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ABSTRACT 

A technique for measuring fluid velocities by means 

of neutrally-buoyant, phophorescent particles was 

investigated in a small-scale water jet facility. A 

nitrogen laser briefly illuminated the flow, exciting only 

those particles resident within the pulsed beam. The 

particles luminesce for a short while following 

excitation, during which time they also move with the 

flow. This creates a visible particle streak, the 

intensity of which decays along the direction of motion. 

A strobe illuminates the particles again a known time 

following the laser pulse. The magnitude and direction of 

a particle's velocity in the plane of view are deduced 

from an image of its streak captured by a video camera and 

recorded by a digital image processing system. 

vi 



I. INTRODUCTION 

A technique to measure fluid velocities in water, 

using a flow seeded with phosphorescent particles, was 

investigated. A submerged vertical jet was uniformly 

seeded with neutrally-buoyant tracer particles, which were 

manufactured at the University of Arizona. A pulsed 

nitrogen laser was directed across a line in the flow, 

exciting only those particles within the laser beam. The 

particles luminesce for a short while following 

excitation, during which time they also move with the 

flow. This creates a visible particle streak, the 

intensity of which decays along the direction of motion. 

A strobe illuminates the particles again a known time 

following the laser pulse. The magnitude and direction of 

a particle's velocity in the plane of view are deduced 

from an image of its streak captured by a video camera and 

recorded by a digital image processing system. 

A typical image is shown in Figure 1. Each trace in 

an image appears as two spots, connected by a decaying 

streak. The first, brighter spot defines the initial 

location of a particle. The dimmer spot, caused by the 

strobe, defines the location of a particle a known time 
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later. The streak connects, in principle, images of the 

same particle. The intensity of the streak decays along 

the direction of motion. The velocity of the particle is 

determined by the length of the streak between the two 

images. This velocity is close to the instantaneous 

velocity, if the time elapsed between the triggering of 

the laser and the strobe is short enough. 

Images of particle streaks were recorded by an image 

processing system. The origin, direction, and magnitude 

of the velocity vector associated with each streak could 

be determined. This technique provides a non-intrusive 

means of measuring velocities along an entire line in the 

flow. 

Particle velocimetry using phosphorescent tracer 

particles is not new and was first introduced by Delitzsch 

and Schmidt (1911), who investigated spindown flow in a 

cylinder. Gharib et al. (1985) also used phosphorescent 

particles to look at flow in a cylinder, but their 

particles were not neutrally buoyant and they looked at 

the flow on the surface. In both cases, the decay of 

luminescence lasted several seconds, creating streaks with 

significant curvature. Such streaks are obviously not 

useful for accurate velocity measurements. 

Other investigators have also applied image 

processing techniques to fluid mechanics. Several 



applications, which include velocity measurement using 

uniformly illuminated particle traces, determining the 

turbulent/non-turbulent interface in a jet, and locating 

coherent structures, are given in the proceedings of a 

conference in flow visualization, edited by W. J. Yang 

(1983). 

Many experimental investigations of fluids motion 

have, so far, emphasized either flow visualization using 

dye or smoke injections, or spatial measurements, using 

hot-wire, hot-film, or laser-Doppler anemometery. Such 

velocity measurements are usually only made at a single 

point, or a small number of points, using a rake of 

probes. The probes have to be moved in order to obtain 

information from another region of the flow field. At 

least in the case of hot-wire/film anemometry, there is an 

additional difficulty with directional ambiguity. 

Flow visualization adds to the general understanding 

of the large-scale, coherent structures within the flow, 

which may be impossible with point measurements. Common 

flow visualization techniques, such as dye injection, 

often do not yield quantitative data, and may even mask 

some time-dependent phenomena because of a streakline 

effect. This thesis describes a flow visualization method 

used for the acquisition of velocity information from 

images of particle streaks in a flow field. 
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The method presented here is an improvement over the 

conventional schemes in that it exploits both particle 

phosphorescence and subsequent light strobing. Techniques 

which utilize multiple exposure of particles using a 

strobe often have difficulty in the identification of a 

sequence of images with a single particle. Brodkey (1987) 

uses particles of different colors to overcome this 

problem. Specific particles in consecutive images are 

identified by a unique pattern of colored particles around 

them. Gharib et al. (1986) were able to overcome the 

problem of directional ambiguity by using a light source 

with controlled non-uniform intensity. However, their 

method cannot identify particles which travel out of the 

plane of illumination during the time interval in which 

the image is captured. A phosphorescent particle 

continues to luminesce as it travels toward or away from 

the camera, and the entire velocity component in the plane 

of the camera is visible. 

The following section describes the experimental 

hardware, including the phosphorescent particles, video 

camera, image processing system, and submerged jet flow. 

Section III explains the synchronization procedure, and 

Section IV, the image processing algorithm. The results 

are summarized in Section V, and further discussion and 

recommendations are in Section VI. 



II. APPARATUS 

A. Neutrally-buoyant, phosphorescent particles 

Neutrally-buoyant, phosphorescent particles are not 

commercially available and, therefore, were developed in-

house. When excited by a pulsed ultra-violet light 

source, phosphorescent particles luminesce for some time. 

The intensity of the luminescence decays exponentially 

with time. An inorganic zinc sulfide phosphor, in crystal 

form (GLO-IN-THE-DARK Phosphorescent Pigment P1000, 

manufactured by Canrad-Hanovia, Newark, NJ), was used. It 

luminesces in the yellow-green, with a spectral peak at 

560 nm. The duration of visible luminescence in this 

experiment was at least 1/2 second. As shown in Figure 1, 

an image of an excited moving phosphorescent particle 

looks somewhat like a comet, with an initial bright spot 

from the excitation, and a tail. Unlike a comet, the 

direction of motion is toward the tail. 

