ESSA NESCTM 20

m NESCTM 20

U.S. DEPARTMENT oF COMMERCE
Environmenta! Science Services Administration

National Environmental Satellite Center

Mapping of
Geostationary Satellite Pictures
An Operational Experiment

R. C. DOOLITTLE, C. L. BRISTOR, and L. LAURITSON

VIASHINGTON, D.C.
March 1970




Natii eries

‘The National Environmenc e ihan nsible for the estab-

1ishment and operation of the National Ope ological Satellite
System and the environmental satellite syste . ox v  cnvironmental Science
Services Administration. The three principal offices of NESC are Operations,
System Engineering, and Research. ESSA Technical Memoranda facilitate rapid
distribution of material which may be preliminary in nature and which may be

published formally elsewhere at a later date.

Memoranda in the NESCIM series are available from the Clearinghouse for
Federal Scientific and Technical Information, U.S. Department of Commerce,
Sills Bldg., 5285 Port Royal Road, Springfield, Va. 22151. Price: $3.00
hard copy; $0.65 microfiche, Order by accession number shown in parentheses

at end of each entry.

NESCTM 1 Publications by Staff Members, National Environmental Satellite
Center and Final Reports on Contracts and Grants Sponsored by the
National Environmental Satellite Center 1958-1966, March 1967.

(PB-174 606)

NESCTM. 2 Publications by Staff Members, National Environmental Satellite
Center and Final Reports on Contracts and Grants Sponsored by the
National Environmental Satellite Center 1967. January 1968,

(PB-177 189)

NESCTM 3 Computer Processing of Satellite Cloud Pictures. C. L. Bristor,
April 1968, (PB-178 319)

Modification of the APT Ground Station Recorder for Increasing the
Size of Recorded DRIR Data. Arthur S. Vossler, May 1968.

(PB-179 322)

NESCTM 4

NESCTM & NESC Digital Formatting System (DFS).
(PB-180 588)

NESCTM 6 Computer Processing of TOS Attitude Data. J. F. Gross, November
1968, (PB-182 125)

NESCTM 7 The Improved TIROS Operational Satellite. Edward G. Albert,
August 1968. (PB-180 766)

Supplement No. 1.
Edward G. Albert, April 1969. (PB~183 965)

NESCTM 8 Operational Utilization of Upper Tropospheric Wind Estimates Based
on Meteorological Satellite Photographs. Gilbert Jager, Walton A,
Follansbee, and Vincent J., Oliver, October 1968, (PB-180 293)

Meso-Scale Archive and Products of Digitized Video Data From ESSA
Satellites. Arthur L., Booth and V., Ray Taylor, October 1968,

(PB-180 294)

NESCTM 9

NESCTM 10 Resevrved.

(Continued on inside back cover)

Randall G, Hill, October 1968,

Characteristics of Direct Scanning Radiometer Data,



NN

U.5. DEPARTMENT OF COMMERCE
Environmental Science Services Administration
National HEanvironmental Satellite Center

ESSA Technical Memorandum NESCIM 20

MAPPING OF GEOSTATIONARY SATELLITE PICTURES .
AN OPERATIONAL EXPERIMENT

R. C. Doolittle, C. L. Bristor and L. Lauritson

WASHINGTION, D.C,
Harch 1970



UDC 528.341:681.3:629.78%:551.507, 362.2:551.576( 084 .12)

528

.31
681.3
629,78

.783
551.5

2 507.362.2

576
(08k4.12)

Geodesy - Cartography
Dynsmic triangulation
Computers

Astronautics

Satellites

Meteorology
Meteorologlical satellites
Clouds

Photographs

1i



ABSTRACT

Vo

Vi.

VII.

THE BY

TIEAGROSTICS

PLCPURE

ATTE

OUTLOOK AND FECOMMRHE:

ILBDGHENT

REFEPENCES

APFERDIX 1

APFERDIY 2

Page

i

& \



LEST OF FIGURES

Numbex

1*’?

10.

11.

12.

