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ABSTRACT 

The PDP 11 computer, with a Vector General display interface, has 

been programmed to allow the generation of information represett i ng 

artificial clouds using a cluster specification language. This language 

can also be used as input to a similar program that can be run on the 

CDC 6400 computer to generate identical data and later track the identical 

data. A cloud-motion vector field is then applied to : he artificial 

clouds and they are assumed to move into a new position at a later time. 

Thus, we are able to produce artificial cloud pictures having some of 

the main features of real pictures. 

In general, our problem is to vary the known and controllable param­

eters of the artificial clouds and wind-vector fields so that we can 

test various features of the cloud motion programs we have developed so 

far. In this way we discover the limits of their performance, which 

enables us to aak~ improvements to the cloud-motion recognition programs. 

The methods developed make use of infrared information about cloud 

heights. Computer results--when compared with human tracking of the same 

data--show that the computer programs can track many cases accurately, 

even when the cloud motions are in opposing directions for differing 

height layers. Further work is suggested to simulate real satellite 

cloud pictures more closely, allowing for controlled improvements to the 

computer programs. 
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I INTRODUCTION 

In this introductory section of the report, we present the context 

of the research, and mention the background and some prior developments 

that led to the current studies. Two previous reports have been issued 

under the same contract as this current work: "Objective Methods for 

Registering Landmarks and Determining Cloud Motions from Satellite Data, "1 

and "Further Development of Objective Methods for Registering Landmarks 

and Determining Cloud Motions from Satellite Data."2 In the title of 

this report, we have omitted reference to "registering landmarks" since 

it was not part of the proposal objectives . 

Other Stanford Research Institute (SRI) projects closely related tc 

this work are described in the reports entitled: "A Pattern Recognition 

Technique for Determining Cloud Motions from Sequences of Satellite 

Photographs, "3 also funded by the Navy; and, "Development of New Pattern 

Recognition Methods, "4 funded by the Air Force. Another related project 

report for NASA is entitled: "Development of an Automatic Computer System 

for Measuring Cloud Motion Vectors."6 

All of the work referred to above has been carried out in collaboration 

by personnel of the Atmospheric Sciences Laboratory and the Infonnation 

Sciences Laboratory of SRI. This project for the Navy has been monitored 

by Mr. Roland E. Nagle, head of the Satellite Applications Department of 

the Environmental Prediction Research Facility (EPRF) at Monterey, 

California. 
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Before we state the specific purpose and goals of this project in 

the following sections, we will show how our project fits into a more 

global research program having general benefits related to environmental 

prediction. 

Weather Prediction and Satellite Observations 

It is evident that the ability to predict the weather accurately 

has benefits in Naval operations. One of the primary variables in 

weather prediction is the field of atmospheric motions over the globe. 

The field of atmospheric motions cannot be measured directly--only by the 

effect of the wind on an object, such as a balloon. Since it is expensive 

to send up enough balloons to cover the vast areas of interest in global 

weather prediction, it is fortunate that nature provides us with "balloons" 

of visible water vapor, in the form of clouds. These "balloons" are not 

s ·;able in shape or size; therefore, tracking them over long periods or 

with a limited number of observations is not always easy. 

Technological advances have recently pr ovided us with weather 

satellites, giving spectacular pictures of the clouds and earth. Our 

general task is to make use of these pictures to track the cloud motions 

so that these motions may be used in numerical models for prediction of 

the weather. We are not implying that cloud motions and wind motions are 

identical--only that we can observe cloud motions but we cannot observe 

wind motiJns in satellite pictures. 

Satellite observations of the earth are useful for many purposes: 

crop evaluation, water pollution, and other studies of the environment. 

With the developing ability to produce color pictures and data from other 

wavelengths, such as various multispectral bands in the infrared range, 

satellite observations of our global environment may become increasingly 

important. The quantity of data already available from satellite 
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observation is more than can be fully processed manually on a routine 

basis. Hence, the n~ed to develop automatic methods of processing 

satellite data is becoming more urgent. 

The goal of removing t he need for human visual processing of satellite 

data is the general area in which our work lies. Automating human visual 

tasks by means of a computer may never be fully achieved; but, if we 

limit the computer tasks to deriving cloud vectors automatically, we are 

confident of some success on the simpler cloud motions. By "success," 

we mean automatically producing enough cloud motion vectors that are: 

• Sufficiently accurate, 

• In reasonable limits with respect to computer processing 

time and costs, and 

• Compatible with the scale of operations established by 

current numerical prediction models. 

We will discuss in more detail a systems approach to developing the 

automatic programs. This approach does not merely involve a programmer 

writing algorithms for the computer, but it also makes extensive use of 

a high-performance display, the SRI cloud-tracking console, and dis­

cussions with many of the researchers at SRI in this field of work. 
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II OBJFX:TIVES 

The overall objectives of this research project were stated in the 

proposal, calling for enhancement and generalization of the SRI automatic 

cloud motion computation method as follows: 

* 

(1) To apply to multilayered cloud patterns. 

