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Abstract

The study of °owing soap¯lms asan exampleof two dimensional°uid °ow is

a popular areaof interest. This project involvesthe development of imaging

and imageprocessingtechniquesin order to visualisethe thicknessvariations

in °owing soap¯lms as a meansof analysing the motion of the °uid. The

soap¯lms are producedusinga mixture of commerciallyavailable detergent

and water, and observedusinga CCD camerawhile illuminated by a sodium

lamp.
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1 In tro duction

Flowing soap¯lms arean ideal simplesystemfor investigatingthe behaviour

of two dimensional°uids, a wide range of experiments have demonstrated

correlation betweentheir observed behaviour and theoretical models of 2D

°ow [1]. For instancevariousexperiments havecon¯rmed that the behaviour

of the velocity ¯eld in turbulent °ows agreewith phenomenologicaltheories

of 2D turbulence[2], numericalsimulations of grid turbulencein a 2D channel

[3] and predictedenstrophy cascaderanges[4]. Theoretical considerationsof

soap¯lms [5], by way of a generaland °exible three dimensionalmodelling

of the ¯lm, have demonstratedthat the dynamicsof such ¯lms correspond

to classical2D dynamics,provided that the ¯lm meetscertain criteria.

Most studieshave concentrated on measurements of the velocity ¯eld of

the ¯lms, measurements which rely on fairly expensive equipment such as

Laser Doppler Velocimetersand Interferometers. Of potentially greater in-

terest is the measurement of passive scalarcharacteristicsof the °ow. That

is scalar characteristics which are carried along by the °ow but which do

not a®ect the properties of the °ow, for example coloured dyes or smoke

particles in three dimensional°uids. Such quantities are of practical inter-

est in many areas,such as the study of the dispersion of pollutants in the

Earth's atmosphereand oceans,situations which can to someextent often

be simpli¯ed to 2D models.
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There hasbeenmuch interest in whether or not the thicknessvariations

of a soap ¯lm constitute such a scalar indicator. Since the variations can

be easily visualised by observing the light re°ected by the ¯lm they may

provide a simple,economicaland unobstructivemethod by which to examine

signi¯cant characteristicsof soap¯lms. Wu et al. [8] demonstratedthat in a

2D CouetteCell the thicknessvariations areconsistent with predictions[6] of

the turbulent dispersionof a passivescalar. Theoreticalconsiderationof soap

¯lms [5] predict that thicknessvariations originating from inhomogeneities

in soapconcentration develop with time as a passive scalar.

It is clear that this topic deservesfurther investigation, and thereforea

reliable and robust method of visualising the thicknessvariations of the ¯lm

is desirable. This project is concernedwith capturing imagesof soap¯lms

in motion, and processingthe imagesto increasetheir quality for further

analysis. A simple exampleof dynamic ¯lm °ow was chosenas a testbed

for the technique, that of a Von Karman Vortex street formed behind a

cylindrical obstruction. This provided a fairly fast moving system with a

su±ciently large range of behaviours to avoid making the technique overly

specialised.
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2 Theory

2.1 Vortex Streets

A cylinder obstructing an otherwise uniform °uid °ow results in the for-

mation of eddiesin the wake of the cylinder [7]. This is as a result of the

turbulent boundary layer betweenthe object and the bulk of the °uid becom-

ing bunched behind the object. This boundary layer °uid carriesvorticit y,

created by the interaction between the object and the °uid, whereasthe

°uid immediately adjacent to it does not. This vorticit y imposesrotation

on the °uid in the vicinit y and °uid accumulates behind the cylinder with

time, causing the eddiesto grow to a maximum size dictated by (among

other properties) the overall velocity of the °uid °ow. The size of these

eddiesincreaseswith Reynoldsnumber, but for Re up to approximately 40

they will be stableand remain attached to the cylinder. As Re increasesthe

eddiesbecomelarger and begin to oscillate due to instabilities in the wake

feedingback into the eddies.OnceRe reachesabout 60 the eddiesbegin to

be periodically shedby the cylinder (seeFig. 1), behaviour which continues

for Re valuesas large as3£ 105, with turbulent behaviour beginning in the

wake for Re greater than about 150 [9]. Figure 2 shows a simulation of a

vortex street, with the °uid shed from opposite sidesof the cylinder indi-

cated by di®eringshading. Fluid °ow in both Fig. 1 and Fig. 2 is from the
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left of the imageto the right.

Figure 1: The sheddingof opposite sign vortices, image from ProfessorT.
T. Lim - University of Melbourne.

Figure 2: Von Karman Vortex street, animation by Cesareode la Rosa
Siqueiraat the University of SaoPaulo, Brazil.

The sheddingof thesevortices exerts an oscillatory force on the object,

and if the vortex shedding frequency is close to the natural frequency of

vibration of the object this can have quite signi¯cant e®ects.Well known

examplesof this phenomenoninclude the \singing" noiseheard when wind

blows acrossa taut string, and the famous Tacoma Narrows suspension
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Figure 3: Re°ection of incident light by front and back surfacesof the ¯lm.
na and ns are the refractive indicesof the air and soapsolution and H is the
overall thicknessof the ¯lm.

bridgethat collapseddueto the vorticescreatedby the action of wind °owing

acrossthe suspensioncablesand causingresonant vibrations in the bridge

structure.

2.2 Thic kness Variation

For a ¯lm of averagethicknessH there will be a variation h(x; y; t) around

this averagevalue,due to a variety of reasons,asoutlined in the conclusions

of the 2001article by Chomaz[5]. When the ¯lm is illuminated interference

occursbetweenthe rays re°ected by the front surfaceof the ¯lm and those

re°ected by the rear surface.The di®erencein path length travelled by the

two rays is given by equation 1, as illustrated in Fig. 3.
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As µ tends to ¼
2 this simpli¯es to just ¢ L = 2H . When a ray travelling

in a medium with a higher refractive index re°ects o® a boundary with a

mediumof lower optical index it experiencesa phaseshift of ¼. This happens

to the ray which travels through the ¯lm and re°ects o® its back surface,

but not to the ray that re°ects o®the front surfaceof the ¯lm. Hencethe

two rays are shifted relative to each other by an overall path di®erenceof

¢ L + ¸
2 . Thereforethe intensity of light of a given wavelengthre°ected from

a point on the ¯lm varies sinusoidally as the thicknessof the ¯lm at that

point variesthrough multiples of ¸
2 . It is this interferencee®ectthat produces

the familiar swirling colouredpatterns seenon soap¯lms and bubbleswhen

illuminated with white light. In an experiment involving a fairly energetic

system [8], Wu et al. estimated the variations in thicknessof their soap

¯lms to be no more than several hundred ºAngstrÄoms. It is reasonableto

assumethat this would also be the casein lessviolently changing systems

such as those investigated here. Give this assumption it is reasonableto

use the approximation that the intensity of the re°ected light at a given

wavelength, I ¸ varieswith the variation in the thicknessof the ¯lm, h, in a
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linear fashion, i.e. I (x; y; t) » h(x; y; t).