ESSA F:“Miiliﬁy for ATS picture acguisitionesoccecscsccnsscacscsos
Contoured ATS-I picture with line sector profileSccecccsssoccce

Horizon plots from ATS-I pictures showing raster skew and
rastey start (fz} Vﬂ'ﬁ:i&hi,li&}"Q@wa@@@a@fs@-@asa@e@e@@u@o@eeoaooess

Response histograms with early (left) and present response
Cﬁ‘ﬂditioning amplifiﬁfeeQ,aee&oeao@e»@aes@@@s@w@saaoee@saooooueoo

Hundred lime histograms of the right-hand plot in Figure &4,
Only the earth viewing portions are Included..ccocoscoeccssssce

Frame start detection momnitor showing northern left horizon
"notch” from Figﬂr@ 2eeccnsvcosooct00a0ar00200600a60088880000000

December contoured image showing sorthward off-earth scan.
Line graphics show the cyclic nature of noise in the space

responseoeeas@aw@eaw@aoem@ss@ae@@@e@sa@@@@aeweeeoaoooas@oﬂeooo'

Enhanced landmark image sectors with coordinate identifica-
tion for attitude evaluation.,ussossccscocoscccscsscsscesnacsss

Automatic landmark recognition and matching procedur@..cceccess

ATS~-I sample picture displayed ou the photofacsimile recorder
within the Digital Picture Terminal...coocvecovoocssccssccsssess

Mercator mapped equivalent of the picture shown in Figure 10...

Polar stereographic sector images produced from Figure 10....0.0

iv

17
18

19

21

22

25

2k
25

26
27
28

b st s RS AR L 2D



M,

TONARY SATELLITE PICTURES -
TIONAYL EXPERTIMENT

AT5-1 genstationary
sperational experimental
to December 1969, The
> discussed here-
. to preprocess the
matrically normal-
zed image on Mercaw
fe the summary,
processing of
ionary satel-
suggastions are advanced in
expanded computer proces-

regazd to &

sivng in the £

SUCTION

Loud image data from spin scan cloud cam-
la . I satellite. Magnetic tapes, each
containing one picture, ppiied to HESC from the Mojave ground facility,
Eight thousand 8-hit 8 for esch of two thousand lines comprised each
image tape recovded from the Spin Sean Cloud Camera (88CC). A substantial
software investment was’ e to explore the feasibility of auvtomatically map-
ping the pictures and i Qulﬂflt&?iVé information from them, Using
horizon detection w te spin axis was determined and pictures
were mapped on 2 case save performance on the CDL 6600 indi-
cated the potential #¢ time operation,

Experimental processiag
eras began with &}

. boward the on-board digitizing of
?QOuﬂdtiOﬁdly satellite. As a result
a ground-based Digital Picture Terminal

data from simulated on-board digltizing,

spin scan image
of this 1nves@“
(DPT) which processed

tmary experimental wmission with the
unﬁ@r way toward a NESC real-time
squances . Lapse-time movies had

By mid-1968, NASA had
ATS-I spacecraft, and
operational experi




res from cloud motions,
geadied at the NESC
digitizing and "line stretch-
: With computer interface
and opervatiomal experi-

jndicated the feasibility of ob
Accordingly, recelver and antes
Wallops Island facility,and th
ing" unit was upgraded to opera
provided, the DPT uait was
mentation started in May 1969.

‘iad and linked into a

¢s had begun., This report
riment with particular em-
phasis on the mapplog operal s encountered and results obtain-
ed are recorded for the 6-month pericd through Necember 1969, Finally,
these experiences are summarlzed in the form of recommendations with re=
spect to ESBA's projected G ¥ fonal Enviroumental Satellite

{GOES) system.

By June, earlier software pac!
workable configuration, and pic

17, TUE BXPERTMEWNTAL FACILITY

Technical documentation (L) supp
phrased superficlally in Figure ! Ly

indicated, 83CC video and sun or signals received from the spacecraft
are ingested and preprocessed in the Line Stretcher, Clocking pulses gen-
erated from the sun sensor response ave utilized to trigger video sampling
during the five percent earth traverse portion of each spin cycle. A
separate sample rate controller then manages the digitizing process. Fi-
nally, the samples are played out at a slowed rate and released as a serial
bit stream during the remaining portion of the spin cycle,

Because of bandwidth restrictiocns, only 2048 {6-bit) samples per scan line
are presently being relayed to ¢ iral Picture Terminal at Sultland.