(2) To experiment with the multilayered cases, using a man­
machine interactive computer system. 

(3) To investigate the use f infrared data in a preliminary 
manner. 

In more detail, the specific objectives of this res earch are : 

(1) To generate artificial data representing clouds (clusters 
of data points) and display chese data on a computer-driven 
CRT display screen for visual inspection. (The SRI PDP 11 
and Vector General display is suitable for this function.) 

(2) To simulat~ multilayered cloud motion fields in the above 
manner. For example, the Inter Tropical Convergence Zone 
(ITCZ) has a characteristic motion field. 

(3) To convert end interface the data generated on the PDP 11 
and display, with the CDC 6400 on which the ISODATA* pro­
grams can be run. These programs can automatically detect 
some simple motions of clouds in sequences of picture­
tapes from geosynchronous satellites, such as the ATS-III. 
Therefore, the programs on the CDC 6400 must be modified 
to accept artificial data, which are not constrained to 
the same gridded picture format as the picture-tapes. 

ISODATA. is a general identifier for the group of computer programs we 
are working on for cloud tracking. In a section of this report we will 
later discuss all the programs in this group, individually. 

5 Preceding page blank 



(4) To simulate infrared (IR) data to accompany the visible 
data, so that cloud height determination can be accom­
plished by ISODATA automatic motion detection programs. 

(5) To modify the ISODATA programs to accommodate the fourth 
variable (lR), so that differing cloud motions at various 
heights (IR temperatures) can be discriminated. 

(6) To rank the motion vectors in terms of a fitting factor, 
and to adjust the contributions of the fitting factor 
components so that our intuitive ranking agrees with 
the computed ranking. 

(7) To submit photographs of the artificial clouds to be 
tracked on the manual cloud-tracking console at SRI 
for human verification of the computer-detected motions. 

6 



III THEORY OF AUTOMATIC CLOUD TRACKING 

One of our most impor tant assumptions in .loud tracking theory i s 

that the human c l oud tracker can perform more eff ectively than a computer 

if there is no t i me limit or data volume restrict i on. Therefore, we 

discuss and solicit comments on our computer results from those individuals 

who regularly use cloud-tracking consoles and have a sound meteorological 

background. Thus, comparison between results produced by man and machine 

is an important input to evolving our algorithms. On a related project 

(under NASA Contract NAS 5-21776) , 6 we have carried out a detailed com­

parison of the cloud vectors produced by the "ISODATA" method and the 

cloud console vectors produced by humans. The "ISODATA" method is the 

collection of computer programs that we use to perform automatic cloud 

trackinG. Note th~t !SODA.TA is the name of the clustering algorithm 

that makes up one o f the programs in the system. To avoid confusion, 

we will use the term ISODATA method to denote the entire system and 

!SODA.TA program to denote the particular implementation of the clustering 

algorithm. 

A. Axioms of Cloud Tracking Theory 

The following maxims or axioms are the basis of our current tentative 

theory regarding cloud tracking. These axioms may appear obvious and n t 

significantly detailed or specific to be of u~~ in solving some c " the 

pr1)gramming details that must be produced as an end result. However, 

they are of overriding scope and must always be remembered as assumptions, 

even when working on the progranuning details. We propose them here, not 

in a sense of finality, but as a starting point for their refinement, so 

that we have something specific in the way of axioms to build upon. 
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• Axiom 1--Man is the best cloud tracking perceptual "mechanism"; 

however, the man/machine combination is the best cloud track­

ing system, Even in the s implest systems, man is usually 

augmented by some machinery, e . g . , a camera, penc i 1 and pa per, 

a movie projector, satell i te, CRT di s play, cloud console, 

computer, film loop, or digitizing board. 

• Axiom 2--Human cloud trackers can be significantly enhanced 

by means of tinie-lapse di s play equipment (such a s the SRI 

cloud console). 

• Axiom 3--Automatic tracking functions can re~lace human 

tracking functions when human trackers can explain what they 

are doing~ when these explanations can be programmed. 

• Axiom 4--Because of the limitations of programming languages 

even some operations tha t can be described clearly by cloud 

trackers cannot be progra'llllled, (The limitations of pro­

g1:amming languages are partly caused by computer hardware 

limitations also, but in these applications we are more 

concerned with software, since hardware developments are 

not part of this project,) 

• Axiom 5--Clouds can only b~ tracked if they persist from one 

frame to the next. 

• Axiom 6--For clouds to be seen as persisting, they must be 

recognized from one frame to the next--hence, we understand 

the importance of characterizing pairs of clouds by statis­

tical (clustering) descriptors (e.g., by using the ISODATA 

clustering program, defined in more detail later) and com­

bining differences between these descriptors into a single 

recognition number called the fitting factor for two clouds, 

Two clouds are said to be the same (recognized) cloud if 

their fitting factor is sufficiently low. (Actually the 

number should be called the misfitting factor because the 

larger it is, the less likely the two clouds will f it. 