This phenomenoncan be exploited in several ways. Most simply, as

detailed in this project, the ¯lm can be illuminated with monochromatic

light and the variations in re°ected intensities taken to be an indication

of the variations in the thicknessof the ¯lm. In their 2D Couette Cell

experiment [8], Wu et al. illuminated ¯lms using white light and analysed

the variations in the coloursof the re°ected light in order to determine the

properties of the ¯lm.

3 Exp erimen tal Pro cedure

3.1 Film Generating Apparatus

The equipment used for this experiment was based on the work of Dr.

Maarten Rutgers [10]. The aim is to create a soap ¯lm which °ows in a

stable and consistent manner and that is su±ciently long lived to permit

analysis. The signi¯cant part of the setup consistsof two lengths of ¯shing

line hangingfrom the nozzleof a reservoir of soapsolution. Attached to the

main cordsare several control cordsallowing the geometryof the ¯lm to be

adjusted without unnecessarydisturbance. The main cordsare attached to

a metal weight in order to keepthem taut and steady when in useand the

wastesolution drains into a secondreservoir at the bottom of the frame (see
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Fig. 4).

Figure 4: Experimental rig, consistingof a rectangular framewith platforms
at the top and bottom for the sourceand waste reservoirs.

The soap solution is contained in the large reservoir tank at the top

of the apparatus, and the °ow is controlled by a simple plastic tap. The

nozzleof the tap is approximately elliptical in pro¯le and contains a metal

nut to which the main cords are tied. The main vertical cords are fairly

thick nylon ¯shing line (approximately 1mm diameter), held tight by a metal

weight at the bottom of the apparatus,the intention is to maintain the cords

in a parallel con¯guration in the central section where the area of interest

lies. The cords are held apart in the central section by several lengths of
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thin ¯shing line (approximately 0.2mm in diameter) which are then passed

through holes in the support frame and attached to adjustable mounting

points. These control cords can be slackened o® so that the main cords

cometogether under the action of the weight at the bottom. The tap can

then be opened and the solution allowed to cover the cords. The control

cordsare then be pulled tight so that the main cordsachieve the geometry

shown in Fig. 4 while stretching the soap¯lm betweenthem.

Consideringa °uid element travelling from the sourcereservoir to the

waste reservoir it can be seenthat there are several signi¯cant stepsin the

journey. It is important that the sourcenozzleallows the °uid to escape

at a steady rate, and without creating turbulence, or any motion in the

dimensionperpendicular to the planeof the ¯lm. For the °ow to successfully

approximate a two dimensional°uid the motion in the z direction must be

kept to a minimum, and any such motion at the beginning of the °ow will

be propagated down the entire ¯lm. It is vital that the °uid leaves the

nozzleand commencesits °ow down the cordsin an even fashion. This was

aided by tying a knot in the cords soon after the nozzle, as illustrated in

Fig. 5. The °uid element then undergoesa stageof expansionas it travels

through the widening section at the top of the main cords. The element

expandsin both the horizontal and vertical direction and at this stagethe

development is crucial as it determinesthe behaviour throughout the entire
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Figure 5: The sourcereservoir nozzle. Note the knot near the top of the
main cords,and the wire wrapped around them. This helpsto even out the
°ow of °uid.

of the rest of the °ow. The angle of separationof the cords at this stage

is quite signi¯cant, too wide an angle and the °ow separatesexcessively,

leaving a thinned area in the centre, too narrow an angleand the °ow rate

will be too fast and perpendicular °uctuations may begin.

Oncethe °uid element reachesthe parallel sectionof the cordsit quickly

achieves terminal velocity, the gravitational force being balanced by the

viscousdrag of the air surrounding the ¯lm. It is in this region that the

experiments are carried out, the °ow being even and steady. The °uid then

passesinto a narrowing region before°owing over the hanging weight into

the wastereservoir. Despitebeing after the region of interest the behaviour

in this ¯nal region is still signi¯cant. Were the cords to enter the reservoir

while still parallel, the buckling of the ¯lm as it enters the pool would cause
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foaming and the production of motion in the direction perpendicular to the

plane of the ¯lm, which can propagateupwards, disrupting the °ow in the

region of interest above. It is thereforebetter to have the cords cometo a

point at the bottom, thereby reversing the processused at the top of the

¯lm and maintaining steady°ow acrossthe whole of the ¯lm.

The variousparametersof the systemcanbevaried quite readily in order

to achieve a wide variety of di®erent behaviours in the ¯lm. Adjusting the

°uid °ow rate can dramatically a®ectthe vertical velocity and thicknessof

the ¯lm, as can altering the width of the parallel section. Thesevariations

can produce °ows characteristic of a wide range of Reynolds number, as

shown later in Fig. 12.

3.2 Imaging Equipmen t

As describedearlier, imaging techniquesfor the analysisof soap¯lms rely on

the interferencebetweenthe light re°ectedby the front and the rear surfaces

of the ¯lm. For this experiment the ¯lm wasobservedusinga monochromatic

CCD camera. It was therefore necessaryto ensurethat the light recorded

by the camera was monochromatic in order to preserve the simple linear

relation betweenthe re°ected intensity and the thicknessvariations. White

light re°ections could not have been recorded using this camera without

losing information by aggregatingthe entire re°ected spectrum, I (x; y; ¸; t),
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into I white (x; y; t) =
R

I (x; y; ¸; t) d¸ which, for examplewith an incandescent

tungsten type lamp (which has a fairly constant intensity acrossthe range

of wavelengthsit emits), would be moreor lessconstant with h(x; y; t). It is

thereforenecessaryto either ¯lter the light at somepoint in the processto

separatea small rangeof wavelengths(assmall aspossibleto avoid smearing

together the variations in I ) or to usemonochromatic light right from the

start.

In order to cut out ambient light, and to provide a uniform backdrop

for the images,a pieceof black velvet fabric was ¯xed behind the area of

interest, and a sheet of matt black card behind the rest of the ¯lm area

(seeFig. 6). For the majorit y of the investigation a length of rigid copper

wire, approximately 4mm in diameterwasusedasan obstruction to generate

the vortex street. This was ¯xed to a stand behind the ¯lm and protruded

through a hole in the black backdrop.

