of n furth,:.r., rf'.fut.rl<l. tr ~:nrdt ;yLtl hnst. cra nti ,.I -valuc-s 

appe,tr in _ligure 6-!!1 l,ogeLhttl wil.h tlu; d.,..,slr~-d ys, pr~clich,d wlum« fr"<;ti"'"' uf Kflil 11,sint 

the opr.immn uond 1 . l\orn rhal: r.ho w,;y in wbfr.1, tb~ rc~ulrs arc: prcs,:,mcd ;ind nopktcd in 

l.lm,><e.<:t,i,m will ~011sl.1111t,i, lhto sl ,1u1<lru'Ll tc;<'tl iu latar dmp,.,r,; i11 ,1rtle; I,., pwJu1;,, «ompnral;,ln 
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Piiwr~ 1.1-i· 1\ fiv;nm sllmvim1 2 suhplCJts; on rhtt le~, a graph showing th~ gllnte.r•li.•tiOu eJTo, 
JOT ,w~, n!Jocli of w<'if!,ht ;,:J,jusl.nrnnl. uuriug t.h,,. rnsilinnt Baok-.1:'mp,.,garion \ril.lnlng itlgorithm, 
The cl:.rket line shows trninl.ng ili,1.ai,e1, t<tror. th!! !igl1t11r liu<e1 w.litln.tfon tlr,ta~et ,,., . .,1, nt •mL· 

of the 10 MLPs tnrinc<l. The ,nll1p!ol, oi, the right. shows • µkit ul' tl," d,,sirNl ••~. pr,itlkt<•rl 
1•;l11mn lbdio11•, ,;f ru, a.vnr!l/,>n r•\rff'mmr of the llJ MU '., rr111ncd. .1:'rcxl:lc\ioa.s mdlda <>U rh" 
t,r.et dht1~f/, are ,ft='f1P:St:nt~ by +1

::,, \1tlUlt:: iL11 llrm :-;l,uws t hC' ldn~, 1.nro nrror r~pOflfaC (i.e. ti.Ji· 
liw, 1/ = r.) . The 1ncan ai:,,;r,!urc error of alJ 10 MLr , •PP<lllll' w1ld.u1 (11s" 1, tn:<:11t.~~Y. of H,t 
ll\n~1\4 f,rO~'-:- $(.\ (Jt,iontl.l nn-':fl} 1)(1 t,hn plnt. t,+.c; 

b'!Lt' Jtflmh~r I.I ' t I \11.r1 lt11 1-'t j.\4r.lliJ ·J 1,pr, r,:u•,- .\IU'; :..tt.1•11 Ml,l '-J hp JII ..,,.,11 '""'r'rf II l' ITl•f I 
. 

To;,ft!h11 nt~nhJt~ r•n'()r U l8 1. !JII 2m I :i.01 1.86 :l.28 ~.08 1.!)3 1.79 l.J'.13 _l!,lalf~ 

Tat.le CT.I ! A t:.ble ,Ji.ph,yiug •he """ults uf •r~\ning 10 •~EJaml:o lvfLPa. 'Th~ <:rmr values which 

.wr,mu M l:nrric, in tlt,, rnbl.:, "'" <ldincd os the mean absolme error hi:!wcen t,he '1esl,·bli and 

predicted ,u!tl.Ulr fr•.:t\,;ns tt\S .,. purct!illag" of tba pip,;'s ,a·o.ss-,e~r.i,mrJ "'"" \. 'l'hr. """"J!i<' "t 
thet\~ 10 aror vr;lw~i fon.1IB t.lt0 lh:IJ('illtlnrk pnrformnnc.e- n1t:t1~1LJ'O, 

87 



15 ,, 

10 

5 

n 
0 

0 

Fig,.ue 6-8, A Sllffacc plot of the mean generalisation error obtained usiug tenfold GtoSS­

validA~ion and KM fo1· e.ich u,, coruhinatio:n. The x-y plane represents <rand -y, the z-a.xia 
represents orror, Nntc that the cl1aracteristic diJJ iu erro1· arouurl • cer!,ain u, , combination is 
not visible in this surface plot, This is because the dip is relatively SJ'.nl\11 ,vitll respect to the 
huge peak iii error occurring in this figure. The dip blends into it,; ~urrounding plateau and is 
hi~igl1tcd. in later plors. 
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Plgu1·1: 0-9: A figw;c silowhtg fuur sul.,p!ots; t,h~ top left and i·ight gl'l~))lt,, show a ·plot, of el'ror 
vs. " (for bllSr 7), an<! <rrrm· vs. ~ (for heat,;) re;pccl.ivcly. Thi; bottom left snhplot ,;hows thi 
results of !\ refined rr sowrch. The, ho1.roru right, plot. sb0w.-1 the, de,;irr,d va. prr.dictod ,•oh1mr­
fr1:1f·tiom; ob~.a.iur.d 11:$hrg KRR \vill1 the optimum rr -fW.\l •7 luniug pi\l'amelers~ Pn.rlloticins madcl 
.. , n Lh~ toesL JaLa~et are ;·~pi-~Led by + '13, whil~ t,hc llue sbnws the iJ.eal. 'lA:to er,rN· r.spc'I18'­
( i.e,_ tl11? .linfi !I.;;;. :r: f Th0 mt"'-:'\() -n-b.-.c,Juf.i1 ,;rr,lT hf'ltWfl\1tl dr~ir,"J r,u<l prrdi('i.nd v.:1l11r•H 1,pp,--m,., .. 
;,V rit,1~n t11..i. il p1111·r-aU,aKfl qf t.hr: µi1->rJin(' ac-,~s--sti:r;tiorn1l n.rc:a.) ou l.h,... g·r:\.Jlh t,1·,n 
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:S11mruary, discussioa and conclusion, ba,etl on µrelimiru,ry e_,_penmeut,. u.,-mg run­

veniiunul iu1ag-e rccnn~t1,1d:iuo t,nchniq_ur.loi 

t.1.IJiliL,r tL1 t..:.onSlrnl'l inu.i.i,;.~~ u:-.in~ 1.:c.mwmHt.irm I, t.Jpt.ltu l~od rni~nu!':"t fl.1•:tino redllliqnei:;. E·\'r.;□ 

,f w,, At<, dc,'eloping Nhcr methods, willJ <JI h~~· ~P]5llt&tiow; Lhfl.u io1>115,..i•,uo11sl:ro,(:tiu11 . it 

is ~1!!1.po",aHt l:h.Mt w,:: Im\~ tl,rt ~Uilir31 tc;i ror:,rn;.;tr1tr,t imr~ge:-i, 

1111 ,ugh lhese1·~uJL:-. C,1:!.U.UtJl Le U&1d to produce 1tiJ:!51l -rr:iinlutlpn imiligfl~, it :;or.i~ 11 lnng "-<\Y 

ti, ,,-,ntin.uing tlu,.t t.w, 1110;,,;1\F'lllOUt. hardmrc i~ r>pera1iol1(\J ti.WI U!,\t I.he ,..ssmll])Uuns 

m"-Cle wl,,~n lmj>lcmcrrr.iug the FD'.:11: l'rJe.w;\1r,;uw,ul :tli:o.t.,.g, wble svu\t<I. 

• The pr<'.,cnt. YOltllJrc drl vctL lll~BS\ll'C<tllOlliC, sl~·utegy 11reJl, ctu,,,. 1101 a.lluw for lligl, r">lulnt i,)n 

inv,g"' ro \Jo u\Jta_in,,d 11Siug the. MNR algonthm. T)1is is due \a khe errors in1,t,)du~.,,d 

by unkno1Vn contw:t iwpedo.nc....,. and tho limil,,,d 111.oubnr of iudr,pcn.dr,nl rnca...cnrcrncnts 

a,·o.i!J;blc ll'om 1,hC' ri1; - thus ,;, 11,;w mc,n!;)lrrm1ru1t stmt.r.}\y s!Jnn ld br, invc•tig,, tcd11 , 

• Alt lvn1gh lhc FE)!! cod« d.,v.,Ji,p,..j i~ ,.J' li~O., ""', ,n ,ru~n rnmnat m,uifln, it may h'1' 

U!l.,ful in 'IN 1-raiuirrts, -wltor•· ..n mtdl1~,1mt s-y;;r,•m \u.g, NNs or KRR) might be •••.p~l,le 

of cx-trad.lng: informu.r,ioo regt)l'rl!ess of lrl1e f.'..!'CO!'B h~I w~ui rtt: siiwtl~H!<l veripLrrv vo1t.,1,gc1:-; 

~ua th<>se rneasuNd trow. ,-hi:! V"8!:¢L 

81unwnr:v, discussion am.I eonelusioru; ba,mcl on _podimimtry pxprn'lm<mt>< nsiog com­

r11ta~ioonl oxpllTi.tru111ts 

• 1\fLPs !1:,vc he,,-,,, trnir1,·,tl 1i;;iog the be.st architcqlurc aod cech11lq11<'.S "-" l't!p,,. lt:d 1,:, T""-,1<_11r. 

ii, •IJ, Thcir ov@11ll. voltun., fract-ion predic,liuu nrrur, foT;; st.11r.ir, 1-r,lia.<an mr,;,nre 1,1si.ug 

10' ,)Ou.,:ILtclauCt: d.~<!l;l'u(ks <UJ.d VDM, i~ .2.18%. 'l'his, a0mparc<l t,n TeJJ.g11c'a repol'l~d 

I , l.5% Tlm sl\ght 1\1,;gro.d.1;1.io□ ofpnrfotlWltlC!! is e.q)etiled :;l.r.H:e fo"wr lli"'1t>trrC11t1ont,< tlrn 

~""11:tl;J., iruw ,.J,1= l""'"""t sy~t.~)11 th,,u f.wm Tu;ignc'~ ,ll'h\!) - where i;,01.b 1etlls(,1u1c-, ,mtl 

C;tp»r.i~:mm ,ln.t;a w:'l'S ,n~t;.1..~\'Crl. 

~ /\. t1!'!W t~J.:att~· •t::iing, l l l\r.t~nt ,:.•xf.'iUlt-i1.>n 1tnd volttt<:,'e 111P.~1JTftman1, hflfl hr.e11 prnr,oMd I ty I• ,•nf. .I 1 'l'x~◊J1. 
l'1111-...,_,ouhl t.Wmtb im 11,0\'(.' u.uap;o r!'$olu.tiou 
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• A gnd soarrli for t.ho korut!I. 1vldl.li (o) 11.mJ n•guLJ.<1•,~at.,c,u p:.rirull\i.(•r \ i) .,,,,,J m I< R f{.li,w,. 

J,.,,,11 i,e1for111ed on ih" d,:,.t,,.. The results look. pro.lllisiug ;Juel! t.h" chu1-.,cterl:;lJ1: eh1t,P« ol' 

a well suil.crl kcmcl ws bc~n nchievcd for O' vs. gcnci:,1Jh.nrlou ermr. Thi; t·egi.tlal'ls&tiu11 

parnmctcx ls foun<:! ,,, 1,,. 1mcririClll nb1Jvc {I ccrr ,llll 1·oh1,::, 1,•hich is 11!;;0 clr,,n,ctcristlc 111 

:-:-ud1 prolJimn~. 

• KRR. liilS been. performed on the sam.: tt:St. d.n;ta as usc,;1 ,.,1 c~Jc11la1,t l,]Je 1'1LI' l:.l'l'OJ· i;bovt•, 

'l'hn prnt.li-d .io11 tu-t'OT' fm: a .st~ik. 2-plJa...;(1 11t.ix~1u·r: n~Ul~, IO r.t,ntlut:tliHC'!) r.h\r,r.rod~ ;mw:l 

PDM, r.;. l.l>U%. 

• KRJl is thlL'l dcCll!ed n v~lu:.bJc v0Jw.11e 6:,1\'at1ou pre<lietic;n. Ledutique1 11ml Jurt.h<ir ~;;s.,&1t:h 

,hould be performed on jr,; 11,~c in 811'. Spccific,:,llr, 'the cffcrm; of p~rformlng ,, singul;;r 

'i.,bl lH: dr.c;.(-,mpo.91 t.ioJ1 ort th(!:'tm,iniug and r.r.st datli sl1ould ho invnst.igo.t.cd, -os. th.ts h- knowJ1 

Lo imvwv~ 1wrfo1'1111wt:t, ill' such u4, t.J ~ ,,b. 
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Chapter 7 

Experime11tal Results arid Discl1ssion 

Thi;;; clrn,pt.er 1s divided into !l parts: the, fir.I pt,~t. is iu110lve;; slat le t,ei!ts, while t,he ~cond pa.rt: 

lllvolt-es dynamic te&t.s. The tee,;nn for litr1.her im'ffltigating tb.c systmn's sts1.ic pcrforw>lJ!oo is 

1,11 dm:,mninP whether the cxrnnslon of poil1t eled.rades t,o lia.e e!eetrotleR ,l,o~,$ in fru;t. improve 

Myst.em petfornu.nr.:e- A ~irnil~r question oonoorning the 11'!<1 of gunrd ~lcct.rodes needs fo be 

nm;wcred; •Ji~ l'P.il0011 why these experiments ueed to be. done in a stat.ic r,nviTollillent, is tfmt. 

" '" haw no w,ry of absolutely dctcrmi.a.ing i11~tanta.0001u; volume fractiw18 of real fl""·''•· 'l'luF. 
mM:e$ il ""trewel;v difficult to e.wlnate thti system's dyn..inuc pe'rforma11r~ ou a Er.,~by-Erruna 

IJMie. 

1n what. follows, a bri"f destTipt.ian of the procodtll''-"l adopted iil each expetl.a:teriJ, is l!,J•~n. 

!oilowcd tzy the pl'C'letlt al:ic,11 of te.•ult\'. Mosl of tlw metho,lololrics used here, l,a,1·,, ll•'J!ll 

tlet,ni!ed in the prccodiug ch.apter. wher~ uneirAmpleJ l,ecLnigtws Htf! amilied, lluw arf' rli,;r,11,is,.-l. 

Ft,llnwill.g tht< rm,reniatinn ..,f T""111i.~, ~ '-'Ullllllary and discussion o[ r.hcm is put forw1ml 

7,1 Stnti .. sitirnt\Otl results fur a lfi-elec:trodn nnhnodnl FDIVI 

EIT sysLern 

It, wos mantioned in section b.,t.2 that ttJ.e gw.rd el~ctmdes 11llf!leruente,:J, Oil. the 11ew elec\rocle 

~ , whicl:t llli:lro olosoly represeut. 1,owt ele<:1.rodes iu shar,e !l.lltl size, =uld be m;rJ.1l in 

ll!Oasurfug t,be pedotmauoe dillerance betweeu N~~ UslQg, point el,,.~rodes, .ind 1,.bos(,usiug li1w 

dect:rP<~- Ait.hough a similar r-1:cpPJlm~Qt, bad. l,oon pcrformt/J ui i11g Tcs,.gu.,'s dormant rig 
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vlocumcmtc<) in St'<>l.lu11 bA.1), wnrlitiol.IB wctc not. cruiduct -~ to drmvio.,i; 111e;:mrngf>.1l conclu,.4on, 

(e~~. ~~t.unitiou iu t.l!c¼c r~c:eiver chain w.:1£ pre;st:11t dw~ ~.o lllc•,rease<l curre.nts he1n~ rcccivtXI b,r 1\nr 

e(°"';i. r.:,des) . Thus, lhe opportunlty t-0 moti, areutf!t~ly detet:mi.ue this pelfotaurnc« rliffeneru:, 

was 1\r,lli~od.. 

~lrti:cot~r, I.ht< n!T,,c,t,a of n:;iuA guard cl~.ct Jv.,dcs with line dc,m•ode, t1<)Cdod to be invr.stig;1Le,J . 

The tc5'1lr,:> prc~cntrnl in t,l1i:>st1:tion am t-hcrcfo.rc b;'.lsnd on 3 sct.s of mt\DSUJ'Cmcn r. claw: 

1. Point elec\md<is (w hera cme ,fag of gu,:mJ elect\•odes are used ~s poiut ele,,.,., nJes fo1 

m,;,.osurcmmt, - lhc J'<.'rnaining dcctrodcs· 'IN disconuoct.~l), 

2. Liue elecm,J,.u- {whe1'1? only the mnh1 line el,ac\rod1t.< me. used fui m~as,uen;en1) 

3. Lin.., & gm<r<I d•s:r. n11les ( Wlwr,, 1,hi, 111ain ele«trad, ~-are ,,s.,11 li,r me._..,, mn1t1nt ·;cl1iltt 1m1<nl 

ielm:tro,tt>S an• ~,:1 lw), 

T 1.1 rviethod 

Th" 3 s<>ts 0ftraiu.ing ,la.m.ment ion,;d aLove were collecf,ed using 1,he t.eclml,111es desei·ibed lu the 

IJlf!VIQU,S chapter (i,B, using th-s ',;timng' mcthorl to C'.\PL1lJ'I) IUOO fr1.\lll<:'J< ,,f ,l;,1t;,, fr,r c.1r.h t<1I!l,'<:ll 

wiluo). After riunn~ht&,iou 1md randurn :ihuffling1 uf tniining inst,allt;t-,.'i, t~sts Were pt>rforuu~d 

tt; di,termiuc> the 11ierfonmU1ce <Jf :\-1LPs Wld KRU in _pr.edicr. iog' B<JI.UC volUJlt"' fractions. For 

~'ILPs, the ruetltuds usoo were iilentic.al to thc,se qf ~he pmvious olte.ptcl', Lik,;wii;;..., for l~ltl{ 

wtcept the., , based 011 Ille cr>ncl11siou of the last dlijpt,:,x that "the c!fccts of pcrfN'mlng " 

sltigule.r value dccomp<J.•Uion ,;n thrc tt,iinini1; und tc.st .l;itt> shm1l<l be im't'!itig.'.lt-c<l\ 1; ~in)lJ1h>r 

v ,lu., dec;urnpu.-ritiun uf thtt de.ia WAS p,;ribrinetl ;;nd i,he 1·esults com[),\t>,tl t,o th.:ae 11bt:ni1,eu 

6·um t.hc rl\W datu~ 

'7.1.2 A rn,t.e ,1t1 Sing;ulai• Value Decompositiou 

"Iu sf,at!Er.ka! patt.ern recognirion and compur.1.1tiona l iJJteUi~.cucc w11 ttfl cm 1oork with Hluat,• 

syrtnih;;tric,al. UtJ'Jl-nf:'~;:t.t,ivt, ma.trio.~!! .. f0r ~a.m1il~ the cuwirlbJ..LCt DJl:itrl:x x 1·x , the :!.(Jl!Hl'f:!.~ I 

l T IJ;:; rn11-,t.om >1..lHHfii1Af nf v-1•tiill iug: H~1,'Q.u.c~ i~ rw·..ri,wnie-rl Kn fJl':it -w hron "° d'°!ta,._ aµJ\1, iR mi'dfl, ~ f>t11u:al dli;t rib­
•ttirw of llJ.t.,, v.,rjr..n3 t.UJ·~I.. .. ,.d!ueii ·~ twetJ Vt t·1•J.1nlmt, 



(li:,;rn.nt'.f" matrhc-: th<-: h!nH~J 1111\trix l< C'.b: .. + AU ~To ~;,i:,tupi:!.cti h11mHhtri(1.s IAf th,! way tlH! (lu,r.a l;i 

di!.lrll:,ulell in llle ,1ecwr spac,;. 

"Such mat.rjoos cn)1 always br. decomposed or foct.oiisod DS M = l' ,. D x 1•T_ ,where P i3 

i i m:ttTh: in whid1 r.:a.d1 C'ohmtn i~ ~ti c, ip.J.1nvr.(:t.m· !UHi D ii-. ~- <lingm,a.1 matrix of Ft,4sf1(•lJ.1r,1,,L 

(non-negative] dgCllval1tcs. Thccig,~.n vcctors m-c c,ll mutunll,i c,rt,hogon;il'' [23J. 

•)!' D (~ntl P) ,mch t-hat Lill, eigr:uvalue;, apl,)r:.ar Ill dr:crr,Miug ordr:r frotn lr:Et. to rir;ht (rJ.us ts 

dinw 1'L1tnmi1fic.-n1ly Ju a. ~1ngn ll1T ,~hH! dN:nmpnsjtjou which ia l.ms0(l Otl r•jg_t1.11 dncomp1,~n.lnn7. 

If ttOme of tJ,., ei~.<mvnl!Je8 .,,.._ zeru, 1,lum ll, .. original malti,c is ol 1eS8 ,hart lull rank (i..t:. liuear 

rtrmcndcncc bctwncu columns of original m.D,nix). Eigcm--a.btcs close ~q zero indica ic ne,,.t limrllJ' 

l"l .(\J)OT1dN11·n nr rn-, ·ml.Clitjquinp~ a1Hl r.h1·)t r,h,, cl11,tt. ,!f,ns not fnl1y oct·11py tlw ,in(tm· SJM<''\ 11 1 t11 ♦ 

liw,, in "1a1ul~q:,h,.:e u1 lll.&nlfold uf tile v.,,:,to, si.,aci,, C)u\iltltig Lhe ei;; .. uwdu1•8 wi~I., l'le.ar­

.zi;tn t\.'>.<sociritcrl nig~n,rtih.11.:'CI. p1•ojr,i:-ts.- th.-: dat,1 Ulto- th-i-.: <::ttb~ri.C(", oftr.:-n ~lhn1tm1:ing ·rmisc" ~-nt:t 

improvinM, Lh,: pC'rfPtmattr.(t t:,f miht~OlLlH'nt, pat.tr.rn d 11,.,-,m.Eicat.ic.Jf1 pro<;C:-isc:s'' ~~3]. 

if C)LU' d.nt.;:1 matrLx (X(,,,,;l is □t>l1-squ~rc, as iu BIT, rhon a ·Sft11?)ll;lr V~.luc Dccomr,05it,,Qn' 

(SVD/ Clill be p,,.rfo,me<l .,-1,.,,.,. X - U x S :,_ vT. [u l-,ru,~ ,,1 "'"' e,igtJn <lewwpc•sil.to1t ul 

xrx, t,ht'f<: mr,trio'.:s Jm,-c the foJ.lo"fo~ moomnm;: 

l'= V ( 7 I) 

W<> " :1r1 t.llnn p!•i>t:tllltl t., , 7.0l'll all :;ir1.0;11l.~1· w,Jui:s. (tlia['Jmal i:lcm10111,R of $) whii:h a ri• 111 :h;w 

~ u,itJili, t.l!resho!d - le,l.vi.u~ k col•= 1u U , S au<l V . 1fu, resulting nml.ti'< X.~'!'n = 

l'l,1-,, S, 'l< V'[ "i;; t.~ l:>0st wnk,k l~·,st-squ,cre<l cm,r nppraximat.iou t,o X 11 ·23J, ®d is often e 

mttt·r. 1m1:f,t1 111pr&.·rmt.1u,i11n nf fl1<: da.t-i'} in 1wtr(Y dns:{ific♦t.:r,inn/1t:gn:~'"ilrm p1nllkn'1s. 



7,1.3 R-esu.lts for the 'point electrodes' c(l,t.a set 

ID ~1'---,---,-o--,-5--1~0--,1'1l> 
number 01 uaining epochs-

025 

·011.1>0'--0-0-5-- o-,--.- ,o--o-.'"2--o-'15 
rjeslt-ed volume lr.3d.fcm 

F'i:gw:c, ; . J: The i-esulLs ul' uslug MLPs lu wm volWllc fra, :t!ou ptool1:i.ltms un \ho point 
eject.rodes d,)1;,._~ct. The fi.gu:rc show,. lwo sltbplot~: on r.h<' le.ft, a graph s!v,wwg r,bc gr.m•1·ali• 
sat.ion 1erwr for oem:h tipocb. or wt:il!,hl a<~ustme1,t duritlg the resilie11t l;,ock-prui:,ugakiL'lll Lr~iuil,g 
aJgodthill. The l.>luc. llnc.ihu'W ln<iuiJ~ d,, tij.sc.t (.,,,..,,., kl,e.c grOC/1 line, v"1Jd,.ticu, dat .... scr, c.no, 
,,r one of the 10 MLP$ b'1;incd, The ;;ubplr,r on the Tight iiliow& a plot of t.hc clcsirc,:l va. 
pi r,dktod v@Jnmc- ft actiom, -Of m, avc1•a.gc pcrJr,rm<>r ,).f the 10 MLP;;. Pl'crlictlcms made on i hr 
t rtst rh·,t;a.iint !l,J.'ft Tr4}rrsrnlh"'.d by + 1~ , whlL: t1h1~ liH<'\ '4ltt->~•:,;- thr. l<l~ d, 7.f\TU Grrtn rRspnnsr1 {i.t•, t-hr 
li1 m 11 = .r.). T'hr. mnnr, a.hsolutc, ~rn>r ,,f ,,11 10 \\.fl,P., appMTS wriU,nu (;:,;, a, pr,r!'.Ct.11.~go n f' lhn 
p)pe's ,·.rr,ss-se<:tiuu,J a.roo) ut1 ~he plot 1>6c:, • 

r-·- .. 
Ml f t \ I .. ,ILl1!1 I >II 1•:1, \lLP uumbm: ~r , I >.u.r.'.! •,nr• \Jt,i' I •11.r 11 :u1.r 1 Ml J ~J♦ 111t uv•dl, "::"r 

·11o.on "fd13olul)'! r..r~ •r 2,n2 5.(1] tt.f13 u;,, 4.2f) I LRO 2,HJ l.72 2.2~ 11Jm 2.7:;~t 
' I 

T>1hle , .J.: A 1.al,lc dlsplnyiug ;,he. r~:;,tJt,i of training 10 wp<>l'at c .MLP,; using tho poi.Jtt: clc~tt<l;>dc·s 

,lat a,mL t '.~t•h r:rnry 111 1:1,n t.11,l,lr- rl1f'rnS<lUts tlh: m~au nl>S11lut,1a ttr]<), ht!rwr.-r.11 rhr real m,d 

pl'cd.ici.ed vohuJJe fr1J.t.:tluus oJ' 8. rc6t da r,aoc t .. 'I'hi: ;1vi:ragc of t hese v11lr;1'!' ,,ppca .. rs 1.n lho last 

u0llllllit. 

1);5 
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Figure 7-2: Tb.-, Tes>ilt. of using KRR t;o ml>ki; ''<:>lume fr,;,;~ion predict.ions lmaed on t:lw point 
electrodes d~taset. Tire fig,.U'6 ;;hows Juur "'.lbplots; the cop left. "Ilr! right. gaplu, show a 
plot of e.rror vs. o (for bgst ·1), am.l. error vs. -y (fui, best al respecth'<'lJr. The bottom left 
subplol shows tl.Je tP.sull.s of ,i. refined o searcli. The boUom 1·igbt. plol. shows the desired v,,, 

µrooicl,ed volume fr,.ctions obtau1ed using ICRR .,,;th the opLimum a- and "I i.unin.g 'Pll.l'illD<lOOfl!. 
Predicl,ions rol>de on ·t,be rest: datill!et are tCJW'!Seoted by +'s, while ·t,he Uae shows l,be idJ.lal, zero 
o,rtut ce,;pun.., (i.e. the line '!I = :,;.). The wean a.b$ult1ue erroJ' bt•l,weeu desired em! pre<licted 
values i,ppoot-s wriUe11 {<IS a percent..ge of the 11i)1c's ~ros!rtl"..ctir,nal 1U·ea) un the graph too. 
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Figure 7-3, The !'CSUJI • of u.sing KRR. t.o make voluni.s frl.\Ction i:,rcdiet,ious Lll.9ed oa U\e. point 
electrodes <lai.asc,. A siuiwlar mlue d~con1positJor1 (SYD) was perforrued on the de.ta . 
semi.Ilg an.v sittg1,lar ""luel< contrihutiug le.se, than 1% .:if the sum o.f illl Binguhtr values, Thr 
liguce tltows four subplots, ~he lup !aft a.ud right grnphs ,show a plot of ~l'ror -vs, er tfor be8t 
1), ;.wd euor v,;. ')' (for best ,r) ro,pectiveiy. T be bottom left subplot, shows I.he. res,tlts ol 
i\ refined a- ~earcih. Tbe vc,tt,r)m rigj:lt pl1>t suows tl\o; dt!SiJ·ect ,•s, pr~J]cc.ed vol= fractJon.~ 
, ,btnine,l ii.sing KRR wit!, 1:1\,. oJJt.inmni a ,rod ; t111Ji.ug parai.uet.ers, Prou.icti(lllS made O!I tbe 
l;e;."t tlaL,,sct are represent.eel by + ' s, while the lltJ.e shows the irlee,l, zero f.'.rror respan.s<:: (Le. the 
lir1e !J = :i:). The me&t ab.olurn llrror bel:ween tlesi1'C<I ~nrl ~rlkt"d ,,..J,.cs 1\JJllCOrs writr.on 
(us a permnt,,ge of I.Im _rilj\e's c-roos-,ect,iuunl.area) ,>11 the gra_pb t.oo. 
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Fig1n:o, 7-l! Thn 1'.r'Sult,s r.i f m;i.niog M.l:,J>a to m,1J;r, , nl11nir. fr:w.t.inu pto<lin.ic,r,, rn, c.lie. \Jh<l 
11lt}Ctrotlo::: ,lat.aser:. 1'l1e fig,1a;e ~hows t\\"O ~nllplot.Si uu lhe lt>lll' a grnt-1h -sho\\•ing c.he g,;!:n~r&i­
sat.ion error fu,· cacli q.,ocl, 0[ weight ndju;;uwm. during U,r: re"lilii:-m- bock-propi;gation Lroiliing 
6lgori1.hm. Th<· bh1r. lini, shows traioing d"t~:;ct or.rm, tho gi-i,on lino. vn.lid"t-ion rlnt,.,,r,I. mTor 
r-f on" of thn IO \ll'Y~ trnin"fi. T hr. s11J,plnt nn tl1« rip;ht slmwe I!, plo, of t.h., dr.sire.d '"· 
1•ttilict~~l 1•okm~ frncijuu~ of an av~n>;(o, p erfurllicc of the 111 :VCLPs. P,c..Jiclion:; ruada •)n the• 
!,(-.st dat-OF.<·t rue rel'rc,,entcd by +·s, while l,hc line shows the- id~l. zero error ro;p,)nw (•i.c·. Ille 
[ini, v = x ), Thr, mnrm "hsollttn ,,n,,, of "11 iO j\1Lf':; "ppmrs wrirt.'n (:.; "pnrcrnt,,gn ,,f th,, 
ripe's nua,;.,,..,i.iuw.J Me") n.u tl1e plr,t, to.Ju. 