Phosphorescent tracer particles were also developed 

by Delitzsch and Schmidt (1977) and Gharib et al. (1985), 

with limited success. The specific gravity of the 

particles has to be so that they will accurately follow 

the flow in water. The density of the phosphorescent 

5 



crystals is four times larger than that of water, hence 

the crystals must be combined with material which is 

substantially lighter than water. Delitzsch and Schmidt 

mixed phosphorescent crystals with foam, but the foam 

absorbed water and the particles sank within a few days. 

Gharib et al. coated polystyrene particles with submicron 

zinc sulfate crystals, but apparently were unable to match 

their specific gravity to water. 

For the work reported here, the phosphorescent 

crystals (specific gravity, 4.0) were mixed with 

polypropylene (Polyfort™ PB 829-01 Natural, A. Schulman 

Inc., Akron, OH, specific gravity, 0.9) and hollow glass 

micro-balloons containing air (SCOTCHLITE™ Glass Bubbles 

S60/10,000, 3M Corp., specific gravity, 0.6). The 

polypropylene was essentially used as a binder for the 

other materials. It was melted, and the dye and 

microballoons were added until a reasonably uniform 

mixture was obtained. After solidification, the mixture 

was ground, and sieved so that the particles with 

diameters ranging between 0.35 mm and 0.70 mm were 

retained. These particles were then sorted by density 

using fluids slightly lighter and heavier than water. 

Particles with density within 0.5% of 1.0 gm/cm^ were 

kept. 

The glass micro-balloons used here are fabricated for 
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applications requiring high-strength and low-density 

fillers. Micro-balloons are also manufactured at much 

lower densities, but with thinner walls which did not 

withstand the grinding process. 

The particles were excited by a MOLITER pulsed 

nitrogen laser (model MO 200-8, manufactured by 

MULTILASERS, P.O. Box 46, 1247 Anieres, Geneva, 

Switzerland). It has a wavelength of 337 nm, peak power 

of 800 kW, pulse length of 500 psec, energy per pulse of 

0.4 mJ, and the maximum repetition rate is 10 Hz. The 

strobe (Strob.otac Type 1531-AB, General Radio Co., 

Concord, Massachusetts), used for the second exposure of 

the particles, was operated at high intensity. 

B: Video camera 

Video cameras consist of a target, either a tube or 

silicon chip, which is constantly exposed to a scene and 

accumulates a charge on the target proportional to the 

amount of light in the scene. The target is scanned, line 

by line, by a beam which erases the charge as it scans, 

and "reads" the information on the target. The charge 

accumulates and is read from the target continuously, 

except for the time it takes the scanning beam to move 

from the end to the beginning of the target. The period 

of the cycle is approximately 1/30 second (an industry 
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standard). 

Several special features were required in the video 

camera: a) external controllability by the VICOM Image 

Processing System (described in the following section), so 

that the camera and image processing system would be 

synchronized; b) a full 512x512-pixel array for each 

image, compatible with the VICOM. (Many video cameras are 

set up for television, which uses 480 vertical lines); c) 

"beam blanking". The scanning beam must be turned off, or 

blanked, for image exposure times longer than 1/30 second. 

The beam can be blanked for any integer multiple of 1/30 

second, up to approximately 1/2 second, when the charge on 

the target begins to dissipate. With this feature, the 

investigator has increased flexibility in the exposure 

time for each image. 

Video cameras are available with either a tube or a 

charge-coupled device (CCD) as a target. The tube is an 

analog device, whereas the CCD is made of discrete 

elements where the charge is stored. CCD cameras are 

preferable for situations requiring high positional 

accuracy, but are not yet sensitive enough for low-light-

level applications such as particle velocimetry. CCD 

cameras are used for astronomy, but for exposure times of 

many seconds, which requires special cooling for the 

silicon chip so it does not lose the accumulated charge. 



A General Electric CCD camera was tested, and did not 

record the streaks adequately. Because of our low-light-

level application, a camera with a Plumbicon tube (Sierra 

Scientific model number LSV 1.5R) was used. This tube 

has a peak spectral response between 400 and 650 nm, and 

twice the sensitivity of the more common vidicon tube 

(Dage, 1987). 

A Nikon 135-mm lens with two extension tubes (a 

Vivitar 36 mm and a Nikon M2) was used. With this 

arrangement, typical particles have a diameter of 4 to 10 

pixels in the image. 

C. Image processing system 

The VICOM-VDP Image Processing System was on loan to 

the Computer Aided Engineering Center in the College of 

Engineering, by VICOM, Inc. The VICOM operating system is 

based on a Motorola MC68010 microcomputer, and is capable 

of direct memory access to every pixel in the image. An 

image may be thought of as a large (512x512) array with 

256 possible grey levels at each element. Operations such 

as thresholding and 3x3-pixel convolutions are performed 

in hardware within one machine cycle (1/30 second). The 

convolution kernel may be changed in software. 

The VICOM controlled the video camera (Section B). 

Images from the video camera were automatically digitized 



and loaded into VICOM memory in one cycle (1/30 second). 

This automatic digitization saves considerable time 

compared to digitization of photographs of the flow. 

A detailed description of the algorithm used on the 

VICOM is given in Section IV. 