To be able to view a reasonablysizedarea of the ¯lm the light source

needsto be fairly di®use.To begin with a °ourescent light box wasusedto

illuminate the areaof interest. However, although this wasvery sucessfulin

illuminating a large area in a uniform fashion, °ourescent lights constantly

vary in intensity due to their quick responseto the variation in the power

supplied by A.C. mains electricity. This produced a beat e®ectwhen ob-

served using the CCD camera,the imagevarying betweenfully illuminated
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Figure 6: Imaging equipment. The picture shows approximatly the bottom
two thirds of the length of the main section of the cord loop. Note the
dimensionsof the loop and the distancesbetween the lamp, di®userplate
and cameraand the plane that the ¯lm would occupy.

and completely dark over a period of approximatly ¯v e seconds. It was

thereforeentirely impractical to usethis method of illumination.

Sodium lamps however behave quite di®erently, taking several minutes

to reach, and then remaining at full intensity, and soa low pressuresodium

lamp was used for this experiment. Sodium light is very close to being

entirely monochromatic, having two sharp emissionpeaksseparatedby less

than one nanometer, so no ¯ltering of the light was necessary. The lamp
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and the camerawere orientated in the samehorizontal plane, and pointed

at the same area slightly downstream of the cylindrical obstruction (see

Fig. 6). The lamp used emitted light from quite a small volume within

it's structure and so only illuminated a small area of the ¯lm, far smaller

than the areaof interest. This wasovercometo someextent by the useof a

di®userplate, consistingof sectionof translucent white plastic approximatly

8cm by 8cm in sizesuspendedbetweenthe ¯lm and the lamp. This had the

e®ectof spreadingthe illumination over a wider area,but alsoconsequently

reducing the intensity of the illumination. The plate was mounted on a

length of copper wire, ¯xed to the samemounting as the sodium lamp and

socould be adjustedasneeded.This did not entirely overcomethe problem

of varying illumination (as can be seenin someof the imagesproduced)but

by adjusting the plate sensibly all but the corners of the image could be

adequatelyilluminated.

3.3 Image Capture

Since the ¯lms are falling fairly rapidly the exposure time of the camera

frames obviously requires consideration in order to minimize motion blur.

At higher frame rates the imagesare considerablysharper, but the shorter

exposuretime meansthat the imagesare alsodimmer and thereforelacking

in contrast. There is a trade o®betweenobtaining brighter, clearer images
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usingslower frameratesat the expenseof motion blur, andobtaining sharper

but dimmer imagesat high frame rates. Although the work of Rutgers et

al. [11] produced¯lms with terminal velocities of the order of several metres

per second,the systemsusedherewerenot optimised for speedof ¯lm °ow

to the sameextent. Simplistic observation of the ¯lm °ow and consideration

of the motion blur at di®erent cameraframe rates would suggestvelocities

of the order of 0.1 to 1 ms¡ 1. The camerausedis capableof a wide range

of frame rates, from 50 fps to 10,000fps. A frame rate of 500 fps, giving

an exposuretime of approximatly 2ms¡ 1 (assuminga negligible dead time

betweenframes),was found to producesatisfactory results for the majorit y

of the situations investigated. This correspondsto the ¯lm falling through a

distanceof up to about 1mm during the frame readout time, corresponding

to oneor two pixels in the output image.

The CCD camerawasconnectedto a PC with a videocapture input card

and software. The software [12] allows continuous monitoring of the input

for focusing and aiming the camera,and an automated frame grab option

which capturesa seriesof still imagesat speci¯ed intervals. The captured

imageswere saved in bitmap format and then converted to the portable

greymapformat using other software.
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4 Image Pro cessing

The imaging processesin this experiment madeuseof fairly generalequip-

ment, none of it was speci¯cally tailored to meet any criteria speci¯c to

rapidly falling soap ¯lms. This resulted in raw imagesthat are less than

ideal, often slightly unclearand lacking in detail. Thereforethe majorit y of

the investigation wasconcernedwith developingsoftware to manipulate the

raw imagesand enhancetheir detail. The captured imageswererecordedin

the portable greymapformat. This is an extremely simple way of recording

grey-scaleimages,and is (almost) ideal for import and export to and from

Fortran programs. The ¯les are plain text, they begin with a format iden-

ti¯er (the text \P2"), the dimensionsof the imageand the maximum pixel

value followed by the grey valuesfor each pixel, proceedingfrom top left to

bottom right in normal readingorder. Each of theseparametersis separated

by whitespace(space,tab, line-feedsor carriagereturns).

The ¯les were createdby converting the output from the imaging soft-

ware using a commercialgraphicspackage,Paintshop Pro [13]. Despite the

simple nature of the ¯le speci¯cation someconversion was still neededto

P2
# Pic output
768288
255
0 0 0 0 0 0 0 0 ...

Figure 7: Example of the beginningof a PGM image¯le.
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make the imageseasily readableby a Fortran program. The ¯les output by

Paintshop Pro are wrapped to a particular line length, and sincedi®erent

pixel valuescan consistof varying numbers of digits the lines do not neces-

sarily all contain the samenumber of pixels. This makes it impractical to

readthe ¯les usinga Fortran format statement and sosomepre-processingis

required. This wasaccomplishedusinga small Perl script which replacesthe

spacecharacterswith line breaks. The Fortran program that waswritten to

processthe image¯les alsohassomecompatibilit y problems. The program

was written to output each pixel value on a new line, and, again due to the

di®eringnumber of digits requiredto specify pixel values,this sometimesre-

sults in lines beginning with spaces.Paintshop Pro will not read .pgm ¯les

that break up valueswith both line feedand spacecharactersso again this

requires somealteration. This was also accomplishedusing a Perl script,

this time directly called by the Fortran program. The code for these two

scripts is included as Appendix A.1.

The Fortran program,calledpic.exe,written for this project usesa simple

text menu and provides the user with a set various options for altering the

properties of PGM format images. The sourcecode for this program is

attached as Appendix A.2, further details to the descriptionshere can be

found in the comments in the code.
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4.1 Banding

Becauseof interference in the circuitry of the camera equipment due to

the 50 Hz cycle of the mains electrical supply, in imageswith low overall

intensities a horizontal banding e®ectcan be seensuperimposedover the

images.Sincethis is a regularand periodic variation it caneasilyberemoved

from the images. Fig. 8 shows an exampleof this banding e®ectand the

sameimageafter it hasbeenremoved using pic.exe.