A bit stream coxrvelator detects red marker bits and thereby provides
frame start and line synchyonizi als. 'The sexial bit stream is then
and the grey code, employed in the digi-
tizer, is translated into standard bloavy sample counts. Photo recording
employs a modulated beam which traces the image on film mounted on a screw
drawn rotating drum. Alternmately, the same image information can be passed
to a small computer and stoved on digital magnetic tape. In order to
preserve software compatibility, tbis so-called “raw ingest tape' has been
augmented to contain 4096 samp © scan Line through duplication of each
sample,

to drive the photo recorder for the
source. In this mode, the digital
i m and photo recorded as

Added logic permits the small
display of digital mwaterial f
samples are again converted
though originating from the

re-



III. DIAGNDSTICS AND THE EVOLVING ¢

 activigy,
ving effore,
i of diag-
seussion

An earlier report (2) describes a substantisi
and subsequent interim reports (3) discuss a:
The operational aspects of the experiment have emph
nostic software. A variety of diagnostic tools,
of picture signal attributes which prompted their
this sectiomn.

o digitval tape
cly weather
ith lime and each

shade (grey, white,

Figure 2 is a composite of two diagnostic tools, Using
from the Line Stretcher, an image is produced op =
facsimile vecorder. The melded grid identifi.
fiftieth sample. Response has been contourad wasing a
black) repeated combination.

standpoints,

The image provides assessment of picture qualicy ,
Presence of some retrace imagery (following the pracedis
identification of the fivst scan line = x crucial
location process. Space viewing samples beyond bo L
X-normalizing capability — the only means by which scan profiles can be re-
lated to the earth disk.

the earth
izons assures

M?A )/

The contoured brightness topography permits image quality checks. Torn pat-
terns have revealed line synchronizing problems, and extensive rlateaus have
flagged signal clipping at the bright extremity. Striations in the upper left
space view portion of Figure 2 suggests a systematic noise component. Abberaw
tions in the east horizon profile relate to & contioning explovation of a
seeming anomaly in ATS-I signal respomse. Horizon profiles {insets) indicate
the utility of a graphic tool which provides signal amplitude

function of an arbitrary (X in this case) coordinate., Tendenc
"overshoot" relates to picture coherence and the problem of picture vealign-

ment .

Figure 3 illustrates the raster coherence problem on the basis of horizon

plots. The horizon profiles are obtained by plotting three-line average X-
values. The bisector values are plotted on a greatly expanded X scale with
ordinate markers (20L and 20R) indicating the span for forty samples, (Exact
positioning of the center plot is not meaningful since it fs subject to vaga-
ries in detection of the starting reference line.) The upper plot involves
the picture used in Figure 2, and the center plot is from a pic

ire recovded
23 minutes later, Ideally, the center plot should be a ver line. The

overall skew of perhaps 40 samples suggests a systematic bias in vaster synche
propey spin phase

ronization. Sun pulse logic which triggers sampling at the P

angle (&) and also corrects for changing sun augle during the twenty-minute
picture scan period, characteristically yields such | feh slope downward
to the right. The skew also varies from time to ©is :

six weeks after the upper pair, haviag a slope of p




Devistions from the overall slope relate to the above mentioned overshoot
probiew, fssters horizon detection is clearly influenced by the varia-
bility in brightness decay as the scan proceeds into the space scene,
Tngpection of many pictures indicates a systematic tendency for

gteepey westward slopes in bright image features and shallower slopes

h Summstion of differences of adjacent scan sample pairs

over lavge volumes of data substantiates this indication. When

separated into low and high brightness groups, the brighter eastward slopes
arve significanitly shallower than for the low brightness group. In

seeking an explanation for this phenomenon, column averaging was performed
o reveal & possible shift in response as the scan proceeds from west to
east. Six columns were srranged symmetrically in three group clusters
using & iocal noon image, The resulting 20 sample-by-1000-line column
averspes revesled no significant west to east trend. Since center

plot walies, similar to those in Figure 3, have also been obtained
with earlier NASA/Mojsve tapes, there is some suggestion that the response
problem may be in the satellite, No such perturbations have been revealed
in similar plots from NASA/Rosman ATS-IIT tapes.