We discuss the fitting factor in more detail later,) Here, 

fitting is a pairing function, though we would like to 

extend the "pairing" over more than two frames. 

• Axiom 7--The application of the ISODATA method to picture 

data is a process of dynamic clustering. In previous re-

ports we have described how the ISODATA and MOTION pro-

grams have been used: first , the ISODATA program detects 

brightness centers as centers of clusters, and then MOTION 

detects their vector motions by comparing successive clusterings, 

We now view this dual process (ISODATA then MOTION - the 
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ISOMTA method), as a single process of dynamic clustering, 
or clustering-in-motion. The dynamic tracking of visual 
objects has absorbed much s tudy in the field of pattern 
recognition, animal and insect biology, and human vision. 
We feel that the ISODATA method represents fairly well 
(at this stage of research) what the human cloud tracker 
is doing when he follows a set of cloud elements through 
a series of several time-lapse pictures. 

• Axiom 8--Cloud motions tend to be continuous. (We call this 
the continuity principle.) Visual cloud tracking makes 
strong use of continuity in time and space. Therefore, 
the program should only accept vectors (i.e., join sequential 
cluster centers) if: 

(1) Ti1ae continuity is shown by the vectors persisting 
over several frames. 

(2) Space continuity is shown by adjacent* vectors having 
a similar speed and direction. (Currently, we compare 
each vector to the average vector for the whole region, 
This may be too global a comparison, but is computa­
tionally simple.) 

The MOTION program (defined in more detail later) tests the 
connections between E.!!:! of points in successive picture 
frames, and rejects the connections if the principle of 
continuity is violated. The vector filtering program rejects 
vectors that do not persist in at least two motion vector 
frames (i.e., three picture frames)--thus, testing the con­
nections between triples of points in successive frames. 

B. Definitions of ISODATA and MOTION Programs 

We give here a definition of two computer programs frequently referred 

to in this report. ISODATA was originally considered an acronym for 

Iterative Self--Organizing Data Analysis Technique. The first ISODATA 

computer programs were written in ALGOL, in 1966.6 Since that time, 

many improvements and special-purpose versions (m~stly in FORTRAN) have 

* Adjacency must include the height of clouds because different height 
layers often move in opposite directions. 
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been made and the subsequen~ programs have been applied tc a wide range of 

data. The purpose of all ISODATA programs is to perform clustering of data. 

Clustering is a process of forming a condensed version of a set of 

data, so that the essence of an extensive and complex data set is repre-

sented by a new value called the cluster center. The cluster center is 

usually the mean value, or average; it is accompanied by other statistical 

descriptors, such as standard deviations, number of points in each cluster, 

etc. When clustering cloud data, we seek to describe the considerable 

detail of satellite photographs by suitable clusters, so that clouds can 

be accurately and briefly characterized. 

The MOTION program grew out of a need to perform successive clusterings 

in time sequence and characterize the changes occurring in the data. Our 

first program to perfonn dynamic clustering was written by Roy Endlich. 3 

The MOTION program uses two sequential set.s of cluster centers as inputs, 

and finds correspondences between cluster centers based upon their asso­

ciated statistical descriptors. A pair of clusters is recognized (i.e. , 

paired) if they match each other closely enough in terms of a fitting 

factor. This fitting factor is currently a heuristic combination of 

statistical descriptors given by the following fonnula: 

FF = 

( )]

2 2 2 2 2 
+W /le +&, +&, +6c, 

0 X Y B IR 
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w ~ 6n
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1 2 
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where 

• 

• 

FF is the fit factor value. The W's are weights for the 

respective factor s ; and Wx = WY = w
8 

= 1, WIR = 2, Wn = 25, 

W = 2.5 and W = 3. 
cr C 

6 stands for the difference in the respective statistical 

descriptors of a pair of cluste r centers. 

• Xis the measurement, in arbitrary units (1 to 120) , in 

the east-west direction. Y i s the measurement, in 

arbitrary units {1 to 70) , in the north-south direction. 

Bis the average brightnes s of a cluster (0 to 255). 

IR ls the average infrared temperature of a cluster 

(160 to 330 degrees Ke lvin). n is the number of points 

in a cluster, in particular, n1 is the number of points 

in the cluster at time 1, and n2 is the number of points 

in the clus 1er at time 2. 

• The 0 's are the standard deviations of the various 

quantities. Thus, Ox is the standard deviation in the 

east-west direction, cry is the standard deviation in the 

north-south direction, and so forth. 

• The Wc6C term makes use of the assigned cluster number. 