_\ JLP. numb~ \ I 1,1' I I ... , 1,11 :1 I \I LI'!! ,,, 1,1/ ~. \l hl '❖ I ·111,1·~ \ !LI'- I ,\ ll ,1114 \ ll 0-'t• I \ II.JI ii! 1 ,."" ' ' u,, .... u .• • ,o 

). l ei.m abslJJu• .,., ~no,• 2.41 1 4.37 u:12 - 2,() I -l i•l 11 ./;8 l.41 i :2.-1.0 !!.2~ 
' 

2.4,1 12.4.G% 

Tahlc 7 .2: A ~ahk cliB!Jluylng tl.tJ: tC!'lli t;;.. Df tt:aining 10 scµarotc )'IT.Ps on I.lie !iur. clc.:t.t:ud~ 

da,J;Mct. The cnot ls dcllncd as llic u.can ob,'Uh1tc c,·,ur between rC!il 1:111d f.Jl'i<Wet,e<l volll.llle 

fre t·Liu~. Thu bV!!r.~f! uf I,~ 10 ~ l'!'Hf \.-"'ci ll1{,!~ app~1:HS in thr.1 Ja~t r_:1jlUJJlll, 
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Pigure 7-~, The resull.s of wimg KRR to makll v.;Jwna frsclion prut.lict.i"1lll b!l.9tl0 ou the-line 
elect.rodes datase1~ The tigure ~how~ four sullplocs; the. tov left. anJ_ right grsphs lillow a 
p!ol· of eJTOr vs. .:r (for best 'l' ), and error vs. "I (for btst ,:r) rcspecJitVl!ly. The bot tow Jen 
s11bplnt shou.'l' the. rF,:;11lt,; of a rnAn!lfl r,, s,,:,N;h . 'rlm hot.tom right, plot show,i l-h.-, dN.<i1·ed v~ 
predicted \l'oltune fr«ctioru; obtained 11Si11g KUR with tile oj,tJmlllll r1 ,\nd 7 tuning patHilletero . 

f'redktions made on th>! test tlat,i..<et arc represented by +'s, while the line s hows the ideal, '..!eru 
tlftor respotlSe ( i.e. the line y = w). Tlw ttl<l<"\ll abt<.olut-, error betw€:'.ID desh'f;-d ,md pr£-d.ictw 
1,.Jw,; appt<'./.rs writ-ton (3-~ 1/, rerronl;1g,., ,,ft-be pipe's cr<Jss--sootlou.1I area) on th& gr:,,pb. t<,1). 
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lftgure ;.o, The re$u.lts t1f using KR R. to in~ vi:,luroe fract.iou pre<li0~io.os oos"1:I 011 LlJf lfoi? 
e!ed-rodes di,,tasec. A sillgu.Iar ,i;Jue iiecumpo,;il:icm (S\/D} was performe<l. Clll th" d.ttta. 
iernm.g any stogul&I' veluce r.onhibut.ing k';IS tluw 1 %- of t.hr, sum uf all slt!.,,"U!ar v-alues. 'l'he 
6:i11re, "hows fmrr ,mbp!ot,;; th" top left. ao<i ri;ght.. gr11phs show r1 plot of ,,rror ""· rJ (for br;st 
.,-), and error Vil. -, (for- bi;st u) teepeclivcly. The bottom !£!ft subpkrt show~ the r,,sults of 
a relined o search. Tlie boU,om right p11'.lt !!haws the desi.twJ ,-a. l)reillct.ed vu1ti!lll¼ ft·aL~Ju,w 

nlrt::1fund 11sing ll."RR IVllh thf.l optiruum o 6t!d 1· tuning ptm1metms. Predktioru; l1Ulde on the 
I est <l~t'lSet Ql'e 1·e_pt-t,;d by + 's. while th(\ I inn .shows tk VlMl, zoro- error T<'Spom;,·• (I/\ ti,,, 
1lne !J = x) , 'l'L,,. m&i.n "1-!olute tl!TClt batweeu Jesired. uui.l J/J',;,;(\t,ta.l ,.,Jues apptl:/J• 'Wl'iMer1 
(u.!l 11 percemuge uf Che pipe's '!fo,is.seetiouaJ s..-<!!i.) on the gtaph t<Jo. 
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Jiigurc 7-7: The rF.mlrs of um,g MLPs lo mi:ik-, ,-olumc· fri:,,:,\lon ()r,,dietions on tJ11; line; & 
guard dnchodc:s d,,,.&~"'· •n,., figure ,;;lJows two aubplot"' on t h<1 left., 11, grnpl, s'huwi1111 r.lit> 
)lf:n~rn1i~"t1n11 FJ'nir for t<,<;IJ. Qpoch vi ¥'d.;b.t ,~:tju~t.nvmt 1luri11,; fLe re,_iH~nl b~cl:-11rQpog;:1.tJoµ 
l'f u.m\.ug c,Jgorllh.tn, The blue line shows tnunin11; <lac."""'· .,rror I t he g,·..,u lit.1to, ,a.Lida tio.11 ,}ittasct 
c-aor of o!IC of t.h,, ID M IYs trlt1u,._t. •rh-, subµ lo~ oo lhe right a.h<1w,i • }U"t of 1.hc· dr.sired vs 
predicted voh1m" frlj.('t.ions of'-"' a.vt\l·age v~rforto.Cr of I.he 10 :Vl LPs. Piodicti,1os m,ulP. on th, 
tt,st ,~,r.,csr,t ""'" reµl'esenle<.L hy + 's, while ~he red Jin~ ~.hows th~ iclMI , 1.f:ro emir r"'1pnn:i>l ( i.,e. 
~h« line 1/ ,- r), 'rlu, m"".u o,l/dulutc· cnor of all LO MLl-',s ,;.ppP.n.rx ,nit-te.;i (a, a. p1:l'ce1u,-.g,, ot 
, h,. r •J •"'~ i:rri•~•decliun!J.l ,ur.,a) un the plot roo. 
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'J'tihle 7.3· A. t~l,I!! <l.lsplaylull lhp ws1(h.$ of \1'a111irt~ 10 ""'P"n,t11 l\-11.Ptt on lite lin~ guwd 

el<,,,;trodr;S d~ta,~t. The cnor is ,[.,{int'd •~ r.Le meeu a.l.,;,olutc ,~ror bcrwoi:u l'Ca! an~I prodii:f Pd 

-vnl11Jltl-'- fr--n.dtow,. ' lJJd i.1.V\:!Lll.ge ~r Lh~~r· l(J C'-l'J'D.1' \'J1 1l1f'..:i Jl,rpt-;jlf~ iu t~ lt..sl ,:lmunu. 
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desired v11~sr..e. Tr-Aioru-

l:'igurfl 7-.9: '1'1 ,~ ,,,,.,,1, s nt' 11sing 1'."RR ro mak~ ,•olum-, Eh,cli,,n prt<diutiona b11-"<"tl oil ,h., lina 
& !{flltrrl eleclrt',tle.s ,fat~s.,t. A t1i11gul..r vru11e ,Jcxumpu<1ltiu11 (S\ID) was l)erform~ on th.c, 
,dnm - zcrnin~ an;; ~m)l'Ulli.l' valuea ~unlribuliug l~a llu111 l% ,,f tJ10 ~nm of ~li sing11Iro· val,,e,;. 
Tl1« fig1,ru a hows four sttbplvts; t.hc: t,op loft on,1 right gr,.,ph; $[J;m· o plnr. ,,f ,:-.rroT ""· a. ( fo• 
11,::,.t 1), r,nd el'l'<Jl' v:;, -y (for 1ic:st IT) rc;;pocl,l1'0ly Tho boti.lllli l,,fl s11bplot aliows t !te results 

,J n rclined ,; sc,,rcl,. '!'hr. holtom riJ!;ht plm. "'"'"'" tlie desired vs pretlielt,u vulllJllc Cracliutl$ 
, lhl,wucd ustng KRR wil.h ti,~ nprimwu ,,. <tn<l 7' tunfo1t pru-,,.rneters. Pro<l!ctloUB ma.Jc on tbc 
list, ,J;;.\Mot ~o reprnsenterl l,y +'a, while lli;; H1tt1 elll,ws r.ho itlcral. z&o CTJ'1:rr roeponse (i,o. the 
liui, 11 - .t) Tlie wean al,,;olui.e t!!'ror betwo!ll U'-"lU:Ou aw.:1 prodicc<.'d wtllle,: appeors w11tt.co. 
ii.s ,, pe.rc,;,nt,tge oh.he Jllvv'e crc,ss-s-0cti01w a;rQil) on 1·b., gmph 100. 



1. l.6 Summary and disi:ussion of stirtk results 

TWs scdfoh h1>,s dcrucmst.rn.tcd the results of us~ .\il,.P N.'b J1.11d KBR to pr,xllct thc-vQlmnc 

,:1..,_-.,1.,JJ•d by Giannupoulos [:lj , "-lld u1,l!.r"'1ed lJy Lh<> a1uhor fl . .,. a J6-,,Ject.rode, FDM m,m­

Blll'e1ncut strategy \\'\IS employed). Only tcsist11ncc c;lhrn wa:, cap1a1rcd, as opposed to botil 

rc·s~ti.U\cc nirt.d , ·:ip11dt.:LTL(',"1 d;1t.;,, ho)u~ U8Nl i11 pr~v1uns !-.t;ap;r~ of th0.. f(':S(';ud1. 'Th,: rr.a!-1.{)tl fur 

inve.sligo.tiug dllfonsoL ,Jo.L,,se\s lltlcl beoo LO gain io;;ight lnto the effects of \1sing vario11s ckci-r'>dC' 

sl.tapes 11.!10 conlig\lff\tlons HJ 1-h\tr, coUoction. J\. "11ruro,1;ty of t.l,o rcs11lt,, uht.nlri.cd O.Jlf"""'" i11 

1.ahll' 7.4. 
. _ _, .__.. , 

t{.ccon6.t.rm:tion 11tnt.hod l:'uint <-l<·ct.rn1bs I ~in,: do,,~t.rodr.B Llnr. & gu:mJ ol~d.rod;,,; 
or•-

MLP . 2.75% 2.46% 2.17", 

KRR. , 1.76% l. 79%, 1.60% 

KRR (SVD) ! 1.79% 1.!'10% 1.!l2% ' 
I,tbk 7.1: A tt1blc summarising; th.-. re.suits of nting Tilln, wd l'rlLI¾· to prc<lln volume frar.t ious 

,,r d\lfC'rm,f. durm\i•ls. Thn he,,. porfunnaq(l "-j1Jl/>1\f8 jr, bold. 

fr1 tho pm,1r.c•'~ ,wtrur.<lr.nt ~ti'\l!;<'l', Ml,]:';; h"vr. prov!'Jl t.n h,, 11«nf11l vnl11m~ frr,dim1 pro<li(:r,ors. 

Specilically, the! best r..suli,;f repott...-.1 b_y 'l'c,agnr. jl, -ij 11si11g • lo•ok:cLrodc, bimoihi, ~q,mr1>­

wn•.-e cxci,,.tio11, FD:Vl ,;lT system, for 2-pha:sc static mixt1a..s was 1.15%. Gio.nnop.:.utos' 

b~t. TC'(Jmtod T~~ult"C\ olJbtiTh:<l usl11~ att fy;..1;k:<:tr.n.dn. himm!.1al. ~iur-Wi'!V<: ,""1<citn.t.ltm~ FDl'rl bf I' 

sy,tam, for 2-phase stoLie mixtur,as v,'!;.!! f!.$8% '3). K,,t,; th&L resiSLance tlata 11, l.>nll, of Lhr 

nl.uv• :rnnnti,m,,d ""'"""'h pmj<-c:t.f ,,ms ohtninc<:l w,in!\ point clcc\Todc,, :md th:, pcrformo.ncc 

lll~Mur~ used W41l the tn&litl al>Bblutr, error hc.i.w.-;c,n Jtrr.d\c,f.r.<l a.nil Jr,slrr.<l v<ilu111r, frni:t ir1us. 

When "-ppl.,,Jng the ;amc MLP aechlt..:t11re aud training llletr,od$ !'eponed I.,~ Tea~U<' J,o ill<' 

11mlcnl: il~-:;inrl (lf'i-1-kctrc•llr.. 1mimodnl, ;;in<l-w:wc c-x<nbwion, FlJM UT) nsi.n~ point clcctrod0s, 

a tirr~1rmnn<·n of 2.71:i% was r>btn.incd. ThI~ translates t.o a 2.4 tin,e9 drop in p1;1'forurn.noe 

( rdaf.ivt: rn Tc:ag11c.'s reported 1.16%) . whic:h 's c:-q;,c<:tcd, since only resistance ,fat a was usod 

111 rc.c:mi,rtrnc.t,ion • meaning lc..cs inJ'onnation about t.bc mt~1S1l1'"11'.!eill ~J)•JcC~ Wll>! avi!llal,li,. Au 



mJIJl'O\'t:IDl~u~ o[ 1 . .J tiwes Llw .u~ult. 1•~1,urted b)· OL,ill.t!U!,h.,ulos \'i,,'!:1)3 t1Ape.l1!c'.UC.~~ \~1Lid1 tl! 

~ignlllctlnciy !,~ Ui!\ll the pcrformoncc diffcx~ncorci!ltl\'C ,,,, rc~uc¼l lfH;[ocrrc,dc system. T his 

mdirfl.tcs tbat tl 1:,,.rrcat.c:r improvmn.-::nt .in pc:rfonniinrr.- 1:i r;x.pr:ritr.1.cc:rl tlln>oxl. '7hr mlrlit,ion r1r 
c·apt-lr:i l ti.flt~C" d>-1,t .'i t,,u n.. J 6-r.lC'Ctrc;dn l:iy~t filllr thlil.! t hru11gl1 t.hn: t'i'JOUVlil ur c.avi:icitm~C<t tla1,t:! fruu.1 

"" ;:. ,decl,rwdc E<;l•l<'lfl <111d doublln,g of l'eBlslance e.lecttodt, posit.101101, Th" fe.ct 1Lat Te:agtte 

,,,,.,d Square-w,tv .. a, which wtlt" ptovCll. to be OlltperlbTIOcd bv sin&wavc;. 131, rncrci)' lnJ:l.1tc; t.h~ 

, ~ ,n&t.;qut:n1.;cs. nt thi~ t":-b..:;~rvn.t,ion. 

1'hc p<'rfum1auoo of :vii.PS was improved b;I 0.20% when dloogin.i; lrCJm pqint dcctrndC:.$ to 

lh1c t1l~cr,t11des. A fartl11:r 1mprovcmcn1, qf O. 297c w11-; c::,,-p<'1;mc:cd ;,.1tli t,ho u ldifam of i;1nml 

, Jc<'t<n, J,-._;;. 'This si1gg;r.,,ts Lh• 1, Lh<' _11erfu1°1J11J,noo (1( !\lLPs is 'i.ruprovt!d when f!l'.l:.ttri.n,g a mor< 

u111t1,rm nnld is used ill M1e lJle!lsUM:c,.-.ut Bt)Me - ,, lldd with kz~ fringing cltocts, whld1 wnt11d 

nt,lir.rwi~o hll'lhc,l' Culllplicme tile eb·eady il.ighly compkx mopping h1 l!lT , 

KH.R 

K!U"i b.11~ pmduccd result¥. 21.lmu,1 oqua.lliug 1l1v,;,, 1epurl,..d P)' T.,ague.. Od<ll,y .mollgh, the c:rnct 

11pposih, rnl.ios o f p<!l'IOtlll,UJCe lmprn,•arncm lhio, 'Jcngu1:'s sv;.i:em ro tl1n "uthor '~. n1ul frum 

I.ii« ftui,hor's to Gmnnoponkos' syst,cm, th&tJ. I hn1«• obt,,ino.rl fu, 11L'l"s !l,a,g i..,.,u aLtama<l (i,.,, 

1 .4 t hues dcgrndnt1nn of pcrform~ncC' fwm ffba11;t1n', ~)'Bl~m l,o 1,lie pte.3<:111,, and 2 ,,1 t.imes 

i111prov..mcnt no Ghcnnnpoulus' sy,;1,NJt). Tl!UB, in terws of Krill, jt is cvirlcnt that incrca.5ing 

the number rf rcsi,;\anco dr..:trodi: 1,1w:;il,i1,1UB is mor., ,.dvanrog~nu;:; thNCI inch1ding .:i,pac\t!lJl.<:< 

1!ata_ 

KRil did !IN ~h<'W any impl'rwronr,.nr i11 J>l'odicl!un 1Wcwa1.:cv wl1au using !Inc dcctwrlc,, o.► 

npposocl to 1,1umt rkd,r,,J~e, and o.nl,y a;;rn(ll! jmprnv~mcnt (O. 17% au(l 0.16% in ti,., SVD case) 

,vas ochic\'cd I hrnu_,,;h tln: 11,ldii.iu,1 uf active gu,,rd d cctrodc;.. AllJlflrtgll !I sli11ht Jt.i,,Trul~r.iou 

lu pt!rfor·mau,::c lV!\S nnti,..-.::d ht\f.W!!!!?J ptJillt aurl liur. d~cLtocli,s, rh~ diff~r~ncc i.s ;;o ;muU (0.03% 

~11,;I IJ.Ol % int hn SVD ca."") iliaL Lhls could cosily be <1tmbu.cd. 1 o d .. ta :,ampling- error.,, Wllc11 

j1el'fonni.ng SVD on the d,-.tn bcfnic nUJuinz KltTl ou it, a sli.l'()lt. <lip tn p~rforn1a11ce was noticed 

21\·ncr. th1\C i.ht> l'lc1rllt.itm of1:11pudtam.a.• d:Ma l<i ao LIT tiJ',il,Cm tlO.l\i J\Ot JlJP.~ih r.hv.t l~Ol)f' i"!le ·~~r.rnd~ J)('l~it,i()nl\ 

rllso ;o.rkliu}, fl.ur, r.!Ul-t, mono sy:nchrtmtru.1- dt>Lbv'1Urs- 1HI: u.ivt;J Ll t.1.ec1och.1h.\rJ0)1 - ft>t'el"enre- r:i;,;n:tlR orthogollu.~ t.c­
m,l edk•u .~ig-t1'rl.~ ,:ire u)Jncl fn e:i:t.rnr.:r. the ;~ar,u.1:i 'h,u,c.<! rlaia, wMlr. i_u-phastl =c.lL•renoe• ti~u,\l,( 1•\10,_luc~ 1·e::.i~r:ie.t1,q, 
,;\\J,~. ~1\pC'!(;jt1ance ,electJ'()'l'":t d1 1 lt11♦t8'•e11 'hi'!,•£" In he mn11ot.ed o t1 tb·.> isXt.t!!Ult lJf tb.t' -\·us°"L'.l i.rt !:.ht: :nuuc _pr.rtd:r-h:tn, 
~ rt>t:.ISJ,£1.0t.. •: r.~foc1.ro.Jcs\ 



in eil,\:J, <lota set. Tlti,- sit<),-.-,, Lhal alU1Cm1;-lt lhr;, is"- Jo~ ol, wh~{ ayjJeiir, I,,) /,1., ln\!levrun tlak 

il1 !enus of SVO, ii. still holds inli:mnation o,bout the intcribr p!"OpcI'tics ,,£ lltc mo,,sw-cmcm 

~pn,_,,:,, '!.'bis higbtigbtr; the c."Xtcnt. of ill-c,mditi.'>T1ing in Ell' ct;,t.;i, 

[nter~l:tin:sly, in !'v-CIJ' l<Rft c,xpr.iirnont porl'pn11n<l liy lhr: ~11tht,r, ,m r,pl,imnm er- anrl 7-vahir 

o! lli wn.s foWld Lb.rough tenfold. cro,s-v11Udatiliu. Ill en.-:b ~nsc, the e rror vs. c< curve poSECSsc•d 

t.h~ rli..rhr.t,,risric sbapp, nf a kc,rHd whid, 1Rt.s' c·b,, ,fata w,,U (sc.r fig11r<' 6-4) . Comirlnriu~ 

r,lt,rt all data wae oor.cnalisc<l, a value ae 1'wgc as :W nt fir$! seems likc "' h.cfty kernel wit/th 

rm•n.m11tr:-r for rlr;,.c:n wit.lt ., !iittmciard rlc.o;rjt'ltiori of J. Thh.:: l:"i hr.,wnver not s-1lrpri."tln~ ~xro:-JiJnr1u~ 

t.l1e ul~s.sivte duJJ~nsion;iliLy o! I.he ittJ.1111. ~pace. A.n opliilluul regularism.ion paramel,ar \ ;) of 

W seem~ Jn.rgc r.oo; in f;,ql: [1 is the Jn.rgr:st r,m.;1111r. c>f l"'fs" l;;risat.ion t,b.-, :.-mt.bor IJ,,, ,;,;,r,:,1 ,r1t,,rorl 

h, hfa <'xprrirnm \'\;rl1 ~mnpnu1i--im1c:!l 11,tdligr:nr:r:. Tlw ,-., .. v.;J.lur: ol>~1d11erl i~: hnv.·~\-'l'!T Tr.i11forcmcl 

/,,,. t.b.i, focc. that 1.1:Je sl)Jlle aulollllt of reguladsatlon \\'88 (ollil<l w l.,e L>Pl.lliltun by Herll.ol;.lc j9l 

1n b•~ implem<'n lhl\O<> oftbr. MNR n\goritbm - tbi~ fu1·rl1..,- bip;hlight,s jw:r h~"v ill-r.onrlititmn<l 

EIT dN-a i,. 

Tbe mosl: 1mporta11r 1:binl\ to nore ,;.lio1tt1.he r<suh,s of'1sinq, KHR in r.be ,;:q,r:rimP.11Vi t.if this 

d1apte1\ Lt!:;i;-le:1 Lh~ 3mpruvr-i7nrruhl µu 11LPs
1 

.l:i die tiJuc;ist,nuc.:y uf t.hn optimum t:uuit!I{" pa.r>-i.--

111e!,er value.s obc.,,\ned. Thb demou:;,;r,il,..,, t.ili, n.,peatilbilil,y of reKlllts acw,., H .douo JMaS<Jt,.;, 

;md fnrtl.iel' cmpbnsizcs the ar,pl'Oprir.ccncss of KRR to the u\sk nt hil.lld, 

7,2 D y uatulc situation res.uJts.fm· a 16-electrode ·unimodal FDJ.\,'J 

EIT syi.-te.in 

Alr.J.ionq,h it ha.s befill Lilt> au~hor'a j11te11~iou, slnte ndu1,t,ing Lit~ praje,:c, t,o perfcmri riyuamk 

H,,,t.~ ,i,r tb" C.l'l:T p1Jmpil.l~ fabc,ratory, dd11y~ and ('<.>mplitar.ions ,:,n their ,;idc _mc,Li~-atetl the 

o.1thor uu<l prt,jed s11pervi<<►r (Prof. J . T>,.pson) to rlesi/!,.:ti "'simple te5t,nG npparnt.us of cnu 

,,wn3. lr. wns decided thn1 !,he r.J.ynQ.mk testing of ~!Je ,..,,,. dg slwuJ<l ba perfonnerl ou a sr.e\lo,·l 

.J11wu ,,,nsivu of the Jfo~l aµpt1cat. ion - an ,1.lrlift. Whik ~ l~boratory scnJtc w•..rskm ,:,£ sutll un 

,t.lct-ifr \'iill not be aok: to a l.min l,be s!lllle flow J'l\tes os expect.nil h, t,h., finiil a_ppliehr,irin .. 1 bP 

"~oLe 1,hut Wu:. IJtt'.!. oJ •,1.ut. plml pl11i:t rti;,; ♦it CP UT hn-!I not ~H.Wt Ahiurdrmed~ mi-rrf\1y fi,f;!-$lyf.d u, hf'~'CIUrl fJ1~ time. 
(rnmo of d11s lht!:Slt. 



1·..Ja,tlvc lfow rcgi!llc and comh1ct1vity {\j:;:uib11tlons am o,rpmr<1<I to hn siu,nilL 

Regarding t)lc, pmupittg lahor');t.ory ~t. C'PUT: o!Hu,ugb the ol'.iginally lo.Lencl..:l. L~l.s 1,av, 

1:>v.m d<:layccl to 1.1, point bnyoud lhis Lh.,sis' BCOJle, Lhc 11utlior - llra11ks to the hclp of Dr. A. 

\VilkiuHlm aJ1tl Tiu1 Long- l'nl!.U!iged to <lb.ii.in r"aJ EIT data of a fost 1noving (up to 5m.s- ' J, ~­

pltase How. The d;;,t;;, "'""' C'.l;ptnr<>d from th<! (!pl;T laborlitory i11 Dme.iubur 2004 using Di. A 

VVtlkin$on\s l'CS<'-4'\Tch grnnp's wna.~1unrucut, ~~l~•tnmiC:i ll3J and el~tro.dt! ring. t.i!ld wcb.S supplied 

with 1111, rc:<<>ri.t,m(:t(!<l cnur!Lt,~.ivity distrlhut-i<>n t,f .-ac)J frru.ne, (obUdt,ed using ,he NOSEil 

r,Jgortt-hm • « """ skp ,·ersum o( d1<-> M>IR algori1ltm). Whilst. this data WM caJ)turcd from" 

•,;cpar•·"' rig b) t.hn mm u.sod hy r.l,e ree;e,,i.rcl, gruuv, using different ru.~sw·cmcnt H.-chn.iq_ucs, it 

is mmet.1.,.-,Jes~ reaf EIT da~a- ptoviilillg (I mluablc resource,:, on which till< tu1,hni<ru~.;; dnvt>lopcxi 

in LL is docttm"11L Cll,ll be tested , 

7,2.1 AirlliL uppa.tcttl-us 

'T'ho priut:iple b,tllind lhe simple laboratory sc,.Jc .-.ir-

'""" liIL, designed hy Lhe £.>.ut.lwr lo. coujunct-ion wlt h th£ 

C, 

I t 0 

I I 0 
I I 0 

I 0 

I 
I I 81::;hd~ 

I ffng 

I I ! 
I I 
I =-

I 
I I 

<I 

t I ()(" L 

R~uiJtt,1 
/ sd project supervisor (Prof, J. TAJl$on) , is Hl1u;t.r:,t,rl!I in 

the accompanyin;,. di11grr,lll. Presstiriseil syaU1~ti,· air 

ia pumped thro11gh ,.1,1 air~lnn" int.o tlie lnw«r 1enrl of 

one side of r.~ '"('-tnhc1• The air llm1· mt,; ls co!l.lrvllt:d, 

r;tth<!r fiimly, by a serieis of n,gule.Lors. /\s ah· bubbles 

rise up tlt,1 inj..,c,tion side 9tthc U-tnbc,, ond rJ,rnu~r 
P,re.sul$to! 1 h l ,., bl1e clccLrod<1 ·ring, wot,,r is trMsporwd upwttn£i wit. 

tfo:, rising a.ir - t.h1, displr..,,M wol nr is replaceJ by wi.;l"'r 

from the rcst:rvoir tmvcl ling down tho, <>i,hnr sidr,<>f r lie 

U-r.nbr,. Pl10lo~1·aphs of tltc app"'t'at-tts. arc included 

in I-ht· apprn1di<:1><. 
,/ 

}Jthou,gh the magnitude, of flov.· vrilodj,i~ i!,•,el• 

<)pn,l in t.lii:; 11irlifl. rig will be for Jes& thll,!l i.n the fin;;,I 

,,pplicmion, \,he coru.lu<:tivity disi,rihutim, ,md g«11eral 

!lr;w wgimc ia ~XJJectc<:I to be sirn1lur. Thu.,, it s11ould pto,id~ valuable. insight into the $Ji,-

j()7 



t.-m's dynamic lmplemenlation. To c:ompellBatc for the low"r i:omponent wlnciije!!, ;:, l<Jwe1 

frO:mo rate will bo used to capl:ure data. Th is will produce a tluw to frame ra.te ratio mo,., 

representath"' of the fo,"1 app)ie\ltion. 

It ~ouJd he noteil that sinne ~nm.11 flow is the purnm.eier ofinterest in flm linal Hppliu,llon' , 

a,ir bubb1e~ will be usod to /Simulate ri.siag gro•cl. This is viablf: bllcausc, rnlat.i,·G to ,vat!..T , both 

nir >UJ.d ,srn,,ol h:we pr:ar.tk:ully '"''° Te©Stam,,e, so they will appear to nave- Uie-sa.nle 1:<)nduetivi ty 

in fi, reooo:1trucr,i0ll based uo pwcly t'eSi.et:mr:e data. Hence, air is injected via an air$tone ~o 

create ~mall bubb).es representing gravel pieces, Furthermru·e, the 1rolu.me fractioUJJ of air ill 

t,lu, pipe >Lt, nny one time sbou)d be kopt )ow in comp<l.ti•on to 1,he surrounding n:iodlqm, as is 

U,e case with the gr,wel in the :r"e8l >Lirliu, 

•'[1•-0i11i11A: rlffl:Jl 

At fir$t, the i,,uthor £'•;pcrime/l\tt-d wH.b usil)g tho static ~raining data collected in JlTt-viou.s 

expe.ri.aNuts Lo ptedJct \.'Clu!lle fractlc;ns of a clyna:rn.k flow, Thi, results were pour, with 

unfi.t oorrnlr,tion between predicted ','Olume fractlooil r.nd varying Bnw ratea. Performance wae 

particula,rly pOOT at higher flow r;,.t.e,1. The """''°''& for tlilil v,ere <1UTlbnted to the fad- 1,h-o.t 

I.be h1thblcs 1JSild in t he stotlc d&tab~ collection ware uorepresentat isie of re,;,.l fl.ow. Even 

i{ sm>UbT, more teull-stic-ally shaped b11hblo, were rna.nufMcturn,L posilinning ~hom in ~ocnado• 

rcpre~entotive of J'et,! llow woulrl be near impos.,ible. This ls due to the fuc.t i,het tnore than 10 

h11bblei< 1t1<1Yb"' prei,ent in thcmc()Sllromont spi,1Ce t>t one ti.rue. Id~oll:,,, netwotl!s trained using 

I.his 1real-world', empirical ,!alt& >$pproruch ~ho11lcl t:ilm to ooll~ct tr:,i.iniug d;;ta from t.ho very fiow 

chcy ON! l,o make pr€dictfomi abo.ul,, 'This, howe\11:r i.s e.;theil1ely dlffim1l~ to implement scx::ing 

(>,'5 some mes~ns of o})tnining: t a.rget. Yo.\ue., (volume fractioru;) would need to be found, Which 1s 

r...uly what the pro,ject is trying to a,:Jifo,•c ln tho flrat pk,cQ, 

lt wos ~hWl decided to s i.rouli\te training data u~ing the GnHe i;leruent. cud" tievelopetl by 

Rterholdt 19] awl modi.fiod '-1}· i;he a,ithor (dociuwmted in section 6.1.t). This would allow 

,; training databMe to be generated tapidly. Also, more realistic bu1fl1fo shapes, sj,c,; and 

'JTJ\e reMon .v#ly gti\v.=l iiul.1." ·rMt. ls- 1,L:~ p.lt~me.ter o! .int<\tc3~ ilntl 1)..4:>b .uir How t~hc1 •,i,~ c,xplainOO iu .i.ediuu 
5.l on ftag.- 5,1. :Bti~~ ;t, L1l ,lu~ ~'-' cb,e t:lc.t tb.&-t. th,.. d ectr-0-,fo xi.o.g <:;ouh:l l..lo(l {l)C.c11d 1Jclo1,v the uir injoot.~nn point, 
0 1stiui()6 that I.Le tn~.rd~are ~tid 1•er.a-,f;t,t-uM.iot1 iA 'liirnpft•,- n,~n if plci-:.~ ;,';,b-0'\'e; l>tt,'iN~ un(:;· rct.i;;t1f\nc< d"'''- i:. 
ne-c>U."IJ\.ry. 
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11lstrlbu"1ons wuu..l<l 1.ie a lh1ir1ablt• us\J,g l,J1is uwD,mL Th" 11,e. .,f,iumlafed dal,a 1,a, t.hc added 

1Lt\.>in\;<gc of h~ing generic. Le. KKs tr;J.11ed on ,simulate<! data will nut overill da,a spRcilln to 

n particular 1i;;. 