Response characteristics have been monitored using a variety of
_histograms. Whole raster respomse 1is indicated in two absolute histo-
grams shown in Figure 4. For each (0-63) raw response value, the total
population and percent occurrence is indicated, The distribution
obtained with the earlier signal conditioning amplifier is shown (left)
along with response from the revised amplifier presently in use.

The alteration has provided some improvement in sampling. Single values
rarely occur with more than & percent frequency, whereas 10% occurrences

were frequent in the earlier mode. These plots provide convenient checks

for noise in the signal and identify problems in analog-to-digital (A/D)
conversion. Figure 5 provides separate 100-line plots (starting at upper
left and across) for the righthand case shown in Figure 4, Despite improve-
ments in sampling with the amplifier change, there has been a shift and over-
emphasis in the low responses. Since Figure 5 includes only earth viewing
portions, it is apparent that all responses below a response of 15 in the
total (right) histogram of Figure &4 reflect space response. The broad, sec-
ondary peak at the 3aresponse level was previously confined almost entirely
within the zero response. Singular peaks suggest A/D converter problems.

In Figure 5 — particularly the third from right (upper) and second from left
(lower) — the plots suggest that the 32 response is exaggerated, and this
view is strengthened by close examination of Figure 4. The more frequent 58
to 61 vesponses in Figure 4 (left) also suggests conversion problems. A ten-
day averaging of 54 to 63 responses revealed a sharp preference for those
values. With standard A/D converters, such anomalies are usually revealed
as doubling or odd/even problems. Diagnosis of flaws with the present gray
code converter will require more subtle analysis.



Ler detection is monitored by graphlc computer
shown in Figure 6, Eaviier experiences with the frame start
{(bit patiern) had shown that noise substantially weakened detection,
enal considerations later resulted inm rhe use of the manual frame
- option which further reduced ability to precisely identify the
rarsit pilcture scan line, Accordingly, horizon derection software was
wodified to find frame stare by szeking the "notch' in the upper laft
hovizon prefile. With normal spin.axis ovientation, the limited
south scan of 4TS-T always provides such notches between the

scan aud the adjacent retvace cycles. The notch patiern of
O 1s & slumple binary print of the brightness topography at the
detection threshold, This tool has provided dasight into
detector design fa the presence of noige,

incyesse the north-
4 the earth's

iaft notch in
ff~sarch scan, the

per attitede maneuver was made in
b of picture scan, The resultiog scan
aortn llwb (shown in Flgure 7) forced use of the
a vevision of the frame start logic, Fven shor: of of
southward march of the sun has obviously weakened widlity of the upper
ieft notch., The ifuset line profiles emphasize the cyclic nature of the
space noj The different nolse patteru im the rvet secior suggests
that the nolse ig a part of the signal arviving at the ground receiver,
bny systematic noise injected by the ground equipment or tyansmission
livk would tend to form the same graphic pattern during both picture
scau and retrace,

§

Extensive log sheets have been generated from diagnosiic information
suppiled by the software discussed above, Bmphasis has been placed on
periodic veview with subsequent modifications to eiiminate plitfalls in
the avtomated wapping effort, PFurther veference will be wmade to these
tools in the following sections.

IV. PICTURE PREPROCESSING AND RASTHER RORMALIZATION

The magnetic tape generated during the imitial ingestion of digitized pic~
ture brightoess at Suitland ("raw ingest tape') is not used dirvectly in the
mapping process for a number of veasons,

n VI, laticude and
avk points' im
ple numbers,

In the earth location calculations described in Sect
longltude ave computed for a rectangular arrvay of "bench-
the picture, selected at regularly spaced scan line and saw
Latitude and longitude ave converted to map coordinates for the desired

wap projection and scale, and the map position of other image elements is
obtained by interpolation, This procedure requives precise corvelation

between the arbitrarily salected benchemark ar ay d ¢ scan line and

sample numbers of the picture dats to be mappead., ann line in which
the telescope is wormal to the spiy axis, and the widearth sample of this
scan must be known relative to the benchemark coordinsies.

o R
o
G
&
P



The raw ingest tape usually comtains data from retrace scaus preceding and
following the picture to be mapped and the position of the mid-earth sample
in each scan varles from pilcture to picture.