If the assig~1d cluster numbers for the two clusters is 

the same, 6C = O; if the cluster numbers are different, 

6C = 1. 
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IV EXPERIMENTAL METHOD 

The method of conducting our experiments has been to generate arti­

ficial data (representing clouds) and then to process these data using the 

dynamic clustering programs (ISODATA and MOTION) to r,ee if they can re­

cover the same information from the data as we used to generate it. This 

method is sound because it is complete, having a closed-loop form. 4 Dis­

crepancies that arise between the two sources of information, at the 

input and output of the closed loop, denote errors in the dynamic clustering 

program. If the errors are statistically significant, modifications to 

the program ar e necessary. Usually the errors are of a gr ss kind, but 

tlle search for a remedy may require introspection concerning the nature 

of the human visual tracking process and how to describe this within the 

practical limitations of the computer system. The commands shown in 

Table 1 are implemented in the system, constituting the data-gene~ating 

language, The language can be input either from the on-line Teletype 

on the PDP 11 or from the card reader on the PDP 11. In addition, the 

same cards may be fed into the CDC 6400, which operates only in a batch 

mode. Each command starts with a single character and may be followed 

by numerical parameters. This is a very simple language, but it is 

sufficient to allow great conv•niences in practical use. 

Specific modifications to the data-generating language for this work 

were to add the commands 11B11 and "A." These allow f\lr the specification 

of the brightness (B) and altitude {A) of the cluster. The brig'. tness 

is given on the digital satellite tapes by means of an 8-bit code, thus 

specifying the light intensity in the range Oto 255. The inclusion of 

f d "A" in rare data in the objective system, by means of the command , is 

13 
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Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
12 

13 
14 

15 
16 
17 
18 

19 

20 

21 
22 

23 
24 

25 

26 

Table 1 

COMPUTER COMMANDS FOR THE CLUSTERING LANGUAGE 

Commands 
(operator options) 

A Altitude of Cluster I 
B Brightness of Cluster I 
C Cluster center for Cluster I 
D Standard deviation for Cluster I 
E Exit to monitor 
F 

G Go-start ex~cution--generate new cluster 
centers 

H Use old cluster center·s (assumes no changes 
to specs) 

I Cluster center index 
J 

K 

L List value of paramet ers of Cluster I on 
teletype 

M 

N Number of cluster centers 
0 List of commands on lir? printer (LP) 
P Number of points in Cluster I 
Q Debug print if Q # 0 
R Initial random number value--two-integer 

values 
S Switch from card reader to teletype; or 

vice versa 
T 

u 
V 

W Rewind data file 
X Transform coordinate scale factors for 

X and Y 
y 

Z Zero sununary statistics 

14 

Default Values 

(0, 0) 
(300,300) 

1 

1 

100 
0 

Teletype input 

Start of file 

(120, 70) 



recognized as an important extension, since different cloud layers can 

be discriminated in this way, Such data are now b~coming more readily 

available from satellites; they can be realistically simulated by reference 

to certain cases viewed in the visible spectrum by ATS- III, and in the 

infrared spectrum by Nimbus-4, NOAA-2, and NOAA-4 (launched 8 November 

1973), Preliminary tests of the application of qimu~ated infrared data 

have been made using the interactive computer syst .. 11, 

We now illustrate the generation of six artificial clouds and th£ir 

subsequent clustering and tracking by means of the dynamic clusterinr, 

program, This example displays the essence of the approach taken. Most 

of our later experiments are merely elaborations on this basic the·ne, 

concentrating on various particular aspects of the programs where it is 

"experiencing" difficulties, i.e., making errors. 

By means of the cluster-generating language, the data for this 

example were generated and displayed on the CRT screen of the PDP 11, 

and also, as shown in Figure l, were plotted on the CDC 6400 line 

printer. Some remarks concerning the interpretation of such printer 

plots is given next. 

A, Interpretation of Line-Printer Plots 

Wh 
II ti 

en inspecting the printer plots of the data, each mark, . , may 

represent several data points. This occurs because the printer plot is 

the result of a data transformation from the ±2047 unit scale (in hor izontal 

and vertical) of the CRT to the 120 by 70 scale suitable for line printer 

output, (See Figure 8, in Section V of the report, for a photograph of 

the displays in which each data point is displayed separately and more 

precisely.) Such a quantization error also occurs in the MOTION program 

output printer plots. For these reasons, the plots are usually a.-~companied 
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FIGURE 1 A PRINTER PLOT FOR CLOUDS OF ARTIFICIAL DATA 
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by more accurate tabular outputs from the computer. When it appears that 

a MOTION vector is in error or if a cluster Cf;!nter (shown by a "c" in 

the plots) appears to be slightly off-center, these tables should be 

consulted for verification. 