D. Jet flow 

A gravity-driven vertical jet was used as a base flow 

to develop the velocity measurement technique. As shown 

in Figure 2, a 100-cm high, 15.24-cm (6") diameter 

Plexiglass plenum, fitted with a machined mozzle with a 

2.54-cm (1") diameter, was suspended above a 31 cm x 31 cm 

x 60 cm glass tank filled with water. The enclosed plenum 

was filled with water by a small pump and then was allowed 

to drain into the glass tank. The flow rate was adjusted 

by allowing air flow into the plenum. Dye was injected 

into the jet to check the flow quality (Figure 3). The 

dye streak on the right of the figure was injected into 

the edge of the jet at the exit, and the dye streak on the 

left was injected into the nozzle's boundary layer. This 

flow was used only for the development of the digital 

image processing technique, and was not separately 

documented for verification of the resulting velocity 

measurements. 

Figure 2 also shows the arrangement of the laser and 
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strobe, which were described in Section C. The pulsed 

nitrogen laser was directed across the jet through the 

centerline, approximately one diameter downstream from the 

exit plane. The laser beam was 0.3 cm by 0.1 cm. The 

strobe was set up on the opposite side of the tank, and 

illuminated the flow field through a 0.6 cm by 31 cm slit 

mounted on the wall of the tank. 

The tank was lined on the sides and bottom with black 

fabric to minimize reflected light, thereby minimizing 

noise in images of the flow field. 



III. EXPERIMENTAL TECHNIQUE 

A block diagram of the experimental setup and a 

related timing diagram are shown in Figures 4 and 5. The 

video-drive signal was generated by the VICOM, and 

controlled the camera. The short "LOW" pulses in the 

video-drive signal represent the vertical retrace time 

(the time required for the beam to return to the beginning 

of the target for the next image). The delay time between 

the laser pulse and the strobe pulse was 20 ms. This 

creates an image of a streak (Figure 1) which is 

characterized by an initially bright spot whose intensity 

decays in the direction of motion. The subsequent 

illumination by the strobe creates a "bulge" in the 

streak, somewhat brighter than the streak itself, but 

dimmer than the initial spot. The time delay between 

laser and strobe was chosen as a balance between 

phosphorescent, decay, fluid velocity, and image noise. 

The spot caused by the strobe illumination should appear 

along the streak, before it is indistinguishable from 

background noise. If the time delay is too short (or the 

particle velocity is too low), the laser and strobe spots 

overlap. If the time interval is too long (or the 
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particle velocity too high), the streak decays and it does 

not connect between the particle images generated by the 

laser and strobe. The delay can be adjusted to accomodate 

a wide range of velocities. 

The main advantage of this method over multiple 

strobe illumination is that there is a line connecting the 

two particle images, making it clear that the two images 

are indeed of the same particle. The subsequent image-

processing algorithm is presented in the following 

section. When multiple exposures are employed, the 

algorithm for analyzing the data becomes complicated 

because it is difficult to identify separate images which 

correspond to the same particle. 



IV. PROCESSING OF IMAGES 

The aim of the image processing was to identify the 

starting location for each streak identified by the laser 

pulse, and the position of the particle along the streak, 

after a short time delay, identified by the strobe pulse. 

The processing algorithm ignored intersecting streaks and 

streaks with no evident strobe image. 

The algorithm is fully automatic and operates on 

images similar to that shown in Figure 1. (The flow is 

from left to right.) These images are characterized by a 

bright spot, a streak in the direction of motion, and a 

second spot within the streak, which is usually brighter 

than the streak. The algorithm is outlined below: 

1. (Figure 6) Threshold at the maximum pixel 

intensity (grey level) of the machine to find the 

bright (laser) spot, and label the centroid of the 

spot as the starting point of the streak. 

In the following steps, noise is compensated for 

after each new threshold, as described in Appendix A. 

2. (Figure 7) Return to the original image and 

continuously lower the threshold until another 

(strobe) spot close to the initial spot is 

14 
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visible, and determine its centroid. It is later 

verified that the second spot is within the streak 

found in step 3. 

3. (Figure 8) The threshold level from step 2 is 

continuously lowered, searching for an area which 

encloses both the laser and strobe spots. This 

procedure identifies these images as corresponding 

to the same particle. (This streak has roughly 

the shape of an ellipse.) 

4. (Figure 9) Determine the location of the tail end 

of the streak. The end of the major axis of the 

ellipsoid which is farther from the laser spot is 

the tail end of the streak. A line between the 

laser spot and the tail end of the streak defines 

the direction of the velocity. 

Upon inspection of the original image (Figure 

1), it may be seen that the identified laser spot 

is skewed toward one side of the particle. This 

is due to the "shadow" cast by the particle when 

excited by the laser beam. However, the direction 

of velocity determined by this algorithm is 

accurate because the part of the particle which 

luminesces for the longest time is also the part 

which was most excited by the pulsed laser. (This 

does not compensate, however, for significant 



rotation in 20 ms.) 

5. Repeat steps 3 and 4 until the distance between 

the tail and laser images is somewhat greater than 

the distance between the strobe and laser images. 

(A distance between the laser spot and tail 1.5 

times greater than the distance between the laser 

and strobe spots worked well.) This ensures that 

the total thresholded area extends well beyond the 

edges of the particle image illuminated by the 

strobe. 

6. (Figure 10) The strobe image is often not located 

on the line connecting the laser image and the 

tail. The illumination from the laser and strobe 

are from opposite sides of the flow field. 

Therefore, we draw a normal from the centroid of 

the strobe image to the line connecting the laser 

image and the tail. The point where these lines 

intersect is the endpoint of the vector, thus 

defining its magnitude as well as direction. 

This thresholding procedure must be repeated for each 

individual image because of variations in image quality. 