-

Figure 8: An image before and after the removal of banding. The image
shows a stableVon Karman Vortex street. To the right of the street the ¯lm
°ow is not quite stable, having becomestriated further upstream.
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The algorithm for this is comprehensively commented in the sourcecode

in Appendix A.2. The algorithm works by ¯rst ¯nding the averagepixel

value for each column in the image,as shown in Fig. 9(a) and then ¯nding

the minima in this sequenceof valueswhich have a rapid variation in their

vicinit y (highlighted with circles in Fig. 9(a)). It then linearly interpolates

betweenthesepoints and takestheseinterpolations from the overall values.

This leaves a set of valueswhich broadly follow the short range variations

in the brightnessacrossthe image. Thesevalues(shown in Fig. 9(b)) are

then taken from all of the pixels in the corresponding columns, producing

an imagewithout the brightnessbanding.

4.2 Kernel Filter

The kernel ¯lter allows the user to specify their own systemfor ¯ltering the

image. This works by convoluting the imagewith a grid of weighting values

to producethe output. The programallowsthe kernelto beenteredby hand,

or loadedfrom a text ¯le (formatted as a single integer value on each line).

Kernel based¯ltering is usedwidely in imageprocessingsystems,Appendix

A.3. shows someexamplekernels. At its simplest convolution allows the

imageto be smoothed out, removing speckling and noise,at the expenseof

somelossof detail, this can be accomplishedby usinga simplemeankernel.

More complicatedexamplesof kernelsinclude the Sobel and Prewitt ¯lters
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Figure 9: (a) Horizontal brightness pro¯le for the image seenin Fig. 11,
beforeremoval of the bands. (b) shows the valuesto be subtracted from the
imageto remove the banding e®ect.
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which pick out contrasting edgesin speci¯c directions, and the Laplacian

¯lters which enhanceedgesin all directions.

Filtering techniquessuch astheseare quite powerful, and extremelyuse-

ful for making imagesmore readily human readable. However they also

necessarilydestroy or distort information in the imagesthat could be ex-

amined using numerical analysis. It is therefore important to keeptrack of

the changesthat have beenmadeto a ¯le and take into account the changes

beforefurther interpretation is made.

4.3 Con trast Adjustmen t

The most obvious weaknessin theseimagesis the lack of contrast. Alter-

ation of the contrast is lessof an issuewith respect to the destruction of

numerical information in the imagessincethe proportionalit y betweenthe

¯lm thicknessand the re°ected light intensity is somewhatarbitrary and

unpredictable to begin with. Two methods of contrast enhancement are in-

cludedin the pic.exeprogram, this ¯rst of which is a simple linear alteration

of the greyscale. This can be operated by either specifying the endpoints

of a range of pixel values to be linearly expandedto ¯ll the full range of

available values,or by specifying an o®setvalue and scalingfactor to apply

to the full range. In both casesany pixel valuesthat are then outsideof the

maximum rangespeci¯ed by the ¯le headersare then set to the maximum
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or minimum value of the range,as required.

The secondmethod is quite di®erent, and combines some aspects of

the other enhancement techniques used by pic.exe. For each pixel in the

image this method ¯rst computes the local mean pixel value over a user

speci¯ed area, and subtracts this value from the pixel value. The resulting

¯gure is then multiplied by the scalingfactor speci¯ed by the user,and then

added back onto the local mean ¯gure. This has the e®ectof enhancing

local brightnessvariations, and picking out details that would otherwisebe

indistinct. Once again the valuesare constrainedto the allowed range by

truncating their range.

4.4 Others

Variousother featureswerewritten into the programin order to allow useful

manipulations in addition to the ¯ltering processesmentioned above:

A simple median ¯lter, which replaceseach pixel with the median value

in the surrounding (user speci¯ed) area,allows speckling and noiseto be re-

movedfrom the imagesfor presentation purposes.This techniquelosesquite

a lot of information from the images,but this is not particularly signi¯cant

if they are to be reproducedin a reducedresolution form.

A brightness alteration facility alters the image by shifting the pixel

valuesby a speci¯ed quantit y, againthe out of rangevaluesarethen returned
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to the extremevaluesof the range.

Since the camerawas oriented such that the output ¯les were rotated

with respect to the orientation of the experiment, a rotation facility was

also written. This simply shifts the image through ninety degreesin the

clockwise direction.

When usingthe contrast and brightnessaltering facilities it is often useful

to havean ideaof the distribution of pixel valuesin the image. The statistics

option outputs the frequencywith which each pixel value occurs to a plain

text ¯le called\pro¯le". The frequenciesare listed in the order of increasing

pixel value, with onequantit y per line.

5 Discussion

This experiment has concentrated on the acquisition of clear and useful

imagesof the thicknessvariations in the soap ¯lm and the application of

the techniquesdescribed by Maarten Rutgers [10] in order to produce long

lived and steady°owing soap¯lms. The majorit y of the problemsof image

acquisition have beendealt with and the equipment hasbeenusedto collect

qualitativ e measurements of the behaviour of the two dimensional°uid. A

possibleareafor further investigationis the direct measurement of the vortex

sheddingfrequency. Although it would bepossibleto measurethis frequency

from a seriesof still images,the cameraused for the experiment does not
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appear to be able to record images at a su±ciently high rate. A more

economicaland direct method would be to usea vibrating ¯bre velocimeter

[11] [14]. This consistsof a short length of optical ¯bre, with one end held

in a ¯xed position with a light sourcecoupled to it, which is usedin place

of the the cylindrical obstruction in the °ow. An optical detector is then

usedto observe the movement of the free end of the ¯bre as it oscillatesin

the °uid °ow. This generalsystemcan obviously be usedin a wide rangeof

ways.

Kellay et al. [14] describe the use of a complex system making use of

laser light for illumination and an optical detector connectedto a spectrum

analyserfor the analysisof turbulent °ow in a soap¯lm. Rutgerset al. [11]

cite work demonstrating that ¯bre de°ection is linear with the mean °ow

and that no qualitativ e di®erenceshave been found by them between the

velocity spectra obtained through VFV and those obtained through Laser

Doppler Velocimetry. Theseexperiments describe the useof a laserVFV for

detailedquantitativ e measurements of the velocity ¯eld, but it would alsobe

possibleto build a more basicdevicepurely to measurethe vortex shedding

frequencyof the optical ¯bre, usinga simplephoto-detectorand LED rather

than a complexoptical deviceand laser.
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Figure 10: Examplesof kernel ¯ltering. From left to right; Original image,
3x3 Laplacian ¯lter, 3x3 horizontal Sobel ¯lter (enhanceseast-facingedges),
3x3 horizontal Prewitt ¯lter (also enhanceseast-facingedges)and 3x3 high
pass¯lter.
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Figure 11: An imagebeforeand after contrast enhancement. This wastaken
using a cylinder of approx. 25mm diameter, with the °ow rate too small to
produce a vortex street. The \lo cal contrast enhancement" method was
used,with a scalefactor of 4 and a 3x3 samplingarea.
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Figure 12: Examples of di®erent °ow regimes. These have all been en-
hancedby removing banding and using the \enhancelocal contrast" option
in pic.exe. From top to bottom theseare in order of increasing°ow rate,
illustrating someof the di®erent °ow regimes.The top imageshows a very
slow °ow rate where the eddiesthat trail the obstruction are not shedding
quickly enoughto form a vortex street. The bottom imageshows a situation
wherethe °ow is su±ciently fast that the eddiesare shedalmost assoon as
they are formed. The middle imageshows an intermediate situation.
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A App endices

All code, executablesand related ¯les are available for download from

http://www.dur.ac.uk/s.j.k ey/l4pro ject/ or contact the author at s.j.key@dur.ac.uk.