B. Example of Experimental Methods 

For our simplest case we generated four artificial clouds that •~~e 

placed near the corners of the display-screen rectangle and gave t hem 

a uniform motion. After we checked that the program could track these, 

another four clouds were added very close to the first set, overlapping 

so that eight clusters were called for by the generating language; although 

to the eye (and to the ISODATA program), only four clouds appeared to be 

generated. This overlapping technique allows us to move the separate 

components of each double cluster independently, allowing more extensive-­

but controlled--shape changes. In addition, a second, high-altitude 

layer of clouds was generated and was moved in an almost opposite direction 

to the low-level clouds. This simulates a condition we have observed with 

real satellite data. The printer plot for the first picture in the 

sequence is shown in Figure 1. These data were generated using the computer 

com. ;-ands given in Table 2. Note that 10 clusters are called for ("NlO"). 

Each of the four round corner groups consists of two clusters, and the 

two central, elongated clusters are generated from a single cluster­

specification each. In this latter case, the horizontal deviation value 

is specified as six times larger than the vertical deviation (i.e., 

D 300 50). 

The second picture of these clouds is shown in Figure 2, and by 

visual comparison with Figure lit can be seen that the round clouds 

in the corners have moved down diagonally towards the lower left corner 

of the figure, and the elongated clouds near the center of the figure 
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NlO 

Table 2 

COMPUTER COMMANDS FOR GENERA'l'ING 
10 CLUSTERS OF ARTIFICIAL DATA 

11 PlOO C -1000 1500 D 100 100 
12 PlOO C 1500 1500 D 100 100 
13 PlOO C -1000 -1000 D 100 100 
14 PlOO C 1500 -1000 D 100 100 

15 P 40 D 100 100 C -900 1400 
H i P 45 D 100 100 C 1300 1300 
17 P 55 D 100 100 C -850 -850 
18 P 60 D 100 100 C 1350 -1150 
19 P 80 D 300 50 C 1100 0 
I 10 P 80 D 300 50 C -1100 0 

G 

have moved vertically upwards. Note that although the general shapes 
of the clouds are similar in the two pictures, the dot patterns are quite 
different. This statistical similarity is achieved by using the same 
statistical parameters, but without resetting the random number generator 
to the same initial condition at the start of the data generation process 
for each picture. An example in which we do reset the random number 
generator is given later. 

The ISODATA and MOTION programs were able to provide suitable vectors 
for this simple two-layer case. The output of the MOTION program is 
given in Figure 3, which shows pairs of cluster centers labeled from A 
to J, and prefixed by a 111 11 or 112, 11 denoting picture sequence. In inter­
preting these printer plots of motion vectors, each pair is labeled with 
a letter of the alphabet (or other single character after the whole 
alphabet has been used). If no single character identifier is given 
alongs ide the "1 11 or 11 2, 11 this means that no pairing was made by the 
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program. "1" and "2" denote the positions of the cluster centers in the 

first and second pictures . These vectors are the end product of our 

cloud tracking system and are suitable input data for a numerical predic­

tion model. 

We eventually plan to add further complexity and reality to our 

simulation by allowing the high-level clouds to pass over the low-level 

clouds--a condition we carefully excluded from th,-: case described above, 

Some of the more detailed program features are as follows: 

(1) A multiple execution approach has been provided with 
respect to the processing of cloud-vector data, All 
vectors which were discarded by execution of MOTION on 
the original data have been entered on a new file created 
in exactly the format acceptable as input to MOTION. By 
use of system control cards (REWIND and a second set of 
execution cards) the file may be used for another ex­
ecution of MOTION. The purpose of this is to allow for 
detection of a second set of vectors that may have a mean 
vector ,,astly different from the first mean vector. This 
case of two different mean vectors would typically be 
found in multilayer cloud tracking examples. 

(2) Descriptive outputs provided are: 

(a) All input clusters generated have been tagged with 
an associated letter which is printed in the first 
print-plot to aid in identifying the various cluster 
centers and their associated data visually. 

(b) A print-plot has been provided along with associated 
mean vector, fitting factor, etc. This print-plot 
creates a visual representation of only those vectors 
with matching cluster center number, as generated 
in the ISODATA program. 

(c) "Edge" cluster centers have been marked with a"" 
to the right of the cluster center letter in all 
print-plots after the first, 

(d) For the data after each normal print-plot, letters 
are associated with those vectors which have been 
selected for further consideration. Those vectors 
which have been discarded have no such letters. 
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(3) The program is able to complete correct processing re­
gardless of whether the data being used is from an 
artificially generated source or from ATS data. 

(4) A weighting factor has been provided for the fitting 
factor which accentuates the pairing of cluster centers 
with the same generated cluster number, 

Many of these features will be displayed iu results reported in the 

following section. This section has been intended to give the reader 

an understanding of our experimental method before discussing more com­

plex examples. 
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V EXPERIMENTS USING PDP 11 AND 
CDC 6400 COMPUTERS 

Various experiments have been undertaken in attempts to improve 

some aspects of cloud tracking performance using objective methods. A 

simple example was given in the previous section to illustrate our ex­

perimental method, Now we will discuss, in considerable detail, the 

tracking of clouds in an interesting motion field, 

A, The lntertropical Convergence Zone 

We generated an artificially specified cloud motion field that 

characterizes the usual cloud motions in the Intertropical Convergence 

Zone (ITCZ). Thi 3 motion field is shown in Figure 4, It is derived by 

plotting the generating language data for the positions of correspondingly 

numbered cluster centers in three successive frames, Later, we will com­

pare this objective cloud motion field wit h that produced by human visual 

tracking us ◄.ng the SRI cloud console, and by the computer algorithm for 

dynamic clustering. 