The time required to process a typical image is 

approximately 75 seconds. No attempt was made to improve 

the efficiency of the algorithm, however, it is estimated 

that it could be performed in as little as 5 seconds. 
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Approximately 50% of all images with included streaks (out 

of a total of 125 images) were successfully processed with 

this algorithm. 

Appendix B contains portions of the code used. Many 

operations on the VICOM are performed by setting bits in 

the hardware drivers. The software used to perform these 

operations is unique to the version of the VICOM operating 

system used in this experiment, and hence is not included 

here. The operation is described in the comments and thus 

can be adapted to other systems without difficulty. 



V. RESULTS 

The data from the image processing routine consists 

of two sets of image coordinates, in pixel units, which 

describe the beginning and end points of the streak 

vector. These data were transformed to jet coordinates by 

using two calibration images of the jet nozzle in the 

absence of the flow (Figure 11). A string on which 

phosphorescent particles were glued was hung in the center 

of the jet so that the laser excited one of the attached 

particles. One image was taken which included the 

luminescing particle and the jet exit, and another which 

included the particle and the designated flow field. By 

knowing the coordinates of that particle relative to the 

jet, all points in the flow field could also be related to 

the jet. 

An image of standard graph paper, with 10 divisions 

per cm, was recorded and the number of pixels per 

centimeter over the region of interest was determined. 

There was very little horizontal or vertical distortion. 

Vertically, there were 125 pixels/cm, horizontally, 114 

pixels/cm. (This is not unusual. Most camera/image 

processing systems do not have square images.) This 

18 
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information was used to transform streak coordinates to 

jet coordinates in centimeters. The velocity at each 

point can be determined without difficulty by dividing the 

length of each streak by the time delay between the laser 

pulse and the strobe. 

An important consequence of this measurement 

technique is that the data rate is velocity dependent, as 

it is with laser-Doppler anemometry. Low-velocity regions 

will have a lower data rate, because of lower flux of 

particles•per unit time. 



VI. CONCLUSIONS AND RECOMMENDATIONS 

This work has shown that particle streak velocimetry 

in water by processing doubly-illuminated images of 

neutrally-buoyant, phosphorescent tracer particles is 

viable. It is possible to determine both the direction of 

flow and the magnitude of the particle's velocity, without 

ambiguity. The advantage of the phosphorescent particles 

is that time exposure creates streaks which connect 

between the images resulting from the laser and strobe 

illumination. This improvement eliminates problems 

encountered in the processing of multiple images of non-

phosphorescent particles. 

The technique, however, has limitations which need to 

be addressed: 

a) With the current processing algorithm, and for a 

given particle size and time delay between the laser and 

strobe pulsing, there is a lower limit on the resolvable 

particle velocity. For the 20-ms time delay used in this 

investigation, and a particle diameter of 0.50 mm, the 

minimum resolvable velocity must be greater than 2.5 cm/s. 

This limitation can be overcome by taking data over a 

range of time delays, to cover the range of expected fluid 



velocities and taking into account the characteristic 

luminescence time of the particles. 

b) There is no compensation for rotating particles. 

Since the particle is excited from a given direction by 

the laser beam, significant angular velocity in the 

direction of motion may* create a "twisted" streak relative 

to the actual particle path. To overcome this problem, the 

particle should be illuminated from both sides. 

The difficulty inherent in a non-phosphorescent 

particle traveling out of a plane of illumination during 

the exposure time is resolved by using phosphorescent 

particles, and the limitation is basically the depth-of-

field of the lens used with the video camera. Given a 

sensitive camera, the particle image is defocussed, but 

still useful, since the processing is performed based on 

calculating centroids. 

It should be pointed out that the jet flow was used 

mainly to produce particles' motion. No attempt was made 

to document the flow, and hence no comparisons with the 

results obtained by image processing are presented. 

The image quality could be considerably improved with 

a different camera system. The camera used is ten years 

old and was modified for other experiments. A newer 

camera will produce clearer images, and hence may allow 

for a longer delay between the laser and strobe for better 
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velocity resolution. This will also increase the number 

of images suitable for processing. 

Finally, this concept can be extended to include more 

information in each image, for example by using a rotating 

mirror synchronized with the pulsed laser which directs 

the laser beam through more than one line in each image. 
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Figure 1. Original image. 
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Figure 3. Flow visualization of jet. 
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Figure 6. Threshold for laser spot. 
Centroid of area marked in black. 

Figure 7. Threshold for laser and strobe spots. 
Centroids marked in black . 



Figure 8. Threshold for streak enclosing laser and strobe 
spots, with their centroids marked in black . 

Figure 9. Locate tail of streak: Initial laser threshold 
and ends of major axis marked in white. 

29 



strobe spot 
centroid tail end 

vector endpoint 

laser spot 
centroid 

Figure 10. Position of particle at end of time interval. 

CO 
o 



31 

1 diameter 

laser 

Figure 11. Calibration image positions: 
I. includes jet exit and laser beam. 
II. includes laser beam and flow field. 



Figure 12. Threshold for streak before noise reduction. 
(Compare with Figure 8.) 
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APPENDIX A: NOISE REDUCTION ALGORITHM 

The noise reduction algorithm (Cram, 1987) is used 

throughout the image processing algorithm after each new 

threshold on a binary image, an image with only black and 

white pixels. An example of an image thresholded at the 

final level for the streak, before noise reduction, is 

shown in Figure 12, and may be compared with Figure 8, 

after noise reduction. This algorithm takes advantage of 

the rapid (1/30 sec) convolution capabilities of the 

VICOM. 