A.1 Perl Code

This is the Perl script that converts PGM ¯les from the Paintshop Pro
output type to that which can be read by pic.exe:

#!/ usr/ local/ bin/ perl

open (IN, " $ARGV[0]" );
@image = < IN> ;
close (IN);

if ( $image[1]=~ / Created by Paint Shop Pro 7/ g ) f

@header = ($image[0]," n# pgm ¯le prepared for use with pic.exenn" ,$image[2]," $image[3]nn" );
10

$image[0]= "" ;
$image[1]= "" ;
$image[2]= "" ;
$image[3]= "" ;

foreach $è em ( @image ) f
chomp $è em;
$è em =~ s/ / nn/ g;

g
20

open (MUNCH , " > munch" );
prin t MUNCH @image;
close (MUNCH);

open (MUNCH2, " munch" );
@image = < MUNCH2> ;
close (MUNCH2);

foreach $è em ( @header ) f
$è em =~ s/ f 2g/ / g; 30

g

foreach $è em ( @image ) f
$è em =~ s/ // g;

g
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open (OUT, " > $ARGV[0]" );

prin t OUT @header;
40

prin t OUT @image;

close (OUT);

system(" rm munch" );
g

else f
foreach $è em ( @image ) f

$è em =~ s/ f 2g/ / g; 50

$è em =~ s/ nA // g;
g

open (OUT, " > $ARGV[0]" );

prin t OUT @image;

close (OUT);
g

60

This is the Perl script that is called by pic.exeto convert its output to
valid PGM format:

#!/usr/lo cal/bin/p erl

open (IN, "$ARGV[0]");
@image = < IN> ;
close (IN);

foreac h $è em ( @image ) f
$è em =~ s/ f 2,g/ / g;
$è em =~ s/ nA //;

g 10

$image[1]= "\# pic.exe output, corrected to meet pgmspecifications\n" ;

$image[2]=~ s/ n# //;

open (OUT, "> $image[2]" );

$image[2]= "" ;

prin t OUT @image; 20
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close (OUT);

A.2 Fortran Code

Sourcecode for pic.exe,written in Fortran 90:

PR OGRAM PIC
!
! Software for simple manipulation of Portable Greymap format
! images.
!
! Author : Simon Key, sjk@psimonkey.org.uk
!
IMPLICIT NONE
INTEGER , ALLOCA TABLE , DIMENSION (:,:) :: INP,OUTP ,POL2
INTEGER , ALLOCA TABLE , DIMENSION (:) :: FRIN , MIN ,POL 10

INTEGER , DIMENSION (0:255) :: STAT
INTEGER :: I,J,X=8,Y=8,M,A,B,OPT=0,OFNL ,Q,W,T,B,S,K,P
INTEGER , PARAMETER :: wp= KIND (1.0D0)
COMPLEX (wp), ALLOCA TABLE , DIMENSION (:,:) :: FFT
CHARA CTER (LEN=15) :: IFN ,OFN= " ~~~~~~~~~~~~~~~"
CHARA CTER :: OFN2
!

! Simple text based menu system:
20

70 FORMA T (" Pleaseselect an option from the menu below:" /&
& " 1. Load image ¯le ," /&
&" 2. Save image," /&
&" 3. Remove banding from image," /&
&" 4. Kernel based ¯lter ," /&
&" 5. Filter using saved kernel ¯le ," /&
&" 6. Median ¯lter ," /&
&" 7. Contrast adjust," /&
&" 8. Brightness adjust," /&
&" 9. Rotate image," /& 30

&" 10. Flip vertically ," /&
&" 11. Flip horizontally ," /&
&" 12. Output image statistics," /&
&" 13. Exit ." )

! Default image, for testing purposes:

ALLOCA TE(INP(8,8))
ALLOCA TE(OUTP (8,8))
DO I=1,8 40

DO J=1,8
INP(I,J)= ABS(MOD(I,2)¡ MOD(J,2))

END DO
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END DO

OUTP = INP

DO
INP= OUTP
IF (.not .ALLOCA TED (INP))ALLOCA TE(INP(X,Y)) 50

IF (.not .ALLOCA TED (OUTP ))ALLOCA TE(OUTP (X,Y))

IF (OPT.EQ .1)THEN ! Load ¯le

! Read in portable greymap format image data from speci¯ed
! ¯lname to the INP (input image) array:

W rite (*,*) 'input filename:'
READ (*,*) IFN
OPEN (10,FILE = IFN ) 60

READ (10," (// I3,1X,I3/ I3)" )X,Y,M

IF (ALLOCA TED (INP))DEALLOCA TE(INP)
ALLOCA TE(INP(X,Y))

IF (ALLOCA TED (OUTP ))DEALLOCA TE(OUTP )
ALLOCA TE(OUTP (X,Y))

DO J=1,Y,1
DO I=1,X,1 70

READ (10,*) INP(I,J)
END DO

END DO
CLOSE (10)

! Immediatly ¯ll the OUTP (output image) array:
OUTP = INP

ELSE IF (OPT.EQ .2)THEN ! Save File as PGM
80

WRITE (*,*) 'Output filename:'
READ (*,*) OFN
OPEN (20,FILE = " OUT" )

! W rite ¯le headers. Composed of a ¯le type, a comment , the
! dimensions of the image and the maximum pixel value.