A way to compare the effectiveness and accuracy of the clusterings 

individually is to print out the clusters found by the ISODATA program 

in a fonnat compatible with the input data generating language. This 

was done for the SRI project to develop new pattern-recognition methods, 4 

but is not so useful here because we are more interested in the recovery 

of characteristic vectors rather than the recovery of the original clusters 

in computer language form. Hence, we compare the input and output motion 

vector fields here. In simulating so complex a motion field as the 

ITCZ, the cloud data are neither very separated nor highly clustered, 
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so we cannot expect to retrieve the identical clusters that are fed into 

the recognition system as inputs. However, we must retrieve the general 

characteristic motions if the dynamic clustering is to be successful. 

B. Three Successive Artificial Pictures of the ITCZ 

In this simulated version of the ITCZ, high-level cloud data are 

included. In the data-generating language, 39 clusters are called for, 

as shown in Table 3. Figure 5 illustrates the data in computer printout 

form. The second picture in the sequence is shown in Figure 6, where 

the =!u~ter center locations on all 39 clusters were modified. However, 

note from the data-generating language given in Table 4 that only the 

changed values in each cluster need be given and all values not changed 

are merely repeated as before. Note particularly that the statement on 

the second line, "R 5103 2187, " sets the random number generator to par­

ticular starting values. These are the values used at the beginning of 

each picture, so that identical pseudo-random numbers are used in the 

same sequence for each of the 998 points in the data set. This produces 

very similar d,tailed structure in each picture. 

The final pi .ture in this sequence is shown in Figure 7, again in­

volving new posi ti01!s along a plausible trajectory for all 39 clusters. 

Besides displaying the data in print-plot form, a more accurate 

data plot can be photographed from the PDP 11 display screen as shown 

in Figure 8, which shows the three pictures in the sequence corresponding 

to the plots of Figures 5, 6, and 7. The three pictures have been photo­

graphed and the negatives were used as input to the SRI cloud console. 

Viewing of the time-lapse display gives a definite impression of motion, 

and the experienced cloud-tracking operators say that the cloud m0tions 

in these pictures are easily trackable. 
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Table 3 

COMPUTER COMMANDS FOR GENERATING 39 CLUSTERS 
SIMULATING THE ITCZ 

N 39 

I 1 P 14 C 1400 1400 D 50 50 B 65 A 250 
I 2 P 11 C 1040 1200 D 50 60 B 60 A 245 
I 3 P 19 C 930 1050 D 50 40 B 63 A 243 
I 4 P 9 C 1040 920 D 40 50 B 60 A 240 
I 5 P 18 C 620 1300 D 50 50 B 85 A 255 
I 6 P 20 C 340 1125 D 60 30 B 75 A 250 
I 7 P 19 C 450 ~35 D 40 40 B 64 A 247 
I 8 P 10 C 60 950 D 45 50 B 80 A 253 
I 9 P 23 C -65 1085 D 70 65 B 72 A 245 
I 10 P 17 C -425 930 D 50 45 B 70 A 253 
I 11 P 10 C -585 785 D 45 45 B 67 A 245 
i 12 P 8 C -720 1070 D 30 40 B 85 A 246 
I 13 P 16 C -1000 930 D 45 55 B 90 A 253 
I 14 P 9 C -1075 860 D 55 45 B 78 A 2 4 ~ 
I 15 P 14 C 1375 -900 D 50 50 B 75 A 247 
I 16 P 11 C 1565 -1190 D 50 60 B 78 A 244 
I 17 P 9 C 1645 -1445 D 50 40 B 82 A 250 
I 18 P 16 C 740 -950 D 60 30 B 62 A 248 
I 19 P 13 C 1050 -1160 D 50 40 B 66 A 245 
I 20 P 11 C 1300 -1465 D 45 55 B 60 A 242 
I 21 P 10 C 255 -820 D 50 35 B 60 A 247 
I 22 P 23 CO -955 D 40 45 B 67 A 252 
I 23 P 23 C 200 -1110 D 45 55 B 78 A 255 
I 24 P 18 C 160 -1555 D 30 30 B 85 A 257 
I 25 P 8 C -300 -1100 D 25 25 B 78 A 244 
I 26 P 25 C -860 -960 D 40 40 B 67 A 243 
I 27 P 24 C -700 -1145 D 30 35 B 77 A 247 
I 28 P 29 C -775 -1525 D 25 25 B 87 A 257 
I 29 P 55 C 1565 0 D 200 50 B 150 A 239 
I 30 P 35 C 925 0 D 100 50 B 120 A 230 
I 31 P 60 C 255 0 D 200 50 B 150 A 235 
I 32 P 65 C -505 0 D 250 50 B 160 A 238 
I 33 P 55 C -1295 0 D 200 50 B 155 A 233 
I 34 P 43 C 1200 330 D 225 75 B 45 A 220 
I 35 P 63 CO 350 D 375 75 B 43 A 223 
I 36 P 39 C -1265 340 D 275 75 B 41 A 225 
I 37 P 38 C 1 2 ~0 -330 D 250 75 B 44 A 222 
I 38 P 66 C 20 -350 D 300 75 B 45 A 220 
I 39 P 43 C -1250 -340 D 325 75 B 42 A 224 