The 3x3 kernel for the convolution is chosen so that 

any combination of pixels turned on in the 3x3 square 

results in a unique value for the center pixel. The 

kernel is shown below, with an example (the entries are in 

hexadecimal form): 

0800 1000 2000 

0400 8000 4000 

0200 0100 0080 

If the top right and bottom right pixels are turned on, 

the sum for the center pixel will be 2000 + 0080, or 2080 

hex. If the top and bottom left pixels are turned on, the 

sum will be 0800 + 0200, or 0A00 hex. 

33 
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To reduce noise, the combinations of pixels 

considered to be noise are decided upon, the sums of those 

combinations are found, and any pixels with those sums are 

changed to the background color. Possible geometries 

include an isolated black or white pixel, 

W W W  B  B  B  
W B W (sum: 7F80) B W B (sum: 8000) 
W W W  B  B  B  

a chain of black or white pixels only one pixel wide, 

W W W  B  B  B  
B B B (sum: 3B80) WWW (sum: C400) 
W W W  B  B  B  

a single-pixel indentation in the edge of an area, 

W W W  B  B  B  
B W B (sum: B800) W B W (sum: 4780) 
B  B  B  W W W  

or any other combination. The single-pixel indentation is 

seen in the sample image in Figure 12, on both the top and 

bottom of the streak area. (Note that each of the sums is 

in hexadecimal form, and that we can turn each of the 

above combinations 90, 180, and 270 degrees, to get a 

different sum.) 



APPENDIX B: CODE 

SUBROUTINE MAIN (IMGMEM, IHIST, IERROR) 
C 
C Main subroutine which directs the camera setup, 
C digitizations, and sends the image to be 
C processed. 
c 

INTEGER*2 CMDSTR(41), IMGMEM(40000) 
INTEGER*4 IHIST(4096) 
CALL LNPLUT 
CALL CLIN (7,-2048,2048,0,255) 

1 WRITE (6,2010) 
READ (6,1000) IPATH 
GO TO (10,20,30) IPATH 

2 WRITE (6,2000) 
GO TO 1 

C Allows camera setup for positioning and focussing. 
10 CALL FLIN (7) 

CALL VDSCAM 
CALL DIGCAM 

WRITE (6,2050) 
READ (6,1030) I 
CALL VDS (1) 
CALL DIG (1) 
CALL CLIN (7,-2048,2048,0,255) 

C Create Mask for DIGs, to block out unwanted areas 
C of scene (cover imperfections in camera). 

WRITE (6,9974) 
READ (6,1000) JJJ 
IF (JJJ .GT. 0) THEN 

WRITE (6,9975) 
READ (6,1000) KKK 
CALL MASK (8,IMGMEM,KKK) 

END IF 
C DIG Sequence: digitize any number of images. 

CALL LNPLUT 
CALL VDS (1) 
CALL DIG (10) 
CALL VDS (0) 
CALL CLIN (7,-2048,2048,0,255) 

WRITE (6,1010) 
READ (6,1000) IDIGS 
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c — 
c 

15 

C — 
C 
C 

21 
2 2  

Digitize, mask, and perform a histogram on each 
image. 

WRITE (6,9972) 
READ (6,1002) KK 

1 = 1 
DO 21 II = 1,KK 

CALL DIG (I) 
CALL AND (1,8) 
CALL POI (1,1) 
CALL COPY (1,18) 
CALL HIST (I) 
WRITE (6,9971) IHIST(2049),IHIST(2033) 

Keep if there is any pixel at #7F0 (.99) 
(the maximum grey level of the machine). 
This indicates an excited particle in the 

IF (IHIST(2033) .GT. 
IF (IHIST(2033) .GT. 
IF (I .GT. IDIGS) GO 

CONTINUE 
WRITE (6,7654) 

READ (6,1000) LL 
IF (LL .EQ. 1) GOTO 15 

0) 
0) 
TO 

1 = 1 
WRITE 
2 2  

+ 1 
(6,1050) 

image. 

CALL VDS (1) 
GO TO 1 

C Process the image. 
20 CALL PROC (IMGMEM) 

GO TO 1 
30 CONTINUE 

RETURN 

1000 
1002 
1010 
1030 
2000 
2010 

FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 

7654 
9971 
9972 
9974 

9975 

( I I )  

(13) 
• ' ) 

2050 FORMAT (' 

FORMAT 
FORMAT 
FORMAT 
FORMAT 

* no,l-
FORMAT 

* yes') 

(15x,' No. of DIGs this time (x) . 
(Al) 
(' Unknown command no. ! ') 
(' Command> '/' 1~ Data acquisition'/ 

' 2- Processing'/' 3- Quit') 
Enter any character (x) and <ret> when 
finished.') 

(' Enter 1 to repeat digs, 0 to save digs 
(' Hist: ',618) 
(' Number of attempted DIGs (xxx) :1) 
(' Do you wish to revise the MASK in 8: 0 
yes' ) 

(' Do you wish the default mask: 0- no, 1 

END 
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SUBROUTINE PROC (IMAGE) 

C 
C This controls the processing of each image with 
C separated laser and strobe pulses, connected by 
C a streak. The original image is in memory 
C image location 1. 
c 

INTEGER*2 IMAGE(40000) 
INTEGER*4 IA1(350),MNMX1(4,350),IPX(400),IPY(400), 

* IA0(5),MNMX0(4,5),CENX(5),CENY(5),IPX0(400), 
* IPYO(400),NPO(10),START,DIST,TLEN1,TLEN2, 
* SLEN1,SLEN2,IPX2(400),IPY2(400),NP2(10), 
* NP(10),K0(10),L0(10),NXCEN(5),NYCEN(5), 
* IA2(5),MNMX 2(4,5),NUMB(5),TAILX,TAILY, 
* STROBX,STROBY,END1X,END1Y,END2X,END2Y, 
* X,Y,B,BPRIME,STEP,END 
CHARACTER *1 IMGN(7) 

