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Abstract

An apparatus has been developed for the automated velocity profiling of single bubbles
in aqueous solutions. Using a mobile IEEE 1394 camera and a control algorithm, the
apparatus can automatically track a bubble as it rises in a Perspex column. The resulting
video footage is then post-processed to obtain the velocity profile of the bubble, amongst
other data. This apparatus is to be used in research relevant to the minerals processing
industry.

The software components were developed in Matlab and Microsoft Visual C++ and im-
plemented in Visual C++.

The methodology used to develop the apparatus is presented, and typical examples of
velocity profiles are given. An analysis to determine the effect of error of parrallax is also
performed.
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Chapter 1

Introduction

1.1 Froth Flotation Overview

Froth flotation is a selective process used widely in industry to perform separation in
aqueous mixtures. It is primarily associated with the field of minerals processing, though

it is also used in the processing of a variety of non-metals [11, 23].

The process begins with comminution, where the ore is broken down into a powder. This
increases its surface area, exposing more of the ore for processing, unlocks and liberates
the minerals from the gangue and reduces the size of the component mineral particles to
be suitable for flotation (less than S00 pm according to [11], but often practically less than
100 pm).

The powder is placed in a flotation cell, where surfactants are used to render certain par-
ticles - usually the valuable minerals - hydrophobic. These particles attach to air bubbles
dispersed in the cell and eventually gather in a froth layer that forms at the top of the cell.
The froth layer is removed as concentrate for further processing.

Despite its extensive use, flotation is still one of the least understood engineering opera-
tions {8, 10], making control and efficient recovery in industrial flotation difficult. Work
to mathematically model froth flotation effectively is underway in numerous institutions
(see [10, 16]), including the Centre for Minerals Research (CMR) at the University of
Cape Town (UCT). Research by Sam et al [17] has shown that bubble behaviour in the
pulp phase (the mixture below the froth) is an important component of such a model,
as it is in this phase in which, amongst other processes, bubble-particle attachment and
detachment occur, as well as surfactant adsorption onto the surface of the bubble. These
processes can affect a bubble’s velocity as it rises, which has indicated the importance of
studying of the axial velocity profiles of single bubbles in surfactant solutions.



1.2 Bubble Velocity Profiling

A bubble tracking apparatus was developed in the mid-1990s at the Department of Mining
and Metallurgical Engineering, McGill University in Montreal, Canada. Using a mobile
video camera, a single bubble rising in a column containing surfactant solution could be
continuously observed over a distance of four meters. The velocity plots that were ob-
tained with this apparatus indicated that bubble terminal rise velocity was not dependent
on surfactant concentration, as had been proposed by Fdhila and Duineveld [4]. Instead,
they indicated towards an entirely new model for bubble behaviour involving the adsorp-
tion of surfactant molecules onto the bubble’s surface [24].

The work done in developing this new model (see [16, 17, 25] amongst others) has shown
the importance to research of the ability to continuously monitor the rise velocity of a
bubble.

As a result, the CMR at UCT commissioned the development of a bubble tracking camera
system based on the one at McGill university. The method used would include a mobile
video camera, mounted on a track next to a column in which the bubble would rise. While
a method involving several stationary cameras (positioned along the height of the column)
was considered, the single mobile camera method was preferred, as it was closer in design
to the McGill apparatus. The multiple camera option is an interesting avenue for research,
and is mentioned in the recommendations (Section 6.2), but this dissertation is concerned

with the single mobile camera method implemented.

1.3 The UCT Bubble Tracking Camera System

The apparatus at McGill university was well designed in many respects. It was con-
structed out of flat perspex sheets to reduce optical distortion when observing the inside
of the column. It was double layered, allowing for a temperature controlled environment,
and it eventually made use of a differential pressure system to facilitate bubble release.
These features were replicated in the design of the UCT apparatus.

There were, however, some inconveniences encountered with the McGill apparatus, mostly
involving the processing of the video footage from tracking runs. Cesar Gomez (McGill
University) has described that the tracking itself is a skill that can be learned, but that most
people are discouraged by the idea of going through hundreds of frames (captured 30
times a second) and plotting the bubble’s positions and velocity readings. Consequently,
results published based on data from the McGill apparatus are often obtained only from
every third image. While there may be advantages and disadvantages to sub-sampling in
this way, it would be optimal to have all data processed so that it can be filtered if it is
necessary or desired.

It was thus decided to automate the UCT apparatus so that all data from a tracking run
could be obtained from every frame without the cost of human labour, and so that the



apparatus could be operated easily and efficiently.

Unfortunately, very little has been published with regard to the bubble tracking appara-
tus developed at McGill University - the focus has been on the results from research it
facilitates. The description in [16] is somewhat outdated - much of the above discussion
is from personal communication and other unpublished sources. Additionally, a literature
survey conducted at the beginning of the bubble tracking project at UCT yielded only one
result for such specialized functionality. This was a description of an apparatus used in
the investigation of the rising speed and dissolution rate by carbon dioxide bubbles by
Takemura and Yabe [18]. Their apparatus was capable of automated tracking, but once
again the authors did not go into great detail about its functionality, and the video analysis
still had to be performed by hand.

Thus, there was no possibility of using a prefabricated solution for the project of automat-
ing the apparatus. A solution would have to be developed from the ground up for the
tracking of bubbles as they rise, and for the image analysis of the resultant video footage.
This would constitute a novel application of automation to the bubble velocity profiling

problem.

1.4 Problem Specification

The bubbles that are of primary interest for this project are small enough to be non-
oscillating (0.4 > d. > 1.4 mm [17]) and rise in isolation. Figure 1.1, from [8], gives a
representative plot of the bubble velocity profile for such bubbles in various solutions.

Umax.

Velocity

solution
Uconst
4 solution water
3 diue 1 pure (theoretical)
4 concemrated 2 tap R
Time "

Figure 1.1: Typical single bubble velocity profiles [8].

After the bubble is released there is a sharp increase in velocity up to a maximum (Up,,,),
followed by a decay to terminal rise velocity (U, ). In cases of high concentration,
Unaz may not even be reached, whereas for distilled water, U, is theoretically the same

as Uconst .



The decay in velocity from U, is caused by the adsorption of molecules in solution
(surfactant molecules, or contaminants in tap and impure distilled water), which results in
drag as the bubble rises. The rate of this decay, and the terminal velocity, are dependent
upon a number of factors including bubble size, type of surfactant and concentration [17].

An analysis of some of the results obtained from the McGill apparatus [16, 17, 25, 24]
indicated that, for the bubbles of interest, U,,,,, never exceeded 40 cm/s. This limit was
used as the design criterion for the maximum tracking speed - such a system would have
to be able to track a 40 cm/s bubble and output a plot such as the one in Figure 1.1 with
the bubble’s actual velocity profile.

The main aim of this dissertation is to describe the system developed to allow this ef-
fect to be further studied, providing a record of its functionality as well as the problems
encountered and the solutions provided.

1.5 Dissertation Structure
The format of this dissertation is as follows;

e Chapter 2 describes the hardware components and construction of the UCT bubble
tracking apparatus.

e Chapter 3 describes the development and implementation of the image processing
and control theory relating to the tracking aspects of the apparatus.

¢ Chapter 4 describes the algorithm used to post-process images from tracking runs
and extract the bubble positional and velocity data.

o Chapter 5 shows the general performance of the apparatus and its application to
experimental data to obtain the velocity profiles of bubbles rising in various condi-
tions. This chapter also contains an analysis of the uncertainty in the post-processing
algorithm due to error of parallax.

e Chapter 6 draws conclusions about the development and performance of the appa-
ratus and makes recommendations for the further development of the apparatus.



Chapter 2
Component Description

This chapter describes the hardware components and design aspects ol the bubble tracking
apparatus at UCT. Supplementary descriptions of the exact design of certain components

can be found in | 14].

2.1 Overview

Figure 2.1 15 a graphic giving a deseription of the system in its entirety.

Limit Ewrich

Lalums
Duter Jacket

Cunweyed

Belt Computer

Catintar i
Intertace
Elmciranics

Flarigs

Firemure
Catiera
] | |

o m— L
|

| L

Carage

Lirn# Swilch

Mater

Glogs
Zapillary

Frame Has=

11

TEMparatuce
Contiol Water
I

Couniel Ax=e by

— o — Gagrhox

Figure 2.1; Graphic showing UCT's bubble tracking camera system,
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The apparatus operates as a large feedback system. In order to track a bubble rising in
the column, images of the bubble from the Firewire camera are processed by a PC (Sec-
tion 2.3), which then uses a control algorithm to output an appropriate control voltage via
an Eagle data acquisition (DAQ) PCI card (see Section 2.5). This control signal passes
through an electronics interface box (Section 2.6) and operates a transistorized inverter,
which drives a motor and gearbox assembly (Section 2.7), which in turn moves the con-
veyor belt to which the camera is attached. The resulting motion keeps the bubble in the

frame of the camera.

The development of the tracking algorithm, described in the paragraph above, is detailed
in Chapter 3. The images from these tracking runs are saved and later used in post-
tracking processing, to obtain accurate bubble position and velocity data. The post pro-
cessing algorithm is described in Chapter 4.

2.2 Column

The column consists of two nearly identical sections. Both sections are 2 m tall, and con-
sist of two chambers. The inner chamber has a square horizontal cross section measuring
100 mm on each side, large enough not to have a significant effect on the behaviour of
bubbles of the size interest and larger (d. > 3 mm [17]) . The aqueous solution in which
the experiment takes place is pumped into this chamber through an opening at the bottom.
Provision is made for the release of bubbles through a glass capillary, also at the bottom
of this chamber.

The second, outer chamber, completely surrounds the inner chamber. It also has a square
cross-section, with each side measuring roughly 180 mm in length. Temperature regulated
water can be pumped into the bottom of this chamber and out of the top. This process
gradually regulates the temperature of the solution in the inner chamber. This design is
based on the apparatus at McGill University [17].

It should be noted that the temperature control system was not yet set up for this apparatus.
Furthermore, no temperature sensors have yet been installed in the column. The results
obtained in Chapter 5 thus have no corresponding temperature data. This is not a problem
for the development of the apparatus, which this dissertation is concerned with, but a
temperature regulation system would need to be set up for experimental use. The outer
chamber was filled with tap water for the duration of development.

The two column sections are attached with one on top of the other, giving a total height
of four meters. The inner chambers of both columns are connected such that a bubble can
rise through the connection uninhibited. The outer chambers are also connected, allowing
the temperature controlled water to flow through both sections. The column, as it stands
in the Milling and Floatation Laboratory at UCT, can be seen in Figure 2.2.

A tape measure 1s suspended in the inner chamber down the entire length of the column.
It is read in software (using an image processing algorithm) and used to obtain accurate

6



Figure 2.2: Photograph showing column.



bubble height readings during the post-processing of the images. This is described in
detail in Chapter 4.

During operation, a 50 W, highly directional halogen lamp is placed underneath the col-
umn to provide lighting from below, and a 150 W halogen spotlight provides lighting
from above. This method for lighting placement was chosen as it lights up the inside of
the column effectively, and does not cause excessive visual noise that could interfere with
the camera’s view of the bubble and the subsequent image processing.

The connection between the column sections is a flange which is opaque. Consequently,
the bubble cannot be seen for a short length of time during tracking. This proved to be a
significant complication which had to be dealt with in both the tracking of the bubble and
the post-processing of the images. The solutions in both of these cases are discussed in
Sections 3.3.5 and 4.6 respectively!.

2.2.1 Bubble Generation

Numerous methods for generating single? bubbles of consistent size can be found in the

literature.

Sam [16] made use of a canister of compressed air and a micro valve to inject air into
the column through a glass capillary. Bubbles would continuously form and release on
the tip of the capillary, resulting in a bubble release frequency that could be adjusted by
tuning the micro valve. Using this apparatus, Sam could lower the bubble frequency such
that the bubbles could be considered to be rising independently. An early prototype of
the UCT apparatus made use of a similar system, though nitrogen was used instead of

compressed air.

Takemura and Yabe [18] described an electronic bubble generator for their studies of car-
bon dioxide bubbles. A thin steel plate with a tiny hole separated the bottom of their
column from carbon dioxide gas at a slightly higher pressure. The hole was blocked by a
rubber stopper on a rod held in place by a spring. They were able to generate single bub-
bles by injecting a brief current into a solenoid, which pulled the rod and stopper down
long enough for a small amount of gas to escape. Since the camera in their automated
tracking system was required to be in motion before the bubble was released, it was im-
portant for their apparatus to be able to release bubbles on command. This method could
have been and could still be suitable for use with UCT’s rig, and is discussed later in this

section.

Wu and Gharib [22] used their “gentle-push” method® to inject a known volume of air

"Two 2 m sections, rather than a single 4 m column, were used for space and logistical reasons. Pro-
totyping was performed with one of the sections only [14]. The column was extended to its full height
once space in a laboratory with a high ceiling became available. Additionally, on the occasions when it was
required, it was easier to move the column in two sections.

2“Single” refers to the fact that the bubble is rising in isolation, or is far enough from other bubbles that
it can be considered independent.

3Strictly speaking, this method was pioneered by the researchers Saffman and Duineveld, who are cred- ‘



through a elass capillary using a pair of syringes. This method also allowed bubbles to
be gencrated singly, thouweh the slow rate at which the syvrinecs had to be operated would
have reduced the predictability of the bubble release titne. rendering it unsuitable for
apphications that require a determinable relesse tme, Nonetheless, this method could also
be considered [or use with UCT s apparatus.

Finally, the rig at MeGill University now makes use of a ditterential pressure method to
sencrate babbles, which is describied in [21]0 This method works by placing a pocket
of air between two hydrostatic pressures - the pressure on the tip of the capillary in the
column ( £, and the pressare from a reservoir ( Py ). By keeping Py shightly sreater than
P avery low [low rate of air through the capillary. and henee a low bubble rate, can be

achieved. Figure 2.3 gives a functional diagram of this systen.

| ‘Water
Fesarvoir

—— Hose [Water)

Huse [Air)

Air Fochet

Canister

Figure 2.3: Functional diagram of bubble generation systetn,

It was the ditferential pressure method that was implemented at LT, since the UCT de-
sign was based on the one from McGill University. This method had already been used
at Mo(nll Universily o gencrate bubbles of variows sizes by using capillanes of different
sizes - this functionality was required tor the UCT apparatus. and the indications of suc-
cess with this method in the hiterature surrounding the MceGill apparatus was significant.
Additionally, the apparatus was built out of components from the prototype gas canister
system mientioned above, including the lower section of the column, This section alrcady
had facthly [or inserting a glass capillary, as reguired by the differental pressure method.
Finally, this method was also easily implemented with equipment already in the LCT lab,
Figure 2.4 shows the egoipment related o the maintenance of the arr pocket mounted on
a board near the base of the column. Besides the parts of the apparatus shown in Figure

2.3, there are also valves attached to the system to allow the air pocket to be replenished,

e 0 {22,



since gir contimuously leaks ont through the capillary during operation. The air inlet valyve
apens the pocket to compressed air al g pressure ol approximately (0.5 kPa

Canistar

Adt Dutlet Valve
Bl tnket Valve

Lir Hose to Capillary

Wakef Howe from
Resardoir

Inlet Valves far
Column Chambers

Figure 2.4 Photograph showing buard mounted canister and valves,

In most cases where bubbles are released in surfactant solation. the differental pressurce
method works g expected. |lowever, this is not always the case. In tap waler, the bubble
frequency does not decay uniformily as awr Jeaks oat of the air pocket, but reaches a critical
level whete bubbles cease Lo be released at all. despite a forward pressure remaining across
the cupillary, Single bubhles can then be released with a hizhl tap on the colunm or frame.
Cesur Gomez has also deseribed some practical difficulties experienced with the hubble
generating apparatus at Menll, though they have not been enomerated in the litcratre,

Nonetheless, in Lap waler. single bukbles suitable for use in the development of the appa-
ratus can be gencrated using the “tap” mentioned above with vne of the glass capillaries
set aside for the project. Their rise velocities du not exceed 40 em/s (initially this had
to he estimated. though it was later confirmed by the apparatus wsell). and upon release
they are small enough that they do nol exhibit lurbulent motion as they nse, though as
they climb higher and the pressure decreases, their volume inereases and they begin to
oscillate. Thus the bubkles generated with the “tap” method are on the upper limit vl the
size range of interest Tor this research. Other avanlable capillaries generate bubbles larper
Lhan desired.