G 
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FIGURE 6 THE SECOND PICTURE IN THE SEQUENCE FOR THE ITCZ 
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Table 4 

THE DATA FOR GENERATING PICTURE 2 

N 39 
R 5103 2187 

I l C 1310 1295 
I 2 C 941 1090 
I 3 C 807 947 
l 4 C 900 810 
I 5 C 500 1210 
I 6 C 280 1035 
I 7 C 325 865 
I 8 C -12 902 
I 9 C -175 980 
I 10 C -575 855 
I 11 C -705 730 
I 12 C -825 990 
I 13 C -1105 855 
I 14 C -1165 767 
I 15 C 1215 -810 
I 16 C 1425 -1110 
I 17 C 1625 -1300 
I 18 C 640 -850 
I 19 C 1000 -1050 
I 20 C 1215 -1390 
I 21 C 80 -780 
I 22 C -160 -900 
I 23 C 20 -1065 
I 24 C 110 -1425 
I 25 C -400 -1000 
I 26 C -940 -860 
I 27 C -720 -1045 
I 28 C -750 -1450 

~3 C 1515 0 
I 30 C 875 0 
I 31 C 205 0 
I 32 C -555 0 
I 33 C -1345 0 
I 34. _; 1200 380 
I 35 C 0 400 
I 36 C -1265 390 
I 37 C 1220 -380 
I 38 C 20 -400 
I 39 C -1250 -390 

G 
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FIGURE 7 THE THIRD PICTURE IN THE SEQUENCE FOR THE ITCZ 
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The next step in the computer program clusters the data, and con­

vergence for the first picture was achieved in three iterations, pro­

ducing 43 clusters. Th~ second picture clus ering con,1erged in three 

iterations also, but 4~ clusters were produced. The t hird picture con­

verged in two iter~~ions, also with 44 clusters. Note that a lthough 

39 clusters were specified in the data-generating language, the ISODATA 

program found 43 or 44 clusters. This difference shows that the generating 

and clustering mechanisms are not identical in detail. However, inspection 

of the cluster center plot superimposed on the data, as given in Figure 9, 

shows that the centers are not unreasonably placed according to human 

vi sual inspection. We cannot claim that this placement is optimum or 

unique in an exhaustive sense, but it is stable because of its convergence. 

ISODATA clustering is applied to each of the three pictures in se­

quence to produce three sets of cluster centers. Next, these cluster 

centers must be linked in time to produce the motion vectors using the 

MOTION program. 

At one time in the experiment, the ISODATA cluster center numbers 

were used to pair or fit successive clusters. An example of this is 

shown in Figure 10. From this it can be seen that this use of cluster 

number for pairing provides a good way to start the pairing process. 

Figure 11 shows the situation after four iterations of the MOTION 

program in which the single-character identifiers on the cluster pairs 

are very different than in Figure 10. However, the differences in the 

pairings are rather minor. The relabeling of the pairings takes place 

because these pairings are ranked according to their probability of fit 

with each other in accordance with several criteria that contribute to 

the overall fitting factor. This result confirms what we might expect, 

a priori: the distribution of the fitting factor rankings would be in­

dependent of the sequence of the data. Note that several of the clusters 
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in the lower left corner of the figure have not been paired because the 

fitting factor for these pairs has dropped below a predetermined and 

somewhat arbitrary threshold of confidence, 

Figure 12 shows a similar result for Pictures 2 and 3, whereas 

Figure 11 was for Pictures 1 and 2, In this case there is less confusion 

of the pairing in the lower left of the picture. The motion vectors found 

objectively are in general agreement with the motions created artifici ally, 

but a more crucial evaluation is given by the SRI cloud console comparison. 

c. Verification of Artificial Motions by SRI Cloud Console 

The artificial cloud motions were displayed on the PDP 11 display 

console and photographed as the example illustrated in Figure 8. The 

three successive pictures were then read into the memory disc of the 

SRI cloud console for time-lapse presentation, When viewing t hese pic­

tures, which were presented in rapid succession, a definite impression 

of several different motions is obtained which cannot be gained from any 

amount of static viewing of the pictures, 

We did not want to influence the cloud-tracking operators, Messrs. 