WRITE (6,9987) 
READ (6,9988) IMGN 
IF (IMGN(1) .EQ. ' ') STOP 
WRITE (6,9989) 
READ (6,9990) FRATE 

C Set display LUTs. 
CALL THRLUT 

C Zero memory image locations used as working 
C locations. 
120 CALL ZERO (2,IMAGE) 

CALL ZERO (3,IMAGE) 
CALL ZERO (4,IMAGE) 

C Threshold to find initial spot. 
CALL BEGTHR (IMAGE,1) 

C Display results on screen, image location 18. 
CALL COPY (2,18) 

C Find min & max of initial spot. 
CALL AREAS (2,15,14,N,IA0,MNMX0) 

CALL COPY (2,18) 

IF (N .EQ. 0) THEN 
WRITE (6,2233) 

2233 FORMAT (' There are no laser spots here') 
GOTO 9003 

END IF 

DO 10 J = 1,N 
C Find centroid of initial spots. 

IXCEN = (MNMX0(1,J) + MNMX0(3,J))/2 



IYCEN = (MNMXO(2, J) + MNMXO(4,J))/2 
Find approx. center location in image array. 

START = (1024*(511 - IYCEN)) + IXCEN*2 
NPO(J) = 400 

Find outline of area to use for finding centroid. 
Store outline coords, in IPX and IPY arrays. 

CALL OUTLN (2,START,IPXO,IPYO,NPO(J),IERR) 

CALL CTROID (MNMXO(1,J),MNMXO(3,J),MNMXO(2,J), 
MNMXO(4,J),IA0(J),IPXO,IPYO,NPO(J), 
CENX(J),CENY(J)) 

WRITE (6,9980) J,IXCEN,IYCEN,CENX(J),CENY(J) 
CONTINUE 

Threshold to separate laser & strobe. 
WRITE (6,9982) 
Iterate threshold level to find strobe spot 
within a given radius of the laser spot. 

LEVEL = 0 
STEP =375 
END = 30000/STEP 
DO 12 JTHR = 1,END 

CALL THR (IMAGE,1,2,CENX(l),CENY(1),LEVEL) 
Reduce noise with two passes of convolution 
algorithm. 

CALL OUT (2,2) 
CALL OUT (2,2) 

CALL AREAS (2,15,14,NNN,IA2,MNMX2) 
CALL COPY (2,18) 

Stop iteration if missing strobe spot, 
indicated by a large number of areas after thr. 

IF (NN .GT. 5) THEN 
WRITE (6,566) 

FORMAT (' Too many strobe spots.') 
GOTO 9003 

ENDIF 

If a second area is too small, lower thr some more 
to ensure an actual strobe spot and not noise. 

MM = 0 
DO 49 J = 1,NNN 

IF (IA2(J) .GT. 7) MM = MM + 1 
CONTINUE 

IF (MM .EQ. 1) THEN 
LEVEL = LEVEL - STEP 
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GOTO 21 
END IF 

Find centroids of laser and strobe spots 
DO 50 J = 1 ,NNN 

NXCEN(J) = (MNMX 2 (1, J) + MNMX2(3,J))/2 
NYCEN(J) = (MNMX 2(2,J) + MNMX2(4,J))/2 

IF (IA2(J) .GT. 5) THEN 
START = (1024*(511-NYCEN(J))) + 

NXCEN(J)*2 
NP2(J) = 400 
CALL OUTLN (2,START,IPX2,IPY2,NP2(J),IERR) 
CALL CTROID (MNMX2 (1, J),MNMX2 ( 3, J), 

MNMX2(2, J),MNMX2(4,J),IA2(J),IPX2, 
IPY2, NP2(J),NXCEN(J),NYCEN(J)) 

Mark centroid with a different colored pixel. 
CALL PIXOR (18,NXCEN(J),NYCEN(J), 

#00007FF0H) 
ENDIF 

CONTINUE 

See if there are spots >2 and <26 
pixels away from laser spot: 

ICOUNT = 0 
DO 51 J = 1, N 

K = CENX(J) 
L = CENY(J) 
DO 52 JJJ = 1,NNN 

KK = NXCEN(JJJ) 
LL = NYCEN(JJJ) 
DIST = (K-KK)*(K-KK) + (L-LL)*(L-LL) 
CALL PIXOR (18rKKfLL,#0000801OH) 

IF (DIST .LT. 625) THEN 
ICOUNT = ICOUNT + 1 

ELSE 
LEVEL = LEVEL - STEP 

ENDIF 
CONTINUE 

IF (ICOUNT .EQ. N+l) GOTO 65 

CONTINUE 
CONTINUE 
CONTINUE 

WRITE (6,13) 
FORMAT (' Enter "1" to continue') 
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READ (6,14) IQ 
14 FORMAT (II) 

C Quit processing if didn't find strobe 
IF {JTHR .GT. END) GOTO 9003 

C Threshold image for streaks. 
WRITE (6,9983) 

66 CONTINUE 
CALL THR (IMAGE,1,3,CENX(l),CENY(1),LEVEL) 

C Noise reduction 
CALL OUT (3,3) 
CALL OUT (3,3) 

CALL COPY (3,18) 
C Find areas of the streaks. 