Sin<X' th~ propDse<:l Jln.itc clcmcni, simula.tluns arc basro on 4 2-d mudel of Um mes.suremt'J.ll 

space. fo, re!\."<.ms ~:-.'l)lainec.l tln:nugl,our rhe. t"XI: , \iue clt'.1'.'t:rodcs wo1,l<.\ !:le used when testing, 

'l'his "'Juld ,.ii.nt'r. ll,aL ,lat.It. t~pl:ul'"'l from l,hl> l'e-al 1·ig (l,;st dar>li) mm~ c:lnsdy reseruhle~ U11• 

l.ni.iuin.g dnl.a. (~im.ulr1.1;od. n1f:a$Ul't1inr.ntr..) w;ed to prerlinl ir~ vo111me fra.r.Hort~. 

lV!t,ffo,rl 

_VJucli rc$c,11<·,h bas t,.,eu done. ou 1Lsiug su.uul~L•J data lll tr;i.u, )J:'1;; JCl E,['T. The lt,dud411e.: 

nscd ro gcncrnk hri\i!liup; d.flh1L. in thi:f" f 'X'J.>e-.J'hrn":Iil are di:-ie11&'ied helmv-; lhey ½1:'l'.•3 ad!!pted a.nd 

tuod.i:Ikd for 1:h" t.a.,k .tl luu,.J illilll<t t.I,., rw;otlu,\l~ <locurnenui<l .iu :rn, 20, 21, 3ti, 8G, 18] , 

'f'raining dutn The followi11g prUL:eSS is au.t,01natc<l! and takes. ~hout 5 second:; t.f:.i n111 on •• 

J. 7Gfu amf.!''.o.o1'1'l psoccs,-;qr T ilt' c.odc is indudwl in App,.ndi,r C - .i,e "mal«-11Taimfa.ta.m" 

11 l;u1ildtraind~it;l...m 11
• 

1'rnak~t.1·ui11t-.~r.rna.l;l··ix.n1" 

J. A tiillgt\ of bubble ta<lil ai·.-. spec\ lie<l - Lhe rauge is chosc.11 to ollic Utt> t,rpt'S of cxpootcd .flow 

For each bu.t,t,J,;,sizc. 100 sct:;. ofpcriphrny m<-'-•.:;nrcmcnt$ ltrf' sirrrul;,.t,,;d for t!iffoi-ent lmbhJ,­

posltion,; $ucoh that the eu!,ire r.10,;s l;!,,..r.i<>u ,,f th" vessel is JUle.d .. -it,h ti, .. superprn;lt.io11 

of these hnbhle:L Ilubhi.,, a.r,;, simulau-,1 t.y cleawng· all inhomo;;cniw in a ho.lllpgcnous 

cuadiUJu. :\-lore spcciJfoally, clcme11tt in a 1116 c.lcrncnt. mesh whir.h -fall i"5i<l" a ced:11.in 

circle (buhb]e) o\f.e asi;i!!,Hed H oondut~tivity of 10-6 (apptoxlmat:e ctmtlucdviLy of sir) , while 

tit<' sucrounding .-occlium ls a;;<i,.!;JlP.il a mlliiu,,tivh.y ,,f rn-~ (appruxl.ma.fe co11dnct.ivlf,_v nf 

iapwater). 

2. >lc.-.:1·, re.n<l,om cr.,mhin1ttir.,m of up to IQ pf 1,1,., ahni.-., hubl>le dl,1trib1iti,,11s are created auu. 

the c0ri-e,,--pon1.ll.ug m.casurctncnt.s simubtcd, This pror.css r~,n1hs iu a trninir,p; ,lat;sh,,,;~ 

of 8,f01UH,i ~mQO in:st,auces. (ic)l' eadJ 1 roliniug lflSUUlct:11 COSrespOill.li.ug tru•gct \,ru.UCS ar<t 

d;;t,-u-utim,d br <l1viuing I.he ,1u.ruber of i?.lemenLs a»i;tn~<l to bcloug to buhi:>lcs t,y the nm<l 

numb~r of r;lc.mcnis 



3. G1tu.s,;ii!Jl noi~ is added to ooc.h t1'lllning I n&tancci th<J roagrul:i,d_, of c,!11d1 WiLS det.er,mnad 

by P.Xaminhig the uuise pre:,1rut cm the r().l) _..y.ierr,, The mtroducllori ot t,his noise was 

fouod to !lignifimlltll'I Jmprove 11crform11ncc or J'i.Ns in EIT by [HIJ. 

4. Eiitb trn.ining fu3lanc<' ( with add~d anise) has tLF. b1Jllule.ted mell.surements i:u a hotnog~ 

uoUij me<liUtu (coududh~t:y "' 10·-3) subtracted from it - th.is wiU cneurc /,hnt traly the 

difference,~ C."ll)ood h:; t.hc introdn~on -0f bubbles wlll bF. Ul<E>tl iu truiuing. 

!i. Finally, th,:, training d,ttij i!l-shuJllcd 1md nomialised in I.he usual fa,;Mou. 

Tesl;ing data Dota, WQ.S caphJJ'o:l from th,; oi.rlifr rig nt a frfllTI<> rate of 10 fra:me., .~-1; 2(1 

times -lllowet tha11 the 20U fram.e,.s- 1 fmme rate required by the fl.Ocl application. This mis 

dooe be.cause 1l wa.s estinla1ed that the highest bubble vclocity in ~c labomtory ng wus 20 

times slower (1 m.s-1) than iu the fipal application's" 20 m.s-1 , Two types of d!ltasets wcf'P 

llliptured, 

1, 1() sets of 3()() l\;arnes nf data w~1~ capt.ired while tha in,i~oiiotJ _.,;di! of the U-111b~ was 

blonked • this -was done•,;,1 t.hnt the avcrap.~ flow rate could be mcasu1cd for cacll scr. ,:,f 

300 frrunea b\• ru.-,sS11fi.ng I.he amouni ofwa_t~r d:isp!ac-.,d duriug t.lta_t tlme period. Thrrim; 

1:acb d~ta ca1lh11c period (300 frar.ucs), the llow r"-1!,'\llak>.t w.lve was turne,:1 _..uddenly Imm 

zero tu a. liow ,w.ttin_~ i.ndicnt<,d by the dial o.n the rogulator (i.<:. a atcp input) , E,a,uh 

st1cccssiv<: sot or ~ta ltild ~ slightly higher -settwg un t lie rF.gul,~tor's dii<l. 

Tms type of di;t .• scr. would ·pr,;vide tne.1'ml tor <l ootTelatiuu to be mru:le between av,:r,1,p;c 

oooor<led flow rate aud tw. av.-.rag<, , ,r,,di(;t<.'d vol\un,o Iu.ctions w each instance6. 

2. A c,:wsiflflr:>bly lonl!J'l' dat;, ,sel; (3:?00 frame$} wns c."lptnrcd While the t€gulator1s ""'"" wll!l 

'modulated' in,; J)f!l'ticnlar ~tleru (e.g. sqpare.1vave tollcnw,J by sn:wtoot,h-w,wc). The 

"1J[1t'OXJmate rmt.tcrn was recorded. 

In eMh of /,he above, prior to tei,t data ~ capturer!, 100 ftmucs of d~tu W<irc captw'<:d 

from the homogenows carri<>.r medium (t.apw11tar}. Thi~ w~ d9ne so 0.1at the "ame co.libtatl.on 

tTbis 1'1K~i~t.i-On (211: Jrrnnu.$- 1
) wa."i stlp11ls..t.fld by- l'ihe _nroj<or:.t SJ)OMill'5 (D\::ttTt:Ctl: J to Tcu!,;ne ..-vben h2 

3 l,1U'U"C.l rt..-:t~. 
0Thc two W'~ mfot-ed !!a inn.,.,-,,~ f!i,11: Mt• = f(t't>.l j roe) ~ ·iJe.locity L,A. 
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Ieaturt u;- u"!ud ln ,1raimn~ uould 1Jf-"} pnrfom1flt.l lLt: .. •mbrr(tt.',t rhr. mr:a.~tifr:t110.nts of tht: homvgo­

nuu.s mocli\llll 1\•orn ¢,1cl1 Ci\ptu,retl u-L,mei. fly pnrforw1ng tl1js sortc ()f e.,,1\brnt-ion. togc-thcr 

with the usual datn n<:>rm!llisation proi:edm,? 1 th" ille"r"paacrie,; her.w""" 1·l'.al nnn sim11btP<l 

mNl>l11rcrn'>nt, - introd11e-0cl by gnins and f.'ffscte tn , he haJdwru·t>'s ,;mpliJlcaliou d,1W1., - w•• 

~u.nce.l.le,:L 

Resu lts 

Bolh KIUl ,,nJ. :HLPs wen, tr«ineJ using rmining ,for.;> gf t.hr. ;;bmrn Do~m·e. l:lc,ca,uoo tb.ol'C 

wen, no preci!.elv lmowu lnrgel v ... Ittes for r.I,e ta,t dam ,mr- r-hn i:<(8k ,:,f c(lmpa~ing pcroorman,:x: 

(\'i:\8 diOicult. £i\trc.b.et'_ruo1·et (in tht: c~~or .\.1LP:,) wi f.hout l~um,..-u ,.,;:i,Ji<l.at.ion t~gc-:t H.\h1t1s, cnrly 

Btopping CQt1Jd nut be cmpJoycd in 1-t<lllllng. This rnMkes it illifi<:ull 10 ast;t>.rr.>J.iu wll(lr,J.ior t.hr-

1m1ghr, nd_j\lstmr,nt pro~c<lurc is ovcrnt-ting tll~ r.raining data, and wllclhet th<! uptimum 11111111,e, 

~')f (.r:.1lnin~ epod1s lw..,;, 1>t::en re.-u1l1t..•d. Thus, iu t.lm fc)Tio-wing only the: Tnsulr-.."i fl{ using KTIR dn 

1.L.c- Les\, dala <1te pr.,;;;,m..:1. This is du., to /J. htel ter c, orrelttl1Q11 ll,;t.w"'1n rn0:u1 ,.,hu11r fr;i,, lrions 

a nd average rcc<:>rdcd flo,y r,,tc bcing obtained by l{TIIl, than for :vILPa ul'ing the 1111ml""' of 

~rochs fovnscSgntQd l20.:l0,,10,[tl)). 

With 1'1'«p1,1;t r.o tho tuuiul','. 1x1.r~m<'t<'r~ for K\{R,, o v:il11~ ,,i I Ll1 fr.,r b,)th a and ,· wa~ u8Cd 

In thc .grni;,h~ tb11t- follow. Other vahwa i:,f tile same order were cv<lluut..d, bu~ the tu,n<l. 0£ 

'111vint rr - 1 - IO (,c,cn t1iro11ghrmf thls nocnmont) npp~nn::d to hold tr11c. 

i flat:. fi(WltH..li.!'-l'ldOn prn.rF:,d1wf!: :frnn1 ~l'lch !:f'h1n1 u. (r,,r fo~t,1.1tf:) Ju tht t 17fi.iufo" dah,, s11l.,irai~~ d111 JJIC,lil Hrid 
,Jj'.')dP, hy th<!'! ~n!'n,J-'-LIJ df'-vj-aGir,>u i'>f that l'ntum11. i ,<:= . rn-a.k,. th~ ..uw:;..r, .. wrl• ..lud the. '1-,1.aud.nd dt'\lit\tiuo 1 

e ~Ott• ~hat. tt grid ~carc}1 fu.r t.li:<: iJptju1uw i uui,1.g r,aTiUu•1tt•Ts t:ani.wt b~ pcrfurnwrl h, t;>:pt'ffT111e.11t;.; of tbi,• 
Mlt.or~ This is owir..g Lo t11a h!.ck of ta.l'S\st. "'""hl~l'! 1•~<p1i r,1,i i11 l'!\-:-th1l!f,l1lS I.he P.111•0T r;,f A f'P.l'f.$1.\u r:-, "'! \~t;i1ll l>lU~lio.t,, 
1-hm~, t·'."1.l llf~!i oeCP,d t () t.P. C$lN<flll1it nhoo~u b~~J <Ht sm·ru,• (i JU'iQ•'i l1t.f<'rmn1,iou -aho,,t. dl.: <l,i)t,n ·:; d\.\rac~vrisi,ic!,. 
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Ftgur;; i-10: A Jigure slwwiug ~ pl<>+. of thr ,mfunm frnd-ions predicred tJsins: KRH, With rr = 1 = 
LO. Th., lest d<\t«sel, which t.l,re.., pr~dic:tim,s ran based on. c·qnsist,cd of l(J snhsets of300ftmnes 
9f ,-\a.r.a., Each ~et slane<l oul «tith v.ero a.h:fi<>w, folli!\Wd by a. ~nddw tisr in a.it~,rn• couhollotl 
hy t.ho ll(Jw lY!guJn.t<,r, Each , ucecssive ~et ha~ a ,lighr:ly .Wgh.,r s;,LUng on the rngulat.m, i;iviug 
Lhfl plot a •,·lBing st,ilfrta.~e• effm:t.. Tli<> "Pt>ro:ximMn mn~11 uf e,,d1 ~,;t's high voh.uue frnction 
period is iru:\icated by ~htt J\01-J,ontt\l lln..s in the d;,,t.a, 
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Figm<J' 7-12: A fi :>,\ll'C shm,"ng data pnmts and their beet fitting line. The a·-axis represents the 
mean of the n,lume Jractlon pre<l1ctious for ead1 di,t.a.set. captured with a different setting on 
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Figure 7- 13: A sketch of the pott.crn with whi<;n tJic flow rcgul.~t.or's clial '""" mmlul;,te,L 1'he 
x-axis rcprcsc-.nts tim<.\ t.hc y-n.xis -shnw~ thfl !-;et.ting 011 r..hPi flow rt!gulator r!ial. 
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Fif.Hn"! 7-1 •J: A 6r,1.1re ~hcm•j1yg the -predkt.ions made on the 1modttla~ed ' Les1, tlat«6el vii, il't'mt1 

numlH1T'. 1.\ d<'!ar ~ml ~t.ronr, (•m·rr,fat.ior1 l•~tv.r.~n the m odnfor'1on pn.t.t~rn H.ppJi~d LO the valv~. 
and the. pr<~cHction.~ 4,_;.f KRR jt,1 evjdent. - qv~n w-i tliout t.ikinr; :t JYl{)vinr;. ;,vf:rn.r;r: 
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7.2.2 Flow da1,~ 

Jvlcthod 

The abovcmcntionc,) d'1ta., ca.pt11red from the, Cl:'UT rmmpin,fll loop 11smg Ds. A. Wilkinson':; 

fumlw;u·~ ('llow d>.1La' h"reailet) , w._s '"'".d t1, LJ'aln1ug and tes~inj( (htlaset.s for hotl, :'vf[.p )JN~ 

..r,d I\'. RJ{. The st1.mc prvccdurcs w detailed in tho foicrnnnlng cxpcrimc1M, were appllcd • 

i,c. data wa;; rand(,mly shuf!lcd and normalisc·:d , followed b.v splitting r-hc data iuro trronin,~ 

and t"st ,;,:,ts; no,1. , r.h,, tr:numg do.ta w.w 11,Cil t.,t t.rainJU 1"'1L.t'~ wit.It <·,a.rly :;topping mid a grid 

sc:arch for r h<: opfomnu K !{11 r-u ;a i ug var,,, taet.w·,. wa~ ~•erfo!'ln"<l; t.hi. t . .,st d at.a si,r. ( 1000 'll"'"'""' 
!ustanues) was LhCJ.l. usc<l. lo proclucc ~-J)C!'formaucc mca£urc for each prediction tcch.u.iquc. 

Iri tr,,inillg (11.nd testing) , targ<:t v;;l1t<•s ,w,rn obt-lHnnd by t:al,~1lating what P"rcont;;gc of 

0lt mcnts {pixels) of t h<·, s\tl'Jlli«d n:<:on~1.111d,1-,d iurngr, worn hd1,·,v n certai11 <:<ll1<h1ctivity d1rc:sh-

0 1'1r Thcsq v:,3.lut1·* W9t\ld th.-e:n ,:~ou&ttt:nt.<::. r.ht•i t;,rg.c,it valu~~ (vol.nmt! frru.:i:!tms) reJa.t.iug_ f.o t.ha 

,:-01'f(·!Spo11.dh1g frnmo-~ An O"A.ample of -a reton~lnwr..ed. .i.1.lli.,gt togtt.he1 wilb t.hc lllt!V6lll'etncu.1, 

dilt.J! 1L-;.1,d to oh,.1t;11 r.h,,.t. iruag", a11d \h" r,ltr~c:liold~d et!Tsion appc,,rs in the figwc 7-15. 
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Fignro 7-1.'S: A figure showlni;( 3 snhplot$. ,\t tho top is Ono {rnmo oft.hr: fh,w moasnrommit 
ih,t.~ - t.his is whnt. is U!i~d for t,ra1J1ing data. rn th~ mid<1lt!J th~ recoust.tuc.:ted imag~ p~,1·fonn~d 
loy Dr. A Wilkin.;on'$ r~~arch group, At tho 1:,ottom i~ thn thro~hokic<l imngr. showing how 
u.rgfjr. wt.lue.." (voiu111e frn.ctic)u..'i} x.re ()l>bLiued. 
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flow da.c.a, mlp 

11.r 

me-:m Jbs error-5--214'1 

Ofl 

O.t • 

.I 
0 ,11 Lj • .o; ti➔6 

d@s1red vofu,ne fraction 

F'i!!,,m·n 7-ltl: Tlw, t·ei;ulls of using MLPs to make volume fraction prwlicrions cm rh,, ·Row data 
u~.Lti.Sel. The ligun, el.tows tw;i subplots; ol) U1c left,. 11 gr•pll slu,,,,ing the )!;t\llt>l'alis"Uou. em,,· 
frrr eact, epo.rih of weight adjustment dnrlng t lw rri~.iHcut, lrn,:k-pmp,,l(alion lta.iulug i.Jgotithm. 
The bltl.6 line shows tra.illing tlai:a.s<'li <·mn-, th" gl'<,en line, validation dat;;s-et eJTor r,,t one of r.he 
tYJ :VlLPs ,mined. 'l 'h<· s11hplot ,m tho ri~ht rihow~ a. plot of lb>; cle;,ired 1·s. predicted ·volume 
fr~.diotts of an ov,:rngc, pmotm<'t of Lhe 10 lvlLPs. Predktion.~ made. on the n,~t ,!Are.,...,t 1tr<• 

1·r1>n·~c•nt.<,d by + 's, while, the lln .. . shows the ideal. zero c1Tor xespon•e (i.e. th1-, :ir11-, rJ - "') . The, 
mea11 ttbsolt,te errot o.f a.II lO MLP~ appca,·s writfon ( .s >t l'"mmfa,gt• or th,, pipe's .cxo,,s-,..,,,l ional 
nre•) 0 11 the plot to<1 . 

. }i,fLT1 1111mhc1· M1.r1 ~.bl'1 Ml..11:l l.f~f I f' l l..l' fi ,,1 l l'" n••••; t.1 ! ! I!: Ml ,'<, ,., .... .... 
i 

\ 1., • ., " ""'" .,..,,/ 
.. - .. - ···-·-·-

.H"'l-!O ah~vhtc,1;- P.rc,'1; ! 2-48 4.2J (J-43 4,111 5-43 2.no 4.31 6./;2 958 6.18 i S.21% 
_., -· 

TaMe 'i.5: A l•ble di.p1ayiug the re~ults of t.rru.ning ll'l ,,,pamtr, _'vlt:Ps 1111 tltt' ffow ,ht• d:Llasi,,t_ 

' l'llc ,•m,r i.s defint!d as Lhe 111e.u1 libsolute el'l'OIS betwcoo Teal and pl'cdktcd volume fr;trri<ms. 

TLa t1verage uf t.11csc- 10 Cl').'01' values r.i:ppcru-:-- 111 t.h<' litit (•o111nm. 
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flow fln.t,n. kn nonu 

&ror surb,u ot a: gid u:iit(;h for optlmU'T'I !lgrru 3"ld _gamm3 values for the-"tlc,111 data" data.sE:t, 
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2 ,· 
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-·-: 
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10 

P1gUL'e 7-17: A ~mrfac:e plot oJ the ,n~:.ifl gm1m-.itli$ai.ion t!TTOt' oht;t.iund w;ing t.c,nfolrl cross­
validatiou a.ud KRrt [or <!><Ch ,,., "! Colllhiwttion oil t.h., flow data dataset. Th<> x-y pl>ittn 
rcpt'C$Cllt-& 17 t\n..-1 --:, t.h(' z-a.xi$ tl'.'preecats ,;r,or. 11:ote that c he char><dt!ristie dip in errnr arouud 
11. <:P.rta\n rr, '1' c:omhinat.ion is not visio[P. 1i1 t.hjs sn1faco plot. This is b,;-cousc t-hC' <lip is relatively 
srmJI with rcspnct to the h11R<' pc11.k in <:rmr occnrirlR in this fign.tc, 'Jhn nip hlcn<ls into itR 
surroWlding plE<teau aud is hi~-hlighed ill later plol,s. 
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.Fig•ll'" f-1 ~.: The ,esiuls ,,r uswg KRR tu miv.c voltun" lh.di,m prr.<li'-'<•tmls l);l!lnd ou ih.c, How 
dttLa di1L<1-"<I . Tile figure ~how$ four ~nb11lot.~, 1,hc t·<iP ldt. ,-wd rl:,;h.L 19-aph• •ho1v o plo1, of error 
vs. " (fo.r l:l<,si ·r), iuKI error vs. , (for best") rc,;pectlvt!y_ Tb« b-Olbow left; sul:iplo. shows \he 
rc+sJJ!Ls of :.,. rcfm~d er ,;catcl,. Th~ 1,ot tow tighi plot show~ the desired v,s, prr,dic.tr.d volumo 
tracliouB obtruucd U$mg KR.R "~1.h the opthmtm r1 au<l 'f 1,uning p,m,ronteri;;. Prc.cli<>tir1n½ mad,-,. 
011 Lhc rest ,bt.xs61. Iii'<' rnptcmnted hy + '•, wltile thr line s ho\V$ the iQcnl, 'l-"TO <>rror rc~J>"''""' 
(.! c. rhr linr. !/ - ·") · Tl,i. weo.u absulutr DlTor hDtw~rl ,k.,ired 111111 pr..-,Ut:1,~,l value~ .ipp~ars 
wrli:.tnn ~a~:½ pi:11.te..u.tB~Y ,.,f Lht1 pipe-line C1Q.'"1$~Snctio11al <'lTD(L) tm Lim g.i·~_pb t.uu. 
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Figure 7-Hl: Thtt re<11lt.s ofusir1i l<RH co m:tlm,•olmnoirai::tiqn p~dktion,; ba~r.d on the flow 
tlata Jatasi;i , A si11j,\11far vnln~ dee;omp,,sition (SVO) '<'l:>S p.crfornwd ,>n t.hc dntn - zeroing 
a113· si.ugxtl~r ·,1)lues coutribt\~u•i !ell.': lhan 1 % of i1re stun of all singufar values. Thr. fi1'1U-C 
show~ fom· ;subplots; Ll.i~ uop left aml r4t]ll, graphs sliow a plot of error w. rr (f0t lH:,;t ~i), and 
error vs, y ((or l;>r.s. .,-J 1-espe•ctiwly. The \.)oilom IHfl ,mbplol. s1,ows tl>e results of -a r;,finr.d u 
,.,~rd1. The l,ut.tom l'l~ht plqt ,;hows t-hc <lr.mt'l;d v,;. ptedkteil ,,oJtuJ,e frMt,ic.ns obl.,.uuetl 11smg 
KR.TI ""th tJle.-0111,imum rr :rnd ~r tumn~ -parnm~trr~. Prr.cltct1rm,; ml!,(\E' on the test, d~toset are 
rop1r.s'1Jlt<;d by I '8 , while t )1.e llue sbowB t.he ideal, zeto 1;.rl'<Jt 1·espon,w. (i.<', th" line y - .r.). Th~ 
1rw.ll.n ,,l,,;ol11to ,,rror J,.,1;w,:,1111 desired ~nd predicted values o.ppearfJ wtiH,en (~s • · pel'c~,,l.age of 
the pl'pe's crc1ss-sect\l:)lt"111,rea) OH I.he gr~p1, ro0. 

7.2.:i Summary ,md diso,s.sion of c.lynamit: l'CSults 

AirJif.t. datn 

A simvlr aMiit appatMus has bee11 built 0.11d utetl to test, th!, sysl.,;u1'., t•"rformani:" ,,,. r<'a.!, 

r\y11nmk fil1"1{ situ-ntJons. Simulated measurement.s lw,-ve beP..11 ,uw.<l Juti to r.11.:?- c·.omplmd.r,r 

inlTodncr.d hy t he traiiliu\!; mei:lio<ls used pre,vlously. Furtht;r 111oti~-ntir.u for usiri~ simula.rcd 
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n',c..1,5urcmcnts, ,.,it.h 1ukl<¥i 11oi,;,c, is tlmt, 11 morc- grf1nrie l1lli11iu~ tl11Lal.ms,= 1.;1111 L" coilsl,tui.:t.,;:l 

one wbJch is not, spodfieally rc,prr.sc rrt.J1.~iv" of a •.:drl,ai.u dfi1, 

.vH.Pa 11,ml Hf\R T,~ve b..,11 lrsi.ued wlll, Lll.is d>tta ,uul used co nw,kc pt'Cdictions on t·wo 

Lrnt, ,lat,..,elsc lh-, flr,t conr..inhig concatcnatcd subsets of ir,c1,'il.sing avr,ragc flow, tl,,; sr,,:-.oml, 

a pattern of modulated flow. KttR wa.~ founr1 to oot.pr.rfonn .Vlt.P~, alt.htmgh ~n iu,i::lti!;;\ti\iIJ 

[mo optiu1ising MLPs to J;],o tasl, wa.s limir.(lrt rhrn t.C' r.110 1;,r.k .,r rlm;irerl k1rr,d nJw,s 11et</ie<l 

1n early ~topping. 

When con11>aring tho m<,11.n of t,he v(ilnme Crud ion predidiuno nwdc on ·each subset of the 

lirst, d~t.11, snt, "•it.Ii t.lt;; averag" r<lt:urded flow rate~ ~s,ociated ,:ith cacii subset, a:ri abnos-1 

•;(4M1,allt r .. lic) lo Dbtaincd, This. t.ogclhcr wit.I, t,hr, srrl)llg i::ormlntiou bal.wee!J (.lie i:,,·ed.lctiom< 

J.U:tdc from the second 1,.,..,. rfat.n ed . nnrl thn mudul.,Ll()u pall.em ,rpp!Je<l Lc, U1c r<·gul .. t.or vali'"'.· 

suggests kh;lt, thr: ~yst.<>n1 lwlrls pot~l.Ulifil t'ut i:l voluulttric flow 1nctcr. 

Flow dnfa 

.Further roq,r:mumlC:, 1.1,,m,_ ))<'1fnrmts:l (,() iilv<,;itigat" 11.lc use of im,gc,1, prod.ucor:l by conwmt.io11nl 

t'll' 1magiug t.'.t.'.huique.-<., tu train comput.ational intclligmc~ (i.e. !\,lt.Ps nrn'I KRR). 'frruuin~ 

del,l\ <;<>llslStc,l ,;,( the p<11!nh~r,y mm.,;urcmr.llt>; ,·.apt.med rlur.it\~ re81, 1.tigh v«k,tity flow of ,. 

'1-!!haSfl mixt.11te ,.L l,he CPFT pun1pin€, l;ilioratnr.\'. The mcasurcm,,nt.s wcr,, capt.ur~~l bo:m a 

dilfo.reut eledrn<le dug uslr,g " d:iffcrc.'1t mcas,.u..-,mcnt stratngy. 1magc,; wnr<: s11pplte<I r.cmrt=y 

.,f Dr. JI. \.\'ilkinso11's .rcSC<J.ICh group. , ,nd consi,;t,ncl. c,f 8:}6 ,1or1dud.i\'it.y pixeh, Dt!sir<l<! v,,lum,; 

fractions wcr<' ohtaimxt hy t.ru,.,,;holrling pixnls lin!c,v.• a cnrtain 1.,ouduclivil,y. 

IJ'$1u!', tho slandH,rd melhoili< ,;pplied tlu-oughc,uc this d0cumonr1 it. wa..s founil t,l1n.r, KH.R 

oul,pe,rformcd MLP,. pcrhap,; h"'~""" 1IJl P.xtnrnuw MLP mod.,! >\t!>l.c:h was .oot doni<- :\lutlcl 

f,t,ttrt:bP.e W!?.re not deemed UCC.CS!iil.IY in prcvlo11;.; in\·P.fS.t,1ga.t.lun;o; bnc:.tn!,;("'!: 'Tr!af(ue. hMd already 

pmfom,nri ".xtcnsivo tuod,,J ,.,,,.rtl,e,, for dai,a ublulucd using 16-cJcctrodc FUtvr f;tT rc,:lmiq11c,,, 

If l\il.Pd are tu be cxtcn,~ivc!r inYc£tiga1,r,..1 for i\M' \\'il.h n u11cw rn~~~w·e..01e1tl, !:-.lra:.1,t!gi·~ -an,)Lhe.t. 

mmL-:1 snn n::1, v/ill bf! ue,..'edS::1ry 

KRR com,,,, very dusn [0.97% m0011 ,tbsolnte erl'or) to prtit'.licllng t he voh1illc frllctioM 

ai:hh,ved by Lh"',;J.wltling con,·et1tio1tal images, Althc,ngh t.ftn m1th1.,r m:>li•r~ l.h~t t.hr. iu,,.ge;, 

('1Ud1wnrl t,y lJL A. W;Jkins,m 's ,.,1,ou,,t.ruc.ti.on :lOJtWiiU,e ,;Jmuld no/, he tal;on J.s 'go,;pr,[', th .. 



m.:{nlt~ show- t,tmt KRR. and 1·1f.P f\:',fH ;in: pnrforming· vnry do.-1e ro Hle~+hod1-1 r.ouvtmtioul:!.!l)' u.9t--AI 

ror obt,aining volum .. [i:'liclioll.9a This lillows Wl ilnponau, .. nd unique t:Ofil{)aflso11 Lo be (U'l>V:ll 

between the performance of C<>nvcnticmal vs. computc.tionrJ intelligence methods - a discuir 

sion r.mmcwnly or.r.1111-ing in the lit,:,mti.u~. If. also d~Jnotl$!-ratcs th<> nbilitv of rortrputatiolllll 

intclligcnce t.o <'Xtract underlying iofor.mo~iou Imm ElT c.hta wil.hout Lfrsl Juwing tu m"k" an 

ilnage. 

'Ihc optimum \uning pitrruncLcre found for KRR (n1 l,he !low dah, were ,7 ~ 20 ati(! ..,- - l. 

'r-leis i., int.<ln,.,tin;\ "" it is t lm only datn sN which hns produced a 11nd )0-w.ilucs other than 10, 

The larger kcro.,I widl.h 1-''"'",me.t.t!t· (a), t, ~por.tcd ai11r.o thro <li111~.usinn<1-lity of thc, inptit spilec 

has inr.r~,-...,r,,d 1:>c)caus,, of the different mca,mrcmcut strntegy ernplqyed. A lower n,i11la1·\sation 

l)il<am.,t,<,r wi.luc (-Y) than nt.b<:r dntMcts 1s indicative of tJ1e Iac, that t11e dat;,. cll.pl.ur"d n.,ini; 

the l11ttcr m.,"9Ur<'J11ent, stn,tegy is k-"' ill-r.nnditionr.d, needing lcfs rcgulans11tion, 
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G.hapter 8 

Con cl us ions 

6/\sc<l ,,n the finding,;; of this re,;;camb, t.hc following oond1.1sitill~ 1trc clmwn: 

1. The ma.jar fo:ctor etfocti.I)g system 1·esoh1tion in EIT is nuiasurntrrnnt nnisn. 

\Vlmn dealing with lll-conditim,ed proble ms, whit:h EIT reconstt·uction inh~r­

ent.ly i~, the signal to noise ratio must be maximised to ensuri:- convergence. 

A dtthuled iuvesLig"Liuo uf the libefl\LUre has inJ.icated th,,i, iJ1e measureme11t ~,rotucuJ 

empk,yed in the present sy&km (2-ckc,trodc, v,,11.f,gc driv~n st_r;<tqzy), rcsuh,;.10 unknown 

c(,tltact iu1pi,,dant!)'~ h1"t,w<Jen ~Jcct.rotltl ancl medlw11 b~omi!lg ~1gul{lt:ar1L. Thu~, Lh,. sys• 

tem's maximal altaiuahle r<!Solution is fm1damcnta.tly limited by l·hl) inch1,;fon of thcs<1 

·unknown.:,s in tbc 111t1asure1ncnt looi:,. A 4~1ectrodP.~ t·urrtmt driven strategy. wl,kh f!X­

clude,; cnnt:.ct tttlJ,edmL<:es frm11 the utl!us11re111wil loup, wotdd !iJ.11.weCi•bly iliilli,iish ti,~ 

!-iJ':l,f.~m'N me;c.·nlff?JJJt:ul nQ\::e, l11ereby enha.i1ciug the cuutlitiouiog ~ft.he J'ec(.~ttucJ.iou 

JJ!'Uhlmn, awl J1ence !'esolution. 

2. A new dataa.cquisition system l,as been developed. tt is provided wit.h various 

sampling appllc;at,ion,; am! should be extendable, without a lteration, throug4 

the next few stages of the research . 