WRITE (20,*)" P2"
WRITE (20,*)"# Un¯xed pic.exe output , ¯lename:"
WRITE (20,*)"# " ,OFN 90

DO J=1,Y
DO I=1,X
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IF (OUTP (I,J).GE .M)M= OUTP (I,J)
END DO

END DO

WRITE (20," (i3,1X,i3/ i3/) " )X,Y,M

! W rite Bitmap data : 100

DO J=1,Y,1
DO I=1,X,1

WRITE (20,*)OUTP (I,J)
END DO

END DO

CLOSE (20)

! Fix to make ¯les readable by Paintshop Pro. The PGM ¯le 110

! speci¯cation allows any form of whitespace between pixel values, but
! PSP will not read ¯les that seperate values using both spacesand
! carriage returns. This work¡ around removes the trailing spacefrom
! each line, allowing the ¯le to be read by PSP.

CALL SYSTEM(" ./ ¯x OUT" )
CALL SYSTEM(" rm OUT" )

! Di®erent processingoptions, each as seperate subroutines:
120

ELSE IF (OPT.EQ .3)THEN ! Remove banding from image
CALL FRINGES(INP, OUTP , X, Y)

ELSE IF (OPT.EQ .4)THEN ! Kerner Filter
CALL FILTER(INP,OUTP ,X,Y)

ELSE IF (OPT.EQ .5)THEN ! Saved Kernel Filter
CALL SFILTER(INP,OUTP ,X,Y)

ELSE IF (OPT.EQ .6)THEN ! Median Filter 130

CALL MED(INP,OUTP ,X,Y)

ELSE IF (OPT.EQ .7)THEN ! Contrast adjustment
CALL CONTRAST (INP,OUTP ,X,Y,M)

ELSE IF (OPT.EQ .8)THEN ! Brightness adjustment
CALL BRIGHT (INP,OUTP ,X,Y,M)

ELSE IF (OPT.EQ .9)THEN ! Rotate image
140

! Rotation requires altering the dimensions of the arrays that
! store the image data :
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A= X
B= Y
Y= A
X= B
DEALLOCA TE(OUTP )
ALLOCA TE(OUTP (X,Y))
CALL ROTATE(INP,OUTP ,X,Y) 150

DEALLOCA TE(INP)
ALLOCA TE(INP(X,Y))

ELSE IF (OPT.EQ .10.OR.OPT.EQ.11)THEN ! Flip
CALL FLIP (INP,OUTP ,X,Y,OPT)

ELSE IF (OPT.EQ .12)THEN ! Statistics

! Outputs the frequency with which each pixel value occurs to
! an ¯le : 160

DO J=1,Y
DO I=1,X

STAT(OUTP (I,J))= STAT(OUTP (I,J))+1
END DO

END DO

OPEN (43,FILE = " pro¯le " )
DO I=0,255

WRITE (43,*)STAT(I)
END DO 170

CLOSE (43)

ELSE IF (OPT.EQ .13)THEN
EXIT

END IF

WRITE (*,70)
READ (*,*) OPT

END DO 180

STOP
END PR OGRAM PIC
!
!
SUBR OUTINE FRINGES(IN, OUT, X, Y)

!
! Subroutine to remove interference banding from images.
!
INTEGER , INTENT (IN) :: X,Y
INTEGER :: I,J,K,L, POL(X), FRIN (X), MIN (X) 190

INTEGER , ALLOCA TABLE :: POL2(:,:)
INTEGER , INTENT (IN) :: IN(X,Y)
INTEGER , INTENT (OUT) :: OUT(X,Y)
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!

OUT= IN
FRIN =0

! Sum up the pixel values for each column of the image into a 1D
! array: 200

DO I=1,X
DO J=1,Y

FRIN (I)= FRIN (I)+ IN(I,J)
END DO

END DO

! Divide this array by the number of rows to obtain the average
! brightness for each column:

210

FRIN = INT (REAL (FRIN )/ REAL (Y))

! Replace each column total with values averaged over 5 columns to
! remove short range noise:

MIN =0
DO I=3,( X¡ 2)

DO K=( ¡ 2),2,1
MIN (I)= MIN (I)+ FRIN (I+ K)

END DO 220

END DO
MIN = INT (REAL (MIN )/5)

! Count the number of minima in the column total data series, this
! section picks out the points that are lower than their immediate
! neighbours, so only detects short range minima:

POL=0
L=0
DO I=3,( X¡ 2) 230

IF (MIN (I).LT .MIN (I¡ 2).AND .MIN (I).LE .MIN (I¡ 1)&
&.AND .MIN (I).LE .MIN (I+1). AND .MIN (I).LT .MIN (I+2)) THEN

POL(I)= MIN (I)
L= L+1

END IF
END DO

IF (ALLOCA TED (POL2))DEALLOCA TE(POL2)
ALLOCA TE(POL2(L,2))

240

! Produce a 2D array containing the location of the minimum points
! and their values:
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K=1
POL2=0
DO I=1,X

IF (POL(I).NE .0)THEN
POL2(K,1)= POL(I)
POL2(K,2)= I
K= K+1 250

END IF
END DO

! Using these data interpolate linearly between those minimum points
! to obtain the average brightness for each column, but now with the
! bands compensated for. This gives a plot of the overall brightness
! variation of the image, without the short range variations due to the
! banding:

K=1 260

DO I=1,X
MIN (I)= POL2(K,1)+ INT (REAL (I¡ POL2(K,2))*( REAL (POL2(K,1)¡ &

&POL2((K+1),1))/ REAL ((POL2(K,2)¡ POL2((K+1),2)))))
IF (I.GE .POL2((K+1),2)) K= K+1
IF (K.GE .(L¡ 1))K= L¡ 1

END DO

! Take this overall pro¯le and subtract it from the original column
! totals, leaving just the brightness variations due the bands.
! Subtract the brightness due to the bands from the original image: 270

DO J=1,Y
DO I=1,X

OUT(I,J)= IN(I,J)¡ ((FRIN (I)¡ MIN (I)))
IF (OUT(I,J).LT .0)OUT(I,J)=0

END DO
END DO

WRITE (*,*) " Done. Fringes Removed."
280

RETURN
END SUBR OUTINE FRINGES
!
!
SUBR OUTINE FILTER(IN,OUT,X,Y)

!
! Filter subroutine : Replaceseach pixel value with an average of the
! values over a user speci¯ed area, with a user speci¯ed weighting.
!
IMPLICIT NONE 290

INTEGER , INTENT (IN) :: X,Y
INTEGER , INTENT (IN) :: IN(X,Y)
INTEGER , INTENT (OUT) :: OUT(X,Y)
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INTEGER , ALLOCA TABLE :: KER(:,:)
INTEGER :: N,O,P,I,J,Q=0,R,T,S,U,F,G
!