NN = 0 
CALL AREAS (3,15,14,NN,IA1,MNMX1) 

CALL COPY (3,18) 

IF (NN .GT. 350) THEN 
WRITE (6,567) 

567 FORMAT (' Too many areas-no distinct streak') 
GOTO 9003 

ENDIF 
C Cycle through all areas: Only outline if there 
C is a bright spot (initial laser spot) within 
C the area. Identify strobe & laser spots in the 
C area. 

WRITE (6,9999) NN 
JJJ = 0 

DO 40 I = 1,NN 
IFLAG = 0 

C Cycle through bright spots: 
DO 20 J = 1,N 

K = CENX(J) 
L = CENY(J) 

IF (K .GT. MNMX1(1,1) .AND. K .LT. MNMX1(3,I) 
* .AND. L .GT. MNMX1(2,1) .AND. L .LT. 
* MNMX1(4,1)) THEN 

IFLAG = 1 
JJJ = JJJ + 1 

IX = (MNMX1(1,1) + MNMX1(3,I))/2 
IY = (MNMX1(2,1) + MNMX1(4,I))/2 
ISTART = (1024*(511 - IY)) + IX*2 
NP(I) = 400 



CALL OUTLN (3,ISTART,IPX,IPY,NP(I),IERR) 

DO 30 JJ = 1,NP(I) 
WRITE (6,9997) NP(I),JJ,IPX(JJ),IPY(JJ) 
CALL PIXOR (18,IPX{JJ),IPY(JJ), 

#00005000H) 
CONTINUE 

Find major axis of streak to define tail. 
CALL MAJAX (IMAGE,NP{I),IPX,IPY,K0(I), 

L0(I) ) 
END1X = IPX(K0(I)) 
END1Y = IPY(K0(I)) 
END2X = IPX(L0(I)) 
END2Y = IPY(L0(I)) 

Mark endpoints of major axis. 
CALL PIXOR (18,END1X,END1Y,#00007FFOH) 
CALL PIXOR (18,END2X,END2Y,#00007FF0H) 

Mark center of initial spot. 
CALL PIXOR (18,K,L,#00007FF0H) 

Mark all laser & strobe spots w/in streak. 
J4 = 0 
DO 60 JJ = 1,NNN 

KK = NXCEN(JJ) 
LL = NYCEN(JJ) 

CALL PIXOR (18,KK,LL,#00007FF0H) 

IF (KK.GT.MNMX1(1,1) .AND. 
KK.LT.MNMX1(3,1) 

•AND. LL.GT.MNMX1(2,1) .AND. 
LL.LT.MNMX1(4,1)) THEN 

J4 = J4 + 1 
NUMB(J4) = JJ 
CALL PIXOR (18,KK,LL,#00007FF0H) 

ENDIF 
CONTINUE 

WRITE (6,9985) J4 

Lower thr if there is only one spot in area. 
IF (J4 .EQ. 1) THEN 

JTHR = JTHR + 1 
IF (JTHR .GT. END) GOTO 9003 
LEVEL = LEVEL - STEP 
GOTO 66 

ENDIF 
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C Find endpoint farthest from laser. 
TLEN1 = (K - END1X)*(K - END1X) + 

* (L - END1Y)*(L - END1Y) 
TLEN2 = (K - END2X)*(K - END2X) + 

* (L - END2Y)*(L - END2Y) 
IF (TLEN1 .GT. TLEN2) THEN 

TAILX = ENDIX 
TAILY = END1Y 

ELSE 
TAILX = END2X 
TAILY = END2Y 
TLEN1 = TLEN2 

ENDIF 

C Find strobe farthest from laser (any strobes closer 
C may be noise in the streak.) 

SLEN1 = 0 
DO 70 JJ = 1,J4 

KK = NXCEN(NUMB(JJ)) 
LL = NYCEN(NUMB(JJ)) 
SLEN2 = (K - KK)*(K - KK) + 

* (L - LL)*(L - LL) 
IF (SLEN2 .GT. SLEN1) THEN 

STROBX = KK 
STROBY = LL 
SLEN1 = SLEN2 

ENDIF 
70 CONTINUE 

CALL PIXOR (18,TAILX,TAILY,#00008000H) 
CALL PIXOR (18,STROBX,STROBY,#00008000H) 

C If tail is too close to strobe, i.e. thr too high, 
C lower thr. This ensures that the tail is in the 
C phosphorescent glow region. 

IF (TLEN1 .LE. SLEN1*2.5) THEN 
LEVEL = LEVEL - STEP 

C Quit if exceeded bottom range in thr. 
JTHR = JTHR + 1 
IF (JTHR .GT. END) GOTO 9003 
GOTO 66 

ENDIF 

IF (TLEN1 .GT. 2500) THEN 
LEVEL = LEVEL - STEP 
GOTO 66 

ENDIF 

C — Find endpoint of velocity vector. 



IM = 100000 
C M = slope of direction vector. 

M = (L - TAILY)*IM/(K - TAILX) 

IF (M .LT. 5000 .AND. M .GT. -5000) THEN 
X = STROBX 
Y = L 

ELSE 
B = (L*IM - M*K)/IM 
BPRIME = STROBY + STROBX*IM/M 

INUM = M + IM*100/M*IM/100 

X = (BPRIME - B)*IM/INUM 
Y = M*X/IM + B 

ENDIF 
C Quit after finding one endpoint 
C assuming one streak per image. 