Bsse,d on the ,econunen&,tiuns uf Teague's resetlrch, a more modem <lat,, acqnisitio.u 

module was purclu.1,setl, an<l soft~,are Jeveh,µed t,o lldu~•,.,; t'h<! reg llli<!llltmt~ of the s!Ullpli11g 

tasks £\.t lrn;ud. ThQ- nc,.,· ~y!>t.crt1 :\IMrcs.r;;ef:;- Tc:lgu~'r:: oom!<;n1 or lo&5-qf ~yndtrnnis~ti<>H 

occu111ug bet•,,eeu m11ltiplexiug atldt'ess lines aud sl.Ullpling doQk. The system lr·,clucles 
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t,1()ft,w,1re -::rpplu:n.t.iop!t- -suit.able ft-it ot1h-pe dnl:a. o.a1>l:ur~ a'()d t r~1nii'.l& dalah:t.i.;e lH>pnlation . 

All B1Uupliug t\pl)lic£1C,it1u~ltavc l,oon dcvclogc<l wW1 ext<m<la.i:iility,u mind, anc! w:c co.i:,ablc 

of Ji<:rfotnlillg on-thrrtly avmaging ~s omll as rhr. s"'nwliug of 11p tn '.J plill!cs of h,modru 

d&t.i>. 

~- A nr.w, npr.n om;lnr.l oJc,c.trocln rini; J1a6 been fabricatc,cl which ii, ~apable of ho,n­

clling high voluclty flow:;. Tt yrovides t.hrnn typ.-,s ofnlr.chodn cnnfi}\11rotion.s, 

aud i,; e.xt.eudable to furthe£ research .. 

'l'l,e tJler..r.rotlr. rini;_ ind11,I.-,, nne planoQ( line, doct.tnd,,s with a p\,1J1c ,,f poim,likc gum'd 

cl<'ct rodcl:I on clth.ct :sidck Should the u:1e. uf 1>oiut. cledrml~i: htr deemed ner:e!':~ci.T)'; on..-: 

pL,.nc of gnnrd r.lrn:l;rndos can ht US<Od. 

,[. lJata collr.ctr.d us.ing line f'!ect.rorles, especially 11.sed coocurt·tmtly with guard 

electrodt1s, bltS pl'Oved M111mri<rr wlion 11Md fo,· voltunr. fra,;tion preriictlon. 

Thii. is dtte to the noll-lillear elfect'S of fringing fir:lri• b.-,fog minimised. 

ll is-kuuvrn thv.L 1,ll~ miuimi•!S~ff(:>"O bf friugiug i;-: u~.r:ills:t:ry r,0 1~t;11rr. t,hf' acn11r1ty oft, 2-d 

Fmite 1;Jr.mmt !\frthod modcll.ing ,,pproach. TW,rJ~ becau~"" 2-d TTl<Hlel h,kes n<1>ocm11nt 

,,r <-iHten1. ~ov,'in,; 111 b <lirr,r.tj,1" porpmdicuJ:,r tr, thf: merumrcnicnt plane i.e. friug,iii)!; , 

Vh11, lirv·, "lld gunrd electrodes lu,vc boon i111ple111cul.ed ;u <11e. n~w drrt.rodr. riug, rir1(1 

mu,t he ns.,d if 2-d Fhute. Elmn<'Jlt ba.sr.d mc,thods f.m~ to be oiled (11.g, c:om,-.,nt.i<>110l 

recdllsl.1u,1im1 tc'd!,li<tue.>' c,r ~i11111hltc,d l;rruurog dab1h"°" population). The dfods tbal 

;~~tY>as,iug th<> electrode lcngU! l!ns on cuuC.Af:t imptt,htn°" ,.o,l a.,·crni;ing nf fast moviug 

il(>W.':t lla\•e oof. h~en invc:f-bg.'\tnd,_ and nlo.y necessitate a tetu.rn Lt> po1uL el~t.rodes. 

!i. A new mo~Mng algorithm has been r,levelopi,d which, when. uset! in uonj,mc.:tfon 

with Berholdt's ~nodilled Finile f;lemr.ut co<l<>, produc::es reast111ably acc,u·ate 

sin1ulaJ:ions of honndary ,ncasurmneni.s £or a circulal' geornetry, El'f' rig. 

ThD mflsbing alg,,tilLw 1s generic lu t hot it, ra11 ho adaptr,d to suit auy circnlo.r gecim­

;:it.rr, 01Jy u, .. n111r.t.io11 whid1 places noc!os on the ai;L,r!11 el<,drn,l<lH would nee,l to hr 

,,,Uere.d if tho sim nf 1 hn clnctrode 1-ing was to cltan!';"• Alt.hough t.htt ,imn la tc<l houndal'y 

1,ma,1ircm<'11t.:; nr~ not precisely ,~cyrn,I t<i w~a.sun.•we.111.,; ohta1n,;<l fmm th~ real rig due r,,:, 
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t.lm nfff;<:{1!'~ of nnknCJWTt c:onl.;v;t llupr:dmtres, t·hr 11.hilit.-y 't11) sim11iaC1R thc:-1<; mr:n.'-flJfRnlfmt~ 

provid.,s a usl;Jful v.,,:Hlcatlott toul1 i\11d clhl be us.edlu tr$j11ir1g da1,ab~;;., pOj)ulaliou , The 

,llsQ:>rdancies h-,twi,,eu l'eal aud ~iu;ulated nu,as,.u·elllenLs, 4> ho.wevei , Loo s.ignlfica.llJ_ l<> 

produce u.s ... tul images using the- :Vu'lR rugoritb:ro . 

IJ.. K<:rnol Ridgr, Rog,·r.,ssiun ,;onsist.ontly onLporforrns it..~ ~f11lti-Laycr P"rceptrnn 

Nmroal Nr.twork rcmnterparts in volume fructiou i,redictionof siaticsituaiio11s. 

A HWllbei· c,f sLotic a'<peritn;,.uts- ,vi~c p~rfotmcd in the s~mc m~Jmcr as thtonghoui t.hc 

JH<~jcct''s hh•>t,':•TY, _AH]mugl~ rrisuits <lid not a11rpa.ss t,b(,SO. <1110Lt-xl by 'Tuag.n~. they {:amri 

,1)sf' tic+ ifi whid1 is not.e.!WOJ'lhy :fhl-cti only t.1J1huodal data WIJ.i; us~d i11 t-he cxptfflmeuts 

of Ll,is c besis. Tlle co,1sist<!uc~• ol the tulling pq!•amct."1·• found tlu:oui;h c-hc-cxpctimcJ1t.s 

pwforllled, as 1vdl M \he distinct dip h, cnm· Mmmd ,, c<>r,sistrnl. kmn..J widt.lt, «l,,.,ws r.l1<tt 

LJ:w results arc repeat-able a11d t-tFJ,t. l<rrnd m11t hod~ ;irn well suit,eil to EIT rc,;nnstm,:tion. 

7. Bnumlary 1uea.-i11rernent,; 1<imulatetj using tl10 Fluite Eleine11t !Vlethod (witb 

ad<lrd Ga.ussl8n noise), i:,roduce a more rr;presentative traioini; clatah;.l1<0 than 

the emµirical trai.,i.ing metborls used previously, whr.n <1snd to prudfot vnl11rnr. 

fraction,. ofrr.al flnw. Furthcrmnm, simulated measurements <l3tl be produced 

nmd, more eJTk.iently iha,.1 empirical OJtes. 

m ,wel Ridge Rcgrcss\<m ,md M11lt1-Laycr Pe,rr.crr.nm Neora.1 Net,M!rlc.~ wrT<" ,.raiued 11t11n~. 

the cmpirimlly a,:quirmi ,st.at.it, l.-ainiri)I data SC<Juited iu fo~ennmiug ..xpedmcnts, T1lc 

rnsnll-s were poor· wilh no c,:,w,isteut corrclatk,u bc~wecn predictions 1,u,-l reeordcd AO\,­

ratt1. This was bclicvc<I t.o he the c;,.~c .sint;r tho huhblr. ~.hap<>.< i\ntl m11figui:ar.ipns!I used 

iu BLalic databt\lltJ~ Wkll't., so mucli unlike thc,s,c of a real £10\v . Hence. t.o c,ht.a.in a rnorr 

re,,Jjstic: lk>I!' ri,prr,scut.~ti<1u , simula.t,,d mea,'IU!'ell'.ltmls wtne U!!ed - the,tesnlt~ displ;iye<l a 

s.(.J:·ou~. oo:rrelarion between mean rolumc fra('.ti(t.US -:1.nd rncoTdeJ a.v,~ago thrw. 

01mdJ·&"rt.,ekof airuula . .1ed ttreasnrcmcnt~, 1vhich is one of the rDil$9ll' why t.l,,,y !,.,,,, t,,,r.n 

avoid(,'({ thrm1.ghc,ut Hte r1n,jr?ct. ~s 1,istorJ: is thi\t discreph.ucl,:ls b~L\Vt:e.ll l't!'.al ruJ.d .sim11k1 t,ed 

me .... uremw1t~ - owing co mpdclling c1·1·01's - may degrade ,,nrformMn<:e. Tiow,wr.r, a 111(/TP 

gmeri,· rraiuh,g (latabas.e is a,Lta inable usinl( ,tlrauln.tsJ ·l)lcasuremcnts, one which is not 

specifically bias towards " srccifu•, rig. 
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8. K~uel Ridge Regression, using simulated training data. appears l.o pe,(orm 

well iu p1·edicti.11g volume frac-tions of a rising-ail·-bubbles flow; a stro11g cor­

rnlntiun hrlwe,:n mmm prnrlict<1cl volum<? fr;ictir,,n.'> nnd ave,·"gc flow rnh, js 

oblaiuecl. 

!:t Computalional (ntnllig<:nc<:, 111 pnrticufor Kernel Ridge Regressiou, when Lraiuecl 

using conventional images of a flow, can b<? 11surl to pn:rlid volume fractions 

of sil:ni1"1' flows rlir<:d]y. 

U,ing rnr.~~1rrr.mcnt d;:,,ta supplied by Dr. A. Will<,iru;on', rnsm>rdt gmnp, wgnt.hnr with 

the reconslmcted imagos produmd hy d1dr world c!DSS EIT system, a training datalmso 

wo,; populated - llliltauces cowisled of mell..sllrrimmt <IBrn; targot values were obt~ucd by 

l.11rr_sholding pixels bclo'II' D ccrta,i.o 1,-onduclivity. Multi-Layrr-PomcJ)t.rnn 'tlr,111DI norwork, 

a.ud K"m"I Ridge, Rogr'<"sion were trstiucd on some. ot U1e data to pr,,dir.l volmnr fractions 

"f I.he r(1f.;t, Kernel Ridge TI.egr~•~iollµre,lidod vol1Jmo fractious of the thresholded iu1ag<es, 

tu within • mr.;m i\hsolnt.e ,;,tror of 1<1f.;s (hatt 1 %. 



Gl1apter 9 

Recomn1endations for furtl1er 

researcl1 

Based 011 r,be fo1diogs ,t\lld concluslot.1" or U1e teseai'Ch, th<! folltlw111is J'e,:-o,mnendmi,ms for furlht'r 

devel,:,pmeot are made: 

1. Invest;igatfou inlu a 4-eleclcotle. <l"m•,reot <lrj,,en measuremeJ1t stcalegy for fce­

quenc.y djVi$iou mnltiplex,ed BlT sbtmld be it\Jtiated, 

Wl,ile fre<tuency divl;;ion llllll1Jplexing Qilers a w1lque advaurage il1 EJT, tbe way in whim 

it is cUtl'enUy i.mpiemeoLed by the J'esearch group (2-Plecr.rocla, y0ltage driven) limii,• 

recoustructiou ·resolution. 1\1-o:rcovcr, if using si:rnulat-cd mca.5urcrncnt~ to t.raip computu.­

t1onuHntdbgcnco, the applicatJon ofa mon, nu<:11rat,omca~urcmcnt,~1,ra.t<-JY,Y will i:crtsinly 

j,rorlut:c 11 more reip-r~l:.Trt,ative t ra.itLiUt' (lataha .. <oil.!1 -?trtd lm1,ce-h.P.1.!t.er predirtl, jn,11 ar,curr1:r,y. 

2. The system slwuld he tested, as ocigioal ly inlemle<l for t.Lis project., al lhe 

nigh volndty pllmping loop al; CP'lJT. 

Although comr1lkotiollfl d.cl;wt>d thi:, tf.':'Sting c,f tho lHdlcnt S:Ystcm i.1, CPUT tc, beyond th~ 

scope nf tl,i:; pmject, 11on,l nfati,ms are still helcl whlt Mr. A. Sutliwfarnl, >llld ,ntension~ 

r,rc thn, high vclocity flow darn 1~ l:o bo .:,q1rnrod from their pumping rig ns ~oou .. ~ 

_p,:,s.,ible. 

3. The J'eal-U11.te implement a lion issues of kernel u,ethods sl,oul<l he invest.igale<l. 

l'.l\l 



A lt.l,ouglt Ifo,·uel Rl<lg" rt .. i;rt!tl.-;,u>1\ L~ 1w,ve<l t,, b., a succcnl((til volume fraction pre<lic­

tion tool in the conte..xt of this rese!>tch, lts te~l-tilDe perfurmanco mny 1,e, "n ,s~ne_ 'Ch,,,, 

<lM to the tmm taken fo evaluate the distanco l>etw= each t.miuin1: poinl. - of whkh 

thorn nrnd to lio m~ny for kmnrJ mr.1.hodr; tQ hr. dfor.tivr. - tl o.ci r-ad, tffit, poi o.t.. Ho,,,,,vm, 

wphiiitk~ted method, of a<ljust.ing th" kf',rnel "'"ights, sud, .,.,., Supp'lti. v.,ct,,r R<>gl'o:,­

sion, ronst . Support Vcrt,i,· }lach1ne,5, thw)llgh r.lre zeroing of kernel wei.g;bts which do 

not signilk>\lllly elfo.cl the <.lecisim! fmu·liM,, athiew ci:itll. tl'.nllpr1'&<1ou wJ.t,,rnl.;y ouly thr, 

';11ppflll v"r.tm·s' ,>re used ln function evah.u:,tion, This ii< l;llown L(• »pptetl~l.,ly •~rlnrn1 

c:ornpuf.~tmll r.irno «url hns 1mnn jrur,k.mented in similar research. 

,1. Simulate,{ r11m:1suremonts shoulcl l,ecome the nmthorl u .sc,rl ii., trah,i:ui,. rlnt;ibnse 

po1,ul;,tiou for pr,:,diction of real flows. 

' l'hi~ project hns shown th.,l thi,ernpirici.J i.o;,l]".,rls userl previ011~ly nr11 ill-si,it~rl tnma!\in.~ 

\l()ltWl~ [hu:Um1 _pr<><lictiou, 11hont, r"al flow ,fat:i UnlesE realiscic huhhle shap .. s - .,, 

<ixr>r.crcd in the final <1pplication - elill b.; fabrit;.te<l -,u;l dficimitly rli~triliut.r.d in the 

moa~1.1rmnonh spw.e, ,simulated mer1surements ..re el<ped<,il t,o c,ul:rferft11m mllpirrc.11 ones. 

Ae empb,L<:ier.cl 1,hrou14b01rt, thn t!l'(i, the me of simufaLe<l m,.asUJ·eme11l~ erC111re11 IJmr t)," 

t I!IUJ.UJ:g <lau,b;<stJ ii\, a, geuetk <)On. whic:h a1Jowi: mo1e so11nd concltLsior,s th t,., ,ll'aw II ilbout 

rlin rimmlop"d methods' applicability lo 1be fiu,.J 11,yplic.,tiJllL 

5. A pnckage to recoustruct ElT ima~s in the conv<mtio11al m:a1111er should bo 

oht,ained by t he 1·estiurch group. 

Off"th<s>-shaH, oplimi:..erl, cpuvcof,iou;1] ~ii' J,' iuv,ge. reconstruction p,icllage~ ,.. . ., f,;adily l.l ,,,,a_ 
at,),, anrl ,,_It.en free fur reS'-larcll purpu,.,. ( e.g. ILi DO flS} . Ahhou!lh r his projec;t.'s go!\Js 'll'b 

fa.J' r~..lll.oved from tlu)~1 of thti f'OOVerttionaUmage-reoon.~t1:uct.lm1 .. typn aJ)proarL1 it wo11ld 

be beneficial for th1; r~.,arnl, group h> low" 1:hn r,hitity t@ ea.~ily BconJ;tt·uct. im .. g,,:,, 'J'l,is 

,vc,uld ,=;:.o :t. Ion~ n.~/ i11 \:'erHyh1.g -sysL,...Jll pt7rfonn;-;u100 m1rl, a.'1 slm,1rn in tho e)q1entn~llr~ 

of this re,,]W'dl, may b« 11s.;ful in t.miniois mmpntntfo1111l int·<ill!gence Lu <.Ii:r .. ctl}' _JJrnni,,t, 

volume fraclious. 

One foct.ur to coneitlttr before ~tr.1,,uiui. such n r,n.rkaic .. wo11ld be MHU t,he Err urtuu.ouiuw 

<1L l~rge consiilms f.),e 4-olor.trot1J1. rnrreot driWll stratt-\!(Y as I.he !lot,n. As:; ,~.,ull , darn 



ac,1uired 1,hrnugh a differenl slJ·4Legy (such M Lili? ouc 11sccl in Lhe pres,:nt sy.sLcm) is 

iueffecwal, wheil applied •o conventional metho<lB. Hence, a.;; recommended above, rhc 

111easurement strasegy would need to be 4ltcrc"<l. 
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Appendix A 

ircuit • 1a ams 

The circuit diagrams presented in this appendix docwnent the state of the measurement hard­

ware as was the case at the commencement of this thesis. 

The circuit diagrams of those systems designed by Giannopoulos and upgraded by the 

author, but without significant alteration, are presented in the form of Giannopoulos' circuit 

diagrams from which the PCBs were constructed. The changes made by the author have been 

documented in the body of the text and further in Appendix B. Those sub-systems are: 

1. Power supply 

2. Frequency Generation Board 

3. Demodulation Board 

They appear in the above order in the pages that follow. The sub-systems redesigned and 

built by the author follow those, and appear as redrawn circuit diagrams in the following 

order: 

4. Transmitter Amplifier 

5. Receiver Amplifier 

6. Sample Controller Board 
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Appendix B 

A uide to the System's 

Measurement ardware 

This thesis has been ma.inly concerned with the theoretical issues involved with the implemen­

tation of a 16-electrode FDM EIT system. Little attention has been pa.id to explaining the 

workings of the measurement hardware, even though a significant time of the author's research 

was involved with gaining an understanding of it and upgrading it. The reasons for not fo­

cusing on the measurement hardware in the body of this document are numerous; firstly, the 

principles of how the hardware achieves resistance or permittivity measurement of the space 

has been well documented in the projects forerunning this work [4, 3, 7]. Furthermore, the 

major complexities concerned with EIT reconstruction are involved with the data manipulation 

and signal processing of the data captured from the measurement hardware - these complexities 

have been the focus of this thesis, deeming the documentation of the measurement hardware 

subordinate. 

Nonetheless, the author felt it important to include some practical explanations of the hard­

ware - for completeness, and to demonstrate the work done by the author ( on the measurement 

hardware), which has not been documented in the body of this text. Thus, this appendix is 

dedicated to the explanation of the principles of operation of the system's measurement hard­

ware, and the documentation of the work done by the author on it. Note that all the present 

system's circuit diagrams appear in the previous appendix and are thus not repeated when they 
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are discussed below. 

B.1 System overview 

Figure B-1 is a system block diagram ( extracted from [3]) of the measurement hardware as 

the author received it. The diagram shows the operation and interconnection of the various 

sub-systems of an 8-electrode, bimodal, FDM measurement system. 

In figure B-1, the power supply regulates voltage and supplies power to all the other sub­

systems. Each frequency generation board produces 4 voltage varying signals - 2 driving signals 

(to be injected into the rig) and their quadratures (to be used in capacitance demodl,llation). 

There are 2 of these, hence 8 signals are produced ( 4 injection signals and their quad~atures). 

The injection signals are sent to the transmitter boards (TxA, TxB, TxC, TxD), where they are 

buffered, amplified and injected into the measurement space. Together with their quaqratures, 
' 

these signals are also sent to the demodulation boards - where they will be used as r~ference 

signals for arrays of synchronous detectors. 

The receiver boards (RxAc, RxA.r, RxBc, RxBr, RxCc, RxCr, RxDc, RxDr ) amnlify the 

current received by the capacitance and resistance electrodes by means of trans-impedance am­

plifiers, and send these signals to the demodulation boards. Note that each receiver electrode 

pair (resistance and capacitance) is sent to one demodulation board. Here (on each demodula­

tion board), an array of synchronous detectors demodulate the strength of the various frMuency 

signals received by the receiver electrode in question. If there are 4 transmitter frequencies 

injected into the rig, then the synchronous detection of 4 in-phase and 4 quadrature components 

will be performed by each board. Thus, for an 8-electrode (4 transmitters, 4 receivers)lsystem, 

each demodulation board will produce 8 data points (synchronous detector output voltages) to 

be sampled. The entire system will produce 8 x 4 = 32 data points. The entire number of 

data points available from the system at one time is said to constitute a frame of data in EIT. 

Clearly, the number of data points to be sampled by this system (32) is higher *an the 

number of available input channels in most commercial data acquisition modules (typicjilly 16), 

thus some form of multiplexing is necessary. Thus, each demodulation board is fitted wtth a 16-
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channel multiplexer1 - the 8 data points available per demodulation board are connected to the 

multiplexer input channels. In order for synchronisation to be achieved between sampling the 

data acquisition input channels and clocking the multiplexer address lines, a sample controller 

board is necessary. In short, this board operates by using an external counter to clock the 

multiplexer address lines. 

B.2 Frequency generation boards 

As received by the author on commencement of the project, there were 2 frequency generation 

boards. Each board generated 2 different frequency signals and their quadrature ( 4 signals in 

total). This section explains how Giannopoulos achieved this frequency generation, his docu­

mented circuit diagrams, the undocumented changes he made to the boards and the author's 

alterations. 

B.2.1 Principles of operation 

The way in which Giannopoulos generated the required frequencies is illustrated in figure B-2. 

Firstly, a PIC micro-controller was hard coded to output a time series of 8-bit digital outputs. 

This time series was structured to represent a 'choppy' sine-wave - the actual binary numbers 

output on the PIC's port and their decimal equivalents are shown in the figure. These binary 

numbers are then held using a latch-type setup of D-type flip fl.ops, and fed in parallel to DACs 

where their values are converted to analogue currents. These currents are then offset and 

scaled by a transimpedance amplifier and fed to a 6-pole butterworth low-pass filter to produce 

a 'harmonically clean' sine-wave. 

Note that the figure represents one frequency being generated - and its quadrature. Thus 

it represents one half of a frequency generation board. Note too that each channel ( one 

frequency+ its quadrature) is identical, except where different crystal's are required for different 

frequencies being generated by the PICs, and where different gains are required in each opamp 

stage of the butterworth filters. See [41, pp.247] for the required gains and passive component 

1 Even though only 8 data points need to be sampled per demodulation board, 16 channel multuplexors 
were used for extendability reasons - the extra channels would be necessary if more transmitter frequencies are 
introduced. 
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Figure B-2: A block diagram illustrating how frequency generation is a.cheived on the boards 
designed by Gia.nnopoulos and used in the present system. An indication of the type of signals 
present throughout the chain is given {for the in-phase component only). Note that the diagram 
represents half of an actual boa.rd as it stands. 
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values. 

The outputs of all channels are brought together on different pins ( determined by jumper 

settings) of two 10-way molex type connectors on each board. The first and second two 

boards are then linked together by a 10-way ribbon cable bus, such that the first two frequency 

generation boards fill their 10 way bus with the signals: TxA, TxA_90, TxB, TxB_90, TxC, 

TxC_90, TxD, TxD_90. The remaining of the 10 lines are ground. These signals then get 

sent to the demodulation boards, where they are used as reference signals for the synchronous 

detector networks of receivers A, B, C and D. The other two frequency generation boards are 

linked in the same manner and fill their busses with the signals: TxE, TxE_90, TxF, TxF _90, 

TxG, TxG_90, TxH, TxH_90. This gets sent to the other half of the demodulation boards 

(previously unpopulated by Gia.nnopoulos) for demodulation ofreceivers E, F, G and H. 

B.2.2 A note on the shielding of cables 

In Giannopoulos' system, recall that he was interested in obtaining bimodal data (i.e. resistance 

and capacitance data). Due to the tiny magnitudes of the signals involved with capacitance 

data, it was necessary to bootstrap (tie cable's shields to a buffered version of signal) any 

signal carrying cables. This was due to the fact that the stray capacitance of these cables 

would significantly increase the signal to noise ratio of capacitance readings obtained from the 

measurement system. It is for the same reason that transmitter and receiver boards were 

previously realised on separate substrates - so that these boards could be placed as close as 

possible to their associated electrodes, avoiding the use of long wires. 

On Giannopoulos' boards, any necessary bootstrapping (i.e. on cables between frequency 

generation boards and transmitters) was performed on the board that the signals were sent to 

- the signal was buffered on the receiving board and tied to the cable's shield. 

In the author's research, only unimodal (resistance) data is required, and hence bootstrap­

ping was deemed unnecessary. Cable shields were thus grounded on both receiving and trans­

mitting ends of cables. 
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B.2.3 Undocumented changes as performed by Giannopoulos 

There were 3 changes carried out on the PCBs printed from their circuit cliagrams in Appendix 

A. These changes involved the re-routing of signals and the adclition of components onto the 

boards. Due to the hardy nature of PCBs, these alterations were sometimes destructive in 

nature (e.g. when tracks had to be cut or even gouged out of the substrate). The changes 

Giannopoulos made v;ere laboriously traced out and redrawn by the author - often, a reasonable 

explanation as to why the changes were made could not be found. Nonetheless, the changes 

are described in terms of the functionality of the circuits below: 

1. Generation of offset voltages for the 1--+V converters: 

Due to the fact that the DACs in each channel output an offset version of a 'choppy' sine-­

wave, before low pass filtering, and during current to voltage conversion, Giannopoulos 

performed level shifting of the signal. This was done by, instead of tieing the non-inverting 

input of the transimpedance amplifier to ground, creating a DC offset voltage and using 

this as the reference. 

In his documented circuit diagrams, the generation of these offset voltages was realised 

independently on each channel using a buffered voltage divider circuit. In reality, on 

the physical boards, this was not the case; instead, offset voltage references were created 

using an LM336 Z2.2 zener voltage reference IC - one offset reference voltage was realised 

on each physical PCB. This as opposed to a reference for each channel on each board (i.e. 

four per PCB). The single reference created per board was buffered and fed to all four 

channels on that board. As a result,. the footprints and drilled holes in each channel of 

each PCB, designed to accept the previous voltage divider circuit, were left unpopulated. 

Instead, the voltage reference circuit was built (in a free hand manner) and raised off 

the board, using the holes designed for one of the originally intended voltage dividers 

per PCB. The reference was then fed to all the transimpedance amplifiers' non-inverting 

input via orclinary wire underneath the boards. A circuit cliagram of how these reference 

voltages was created in reality appears in figure B-3. 

2. Bypassing of final RC network: 
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Figure B-3: A circuit diagram showing how Giannopoulos generated the offset reference voltage 
used to level shift the sinusoid. 

One simple, passive sub-circuit which was not implemented in PCB format, was the final 

RC low pass filter of each channel. This was not really necessary as the signal has already 

gone through a 6 pole butterworth filter. Thus, the output was merely fed straight from 

the output of the butterworth filter to the transmitter amplifier boards. 

3. Alteration of cable shield bootstrapping: 

For some reason, which the author was not able to ascertain, Giannopoulos added a pull 

down resistor to each of the 'bootstrapped'2 cable shields which run between the frequency 

generation boards and final transmitter amplifier boards. The buffering required in 

bootstrapping or guarding of these cable shields was performed on the board the signal 

was being sent to. Thus when signals injected on the electrodes was sent back to the 

frequency generation boards to be placed on the 10-way reference signal bus, they were 

buffered on the frequency generation boards. 

The pull down resistor added by Giannopoulos was repeated by the author when pop­

ulating new boards to ensure consistency with the rest of the system. The pull down 

resistor added by Giannopoulos is detailed in figure B-4. 

2 'Bootstrapping' or 'guarding' is the process of buffering the transmitted signal and placing the buffered 
version on the cable shield. 
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Figure B-4: A circuit diagram showing where Giannopoulos placed the pull down resistor. 

B.2.4 Changes as performed by the author (present state of the hardware) 

l. Carrying through of Giannopoulos' changes to new boards: 

As was mentioned in point 3 above, where changes were present in the boards used by 

Giannopoulos, they were carried through when populating new boards. This was done to 

ensure system integration and uniformity. Most of the changes Giannopoulos doctored 

the boards with were improvements (nonetheless messy ones) in any case. 

2. Grounding of cable shields: 

Instead of bootstrapping cable shields, for reasons justified in section B.2.2, the author 

decided to, more simply and conveniently, ground them. Thus, whenever a cable shield 

enters a PCB in the new system, it is immediately soldered to the ground plane. 

3. Replacement of transimpedance opamp: 

To convert the current output of the DACs to voltages, Giannopoulos had used a standard 

LM741 opamp. This opamp was upgraded to the pin equivalent LF351. The spec's are 

merely improved and should improve ( although very slightly) signal fidelity. 
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B.3 Transmitter and receiver boards 

B.3.1 Principles of operation 

The amplification hardware for injection and measurement of signals on electrodes has been 

completely re-designed and built by the author for this project. The transmitter and receiver 

circuits are simple modules which use little more than an opamp and few passive components 

per electrode. The circuit diagrams provided in Appendix A should be sufficient to explain 

their operation and functionality. Transmitters use AD797 high power, ultra-low distortion, 

ultra-low noise opamps in the non-inverting mode. Receivers use LF411 low noise opamps as 

transimpedance amplifiers. A dual, vanilla, low noise opamp (LF355) is used to create two 

buffered versions of the main electrode signal. These are used to drive the guard electrodes. 

Where point electrodes are the required electrode choice, the main drivers (AD797s) should be 

used. 

B.3.2 Changes from the previous boards 

Although the basic circuit details remained similar to the previous amplifiers, decoupling and 

voltage regulation was realised differently. Due to the fact that multiple transmitters and 

receivers are built on a single substrate, the ban.ks of capacitors previously applied across the 

incoming power on each amplifier board were reduced to one. lOOnF ceramic decoupling 

capacitors were however placed close to power pins in the usual decoupling fashion. Further­

more, because lower currents were expected due to the smaller geometry of the rig, the receiver 

amplifiers' regulation was performed with a single 1 amp LM7812 (or LM7912 for negative volt­

ages) at the power supply circuit. The transmitters' regulation was still implemented at each 

transmitter using LM78Ll2/LM79L12s. Thus, an additional two mandatory output capacitors 

(lOOuF) -were added per transmitter channel as required by the regulators 

As far as the amplifier circuit details are concerned, two changes were made: one to the 

receiver amplifier and one to the transmitter. Giannopoulos had previously used a buffer in the 

feedback loop of the receiver transimpedance amplifier to avoid opamp saturation with the high 

received currents in his larger rig. Due to the scaling down of the new system, this was scrapped. 

In the transmitter chain, the Zobel network placed between the previous amplification IC 
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(LM1875) and the electrode was not implemented. As far as the author could ascertain, 

Giannopoulos had merely put this there as it is recommended in the LM1875's data.sheet. The 

LM1875, is however, designed for audio applications, which usually require a Zobel network for 

stability. As no inductance is present in an EIT load this was not implemented in the author's 

system. 