A different problem is experienced when using surlactant solations in the column, partic-
ularly when the concentration iy relatively high. When the colomn 1s filled. a relatvely
high flow of air through the capillary 15 necessary Lo ensure that water does not flow back
into the capillary’. This implies a strong stream of bubbles that gradually dies awayv as
the column level nises. The bubhles gather on the rising surface of the water/solution,
and sometimes attach to the tape measure or the nner walls of the column, This effect
is net so propounced 1n tap waler and lower concentrations of surfactants, but it is previ-

“Wetting the inside of the capillary can interfere with U the hubhle release, and once waier is in the
caprllary, it1s diflicult o foree 30 ol threogh sueh o small openma.
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lent in high surfactant concentrations, to the point were it can interfere with tracking and
post-processing.

Though development has taken place with the above condiions, the actual operation of
the apparatus will reguire a modification of the bubble generating cquipment. Duce (o
the problems with bubble attachmient mentoned above. a method that does not reguire &
sleady stream of bubbles during sct up would be preferred, Both of the following methods

meet that requirement, and thus could be considered.

An implementation of Takemura and Yabe's method would reguire a redesipn of the bot-
o patt ol the column to put itin place, The ability of their bubble generalor to generate
bubbles of differenl sizes renmains i doubl as this was aot reguired lor their experiments.
Their method remains of interest due 1o the controllable bubble release Gme, bul since Lhe
LCT racking algorithm operates [roon a standing start, it 18 not an essenfial functon,

W and Ghanb's “gentle-push”™ method seems to hold more promise, since it allows the
volume of the bubble generaled Lo be vaned. The bubble would be injected into the
column through a glass capiblary, so it is likely that no column modifications would be

needed.

2.3 Personal Computer

A personal compurter (PC) provided the platform for Lhe apparatus solbtware, and was used
tey conttral the electronic hardware, The PC had an Intel Celeron 1.7 Glz processor and
two random access memory (RAM ) ehips: Oue 512 Mb, and the other 256 Mb.

T'he computer ran Microsoft Windows XP Service Pack 2 as an operating system (which
resulted in only 632 Mb of the RAM being available).

Softwarc mecluded Matlab 7.1, which was used primarily for software development, Mi-
crosoll Visual C++ 6.0, used for development and software implementalion, and & number
of imaging applications.

All development and eventual results processing were perlormed on this PC. Timing re-
sults given in later sections are thus standardized Lo this PC.

2.4 Firewire Camera

An ICCE (394 (Hirewire) camera is used o obtain visual information about the position
of the bubble in the column, The camera 1s mounted on a carriage on a track next Lo the
column, allowing vertical mobihty. The camera’s molion 1s described in detail in later
seclions: this scetion deals with the camera’s software specificalions.

Figure 2.5 shows the camera as it is mounted on the track.

The driver used was developed at the Robotics Institute of Camegie Mellon Universily
favailahle at CMIUT's TEEE 1394 driver sile [http: /fwew.ce . ol odaf~iwan/

L1



Figure 2.5 Photograph showing camera. carmiage and track.
12%4 /], see also | 24]). The camera is operated as faollaws:

o (40480 pixels output image size
e 2-bit (grayscale) depth
» 3{} frames per second (FPS)

The 630480 pixels output siz¢ 1w the highest image resolution possible with the camera
in use, It should be noted that the camera s turned oo its side, so that the 640 pixel axis
of the camera is aligned with the rise direction ol the bubble. The camera s roughly 8 cm
away [tom the wall of the column; approximately eleven centimeters of the rise axis of
the bubble is vistble in the camera’™s [rame (see Figure 3.2

2.4.1 Image Acquisition

The Carnegie Mellon Firewire driver presents the image data as a hattom-up 640« 480
{width=heighty 24-bit RGB image (despite the B-bu operation: the grayscale value is
simply repeated three times in the output} that 1s mirrored about the horizantal axis of the
unage, This 15 not an ideal format for the purposes of the bubble tracking appamtus, s0 4

function was crealed to converl the 1mage 1o g better format.

The ouwput of the conversien function 15 g Wwp-down 480 =640 B-bil grayscale image

with no mimoring. A op-down” image format was used as it allowed the images to be

*Top-down specifies the origin pixel (LU) 1o be te wp-lel of the imuge. while hottom- up specifies the
urigin o be the Bottom-lelt.



saved in the simple PGM image format (portable grayscale map [http://netpbm.
sourceforge.net/doc/pgm.html]), which is top-down. The 480x640 image
size allows the vertical dimension in space to be aligned with the vertical in the im-
age. The converted image has two redundant RGB bytes stripped away, leaving a true
8-bit grayscale image which is smaller in size and allows processing to take place faster.
Finally, the mirroring present is removed.

The conversion is performed quickly enough to take place without compromising the
30 FPS frame rate. Thus the converted image format is used in all processing operations
including the tracking processing. All images from the Firewire camera in this dissertation
are shown in the converted format.

2.4.2 Saving Images

Images are saved on the PC’s hard drive in a date and time stamped directory. They are
enumerated so that they can be post-processed and viewed in the correct order.

Unfortunately, writing an image to disk takes enough time to compromise the frame rate
of the camera, which would cause problems during tracking. As a result, images are
stored in the PC’s RAM during the tracking run, and written to the hard drive after the run

is complete.

2.5 Eagle DAQ Card

Apart from the Firewire camera, input and output to and from the PC is facilitated by a
PCI730 DAQ card from Eagle Technology (http://www.eagle.co.za). The card
has four analog outputs (only one was used), three byte-wide digital /O ports, and 16
analog inputs (these were not used). The card also has a built in crystal oscillator counter,
which can be used as a timing device.

The analog output is used to provide the control voltage for the inverter, governing the
motor’s speed, and thus the camera’s speed on the track. Two of the digital /O ports are
used to read a counter which gives the position of the camera on the track (see Section
2.6), and the third is used for a series of output tasks, such as setting the inverter direction
(allowing the camera to move up or down) and resetting the positional counter.

2.6 Electronics Interface Box

An electronics box, developed in conjunction with Bill Randall of UCT’s Department
of Chemical Engineering, provides the interface between the PC’s DAQ card and the
hardware components of the apparatus. It can be seen in Figure 2.6.

The electronics box has two main functions. They are described in the sections below:

13



Figure 2.6: Photograph showing clectronics box.

2.6.1 DMotor Control

The tracking contrad voltage [rom the DAD card 15 sent 1o the inverter via an aperatiomnal
amplilier {op ampt circuit forisolation. Direction contral, performed digitally by the DAQ)
card. is passed through a circuir which eptically isolates the fragile digital 1O porl trom
the imverter. This circuil also incorparates hardware limit swilchey (visible in Figure 2.1)

te stop the motor's operation should the camiage approsch the end of the truck.

2.6.2 Optical Counter

The electronics box also containg the ctrecuitry for 4 coumter mcchanistn that measares
the height of the carriage on the rack, A wothed wheel is attached 1 the motor’s axle
and turns thtough a pair of optical limit switches which are configured © inctement or
decrement i counter depending an the tum direction tand hence the vertical direction of
the camera}.

The counter value can be seen on the display in the electronics box (see kFigure 2.6) or
read inte the compuater via two of the digital A0 ports on the DAQ card.

The positional resolution obtained tor the camers on the track with this mechanism is
approximately 1 mun per counter umt,

The counter iy used lor the calibration ol cameta position belore runs (so that the samce
starfing point can be used sach time). to determine when a tracking run needs to be

stopped doe to the camera approaching the top of the track.

Inttially, the intemtion way o calealate the absolute bubble heteht [rom the counter value

14



combined with the bubble’s frame position. This gave erratic results due to a time lag, and
instead the current post-processing method (involving using a tape measure to provide an
absolute reference) was used. The time lag problem is discussed in detail in Section 4.1.1.

The original design of the counter circuit was by Alistair Stewart, and the printed circuit
board layout for the entire electronics box was performed by Bill Randall.

2.7 Inverter, Motor and Gearbox

The motor operation is performed by a 400 W Mitsubishi transistorized inverter. The
inverter is set so that it can be controlled by the external electronics described above.
The control voltage and directional information from the electronics box corresponds to
a three-phase variable frequency signal. In addition, the inverter automatically filters all
input - a step change will result in a smooth adjustment in output frequency to the new
value, reducing wear and tear on the motor and related hardware.

The 90 W, three-phase, four-pole induction motor has a top speed of 1675 revolutions per
minute (RPM). Combined with a 10:1 ratio worm drive gearbox and a conveyor belt cog
radius of 40 mm, the top speed for the carriage was approximately 70 cm/s, which was
more than adequate for the maximum anticipated bubble speed of 40 cm/s.

15



Chapter 3

Tracking Control

3.1 Overview

In crder to obtain a cominuoos plot of bubhle velocity, samples of the bubhle’s position as
it rises are required, The trackimg algonthm 1s designed o give such samiples in the form
of images of the bubble. taken at 30 FPS. This chapter describes the tracking algorithm
and its developmant,

The tracking control loop cun be visualized as u block diagramoof the Torm given i Figure

31
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Fimue 3.1: Block diagram of tracking control ioop.

Seetion 3.2 describes the inittalization of the racking process. The following two sections
describe the two nain aspects of the tracking loop - image processing and motor control.
Duating tracking. images of the bubble in the column are gequired with the Firewire cam-
era. These images are processed o obtain error values {«) for the controller theing the
vertical displacement of the bubble from the cenier of cach frume: shown in Figure 3.1).

The image processing techmgues used o obiain the error are described in Section 3.3,

(K6



The comtroller uses the error values to caleolate a control voltage (17) which sets the speed
of the motar, The madeling of the motor and other hardware and the develapment ol the

controller are deseribed in Section 3.4,

3.2 Initialization

The camera is first moved to 4 position where the tip of the capillary (see Tigure 2.1) is
just out of sight below the bottom of the frame. This position 15 consistently [ound using
the counter-based position contrel menuoned m Sccton 2.6.20 Alternatively, it can be set
by the operator,

Computer memory (RAM) 18 set sside for the capture of unages dunng the tracking run.
Atter the tacking run. the inages saved in RAM are written to the PC's hard drive.
Wrting dircetly o the hard drive during tracking 15 not possible Cwith the current PO, at
least) as the operation takes o long and slows down the Trame rate.

Onece all necessary meniery and variables have been ininalized, the camera begins o
acguire images at 30 FPS, and the algorithm scarches the botiom of cach image for a
hubhle using the bubble search method described in the following section. The systen
wallts in this state until o bubble is detected near the bottom of the screen.

As soom as a bubble s detected. the alzorithm begins tracking it Images Trom this point
an are saved, the bubbla’s frame positions are analyzed (Section 3.3) and the tracking
control algonthm 1s stanted (Section 3.4),

3.3 [Image Processing for Tracking Algorithm

A sample image from a tracking run is shown in Figure 3.2, Tt should be noted that the
tape medsure, while visible in all images from the tracking run (as is required for post-
processimngl s not actually used during tracking,

A 112 search algorithim is used to find the bubble in each frame. A 213 correlation was not
considered, as 11 was o cxpensive in terms of processing tme. 1t was also unneccessary,
as only vertical information is important for the camera’s motion. The 1D method proved
to be both fast and robust.

The image processing to obtain the error value is deseribed in the [ollowing sections.

3.3.1 Row Maxima

First, liniits are st between which the bubble is expected to remain during the tracking
run (shown i Figore 3.2). Since the bubble’s Jateral displacement seldom cxceeds 2 or 3
cni. the repion enclosed by the limits can be kept small. The maximum brighthess value
ronn the section of each row between the limmts is placed o an array, The resulting 6440

17



Figurc 3.2: Sample image from a tracking run.  Limits between which the bubble 1s
expected are shown. Contrast in the image segment containing the tape measure has been
increased for elarity.
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element long wrray has peaks in it according to the heights of the bublles in the image,
A strong contrast between bubble and background can be achieved because the hmits cat
oul most of the noise m the image, as well as the segments that contain bright objects,

such as the @ape measure.

3.3.2 Filtering and Threshold

The array of row maxima 1s low-pass filtered with a moving average function of a size
hased on the estimated sice of the bubble. A keeneld sizc of cight pixels was foond o be
maost suitable for this apparatus configuration. The mean and standard deviation of the
clements of the filtered array arc then calculated, and a threshold level is set two standard
deviations above the mean value. Most peaks smaller than the bobble are reduced 1o be
below the threshold Jevel by the moving average. while the bubble’s peak is consistently
detected. The fillered array and threshold level for the image in Figure 3.2 are shown in
Figure 3.3.
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Figure 3.3: Tracking tmage processing, showing the array after filtering by moving aver-
ape and the threshold level, two standard deviations above the mean,

3.3.3 Dilations and Erosions

The hghung sieaed above and below the colump canses dual hright spots to appear on
the top and bottom of the bubble, where the hight 15 reflected, wlule the middle of the
bubble usually remains dark. as can be seen in Figure 3.4, Occasionally, the bmary wiray
resulting [rom the tireshold operation has gaps in il in the middle of the bubble. even with
the use of the filter described above.

To solve this problen. the binary array undergoes further processing in the form of o two
element dilation, followed by a two element crosion | 13]. These steps have the effect of
linking detecred regions that are within four elements of each other while retaiming the
overall size of the regions, as shown in Figure 3.4,
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Fieure 3.4 Processing for image section contaimng bubble, shown vertically.

3.3.4 Final Detection and Selection

Once the array of row maxima has undergone the processing described above, the final
bubble search and scleetion takes place. 'The hinary arcay is scarched Tor continnous “set”
regions, These regrons are enumerated and thetr positions i the array. their sizes (leagths)

and their centers are noted.

lor example. in the frame in Figure 3.5, two bubhbles were deteeted as “set” regions in
the array ol row maxima. The detected regions are drawn on Lhe lefl side of the image.
In this case, the first (top) region is 14 pixels n size (length). and the vertical position of
the center of the region (shown as the mark protruding from the region indicator) is at a
position |19 pixels [vom the top of the frame: The second region is nine pixels in length,

and 1t cenler1s 262 pixels from the top of the frame',

The list of detecied regions is then used wr dotermine the e {or the controller, First,
a prediction for the ¢xpected bubble position 18 eencrated based on the bubble frame

positions from the bwa previous iterations of the tracking loop:

YIRY, | < (Y —Vaal =2Y ) — ¥y (3.1}

where Y is the predicied value for the current frame and Y,_; are the actual bubble
positions used frivm the previous two frames. This cquanon elfectively oives a lincar
cstimate for the bubble’s motion - 1L predicts Lthat the bubble will move by the same amount
each trame. This estimate was found to be a good prediction duc to the relatively smooth
metion of the bubble between frames.

The list of the detected regions 15 then searched, and the region {if there is more than
one) with its center ¢liasest to the prediction 15 used for the controller error. The followinge
equation % used o calculate the error of the bubhle's position from the center of the

SCTECN

Vi.‘w‘ihlfﬂ[f“glhmm f3‘-2}

B! ( Framelieight,,
Framelleight,,
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| As an aside, it s the lower of the twe bubbles thut was being rucked when Uiis image was laken, The
L oo was wetudlly attached 1 I wull of the inner chamber of the column, and was thus staionary, [
pssed oul of the view of the camery o few frames luler.
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Figure 3.5: Tracking image with two bubble decections, Contrast has been increased in
segment conlaiming tape measure.

where all of the references with a subscript g are given in pixels. The Visible Lenptiy,,
riefers to what length of the column s visible in the 640 pixel FrameHerght,, amnd remains
approximately 110 mm consisteatly throughout the run.