JJJ = N 
WRITE (6,9986) IMGN,KfL,TAILX,TAILY, 

* STROBX,STROBY,X,Y 
CALL COPY (18,4) 

ENDIF 
C Exit if found corresponding spot & area 

IF (IFLAG .EQ. 1) GOTO 25 
20 CONTINUE 

C Exit loop if found all streaks w/ spots 
25 IF (JJJ .EQ. N) GOTO 45 

40 CONTINUE 
45 CONTINUE 

C 
9999 FORMAT (' Number of areas:',14) 
9980 FORMAT (' Center of initial spot no. ',11,': (', 

* 13,',',13,')'/' Calculated with 
* CENTROID : (' , 13,*,' , 13, ' )') 

9982 FORMAT (/10X,1 Threshold to separate laser and 
* strobe spots') 

9985 FORMAT (' No. of strobe spots inside streak:',12) 
9987 FORMAT (/' Name of image being processed ? ') 
9988 FORMAT (7A1) 
9989 FORMAT (' Flow rate of jet (liters/min) ? ') 
9990 FORMAT (F4.2) 

WRITE (1,9001) IMGN,FRATE,K,L,X,Y 
9001 FORMAT (2X,7A1,2X,F4.2,4(2X,13)) 

9003 RETURN 
END 
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SUBROUTINE OUT (IS,ID) 
C 
C OUT uses the Array Processor to convolve a 
C source image with a kernel that maps noise 
C patterns to specified values and changes 
C those noise patterns to the background 
C color. 
C 

INTEGER*2 PCP(12),ILUT(4096) 
INTEGER*4 RPB(30),ADDR 
EQUIVALENCE (RPB(6),PCP),(RPB(7),PCP(2)) 

C Load Array Processor coefficients. 
IT = 4 
RPB(l) = #01000000H 
RPB(2) = #OOOOOOOOH 
RPB(3) = ADDR(PCP) 
RPB(4) = 24 
RPB(5) = 0 
PCP(l) = #0500H 
PCP(2) = IS - 1 
PCP(3) = IT - 1 
PCP(4) = #FF80H 
PCP(5) = #FF00H 
PCP(6) = #FE00H 
PCP(7) = #C000H 
PCP(8) = #8000H 
PCP(9) = #FC00H 
PCP(10) = #E000H 
PCP(ll) < = #F000H 
PCP(12) = #F800H 

CALL VDPDRV (RPB,IERR) 
IF (RPB(2) ,NE. 0) WRITE (6,9999) RPB(2),RPB(5) 

C Set Look Up Table to remove the noise. 
DO 31 I = 2049,4096 

31 ILUT(I) = #8000H 
DO 32 I = 1,2048 

32 ILUT(I) = #0000H 
C Single whites 

ILUT{2049) = #0000H 
C Single blacks 

ILUT(2041) = #8000H 
C Diagonal whites 

ILUT(2057) 
ILUT(2065) 
ILUT(2081) 
ILUT(2113) 
ILUT(2177) 
ILUT(2305) 

#0000H 
#0000H 
#0000H 
#0000H 
#0000H 
#0000H 



ILUT 2561 = #0000H 
ILUT 3073 

= 
#00Q0H 

Diagonal blacks 
ILUT 2033 = #8000H 
ILUT 2025 = #8000H 
ILUT 2009 = #8000H 
ILUT 1977 = #8000H 
ILUT 1913 = # 8 0 0 0-H 
ILUT 1785 = #8000H 
ILUT 1529 

= 
#8000H 

ILUT 1017 = #8000H 
Fill one outside white 

ILUT 0497 = #8000H 
ILUT 1145 = #8000H 
ILUT 1817 = #8000H 
ILUT 1985 = #8000H 
Fill with six outside 

ILUT 1401 
= 

#8000H 
ILUT 1521 = #8000H 
ILUT 1881 — #8000H 
ILUT 2001 ss #8000H 
Fil in corner 

ILUT 1593 
= 

#8000H 
ILUT 0249 = # 8 0 0 0.H 
ILUT 0993 = #8000H 
ILUT 1929 = #8000H 
Fil in '-shape 

ILUT 0857 
= 

#8000H 
ILUT 1385 #8000H 
ILUT 1457 = #8000H 
ILUT 1745 = #8000H 
Fil in : j-shape 

ILUT 0505 = #8000H 
ILUT 1009 = #8000H 
ILUT 2017 = #8000H 
ILUT 1993 = #8000H 
ILUT 1945 = #8000H 
ILUT 1849 = #800OH 
ILUT 1657 = #8000H 
ILUT 1273 = #8000H 

ILUT 1969 
= 

#8000H 
ILUT 1465 = #8000H 
ILUT 1753 = #8000H 
ILUT 1777 

= 
#8000H 

ILUT 0889 — #8000H 
ILUT 0985 = #8000H 
ILUT 1897 = #8000H 
ILUT 1513 = #8000H 
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ILUT(1841) 
ILUT(0473) 
ILUT(1241) 
ILUT(1889) 
ILUT(0881) 
ILUT(1433) 
ILUT(1649) 
ILUT(1481) 

= #8000H 
= #8000H 
= #8000H 
= #8000H 
= #8000H 
= #8000H 
= #8000H 
= #8000H 

RPB(l) = #01000000H 
RPB(2) = #00000000H 
RPB(3) = ADDR(PCP) 
RPB(4) = 6 
RPB(5) = 0 
RPB(8) = ADDR(ILUT) 

PCP(l) = #0440H 
PCP(2) = 0 
PCP(3) = 0 
PCP(6) = 0 
PCP(7) = 4096 

C Load all of the constants in the Look Up Tables 
CALL VDPDRV (RPB,IERR) 
IF (IERR .NE. 0) WRITE (5,9999) IERR,RPB(2),RPB(5) 

C Apply the Look Up Table 
CALL POI (IT,ID) 

9999 FORMAT (IX,Z8,2X,Z8) 

RETURN 
END 
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