! Prompt the user for the desired area over which to average, and
! the weightings to use for the neighbouring pixels:

300

DO
WRITE (*,*) 'Kernel size:'
READ (*,*) R
IF (R.GT .X.OR .R.GT .Y)THEN

WRITE (*,*) 'Too big!'
CYCLE

END IF
T= R
DO

IF (T.LE .1)EXIT 310

T= T¡ 2
END DO
IF (T.LT .1)WRITE (*,*) 'Size must be odd!'
IF (T.EQ .1)EXIT

END DO
T=( R¡ 1)/2

Q=0

ALLOCA TE(KER(¡ T:T,¡ T:T)) 320

WRITE (*,*) 'Enter kernel,' ,R,'by' ,R,':'
DO O= ¡ T,T

DO N= ¡ T,T
READ (*,*) KER(N,O)
Q= Q+ KER(N,O)

END DO
END DO

! Compute the averages.
330

IF (Q.EQ .0)Q=1

DO J=1,Y
DO I=1,X

P=0
DO O= ¡ T,T

G= J+ O
IF (G.LT .1)G=1
IF (G.GT .Y)G= Y
DO N= ¡ T,T 340

F= I+ N
IF (F.LT .1)F=1
IF (F.GT .X)F= X
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P= P+ IN(F,G)* KER(N,O)
END DO

END DO
OUT(I,J)= NINT (real (P)/ real (Q))

END DO
END DO

350

WRITE (*,*) " Done. Filter applied."

RETURN
END SUBR OUTINE FILTER
!
!
SUBR OUTINE SFILTER(IN,OUT,X,Y)

!
! External Filter subroutine . As above but allows the user to load
! a set of weighting values from an external ¯le rather than entering 360

! them manually.
!
IMPLICIT NONE
INTEGER , INTENT (IN) :: X,Y
INTEGER , INTENT (IN) :: IN(X,Y)
INTEGER , INTENT (OUT) :: OUT(X,Y)
INTEGER , ALLOCA TABLE :: KER(:,:)
INTEGER :: N,O,P,I,J,Q=0,R,T,S,U,F,G
CHARA CTER (LEN=15) :: FFN
! 370

DO
WRITE (*,*) 'Kernel size:'
READ (*,*) R
IF (R.GT .X.OR .R.GT .Y)THEN

WRITE (*,*) 'Too big!'
CYCLE

END IF
T= R
DO 380

IF (T.LE .1)EXIT
T= T¡ 2

END DO
IF (T.LT .1)WRITE (*,*) 'Size must be odd!'
IF (T.EQ .1)EXIT

END DO
T=( R¡ 1)/2
Q=0

! Read in ¯lter ¯le : 390

ALLOCA TE(KER(¡ T:T,¡ T:T))
WRITE (*,*) 'Filter filename:'
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READ (*,*) FFN
OPEN (10,FILE = FFN)
DO O= ¡ T,T

DO N= ¡ T,T
READ (10,*)KER(N,O)
Q= Q+ KER(N,O)

END DO 400

END DO

! Compute:

IF (Q.EQ .0)Q=1

DO J=1,Y
DO I=1,X

P=0
DO O= ¡ T,T 410

G= J+ O
IF (G.LT .1)G=1
IF (G.GT .Y)G= Y
DO N= ¡ T,T

F= I+ N
IF (F.LT .1)F=1
IF (F.GT .X)F= X
P= P+ IN(F,G)* KER(N,O)

END DO
END DO 420

OUT(I,J)= NINT (real (P)/ real (Q))
END DO

END DO

WRITE (*,*) " Done. Filter applied."

RETURN
END SUBR OUTINE SFILTER
!
! 430

SUBR OUTINE MED(IN,OUT,X,Y)
!
! Median Filter . Replaceseach pixel with the median value from the
! surrounding (user speci¯ed) area.
!
IMPLICIT NONE
INTEGER , INTENT (IN) :: X,Y
INTEGER , INTENT (IN) :: IN(X,Y)
INTEGER , INTENT (OUT) :: OUT(X,Y)
INTEGER , ALLOCA TABLE :: KER(:) 440

INTEGER :: N,O,P,I,J,Q=0,R,T,D,E,Z,F,G
!
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! Prompts for the size of the area:

DO
WRITE (*,*) 'Size of area to take median accross (recommend3):'
READ (*,*) R
IF (R.GT .X.OR .R.GT .Y) THEN

WRITE (*,*) 'Too big!' ,X,Y 450

CYCLE
END IF
T= R
DO

IF (T.LE .1)EXIT
T= T¡ 2

END DO
IF (T.LT .1)WRITE (*,*) 'Size must be odd!'
IF (T.EQ .1)EXIT

END DO 460

T=( R¡ 1)/2
Z= INT ((( R*R)+1)/2)

ALLOCA TE(KER(R*R))
DO J=1,Y

DO I=1,X
P=0

! Pixel values from the surrounding pixels are placed in a
! linear array. 470

DO O= ¡ T,T
F= I+ O
IF (F.LT .1)F=1
IF (F.GT .X)F= X
DO N= ¡ T,T

G= J+ N
IF (G.LT .1)G=1
IF (G.GT .Y)G= Y
P= P+1 480

KER(P)= IN(F,G)
END DO

END DO

! Linear array is sorted and central value used to replace the
! original pixel:

DO O=1,( R*R)
D=0
DO N= O,(R*R) 490

IF (KER(N).GE .D)THEN
D= KER(N)
P= N
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END IF
END DO

E= KER(O)
KER(O)= D
KER(P)= E

END DO 500

OUT(I,J)= KER(Z)
END DO

END DO

WRITE (*,*) " Done. Filtering complete."

RETURN
END SUBR OUTINE MED
!
! 510

SUBR OUTINE CONTRAST (IN,OUT,X,Y,M)
!
! Contrast enhancement . Three di®erent techniques for altering the
! contrast of the image are available here.
!
INTEGER , INTENT (IN) :: X,Y,M
INTEGER , INTENT (IN) :: IN(X,Y)
INTEGER , INTENT (OUT) :: OUT(X,Y)
INTEGER :: P1,P2,MIN ,MAX =0, I,J,T,K,L,F,G,A,B,U
REAL :: S,MID 520

!

! First the minimum and maximum pixel values are found:

MIN = M
DO J=1,Y

DO I=1,X
IF (IN(I,J).GT .MAX )MAX = IN(I,J)
IF (IN(I,J).LT .MIN )MIN = IN(I,J)

END DO 530

END DO

! The maximum and minimum pixel values are displayed and the user is
! prompted for their choice of method:

10 FORMA T (" Brightest pixel: " ,I4/ " Dimmest pixel: " ,I4)
WRITE (*,10)MAX ,MIN

20 FORMA T (" Select enhancement type:" /&
&" 1. Linear Scale, specifying endpoints," /&
&" 2. Linear Scale, specifying o®setand scale factor," /& 540

&" 3. Local contrast expansion." )
WRITE (*,20)
READ (*,*) T
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! Option 1. Two pixel values are chose. All of the pixel values
! between these two values are then scaled to occupy the full brightness
! range of the image. Pixels which were previously above the higher
! value or below the lower value are set to the maximum and minimum
! values allowed for the ¯le type.