The contraller was developed assuming that the error would be given in millimeters, so
Equation 3.2 converts a wop-down pisel value for the center of the detected regon inlo a
millimeter error measured from the center of the frame. The error is positive if the bubble
is above the frame’s center, and negative it below, 1t is this error valoe that is provided ©

the controller deseribed in Section 3.4,

There are 1 number of contingencies huilt inta the error calculation. For instance, oc-
casionally the processing can fail to detect the bubble (the threshold value 15 ot met),
leaving the list of detecled regions emply. In this case. Lhe prediction itself {Eguation 3, 1)
is vsed to calculate the error. Another prablem that can arise is a missed detection for the
tracked bubble ar the same tme as another. spunous detechion in the same frame, This
leads to the wrong target being tracked, which can campletely compromise the tracking
run. To counter this. the range of posaible regmon posinons 15 reduced. Only remons with
centlers within & certain range of the prediction are considered for use ta caleulate the
error, If there are no regions witlin this range, the predicted value is used. 15% of the
sereen size (96 pixels) was found to be an effective range allowing a very high tracking
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3.3.5 Tracking Flange Compensation

The opaque flange joining the two column sections together, mentioned in Section 2.2, is
dealt with by attaching a piece of black cardboard over the side of the flange facing the
camera. The cardboard is positioned in such a way so as to allow the bubble to be tracked
for as long as possible, but then to obscure the bubble and flange structures before false
detections could interfere with the tracking. The black cardboard keeps detections from
occurring within the search range while the view of the bubble is obscured, allowing the
predicted value for the bubble’s position to be used. This effectively keeps the camera’s
velocity constant, since by this time (2 m into the run) the camera will have caught up to
and centered the bubble in the frame, which means the predicted value for the bubble will
also remain centered. An examination of the velocity profiles of bubble in the literature
[8, 16, 17, 25, 24] shows that while the bubble’s velocity at this stage will not necessarily
be constant, all significant transients will have decayed, and the camera should be able to
re-acquire the target bubble even if visuals are temporarily lost. This is generally the case,
as shown in Section 3.4.5 and the results (Section 5.2).

A series of images from a tracking run past the flange is shown in Figure 3.6. The vertical
area of the frame which is searched is shown between the lines. Note that the bubble
remains the only detected region within the lines. If the bubble is obscured, no region is
detected between the lines, allowing the predicted values for bubble position to be used
and the camera velocity to remain constant. The bubble is reacquired on the other side.
The images shown are not consecutive, nor were they taken at regular intervals - they
were selected as the best to demonstrate the effect of tracking a bubble through the flange.
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Figure 3.6 Muluple images of a racking run through the Nlange,

3.4 DMNlotor Controller

Omee the emror value [ora frame s obiained as desenbed above, i35 used inoa contro
algarithm to keep the error nunimized and thus keep the bubble centered in the frame.
The design, testing and performance of the control loop 1z described 1n this seetion.

341 Overview

The aspects of the apparatus relevant to the development of a controller can be modeled

as a laplacian block diagram in standard teedback configuration, as shown n Figure 3.7,
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Fieure 3,7, Laplacian block diggram maodeling tracking control.
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The setpoint (bubble) can be modeled as a ramp (r(s)), with a constant velocity of no more
than 40 cm/s. The error (e(s)) calculation is performed in image processing, as described
in the section above. The controller (k(s)) uses the error values to set the control voltage
(u(s)). Since the controller is implemented in software, the lapacian controller model
must be converted into a digital control law. This is described in Section 3.4.3. The
mechanical system (g(s)) consists of all of the equipment related to the motion of the
camera. It is the system that accepts a voltage from the DAQ card and outputs a velocity
for the camera on the track. To develop a controller, this system must first be adequately
modeled, and this is described in Section 3.4.2.

3.4.2 Motor Modeling

The main component of the mechanical system is the motor, and thus a model for this
system was tested which was based on a standard form for a motor, from [1]:

G

g(s) = s (l+s To) (3.3)

where G is the steady-state gain and T, is the mechanical time constant. The plant model
(g9(s)) is a ratio of input voltage to output speed (mm/V). It responds to a step input by
exponentially approaching a steady state velocity. A plot of the step response for such a
model can be used to estimate values for G and T,. As a result, the mechanical system of
the apparatus was tested with step inputs.

A ruler was positioned in front of the camera. From a stationary position, the input voltage
was stepped using the DAQ card. At the moment it was stepped, the camera began to
capture frames at 30 FPS. After the run, the images were examined and the exact position
of the camera was read using the ruler®. These data were used to plot the camera velocity

characteristic, shown in Figure 3.8.

Note that in most cases, the transfer function given in Equation 3.3 models a rotational
velocity output. In this case, however, the motor’s rotation (rad/s) is converted to a linear
velocity by the conveyor belt pulley system (mm/s).

The motor model gives a good representation of the actual operation of the mechanical
system. The steady state velocity is gradually approached, and doubling the step magni-
tude doubles the magnitude of the steady state velocity. However, there is a discrepancy:
the model predicts that the steady state velocity will be reached in a constant amount of
time, regardless of step magnitude. In Figure 3.8, the time constant appears to be smaller
for the smaller step.

This deviation from expected performance is most likely caused by the inverter, which
is used to convert the DC control voltage into a 3-phase AC signal. The inverter has

“In this case, the process was not automated, and the position data had to extracted by hand, unlike in
post-processing.
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Camera vWelocity CTharacteristic
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Figure 3 8 Camera velocity characteristic responses Lo slep inputs,

control sottware designed to smooih out the molor's operation, and protect it from poten-
Lally damiaging input signals, Unfortunately, the iméerter’s soltware 15 inaecessible and
unavpilable for modeling.

Despite the minor discrepancies. the mode]l miven in Egoation 3.3 characterizes the be-
haviaur of the mechanical components of the apparatus well enough to allow for an of

fective controller design,

Axosuch, Lhe fullowing equation was wsed 1o describe Lhe mechumcal system:

U} e 0.1s
AR N (3.4
e L + 0358
where ¢ and T, (rom Equation 3,30 were estimated o be 220 mmfs/V and 0035 s respeg-
tively., Note that 2 dead time of (01 s, cleadly visible in the plots in Figure 3.8, has been

ncluded as well,

3.4.3 Controller Development

The controller was developed over time with an array of software packages, including
nfcontrol (mztp:/fwww.nicreatiacs. cor) . Matlab Simulink (htvp:// wesw.
maT hwarks . com)and the *CAD software packages writlen by Professor Martin Braac
af UCT the L/ Awww. oles uct.ac.zasscivware /).

The design of the controller was an incremental process that gradually improved the con-
troller until its performance privided Lhe best tracking possible. This was done using 4
numiber of techniques including root locus design, simulation and t1al and error, but there
were a number of design criteria that were maintained,

The system necded to be capable of Lracking o constant velacity setpoint - the rising

bubble, Thus & Type 2 system | 1] was prefened for zero steady state error when tracking
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a velueity setpmint. This design called [or two integrating s [zctors in the depominator of
the open loop (O/L) svstem, One wntegrator alrcady existed in the mechanical model (sec
Equation 3.4). so the controller design would need Lo include the second.

A standard design for a controller that includes an integrating term is the Proportional-
Integral-Derivative (PID) controller. A PID controller consists of two coros and a pole in
theory, and twa zeros and two poles in practice {1]. The form 15 given in the following
gquation:
A+Ts+T -1 s" .
fi‘(#} St {3.5)
Pl 38y P

where Py the proporlional term, T is the integral term. f3 is the derivative term and 7' is
a time constant that cnsures the cxtra pole is non-dominant.

Using Lguation 3.5 as a controller template in oocontrol, the values of P. 1. Dand T
were adjusted with the mechanical system model in leedback and ramp inpuls of varous
gradients. n'contro] allaws the real-time editing of variables and pole/zero positions on
the s-plane. and this proved invaluable in the controller design. The following transfer

function was found to be the most promising controller:

o ALOB]sf 4 64055 08T
kla]" 13.6)
%) < + 20,258

While the above function does not exactly tit the mald of the PID formula given in Equa-
Lion 3.5, it has the integrating s factor allowing zero C/A. velocity error. and it provided
gaod tracking elven the mechameal system model. The ramp response of the controller
and mechanical model for the steepest ramp expecled ave shown in Figure 3.9
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Figure 3.9 Ramp response for controller and system model in unity feedback configura-
tion. Image is from n’contral,
The root locus diagram for this system in C/L configuralion is shown in Figure 3. 10.

The C/L piles (boxes) onginate at the O/, poles and, dependent on laop gain, mave along
the loci mapped out in the diagram (crosses), The contoller in Equation 3.6 results i a
toop gain that places the C/L poles of the system at the position shaown in Figure 3. 10,
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Figure 3.10: Root locus diagram for controller and mechanical system in C/.. The right
dingram is a xoom ol the [l dizgram. [mages are [rom n*contral,

An examination of the C/L pole positons indicates that the perforinance of the controller
is very close to optimum. The dominant poles in the configuration {the boxes al approxi-
mately — 1.6 + 2.57) have been pulled as far from the imaginary axis as possible without
allowing them to move too far from the real axis or bend back into the positive halt of the
s-plane. This ensures that the system remains as fast as possible withoul becoming o
ascitlatory,

In order Tor the controller (o be tmplemented by a computer, it needed to be converted
into a discrete-time recursive dilference equation. This was done in Matlab, using the
¢2¢ function to find the z-transform of the laplacian transfer function of the controller.
Samphe time was set at 3333 < 1071 s (from the 30 FPS frame rate of the camera during
tracking), and the discretization method used assumed a zero-order hold on the input, The

riesull was as follows;

Conlz) DOEIN2* — 01522 4+ 0.0713
i AT
kz) el 2] 2% — 1.0z 4 0.504 G
where #( 2] is the controfler voltage and « (2 ) 15 the error in millimeters. Rewniting:
: : (=521 o i7Tles ¢ )
w(z) 0081 152 0713 (3.8)

f(z) v LBl = (.000.-2

The above transfer funcrion gives rise to the Moflowing recursive difference equation, suit-

able [or implementation as a digntal control law:

g = 0L08key — 0.052e_ + 00T13¢ w4 Lolu_q — RBOYu_» (3.9)

Thuis the control voltage [or the current iteration (ug) 1% caleulated trom a combination of
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the current and previous errors (e;) and the previous control voltages (u;).

There is a final point about the controller design which requires attention. The bubble is
released just below the bottom of the frame, and as a result, the bubble initially climbs
upwards through the bottom half of the frame. This results in negative error values be-
ing sent to the controller in the early stages of tracking, which normally would result in
negative control voltages - causing the camera to move downwards at first.

A number of techniques were considered to remedy this. Having the setpoint set to the
bottom of the frame, and then adjusting it once the tracking was underway was a method
employed in the earlier prototype of the apparatus, but it was eventually discarded as
it was clumsy in implementation and performance. Setting the camera so that bubbles
would be released from the middle of the frame resulted in the bubbles outrunning the
camera - they would disappear beyond the top of the screen before the camera could build
up any speed (partially a result of the dead time in the mechanical system).

Ultimately, the controller was biased with an initial steady state voltage. This forced
the camera to begin moving upwards as soon as the controller was brought into action
during tracking (once a bubble was detected), regardless of error. This method proved
easy to implement and effective in providing the initial impetus for the camera while
still allowing the controller to fine tune the steady state response and center the bubble
accurately. (Many thanks to Professor Braae, who suggested the idea.)

The actual voltage value used to bias the controller is 1 V. Examining the transfer function
for the mechanical system (Equation 3.4) shows why. In the steady state, a A 22 cm/s
ramp will eventually be tracked by a 1 V signal. This falls in the middle of the range of
bubble velocities of interest (which can be as low as 12 cm/s, and up to 40 cm/s). The
1 V signal was large enough to provide a starting bias for the fastest bubbles, while not
overwhelming the controller in the case of slower bubbles.

3.4.4 Simulation

The controller was tested in simulation in a number of manners during its development.
n’control has simulation facilities, as can be seen in Figure 3.9. Matlab Simulink was
used extensively, as it allows a detailed model to be tested, including effects of the bias
voltage and the initially negative error. In addition to this, the bubble was simulated in
the software of the apparatus, and the mechanical system was allowed to physically track
a simulated bubble. The graphs in this section are all from the Matlab and apparatus
simulations. While large numbers of simulations were performed during development,
testing different versions of the controller and different aspects, only a selection will be
presented here, chosen to best represent the development as a whole.

Matlab Simulink
The format for the simulations run in Matlab is shown in Figure 3.11.
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Figure 3.1 | Matlab Simuhnk model for apparatus.

The discrete version of the controller is shown in this figure. Situlations were also per-
formed with the continuous version of the controller. and attained similar results due to
the tugh satple rate (30 per second). The resubts presented here are all rom the discrete
version. as this one is a better approximation o the Uue nature of the contraller. The Zero-
{hder Hold block simulates the 13AG card, which halds the most recently set voltape on
its ouipul. The Step input sumulates voltage mas mennoned 1o the sectiom above. The
Saruvation block simulates the Tact thal, during tracking. the DAQ card cannot cutput a
higher voltage than 3.5 V or less than 0 ¥, The dead time in the system is modeled by
the Transport Belay, and the remainder of the mechanical system by its laplacian trans{cr
function. The Scope block provided the output chanpel from which the data from the
simulations could be collected.

In the abwove conliguration, the outpuls are the velocities of the selpoint and response
tacquired by sending the signals through derivative blocks) and the error signal. This way
nit always the confipuration used, but it shows how the various signals desired from the
simulations could be acquired. In the plots in Figures 3.12 and 3,13, the signals shown

will always be mentivned.

Hardware Simulation

The simulations using the apparatus hardware were performed as follows,

The camera was placed at s known starting pomt using the position contrel (Section 2.6.2),
and then the timer on the DDAL) card was started, A loop was then started. lterating every
33 mis, 1L contanned the fellowing algerithm:

& Read timer
o Caleulate new setpoint posinon (in track units) from umer value
o Reud camera position

o Calculate crror 1 tnm. based on dilference between seipeint and camera posiion

A controk voltage of less than 0 % would imply the camera is attempring 1o move downwards, which is
nied feasible Tor o risiog bubble,



e Calculate new conirel voltage according Lo Equation 3.9

This method alowed the coniroller to be tested with the apparatus, without necding a
hubble to act as a setpoint, Facility was provided in software (o have an initial negative
error and a bias voltage included, allowing comparizon between the appacatus and Matlab
simulations.

Note that this stmulation method cludes the reading of the positoen from the counter
in real-time. This device was found to have problems with accuracy (see Section 4,111
However, in this case, the simulations were only attempting to give an indication of per-

formance, and the inaccuracies were not Jarge enough to compromise that.

Resulis

Figure 3.12 shows the simulation responses to 40 and 20 cm/s setpoints respectively, The

crror responses are shown n the graphs on top and the velocity responses are shown

below.
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Figure 3.12: Simulation responscs to 40 and 20 cm/s setpoint.

The two different simulators bear u marked resemblance to each other, particudarly in the
faster case. Timing and magnitude of the response are of a similar order, As predicted.
the response 1n both cases 1s quick and close to having a enitical damping lactor

To ensure that the camera would still be capable of tracking a sctpoint with the initial crror
negative, as was expected in the practoical situation, sinwlations were performed under that

condition. Some plats of these can be seen in Figure 313,

Note that the response in 20 cm/fs case is quite ditferent between the hardware and soft-

ware simulators. Ths 18 nor entively unexpected. as there are aspects of the mechanical
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Figure 3.13; Simulation responses to 30 and 20 cmfs setpoints with initially neganve
EITOTS.

systern that have been neglected. The difference in response is most Tikely a result of
friction from the conveyor belt moving against the track, or the control soltware of the
iverter mentioned aboave in Section 3.4.2, Nonetheless, the setpomt was robustly trucked
in both cases. and indicated that the controller would be suitalle for use.