B.4 Demodulation boards 

B.4.1 Principles of operation 

The principles of operation of the demodulation boards have been well documented in Teague's 

Ph.D. Thesis [4]. Basically, arrays of synchronous detectors - each with their own reference 

signal - are used per receiver. The number of synchronous detectors depends on the number of 

signals injected and the modality of the system (i.e. resistance data or resistance & capacitance 

data). The resistance between a receiver and a transmitter electrode, is then proportional to 

the DC output voltage of a synchronous detector circuit with that transmitter's signal used as 

a reference. The capacitance or permittivity between the two electrodes, is proportional to a 

synchronous detector's output voltage when supplied with the amplified signal from a receiver 

electrode, with that transmitter's 90° phase shifted signal used as a reference. Hence the need 

to generate, but not inject, the 90 degree phase shifted versions of signals on the frequency 

generation boards. 

In the case of Giannopoulos' system, only 8 electrodes (4 transmitters and 4 receivers) were 

used and hence only 8 reference signals were ever fed to the demodulation boards (TxA, TxB, 

TxC, TxD and their quadratures). The way in which his demodulation boards were designed 

was such that one board was intended for one receiver electrode, and the maximum number of 

synchronous detectors able to be populated per board was designed to meet the requirements 

of a 16-electrode, bimodal system (i.e. 8 in-phaBe reference sign.ala and 8 quadrature reference 

signals). The board would then demodulate a receiver electrodes received signal, to produce 

16 readings - 8 resistance and 8 capacitance. This is why the sample controller board's counter 

is 4-bit (i.e. 16 counts) - so that it can switch through all 16 readings per demodulator board. 

Of course Giannopoulos' system only used 4 transmitter electrodes and hence 4 receiver 
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electrodes. The demodulation boards designed however, were compatible with a 16-electrode 

system - thus, half of each board was left unpopulated. 

B.4.2 Undocumented changes as performed by Giannopoulos 

The only changes from the documented circuit diagrams performed by Giannopoulos, were the 

addition of pull down resistors on the bootstrapped received signal cables, and the bypassing ?f 

the final RC low pass filter. Similar changes had been performed on the frequency generatitjn 

boards and are documented in earlier in this appendix see figure B-4. 

B.4.3 Changes as performed by the author (present state of the hardwar~) 

The main changes were discussed in the body of this document (section 5.5.5), but are dociii­

mented again here for clarity. It has been emphasised that the demodulation PCBs designl¥i 

by Giannopoulos were intended to service one electrode per board; thus, the amplified sign~ 

from one receiver electrode would be fed to each board. Thus, one board would have an array 

of 16 synchronous detectors. Each synchronous detector on the same demodulation bowld 

would be supplied with the incoming, amplified signal received by a receiver. The reference 

signals would comprise the 8 in-phase signals injected into the rig on each transmitter electrode 

(resistance data), and their quadratures (capacitance data). 

Because the boards designed by Giannopoulos had a number of pitfalls and needed to be re­

designed in future research, the author decided to use the unpopulated half of each demodulatiqn 

board - originally intended for the demodulation of the 4 resistance and 4 capacitance signalls 

which would be added with the upgrade of Giannopoulos' system from a 4-electrode to 8rD 

8-electrode rig. The unpopulated half was then populated and the routing of reference sign$ 

alt.ered. 

In the present system, one demodulation board services 2 receiver electrodes, but on~y 

demodulates resistance data. This is done by 'tricking' the synchronous detectors ( origin~y 

supplied with 90° phase shifted reference signals) into receiving the additional frequencies add('jd 

with more transmitter electrodes. A diagram illustrating this concept appears in figure B-5. 
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boairds: A, B, C, D, E, F, G, H { 

BEFORE 
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Figure B-5: A block diagram illustrating the differences between Giannopoulos' demodulation 
boards, and the new (altered) boards. The large blocks represent an actual PCB demodulation 
boa.rd as it exists in the system. The small blocks contained therein are synchronous detectors, 
demodulating the incoming signal with respect to their reference signal. Each synchronous 
detector is labelled so as to discribe its task e.g. "TxC c" means that this synchronous detector 
is demodulating the capacative component of the signal transmitted by transmitter C, and 
received by this demodulation board's receiver electrode. Note that the layout of the boards 
has not changed, merely the routing of synchronous detector's reference signals has. 
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Appendix C 

Code 
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Yttt!.! h,HiC.l~ t◊ .1-.CC s:..:.bGy:lten, t::.)llfiqurf-:~ A.DC fl,)~ 
C')ntinu<"•U-s opera-:: :on ,. .;::_per:s i 0.Jal ~g b:-..x ::o receive 
wi,nQ:.JL11 !t/e -t:!ra~¢S, ~ nd µart'ori;ts ,;::."lnti,nupu~ oi,:,E-"l'nc!::i1:i 
or1 the i\DC ~ 

c·?.llback t('i get .boar-d oam,e. QhC. ::ip_cn O<Jarc, opC!\S: 

the :-ir,1;t ➔ V~'Ild: ~e Oper. t,ay ~r3 .bc-,~rc, 

d.ia:-o;:; b:;">: to .--.~ndle infc-rttativn 2!.nd error. wlndo-w 
m~~s~ry@s f.run1 t.h~ :;.-.,cc -n:.:.bsys;~(1:. 

M\,dified for i.p~e by 1i':m Lyng ~7 '-~:J 'lOtH 
FL.l!"t::.ct. IIH)d!..':"icc for USC: bj-• GJ (Ctll Gold $-•...-o.1 o " :..ta.)' 20::;.5 

,.._ .... _ ... t:t--'t-t-•,.++ -1< ...... 1 -♦ t-•••.!, ........... ..... "*f. -J,i . ... ,1; ,,. ... _ ••1 ., \ 1 •1•..- ... ,v-. ............ • ,.~ ...... t •• l •/ 
¥1nc1 ~:,dE:t- <."w.i. r.,O::i·,..s .h> 
tii.r:t.J .!-CJ:: ,;;,3-;:CJ.it,.h"> 
~,~r.lud~ <~cuio.~> 
~ inc 1 u-d.e. ~o·:meo.~. i, -:.­
~1nc}odc ~c:ct~c~s.h> 
; u1c'...u::I,$ <o:ciaaµi . . :.> 
ii inc;ude ,;xe.r,:r •. rc.e .. :.._;, 

4def1.ne SAt4PI,Ei:=E.SO 
<o.ef: t:te. Cl,vCKFRSQ 
ic~f-J'.C 'QTTTYCYCL::. 

o ~1o::• o o ~ •:· 
J;;G(LV 
l◊,O 

ijl'!~f lac S'!'RLEH 90 
C ,"iH ~ r; c I STR 1,E}J I; 
ltdef:.n.e. 1•'R:~Y:Esn;s 256 

/- :; c.~i .!l.q ~lzc :."0-t ?en.cr..il tcY.c. o:.aoip•.1la.tl:.>u v/ 
/'- g::.H:f! ,I ~trir.g f \it ger\<!rii.l text 111ar.ip\.l:liic~10:•n ·/ 



1+ ~rtor band!ing m~cr\"?':'1 ~/ 
~d"lf in! SHOl'I _i?.RF-.0.R ( E<COtie ~ Mes.so.geac,2. (HWt~ D _DESKTOP-, 01 Da.Getl! t: .1. Q.tSt-r l ng ~ ~0:-,d(' 1 \ 

st~,$TRLE)l), "Enor", H.B_TCONEXCL.MfATluJ<l I Y.P_!))(); 

fde£rne Cl{ECl<E!\P.OR(e,aod•) lr ( (t•o~r.d.statu, : lecode)) ,~ OuNOEE\RC•8J \ 
[\ 

s.1,ow_--g.RROR tl:iodrQ. 5t~c.ue. I ; \ 

alOaRe ledse.DASS !bo.ard. b,dass-); \ 
o lPq,T!!..rml nate tbo~t:.-5. hQrv.!.J ;\ 
1:etu,rn ! (UfN'l') NiJLL:; J 

Udefine CL08EONERR◊R(ecode\ lf ((board.status>~ /ec:.odel \ !• o:.NOERRClP.i \ 
1 \ 

S~~ gB~08tboard4$ta~us!;\ 
o,DaR•ieas•OA3S\ooaro.hd•~•)1\ 
olDaTerm1oat~ \board, hd...rv t I ,~ \ 
Enaf)i,;loq:(hDll_) , 1'R~EI :\ 
.te,turn l'.TElTEl, l 

/ l s~mple sttact.ur·@ used lilth boa.rd ~ / 
typedef st~u~c tag bQard I 

H.DSV hdrv.r; - ;...- d~vic-e 11andle- •l 
fiDf\S.3- i\c:ld.$lH- ,, st;tt, .ey~tem nc1ndl= .. ,. doe:., ddC ~1 
HDASS he 1ocJ: i ,~ handle to cl u--ok subsyt.t. ..... rt\ • t 
HDASS t,do1.1tasz /"--g ha:.'ldll:.' 1:('k th.e dig'ital output -a1Jb-.eyst6nti I 
£CODE s~a~os: i ~ boaxd ~rror ~tstu$ •t 
ch~r. namef51.'FJ-.,ENJ; /,; ott":i"tlg f-o, bo;;ud i1~me Y/ 
cha!'." @l'fl ry [STfU.BH j i /., std ='·!J Cor !;u:>3..ti;i tU:1me. • / 

tiO/\RD; 

typed!f BOARD~ LPBOARO: 

_statJ:c. .?-OPtBD board; 
~t~ti e VLNG co~nt = O; 
static. u.rwr· numbetc-ftiuff"er.s - 21'>•'l; 
Static OINT txam~~tuav~~pqe:lC; 
static PLUE 'file- - NULL; 
$~~~ic aoot bstoppeo = FALSE7 
ed 
Sta.tic 0-Ul'I' .frcfmestoc...apture- = 10(~: 
s,,;ai:..10- OI~T f1:arnesc.aJH.1,1,;ed; 
..£t'dtl~ BOOL .f'tarn@ma.sk(FRA{<E.SI2EJ r 
char tilen.a:,.e1FILENAME MAX)/ 
ch-ai• t1~:.iskfile:n::u·ne: L.E'IT.f,~Je,N& ~AXi J 

stc\-it;. aOOL p'GotVi6SJ: = E"AL$&; 
6tot,:,.c 000!.t bGotFii@nal\'.@ = £Ai.SE; 

ot,;t I a OP&(/FU.Elll\Mll savdileSt-r.uct; 
ia.109 box) 

aoo .. CAJ.1,SF,CK 

If the. .boat?d structure 
// tht n.umbet of boarda 
I I the tlue.ber of bu.ff era 
fl th~ numo~~ of rr~m~s ;.o avecage 
II point~r to i:he flle we'.re s.av1ng- -co 
I I , :\d'l C<l tes whee ~e.r. t.llE' -;sy$t em Ila-& b~e.n 5t('t,!,> 

I I t'!'le TI\lm.ber of ft-3:t',ea 1:-0 capture 
I I r.he. numbet of f"ta.U":es capc.or-ed c1:l r!laljy 
I I 1;1li,. f"ra~ema.a:\ 
t i flle~ame. t~ save to 
JI t~e ~aak Ellc:-111.irn.e 

GetD.tive.'t i 1.-PS"!'SJ ;lp$:~Tam~, LP-S'I'R lp~~f,nt..r.-y .. ;JP1\AA.I{ lP.aram. l 
/ • 
th.1..:s i3 ~ r:alLb,:1r;~ fpnctic-,n o.f o!Da.Enu:t!.Boa rd.s ,. it ,g@t3 't.he 
scrin~a of -cJi.e open 1.ayeU board ;aurl qtt:~rnpt.s, co jtlit:i~liz.e 
tbE bo.a.t.'d. tf -actc9£!1SE1ll, en~a-.e);;:,tjori .)3 h.alted. 
• I 

/,. f511 in boarci si:ring.s ~1 
1st .rc_pyn ( lpbpard- >r10.me • .l [JSl.~ame, s·r"(t.LE)l J : 
l~t tc.pyn ( lp.board->e.n"~ry I lps-cEn try, STP~.BU) i 

I~ t.ry to o-per1 boa.rd 1, / 

l pboa.rd->St at USc = 1.1.!.Delnir;i £i l i;Ze {J.p-a;:Na.l'!'e., flpl:)o"l.rd-.... >hdr11r}: 
1 ff lpbo<1l·ct-;,nnrv-r i = 1,rnw.,1 

r~t\Jrn FALSE 7 /t fals@ to stop @~-,,)mec.i.tio'tg .,/ 

. 
• 



un,T St<>p(I 
r 

HllU:f hi:lufc",: 
tl~H~ 1=-0; 

/· 
Q"et tile input. Du(.:o:rs f.t:t:r:! rllo ;,.o:- !.=.1.,1.b.sye=-tc!l1 d!-ntl 
free tt1e 1npui: b•J.::'fers 

for ti=011<numuer~Couf~a=sri~t~ 
I 

C:1~CJ<3R ROR ( t: 1 n0Ge1- Sv f7~z- ("bc;c1r~J . lv:i? ~-!:i , -~ llfiu f fEir ~ ) 1 
CHE"CKERF.':.IR ; o ~Dirl.?.!"'2eEu..!'..Let :hBu[fc,t,j) ! 

return (~INTJ~D1L; 

80◊'1 C:'',L:...-SACX 
Ir1put;:sr:.:~r HWN-:i hOl~, u:wr rnc:..-s~g-e, W:['1'3J\,t.) wPr,r,3ir',. LPARA?-: tF.,.::;,c.m ' 
/' 
Thie, ::unction pro~sse~- r._ie:;a~ge$; for "Inpu-:." <i Ht J ~>g ·:,ox 
'I 

TI JlJ1' 
TIBL 

bJlL 
:it.NC 
:.JUJ'" 
Ji Su.:· 
l'ilOJ;.J 

cha!:' 

D\'.OF.:) 
Jiw!.JO 

£:f. r .,·:r..e tor~ 
U.J:!l'.:.' 
OI)l'? 
Ul!'lT 

;1-=0,j.:..O, 1;=0; 
rd..t!=-0, :\•.'.l.x-=D t 
vol--:. ... I t",RA?(EST?.?, I; 
S.:J.1•,pl OS; 
e :1:-:..:,.;- i r,q-0 1 ·t P~O 11,1t..1 r:n=CT: 

nLlu~:e.r - t.;JJ.1!.; 
pcB.t1 f.f e.= = t-itJL~; 
:,ijnc.cw'f'iL-:e(l.Z81; 

cr.!l-,ti 1.rc1!uc-;­
hu-:gJte.m; 

buf::"e!'..s i,ze; 
sa.mr;. t~s b.o; 
cii vi.so.:r •~ .=r.jrit.ei:;t:o~ven;.geJ. 

II ,.;_()\lO-tO.z-S 

II .r.1i.n ~nd ?II.ax 2 imi•:s v-olt:age i.~pui: .s: 
/ / '1ufff!r :-.t:,:)rJ..rtg ':J1a v<,1,-:.ilqd~ !or \°"):-t<.'!: :.:.:vor;.H.pld\ !r.:,:r.o 
/ / t11e nutlbe!" cf s-ample.s iri the b11f:=ex 
// P..::t::or::ing LypP.lbtn r:r 2'!.s l'.cmp), re.S~>tnt.ton 112 1.1.it.,,.,., 
/ / hf.t1d te tc ~ b+r''' ft=Ir ~c, "':,,Ke o':'f do:ie que+J.e 
// h..:H1dl<:- to the rtC.J.jU~c-.mcnts l.rt -:h ....... bu:'..(o.~ 
ll ."itt•ng- ho ~Oi,rig --cbP. 'fl'l, ::tnow :.;itle 
/ / !ill"Sy~lo:t•. 1:lfO Stt1uc.:L 
//place.to :;~ve er.!or code3 ~o 
// hf.ncl~ t.c: ~ d.t.f.1()':l it . .:;:it, usea t.-:> l.:.hiJ-:tce i;-.1.i:ilt:c l:cnt:ct: I 

// ttie i:;i;;.e >:)°7 ~>M:, buffE"?r 
If the: si~c 11n by::es:• of ea-ch sa1,.p~>:: :i..1 a buf~c-r 

//~ 
BOOL 
IJINT 
:)8!. 

"':he::;f;c ,,.f..c:!:l?.L:es u.sf!.d !o.= t.he, di:tit.c'J.l out flUbsystC!t'. 
•Jul u.o: i 
.;hu-rt.ttO::. dou. t=-•J r 
ga,,n_<ioUt-=~ ~O; 

.SW.!-tc.h jll'l~SS.tl.qO} 

I 
c:::sc- (VM._1!iZ:7C·~:J:.LCG: 

r 

hfJt-qit.a:f! = GP.tD:!.qit.C-Jr,~hDli;, IDC _ _5?P...P.T_AC);. 
t:;nq;b~eIHn,:Jcw I hC·.2g !"'ter.1, VAT.SE); 

If get h:ndlo to the 1t~rl nult~h 
I/ cti~abl~ s~~~t butto~ 



:t Qcx 

I·' 5~ t: w inc.ow n~nc;le- t / 
CLOSE.t:eJ:.1,~WJK (ol O-o.'lSf:.t'1bC.i:.aodle- ~l:O<J.rd 'h(:'.Q!i-:);' hDlt.:. (lJT)Jl: 1{111",T,) I I 

/ I ::c-(1 f _: g C:!'.'.~ AD 5*.ID.S-y -s ttl!r.i 
C:ftc:::r.R;,.;'}'R : o ·. o,3Cc-nf:ig ::OoC1rd.f1cia.es;): 

::~Se C-LD{'. ·ml,' p::fF'-$',"1. fl?.~Tfl"~.D: 
~£eal~; 

:;oS€ OLOl\ 1i'M il~;El!>'.t::;{ [:ON.I:::-
f - - -

1·~ .;:e,: J;.uf~e.r cf! dc,ne l:ec. '/ 
C:lECf<Ef;~UE •.nlC•itGat:~1.1-f.!ll>.z-il:;rpn:!"d. ; ... d(l~:;., a;;hR11tf.1?.rl:; 

i+ _;: th~:·(> :ti -:t '.o:.!Zt~r ·"/ 
::.1 hR))ffei: 

.'· get '3t~b <:.ye.te:11 in.:orm~tiol1 f0r cotl~/v.c-lt~ c01.:ive~s.i~n ~' 
Cl.•..\.SEOHEF3.0J;; ('0lOL1 !.~tR~r14"~\bo.-ir(':'..~dH(,J~r ,H:i.i:l:.:, r.-mi:i) ) ; 
Cl.OSR:JNF:R:-t()"R l.Ol(;a:~cf.i.;1cod1~g (1:•'ba.::::ctrh'1a~.s., t.e nc:0ding:,;; 
C L:JS.l!.:O#Eh3,{}l\ ( o-1 Ca!;Q.t R~Snl u '.: lo:\_\ l.,n~ r~L hdtl $!.i., ,; re!.i.:: 1 u. t : onJ :, ; 

1• ~e-t tl',.e.-X ~0:r,9le.s- ,1.,.:t :r,p.ut L~=-r~.:: .,./ 
CLOS.EOflED.JOR tolCm~~tV<d.ic,B;impl!;!S( i"'R-:.1!:fet, &sanplea ·1 J 

/--, :.;~t. i,,w .:..nt~r to ~.hG. QL!fie r ... / 
C.!..0$EO-N.Ea1-:1;,;;>,k (olDmGetilUff.er?tr{ htJ~:'.!et",. (1?VOIC~j ,:.,µ!!u.!lar '. ); 

l I ; s · rJ ti;,i,e large~ ch~'!"! :i.0'rr.tal 
// sc v.•a mu::t m,-jke :.:ur~ t 'h.:tt •,.•f; ~~t ~ -v1;tr-ytn : n :-; 

/ / C"Lear. vol ta:g·~ 1:~-:fe-r 
& ~r.o?(~M~., ny hr:::. t:;-. F:J.AMF:.$ f ?. ?.'" ,s·i ze Of ( (;J3L; j; 
7c-r ( j-iJ f:: < nt•\MI:: !ii 1 t.£"" f re.m~s. t 0 3 ve~aqe.: ~ +- :, 

f.•~~ \3 :a.'):]•: F"r~i.·J·ll:!S! l.l'.; : +. + I 
r 

- =- lf.-::ame:r.n!..lt[iJ} 
fprlntf: ~ ile,, 1'~lf, ",. vol-:.srjJ / J..:a!:\1:.'!.\ tOa!:.:.>.:·:1;;,J~) • 

(y.:.:.i:ttf ! fil•} 1 ~1 \ n~ .1; 
f.r,p•.e..scQpt•1n~a 1-.; 

I/ f.:l~,aI= ~.,:: lt.<1ge oi.:.::te=. 
7e ro~le :f',ory(volt5, 1:· :u\.l•Jl::!>it.~~s .:. ze-0.J.\-DBL ; 1; 



f-Or < J=-0; J<~1:1ri.pl es, J-h) 
I 

solLs(j;.r!iMIESIE&I ,-: I ifltt~r.)maJt-(fioat)min; / (lL<<.rosolurtonl 'pEuifer[j] 
+- I flp-a-: 1m.lr,f 

fort J&O; j <Ft.AflE;$l'2E: j +-t 1 
I 

if1framemas:,.!j] I 
.£i:rir..t£(file, 1•,1r, 1•,. vol ~s.D ] /ftamestoaverage); 

J 

) 
tpr-S:n;,f lfilr:. , ~·\n "~: 
£ .r; arne.acaptu -tGd-lM ;. 

/'11 :gut bu.ff er baak --;.o rQady li~-t ,.. / 
C~ll!:CRERkO'R {olDaE'utO.;;fft-L(boat:d.f;~aa3, hRuffecl It 

/ "'- c:·nw~rt valL,e -:o v-o J ls '/ 
fur (J =- O;j-::Jh;j1-·•·} 
[ 

J• oi~pluy ,~tu~ •1 
zpr int:f ( ::1t P-, "'%. 3f V-o its", vol;; s l j} / £:ca.1i:1e.':!ot oav.~C;}\)''€., .": 
S<:tDlgft:e.m'rP.:-:t (hDlg, 1.r:ro_v~.Lueo+ lj >,; ~tr> f 

lf (f.tamescap-.;_ured :>= ft-Jnn.1:st.oc.aptux:s, 
l 

CLOSEONBRROF I o1DaS-.:op (boa ltd. hdass) 1, 
Ci,OSSONERROR (olDa.Stop(board.t,clock) 11 

bStopp~oi = TfitlE.; 

I I kil l JI.D p,roeeaa 
I I ki 11 clocJ< Froc,;~.• 

// if ~e•ve ~topped th~ d~t..:t cap~uce 
ff clos e ens flle 
I I aad fre~ buffa~s 

teaurrt (TRU E), 

C-3.Se OLD'A WM QJJll\iEl o,;1,1,: 
~~5~ OLDA=WM=QUBbE=SToeEeD; 

I 
/+ u.s-1~ i,,;s:rap m·.:.tt.1ple - if ~he-oe me-5.sage o.re r~o£!l'/~d 1 

/ 

/• acq1nsjtLon. nas ,e.~o_pped, ti·/ 

EtoDialog :hDlg, l'Rl1£) 1 

r-eturn (TRUE!r 

r Procr.e.e :.riy~e-.r 2-rr-o.:.• r11e-.;sage. •/ 
r,r~ssageBo~t(hDlg, '"7'1:iggec ar-t-or: at:q,La.1s'1.tiiJT~ stop_ped 11

., "Error"'. MB_1t::0MEXCLAM!~,TION I I.II~ 

"ET,dDialo g !hOlg, TRUE!; 

case OLl)A li!I ,,-']!RRIJ!I ERRO?.' 
I - -

i -- .P'roc~sg ur,l'!fe.t.rur: erro..r message t / 

1-1 I .M6_0Klr 

s:r.dWa.log l~Ola. ':'!llfEl I 



l"+d:itl.'. 

crturn ('I'R'JE.); 

c-a'S~ fl'tl_COMHAN'O: 
l 

case l DC_eRO?lSE_Bl"N: 
l 

Z.-eraJOe.mory ( &savef Lle-Sv.t1.,1ct; si :.?.e.vf (Of'ENFlLENAMEl ) i 

-5a \tef1 le-St-:'":.1ct ,.1 StractS-::z:e = s i e.eof: JOPENf.lLE.fii.?.1.!E) i­

aavefi:e:Stt-uct .hwndO~ffl.e-r • hUlg: 
..'Ja\J~fi leStr...Jot, lP-strF1 !ter = 11 CSV fi l es\O • + eav\-0~1! 

// set fllter t~~t 
e~vefi:eStr~ctrnfi!teIIn~ex = : ; 

~avefi~eSttJCt.tp-strFl~e = £jlename; 
.savefi..:..e.Stt:tlct.nN~J<F!le- =- F[LElf-NllE IIJ .'1,X; 
.sa·,e fi ~e.St fis,1e t ~ i~st-rFi !.~1.•i tle = NULL1 
z,;vefileSt ruct..n!•lq:<f:1:.ei:itle - o; 

if (<;etS,3.v-.e.,r i le-,N-ame (.~s.aveflleSt..ru.ctJ J 

I 

II sH ~la 
l I .set .ow-nee 

fil~S\0•,,\0\0\0"; 

// pcintQr tbe f~1f>it~m..: 
II max le;rlgt.h. tif file.ar,ero 

bn_:_qrtem = t'ie.tDlgrt~(hOlg , IDC_E'tLE.N.PJ1ESO:X Ji 
Setl\li YldowT'ex t.. ( t1Dl gite:'1\,. save f 1.:.es c r.uct: . lp-e""t..rFl: e I i 

bGotSl~eua~e = 'f.ROE;: 
it (bGO"t.Has)i,. «~ bGotF1..h:r,ante) 
l 

hO!yit~m = GetOlyihe::rJl,(l:tDl,Jr IDC. ~'!'i.e.'!' All); 
Bnable-1'indo111(bJl a-rtern, i:'8.U&\; 

e1tror\rdlu,:- -= Comroolge..xte nd edf..r-ro t I): 
J\le-a,s.,a9eao,~th.:u _q, "'C.;;n,t. .s-avefilE " , "'Brtor"i MS_tH<): 

o .'!.S(:I IDC_BR-011~E_S'l'll::.: 
l 

:le.ror-le-!!!Cu1 y ( t-sa 11"° f ..t. lf'.St. -cµct, Si z&o£ I OPE.1-Hi l LE.H.AllE J ) ; 
$o<efileStruct.1Stn.ct.Siae w ,siseof(◊PEN~lLENAftE\; // s"'t s1ze 
$ ·0 qe fl leSttuct .. hwndO-wne;r = no:.g; / / $€,!t. :.u..rn~.t: 
-ea,♦e,fiie.St.ruct.~ lPstrP1 l te:t = '"1!?.sk fi.:.e.s.\o~ ,msk\OAll files-\0" .•\0\0\0"; 

1 : ~e~ ti:ter text 

sn~~t i.l~St.n .?~t, .:.pst.rFi le -= ;t1,as kiila=flamF..;; 
savef ile-St.ruct. nMi8M.File. = Fit.£1.Ui..ME 1!AX ~ 
;3a11ofilES·l,..ruct.~pst.rF1 11:'l!itle = «UL'Lt 
s ~vefl..leS't.r.ue:t ~t1Mex:.File1t1v.:e = ◊; 

/ I set ,o the first ti 

II ,::,oint.er the filerit.'lme--
// "Flax le--n-;rth of fileaoezA 

huf~er 

name 
ea.,,~ f1:estrw:t. f lc1,9s ... OE'N_E-·~ LENOS'I'El tbT-;. 

l~ (Get.O_pQ.nF.ileua~o~ 1&.s9,,1.e£:.ile:st.r.uet } > 

// pc:int;er 1.0 def,Hlll file 

J;D:11Item - GetDlgTt.,mfht>:g . IDC_MASl<tfA!I.El30X); 
Setw1ndowTextfho:~1tem~ s~vs£i1es~r~et.lpS~LF~!eJ , 
bGotMask =- 'PR'.,tE~ 
if (bGot:MaeJ; !Jr. tiGotE'i l ena:11ie J 



If 
/ I 

hDlgitrem = GatDlgit~m(~Ulg 1 IDC-STAFT_A.D\: 
nn~bl~~!hdow(hOlqitem, TRU~t; 

"°..r.ror\laltie - Comrn.Oll)Exi;en-dedErr-01:-:); 
M.e-ssa.~Box(h.DLg, ••c~n · t t;at f1le'",. "'Brro.1'1r..- XL_. OK-:; 

cerurn (TRUE), 

c~s~ IUC_2TART'_AD: 
( 

// -open the- mask tl le 
GerDLgJt:e)'r.1.'e~t (h01'J, IDC,_l'1ASf(?V\ME80>!, m:.1-s- ►.f!...L.emnr+e:, E'TtENAM.R4J•fA}::) ! 

fl1e = fope.n -:1,1askfi!en&.lt1e .- "rt."); 
lfifil-e __., NULL) 
f 

spr·intf (s'tr, "Cannot ope,n 1s'' , m3-s.<fl leot1-meJ; 
M~ss-ilge-6vx(hDhJ, Str, "E'ile El't'..:i.t"T 'MB ICON.BXC..LAMATIOHJ; 
.retu ro. ( e'A LS e:) ; 

f~cli-0/ l<Pa~M5S,Z~;i1➔) 
( 

fscanf(file, "-%-c", &fLQrne.11as":.:(i] J; 

fclose(fll~): 
ii le -= NtTl.-t.: 

forr1-0;1,FRAMESIZE:ir4) 
i.J'ijtttem.1.sk I 11 = TRUE; 

// ~pen t~a fil~ 
Gero t,1·1 tan1Te2tt (ttDlg. 1 iJC _FIL':,~;A.;-{EBO-X, i ·. I "'''11~nr1: ~ fl,:.SHAtrl?.. Mhn • 1 

iilQ = fopen(filene;1r:e, "wt"l 1 

If ( fi1e = !f1)Lt1 
I 

sprin'tff-atr, "t:'!'nnot open is·•, filenam,,-;}; 
lle.s•ag"eodllDlg, s,t, "file £rlrot•, HB_tC◊l'l?,XCLAl'll\TIC•lH; 
cet.urn IFAUSE:) ; 

/ / f':.nd out how rr,any f1''lme;3 t.:i av~ragi= 
Ge"L.Olgit.e:n:t'eY.t (hDlg, TDC _l?RAHES2P..VB• st r, S'l'RI.Eff \ ~ 
fra.n,tesLoavetage - atoilstI); 

Ge"L01gite-n-;'i'e¥t ftiDig, rm::_fRAl4£STOCA?TUP.E 1 SL:C. STR.1-EN); 
fru11e.n ... ooa_pcu:i:e = atoi ( st.r); 

lf(U'a1nes-toa}1erage < lO> 
( 

1.<-.t.se 
I 

Z-56 .., ftataestoavereige; 

// 200 f~~~ buffers cycle 1/s: 
ou.r.:berutbuf f 6':CS- =- .2 0 0 / f 'E"-:m.e s t.6a ver-ag"; 

// finci uut 1.f we'..re. u.s1ng 2 bytes QT 4 
~lt~C~tBkOf<(o!D~GetReso1utionlho~rA ~hd~ss,&~~mpl~s1~0,) ; 
1f (samples12e > 10) 

oamPlt?S;ize-=-4; /Jq .bytes •~II e.g. 2.:J bi-i:s = 4 btyes 
el.se 



// ~ Llot al~ bul!tH'S 
for ~i-O;i<n\1;r.betofb•.1ffE"rs: 11 11 
I 

CBECK..E.RROR i :::i-:.1)'tC>7d l0ce·.:.f: £.0-r ( 0, Ci I p;rsc.; bui £crsi Z◊, aa-nplcaizc., i.hl.HJf fer ·, I ! 