550

IF (T.EQ .1)THEN
WRITE (*,*) 'Enter pixel range to expand:'
READ (*,*) P1,P2
DO J=1,Y

DO I=1,X
OUT(I,J)= IN(I,J)¡ P1
OUT(I,J)= INT (REAL (OUT(I,J))*( REAL (M)/ REAL (P2¡ P1)))
IF (OUT(I,J).GT .M)OUT(I,J)= M
IF (OUT(I,J).LT .0)OUT(I,J)=0

END DO 560

END DO

! Option 2. Pixel values are reduced by the o®setvalue, then
! multiplied by the scale factor.

ELSE IF (T.EQ .2)THEN
WRITE (*,*) 'Enter offset and scale factor:'
READ (*,*) A,S
DO J=1,Y

DO I=1,X 570

OUT(I,J)= INT (S*REAL (( IN(I,J)¡ A)))
IF (OUT(I,J).GT .M)OUT(I,J)= M
IF (OUT(I,J).LT .0)OUT(I,J)=0

END DO
END DO

! Option 3. The di®erencebetween each pixel value and the
! average value over a speci¯ed area is increasedby a speci¯ed
! scaling factor.

580

ELSE IF (T.EQ .3)THEN
WRITE (*,*) 'Enter scale factor:'
READ (*,*) S
DO

WRITE (*,*) " Enter area size:"
READ (*,*) A
U= A
DO

IF (U.LE .1)EXIT
U= U¡ 2 590

END DO
IF (U.EQ .1)EXIT
WRITE (*,*) " Area size must be odd!"
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END DO
OUT= IN

A=( A¡ 1)/2

! Scan acrossimage
600

DO J=1,Y
DO I=1,X

! Find average value for area centered on pixel

B=0
DO K=( ¡ A),A

F= I+ K
IF (F.LT .1)F=1
IF (F.GT .X)F= X 610

DO L=( ¡ A),A
G= J+ L
IF (G.LT .1)G=1
IF (G.GT .Y)G= Y
B= B+ IN(F,G)

END DO
END DO

B= INT (REAL (B)/((2* A+1)**2))
620

! Subtract the local average from the pixel value, multiply
! by the scaling factor and then add to the local average value.

OUT(I,J)= B¡ S*( B¡ IN(I,J))

IF (OUT(I,J).GT .M)OUT(I,J)= M
IF (OUT(I,J).LT .0)OUT(I,J)=0

END DO
END DO

END IF 630

WRITE (*,*) " Done"
RETURN

END SUBR OUTINE CONTRAST
!
!
SUBR OUTINE BRIGHT (IN,OUT,X,Y,M)

!
! Adjust the overall brightnes of the image.
! 640

INTEGER , INTENT (IN) :: X,Y,M
INTEGER , INTENT (IN) :: IN(X,Y)
INTEGER , INTENT (OUT) :: OUT(X,Y)
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INTEGER :: MIN ,MAX =0,N,I,J
!

! Find the maximum and minimum brightness values for the image and
! tell the user:

MIN = M 650

DO J=1,Y
DO I=1,X

IF (IN(I,J).GT .MAX )MAX = IN(I,J)
IF (IN(I,J).LT .MIN )MIN = IN(I,J)

END DO
END DO

10 FORMA T (" Brightest pixel: " ,I4/ " Dimmest pixel: " ,I4)

! Prompt for the o®setvalue: 660

WRITE (*,10)MAX ,MIN
WRITE (*,*) " Increasebrightness by (warning, too high or too low a &

&value will remove detail from the image):"
READ (*,*) N

! Shift all pixel values by the o®set, then top and tail the range
! of values:

DO J=1,Y 670

DO I=1,X
OUT(I,J)= IN(I,J)+ N
IF (OUT(I,J).GT .M)OUT(I,J)= M
IF (OUT(I,J).LT .0)OUT(I,J)=0

END DO
END DO

WRITE (*,*) " Done."

RETURN 680

END SUBR OUTINE BRIGHT
!
!
SUBR OUTINE ROTATE(IN,OUT,X,Y)

!
! Rotate the Image.
!
INTEGER , INTENT (IN) :: X,Y
INTEGER , INTENT (IN) :: IN(Y,X)
INTEGER , INTENT (OUT) :: OUT(X,Y) 690

INTEGER :: I,J
!
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! W rite to the output array, scanning from left to right , top to
! bottom by reading from the input array, scanning from bottom to top
! and left to right

DO J=1,Y
DO I=1,X

OUT(I,J)= IN(J,X¡ I+1) 700

END DO
END DO

WRITE (*,*) " Done, image rotated 90 degreesclockwise"

RETURN
END SUBR OUTINE ROTATE
!
!
SUBR OUTINE FLIP (IN,OUT,X,Y,OP) 710

!
! Flip the image about either the vertical or horizontal axis.
!
INTEGER , INTENT (IN) :: X,Y,OP
INTEGER , INTENT (IN) :: IN(X,Y)
INTEGER , INTENT (OUT) :: OUT(X,Y)
INTEGER :: I,J
!
DO J=1,Y

DO I=1,X 720

IF (OP.EQ .11)OUT(I,J)= IN(X¡ I+1, J)
IF (OP.EQ .10)OUT(I,J)= IN(I,Y¡ J+1)

END DO
END DO
WRITE (*,*) " Done, image °ipp ed"
RETURN

END SUBR OUTINE FLIP
!
! The end .
! 730

A.3 Example Kernels

Someexample¯lter kernels:
Laplacians:0

B
@

0 ¡ 1 0
¡ 1 4 ¡ 1
0 ¡ 1 0

1

C
A
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0

B
B
B
B
B
B
@

1 1 1 1 1
1 1 1 1 1
1 1 24 1 1
1 1 1 1 1
1 1 1 1 1

1

C
C
C
C
C
C
A

Sobel Filter, horizontal, east facing edgeenhance:0

B
@

1 0 ¡ 1
2 0 ¡ 2
1 0 ¡ 1

1

C
A

Prewitt Filter, horizontal, east facing edgeenhance:0

B
@

1 0 ¡ 1
1 0 ¡ 1
1 0 ¡ 1

1

C
A
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