345 Performance

A typical profile from actual bubble rackims runs s shovwn in Figure 314,

Bukbkble Screen Position During Tracking Run
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Fizure 3.14: Plot of vertical screen position as a function of time for a bubble dunng a
tracking rum.

The two different plots are from different runs. one with a fast bubble (37 cm/fs on average.
tap water). one from a slower bubble t15 em/s on average, MIBC solution. 3t) Parls Per
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Million [PPM]). More on the velocities of the bubbles can be found in the results (Chapter
5). This section is primarily concerned with the performance of the controller.

The plots measure the actual bubble position during the progress of the run. This is the
reading that is used in Equation 3.2 to determine the controller error. Since the images
are in top-down format, the bubbles enter the frame at the bottom with a high pixel value
and are eventually centered in the image at about pixel 320 during the course of the run.

The controller performance was found to be fast and robust, as was indicated by simula-
tion. Note that there is a gap in the readings in the plot of the response for the fast bubble
around 5.5 s. This is due to the bubble passing behind the flange, and it was correctly
reacquired on the other side. There is no gap in the response to the slower bubble as it had
not reached the flange by the end of the tracking run (10 s). The one response that was
not predicted, however, were the oscillations clearly visible in both graphs in the figure.

Their cause is not immediately apparent.

They are not caused by the dominant poles in the root locus diagram in Figure 3.10. The
pole positions correspond to a frequency of 0.45 Hz, which is an order of magnitude away
from these oscillations.

It was also proposed that the oscillations could be a result of integral wind-up. If the
controller is forced to saturate the control voltage at the top rail for too long (a result
of a large error), it can cause the controller to continue to saturate at the rail until the
integral term has been decreased by a negative error value. This can cause oscillatory
behaviour, and is described, along with a possible solution, in [3]. The solution, involving
desaturation of the integral term, was tested in the controller but had no effect.

It should be noted that the oscillations are largely absent in the simulations shown above,
although smaller amplitude oscillations of a similar frequency can be seen in the 20 cm/s
simulations. Thus the possibility exists that the oscillations are caused by some part of
the model that has been neglected - the inverter, with its independent control, is a likely
candidate.

But as it stands, the most likely cause for this behaviour is no single component, but sim-
ply a mode of operation which has not been included in the model. There is another set
of C/L poles that has not been accounted for that is pulled towards the imaginary axis
as the loop gain increases. This behaviour could not be replicated easily in simulation
- that would require a much more detailed model of the system components, which in
turn would defeat the purpose of the simulation - a general indication of controller per-
formance.

An attempt was made to eliminate the oscillations with the use of a lag circuit [1] inte-
grated into the controller, but unfortunately any circuit that affected the oscillations also
compromised the controller performance. It was decided to ignore the oscillations, as the
controller’s performance was proven to be excellent despite them, and they ultimately had
no effect on the post-processing of the images from the tracking runs.
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Chapter 4
Post-Processing Algorithm

The development of the algorithm presented here is available in summarized form in [15].

4.1 Background

Originally, it was intended that the bubble velocity calculations be performed during the
tracking run itself. Using the camera’s track position according the the optical counter,
and the bubble’s vertical position in the frame, an absolute bubble position could theoret-
ically be attained, allowing the velocity to be estimated by a discrete derivative operation.
This method was implemented in the prototype version of the system [14], but unfortu-
nately, the performance achieved ruled out this technique due to inaccuracies inherent in
the method.

This section describes the problems that led to the implementation of a post-processing
routine. It also discusses the advantages of performing post-processing as well as the
disadvantages and difficulties encountered.

4.1.1 Source of Error

Early runs with the apparatus used the method described above to calculate bubble ve-
locity, but accurate data resembling expected velocity profiles (based on [17]) could not
be obtained. Errors are likely to arise from two main sources: Image processing and the

optical counter.

Image Processing

Figure 4.1 (top plot) shows the bubble velocity, calculated from the camera’s track po-
sition and the bubble’s frame position (the method mentioned above), on the same time
scale as the bubble’s position in the frame. Below that is the camera velocity alone with
the bubble frame position on the same time scale.
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Frame Position and Calculated Bubble Velocoily
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in their behaviopr,

M



Note that there is an oscillation present in the graph of calculated bubble velocity. It
is subtle, but is clearly visible in the averaged version of the graph. It is at the same
frequency of oscillation as the bubble position in the frame. Oscillations in the bubble
velocity are not expected according to published findings so far, or from any current model
for bubble rise velocity [16, 17, 25, 24].

The lower graph shows the camera velocity for the same tracking run. The oscillations
are more pronounced, and are of the same frequency as the bubble frame position oscilla-

tions!. This graph is included to show the interrelation among all three sets of oscillations.

The correlation between the various sets of oscillations indicates that the oscillations vis-
ible in the bubble velocity arise from inaccuracies in the processing, not the actual bubble
behaviour. An in-depth discussion of this can be found in [14], but the important point is
that patterns in the motion of the camera during tracking, and patterns in the bubble frame
position, are filtering through into the results. This does not pose a major problem for the
tracking of the bubble, but it is unacceptable for the results, which need a high degree of
accuracy.

Optical Counter

After the contamination of the results, shown in the section above, was noted, it was de-
cided to test the accuracy of the optical counter mechanism, which had previously simply
been assumed. A program was written to implement the test.

A ruler was placed in front of the camera. From a stationary position, the input voltage
was stepped using the DAQ card, and camera frame capture was started. For every frame,
the track position was read in from the optical counter through the DAQ card. Following
the run, the images saved were examined and the actual camera position was noted by
reading the ruler?.

The two sets of position readings could then be compared by converting both readings to
measurements in millimeters, and subtracting the initial position from every element in
the set, for both sets (allowing both to start from 0). The set of positions according to the
counter was then subtracted from the set according to the ruler. This was done for two
velocities. The error plots are shown in Figure 4.2.

The images of the ruler are considered to capture the actual positions of the camera during
the run. A positive error when subtracting the position read in from the counter indicates
a time lag in that reading. This is confirmed by the fact that initially there is no apparent
error, but as the camera velocity increases, the error develops. Additionally, the error is
proportional to velocity - doubling the stepped velocity approximately doubles the error.
This indicates an approximately constant time lag.

'The phase lag can be accounted for by the system dead time, as well as the lag introduced by the
moving average function.
2Once again, the image analysis was done by hand.
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Errors at Oifferent Speeds
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Fizure 4.2: Error plots for optical counter for velocity steps.

‘The graph in the figure shows the inaccuracy of the optical counter, Compensating for this
apparcnt time lag was considered, but this idea was ruled out: while the lag does appear o
arise in the electronics box or the dover for the DACG card, 11 cannol easily be chavacterized
or cuaranteed to remain constant. Even in the plots in Figure 4.2, a substanual jitter is
apparent, especially i the response o the 44 cmls step.

Height Measurement Using Tape Measare

[3ue to the apparent inaccuracies in the image processing and the camera track position, 1t
was decided to test a method which elirmnates both sources of error. This method involves
placing a tape measure nto the columm in the same plane as the bubble™s nise axis, and
reading the tape measure in software. Tt gives an absolute reference for bubble height
in the column, and theoretically allows the same accuracy to be obtained as a human
operator performing the analvsis {who would estimate the bubble height by reading the
tape measure, the same method employed by the software).

It was decided to use a tape measure as an absolute veference for a number of reasons:

It provides a human-readable format. The bubble’s position can thus casily be read in
any frame by a human should the need anse. This s especially useful for debugging

and ermn-checking.

It is not susceptible to aliasing, Each “reading position™ fcentimeter marks, in this case)
on the tape measure 15 uniguely speeified by a number. Other machine-vision solu-
Lions often use repetitive pattermns that are non-unique, such as checkerboard patterns
or other alternating-colour patterns, Using such a pattem could cause processing
errors due Lo aliasing. This would oceur if the positienal change between [rames

{resulting from the motion of the camera) is preater than the pattern period.



Preliminary results were promising. The initial investigation into the feasibility of us-
ing an absolute reference was performed with a tape measure as it was easy to
install in the column with a minimum of difficulty. Results from this investigation
indicated that a high degree of accuracy could be obtained with the use of a tape
measure.

As a result, development was carried out with a standard tape measure inserted in the
column, and the algorithm is described as it operates on a tape measure. However, there
are disadvantages to the use of a tape measure.

For instance, it is difficult to get it to stay in position. Since it is suspended down a
distance of 4 m, small changes in the position at the top can result in large changes at the
bottom. It is also bumped and jostled while the inner chamber of the column is being filled
with water, which can leave it out of position. Due to the flexibility of the tape measure,
it does not hold a straight line throughout the length of the column, but moves slightly to
the left and right, and forward and backward, relative to the camera. This is not a major
problem, but can affect the accuracy slightly (see Section 5.3) and causes problems when
attempting to set the position. The flexibility can also allow it close enough to the bubble’s
rise path to affect the velocity, though this is rare.

In the light of these disadvantages, it is recommended that a new tape measure, tailored for
the specific use of this apparatus be built and installed in the apparatus. A good measuring
device would need to have the following characteristics:

e It would need to be attached to the column, in the plane of the bubble’s rise axis
relative to the camera, for the entire length of the column (or close to that).

e A rigid, non-corroding material would need to be used, such as Perspex.

e A machine vision solution for the position markers should be considered - this could
be with unique markings (such as a bar-coded pattern), or possibly a non-unique
repeating pattern (at the risk of aliasing - see above, and later in Section 4.4.5). If a
non-human-readable format is used for the processing, the measuring device should
incorporate the height in addition to the machine-vision pattern for easy debugging
and error checking.

A better tape measure has not yet been implemented as this would likely require a long
down time with the apparatus, which was not feasible. Additionally, the purpose of this
dissertation is development, for which the present tape measure is adequate. The program
code developed for the tape measure will probably require only minor modifications for
the new measuring device, though this does depend on the design to a degree.

Another drawback, wholly unrelated to the tape measure, is that the time taken to process
the 250-300 images generated in a tracking run is substantial (in the region of half an
hour). For this reason, provision is made for the post-processing routine to process images .

37



from several runs, one after the other, so that the PC can be left to perform the processing
without requiring human input.

Once again, the time taken might be sharply reduced (see Section 4.4.5), but the aim
of this dissertation is to demonstrate that the apparatus can perform the processing au-

tonomously.

4.2 Overview

After a tracking run, the program saves the images from the run in a date-and-time-
stamped directory. Currently the system is configured to limit the total number of images
per run to 300. This allows 10 seconds of footage to be captured, which was found to be
sufficient for development.

The images are numbered and processed in order from first to last. They are all of the form
as the one shown in Figure 3.2°. The images include the bubble and the tape measure.
The bubble’s position remains roughly centered horizontally, but can vary substantially
vertically before the bubble is caught and centered by the camera. Figure 3.14 gives
examples of the pattern that can be expected. The tape measure remains in roughly the
same position in the screen throughout the tracking run, though the numbers visible on it
increase as the camera rises. The camera remains the same distance from the column at
all times, thus the the camera’s view always encompasses the same span of the column

(and hence, the same span of the tape measure) - approximately 11 cm.

The image data set described above is the input to the algorithm which extracts the bubble
velocity profile. The output is a comma separated values (CSV) file which contains the
calculated velocity profile for the bubble, amongst other data used in the calculation,
which can be used for debugging and error checking.

4.2.1 Algorithm Structure

The absolute height of the bubble in each frame is determined from the pixel position of
the bubble’s center in the frame, and the pixel positions of two of the numbers on the tape
measure in the frame. The algorithm that does this has the following structure; for each

frame:

1. Determine bubble position:

(a) Predict likely position based on positions from previous frames.
(b) Obtain region around prediction to search for bubble.

(c) Search for the bubble using correlation.

*Note that the vertical lines are not included in the images saved by the system.

38




2. Read tape measure:

(a) Find the tape measure in the frame.

(b) Estimate the positions of the numbers on it.

(c) Generate a set of numbers that is known to be visible on the screen.

(d) For each possible set layout (based on the estimated number positions):

1. For each estimated number position in the set layout:

A. Perform a 2D correlation in the region around the position with a
template shaped like the number expected in that position.

B. Obtain a normalized “fitness” for the best fitting correlation in the
region.
it. Use the fitness values to calculate an overall fitness for this set layout.

(e) Compare the fitness values to determine the best fitting set layout.

3. Calculate the absolute bubble height from the bubble position and the tape measure

number positions.

4. Estimate the bubble velocity from the position data, using a discrete derivative.

Number 1 in the list above is described in detail in Section 4.3. Number 2 is covered in
Section 4.4. Numbers 3 and 4 are covered in Section 4.5. Finally, Section 4.6 describes
how the flange problem was approached in terms of the post-processing algorithm.

4.3 Bubble Position Determination

Since searching each image in its entirety for the bubble would be time consuming and
susceptible to spurious detections from smudges or other bubbles on the column walls,
only a small portion of each frame is searched for the bubble. This requires a prediction
for where the bubble is expected, and a range around the prediction to be searched.

4.3.1 Initial Prediction

The bubble’s frame position is specified by two co-ordinates for the bubble’s center, the
horizontal x component and the vertical y component. The initial prediction for the ex-
pected bubble position contains predictions for both of these components.

The x component is initially set to the middle of the frame, as this is where the bubble is
expected. In all subsequent frames, the predicted x value is simply the actual x position of
the bubble in the previous frame, as the bubble is not expected to move much horizontally.

The y component for the prediction is found using the same method for prediction as
the tracking algorithm. Initially set to near the bottom of the screen, like the tracking -
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algorithm, the predicted position of the bubble is given by Equation 3.1 after the second
frame has been processed.

4.3.2 Search Region

The region around the prediction that is searched for the bubble is a rectangle centered on
the prediction.

The horizontal range that is searched for the bubble is kept to 12 pixels on either side of
the predicted value (5% of the frame size), although a slightly larger range is searched in
the first frame (20% - between the vertical lines in Figure 3.2). This was found to be a
compact, yet robust, range allowing the minimal horizontal movement of the bubble to be
tracked, even on occasions when helical motion set in near the end of the runs.

The vertical range, once again, uses code from the tracking algorithm. Section 3.3.4
describes the array of “set” regions, one of which is the projection of the tracked bubble
onto the vertical. The “set” elements in the array from this region correspond to the rows
in the image inhabited by the bubble. The vertical search range is set to correspond to
these rows.

The rectangle formed by the above ranges and centered at the predicted values is relatively
small, thus reducing the time taken for the cross-correlation operations used to find the
bubble, which are described in the following section.

Note that in the current configuration, the accuracy of the post-processing algorithm in
finding the bubble does depend on the system’s ability to track the bubble accurately. This
is generally not a problem as the tracking algorithm is accurate. Results can deteriorate in
the presence of noise (see Section 5.2.1 and Figure 5.3), but this can also allow the system
to recover from an error (see Section 5.2.3 and Figure 5.7).

4.3.3 Cross-Correlations for Bubble

The region is searched with a series of cross-correlations [9, 13], using correlation ker-
nels shaped like circles of various radii. Figure 4.3 is a zoom of the bubble in Figure
3.2, and shows the region described above (box) and some circles representing the cross-

correlation kernels,

The circles on the left of the image represent kernels positioned at the first point in the
2D cross-correlation. Note that the kernels can overlap the region - the region specifies
possible positions for the center of the bubble. The two circles shown also represent the
smallest and largest kernel sizes that are considered in searching for the bubble. First, the
smallest kernel is correlated against every center position in the region, then the kernel
size 1s increased and the process is repeated for increasing kernel sizes up to the largest.
The bubble’s size and position are given by the best fitting kernel size and center position
(shown as the circle around the bubble in Figure 4.3).
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Figure 4.3: Zoom of bubble in image. showing search region and representations of cor-
relation kernels,

Note that the full range of kernel sizes is only used in the first image, In the subseguent
images, only kernel sizes close to the best fitting size from the previous frame are consid-
credl.