CU~t:WF.8..t>~OR ( c !:;.~ P.u:--,Ru ff er ( bof! rr.L hrl,'J.Sf. r hRu ff~r ! I I 

II 
II 

/I 

lnl IJ!l>H',F'I 

// start: AF sub ~y.s-.e:m 
CLOS E.~:-:~R:-lOR -;,J l:•.;S'_A:?_'~ :b0?icc • .hC.~ss: ) i 

/ i sl~ cl '--!.'lgg<·r su.1:::i l~t:l. 
CLOS l!iO.'ll:,R.,Ott :ol'Ja$:-.ar:-- : ti,:,at~.11c.loc.<J ~; 

hOlgJt.en G{'f"t>lg!-ter,,:h::,Jg, TDC_~"AR':"_.!li.:):: 
e:r: i!.t::e.Wln-:Jt.YW (hClgILCf.\, FALSE! ; 
hl.ll']l.t.-er, ·· G,etL'1g!t:en,;h:11s, f.JC_~'l'OF.R':'N; ; 
En;:;.hl.E''-'~.in,;Jc.•\o.• lhDlgILe.r:t., ':'P.;.1£! j; 

CE-; lun, ;TR-Cr:; 

'-°ii::,~ 1fJC .. STCC, 3':'N: 
{ 

CL:1Sl:.0Xli1Ut0'R ~o1:la~:-op(b~ard.hd;;~$)) : 
CL~SEUXERROF. .; ... Jl :•as ~r.1p ~boat.1. h<.:.locln I : 

tCLU!'t'.l ('JR\.ik;;; 

l 
=asc ID~!(: 
oa~-:,,, Tl)C.4.NCF;ti1 

( 
c:.osF.o~rl:'.R~O'R : :;I. ;),<tJ;.t:or:.. lbO;:; t'd h-:Jr;. ss \, ; 
CL0$1!.:Jtf1Wl{01{ :ol:Ja/\bvr:. (bvatC. hc.1ock);; 

s~i:-,p ( ·, : 
rnl.Dl.-=t I o g (h.DJ.g .. lfH:£: • 
-r-e-ru.tn r·1 ~l.i:,;: : 1 

d€'fa'.l!-: t 
b~'◊dJ:.; 

I\1n?{ain( ~TUS,...i-.XCF: rli.r.~7.~n•::R~ 
tLJ.MS':'AXt.f:i Pl?rc~.~1nstar.~.,. 
U?B'!'R lpCndLine, 
l .llt ,:cr:idSho•,.• ; 

/V! - .. 

/ / Ki ; 1 I-.C· !,)L't..H:~ss 

I I ~:ill c.loo:c prc;c.e.s~ 

// f..J. .U . i .C· µ.ct..H.:CSS 
J I l:.i ll clock prvc=s~ 

// cloge f ile and f;~e boff.ar.a 
/ / t~lOS◊ :.he- dl..a.t.og box 

Ttil5 H'I oo.r apps er~t.~y poir.t. it :::ail-s ~:.i-e ?peen layer.a funct.i:?n.f 
lo c~cculc Lhc ~cq'Jlrcd opccatt-·J.t.~ 
--•/ 
( 

Dl.31.. ,sqnplc t.~c:q ~ BA.'!:F~~:":l.~<i 
~J~L t:1L•f..'.~f,r.~q CLCCKfR.EC; 
r.-~L r.vl;ycrc le - l'HT'l'YC'!CLF. : 

9 



1; rN'f tiv-.a,:.3ajr,.sur,, wa&cut;//y 
1.:IHT :; 

'.:HIT ~tt-<l:i r,~l IJ ; 
1...'!it'!' J)'.!a:berAl)s 0; 
t:I NT c ·u:-~e!!tAfl --= 0 ; 
OB:.. g.111) -: 1 . .J; 
tJo';P nuuf fer -. :<ULL; 
ECOCE er.=O.'..KCEP.llCR: 

u:tn L,:up =t1 ; 
cha,r text 1256] , 

UOCL vatue.-
U.I.NI •:h.:inn-=:1 (il.Ju ,.=Ot 
OCL ga1n_dcot.-1.,:-; / _,,g• / 

II c:ear ~ave~ilw ~truer 
p: e r.-or-le-ito ry ~,.SOY~ f.i l ~ S:, rui:T,, ~ i z e-<Of ,: :JPCTITT l E.NJ.J,Je : : ; 

,· I cct cmd :.:.o(: bC4.rd 
Ilp<;'l>oL1:1e1vJ !=0) 

\ 

f 

:::r..E:::KBK~ :)J{ : o: JQ L'l: t in 1 i ze ; : pCrr,\iT,i r.~ 1 i:?o-=?!'d~ hd::-vt ; J i­
:;; ._ .rq.:. y (bo.a-.rt'.t, i'i<;)J:)e# lp<..:t11d1 i:-1c-.1 i 

/ '\' Get- f• . .::tH .:iva:. .!.e:?lR 0Pt?!l L'ty~ t;.!-< Jjo.l.c.Q 'T / 

C!CE'CN.ER.RCR \Ol U,.H,Ot.:lf:\BOa eds I G~: Otr i '.'Cr_,. :1..?ARAJ'-:; \ L~BOAR.:); &Oo-d..rd I ; , 
! 

I "' c hec'k tor ,-=;1;-r.or -..•! ·.h!n q.:,1:.back f•J:11.: L :.cn t. ,/ 

_f (bca!'d., horn: ._ .. NULJ; • -f 
M+i:ss<J.y..=!FH.>¥. (F.li'KD_.:.ESKTO.?, '' rh:, Ope:t 1.J~-ye!1 bo,:itO : 1 : ! " _,. "E.rcor,t• , 

J,·:o .LCCt~t~"<CLANA:J IC~: t,:a_Ol'\ ; r 
rf.? tur..:, l~lJINT ) W.:LL : ; 

·-, Oc t h.io.~le -:o f.:.ts: c:oc.k/cou::1ter s1l,b sys-terr. .., / 
-CHEC.KEP.ROr. :o: JaG~tnr.~S l bV<'ir<5.hdr.vr, cr..ss_c-r, t,, &bv.:i 1~t1.hc.lv,::k:: ; 

/ '- ge: h.aJ::.cil c t.c f:rec avdllab l e- AL'C :Jub 5~•..s:-em l / 
Cl:IECKF:R-.ROR (cl Di!~tD~vCaps I b-::iti Y'd. tnltiv!', CL~C _.AD.EI.E.Y..ElffS , ~a.u..r.i.bctrA.:>s; j ; 

1'fb : 1c(:J 
,<1ne • • _ 

I': i 

c,.:- o: )aGc-t llAS S Coo a t.1'~ , tiO:..:r . OLSS. _;w, cu.n e-:1tl\J, 'lbc?-~cl, hctas.3 ·, -. 
if (~i.1 ! =CL~CERRCRi 
I 
It bus y ~~~sys etc, ~, 
CtJt>r-~n tAD t-+; 
if ,: c ·..:.r re:1t.A.n:►n u.mb-FJrAus. 1 

I 



, ,,, 
i:3CL up :he:. .A:J!".: - r1·.ul :.i.plc: . .,, . .c-a;i •3t, • ... •l:! c~ir '.j&.:-. i:..u:f~r .c:Q~:ti~d 
1..-i:r..d::w ;:u:.,s-?:.1Jes. 

'.'.HE :i::s~R~R ! olDe!G(' t SE-Ga~sEX ;.beard, hda~ s, 01.s.:::cr. _.MAXT BR~.;c.e E'O'!', (> .5 .;~ple f re.~; \ i 
:':1{ 3ClG.;tR(J·!1 : !". 1 ·D1;tGet s:: C".il':.'t.5 (bc,;a-rd . hd !:S·~, 01•,il SC 'HO,'.f)J"'.ACH~N.~, f. ~m,:1) ; ;-
f;H;.Ct.:::'..iU~OR IC lOc1GcT33Ca_;i,3 (l:,OJ;;l: ct. h.das s. O.LS :3G :suF - FROGI\AMJ3AZtl. ,;.qaiJ~!i up) : ; 
I/<; 
CHF.:CKElli{◊}!. I olD13G~tS50•f;>3 (i::;-(~7,rd. h.dass., c-.1s:.;c_MA•:<_.:,1c1 TA:.:tO:.JST _ V.t\.:.1JE~ &:i:azo;.:: ) t 
d"lrm. = mir: ! l, rl:1•r;); / ·~ tc•t for d°r, (': dmt; ~hili,'1""'! ~ / 

1-f; c,;~mpl~.:-teq '{. ~~.C•fPI.i"R"F1F.0) 
( 

s.pt'1.r.tf::..:tc, 11T'r:•'1 ....-elG>'=te.d :~ :~n11.H'-' f.c'eqne,::y isn•:: $tip_por·t~d.\risat.t:ir,g tt\e -=-r~q-u~rc.y t=-: ~ •• ? 
f", sa:r.p!P.::'r~ct~ ; 

l(t?:is.:tq~3::x ; A?H.JC- ::.-R.~KT".)F r :;-t. C', "~crtr••, M'8. :COt1£XC:,;;ic-rp.T :0~-1 ! ; 

/ / !!'ct-.,.,.p ch c;.!in~ 1 s 
cn;,-:c.~F:~RQ~ ;nlDuSG-f.Ch.unrs.Q.llyp~lbn;;;r,J.h.Jus.s , ~T. r.H')T s:,1G:.F:F:.~JC-?,:l~ \; 

le cudcd 

/ / 3e.tu-;, datei c1c-q 
C H?.CK~ 'lR~R ; :-= 1 DuS-E=lt Vilt:•; E' Ir-,•,.• \I):::;;; :r-(:1 _ h-::tas ~ 1 G:, C-"F i~;')"\JJT'\Jl)QCT$ j i ; 
:: 8 ~C.!'ERR:JR f e l:Ja5c t Cl o~.kE'~c q\ .. cr,c.y I ceard. hd"a~s :--.:=; a:r.µ.lc-( c~4; ; ; 
,::i;r.c3f.PR(H< (ol)s.Bet.c::-:~:'k$.'•:iUr(:e(b~~1"d.h~..-is~, OT :J1.R_: "N'f"3tf1llU) ' : 

/ ,1 S<-t..up l'~t rigg<!t:ir.£( 
c..ar.C,KF:r:.t:.~R ,: ::: 1 :J;;R~:-.T ri -:q e:r~-:,1~ C ,.n.tl i.a :.JR: (h~il !"-r,I. h,J flS f., 1'~~:E :, j 1 

:'Kl:!C.!(I!: t:<,1-1;:'.)t-t ( :' l );.S~t Kc t.!'J. gqorM~dc \ b0-:3,-:-Q . h.d..=i S S, OJ.._F.ETRI cc:; :t_ EXT2.4) ~ ; 
et•J~a ·1 

CH?.0 ·1<.::i,Rt.m (:.1).:.:,:\f::..l'-J~~t. ' sC'~unc~ur..ttbo~r~,hdas.s~ l',; 
i 9,ge r 

C!-1.:'.C.f'-~? RO ft : :::: T .:ia? ~t'RE.' t; ti g•:;e, : bo4rcl . bdu 5.-. r m._1t K:: _ 1::x t'li:EH-f : J ; 

I / 
l €Ii} 

i i s-:tui: ~leek 
-:: 1-r?.~TT.!'"tRO.:: f:: l)a,:H"ltCfl!.vde :bv,:11:G, he lvc.k, OL_ crr,1oc-z _ MT3 i ; i 

i'lt~ 

C:,B?.r.K?.!ll<Q, }::: 1 )a,>~t C1 ;::,:);Sou~c.~ (b-.=-ard .bcl.::•c.k, o_._ CLK _!)ITER.t·~AL: ) : 
lJ: te!'!te!l 

Ci-t=CJ(;ZRR0R {cl::iuP~;-.Clo,::kTc-equ~r ... c,y {b<1ar-d.1'JCl0c. '..;., c·l.oc.kfr:P.q;, J; 
CH?,Cl.."?.rik0~ \ o l J ~,$~: r\u 13~1'}-' fC \boc'l tC:, he li:.,c.:<. OL_Pl.5_ 8ICl-:~l.Oil) ; ; 
Cti:'.C¥.3RR:IR ,; ::),l:J.~R~t. P11 l:itl?,1 i dth ioc;;;=~ + h;J{ -~r.k , ;::fut ~t.:fC'!1 -e l } ; 

i i 1.;Qt11;, buffer-3 
Cii32'!<;£:~l-l OK ( ❖l r;-,~etr'J ~ ~µMode- n:ioa ri! . hct;:, s.s r OL_iiR? _M'Ul.'f' I? LF: J • ; 
CH~f:!{ERR:JR (olC·aS-etC'!l·i!U8a-ue,;~oJ·c~.hr,l~s.ci,010:;) :, t 

//g ~.'.:'l:"f~t,lE=l d}-(_:l.5Jrlic ,1igit~l :::ucpul 
CHE:O:!::ERR◊.R ( L•l Da 8-E? l S ~· uc-hr:nJ:::11::. C·itf .it-. u I :!'IU.!-i i'.l-~~ i t;c ;;:;J . h<lll~-3; J au1r: 1 i 

f;:,r \J.--<n i<l€, l+-i 
I 

i i ? .. ,;; t,I~ t.rlg~e~~·d 5C'!~ :.1 
// &e: r~Lr~~9~~ ~c b~ ~Rt 

; / only do ore sc~c pe: t~ 

/ J :• 'o't the? r.: :::r:t r:1i:d1:': --;r, t 

// .-il¾t -r.hl:! clqr..k !;!':ll=(:~ ~=· 

/J :iQt µ~: I ~e- low to 1":: q/·, 
II set .;:t:gy eye!~ re J:;o EO 

If set '! lt~ gqt~ ~.:;r,>e 



Ilg 
.1.f ;! := 15; 
I 

c.e::cR~FcRO'R i OT Cf.Se'tO::.q i t,"ll!OLi stSnt :--y :;boa rd. t!d.'.LS'..1 l ~ O; j 

I 
e I !ie 
I 

! 
//g 

Ci-1.£:CX-Ef(ll.OR : 0 I Clf.ht'!-L SSCf.;.i~ ~ hOf.t'd. hd~a~ , cr.ssc CGL[,BP':'.H, ii t 6T!IX•J ) I 
spr .1.rit f •:tetxt, ":,';~,Pf.!Ottc-d C:'!".IUOO\i:l drzpth ~s tdTi, Lemp!; 

/ / Me-~a<1CJeP.ox ( :lWI\ 0 CSSKTOP ,1 ~e~t, 1·1ULL, NB OK:, I 
C.HECKEJl.!;.OR. (olo=1.SeLC'h.:tnn@-1L ~st5-i -ze ;h.::::i~:::-•J-:-h.:tai:;-a·, 1 ftJ J; 

II COCJflg A/U s~bsylem 
CttECKBT<!lOY. 1olT>,1Cc.nfi91:0oard.hdass)) 

I I co:'l.iigura .r,;. cc. s: .. bsys.tc-n-. 
Cl!SCi{F;~.RQR (olO.:iConf1g(bof.rcj , hctock) ,; 

//:gr ., "' J' ,, ,;, .,, ·• v ••· ,. , ~., • \'.., ,, v -., ,. •· ,.. ., '\ •• v- .,. .• ,., ., ,.., lo' v,;, "v ,, " 1 ,.. ., ;., • \ •~,.. ,.- v '" ••., • ,,.. w.,. • ,. •+ i- i- ~ ♦ * • ., + +,,. 'T •;, '°-t ,t, i 

;~ Q@.I:. hti!t:lle LO DOU:' s ·.;h s~•st~-r,l ?</ 

C¥.~Cb'.SRROR (olOJlS~t cat.at' J.o• ... 1 {boa .td . hdollt ss' o:._ Ut'_SHTG!.SV:\LUE) ,I , 

CKSCKS.$ROR IQ.!.0.:1Conf1;1lbpf.rd.r:.douc~s-: t ; 

//~Mable e-xterna:. ayunte--:-' :. .:::e:fe-t 
value=t; 
CHECH.ERROi-', \o.!. Dt Pu ?f...1 nq! e •.J,3 l ue tbD.; c-d. hd,,·.;.t-s:$, v.-t, :_e, t:.'"M noe 1 _ <:h:,ut, rr~-: :1_ dot, ~: } ; 

-use ,J ;:tJ,.a;.!..~:; box to c-01:~ct_ iof:c·.:::r,Hion ll:-td f!Yl"ur 
:r:es~,a.q-flS f~om 1::!11~ s 'J.bs-y!:,t:a.rn 

Cl~SCli.2Rl\O~ (olOu.S:.PlG:sa.o;...ss :bou!"d.hc:.cchl l ;- / / cele~SQ C!°Je- c.loc"k ss 
CHSCKSR}tOR ic10(1!=1:e.1p\'-se>DAS'3 ; hofl.::•J.t-d('l.t,.;·J);. 
CELS.CT<3RROR (ulU;.i.9o-lG:.s..oUASS :bo~r:d.htlOU1:5ai I'[// rr:16~.se thE: A/0 .SS 
C:l~C!<v.RROR ~r-1 Ct1IerlnizW:..F: 1bUaJ.:i.h:t.=v1'l); 

11 
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krr.m 
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01:48:59 

% extract 
se taught 
n, 2003. 

from Prof. Greene's "Neural, Fuzzy and Evolving Systems" - a 
in the Department of Electrical Engineering, University of 

function [yte]=krr(Xtr,ttr,sigma,gamma,Xte) 

D2=dist2(Xtr,Xtr); 
(-D2/(2*sigmaA2)); 

K=K+gamma * ( size (K) ) ; 
alpha=K\ttr; 
D2=dist2(Xte,Xtr); 

(-D2/(2*sigmaA2)); 
yte=K*alpha 



. 
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krrtraintest.m 

Page 1 
01:48:46 

% extracted from Prof. Greene's , Fuzzy Evolving Systems" - a 
se taught in the Department of Electrical Engineering, University of 
n, 2003. 

function err=krrtraintest(Xtr,ttr,Xte,tte,sigma, 

D2=dist2(Xtr,Xtr); 
K=exp(-D2/(2*sigmaA2)); 
K=K+gamma*eye(size(K) ); 
alpha=K\ttr; 
D2=dist2(Xte,Xtr); 
K=exp(-D2/(2*sigmaA2)); 
yte=K*alpha; 
err=mean ( (tte-yte). A2); 
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normal svd.m 

function [U, S, V, Dnorm, meanD, stdD] = normal svd{D, cutoff) 

% Written by G Goldswain June 2004 
% 
% [U, S, V, Dnorm, meanD, stdD] = normal svd(D, cutoff) 
% 

Page 1 
01:48:29 

% Normalise the input data matrix and perform a singular value decomposition I 

% on it. The returned S matrix will have all singular values which contriby,;i 
e 
% less than 'cutoff'% the data's total variance zeroed. U and V are the US\,?'8 

1 
% remaining svd matrices. 
% Dnorm is the normalised Data matrix where meanD and stdD are the columnwi~ 
mean 

% and standard deviation of D. 
% NB to note is that this function expects the input matrix to be the trainktl 
g 
% data (X) concatenated with the target values {t). 

%r=# of rows (instances) of the input data matrix (D) 
r=size(D,1); 
%c=# of columns (features+ 1) of the input data matrix (D) 
c=size{D,2); 

%mean/stdX is a row vector with each column containing the mean/std dev 
%of the input matrix's columns (features) 
meanD = mean(D,1); 
stdD = std(D); 

e=ones(r,1); 
%subtract the mean and divide by the std dev of each column 
Dnorm = (D - e*meanD); 
Dnorm = Dnorm ./ (e*(stdD + (stdD==0) )); 

%perform a compact svd all rows and all but the last column (which is reser~ 
d 
%for target values) 
[US V]=svd(Dnorm(:, 1:c-1),0); 
total=trace(S); 
diagS=diag(S); 

for i = 1:length(diagS) 
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end 

cont 
if cont 

S(i,i) 
end 

(i)/total)*lOO; 
< cutoff 

Page 2 
01:48:29 





C:\Documents and Settings\Gareth\Desktop\Matlab\krr\scansgl0fold.m 
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scansgl0fold.m 

%Written by Gareth Goldswain, June 2005. 
%U to perform a grid search for optimum tuning rameters of KRR. 

function [E, sig, gam, stsig, stgam] =scansgl0fold(X,t) 

Page 1 
01:48:17 

s [l0A-1.5 l0A-1 l0A-0.5 l0A0 l0A0.5 l0Al 20 l0Al.5 10A2 10A2.5 10A3]; 
gam=[l0A-6 l0A-5 l0A-4 l0A-3 l0A-2 l0A-1 l0A0 l0Al 10A2 10A3]; 

E= [] ; 
for s=l:length(sig) 

for 1:length(gam) 
ss=sig(s); 

( g) ; 

e=tenfoldkrr (X, t, ss, ) ; 
E(s,g)=e 

[r,c]=find( E==min( min(E) ) ) ; 
sts ig(r); 
stgam=gam(c); 
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% extracted from Prof. Greene's "Neural, Fuzzy and Evolving Systems" - a CO\r[.' 

se taught in the Department of Electrical Engineering, University of Cape 
n, 2003. 

function E=tenfoldkrr(X,t,s,g) 

D= [X, t] ; 
[r,c]=size(X); 
n=round(0.9*r); 
Err=[]; 

for j=l:10 

end 

(1:n, l:c); 
tl=D(l:n,c+l); 
Ql=D(n+l:r,l:c); 
yl=D(n+l:r,c+l); 

err=krrtraintest(Xl,tl,Ql,yl,s,g); 
Err=[Err,err]; 

D= [ [ Q 1 ; X 1 ] , [ t 1 ; y 1 ] ] ; 

E=mean(Err); 
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DIST2.m 

function n2 = dist2(x, c) 
%DIST2 Calculates squared distance between two sets 
% 

% Description 

points. 

% D = DIST2(X, C) takes two matrices of vectors calculates the 
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% squa Euclidean distance between them. Both matrices must be of 
% the same column dimension. If X has M rows and N columns, and Chas 
% L rows and N columns, then the result has M rows and L columns. The 
% I, Jth entry is the squared distance from the Ith row of X to the 
% Jth row of C. 
% 

% See also 
% GMMACTIV, KMEANS, RBFFWD 
% 

% Copyright (c) Ian T Nabney (199 2001) 

[ndata, dimx] = size(x); 
[ncentres, dime] = size(c); 
if dimx ~= dime 

error('Data dimension 
end 

snot match dimension of centres') 

n2 = (ones(ncentres, 1) * sum((x.A2) ', 1))' + ... 
ones (ndata, 1) * sum( (c. "2) ', 1) - ... 
2.*(x*(c')); 

% Rounding errors occasionally cause negative entries in n2 
if any(any(n2<0)) 

n2(n2<0) = 0; 
end 





C.3 Finite Element Method (and meshing algorithm} 
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function [sigma, ne] = elmtprop 
% written by S. Herholdt 2004. 
% modified for use by G. Goldswain 2005. 
% 
% THIS FUNCTION IS WHERE DATA SPECIFIC TO EACH PROBLEM IS ENTERED. 
% THE OTHER FUNCTIONS ARE NOT MEANT TO BE CHANGED, UNLESS THE TYPE OF PRO!i?i, 
EM COMPLETELY CHANGES -
% - IF THAT HAPPENS,NEW CASES NEED TO BE ADDED TO THE VARIOUS FUNCTIONS 
% 
% This function returns the element properties. N (number nodes per elem@fl 
t), gauss_order, no_elm 
% (number elements), no nodes (number nodes), p, t, rxtx (boundary no~ 
information; see 

% outering.m) are all globals. 
% 
% [sigma, ne] = elmtprop 
% 
% returns in ne the number 
umnodes.m 

element edges per electrode. This is used byi(S 

% returns in sigma a vector containing each elements conductivity. This co~ 
uctivity vector is created 
% in elmtprop as a homogeonous medium. 

% Data for fferent resolution meshes has been precomputed and saved. Thi 
function the data 
% each time it is called instead of recalculating it each time. To diyf 
erent mesh data, uncomment 
% the desired lines of code below. 

global N gauss_order no elm no nodes pt rxtx 

% MATLAB uses the following convention for defining meshes: 
% 
% "The matrices P, E, and Tare the mesh data. 
% In the int matrix P, the first and second rows contain 
% x- and coordinates the points in the mesh. 
% 
% In the edge matrix E, the first and second rows contain indices 
% of the starting and ending point, the third and fourth rows contain 
% the starting and ending parameter values, the fifth row contains 
% the boundary segment number, and the sixth and seventh row 
% contain the left- and right-hand side subdomain numbers. 
% 
% In the triangle matrix T, the first three rows contain indices to 
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% the corner points, given in counter clockwise order, and the last 
% row contains the subdomain number." 
% 

% --> For this computer program, the author has added the following 
% definitions to the matrices described above: 
% 
% In the point matrix P, the third and fourth row decribe the boundary 
% conditions. The third row contains the type of boundary condition, 
% 11 0 11 for no boundary condition, "1 11 for essential boundary conditions 
% (e.g. applied voltage) and 11 2" for natural flux boundary conditions 
% (e.g. current). The fourth row contains the value of the boundary 
% condition. 
% {Siggy forgot to mention here that there actually exists another row in 
% his p_matrix - it contains the projection number} 
% 
% In the triangle matrix T (or element matrix), the first N rows contai~ 
the 
% indices to the corner points (nodes), the second-last row contains th~ 
subdomain 
% number while the last row contains the value for alpha (or sigma, in~ 
e case of 
% conductivity. 

% CURRENT EXPERIMENT IS BASED ON DATA BELOW (DATE:04 April 2005 - G.Goldsw¢ 
n) 

N=3; 
% load mesh data for a mesh with "mesh_()" elements "ne()" elements per eleQ't 
rode/electrode gap 
% and "nr()" rings of elements 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh 70 nel nr3 
% ne=l; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_l08_nel_nr4 
% ne=l; 
%load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_158_nel_nr5 
%ne=l; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_252_ne2_nr6 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_328_ne2_nr7 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_416_ne2_nr8 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_516_ne2_nr9 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_662_ne3_nr10 
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% ne=3; 
% load c:\MSc\Matlab\MyFEM h_data\mesh_328_ne2_nr7 
load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\me 1416 ne3 nr15 
ne=3; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_2516_ne4_nr20 
% ne=4; 

%pad the t matrix's 4th row (subdomain number according to Matlab) with O's 
dummy = zeros(l,length(t)); 
t=[t;dumrny]; 
%add another row tot. This row contains the conductivity value for each e 
ment 
cond=ones(l,length(t)); 
cond=cond*0.001; 
t=[t;cond]; 

% 
% 
% 
% 

LEAVE THE CODE BELOW UNCOMMENTED 

%DETERMINE NUMBER OF NODES, NUMBER OF UNKNOWNS ETC. 
no_elm = size(t,2); 
no_nodes = size(p,2); 
if size(t,1) == N+2 

sigma= t(N+2, :); 
end 
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function [a_soln,F_soln, rxtx, ne] = fem(varargin) 

% Written by Siggy Herholdt, 2004 
% Modified for use by Gareth Goldswain, 2005 
% 
% [a_soln,F_soln, rxtx, ne] = fem(varargin) 
% 
% This function is the heart of Sigg's FEM. 
% 
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% It returns in a soln the calculated node voltages, and in F soln the calc\rl 
ated node currents. 
% In the case of our research group, it is the current vector (F_soln) whic~ 
is of interest as it is currents 
% that we read from the rig. Note that both a soln and F soln will be pby8~ 
atrices, where pis the number 
% of nodes in the mesh. 
% 
% The reason it has 8 columns is because of what Siggy called projections. ~I 
n his case the 1st projection 
% would be the case where transmitter electrode 1 was active. The next proj@'C 
tion would be when transmitter 
% electrode 2 was active. Each projection appears in the corresponding col~ 
n number. 
% In FDM it is the same: i.e. we treat each transmitter as if it was the onh' 
active one - which is sort of 

% the case as instead of being separated in time, it is separated in freque{i?C 
y. 

global N gauss_order no_elm no nodes pt rxtx 

[sig, ne] = elmtprop; 

%EVALUATE THE INPUT ARGUMENTS 
if nargin==0 % if no input arguments (standard case) then continue witho\lt, 

changing anything, i.e. break the if statement 
. , 

elseif nargin==l % if 1 input argument, it contains the values for sigma, h@'fl 
ce update sig. 

sig = varargin{:}; % This case is used for calculation of jacobian for t!i1 
e newton-raphson method. 
else 

error('incorrect input arguments'); % if any other number of input arg~ 
ents, throw an error. 
end 
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if size(sig,2)~=no_elm 
no elm 
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error('Either sigma is undefined or the number of entries in sigma do nQ"t 
correspond to the number of elements') 

end 

if size(p,1) < 4 
size(p,1) 
error('No p defined or you probably forgot to define the boundary condi0-

ons in the p matrix') 
end 

K = spalloc(no_elm*N,no_elm*N,no_elm*N); 
%Fis initialised below. 
%a is initialised below. 