Hadfield and Wiegman, since we wanted them to use their usual approach 

to cloud tracking. However, before applying their usual approach, they 

immediately made the following observations on several features of the 

artificial data: 

(1) The clouds move in several basic motions, so they could 
characterize these by about five basic vectors, although 
they could easily identify a much larger number of 
clusters, 

(2) The clouds do not change shape from one picture to the 
next, as do real clouds. 

36 



.......... , ........................................................... , ................... , ......... , ......... , ......... ,. 
• • • • • • • • • • • • • • . • . • • • • • • • u • . • • h n • • " • • • • II • • IU " • • I• , . II • . le 1W II IU rv • . IV ,. • • , . • • • • • • • Zo h h II • • 10 1, u II u UH ZI • • u II • • • • • • • • • • • • ZH za1, ICIC 1010 IU ,., lHIH ,,1, • • • . • . • • . . IT • • lT 1, I~ 1• Ill II • ,, I« ,. IU JQ JL IJ l• '" • • ,u ZJ II • • • • • • . IA . 
• Z5 • • 1, II • • " 

,_ • • H I• Z• . . 11 • • II I• . . • . z . 
• I • • If • . ,, II • . • • II • • • • • • • • • • • • • • • • • . . 
• • ••••••••0•1••••••••• 1••••••••• J••••••••• 1••••••••• 1•••••••••1•••••••••1•••••••••1••••••••• 1•••••••••1•••••••••1••••••••• 1• 

FIGURE 12 MOTION VECTORS AFTER FOUR ITERATIONS OF THE MOTION PROGRAM, 
PICTURES 2 AND 3 

37 



(3) They could estimate cloud centers and track these, or 
they could locate specific points in the clouds and track 
them because they can be more accurately identified since 
they did not appear to change their configuration with 
respect to an imagined cloud center. 

It was agreed to track according to the latter criterion (points) 

and interpret the results as a cross-check on the accuracy of: 

• PDP 11 display plotting. 

• Photographic processes. 

• Registration processes. 

• Human tracking on the SRI cloud console (since the specific 
points could be accurately specified from the computer 
commands). 

The results of the human cloud tracking are shown in Figure 13; 55 

specific data points were tracked. The scaling on this figure is in 

cloud-console coordinates, whereas the display coordinates of the PDP 11 

were used for Figure 4 (with which comparison should be made). 
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VI co:xCWSIONS AND SUGGESTIONS FOR FURTHER WO:RJf 

Our overall conclusion from this work is that it is useful and in­

structive to study artificially gen,::rated cloud data in the manner we 

have contrived in this project. This is because such data present the 

essence of the cloud motion analysis problem in a simple and controlled 

form, As such, we are able to test and improve on as yet relatively 

unsophisticated techniques in an efficient manner without the distractions 

and uncertainties presented by real data. 

Our interpretation of this comparison is that the objective method 

using the collection of ISODATA programs gives a satisfactory result 

compared to human tracking on this set of data. We have not included 

some of the more realistic and complex features of real data in these 

examples, but we conclude that our objective methods can extract many 

significant cloud vectors automatically from such artificial cloud 

pictures. The same programs used here were used to process real satellite 

picture data on another project. 6 

In future work, we will generate more complex motions to simulate 

clouds more realistically. For example, cloud shape changes, and the 

appearance and disappearance of clouds, are quit e likely to happen during 

the 25 minutes that elapse between successive pictures. The current data­

generating language is quite capable of expressing these complexities, 

although each detail adding to the complexity requires an extra statement 

in tne language. There seems to be no significant way to improve the 

language without losing the ability to specify such det ail. A, this re­

search becomes more advanced there may be a need to design a language 

that can specify large wind flow-fields of various meteorological types. 
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The programs should be enhanced to allow generation of a statistical 
spread of values for brightness and IR, rather than the single, constant 
values given for each cluster, as currently implemented, This would be 
a more realistic situation, and would require specification of standard 
deviation values for these quantities, as is now done for cluster center 
position, 

A program should be written to automatically plot the motion vectors 
from t he data-generating language sets for several pictures, This cor­
responds to an automatic version of Figure 4, and also relates to the 
suggestion above for the specification of wind flow-fields, 

A better way to display the data should be found. The current use 
of print-plots will be inadequate when we add IR data and use multi­
layered motions, The PDP 11 display is of good quality and interactive, 
but our computations are done on the CDC 6400, and that computer has no 
interactive display. A novel way of using print-plots may have to be 
devised. 

The multiple execution capability of MOfION should be refined to 
allow a splitting off of different motion vectors in multilevel cases. 
The IR values should aid in specifying the various levels, 

More detailed evaluation should be made of the dot product and other 
elements of the fitting factor, Also, the dot product is now bivariate, 
and brightness and IR should be added, 
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