Practically, the keme] is generated as a square image with a side length equal o the
diameter of the crele  the kernel. The tmage is binary, with the cirele light and the
hackground dark.

The cross-correlation operation [9. 13] wsed to find the bubble 15 bascd un normalized
cross-correlaton, a lechigue which cnsures both data sets have means of 0 and standard
deviations of | helore the multiplication and summation lake place. Nommalized cross-
corrglation is used 1n the tape measure processing {Section 4.4.4 and Dguation 4.2}, so 1t
will not be discussed 1 detal here, The muan point relevant w iinage processing 1% that it
1% independent of changing inlensity values across an image due to the normalization.

L this case. however, the bubble wsually appears as an extra hrnight secton wn the regon
being searched. The correlation equation [or a size N = M kemel shown below allows

that fact 1o be exploited:

222 i) - (Kaigey — K)
3L Y

Coy = T NS el

where the £ refers to the image regien and the K refers o the kernel. Note that the kernel
has been normalized (by subtracting ils mean and dividing by its standard deviation),
while the image section of the image it is compared to 1% not. The final value is also
divided by the siz¢ of the kemel, which allows o companson between the fithess of kemels

ol different sizes.

MNote that the radius of the bubble 15 also dewrmmned as a byproduct of this method. Ths
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is relevant information, and is included in the output file.

4.4 Tape Measure Processing

Once the bubble’s position has been determined, the tape measure must be read in soft-
ware to provide a reference for height. This procedure involves several steps, which are
described below.

4.4.1 Tape Measure Position

First, the position of the tape measure in the image must be determined. As mentioned
previously, there is a slight lateral drift in the position of the tape measure throughout the
height of the column. In addition, the tape measure is not always set in the exact same
position for every tracking run. Thus, the position of the tape measure can not be assumed

to remain fixed.

The tape measure appears as a lighter band against the dark background of the image.
Since the tape measure is always approximately vertical, its position can be specified
using only two values: The horizontal co-ordinate of each edge.

Figure 4.4 shows the plot obtained by averaging every column of the image in Figure 3.2.
The tape measure’s presence is clearly visible in the higher values on the right.
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Figure 4.4: Graph showing column averages for Figure 3.2.

A number of 1D normalized cross-correlations are performed for Rect functions of vary-
ing widths. The function with the best fitting position and width gives the appropriate
horizontal coordinates for the tape measure edges.

The apparent width of the tape measure in each frame does not change much through the
set of images, so the range of width values is kept small to avoid spurious detections -
such as from the spike on the left of Figure 4.4, or one of the single “lobes” of the tape

measure section.
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4.4.2 Digit Kernels

In the remainder of this section, references are made to “numbers” and “digits”, “Nuni-
ber” relers o a multi-digit herghe marker on the tape measure. For instance, the tape
measure section visible in Figure 3.2 contains the numbers 12 to 22, “Digit™ refers ta a
single numeral within the number, often i the context of the kernels that arc constructed
as deseribed here. This distinetion 1s noted tn the nomenclalore.

In order w find the nunibers an the tape measure in the frame. correlation kernels resem-
bling the numbers had (o be constrocted.

An examination of Figure 3.2 shows some important practical [acts about the tape mea-
SUre;

« Numbers are of a consistent fom (s1ec and shape .

e Each number. while it varics in width. is nonetheless exactly centercd on the line
marker for the heighe i refers Lo

e Multples of ten appear as light numbers against a dark background. opposite to the
usual,

The first two points above allow the kemels for the numbers to be constructed out of digit
emplates, made befare the run and stored on the PC's hard drive. Each of the ten digits
15 kept as a separate hle. stored as a hinary image with the same format as the digir in the
frame L8 w represent. This means blaek feature againgt a white background. and rotated
ar Y0 degrees. The templates can then be stacked to form the number required. Since the
templates have difterent wadths, the width of the number kemel varies to march the width
ol Lthe number it s designed (o search Tor This can be seenan Figure 4.5,

(e R
o M
< WD
0 M
v o B o]

Figure 4.5; Digit templates for aumber kernels. & number kemel is constructed from
stacking the templates, and is compared with a view of the number on the tape measure.

While the number kemnel wall never exactly mateh the image of the nutber it 15 modeled
after, the match is generally better than any other number in Lhe image.

In the case ol the ultples of ten (with the oppesite colour format), provision is made o

negate the template in the function that performms the cross-correlation,
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Because the templates are stored in files on the hard drive, they can be replaced should
the tape measure format change, or should the performance need to be adjusted.

4.4.3 Initial Number Position Estimation

At this point in the algorithm, the image is negated (inverted in grayscale) to make the
numbers appear as light features against a dark background.

Before correlation for actual numbers can take place, an estimate of the possible number
positions, and a region around those estimates, is required, similar to the prediction and
search region for the bubble.

The horizontal positions of the numbers are known to be exactly halfway between the
edges of the tape measure, but the vertical positions of the numbers still need to be found.
A frequency analysis of the image is used to determine the vertical period and phase of
the number sequence.

First, a narrow vertical band is extracted from the middle of the tape measure, using the
horizontal co-ordinates for its edges calculated in Section 4.4.1. The width of the band is
usually made the same as the width of the digit kernels (26 pixels) - thus, the size of the
band depends on the size of the features (numbers).

A blurring operation is performed on the extracted band, by using a fast fourier transform
[12] (FFT - the library used was FFTW [5]) to cross-correlate a blurring kernel with the
extracted band (for a description of the cross-correlation by FFT operation, see Section
4.4.4). This result is shown in Figure 4.6.

For each row of the resulting band, the maximum value is extracted and placed in an array.

The plot of these values can be seen in Figure 4.7.

The periodicity of the numbers can clearly be seen. This 1D data array now undergoes
frequency analysis to obtain a frequency spectrum revealing the fundamental frequency
component. It is padded with zeros until its length has quadrupled, which increases the
frequency resolution of the output, and an “FFT-shift” operation is performed, swapping
the first and second halves of the padded array [12]. An FFT is then performed, the results
of which can be seen in Figure 4.8,

The FFT array is then searched for the maximum absolute value for frequency. Since the
length of the tape measure visible in the frame is known to be a certain value (11 cm), the
search can be constrained to a small band of frequencies around the value corresponding
to the expected value. Constraining the search ensures that low frequency spikes from
ambient light variations do not cause a false detection.

The actual period for number repetition, in pixels, is given from the graph by dividing the

length of the array by the index of the maximum value.

The phase information for the numbers is then extracted by taking the arctangent of the

complex argument of the maximum value.
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Figure 4.6: Segmented and hblurred image of tape measure numbers.
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Figure 4.7: Plot of row maxima from blurred image, Data set has been normalized,
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Eubb'{ﬂ\

Figure 4.9 Negative image (blurred one from Figure 4.6) showing estimated number po-
sitions {crosshairgh, search regions (hoxes), and estimated position enumeration (numbers
om righty. Actal numbers on the tape measure are shown on the lefl

4.4.4 Number Sequences

In post-processing, the absolute bubble height is caleulated fvom knowledge of the posi-
tions of the numbers visible on the tape measure. The process of finding the numbers is

described here.

The algorithm requites a set of “koown” numbers - numbers the aleorithim assumes wo be
visible on the rape measure tn the current frame. The algorithm then finds the positions
of the known numbers by scarching sn the regons around the cstimated posstions shown
in Figure 4.%. The algorithm is given a constanmt set (that can be changed. 1M necessary) lor
the first frame - since the camera always starts from the same position on the track, the
ssme set of numbers can always be used initially®. Following that. a new sct of numbers
i% generated for every frame based on the wop nambers visible in the previous rame.
These “known™ sets consists of six consecutive numbers. though their length can be var-
1ed (51X was tound to be a pood number o terms of performance ). Averaging the “litness”
for multiple numbers increases robustness by ensunng that a single error does net com-
promise performance.

*The frame in Figure 3.2 actually shows the camera i its wnitial posiion, Tt has not vet begun to move
in tracking the bubble, due 1o system dead time. The initial set given for the firkse imiage s thus the numbers
I61a 2l
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The set for a given frame is tested in several layouts or positions according to the esti-
mated number positions. These different layouts for a set of numbers are referred to as
“sequences”’. Table 4.1 shows an example of a set of numbers for the frame in Figure 4.9
(the numbers 73 to 78 are likely to have been the top six numbers in the previous frame),
as well as the considered sequences.

| Est. Position | Actual # | Seq 0 | Seq1 [ Seq 2 | Etc |

0 79 78

1 78 77 78
2 71 76 71 78
3 76 75 76 77
4 75 74 75 76
5 74 73 74 75
6 73 73 74
7 72 73
8 71

9 70

10 69

Table 4.1: A set of numbers and considered sequences for Figure 4.9.

A series of normalized cross-correlations is then performed for the numbers in the se-
quence according to their respective regions. For instance, in Seq 0 in Table 4.1, a kernel
shaped like “78” is used in the cross-correlation around estimated position 0, “77” is used
around position 1, and so on. Once all six numbers in Seq 0 have been correlated for, the
process repeats for Seq I, and so on for all of the sequence positions that allow all six of
the numbers to be visible.

Normalized Cross-Correlation

The normalized cross-correlation operation [13] that is used to search for the numbers is
described by the following equation:

ZZ(Ii,j_T)'(Kx+i,y+j—?)
Cppy = —2
Y 0’1'0’1(']\7'17\4

4.2)

This is the fully normalized version, which has the means subtracted from both the kernel
and the image region (K and I), divides by both of their standard deviations (o7 and o),
and divides by the size of the region (M x N). This gives rise to the following advantages:

e It is insensitive to changing light intensity across an image. This is important in this
case, as correlation results from various heights in an image are being compared.

e [t outputs a value between -1 and 1, 1 being a perfect match. This uniformity allows
comparisons to be made.
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Note that the region of the image referred to by / in Equation 4.2 is not the same region
as the one used to confine the search around the estimated number position. Correlation
can be visualized as a lining up of the kernel with a part of the image, followed by a
multiplication and summation. The region referred to by / is the region beneath the kernel
for that particular correlation result (C,,). The confining region around the estimated
number position is akin to the region in Figure 4.3. Similar to that region, it confines
the center of the kernel to a certain area. Note that information in the image outside this
region is still used in the correlation, if parts of the kernel overlap the outside of the region.
Because of this, the edges of the resultant correlation image do not “fade out”, a common

effect in correlation software.

Each kernel will have a point of “best fit” in its (confining) region - this is given by the
maximum correlation result for that region and kernel. These values are summed up
for the sequences, and the sequence with the highest overall result for all six numbers
is considered the correct choice. Seq I from Table 4.1 is, of course, the correct result
for Figure 4.9. The distribution of the calculation of the best fitting sequence across six

numbers aids in robustness.

Once the correct sequence has been identified, the remaining numbers are inferred, and

searched for using normalized cross-correlation to determine their exact positions.

The tape measure processing has finally given rise to a description of the tape measure
in the frame. Each visible number has its position recorded. Tables 4.2 and 4.3 show
the processing results for Figure 4.9 following the bubble search and the tape measure

processing.
X Co-ord | Y Co-ord | Radius
[pixels] [pixels] [mm]
{ 233 1 296 [ 0.690 |

Table 4.2: Table showing results of bubble processing for Figure 4.9.

Position Number | X Co-ord | ¥ Co-ord | Correlation Resuit
[Enumerated] [cm] [pixels] [pixels] [normalized]

0 79 365 30 0.808

1 78 365 87 0.735

2 77 366 142 0.751

3 76 367 200 0.765

4 75 367 257 0.730

5 74 368 315 0.717

6 73 369 373 0.810

7 72 369 431 0.800

8 71 370 490 0.790

9 70 372 549 0.710
10 69 371 607 0.684

Table 4.3: Table showing results of tape measure processing for Figure 4.9.
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The method used to determine the millimeter radius of the bubble from the pixel radius
(Table 4.2) will be covered in Section 4.5,

In reading Table 4.3, it should be remembered that the image is top-down and is 480x640
pixels in size. The numbers on the tape measure are, of course, centimeter markers.
The x and y co-ordinates represent the center of the kernel when it best fit the image
beneath. Since the numbers are centered on their marker lines on the tape measure, these
co-ordinates are assumed to give the actual centimeter height of that pixel in the frame.

4.4.5 Methods Tested for Decreasing Process Time

The process of reading the tape measure takes between 5 and 30 s per frame, depending

on the following criteria:

Kernel size: The size of the number affects the size of the correlation kernel. Larger
numbers take longer to search for using correlation. Early frames in the run thus
take less time to process than later frames because the numbers are double digits,
rather than triple digits.

Region size: The region around the number can be made larger or smaller depending
on how accurate the estimated number positions are (see below). Smaller search
regions decrease processing time. Note, however, that region size is linked to kernel
size (see Section 4.4.3).

Number of correlations: The more normalized cross-correlations performed per frame,
the longer the time taken in processing. This is related to the number of sequences
tested (see Section 4.4.4).

Processing methoed: A spatial domain normalized cross-correlation is computationally
expensive, due to normalization taking place for every iteration (correlation off-
set [13]) of the operation. A possible trade-off between accuracy and processing
complexity could save frame processing time.

Computer speed: A faster PC will also result in faster processing times. It should be
noted that one PC was used for all results in this dissertation. It is described in
Section 2.3.

The time taken per frame can add up to a significant length of time over the course of
300 frames. As a result, a number of methods were tested to decrease the time taken to
process a frame. Some were incorporated into the software for the apparatus, some did
not stand up to testing. They are described below.
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Using Estimated Number Positions to Calculate Bubble Velocity

The normalized cross-correlations, described in Section 4.4.4, could be dispensed with
entirely, in theory. The estimated number positions, shown as the crosshairs in Figure 4.9,
could be used to calculate the bubble velocity.

In this case, the velocity would be inferred from determining how the bubble moves rel-
ative to the positions of the tape measure’s markings (given by the frequency analysis of
the tape measure). This method neglects the information relating to the actual numbers
visible in the frame, and some accuracy would be lost in the use of the number position
estimates. However, the trade-off for this loss of accuracy would be a significant decrease
in processing time.

In the current configuration, however, this method would be subject to aliasing. At the
maximum speed of 40 cm/s and a frame rate of 30 FPS, the bubble moves 1.67 cm between
frames. Therefore, the camera, once it has caught the bubble, moves the same distance,
and thus the tape measure will appear to move the same amount downwards between
frames. The spatial resolution of the estimates is only 1 cm, so the change in height
between frames cannot be calculated with absolute certainty. (A movement of 1.5 cm
appears the same as 0.5 cm.)

This problem could be solved in software with the knowledge that the tape measure is
initially stationary, and assuming that the change in bubble height remains similar between
frames. Even so, this method is still error prone.

Due to these reasons, and since the development of this apparatus was primarily concerned
with determining how accurate a velocity profile generated in software could be if it could
even be done, this method is not investigated in this dissertation.

Should further development on the apparatus be commissioned, such a functionality could
be developed. This would be especially useful if a new tape measure were to be fabricated,
with a spatial resolution greater than 1.67 cm.

Decreasing Region Size

This refers specifically to the confining region around the estimated number positions (the
boxes in Figure 4.9). The estimated positions were generally found to be very good, and
consequently the side lengths of the regions searched could be reduced to half the size of
the kernel.

Due to the large amount of processing required for a spatial-domain normalized cross-
correlation, reducing the search area significantly decreased the time taken by a factor of
four, provided accurate estimates could be guaranteed.