% EVALUATE & ASSEMBLE GLOBAL ISOPARAMETRIC STIFFNESS MATRIX & FORCE MATRIX 

% CALCULATE STIFFNESS MATRIX K 

if N==4 
%DETERMINE K USING GAUSS INTEGRATION 

[w_nk w_nl eta_nl neta_nk] = gauss(gauss_order); 

for elm= 1:no elm 

K local= zeros(N,N); 

for i = 1:N 
for j = 1:N 

% GAUSS INTEGRATION 
fork= 1:gauss_order 

for 1 = 1:gauss_order 

[de_phi dn_phi] = d_phi(eta_nl(l),neta_nk(k)); 

jacobian_e_n = jacob(elm,p,t,eta_nl(l),neta_nk(k)); 
inv_jacobian = inv(jacobian_e_n); 
[dphi_i] = inv_jacobian * [de_phi(i) ;dn_phi(i)]; %<iW 

hi/dx is in row 1 and dphi/dy is in row 2 
[dphi_j] = inv_jacobian * [de_phi(j);dn_phi(j)]; 
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lm) * ( 

end 

elseif 

Gauss-Legendre Rules (Numerical Integration) 
K_local(i,j) = K_local(i,j) + w_nk(k)*w_nl(l) * sig 

i_i(l)*dphi (1) + dphi_i(2)*dphi (2)) (jacobian_e_n); 

end 
end 

end 

% ASSEMBLE GLOBAL STIFFNESS MATRIX 
place= ((elm-l)*N)+l:elm*N; 
K(place,place) = K local; 

%DETERMINE K FOR TRIANGLE ELEMENTS 

for elm=l:no elm 
K_local = zeros(N,N); 
% DETERMINE COORDINATES LOCAL NODES 

localnode = 1:N 
x ( ) ( 1, t ( localnode, elm) ) ; 
y ( localnode) ( 2, t ( local node, elm) ) ; 

end 

% CALCULATE THE ELEMENT MATRIX K local 

area= abs((x(2)*y(3)-x(3)*y(2)+x(3)*y(l)-x(l)*y(3)+x(l)*y(2)-x(2)* 
1))/2); 

bl = y(2) ( 3) ; 
b2 = y(3)-y(l); 
b3 = y ( 1) -y ( 2) ; 

cl = X ( 3) -x ( 2) ; 
c2 = X ( 1) -X ( 3) i 

c3 X ( 2) -x ( 1) ; 

K_local(:,:) = (sig(elm) / (4*area)) * [blA2+clA2 
b3*bl+c3*cl 

, b2*bl+c2*cl ~ 
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end 

end 

b2*bl+c2*cl, b2A2+c2A2 , b3*b2+c3*c2 
b3*bl+c3*cl, b3*b2+c3*c2, b3A2+c3A2]; 

%ASSEMBLE GLOBAL MASTER MATRIX 
place= ((elm-l)*N)+l:elm*N; 
K(place,place) = K local; 
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%DEFINE MAPPING MATRIX C - IT MAPPES THE LOCAL NODES TO THE GLOBAL NODES 
C = spalloc(no_elm*N,no_nodes,no_elm*N); 
i=0; 
for elnum=l:no elm 

end 

for node=l:N 
i = i+l; 
C(i,t(node,elnum))=l; 

end 

%ASSEMBLE MODIFIED STIFFNESS MATRIX 
Kmod = C. '*K*C; 

%APPLY BOUNDARY CONDITIONS 

%CREATE THE INDEX MATRICES TO BE USED FOR RE-ARRANGING 
[row_idx col_idx] = find(p==l); %find the indices of nodes where voltages e'l'.' 
e applied, i.e. set to "1" (see explanation of p matrix in the file "elmtpr2P 
. m") 

pre_idx_all = col_idx(find(row_idx==3)); %filter out the l's that are in th~ 
3rd row of the p matrix. 
pre_idx_grnd = pre_idx_all(find(p(4,pre_idx_all)==0)); %now filter out all~ 
e indices of the pre_idx_all above whose nodes are zero, i.e. are grounded. 
pre_idx_act = pre_idx_all(find(p(4,pre_idx_all))); %here filter out all in¢ 
ces of pre_idx_all whose nodes are non_zero, i.e. have active voltages appl~ 
d. 

proj_idx = pre_idx_all(find(p(5,pre_idx_all))); %find the columns that cont¢ 
n a projection number in the fifth row 
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no_proj = max(p(5,proj_idx)); %number of projections 

% %FIND THE FIRST NODE THAT CAN BE USED AS A REFERENCE NODE 
% remove= [pre_idx_act;pre_idx_grnd]; 
% rmidx = [1:no_nodes] '; % create a basic index matrix 
% rmidx(remove) = 0; % set all indices that are in 'remove' to zero. 
% rmidx = rmidx(find(rmidx)); 
% rmnode = rmidx(l); 
% 
% %SET REFERENCE NODE DIAGONAL TO 1 AND COLUMN/ROW TO 0 
% Kmod(:,rmnode)=zeros(size(Kmod,1),1); 
% Kmod(rmnode,:)=zeros(l,size(Kmod,2)); 
% Kmod(rmnode,rmnode)=l; 

%SOLVE THE FEM PROBLEM FOR EACH PROJECTION (EG. FOR EACH APPLIED VOLTAGE) 
for proj_num = 1: no_proj 

currentidx_of_preidxact = find(p(5,pre_idx_act)==proj_num) ; %find the~ 
des with active voltages for each projection 

pre_idx = [pre_idx_act(currentidx_of_preidxact); pre_idx_grnd]; %concat@'fl 
ate the index of the node where the active voltage is applied and the groun(Je 
d nodes 

num_pre = size(pre_idx,1); %this variable contains the number of prede~ 
rmined nodes, i.e. the number of nodes with boundary conditions. 

trix 

idx = [l:no_nodes] '; 
idx(pre_idx) = 0; 
idx = idx(find(idx)); 

% create a basic index matrix 
% set all indices that are in pre_idx to zero. 
% remove all zero entries from the basic index~ 

%INITIALISE FORCE VECTOR (CURRENT VECTOR) 
F = spalloc(no_nodes,1,num_pre); 

%INITIALISE ''a" VECTOR (VOLTAGE VECTOR 
a= spalloc(no_nodes,1,num_pre); %initialise a, the voltage vector 
a(pre_idx_act(currentidx_of_preidxact)) = p(4,pre_idx_act(currentidx_of.i::,P 

reidxact)); %write the boundary conditions into the a vector (from p matrixi(t 
hat describes the geometry and mesh) 

%RE ARRANGE THE MATRICES APPROPRIATELY 
Kff = Kmod(idx,idx); 
Kfp = Kmod(idx,pre_idx); 
Kpf = Kmod(pre_idx,idx); 
Kpp = Kmod(pre_idx,pre_idx); 
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end 

Ff = F ( idx) ; 
Fp = F (pre_idx); 

af = a (idx); 
ap = a(pre_idx); 

%SOLVE THE MATRIX EQUATIONS 
af = f\(Ff-Kfp*ap); 
Fp = Kpf*af + Kpp*ap; 

%REBUILD THE SOLUTION MATRICES 
a_soln([ ;pre_idx],proj_nurn) = [af; ); 
F soln([idx;pre_ ],proj_nurn) = [Ff;Fp]; 
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%written by Gareth Goldswain, July 2005 

function [train, sigdist] = maketraindata(bubsize, ne, nr) 
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%bubsize is the radius of the required bubble in terms of a percentage of tQe 
radius of the pipe 

[p, t, rxtx] = meshl6(ne, nr); 
t_cent = centroids(t, p); 
%create a course mesh - the centroids of this mesh's elements will be the ve-r 
ious 
%bubble position centres used 
[pc, tc, rxtxc] = meshl6(1, 5); 
t_centc = centroids(tc, pc); 
num_bub_pos=length(t_centc); 
train=[]; 
sigdist=[]; 

homog = ones(l,length(t)); 
homog_sig = O.OOl*homog; 
[uh, ih] = fem(homog_sig); 
Yh=sumnodes(ih,rxtx,ne); 
homog_readings= [Yh (:, 1) ; Yh (:, 2) ; Yh (:, 3) ; Yh (:, 4) ; Yh (:, 5) ; Yh (:, 6) ; Yh (: , 7) ; Yh ( c, 
8) ] ; 

for bub_pos=l:num_bub_pos 
sig=homog; 
centre=[t_centc(bub_pos,l), t_centc(bub_pos,2)]; 
bubrad=( (bubsize+randn)/100)*(0.057/2); 
for i=l:length(t) 

x=t_cent(i,l); 
y=t_cent(i,2); 
if ((x-centre(l))A2 + (y-centre(2))A2 <= bubradA2) & (sqrt(xA2 + yA~) 

< 0.025) 

end 

sig(i)=O; %air 
end 

sigdist=[sigdist;sig]; 

volfrac=length(find(sig==O))/length(sig); 
sig(find(sig==O))=lOe-6; 
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sig(find(sig==l))=0.001; 
[v,c]=fem(sig); 

(c,rxtx,ne); 
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readings= [ Y ( : , 1) ; Y ( : , 2) ; Y ( : , 3) ; Y ( : , 4 ) ; Y ( : , 5) ; Y ( : , 6) ; Y ( : , 7 ) ; Y ( : , 8 ) ] ; 

end 

ff=homog_readings-readings; 
train=[train; [readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,sig) 
subplot(l,2,2) 
plot(readings) 
hold on 
plot( ff*20-10A-3, 'g') 

off 
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%written by Gareth Goldswain, July 2005 

Page 1 
08:44:57 

%function [D, train_2bub, train_3bub, train_4bub, train_5bub, train_6bub, ti'9 
in_7bub, train_Bbub, train_9bub, train_l0bub] = buildtraindata(low_bubsize,~ 
igh_bubsize, ne, nr) 

low bubsize=0.01; 
high_bubsize=0.035; 
ne=3; 
nr=l5; 
D= [] ; 
sigdist=[]; 
train_2bub=[]; 
train_3bub=[]; 
train_4bub=[]; 
train_5bub=[); 
train_6bub=[]; 
train_7bub=[]; 
train_8bub=[]; 
train_9bub=[]; 
train_l0bub=[]; 
%create the fine mesh for solving forward problem 
[p, t, rxtx] = meshl6(ne, nr); 
t_cent = centroids(t, p); 

%change the following vector according to the bubble sizes you want to traiiir 
for 
rads=linspace(low_bubsize, high_bubsize,5); %bubble sizes in terms of vol~ 
ac 
rads=rads.*(0.057A2); 
rads=sqrt(rads); % do this so training data has linearly spaced vol fracs 
rads=rads./0.057; 
rads=rads.*100; 
[train, sig] = maketraindata(rads(l), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
[train, sig] = maketraindata(rads(2), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
[train, sig] = maketraindata(rads(3), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
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[train, sig] = maketraindata(rads(4), 3, 15); 
D= [ D; train] ; 
sigdist=[sigdist;sig]; 
[train, sig] = maketraindata(rads(5), 3, 15); 
D= [D; train]; 
sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(6), 3, 15); 
% D=[D;train]; 
% sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(7), 3, 15); 
% D=[D;train]; 
% sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(B), 3, 15); 
% D= [ D; train] ; 
% sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(9), 3, 15); 
% D=[D;train]; 
% sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(lO), 3, 15); 
% D= [ D; train]; 
% sigdist=[sigdist;sig]; 

homog = ones(l,length(t)); 
homog_sig = O.OOl*homog; 
[uh, ih] = fem(homog_sig); 
Yh=sumnodes(ih,rxtx,ne); 
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homog_ readings= [ Yh ( : , 1) ; Yh ( : , 2) ; Yh ( : , 3) ; Yh ( : , 4) ; Yh ( : , 5) ; Yh ( : , 6) ; Yh ( : , 7) ; Yh ( i(, 

8) ] ; 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,1)); 

%make random combinations of 2 bubbles 
for i = 1:length(D) 

sigl=sigdist(randpickl(i), :); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
sig2=not(sig2); 
new_sig=or(sigl, sig2); 
new_sig=not(new_sig); 
volfrac=length(find(new_sig==O))/length(new_sig); 
new_sig(find(new_sig==O))=lOe-6; 
new_sig(find(new_sig==l))=0.001; 
[new_u, new_i]=fem(new_sig); 
new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,1) ;new_Y(:,2);new_Y(:,3) ;new_Y(:,4);new_Y(:,5);ney_ 
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Y ( : , 6) ; new_ Y ( : , 7) ; new_ Y ( : , 8) ] ; 
new_diff=homog_readings-new_readings; 
train_2bub=[train_2bub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

end 

randpickl=randperm(size(D,l)); 
randpick2=randperm(size(D,l)); 
randpick3=randperm(size(D,l)); 

%make random combinations of 3 bubbles 
for i = l:length(D) 

sigl=sigdist(randpickl(i),:); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
sig2=not(sig2); 
sig3=sigdist(randpick3(i), :); 
sig3=not(sig3); 
new_sig=or(sigl, sig2); 
new_sig=or(new_sig, sig3); 
new_sig=not(new_sig); 
volfrac=length(find(new_sig==O))/length(new_sig); 
new_sig(find(new_sig==O))=lOe-6; 
new_sig(find(new_sig==l))=0.001; 
[new_u, new_i]=fem(new_sig); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3) ;new_Y(:,4);new_Y(:,5);ne~_ 

Y ( : , 6) ; new_ Y ( : , 7) ; new_ Y ( : , 8 ) ] ; 
new_diff=homog_readings-new_readings; 
train_3bub=[train_3bub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 
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end 
randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,1)); 
randpick3=randperm(size(D,1)); 
randpick4=randperm(size(D,1)); 

ke random combinations of 4 bubbles 
for i = 1:length(D) 

sigl=sigdist(randpickl(i), :); 
sigl=not(sigl); 
s igdist(randpick2(i), :); 
si ( ) ; 
sig3=sigdist(randpick3(i), :); 
sig3=not(sig3); 
s =sigdist(randpick4(i), :); 
si =not(sig4); 
new_sig=or(sigl, s ); 
new_sig=or(new_s , sig3); 
new_sig=or(new sig, s ); 
new_sig=not(new_sig); 
volfrac=length(find(new_s ))/length(new s ); 
new_sig(find(new_si ))=l0e-6; 
new_sig(find(new_sig==l)) .001; 
[new_u, new_i]=fem(new_sig); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3) ;new_Y(:,4) ;new_Y(:,5);ne't'_ 

Y ( : , 6) ; new_ Y ( : , 7) ; new_ Y ( : , 8) ] ; 
new_diff=homog_readings-new_readings; 

end 

train [train_4bub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_s 
subplot(l,2,2) 
plot(new_readings) 

ld on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,1)); 
randpick3=randperm(size(D,1)); 
randpick4=randperm(size(D,1)); 
randpick5=randperm(size(D,1)); 

ke random combinations of 5 bubbles 
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for i = 1:length(D) 
sigl=s st(randp kl(i),:); 
sigl=not(sigl); 
sig2=s st ( randpick2 ( i) , : ) ; 
sig2=not(sig2); 
sig3=sigdist(randpick3(i),:); 
sig3=not(sig3); 
sig4=sigdist(randpick4(i), :); 
sig4=not(sig4); 
sig5=sigdist(randpick5(i), :); 
sig5=not(sig5); 
new (sigl, sig2); 
new s (new_s , sig3); 
new_sig=or(new_sig, sig4); 
new_sig=or(new_s , sig5); 
new_sig=not(new_s ); 
volfrac=length(find( sig==0))/length(new_sig); 
new_sig(find(new_s ))=l0e-6; 
new_sig ( find (new_s ) ) . 001; 
[new_u, new_i]=fem(new_sig); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4);new_Y(:,5) ;neir_ 

Y ( : , 6) ; new_ Y ( : , 7) ; new_ Y ( : , 8) ] ; 
new_diff=homog_readings-new_readings; 
train_Sbub=[train_Sbub; [new_readings',volfrac]]; 
subplot(l,2,1) 

end 

pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_ ff*20, 'g') 

off 
drawnow 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,1)); 
randpick3=randperm(size(D,l)); 
randpick4=randperm(size(D,l)); 
randpickS=randperm(size(D,1)); 
randpick6=randperm(size(D,1)); 
%make random combinations of 6 bubbles 
for i = 1:length(D) 

sigl=sigdist(randpickl(i), :); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 



O:\buildtraindata.m Page 6 
20 July 2005 08:44:57 

sig2=not(s ); 
sig3=sigdist(randpick3(i), :); 
sig3=not(sig3); 
sig4=sigdist(randpick4(i), :); 
sig4=not(sig4); 
sig5=sigdist(randpick5(i), :); 
sigS=not(sigS); 
sig6=sigdist(randpick6(i), :); 
sig6=not(sig6); 
new_sig=or(sigl, sig2); 
new_sig=or(new_sig, sig3); 
new_sig=or(new_sig, 4); 
new_sig=or(new_s , sigS); 
news (new_s , s 6); 
new_sig=not(new_sig); 
volfrac=length(find(new ))/length(new_sig); 
new_sig(find(new_s ))=1 
new_sig(find(new_sig==l)) 
[new_u, new_i] (new_s ); 
new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new (:,1) ;new_Y(:,2);new_Y(:,3);new Y(:,4);new Y(:,5); 

Y(:,6);new_Y(:,7);new_Y(:,8)]; 

end 

new_diff=homog_readings-new_readings; 
train [train_6bub; [new_readings',volfrac]]; 
subplot(l,2,1) 

(p,t,new_s 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20,'g') 
hold off 
drawnow 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,l)); 
randpick3=randperm(size(D,l)); 
randpick4=randperm(size(D,1)); 
randpickS=randperm(size( 1)); 
randpick6=randperm(size(D,1)); 
randpick7=randperm(size(D,l)); 
%ma random combinations of 7 bubbles 
for i = l:length(D) 

sigl=sigdist(randpickl(i), :); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
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% extracted from Prof. Greene's "Neural, Fuzzy and Evolving Systems" - a co~ 
se taught in the Department of Electrical Engineering, University of Cape T2'W 
n, 2003. 

function [yte]=krr(Xtr,ttr,sigma,gamma,Xte) 

D2=dist2(Xtr,Xtr); 
K=exp(-D2/(2*sigmaA2)); 
K=K+gamma*eye(size(K)); 
alpha=K\ttr; 
D2=dist2(Xte,Xtr); 
K=exp(-D2/(2*sigmaA2)); 
yte=K*alpha 
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% extracted from Prof. Greene's "Neural, Fuzzy and Evolving Systems" - a 
se taught in the Department of Electrical Engineering, University of 
n, 2003. 

function err=krrtraintest(Xtr,ttr,Xte,tte,sigma,gamma) 

D2=dist2(Xtr,Xtr); 
(-D2/(2*sigmaA2)); 

* (size (K)); 
alpha=K\ttr; 
D2=dist2(Xte,Xtr); 

(-D2/(2*sigmaA2)); 
alpha; 

err=mean((tte-yte) .A2); 
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normal svd.m 

function [U, S, V, Dnorm, meanD, stdD] = normal_svd(D, cutoff) 

% Written by G Goldswain June 2004 
% 
% [U, S, V, Dnorm, meanD, stdD] = normal_svd(D, cutoff) 
% 

Pagel 
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% Normalise the input data matrix and perform a singular value decomposition 
% on it. The returned s matrix will have all singular values which contrib\lf: 
e 
% less than 'cutoff'% the data's total variance zeroed. U and V are the US\rcl 

1 
% remaining svd matrices. 
% Dnorm is the normalised Data matrix where meanD and stdD are the columnwi~ 

mean 
% and standard deviation of D. 
% NB to note is that this function expects the input matrix to be the train~ 
g 
% data (X) concatenated with the target values (t). 

%r=# of rows (instances) of the input data matrix (D) 
r=size(D,l); 
%c=# of columns (features+ 1) of the input data matrix (D) 
c=size(D,2); 

%mean/stdX is a row vector with each column containing the mean/std dev 
%of the input matrix's columns (features) 
meanD = mean(D,l); 
stdD = std(D); 

e=ones(r,l); 
%subtract the mean and divide by the std dev of each column 
Dnorm = (D - e*meanD); 
Dnorm = Dnorm ./ (e*(stdD + (stdD==0) )); 

%perform a compact svd all rows and all but the last column (which is reser1l€ 
d 
%for target values) 
[US V]=svd(Dnorm(:, l:c-1) ,0); 
total=trace(S); 
diagS=diag(S); 

for i = l:length(diagS) 
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cont (diagS(i)/total)*lOO; 
if contrib < cutoff 

S(i,i)=O; 
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scansgl0fold.m 

%Written Gareth Goldswain, June 2005. 
%Used to perform a grid search optimum tuning parameters of KRR. 

function [E, sig, gam, bestsig, bestgam] =scansgl0fold(X,t) 
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sig=[l0A-1.5 l0A-1 l0A-0.5 l0A0 l0A0.5 l0Al 20 l0Al.5 10A2 10A2.5 10A3]; 
[lQA-6 l0A-5 l0A-4 l0A-3 l0A l0A-1 l0A0 l0Al 10A2 10A3]; 

E= [] ; 
for s=l:length(sig) 

end 

for 1:length(gam) 
ss=sig(s); 

end 

(g); 

e=tenfoldkrr (X, t, ss, ) ; 
E(s,g)=e 

[r,c]=find( E==min( min(E) ) ); 
bestsig=sig(r); 
bestgam=gam(c); 
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% extracted from Prof. Greene's "Neural, Fuz and Evolving Systems" - a 
se taught in the Department of Electrical Engineering, University of 
n, 2003. 

function E=tenfoldkrr(X,t,s,g) 

D=[X,t]; 
[r,c]=size(X); 
n=round(0.9*r); 
Err=[]; 

for j=l:10 

end 

Xl=D(l:n, l:c); 
tl=D(l:n,c+l); 
Ql=D(n+l:r,l:c); 
yl=D(n+l:r,c+l); 

err=krrtraintest(Xl,tl,Ql,yl,s,g); 
Err=[Err,err]; 

D= [ [ Q 1 ; X 1 ] , [ t 1 ; y 1 ] ] ; 

E=mean(Err); 
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DIST2.m 

function n2 = dist2(x, c) 
%DIST2 Calculates red distance between two sets 
% 

% Description 

points. 

% D = DIST2(X, C) ta two matrices of vectors and calculates the 
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% squared Euclidean stance between them. Both matrices must of 
% the same column dimension. If X has M rows and N columns, and Chas 
% L rows and N columns, then the result has M rows and L columns. The 
% I, Jth entry is the squared distance from the Ith row of X to the 
% Jth row of C. 
% 
% See also 
% GMMACTIV, KMEANS, RBFFWD 
% 

% Copyright (c) Ian T Nabney (1996-2001) 

[ndata, dimx] = size(x); 
[ncentres, dime] = size(c); 
if dimx ~= dime 

error('Data dimension not match dimension of centres') 

n2 = (ones(ncentres, 1) * sum((x.A2) ', 1))' + ... 
ones(ndata, 1) * sum((c.A2)',l) - ... 
2.*(x*(c')); 

% Rounding errors occasionally cause negative entries in n2 
if any(any(n2<0)) 

n2(n2<0) = 0; 





C.3 Finite Element Method (and meshing algorithm) 

155 
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function [sigma, ne] = elmtprop 
% written by S. Herholdt 2004. 
% modified for use by G. Goldswain 2005. 
% 
% THIS FUNCTION IS WHERE DATA SPECIFIC TO EACH PROBLEM IS ENTERED. 
% THE OTHER FUNCTIONS ARE NOT MEANT TO BE CHANGED, UNLESS THE TYPE OF PROili, 
EM COMPLETELY CHANGES -
% - IF THAT HAPPENS,NEW CASES NEED TO BE ADDED TO THE VARIOUS FUNCTIONS 
% 
% This function returns the element properties. N (number of nodes per elem~ 
t), gauss_order, no_elm 
% (number of elements), no nodes (number of nodes), p, t, rxtx (boundary no~ 
information; see 

% outering.m) are all globals. 
% 
% [sigma, ne] = elmtprop 
% 
% returns in ne the number of element edges per electrode. This is used byit3 
umnodes.m 
% returns in sigma a vector containing each elements conductivity. This co~ 
uctivity vector is created 
% in elmtprop as a homogeonous medium. 

% Data for different resolution meshes has been precomputed and saved. Thi~ 
function loads the data 
% each time it is called instead of recalculating it each time. To load di~ 
erent mesh data, uncomment 
% the desired lines of code below. 

global N gauss_order no elm no nodes pt rxtx 

% MATLAB uses the following convention for defining meshes: 
% 
% "The matrices P, E, and Tare the mesh data. 
% In the point matrix P, the first and second rows contain 
% x- and y-coordinates of the points in the mesh. 
% 
% In the edge matrix E, the first and second rows contain indices 
% of the starting and ending point, the third and fourth rows contain 
% the starting and ending parameter values, the fifth row contains 
% the boundary segment number, and the sixth and seventh row 
% contain the left- and right-hand side subdomain numbers. 
% 
% In the triangle matrix T, the first three rows contain indices to 
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% the corner points, given in counter cloc 
% row contains the subdomain number." 
% 

se order, and the last 

% --> For this computer program, the author has added the following 
% definitions to the matrices described 
% 
% In the point matrix P, the third and fourth row decribe the bound ry 
% conditions. The third row contains the type of boundary conditio, 
% 11 0 11 for no boundary condition, 11 1" for essential boundary conditi ns 
% (e.g. applied voltage) and 11 2" for natural flux boundary conditio s 
% (e.g. current). The fourth row contains the value of the boundar 
% condition. 
% {Siggy forgot to mention here that there actually exists another row in 
% his matrix - it contains the projection number} 
% 

% In the triangle matrix T (or element matrix), the first N rows co$tai~ 
the 
% indices to the corner points (nodes), the second-last row contain$ th~ 
subdomain 
% number while the last row contains the value for alpha (or sigma, in~ 
e case of 
% conductivity. 

% CURRENT EXPERIMENT IS BASED ON DATA BELOW (DATE:04 April 2005 - G.Go+dswe-i 
n) 

; 

% load mesh data for a mesh with "mesh_()" elements "ne()" elements per 
rode/electrode gap 
% and "nr()" rings of elements 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh 70 nel nr3 
% ne=l; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_l08 nel nr4 
% ne=l; 
%load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_l58_nel_nr5 
%ne=l; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_252_ne2_nr6 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_328_ne2_nr7 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_416_ne2_nr8 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_516_ne2_nr9 
% ne=2; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_662_ne3 nrl0 
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% ne=3; 
% load c:\MSc\Matlab\MyFEM\Mesh\Me data\mesh_328_ne2_nr7 
load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data\mesh_l416_ne3_nrl5 
ne=3; 
% load c:\MSc\Matlab\MyFEM\Mesh\Mesh_data h 2516 ne4 nr20 
% ne=4; 

%pad the t matrix's 4th row (subdomain number according to Matlab) with O's 
dummy = zeros(l,length(t)); 
t=[t;dummy]; 
%add another row tot. This row contains the conductivity value for each 
ment 
cond=ones(l,length(t)); 
cond=cond*0.001; 
t=[t;cond]; 

% 

% 

% 

% 

LEAVE THE CODE BELOW UNCOMMENTED 

%DETERMINE NUMBER OF NODES, NUMBER OF UNKNOWNS ETC. 
no_elm = size(t,2); 
no s = size(p,2); 
if size(t,1) == N+2 

sigma= t(N+2,:); 
end 
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function [a_soln,F_soln, rxtx, ne] = fem(varargin) 

% Written by Siggy Herholdt, 2004 
% Modified for use by Gareth Goldswain, 2005 
% 
% [a_soln,F_soln, rxtx, ne] = fem(varargin) 
% 
% This function is the heart of Sigg's FEM. 
% 
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% It returns in a soln the calculated node voltages, and in F soln the calc\(l 
ated node currents. 
% In the case of our research group, it is the current vector (F_soln) whic~ 
is of interest as it is currents 
% that we read from the rig. Note that both a soln and F soln will be pby8~ 
atrices, where pis the number 
% of nodes in the mesh. 
% 
% The reason it has 8 columns is because of what Siggy called projections. ~I 
n his case the 1st projection 
% would be the case where transmitter electrode 1 was active. The next proj@C 
tion would be when transmitter 
% electrode 2 was active. Each projection appears in the corresponding col~ 
n number. 
% In FDM it is the same: i.e. we treat each transmitter as if it was the onb7 
active one - which is sort of 

% the case as instead of being separated in time, it is separated in freque~ 
y. 

global N gauss_order no_elm no nodes pt rxtx 

[sig, ne] = elmtprop; 

%EVALUATE THE INPUT ARGUMENTS 
if nargin==0 % if no input arguments (standard case) then continue witho\lt. 

changing anything, i.e. break the if statement 
; 

elseif nargin==l % if 1 input argument, it contains the values for sigma, h@'fl 
ce update sig. 

sig = varargin{:}; % This case is used for calculation of jacobian for~ 
e newton-raphson method. 
else 

error('incorrect input arguments'); % if any other number of input arg~ 
ents, throw an error. 
end 
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if size(sig,2)~=no_elm 
no elm 
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error('Either sigma is undefined or the number of entries in sigma do $Qt 
correspond to the number of elements') 

end 

if size(p,1) < 4 
size(p,1) 
error('No p defined or you probably forgot to define the boundary condt0 

ons in the p matrix') 
end 

K = spalloc(no_elm*N,no_elm*N,no_elm*N); 
%Fis initialised below. 
%a is initialised below. 

% EVALUATE & ASSEMBLE GLOBAL ISOPARAMETRIC STIFFNESS MATRIX & FORCE MATRIX 

% CALCULATE STIFFNESS MATRIX K 

if N==4 
%DETERMINE K USING GAUSS INTEGRATION 

[w_nk w_nl eta_nl neta_nk] = gauss(gauss_order); 

for elm= 1:no elm 

K local= zeros(N,N); 

for i = 1:N 
for j = 1:N 

% GAUSS INTEGRATION 
fork= 1:gauss_order 

for 1 = 1:gauss_order 

[de_phi dn_phi] = d_phi(eta_nl(l),neta_nk(k)); 

jacobian_e_n = jacob(elm,p,t,eta_nl(l),neta_nk(k)); 
inv_jacobian = inv(jacobian_e_n); 
[dphi_i] = inv_jacobian * [de_phi(i);dn_phi(i)]; %~ 

hi/dx is in row 1 and dphi/dy is in row 2 
[dphi_j] = inv_jacobian * [de_phi(j) ;dn_phi(j)]; 
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%Apply Gauss-Legendre Rules (Numerical Integration) 
K_local(i,j) = K_local(i,j) + w_nk(k)*w_nl(l) * sigJ:,e 

lm) * (dphi_i(l)*dphi (1) + dphi_i(2)*dphi (2))*det(jacobian_e_n); 

end 

end 
end 

end 
end 

% ASSEMBLE GLOBAL STIFFNESS MATRIX 
= ((elm-l)*N)+l:elm*N; 

K(place,place) = K local; 

elseif N==3 
%DETERMINE K FOR TRIANGLE ELEMENTS 

elm=l:no elm 
K_local = zeros(N,N); 
% DETERMINE COORDINATES OF LOCAL NODES 

for localnode = 1:N 
x ( localnode) ( 1, t ( localnode, elm) ) ; 
y ( localnode) ( 2, t ( localnode, elm) ) ; 

end 

% CALCULATE THE ELEMENT MATRIX K local 

area= abs((x(2)*y(3)-x(3)*y(2)+x(3)*y(l)-x(l)*y(3)+x(l)*y(2)-x(2)*y( 
1))/2); 

bl = y(2) ( 3) ; 
b2 = y ( 3) ( 1) ; 

b3 = y(l)-y(2); 

cl = x(3)-x(2); 
c2 = x(l)-x(3); 
c3 = x(2)-x(l); 

K_local(:,:) = (sig(elm) / (4*area)) * [blA2+clA2 
b3*bl+c3*cl 

, b2 l+c2*cl 
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end 

end 

b2*bl+c2*cl, b2A2+c2A2 , b3*b2+c3*c2 
b3*bl+c3*cl, b3*b2+c3*c2 , b3A2+c3A2]; 

%ASSEMBLE GLOBAL MASTER MATRIX 
place= ((elm-l)*N)+l:elm*N; 
K(place,place) = K local; 
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%DEFINE MAPPING MATRIX C - IT MAPPES THE LOCAL NODES TO THE GLOBAL NODES 
C = spalloc(no_elm*N,no_nodes,no_elm*N); 
i=0; 
for elnum=l:no elm 

end 

for node=l:N 
i = i+l; 
C(i,t(node,elnum))=l; 

end 

%ASSEMBLE MODIFIED STIFFNESS MATRIX 
Kmod = C. '*K*C; 

%APPLY BOUNDARY CONDITIONS 

%CREATE THE INDEX MATRICES TO BE USED FOR RE-ARRANGING 
[row_idx col_idx] = find(p==l); %find the indices of nodes where voltages e'l'.' 
e applied, i.e. set to "1" (see explanation of p matrix in the file "elmtprQP 
• m H) 

pre_idx_all = col_idx(find(row_idx==3)); %filter out the l's that are in th~ 
3rd row of the p matrix. 
pre_idx_grnd = pre_idx_all(find(p(4,pre_idx_all)==0)); %now filter out all~ 
e indices of the pre_idx_all above whose nodes are zero, i.e. are grounded. 
pre_idx_act = pre_idx_all(find(p(4,pre_idx_all))); %here filter out all in¢ 
ces of pre_idx_all whose nodes are non_zero, i.e. have active voltages appl~ 
d. 

proj_idx = pre_idx_all(find(p(S,pre_idx_all))); %find the columns that conte'i 
n a projection number in the fifth row 
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no_proj = max(p(S,proj_idx)); %number of projections 

% %FIND THE FIRST NODE THAT CAN BE USED AS A REFERENCE NODE 
% remove= [pre_idx_act;pre_idx_grnd]; 
% rmidx = [1:no_nodes] '; % create a basic index matrix 
% rmidx(remove) = 0; % set all indices that are in 'remove' to zero. 
% rmidx = rmidx(find(rmidx)); 
% rmnode = rmidx(l); 
% 
% %SET REFERENCE NODE DIAGONAL TO 1 AND COLUMN/ROW TO 0 
% Kmod(:,rmnode)=zeros(size(Kmod,1),1); 
% Kmod(rmnode,:)=zeros(l,size(Kmod,2)); 
% Kmod(rmnode,rmnode)=l; 

%SOLVE THE FEM PROBLEM FOR EACH PROJECTION (EG. FOR EACH APPLIED VOLTAGE) 
for proj_num = 1: no_proj 

currentidx_of_preidxact = find(p(S,pre_idx_act)==proj_num) ; %find the~ 
des with active voltages for each projection 

pre_idx = [pre_idx_act(currentidx_of_preidxact); pre_idx_grnd]; %concat@11 
ate the index of the node where the active voltage is applied and the groung,e 
d nodes 

num_pre = size(pre_idx,1); %this variable contains the number of prede~ 
rmined nodes, i.e. the number of nodes with boundary conditions. 

trix 

idx = [1:no_nodes] '; 
idx(pre_idx) = 0; 
idx = idx(find(idx)); 

% create a basic index matrix 
% set all indices that are in pre_idx to zero. 
% remove all zero entries from the basic index 'i'8. 