A preprocessing program has been written which searches the brightness

data om the raw iugest tape to locate the edges of the earth disk on each
line. This information is used in normalizing the raster in terms of frame
and line start. A normalized data tape is then written which copies the

raw ingest tape line-by-iine, but eliminates retrace portions, and shifts
the earth viewed portions of each scan to center them in the data format,
The first data line record of the noxmalized tape corresponds to Lhe waximum
northward excursion of the telescope and the central record {line 1009 of the
2017 for a full picture) contains data taken with the telescope perpendic=
ular to the spin axis. The central sample (2048) corresponds to the wid~
garth position of the telescope. :

In addition to the noymalized picture data tape which is used as the basic
input for mapping, a second tape 1s ocutput which contains the sample pum~
bers of the left and right edges of the earth disk for each line., The

firse file of this tape is formatted to produce a graphic recovd {Figuvre 3),
A second file contains the data in digital form for imput to one of the
attitude determination programs described in the next sectiom. There is
also an option to output a vormalized data tape formatted for a CRT dis=
play device. Details of the frame start and lipe start determination avre

degcribed balow.

Determination of Frame Start

Frame stari and line start marker bits are included in a fixed position
in a 120-bit preawble at the beginning of each picture data recoxd on
the raw ingest tape. Initially the preprocessing program relied upon a
line-by-line test for the frame start marker bits. This procedure
proved unreliable for several reasons and was replaced by detection of
the horizon motch., (In some cases, more than one frame start marker was
found. In others, the marker was not present, or could not be found
because of garbled data or a shift in position of the marker bits from
those tested. Finally, the mavker when found was often several lines
above or below the frame start scan indicated by earth edge data.)

With earth disk edge points provided, the tables of horizon sample numbers
are examined to find the notch between the retrace scans and the first
scan of the picture to be mapped and to determine the mid-earth sample
pumber, Use of the upper horizon notch was reliable (and accurate to
within 1 pilcture scan) where well definmed, The previously discussed Fig-
ure 6, illustrates the northern horizon notch (maximum left earth edge
sample number) for an ATS-I plcture, However, after the attitude maneu-
ver of November 8, 1969, the picture included the wnorthern edge of the
earth disk so that the notch widened into a gap, with the telescope seeing
only space at its northward limit. In this situation the program errone-
ataed frame start at an earth edge above or below the gap.

ously loc

-



Consequently, the logic was wmodi:
bottom of the picture and to ba:
midearth scan. (1f the southe:
number is obtained by subtracring

Line Start Normalization

Lihin the
ek same

b the mid-
lon of left

in the space

The constant shift to be applie
format of each line is the difi
ple number and the rasteyr center
earth sample number can be found is
and right edges of the earth disk, and
viewed portions of the scan.

which the
rtioms of each
values exceed-
in the absence
wost favorable
at § for

L or greater
gver, during
: increasingly
folioving the mid-
reshold has been set
above the threshold

a threshold

s2 aft the upper
wmtion level

The horizon detection logic is cne
digitized picture is seavched, s Lig
line and working toward the picture ceps:
ing an input threshold are found. This
of noise in the space viewed portions o
cases, satisfactory results we i34
space and 1 or greater for es .
were required to avoid occasional 2
the course of the operational experim
noisy, and the effect of the noiss h
October amplifier alteration. A% his
at 16 or greater for earth, and 20 su@@&@@fvw v
are set as a minimum to eliminste noise bﬂf&img
results in too small an earth population espe
and lower latitude limite of the picture whers
is low.