In most of the results processed, the tape measure was initially a relatively severe angle
(an example can be seen in Figure 4.10). Due to this, the half kernel method could not
guarantee that the center of the number would fall in the reduced region. Consequently,
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only the vertical range search was reduced - the horizontal was left the same, trading

processing time for robustness.

Reducing Number of Sequences

The bubble cannot move downwards between frames, and is not expected to move faster
than 40 cm/s (corresponding to 1.67 cm between frames - this value is rounded up to 2 cm
in the test algorithm). This knowledge is used to reduce the number of sequences that are
considered, by eliminating sequences that would result in incongruous bubble behaviour.

The following algorithm is used to determine whether a sequence should be considered. It
is placed in the code after the bubble’s position and the estimated number positions have
been found. The bubble’s previous height, calculated from the last frame, is also known
(see Section 4.5).

1. Determine which estimated number position is immediately below bubble. Label:

FirstBelow.
2. Round down the previous height to the nearest integer. Label: FloorPrevHeighz.

3. For each possible sequence (see Table 4.1):

(a) If the sequence position results in a number less than FloorPrevHeight in the

position FirstBelow, it is not considered.

(b) If the sequence position results in a number greater than FloorPrevHeight + 2

in FirstBelow, it is not considered.

(c) Otherwise, it is considered.

This algorithm was found to significantly reduce time taken for processing, as it allows a
maximum of three sequences to be considered, instead of six or seven. It is, of course, not

used in the first frame as in that case there is no previous record of the bubble’s height.

Note that the rounding down of the previous height in Step 2 does technically allow a
sequence to be considered where the bubble moves downward. This turned out to benefit

the system, as it allowed it to recover from an error, shown in Section 5.2.3 in the results.

FET Versions of Cross-Correlation

Certain signal processing operations, such as correlation, can often be performed faster
by converting to the frequency domain. To test if a speed improvement was possible for
the normalized cross-correlation, a number of FFT versions were written and tested using
the FFTW library [5].

To eliminate edge effects in the search region (the box regions in Figure 4.9), the side
lengths were increased by the size of the kernel before it was extracted from the image. -
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This larger region was then normalized by subtracting its mean from every point, and
dividing every point by its standard deviation.

Following this, depending on the version being tested, the region was either left alone, or
padded with zeros. In the padded case, the region was padded until its dimensions were

powers of two.

Once the region had been normalized, and if necessary, padded, the kernel was then nor-
malized and then padded with zeros up to the size of the (padded) region. The FFT based
correlation was then performed in the usual way [12]:

C=F1F(I) - F(K) 4.3)

where C is the resultant image, [ is the image array, K is the kernel array and F denotes
the FFT operation. Note that the complex multiplication involves the complex conjugate
of the kernel array elements.

In this case, normalization cannot happen in every iteration of the correlation operation.
The fact that the entire region is normalized first saves processing time, but it also means
that every data point in the output image (C) is normalized by an estimated factor. This
results in a loss in accuracy for the correlation result used to compare sequences, and
results in incorrect sequences being chosen. This was corrected by using the FFT to
find the correct co-ordinates of the maximum value in the output, and then performing
a single spatial domain normalized cross-correlation on that pixel, giving an accurately

normalized correlation result that can be used in the comparison.

The first 300 correlation operations performed for a tracking run were timed using the
Windows clock function in Visual C++ for the different methods (the same 300 operations
were used each time for consistency). The region size used was a half of the kernel size,
as described above in this section. The actual region and kernel dimensions vary, but the
kernel was roughly 26 x 26 pixels, which means the search region (Figure 4.9) was around
13x13 pixels, and the actual amount of the image used (the “larger region”, above, and
see also Figure 4.3) was thus 39x39 pixels. These results can be seen in Table 4.4.

Type Padding | EST/MEAS | Mean Time | Standard Deviation
[ms] [ms]
Spatial Domain N/A N/A 934 21.8
FFT no EST 87.6 8.32
FFT no MEAS 88.4 11.1
FFT yes EST 130 21.1
FFT yes MEAS 132 33.8

Table 4.4: Table showing times taken to perform correlation operations for different meth-
ods. Sample size i1s 300.

The EST/MEAS option in Table 4.4 involves the efficiency of the FFTW architecture. If
the FFTW_ESTIMATE (EST) option is set for the operation, the library estimates the best
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architecture for the algorithm {usually sub-optimally). 1 FFIW_MEASURE (MEAS) 1s
set, FI'TW executes several FFTs. measuring the ome taken Yor each to determine the
best algorithmic architecture. A [urther explanation can be found in [5], or at (hitp:
Ffwww o fftwaozg)

As can be seen. the EST option provides nuarginally better results in each case. This is
likely becaose any advantages due to the MEAS option are offset by the overhead process.
ing il reguites, as well as the relutively small FFT sives.

The padding (up to the next highest power of two) of the region was tested as it was
suspeclted that an FFT that 15 an exuct power of two s execuled faster than a smaller one
with factors of higher numbers in its size. As can be seen in Table 4.4, this 1s not the case.
In the test, the unpadded FIFTs perform fastest, The spatial domain correlation is slightly
slower, [ollowed by the pudded FFETs. Relutive wa iis sive. the spatial domain correlations
are also more unpredictable with regards to process duration.

The unpadded FFT version thus seems preferable in terms of performaunce, and did work
well in processing resulls from a tracking run with a uniformly lit tape measure, However,
this did not hald up in all cases. and the FFT version did not exhibit the same robustness
as the spatial domain method. The frame shown in Figure 4.10. the {irst from a trucking

run, llusirites.

Figure 4.10: Image from a tracking run that compromised FIT performance. Section of
nage contuming tape measure has been equalized for clarity.

Note the change in brightness across the width of the tape meuasure. The FFT region
{expanded by u kemel size} searched around the number 200 1s highlighted. [t is slightly
decentered due to the tilt in the tape measure. but note that it still contains the entire
nuniber, so edpe effects play no parl.



The region is normahzed once, across the enlire region. before the FFI correlation is
performed. Due to this single normalization, changes n lighl intensity across the region
do have an effect, and in this case. il compromises the correlation, 'Fhe bright halt of the
tape measure results inoa stranger result foe the FIFT correlation, tesulting in the correlalion
giving incorrect co-ordinales for the number’s center.

This effect was noted on several occasiwons per lrame when processing this tracking rum,
and resulted in incorrect sequences being chasen. compromising the post-processing al-
aorthon,

4.5 Bubble Height, Velocity and Radius Calculations

Two methods were tested for the bubble height determination. They are described here,
followed by the methods used w estimate the bubble velocity profile and radius.

Method 1; Linear inference

The pixel co-ordinates of the bubble and the wo numbers on the tape measure closest W
the bubble (10 reduce emors from refraciion) are used 1o calculare the height of the bubble
in each frame, according 1o the tollowing equation;

(g —oeh el o)

Hp=—t— + 1y 4.4
(" 1)

where £ 15 the absolute heaght of the bubble (cm). o, and v are the numbers 7 and § on
Lhe lape measure (cm), g and ¥, are the v co-ordinates of numbers 7 and j in Lhe frame
{pixels) and 4y 18 the ¥ co-ordinate of the bubble’s center in the frame (pixels),

Thas method 15 demonstrated eraphiieally in Figure 4011, The height is given by the ratio

d, iy in pixels. which is the fraclion of @ cenlimeler thal the bubble 15 above 76 cm.

Figure 4.11: Graphical demaonstration of Equation 4.4

MNote that Equalion 4.4 will work for any 1wo numbers on the lape measure, recardless

of their order or positions, provided that the numbers are kept with their correct v co-
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ardinates, This is usctul, since o restriction is added 1o the calenlation: the numbers wsed
tor determine the bubble height must have a correlation result (sce Table 4.3) ercater than
(L4, Numbers are occasiomally cut off the top or bottom of the frame, or are obstructed
by bubble stuck to the tape measure, This can result in the wrong pixel postion for the
center of the nomber, and o Towered correlalion resull, The restricion ensures that only

clear numbers on the tape measure are used.

Method 2: Ray Undistortion

The second method is actwally an elaboration of the abeve method. A checkerboard pat-
tern was fabmcated. and placed i the colwmn (o water) in Fromt ol the camera, (Checker-
board patterns are alten used for calibration in image processing.} A set of screen shoty
were taken (examples can be seen in Figare 4,120, and these were used 1o calibrate
the camera with the Matlab Camera Calibraton Toolbow (see [ 7], also [boto: /S www .

visian.maltech.eduiboicust [fealibh dac/]

oy
e
=

Fizure 4.12: Examples of calibration images,

The toolbox 1s designed w compensate for optical distortion arising from the lens ol
camera, but the calibration method involves a general polynomial approximation to the
distortion, which could be used to campensate for ermors due to the cefraction of light as
1L cxits the columm.

The set of cuhibration paramelers extracted fom the calibration images using the toolhax

wily inteerated into a function in the appacatus saftware that pertormed a ray andistortion
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for piven pixel co-ordinates. The co-ordinates for the bubble’s center and those for the
nurmbers on Lhe tape measure were undistoried using this function before the apphcation
of Equation 4.4,

The effect of the undistortion algorithmm is nunimal, as can be seen in Figure 4.13. This is
due to the fuct that the bubble height is being calculated from a reference that is also inside
the column. very close W the bubble, sigmflicantly reducing inaccuracy, The linear height

calculation gives nearly the same accuracy and the height caleulation with undistortion,

Yelocity

Onee hubble height information s obtained from one of the two methods mentioned
above, the trame to frame velocity profile for the bubble can be estimated by perform-

ing a discrete denvative operation:

ﬂ.h,l; Jr?.{ —= |'r!;i_]
Lipas
TRy e

{4.3)

where i1, 1% he velocily estimate for the /7 frame, Ady, is the change in the bubble’s height
from the previous frame. Af iy the change in tme {rom the previous frame {1730 of a
secondd. and By, fiq. 8 and £, are the actual bubble heighty and times for the frames §

and 7 — 1.

Figure 4,13 shows position and velocity profiles from Lhe processing of a portion of a
tracking run (bubhle in tap water. similar to the rum in Section 5.2, in the Results). The
line shows the positon value () wathouwt undistention. The ondistorted position profile
is not shown, as the difference can nol be seen in positon plot. Tis shightly more evident
in the velocity plots, ‘The circles show the velocity estimated from the ray undistortion

desenbed above, and the doshes show it estimated without the undistortion,

Calculated Velocity Profiles
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Figure 4.13: Position profile [rom a tracking run, and velooiy profiles caleulated with and
withoul ray undistorlion operaticn,



In most places, the two curves line up closely - the undistorted points (circles) are lined
up with the unaltered points (dashes). However, in places, the effects of the undistortion
can be seen, as there are dashes separated from their corresponding circles, which have
been pulled into the curve more tightly by the undistortion. This indicates that, while the
effect is minimal, there is some benefit to the use of the undistortion algorithm.

The undistortion takes negligible time to calculate, so there is no processing disadvantage
to its use. The unaltered curve is still desired for comparison and error checking, thus

both versions are included in the post-processing output file.

Bubble Radius

The pixel radius of the circular kernel used to find the bubble (Section 4.3.3) is used to
estimate the bubble’s radius. After the bubble’s height is calculated, the height of a point
above the bubble, corresponding to the bubble’s edge, is also calculated using Equation
4.4. The difference in heights between the edge of the bubble and its center gives an

estimated value for the radius.

This method was found to underestimate the actual radius (determined by human analy-
sis of the images). While the underestimation was only slight for a well lit bubble, this
method did contribute to a larger inaccuracy which affected results slightly. This is de-
scribed in Section 5.2.2.

Similar to the velocity estimation, the radius estimates from both regular pixel values and
the undistorted values are included in the output.

4.6 Post-Processing Flange Compensation

The flange that obstructs the bubble for a small portion of the run also obstructs the tape
measure. This had to be dealt with in the post-processing, since certain frames before and
after the flange allow the bubble’s position to be calculated from the visible part of the
tape measure, but undermine the processing by obstructing numbers from the “known”
array (see Section 4.4.4). Furthermore, in certain saved frames the bubble is not visible at
all; these frames would need to be skipped in post-processing as they contain no data for
the velocity profile. Figure 4.14 shows the last frame before the flange and the first after
the flange in which the bubble is visible.

The decision as to which frames should be ignored for post processing is again made
based on the same code used during tracking to determine the bubble’s position and the
error (Section 3.3.4, see also Section 4.3.2). If no bubble is detected within a certain range
of a predicted value during tracking, the predicted value is used. If no bubble is detected
within the same region during post-processing, the image is ignored. This ensures that
only frames where the bubble is visible are processed.
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Figure 4.14: First image betore and last image atter flange in winch bubble 15 visible.
Contrast and brightness have been adjusted for clarity.

In the left [rame in Figure 4.14, the top number visible is 189, Earlier frames before the
flange allow a lmgher number to be visible due to the angle of view for the tape measure.

Figure 4.15, trom a lew frammes earlier, 1llustrates.

The numbers 190 to 192 can be seen, According to Sectian 4.4.4. the top numbers visible
in a frame are wsed as the “known™ numbers in the nextframe. Just below the Range, tus
method does not work, a8 certaan numbers visitble 1o one frame will be obscured in ihe
next frame, resulting 1 incorrect sequences being chosen.

To solve this problem, o simple fix was inplemenied:

1T the top “known™ number is higher tham 185, or lowar than 2001 (see below), the “known”
array is changed such that 188 s the top number, {The number 188 was always visible
until the bubble disappeared - 159 was occasionally ohscurcd.) The number pasition
estimation method sl sworks - Lthere are suflicient numbers visible o ensure a correct
frequency sclection. The sequence reduction method described in Scetion 4.4.5 also stil]
funclions cotrectly, fitang seamlessly in wath the shight code modihcation Tor around the
flange. Since the tape measure is not moved vertically very much, the “flange numbers™
(188 and 201 don’t need to be changed. theugh the facihity cxists in the program should
il become necessary.

Aflier the camera has passed beyond the flange. the known number can’l be renerated
frani the previous frame casily. Again a simple fix was implemented:

As soon as the bubble s visible agmn, the “known™ array 15 s2t o the numbers 196 ©
2031 (201 being the top number). These numbers are always visible on the tape measure
as Lhe bubble reappears after the [lange. Post-processing behaviour relurns to the normal
algonthm once the huhble has reappeared.

The method vsed to detcrmime if the bubble has reappearcd from behind the flange (and
whether the “known™ array should be sel ax above), is to keep track of how many rames

have been ignored in post-processing due to no bubble being present (see above). Occa-

=9



Figure 4.15: Image of tape measure from further below flange.

siomally the bubble detection can fail during regular tracking because the threshold isn't
crossed (see Section 3.3.2), but this rarely happens for more than one or two frames in a
row, Consequently. il a bubble is not detected for more than two frames. il is assumed 1o
be behind the Hange. Again, thig number can be adjusted il necessary,

A more robust “flange detection™ method. perhaps taking into account the hubble height
or the nutiibers visible on the tape measure befure the bubhle disappeired. has so far not
heen considered because the method deseribed above works adequitely.

4.7 Output

Following the completion of the post-processing alzorithm on a set of images from a
tracking run, a CSV file 1s generated containing relevant data [rom Lhe run. The following

daty are ingluded:

Frame number: The data is listed according Lo the number ol the image it was extracted
from.

Time: The ame. in seconds, that the frame was taken (calculated Mo sssuming a 30
FPS [rame rate).

Error: Numerical value associated with cerlain errors in processing the frame {such as

from mssing the bubble due o Nange).
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Height: Calculated height of the bubble (from Equation 4.4), in m, cm or mm, depending
on output options.

Velocity: Estimated velocity of the bubble (from Equation 4.5), in m/s, cm/s or mm/s,
depending on output options..

Radius: Estimated radius of the bubble (described in Section 4.5), in mm.