%INITIALISE FORCE VECTOR (CURRENT VECTOR) 
F = spalloc(no_nodes,1,num_pre); 

%INITIALISE "a" VECTOR (VOLTAGE VECTOR 
a= spalloc(no_nodes,1,num_pre); %initialise a, the voltage vector 
a(pre_idx_act(currentidx_of_preidxact)) = p(4,pre_idx_act(currentidx_of_6) 

reidxact)); %write the boundary conditions into the a vector (from p matrix~ 
hat describes the geometry and mesh) 

%RE ARRANGE THE MATRICES APPROPRIATELY 
Kff = Kmod(idx,idx); 
Kfp = Kmod(idx,pre_idx); 
Kpf = Kmod(pre_idx,idx); 
Kpp = Kmod(pre_idx,pre_idx); 
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end 

Ff = F (idx); 
Fp = F(pre_idx); 

af = a ( idx); 
ap = a(pre_idx); 

%SOLVE THE MATRIX EQUATIONS 
af = Kff\(Ff-Kfp*ap); 
Fp = Kpf*af + Kpp*ap; 

%REBUILD THE SOLUTION MATRICES 
a_soln([idx;pre_idx],proj_num) = [af;ap]; 
F_soln([idx;pre_idx],proj_num) = [Ff;Fp]; 
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%bubsize is the radius of the required bubble in terms of a percentage oft~ 
radius of the pipe 

[p, t, rxtx] = mesh16(ne, nr); 
t_cent = centroids(t, p); 
%create a course mesh - the centroids of this mesh's elements will be the ve-r 
ious 
%bubble position centres used 
[pc, tc, rxtxc] = mesh16(1, 5); 
t_centc = centroids(tc, pc); 
num_bub_pos=length(t_centc); 
train=[]; 
sigdist=[]; 

homog = ones(l,length(t)); 
homog_sig = 0.00l*homog; 
[uh, ih] = fem(homog_sig); 
Yh=sumnodes(ih,rxtx,ne); 
homog_ readings= [ Yh ( : , 1) ; Yh ( : , 2) ; Yh ( : , 3) ; Yh ( : , 4) ; Yh ( : , 5) ; Yh ( : , 6) ; Yh ( : , 7) ; Yh ( ~, 
8) ] ; 

for bub_pos=l:num_bub_pos 
sig=homog; 
centre=[t_centc(bub_pos,1), t_centc(bub pos,2)]; 
bubrad=((bubsize+randn)/100)*(0.057/2); 
for i=l:length(t) 

x=t_cent(i,1); 
y=t_cent(i,2); 
if ((x-centre(l))A2 + (y-centre(2))A2 <= bubradA2) & (sqrt(xA2 + yA~) 

< 0.025) 

end 

sig(i)=0; %air 
end 

sigdist=[sigdist;sig]; 

volfrac=length(find(sig==0) )/length(sig); 
sig(find(sig==0))=l0e-6; 
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sig{find(sig==l))=0.001; 
[ v, c] =fem ( s i g ) ; 
Y=sumnodes(c,rxtx,ne); 
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readings= [Y (:, 1) ; Y (:, 2) ; Y (:, 3) ; Y (:, 4) ; Y (:, 5) ; Y (:, 6) ; Y (:, 7) ; Y (:, 8) ] ; 

diff=homog_readings-readings; 
train=[train; [readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,sig) 
subplot (1, 2, 2) 
plot(readings) 
hold on 
plot(diff*20-10A-3, 'g') 
hold off 
drawnow 

end 
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%function [D, train 2bub, train 3bub, train 4bub, train 5bub, train 6bub, tJ?0. - -- - - -
in 7bub, train 8bub, train 9bub, train l0bub] = buildtraindata(low bubsize,~ - - - - -
igh_bubsize, ne, nr) 

low_bubsize=0.01; 
high_bubsize=0.035; 
ne=3; 
nr=15; 
D= [] ; 
sigdist=[]; 
train_2bub=[]; 
train_3bub=[]; 
train_4bub=[]; 
train_5bub=[]; 
train_6bub=[]; 
train_7bub=[]; 
train_Sbub=[]; 
train_9bub=[]; 
train_l0bub=[); 
%create the fine mesh for solving forward problem 
[p, t, rxtx] = mesh16(ne, nr); 
t_cent = centroids(t, p); 

%change the following vector according to the bubble sizes you want to traiv 
for 
rads=linspace(low_bubsize, high_bubsize,5); %bubble sizes in terms of vol~ 
ac 
rads=rads.*(0.057A2); 
rads=sqrt(rads); % do this so training data has linearly spaced vol fracs 
rads=rads./0.057; 
rads=rads.*100; 
[train, sig] = maketraindata(rads(l), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
[train, sig] = maketraindata(rads(2), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
[train, sig] = maketraindata(rads(3), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
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[train, sig] = maketraindata(rads(4), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
[train, sig] = maketraindata(rads(5), 3, 15); 
D=[D;train]; 
sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(6), 3, 15); 
% D= [ D; train]; 
% sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(7), 3, 15); 
% D=[D;train); 
% sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(8), 3, 15); 
% D=[D;train]; 
% sigdist=[sigdist;sig]; 
% [train, sig) = maketraindata(rads(9), 3, 15); 
% D=[D;train); 
% sigdist=[sigdist;sig]; 
% [train, sig] = maketraindata(rads(lO), 3, 15); 
% D=[D;train); 
% sigdist=[sigdist;sig]; 

homog = ones(l,length(t)); 
homog_sig = O.OOl*homog; 
[uh, ih] = fem(homog_sig); 
Yh=sumnodes(ih,rxtx,ne); 
homog readings=[Yh(:,l);Yh(:,2);Yh(:,3);Yh(:,4);Yh(:,5);Yh(:,6);Yh(:,7);Yh(~ 
8) ] ; 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,1)); 

%make random combinations of 2 bubbles 
for i = l:length(D) 

sigl=sigdist(randpickl(i), :) ; 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
sig2=not(sig2); 
new_sig=or(sigl, sig2); 
new_sig=not(new_sig); 
volfrac=length(find(new_sig==O))/length(new_sig); 
new_sig(find(new_sig==O))=lOe-6; 
new_sig(find(new_sig==l))=0.001; 
[new_u, new_i]=fem(new_sig); 
new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4);new_Y(:,5);ner_ 
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Y ( : , 6) ; new Y ( : , 7) ; new_ Y ( : , 8) ] ; 

end 

new_diff=homog_ -new_readings; 
train_2bub=[train_2bub; [new_readings',volfrac]]; 
subplot(l,2,1) 

surf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

randpickl=randperm(size(D,l)); 
randpick2=randperm(size(D,l)); 
randpick3=randperm(size(D,l)); 

%ma random combinations of 3 bubbles 
for i = l:length(D) 

sigl=sigdist(randpickl(i),:); 
s l=not(sigl); 
sig2=sigdist(randpick2(i), :); 
sig2=not(si ); 
s igdist(randpick3(i),:); 
sig3=not(sig3); 
new_sig=or(sigl, s ); 
new_s (new_sig, sig3); 
new_sig=not(new_sig); 
volfrac=length(find(new_sig==O))/length(new_sig); 
new_sig(find(new_sig==O))=lOe-6; 
new_sig ( find (new_sig==l)) . 001; 
[new_u, new_i]=fem(new_sig); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4);new_Y(:,5) ;nei!"'_ 

Y ( : , 6) ; new_ Y ( : , 7) ; new_ Y ( : , 8) ] ; 
new_diff=homog_readings-new_readings; 
train_3bub=[train_3bub; [new_readings',vol c]]; 
subplot(l,2,1) 

surf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 



O:\buildtraindata.m 
20 July 2005 

end 
randpickl=randperm(size(D,l)); 
randpick2=randperm(size(D,l)); 
randpick3=randperm(size(D,l)); 
randpick4=randperm(size(D,l)); 

%make random combinations of 4 bubbles 
for i = l:length(D) 

sigl=sigdist(randpickl(i), :); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
sig2=not(sig2); 
sig3=sigdist(randpick3(i), :); 
sig3=not(sig3); 
sig4=sigdist(randpick4(i), :); 
sig4=not(sig4); 
new_sig=or(sigl, sig2); 
new_sig=or(new_sig, sig3); 
new_sig=or(new_sig, sig4); 
new_sig=not(new_sig); 
volfrac=length(find(new_sig==O))/length(new_sig); 
new_sig(find(new_sig==O))=lOe-6; 
new_sig(find(new_sig==l))=0.001; 
[new_u, new_i]=fem(new_sig); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4);new_Y(:,5);neir_ 

Y (: , 6) ; new_ Y (: , 7) ; new_ Y (: , 8) ] ; 
new_diff=homog_readings-new_readings; 
train_4bub=[train_4bub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

end 

randpickl=randperm(size(D,l)); 
randpick2=randperm(size(D,l)); 
randpick3=randperm(size(D,l)); 
randpick4=randperm(size(D,l)); 
randpickS=randperm(size(D,l)); 

%make random combinations of 5 bubbles 
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i = 1: length ( D) 
s l=s st(randpickl(i),:); 
s l=not(s 1); 
sig2=sigdist(randpick2(i), :); 
sig2=not(sig2); 
s igdist(randpick3(i),:); 
s 3=not(sig3); 
sig4=sigdist(randpick4(i), :); 
sig4=not(sig4); 
sig igdist(randpick5(i), :); 
sig5=not(sig5); 
new_sig=or(sigl, 
new_sig=or(new_sig, s 
new_sig=or(new_sig, s 
news (new_s 
new_sig=not(new_s ); 
volfrac=length(find(new_s ))/length(new_sig); 
new_sig(find(new_s ))=l0e-6; 
new_sig(find(new_s )) .001; 
[new_u, new_i]=fem(new_s ); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4);new_Y(:,5);nev_ 

Y ( : , 6) ; new_ Y ( : , 7 ) ; new_ Y ( : , 8 ) ] ; 
new_diff=homog_readings-new_readings; 

end 

train Sbub=[train_Sbub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,1)); 
randpick3=randperm(size(D,1)); 
randpick4=randperm(size(D,1)); 
randpick5=randperm(size(D,1)); 
randpick6=randperm(size(D,1)); 
%ma random combinations of 6 bubbles 
for i = 1:length(D) 

sig igdist(randpickl(i),:); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
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s (sig2); 
s igdist ( ck3 ( i) , : ) ; 
sig3=not(sig3); 
sig4=sigdist(randpick4(i), :); 
sig4=not(sig4); 
sig5=sigdist(randpick5(i), :); 
sig5=not(sig5); 
sig igdist(randpick6(i), :); 
sig6=not(s ); 
new_sig=or(sigl, sig2); 
new_s (new_sig, sig3); 
new_sig=or(new_sig, sig4); 
new_sig=or(new_sig, sig5); 
new_sig=or(new_sig, s ); 
new_sig=not(new_sig); 
volfrac=length(find(new_s ))/length(new_sig); 
new_sig(find(new_sig==0))=l 6; 
new_sig(find(new_sig==l)) .001; 
[new_u, new_i]=fem(new_sig); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4) ;new_Y(:,5); 

Y ( : , 6) ; new_ Y ( : , 7) ; new_ Y ( : , 8) ] ; 
new_diff=homog_readings-new_readings; 
train [train_6bub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

end 

randpickl=randperm(size(D,l)); 
randpick2=randperm(size( l)); 
randpick3=randperm(size(D,l)); 
randpick4=randperm(size(D,l)); 
randpickS=randperm(size(D,l)); 
randpick6=randperm(size(D,l)); 
randpick7=randperm(size(D,l)); 

ke random combinations of 7 bubbles 
for i = l:length(D) 

sigl=sigdist(randpickl(i),:); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
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sig2=not(sig2); 
sig3=sigdist(randpick3(i), :); 
sig3=not(sig3); 
sig4=sigdist(randpick4(i}, :); 
sig4=not(sig4); 
sigS=sigdist(randpickS(i), :}; 
sig5=not(sig5}; 
sig6=sigdist(randpick6(i}, :}; 
sig6=not(sig6); 
sig7=sigdist(randpick7(i}, :}; 
sig7=not(sig7}; 
new_sig=or(sigl, sig2}; 
new_sig=or(new_sig, sig3}; 
new_sig=or(new_sig, sig4}; 
new_sig=or(new_sig, sig5}; 
new_sig=or(new_sig, sig6}; 
new_sig=or(new_sig, sig7}; 
new_sig=not(new_sig}; 
volfrac=length(find(new_sig==O)}/length(new_sig); 
new_sig(find(new_sig==O}}=lOe-6; 
new_sig(find(new_sig==l}}=0.001; 
[new_u, new_i]=fem(new_sig}; 
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new_Y=sumnodes(new_i,rxtx,ne}; 
new_readings=[new_Y(:,l};new_Y(:,2};new_Y(:,3);new_Y(:,4};new_Y(:,5);ne'i"_ 

Y ( : , 6) ; new_ Y ( : , 7 } ; new_ Y ( : , 8} ] ; 
new_diff=homog_readings-new_readings; 
train_7bub=[train_7bub; [new_readings',volfrac]]; 
subplot(l,2,1} 
pdesurf(p,t,new_sig) 
subplot(l,2,2} 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g'} 
hold off 
drawnow 

end 

randpickl=randperm(size(D,1}}; 
randpick2=randperm(size(D,l)); 
randpick3=randperm(size(D,1}}; 
randpick4=randperm(size(D,1)}; 
randpickS=randperm(size(D,1) }; 
randpick6=randperm(size(D,1}}; 
randpick7=randperm(size(D,l)}; 
randpick8=randperm(size(D,l}); 
%make random combinations of 8 bubbles 
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for i = l:length(D) 
sigl=sigdist(randpickl(i), :); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :); 
sig2=not(sig2); 
sig3=sigdist(randpick3(i) ,:); 
sig3=not(sig3); 
sig4=sigdist(randpick4(i), :); 
sig4=not(sig4); 
sig5=sigdist(randpick5(i), :); 
sig5=not(sig5); 
sig6=sigdist(randpick6(i), :); 
sig6=not(sig6); 
sig7=sigdist(randpick7(i), :); 
sig7=not(sig7); 
sig8=sigdist(randpick8(i), :); 
sig8=not(sig8); 
new_sig=or(sigl, sig2); 
new_sig=or(new_sig, sig3); 
new_sig=or(new_sig, sig4); 
new_sig=or(new_sig, sig5); 
new_sig=or(new_sig, sig6); 
new_sig=or(new_sig, sig7); 
new_sig=or(new_sig, sig8); 
new_sig=not(new_sig); 
volfrac=length(find(new_sig==O))/length(new_sig); 
new_sig(find(new_sig==O))=lOe-6; 
new_sig(find(new_sig==l))=0.001; 
[new_u, new_i]=fem(new_sig); 
new_Y=sumnodes(new_i,rxtx,ne); 
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new_readings=[new_Y(:,l) ;new_Y(:,2);new_Y(:,3);new_Y(:,4) ;new_Y(:,S);ne'i'_ 
Y ( : , 6) ; new_ Y ( : , 7) ; new_ Y ( : , 8 ) ] ; 

new_diff=homog_readings-new_readings; 
train_8bub=[train_8bub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

end 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,l)); 
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randpick3=randperm(size(D,l)); 
randpick4 rm(size(D,l)); 
randpick5=randperm(size(D,l)); 
randpick6=randperm(size( l)); 
randpick7=randperm(size(D,l)); 
randpickB=randperm(size(D,l)); 
randpick9=randperm(size(D,l)); 

%make random combinations 8 
for i = l:length(D) 

sigl=sigdist(randpickl(i), :); 
sigl=not(s l); 
sig2=sigdist(randpick2(i), :); 
sig2=not(sig2); 
si i st(randpick3(i),:); 
sig3=not(sig3); 
s st(randpick4(i), :); 
sig4=not(s 4); 
sig5=s st(randpick5(i), :); 
sig5=not(si ); 
sig6=sigdist(randpick6(i), :); 
s 6=not(si ); 
sig7=sigdist(randpick7(i), :); 
s (sig7); 

=s ist (randpick8 (i), : ) ; 
sig8=not(sig8); 
s 9=s st (randpick9 (i), : ) ; 
sig9=not(sig9); 
news (sigl, s ) ; 
new_sig=or(new_s , s ); 

r(new_sig, sig4); 
news r(new s , s ); 
news (new_s , sig6); 

(new_s , si ) ; 
r(new_sig, si ) ; 

new_s (new_sig, sig9); 
new_sig=not(new_sig); 

frac=length(find(new_s ))/length(new_sig); 
news (find(new_si ))=l 
news (find(new_si 1)) 
[new_u, new_i] (new_s ); 
new_ s(new_i,rxtx,ne); 
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new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4);new_Y(:,5); 
Y ( : , 6) ; new_ Y ( : , 7 ) ; new_ Y ( : , 8 ) ] ; 

new -new 
train_9bub=[train_9bub; [new_ ', volfrac] ] ; 
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end 

subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot (1, 2, 2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 'g') 
hold off 
drawnow 

randpickl=randperm(size(D,1)); 
randpick2=randperm(size(D,l)); 
randpick3=randperm(size(D,l)); 
randpick4=randperm(size(D,l)); 
randpickS=randperm(size(D,l)); 
randpick6=randperm(size(D,l)); 
randpick7=randperm(size(D,l)); 
randpick8=randperm(size(D,l)); 
randpick9=randperm(size(D,l)); 
randpicklO=randperm(size(D,l)); 
%make random combinations of 8 bubbles 
for i = l:length(D) 

sigl=sigdist(randpickl(i), :); 
sigl=not(sigl); 
sig2=sigdist(randpick2(i), :) ; 
sig2=not(sig2); 
sig3=sigdist(randpick3(i),:); 
sig3=not(sig3); 
sig4=sigdist(randpick4(i), :); 
sig4=not(sig4); 
sigS=sigdist(randpickS(i), :); 
sigS=not(sigS); 
sig6=sigdist(randpick6(i), :); 
sig6=not(sig6); 
sig7=sigdist(randpick7(i), :); 
sig7=not(sig7); 
sig8=sigdist(randpick8(i), :); 
sig8=not(sig8); 
sig9=sigdist(randpick9(i), :); 
sig9=not(sig9); 
siglO=sigdist(randpicklO(i), :) ; 
sig9=not(sigl0); 
new_sig=or(sigl, sig2); 
new_sig=or(new_sig, sig3); 
new_sig=or(new_sig, sig4); 
new_sig=or(new_sig, sigS); 
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O:\buildtraindata.m 
20 July 2005 

new_sig=or(new_sig, sig6); 
new_sig=or(new_sig, sig7); 
new_sig=or(new_sig, sig8); 
new_sig=or(new_sig, sig9); 
new_sig=or(new_sig, siglO); 
new_sig=not(new_sig); 
volfrac=length(find(new_sig==O))/length(new_sig); 
new_sig(find(new_sig==O))=lOe-6; 
new_sig(find(new_sig==l))=0.001; 
[new_u, new_i]=fem(new_sig); 
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new_Y=sumnodes(new_i,rxtx,ne); 
new_readings=[new_Y(:,l);new_Y(:,2);new_Y(:,3);new_Y(:,4);new_Y(:,5);nev_ 

Y ( : , 6) ; new_ Y ( : , 7 ) ; new_ Y ( : , 8 ) ] ; 
new_diff=homog_readings-new_readings; 
train_lObub=[train_lObub; [new_readings',volfrac]]; 
subplot(l,2,1) 
pdesurf(p,t,new_sig) 
subplot(l,2,2) 
plot(new_readings) 
hold on 
plot(new_diff*20, 1 g 1

) 

hold off 
drawnow 

end 
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FEATURES 
Low Noise 

0.9 ny1-IHi typ (1.2 nVNHz max) Input Voltage 
Noise at 1 kHz 

50 nV p-p Input Voltage Noise, 0.1 Hz to 10 Hz 
Low Distortion 

-120 dB Total Harmonic Distortion at 20 kHz 
Exc:eUent AC Charactaristfcs 

800 ns Settling Time to 16 Bits (10 v Step) 
110 MHz Gain Bandwidth (G = 1000) 
8 MHz Bandwidth (G = 10) 
280 kHz Full Power Bandwidth at 20 V p-p 
20 V/fl.S Slew Rate 

Excellent. DC Precision 
80 p.V ffl!iiX Input Offset Voltage 
1.0 .-.vrc Vos Drift 

Specified for :t:5 V and ±15 V Power Supplies 
Hi9h Output Drive Current of 50 mA 

APPLICATIONS 
Professional Audio Preampllflert 
IR, CCD, and Sonar Imaging Systems 
Spectrum Analyzers 
Ultrasound PrHmpllflers 
Seismic Detectors 
IA ADC/DAC Buffers 

PRODUCT DESCRIPTION 
The AD797 ls a very low noise, low distortion operational 
ampllller ideal for use as a preamplifier. The low noise of 
0.9 nV/✓Hz and low total harmonic distortion of -120 dB at 
audio bandwidths give the AD797 the wide dynamic range 

5 

"' 
0 

10 100 1k 1CII 111411< 11111 

FREQUENCY ~ lb 

AD797 Voltage Noise Spectral Density 
•Patent pendln11, 

REV.C 

101111 

UI 

CONNECTION DIAGRAM 

8-Pin P!astic Mini-DIP (N), 
Cerdip (Q) and SOIC (R) Package• 

DECOIIIPl!NSATION & 
IIISTORT10N 
NEUTRAIJZA TION 

necessary for preamps in microphones and mixing consoles, 
Furthennore, the AD797' s excellent slew rate of 20 Vlµs and 
110 MHz gain bandwidth make It highly suitable for low fre­
quency ultrasound applications. 

The AD797 is also useful in IR and Sonar Imaging applij:attom 
where the widest dynamic range is necessary. The low ~oc­
tlon and 16-bit settling time of the AD797 make it ideal for 
buffering the ll'l)uts to I.A ADCs or the outputs of high resolu­
tion DACs espedally when they are used in critical applications 
such as seismic detection and spectnun analyzers. Key f$ttures 
such as a 50 mA output current drive and the spedfted ~er 
supply voltage range of± 5 to ± 15 volts make the AD7971 an 
excellent general purpose amplifter. 
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797-SPECIFIC IONS (~TA= +25°C and Vs= ±15 V de, unless otherwise noted) 

AD797A/S1 

Model Condltlom 

INPUT OFFSET VOLTAGE 
TM1N toTMAx 

Offset Voltage Drift 

INPUT BIAS CURRENT 
TM1NtOTMAx 

INPUT OFFSET CURRENT 
TM1NtOTMAX 

OPEN-LOOP GAIN VoUT = ±10 V 
RLOAD = 2 kn 
TM1NtoTMAX 
RLOAD = 6000 
TMIN to TMAX 
@ 20kHz2 

DYNAMIC PERFORMANCE 
Gain Bandwidth Product G= 1000 

G = 10011 
-3 dB Bandwidth G= 10 
Full Power Bandwidth3 V0 = 20 V p-p, 

RwAD=lkn 
Slew Rate RwAD= 1 kn 
Settling Time to 0.0015% 10 V Step 

COMMON-MODE REJECTION VcM = CMVR 
TMIN to TMAX 

POWER SUPPLY REJECTION Vs =±5 Vto±l8 V 
TMIN to TMAX 

INPUT VOLTAGE NOISE f = 0. 1 Hz to 10 Hz 
f= l0Hz 
f= 1 kHz 
f= l0Hz-1 MHz 

INPUT CURRENT NOISE f= 1 kHz 

INPUT COMMON-MODE 
VOLTAGE RANGE 

OUTPUT VOLTAGE SWING RLOAD=2kn 
RLoAD=600O 
RwAD=600O 

Short-Circuit Current 
Output Currenl4 

TOTAL HARMONIC DISTORTION RwAD = l kn, CN = 50pF 
f = 250 kHz, 3 V rms 
RwAD = 1 kn 
f = 20 kHz, 3 V rms 

INPUT CHARACTERISTICS 
Input Resistance (Differential) 
Input Resistance (Common Mode) 
Input Capacitance (Differential) 5 

Input Capacitance (Common Mode) 

OUTPUT RESISTANCE Av=+!, f = l kHz 

POWER SUPPLY 
Operating Range 
Quiescent Current 

NOTES 
1See standard military drawing for 883B specifications. 
1Specllled u1tng external decompematlon capacitor, see Applications section. 
3Full Power Bandwidth• Slew Rate/2 l'I VPEAK• 
40utput Current for IVs - VoUT I >4 V. Ao. > 200 kn. 

Vs Min Typ 

±5 V, ±15 V 25 
50 

±5V,±15V 0.2 

±5 V. ±15 V 0.25 
0.5 

±5V,±15V 100 
120 

±15 V 
1 20 
1 6 
1 15 
1 5 
14000 20000 

±15V 110 
±15 V 450 
±15 V 8 

±15 V 280 
±15 V 12.5 20 
±15 V 800 

±5V,±15V 114 130 
110 120 

114 130 
110 120 

±15 V 50 
±15 V 1.7 
±15 V 0.9 
±15 V 1.0 

±15 V 2.0 

±15V ±11 ±12 
±5 V ±2.5 ±3 

±15 V ±12 ±13 
±15 V ±11 ±13 
±5 V ±2.5 ±3 
±5V,±15V 80 
±5V,±15V 30 50 

±15 V -98 

±15 V -120 

7.5 
100 
20 
5 

3 

±5 
±5 V, ±15 V 8.2 

5Dlfferentlal Input capacitance consists of 1.5 pF package capacitance and 18.5 pF from the Input differential pair. 

Specifications subject to change without notice. 

-2-

Max 

80 
125/180 
1.0 

1.5 
3.0 

400 
600/700 

1200 

1.2 
1.3 

-90 

-110 

±18 
10.5 

AD797B 
Min Typ Max 

10 40 
30 60 
0.2 0.6 

0.25 0.9 
0.25 2.0 

80 200 
120 300 

2 20 
2 10 
2 15 
2 7 
14000 20000 

l lO 
450 
8 

280 
12.5 20 

800 1200 

120 130 
114 120 

120 130 
114 120 

50 
1.7 2.5 
0.9 1.2 
1.0 1.2 

2.0 

±11 ±12 
±2.5 ±3 

±12 ±13 
±11 ±13 
±2.5 ±3 

80 
30 50 

-98 -90 

-120 -110 

7.5 
100 
20 
5 

3 

±5 ±18 
8.2 10.5 

Units 

µV 
µV 
µV/OC 

µA 
µA 

nA 
nA 

VlµV 
V/µV 
V/µV 
V/µV 
VN 

MHz 
MHz 
MHz 

kHz 
V/µs 
ns 

dB 
dB 

dB 
dB 

nV p-p 
nV/,{ffi, 
nV/../Ifi 
µVrms 

pA!v'Hi' 

V 
V 

V 
V 
V 
mA 
mA 

dB 

dB 

kn 
MO 
pF 
pF 

mO 

V 
mA 

REV.C 
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Lf 411 Low Offset, Low Drift 
JFET Input Operatlonal Amplifler 

General Description 
These devices are low cost, high apNd, JFET input opera­
tional amplifoen1 with very low input offlet voltage and guar­
anteed Input offset voltage drill They require low aupply 
current yet maintain II large gain bandwidth product and last 
slew rate. In addition, well matched high voltage JFET input 
devices prollicle very low input blu and offset currents. Tl-. 
LF411 is pin compatible with the standard Lllll7 41 allowing 
d•ignera to immediately upgrade the overall performance 
of existing designs. 

These amplifiers may be used in applications such u high 
speed integrw.tora, last 0/ A converters, sample and hold 
circuits and many other circuits requiing low input offset 
voltage and drift, low input bias current, high input imped­
ance, high slew rate and wide bandwidth. 

Features 
111 Internally !rimmed offset voltage 
111 Input offset voltage drift 
111 Low input blu current 
111 Low input noise current 
111 Wida gain bandwidth 
111 High slew rate 
111 Low !M.lpply currant 
1111 High input impedance 
111 Low total harmonic distortion Av= 1 o, 

0.5 mV(max) 
10 ,..w•c1max) 

50 pA 
0.01 pA/.,Hi 
3 IIIIHz(min) 

10\1/µs(min) 
1.8 mA 
10120 

<0.02% 
AL =10k, Vo=20 Vp-p, BW=20 Hz-20 kHz 

111 Low 111 noise corner 
111 Fast settling time to 0.01 % 

Typlcal Connection 
llf 

Ordering Information 
LF411XYZ 

Connection Dlagrama 

Metal can Package 

Slmpllfled Schematic 

X indicates elecirical grade 

Y indicates temperature range 

"M" for military 

"C" for commercial 

Z indicates package type 

IC 

V- TLJH/56155-5 

Top View 
lllol« Pin 4 ""'1-10""80. 

Order Number LF411ACH 
or LF411 IIIIH/183 • 

See NS Package Number HOIIA 

•cco----+------... --..., Du11l-ln-Un11 Package 

TUHl!W155-8 

Ell-fETllftilleat~olNa£!olwl~Corporilllon. 

©1985Nmll0nall~Corp::lrllll0rl TUM/&MS 

Tl/H/--7 

Top View 
Order Number LF411ACN, 
LF411CN or LF4111111J/1183° 
See NS l'llckege Number 

NOIIEorJOIIA 

'AYallablo per JM38510/11004 

ARr.l-830M115/P!Wild In U. S, A. 
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Absolute Maximum Ratings 
If llllbry/Awoapacie ap.alfled davlc:aa ara required, H Paolcaga N Paokaga 
plaaN contact th• National Samlc:onduotor lalaa Power Dissipation 
Otfloa/Dlatrtbutor1 for 1vallablllty and 111peelfk:ltlon11. (Notes 2 and 9) 670mW 670mW 
(Nota 8) Timu 150'C 115'C 

U:411A LF411 6JA 162'C/W (Still Air) 120-C/W 
Supply Voltage ±22V ±18V 65"C/W (400 LF/mln 
Differential Input Voltage ±38V ±30V Air Flow) 

Input Voltage Range 11p 20'C/W 
(Note 1) ±11:lV ±15V Operating Temp. 

Output Short Ciroull Range (Note 3) (Note 3) 
Duration Continuous Continuous Storage Temp. 

Range -65'C:s;TA:s;150'C -65'C:s;TA:s; 150'C 

Lead Temp. 
(Soldering, 10 sec.) 2eo•c 260"C 

ESD Tolerance Rating to be determined. 

DC Electrical Characteristics (Note 4) 

Symbol Parameter Conditions 
LF411A U:411 

Unite 
11111 Typ lllllll Min Typ lllllll 

Vos Input Offset Voltage Rs=10 kll, TA=25'C 0.3 0.5 0.8 2.0 mV 

t:.Voslt:.T Average TC of Input Rs= 10 kll (Note 5) 
7 10 7 

20 
µ.V/"C 

Offset Voltage (Note 5) 

los Input Offset Current Vs=± 15V T1=25'C 25 100 25 100 pA 

(Notes 4, 8) T1= 70'C 2 2 nA 

T1=125•c 25 25 nA 

le Input Bias Current Vs= ±15V T1=25'C 50 200 50 200 pA 

(Notes 4, 6) T1=70"C 4 4 nA 

T1= 125"C 50 50 nA 

R1N Input Resistance T1=25'C 1012 1012 n 
AvoL Large Signal Voltage Vs=± 15V, Vo=± 10V, 

50 200 25 200 V/mV 
Gain RL =2k, TA=25'C 

Over T ernperature 25 200 15 200 V/mV 

Vo Output Voltage Swing Vs= ±15V, RL =10k ±12 ±13.5 ±12 ±13.5 V 

VcM Input Common-Mode ±18 +Hl.5 ± 11 +14.5 V 
Voltage Range -16.5 -11.5 V 

CMRR Common-Mode Rs:s;10k 
Rejection Ratio 

80 100 70 100 dB 

PSRR Supply Voltage (Note 7) 
Rejection Ratio 

80 100 70 100 dB 

Is Supply Current 1.8 2.8 1.8 3.4 mA 

AC Electrical Characteristics (Note 4) 

Symbol Parameter Condlllona 
LF411A LF411 

Unlta 
Min Typ Mlllll Min Typ MIii 

SR Slew Rate Vs= ±15V, TA=25"C 10 15 8 15 V/µ.s 

GBW Gain-Bandwidth Product Vs= ±15V, TA=25'C 3 4 2.7 4 MHz 

en Equivalent Input Noise Voltage TA=25"C, Rs=1001l, 
25 25 nV!VJHi 

I= 1 kHz 

In Equivalent Input Noise Current T,..=25•c. 1=1 kHz 0.01 0.01 pA/V JHi 

2 