Bubble x co-ordinate: Horizontal component of the bubble’s frame position, in pixels.
If there is an error causing the frame to be skipped, this is left as the predicted value
described in Section 4.3.1.

Bubble y co-ordinate: Vertical component of the bubble’s frame position, in pixels. If
there is an error causing the frame to be skipped, this is left as the predicted value
described in Section 4.3.1.

Ray undistorted data: Ray undistorted (Section 4.5) versions of the bubble height, ve-
locity and radius readings are included, as well as the camera-normalized versions

of the bubble’s x and y co-ordinates.

Estimated tape measure data: Certain data from the estimates of the tape measure num-
ber positions are included (Section 4.4.3). These include the number period, the
position of the first number (giving phase), and the y components of the edges of

the search regions.

Tape measure model: The full model of the tape measure is included. For each number
on the tape measure, the following are included:

¢ The number
e Its maximum correlation result in that position
e The co-ordinates, in pixels, of where the maximum result was obtained

¢ The ray undistorted version of the co-ordinates
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Chapter 5

Performance and Results

5.1 Overview

This chapter discusses and provides a consolidated description of the performance of the
system as a whole. It will be primarily concerned with the performance of the post-
processing algorithm and its application to experimental data. The performance of the
tracking algorithm has been discussed in Section 3.4.5, so only aspects of it that are rele-
vant to the post-processing and experimental data will be covered here.

The experimental data consist of the video footage from a number of tracking runs for
bubbles rising in various conditions, including the following:

1. Tap water
2. Distilled water
3. Dowfroth 250 surfactant solutions, at concentrations of 0.06 and 30 PPM

4. MIBC (Methyl IsoButyl Carbinol) surfactant solutions, at concentrations of 0.06
and 30 PPM

In Section 5.2, the estimated velocity profiles resulting from the application of the post-
processing algorithm to the experimental data are presented in the order above. Different
aspects of the system’s performance are highlighted by the different plots, and to enhance
this, the velocity plots will sometimes include additional data. The general system per-
formance will be discussed as the relevant points are demonstrated in the plots.

The date and time of the tracking run is included with the results, as well as the processing
time and the total number of images processed. Note that ignored images (such as flange
images) are still included in the number of images, and that not all data sets have exactly
300 images. This is due to the suppression of images or because the tracking run was
terminated at a certain track position. These data have been included to give an indication
of the size of the data sets and the time taken to process, and should not be considered as
a benchmark.
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Appendix A contuing certain resulis for bubble velocity profiles from the apparatus at

McGill university, The appendix will occasionally be referred to for comparison.

5.2  Experimental Data

52.1 Tap Water

Figure 5.1 shows g plot of the estimatred velocity profile of a bubble rising in tap wa-
ter. Also shown in the plot iy a graph of the caleulated absolute height of the bubble,
from which the velocity is estimated. The juxtaposition of these graphs allows an overall
pression ol the operation of the algorithm to be gained.
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Figure 3.1 Velocity profile of bubble rising in tap water. Plot of position is also shown,
Tracked December 12, 2006, 12:51 pm. Total processing time was 37:31 tor 300 images,

Nole the break in bath of the plots at around the 6 s mark, This is where the bubble was
temporarily obscured by the flange. These data points would be registered as errors by
the post-processing, and ignored in the velocily estimation, giving a ¢learer profile tor
velocity.

Note that the position profile appears relatively smooth. whercas there 15 a more signif-
icant scatter Lo the velocity readings. This is due o the discrete derivative operation in
the velocity calculation, which highlights cven subtle discrepancics, such as crrors duc to
pixellation. in the caleulated bubble posilion between Trames. "Thisis useful for highlight-
ing incorrect data paints, as will be seen in later graphs, If it is desived, the general scatter
can be smoothed wath [iltenng operations.

In this graph, discrepancies can be seen in the Jorm of an mereased scalter tollowing the
flange break, This is due to an ermror resulting trom the operation of the bubble detection
mecthod in the post-processing algorithm, It is shown and explained in Scetion 5.2.2,

As o the actual reading itsell, the subile velocity decay in this profile i1s very similar to

the ene for the warmer run in Figure A, and particularly for the prafile far hubhles with
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id, = .o mm in Figure A3, The plot in Fieure 5.1, above, arose from a hubble of similar
stze. as confirmed by visual analysis of the images.

This ptot should be compared with that of a tracking run from a few months earlier. taken
during earher system development. 1 s shown i Figure 5.2, (Processing Lume 15 belter,

s this run was processed with smaller regions than the other results; see Section 4.4.5.)
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Figure 5.2: Earher tracking run, also in tap water. Tracked August 24, 2006, 11:00 am.
Total processing time was 20:38 for 247 images,

Mote that there is o decay evident In the velocity profile. Interestngly, thas cortesponds
with Lhe colder profile from Figure Al This cannot be directly confirmed. since Lhe tem-
perature sensors and control equipment were nat in place, as mentioned. Note however.
that the decayving and non-decaving runs were taken in the (Southern Hemmisphere's) sum-
mer amd winter months respectively, which would alfect the temperature of the water, and

could explain Lthe different behaviour.

Note the pair ol spurious data points at around 4.5 5 into Lthe run. A sharp mcrease in
velocily followed by a sharp decrease indicates that a single perturbation in the height

reading is responsible. Figure 3.3 shows the relevant frame from this tracking run.
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Figure 5.3; Enlargement of tracking image responsible for spurious data point in graph in
Figure 5.2

In this frame, the bubble eing tracked (smaller, lower Lefil) passes very close 1o a bubble
altached 1o the wall of the colpma flarger, upper tighl). 18 this frame the two are close
enough thal part of the larger bubhle is within the search region for the tracked bubble.
The bright region of the large bubble provides a better correlation result according to the
method descobed in Section 4.3.3. The center of this bright region s thus taken 1o be the
center of the bubble for this frame, providing the spurious data point (and points in the
velocity profile). o the frames before and after this one, the camera and tracked buhble

are, f course, in different positions, and the correct bubble is delected.

5.2.2  Distilled Water

The estimated velocuy profile of a bubble rising in tap water is shown in Fioure 3.4

In this case, the velocity profile is very close 1o the theoretical prodile for pure water in
Figure 1.1. in that the velocity does not decay at all over the course of the run. While 1t
docs not coincide with the profile for distilicd water in Figure A3, this can be explained
by the presence of contaminants mn the water, and this is specifically mentioned in [ 17],
the source of the graph.

Ax can be seen, Lhis plot of velocity also contains an enlarzed region of scatter following
the flange break (around 6 § into the run). This is a relatively comman occurrence in the

results presented here. Figure 5.5 helps provide an explanataon.
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Figure 5.4 WVelocity profile of bubble rising in disolled water. Tracked December 14
2006, 1:28 pm, Total processing time was 34:10 for 277 images.,

Figure 5.5 Zoomed images of the same bubble, showing calculated bubble center
(crosshairs),

The lefimost image is a zoomed image of the bubble from the first frame of the distilled
water tracking run, frioms which the graph in Figure 5.4 was created. As can be seen. the
bubble is well illyminated. and the bubble search alzposithim has found the approximate
center of the bubble.

The nuddle and right fmages are two consecutive images corresponding o the first two
data points that are noticeably more scattered (marked with the dashes 1n Figure 3.4, Ay
can be seen. later i run the bubble reflects hght from above and below in twao distinet
regions. This is due ta the column lighting from above and below, Both regions are
contained in the search region for the hubble, as they are linked by the dilations mentiomed
i Seetion 3.3.3 In the middle image. the alzorithm determines the center of the bubble
tor be in the upper bright region, but in the following image, it 1s determined to be in the
livwer bright region,

The detennined center’s shift across the height of the bubble is the cavse of the increascd
scatter visible in the results graphs. Formost of the graph. the determined center remains
on the same point on the bubble for most of the run. 1L is set on the actual center, if the
bubble is well illuminzted. Once the bright region hifurcates, the alzorithm generally uses
the brighter of the two regions as the determined center. Below the scatter, this tends Lo
be the lower region. due 1o the lighting of the column from below. Above the scatter, the

tendency is to use the upper region, due to lighting from above, The scattered region is
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where the brightness of the two regions roughly balances, causing a stochastic selection to
take place, and the noisier movement of the detected center is highlighted in the derivative

operation used to give velocity.

The variable radius method for detecting the bubble’s center is the root cause of this error.
This method has a tendency to underestimate the bubble’s radius, even when the bubble
is well highlighted. The light reflecting off of the bubble appears as an ellipse, or a pair
of ellipses, and the radius tends towards the smaller end of its range to maximize the
correlation result, rather than the larger end to “fill out” the shape of the bubble from the

curvature of the ellipse.

Reducing the range of radius values used could help force both regions to be used in
the bifurcated bubble image, putting the detected center between them. However, this
could affect the robustness of the algorithm, and it also can not be ascertained yet how
the current method, or any modifications, would affect the systems response to larger or
smaller bubbles, as the hardware is not yet in place to generate bubbles of different sizes.

Another possibility is to search for the bubble in a frame using a correlation kernel con-
structed from the previous image of the bubble. While the bubble’s image does change
across the course of the run, the frame to frame change is minimal. This method could
help reduce the scatter in the results as the determined center of the bubble would remain
in the center of the bubble, regardless of the bubble’s appearance. This method, however,
would require a substantial modification of the program’s code. It is recommended that a
more in-depth study of the bubble processing methods available be conducted, including
the effect of different bubble sizes on the apparatus, before any significant changes are

made.

Included in any new method for bubble detection should be the equation given for the
bubble’s effective diameter in [17]:

d. = (a-b%)3 (5.1)

where a and b are the minor and major axes, respectively. This would allow the apparatus
to give more effective results for larger (non-spherical) bubbles. However, it is uncertain
whether this equation could be put to effective use, as the irregular shape of the illumina-
tion on the bubble could cause problems with any algorithm’s attempt to calculate a and
b.

As it is, the current algorithm has allowed development to take place and provides results
effective for comparison with the previous results shown in Appendix A.

All of the above is noted in the recommendations (Section 6.2). However, ultimately, the
best judge of the bubble’s d, is a human analyzing the images, and it is recommended
that this take place as a check on the system, at least until a degree of confidence in the
system’s ability to determine bubble size is reached.
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5.2.3 Dowfroth 250

Figure 5.6 shows a plot of the results for a bubble rising in a solution of water containing
the surfactant Dowfroth 250 at a concentration of 0.06 PPM.

Dowfroth 260 § 0.06 PPM
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Figure 5.6: Velocity profile for Dowfroth 250 @ 0.06 PPM. Tracked December 19, 2006,
11:28 pm. Total processing time was 30:39 for 287 images.

This profile can be seen to correspond accurately with the plot in Figure A.7 for a con-
centration of 0.06 PPM. Both approach the supposed terminal velocity of 16 cm/s by
approximately 10 s into the run. Human analysis of the images from the run confirmed
that the bubbles from both runs are of roughly the same size (d, = 1.5 mm).

Note that the first seven data points in the graph (squares) are a bit more scattered than
would be expected from the earlier velocity profiles given. This is due to the fact that the
bubble was not correctly detected in the first seven images of the run. Figure 5.7 shows

the first image from the run.

The bubble is extremely low in frame, obscured by the edge such that that the correlation
for the bubble could not find it effectively, and instead erroneously determined the bub-
ble’s center to be to the left of its actual position. The height calculation for the bubble is
still approximately correct, because the search region was still constrained by the bubble’s
profile in the tracking algorithm, but the minor deviations due to noise within those con-
straints explains the increased scatter. The bubble was successfully acquired (by chance,
once the horizontal range of the region overlapped the bubble) by the eighth image, which
meant that the processing run was not entirely wasted.

The first image of the MIBC 0.06 PPM run also had this effect. In that case, the first
image was suppressed from processing, allowing the bubble to be found accurately in
second image, and as can be seen in Figure 5.11, there is much less scatter in the first few
data points of the resulting graph. It is sometimes beneficial for brief human examination
of the images from a run to take place, so that potential problem points can be isolated and
images can be suppressed if necessary. This is usually only necessary at the beginning of .
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FCigare 5.7; First image from tracking run shown in Digure 5.6,

the run. The irrcgularities in the can in Fagoee 5.6 weee included 1o demensirace this
Following the fange, the usual scatter is visible, but there is also a very large pair of
spunons velocily points. Figure 5.8 1% a zoom of a frame from the run from around those
points,

Figure 5.8 Zoom of image from run shown in Figure 5.6, nearto spurions velocity points.
Contrast and brightness have been enhanced for clarity.

A bubble attached to the tape measure 15 obscuring the number 221, This caused incormect
seguences 1o be chosen for g nomber of frames, giving nse (o the spunious data paints
This is similar Lo the processing error shown in Figure 3.3, cxcepl in this case. the exiea
bubble has caused a tape measare processing error. rather than a bubble processing error.
The spurious data peint s clearly visible on the graph, and can be easily wdentified, and if
necessary. remaoved from Lhe plot by a human operalon

Figure 3.9 shows a plot for a run in a solution of Dowlroth 250 al a concentration of 30
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PPM.
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Ficure 5.9 Velocity profile for Dowfroth 230 & 30 PPM, «, = 1.5 mm. Tracked Decem
her 15, 2006, 11:26 am. ‘Tolal processing fime was 20016 for 216 hmages.

Omee again, the similanties w the plot obtained by Sam [17] are clearly visible (Figure
A7, 30 FPM graph). Note that there 1s no break in the data. This 1s because the bubble is
moving so slowly that it does not reach the Hange by the end of the ran. This is commaon
for runs in high sorfactant concentrations. IFa longet run were destred. 10 would simply be
a case of increasing the maximuwm number of frames used. and requiring more computer
memory to be set aside!.

Of interest is the first non-zcro velocity data point. which scems abnommally iph, How-
ever, there 18 no second, abnormally low velocity potnt that would make ap the pair that
accompanies a position error. Investigation of the output lile indicated that there were
no processing orrors. This high velocity value actually corresponds to the expected be-
hawjowr for high surfaciant concentrations. Initially, there is a higher velocity as the bubble
is released, but the abundant surtactant molecules are rapidly adsorbed onto the bubble’s
surlace, preventing it from agguinng its maXimum possible veloeity (07, - see Section
1.43,

The other scemingly spurious data point of interest for imvestigation is the high velocity
reading just before 2 s into the run. Figure 5,14 s the frame comesponding 1o this point.
The ¢rasshairs in the image show the calculated positions used for the two nunibers used
t determine the bubble’s heights. As can be seen, the position used for the number 40 15
incorrect. This is caused by a large number of bubbles on the tape measure - they interferc
with the accuracy of the normahzed cross-correlanons.

There are two passible methods to fix this. The first is to increase the threshold for the
correlation result of a number that 0 must satisfy © be used @ caleulate the bubble's

As it stands. 4 eum reguires memory for 300 images of 640480 byies, working aut ta mver 92 Mh of
HAM,
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Figure 5. [0: Track image corresponding (o sputious data pomt i Figure 3.9

position {Section 4.5). In this case, it would result in the numbers 41 and 39 being used
ta calculate the bubble’s height®.

The second solution is to make use ot @ bubble release mechanism that does not force a
stream of bubbles to [low during set up. This problem was mentioned in Section 2.2.1,
and the image in Figure 510 demonstrates the extent of this effect. The chmination of
the bubbles stuck to the tape measure and wall of the columm would be a byvpraduct of
implementing such a bubble release mechamsm. In the meantine, the alponthm performs

quite well and relatively accurately, despite the naise.

324 MIBC

Figure 3.11 shows avun 1o a surfactant selution of MIBC at a concentration of (0L0O6 PPM.
Also included is a plat of the bubble’s horizontal frame position throughout the Tun, in

pixcls, plotted such that higher in the graph is to the left in the frame,

Most of the spurious paints in this profile result from phenomena that have already been
covercd, The first, minor scatter occurring at around (0.5 5 is due to a bubble obscuring
numbers used o calculate bubble position, such as i Figure 510, The major crrors in

the points on either side of the Bange are caused by numbers being obscured by bubbles
"The twi nmbers closest o ihe bobble sre used o deerease the ellects refracion that could increase
height error.
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Figure 5.11: Velocity profile and horizontal frame position for MIBC @ (.06 PPM., , =
L. mm. Tracked December 15, 2006, 12:19 pim. [intal processing tirme was 30:52 for 291
Lnages,

or smudges on the column, cavsing the wrong sequences to e chosen. In hoth cases, the

svstem managed 10 recover witlun one frame.

It is the velocity deviation at arcund 3 seconds into the pun that is of interest in this chart,
At [irst. the spontancous dip in the velocity appeared to be un error in the processing. but
ivestigation ol the output file and video footage proved this was not the case. As can be
seen [rome the horizontal frame position. there 15 a real perturbation of the bubble at that
point in the run. The bubble is knocked w the left and oscillations, visible as the jageed
lines in the horizontal position, starl as a result

The video footage shows no visible obstructions contacting the buhble at this point. The
cause could be a sudden change of temperatare in the solution in the columm. or the size
of the bubble, increasing uy the bubble rises and the pressure decreases. reaches a critical
level where oscillatory bubble motion can setin. A combination of these two s also very
ke ly.

The important point for this dissertation, s that the behavioor was proked up clearly and
casily in the processing, The sudden, subtle change in velocity 15 a part of the bubhble
behaviour that this apparatos was designed for, and the format of the data ooput allows
plots of different aspects of the run (such as velocity and horizontal franie position, 1n this
case) i be shown and correlated.

The final test run presented here, performed with a bubble rising in a2 soluton of MIBC at
30 PPM. s shown in Figore 512,
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Figure 5.12: Velocity profile, with trend Iine. for MIBC @ 30 PPM. 4, = 1.5 mm.
Tracked December 15, 2006, 12:40 pm. Total processing time was 32:39 for 299 mmages.

There are no processing crrors visible in the praph (despite the presence of a large number
ol bubbles stuek 1o the tape measure), the scatter 1s relatnyedy well contained, and the graph
conturms o the expected behaviowr for bubbles rising in high surfactant concentralions.
A trend line is added to show the cffect of a smoothing kernel applied to the data,

The imitially tngh velocity decays rapidly towards the wrminal veloeity - ths is more clear

than in the casc of the high concentration Dowfroth 230 run (Figure 53.9),

5.3 Error of Parallax

The calculations performead by the algornthm to obtam the resulls make the assumption
that the tape measure nwmbcers and the center of the bubble are coplanar (they ie the same
distance from the walb of the column facmge the catnerad, The 2D images oenerated an
tracking do not show lateral bubble motion towards and away from the camera.
Examination of the graph in Figwe 511 shows that there 15 a significant amount of hori-
zontal hubble motion. even beflore the oscillations begin. 1L can be assumed that a similar
motion pattern would be evident perpendicular to the camera.

{f the bubble and the tape measare are not in the same plane. ctror of parallax can come
inta effect. ‘This section contains an imvesligation of the uncerluinties associated with error
of paratlax, and its etfect on the results.

The column was filled with water, and two rulers were set up in front of and behind the
column, relative to the camera, Figure 5.13 is an image from the camcra showing the
rulers, and Figure 5,14 is an illusiration of the side view geomctry.

The lines on the image show the places where readings were taken from the two rulers.

The shight sloping visible 1n some of the markings on the front ruler 15 due o 1ts beveled



Figure 5.13: Image from camera showing two rolers and lines used for ray data points,
The front ruler is on the right, and slighdy out of focus. though the numbers are still
visihle, The rear ruler, behind the column i, visible on the lefi.
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edee, Readings were taken from the feftmost edge, tor consistency, and as that edge was
closest to the perspex ol the column.

Eror of parallax. in tis case, affeets the bubble's heisht reading, associated with the
v ca-ordinates of the bubble and numbers’. Thus, the horizonlal (x) components of the
co-ordinates will be neplected for this analysis. allowing the two ruler readings in Figure

3.13 to be represented as rays tn the profile tmage shown in Figure 5,14,

e Column
Rays
@ 5
& 2 =
: g
o i o
o
u, "
=
a0

20 im0 rem

Figure 5.14: Rays through the ¢olumm hetween the twao rulers.

The profile shows varnous paths through the column that rays can take, associating a mea-
surcment on the rear ruler withame on the [ronl ruler. There would be a slight refraction as
the rays pass through the perspex walls. but this has been neglected as the perspex makes
up only a small part of the wlal distanee.

For a given tay entering the camera, il the honzontal position of the target (bubble) has
an uncertaimty (shown as i, in Figute 3, 14). there will be g corresponding vertical uncer-
tainty in the reading (shown as 4,1 The vertical uncertainty is dependent on the gradient
of the ray, and hence. the screen position of the bubble.

‘The may gradienl as o [uncton of sereen postiion was deternuined as follows: A set ol
cradient values was determined using the readings from the two ulers from Figore 5,13,
and the knowledge that the colomn width was 1760 mm. A lincar approximation Lo tis
data st was penerated by feast squares. Fioure 5015 shows the data points (crosses), and

Lhe fitted curve {lineh,

Y x co-ordinate will only attect the beipht reading in the case of aptica] distwortion in the mage, o
the camern or reftueton in the columm. The purpose of the my undistort algorthm (Section 451 was 1o
campensaie for this, Ir showed that the effect wus minimal.



Ray Gradlent as a Functicn of Screen Position
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Figare 3,153 Measured gradient values and hincar (least squares) aspproximaton to data
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As can be seen. the approximatiom fus the data well, This graph can then be used 1o

estimule a vertical uncertainty from the screen position and a given horizontal uncertainty

according to the following equations:

{3.2)

(5.3)

Figure 5.16 shows the maguitude of w,, for varions values of w., using the vertical frame

posttion of the bubble from the tap water tracking run, shown in Frgure 3.1,

Uncertanty ttem]
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Figure 5.16: Height upcertainty in tap water run. for various assumed valoes for o,

Thus if the bubble is 1 em closer 1o or further [rom the camera than the plane containing

the tape measure. this resulis in a maximum uncertainty of roughly 0,23 ¢cm in the posi-

ticn reading. If the bubble deviates a greater distance from the tape measure plane, the
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maximum positional uncertwinty inereases. However omee the bubble is centered, error
ol parallax disappears, as does the uncertainty associated with it

The ettect of error of parallax on the velocity readings is more complex, as it is changes
in the error of the height reading that affect velocity. A continuous position ertor would
not affect the velocity readime. An impression of the velocity uncertainty can be oblained
by estimating the hotnzomal motion of the bubble (owards and away [rom the camera}
between lrames.

The bubble’s lateral monon in the frame (perpendiculae to the camera) 15 assumed to be
similar w, and give an indication of, the buhhle’s motion lowards and away from the cam
era. Therefore, the hubble center’s & co-ordinate values are converled Lo a measurcmicnt
in centimeters, and then the mean change in frame position s used to plot velocity uncer-
tainty. The plots of velocity and honzontal frame position against time for the tap water
run are shown in Figure 5.17. Honzental frame position has been copverted [rom pixels
L comtimeters (using the tape measure as an estimate, 30U pixelsfom), so the harizontal
frame position is given as a distance from the center of the serecn, Once again, upwards

in the praph represents lefiwards in the screen.

Welocity and Harizantal Frame Position (Tap Water}
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Figure 5.17: Velocwy and horizontal lrame posttion (ap wakcr tum},

From the hotizontal frame position data in Figure 5.17. the average change in [rame po-
sition was determined Lo be 36,23 10 * em. with a standard deviation of 38,90 [0+,
The maximum jump in frame position was found to be U.16 ¢m, quite near the end of ihe
run. where oscillations began 1o get large.

Note that the standard deviation is larper than the meuan value, indiwating a broad scatrer
in the data ser. 'This is evidenl in the plot of horizontal frame position, as the bubble has
minimal lateral motion in the beginning of the run, bul this increases once osciflations
begin.

Assuming that the horkzontal metion wwards and away from the camera would be similar
to the plot in Figure 5.17, its mean and maximum values can be used 1o cstimate the

velocity uncevtainly due Lo error of parallax. These plots can be seen in Figure 5, 18,
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Velocily Uncertainty from Mean and Maximum
Change in Harizontal Position
TS
W &
R !
+ Tt
e Ly ,j T -
oA o
£ R
g iy &
=
b | : R,
C

= | 1 o A s
£ o0 = v
W 17 -
= 2L
= 4 ~

u o= B i

0 1 2 3 4 5 £ 3 0 3 10
Tuire [5]
- h..ir.nr ——— Mm;m.n.m]

Figure 5.18: Velocity uncertainty, assuming change in horizonlal bubble position belween
frames equivalent fo mean and maximum values for lateral metion (perpendicular 1o cani
Cra) i tap water run.

As can Do seen, the uncertainics from ervor of parallax are very small in comparison 1o
the velocilies that the bubbles achieve. The peak value for lhe mean is one hundredth of a
emyfs, and the maximum plof peaks at only four times that. Note also that, since the hubble
initially does not mave much faterally, the uncertainly value near the beginming 15 likely 1o
he low - the mean value gmves a betler estimate, Further into the run. once the oscillations
begin. the maximum value gives the better uncertamty estimate. bul since the bubble is
centered in the frame by this time, ciror of parallax fades away into msienificance. as does
the uneertainty assoctated wath L

IL should be noted that the statistical data used i this analvsis is from a single run. For
a full ervor of parallax uncenainty analysis. much more data would need o be collected
and processed. Nonetheless, the shorened analysis presented here indicates thal errer
ol parillax in the reasdhings does not have a signiticant influence on the velocity readings
abtained by this apparatus. Uncertaintics and noise [rom other sources play a much more

significant role in the velocity profiles,
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Chapter 6
Conclusions and Recommendations

This chapter summarizes the conclusions reached during the course of this dissertation.
This is followed by recommendations for continuing work on the apparatus.

6.1 Conclusions

An apparatus has been developed to track a single bubble rising in an aqueous solution
using a video technique, and process the resulting footage in order to obtain the bubble’s
velocity profile, amongst other data.

The system’s automation in terms of the tracking control, as well as in terms of processing,
is a novel application to this problem. Though some human review of the frames before
the processing is usually required, it nonetheless saves operators time and effort, as large
amounts of data need to be collected and processed in the experimental investigation of
bubble velocity profiles. Other systems performing the same work required operators to
perform the tracking and processing.

The tracking mechanism developed performs well enough to track bubbles rising at 40

cm/s, though there is some minor oscillatory behaviour evident in its setpoint response.

The post-processing image analysis can provide accurate bubble velocity profiles, though
some modifications will be required to reduce errors in determining the bubble’s position.
The algorithm takes a significant amount of time to complete the processing for a full
tracking run (30 to 40 minutes for 250 to 300 images). A number of methods were con-
sidered to reduce the processing time. Decreasing the correlation region size and reducing
the number of sequences tested were methods that performed well and were included in
the algorithm, but the FFT version of the normalized cross-correlation was not found to
be robust enough.

In both the tracking and the post-processing, the flange halfway up the column has been
compensated for in software and poses no significant problem to the system’s perfor-

mance.

The system was tested by tracking bubbles rising in various conditions, including tap wa-
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ter, distilled water, the surfactant Dowfroth 250 (at concentrations of 0.06 and 30 PPM),
and the surfactant MIBC (again, at 0.06 and 30 PPM). The results obtained coincided with
results obtained previously with similar systems, as well as with the current models for
bubble behaviour in solution. Spurious data points are easily identifiable in the velocity
plot, and can thus be isolated, and if necessary, removed.

An investigation into the effect of error of parallax on the results indicated that its uncer-
tainty is less significant than other sources of error in the system.

6.2 Recommendations

The bubble generating hardware currently does not allow for the generation of bubbles of
particular sizes. In addition, it forces a stream of bubbles to flow in the column during set
up, which can stick to the inside of the column and to the tape measure. A new bubble
generating method, which avoids both of these problems, should be developed.

The tape measure currently used as a reference in the post-processing algorithm does not
make use of any formatted patterns suitable for machine vision. It is also difficult to
position adequately as it is flexible and suspended in the column. While adequate, and
sometimes excellent, results could be obtained, a tape measure specifically fabricated to
the system would enhance performance. Such a tape measure should have a repetitive
pattern suitable for image processing, such as a checkerboard or bar-coding, integrated
with a human-readable number system. Any pattern should have a spatial frequency of
greater than 1.67 cm, to avoid the problem of aliasing. This tape measure should also be
firmly attached to the side of the column for its entire length, so that it remains stationary,
flat, and coplanar with the bubble’s point of release.

The post-processing algorithm’s method for finding the center and radius of the bubble,
though sufficient for development, is inadequate for experimental use. A better method
should be found by investigation, and then implemented.

Before post-processing, human review of the images is required to spot potential problem
areas. Further automation in this area could result in the dropping of this requirement.

In terms of the extendability of the apparatus, there are a number of research paths which

could be followed.

A multiple camera version of the system could use several cameras positioned along the
height of the column. With each camera capturing video while the bubble is in its field
of view, a velocity profile could be constructed by concatenating the footage from all of
the cameras. The advantages of this method would include the fact that mechanical parts
(such as the motor, gearbox and conveyor belt) would not be required, which could reduce
the costs of constructing such an apparatus. The stationary camera system would also
lend itself to calibration (allowing the bubble’s position to be determined by its frame
position only), thereby removing the need for the intense image processing of a tape
measure or other reference. The main disadvantage, however, is that the apparatus could
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require a large number of high resolution cameras. This could increase the cost of such an
apparatus, potentially eliminating any benefits of the multiple-stationary camera version.
An investigation would need to take place to determine first if such a system is required
in addition to the one presented in this dissertation, and second, if it is feasible in terms
of costs.

Using two mobile cameras to track the bubble would allow a complete 3D model for the
rise path of the bubble to be constructed as a function of time, giving velocity as well
as much additional information about bubble behaviour (lateral motion and oscillations,
in particular). This would require the redesign of some of hardware components of the
apparatus in addition to much of the software.

Performing some reworking of the tracking and processing algorithms could allow for
the tracking of a cloud of bubbles, although this would again require the redesign of
hardware (particularly the bubble release mechanism, to give a cloud of bubbles). The
ability to track and plot the paths of multiple bubbles would allow bubble interactions to
be studied.
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Appendix A

Previous Results

This appendix includes data from the McGill University apparatus, tracked and processed
by hand. These graphs are provided for comparison with the results obtained with the
automated UCT apparatus.

Note that in some cases, the x-axis of the graphs has been set to distance, rather than
time, which is the standard used primarily in this dissertation. The difference is subtle,
so comparisons are still possible. Distance can be used as the independent variable in the
results from the UCT apparatus, as the bubble’s vertical position is provided in the output
file.
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Dowtroth 250

¥Wpem 208 opm

-
|
[

WValocily, cimy's
()
o}

:I'.I

B

(=] I—-pll-ll. = ;1_?;'1- oL i 2 e
I
b

an

Height, crr

Fopure 1= Yeincuy prnfile ac o bwo concentranans of frather TIE 250

Figure A4: Dowlroth 230 tor different concentrations [25].

! - A
3 - e
E 1 T
O 25 -
) =l & v TE
T I.JI'* o
L e ol A g g =
M O e _""iL_f_tl._'-i-_‘r_L B el o]
f
g
o
A
5___ —_—— —
a i 23 07 4
Haight, om

Frpure 4- Yelocorw profile as 1 S:ncion of ser peratiee far © 06 opm DF 250

Figure A.5; Dowfroth 250 for differcnt temperatures [25].

ot
L ]



Do fronh 250, continued.
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