carth disk from

£ the deternination

h  sample number is
tude from

St acouracy
preprocessing
oF nolse samples in the
of each line. ¥From the
ssive sawples above
and used, This
the space
samples to avold
»f the line
h of the

e

The loss of accuracy in the position of the adge
use of a high threshold does not significantly aff
of frame start. However, the posirion of the wic
adversely affected, and the determination of
horizons, described in section ¥ below,
obtainable. For this reason, logic hag baen
program to examine the m&gﬁdbﬂdﬁ . =

space viewed portion at the left amé right
noise distribution, thresholdg and the num
threshold required to reject moise bursts, r
"dynamic thresholding” procedurse hss not workad
population tested has been limited to the outermost
earth response, and because th 3 6 13

is not representative of noise
picture.
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In ovder to gain stability in the mapping operation, the procedure now
used for line start normalization is to average the left horizon sample
number for 50 lines nearest to the disk center, as found with a threshold
of 16. The shift applied is the difference between this average left
horizon position and the hypothetical left edge of a centered earth disk
with a sample population of 3800, (This value for the number of samples
in the full earth disk is discussed below in connection with the horizon
method of a2teitude determination.) In Section 111 mention was made

of a systematic tendency for steeper westward slopes in bright image fea-
ures and shallower slopes to the east, This lack of symmetry is also
shown by the shift in mid-earth sawple numbers with different thresholds.
One picture wes tested with thvesholds of 4, 8, and 16. The threshold of
4 was too low and triggered by noise outside the left horizon too often
to permit a valid average. The mid-earth position for the threshold of
16 was shifted by 5 samples to the left from that for the threshold of 8.

Bias in the centering of the normalized data tape, as indicated by the
mapped output, is nearly constant and is compensated for by a change in
the spin-component of the input camera-attitude in the earth location

calculations.
Y. ATTITUDE DETERMINATION

Earth location calculations described in Section VI compute the latitude
and longltude corresponding to a given scan and sample number in the
picture by intevrsecting the earth spheroid with a ray of known direction
from the loown position of the satellite. The direction of the ray is
obtained iu two steps, First direction cosines in a camera coordinate
system are found from the image scan and sample numbers., These direction
cosines are then converted ilnto corvesponding values in the geocentric
coordinate system used for the earth spheroid by multiplication with an
orientation matrix which relates the two sets of coordinate axes,

The attitude determination procedures described here find three angles
required for computation of the orientation matrix: the right ascension
and declination of a geocentric vector parallel to the satellite spin axis
and the rotation about the 8pin axis from mid-earth to the center of the
plcture format. Two basically different approaches to attitude deter-
mination were developed during the course of the experiment. One makes
use of both illuminated hovizons in a picture taken near local noon; the
other, of landmarks (well-defined cosstline points) appearing in the
picture. The program using the carth-edge position requires more computer
time and stovrage, and is worve vulmerable to noisy picture data than that
using landmarks. Tt has not been used to provide the attitude input to
the earth locator programs, but has provided useful information as to the
incremental angulav change along a scan (radians per sample) and the drift
of the mide-carth sample position from top to bottom of a picture., It is
potentially useful for a quick attitude detesnination immediately after a
spacecraft attitude maneuver until landmark line and sample numbers can be
determimed. (An earlier horizon method (2) requires earth edge data from

.8 -



one or two pictures per day weve processed digitally.) A description of the
method and some results obtained with it are contained in Appendix 1. The
landmark approach was initially programmed using a conventional photogram-
metric procedure (4), modified for the difference between the ordinary per-
iwage geometry. This proceduce requires three or
ity of landmarks seen by the SSCC from
gitude, a more sophisticated procedure

2 series of pictures and could wnot be used in this experiment because ounly

spective view and the 83
wove landmarks, Because 0; ihe s¢
the ATS-1 satrellilite at 150° Long

requiring only 2 or move landma was developed by Mr., Deunis Phillips and
this has been the priwa sourcs of attituds input to the earth locator

PTORTARS .

The present method using recognizable iar features is only semiautomsted
bopdefree, singular ravgets such as islands and coas illne irregularities

ave detected by eye., Their pictus linates ave estimated within a sample
ar two with the aid of enhanced ims . 4 grid specifying line and
sample pumber is melded with a pi sector which has been greatly expanded
by replicating each sample on the display raster. Gray scale enhancement
is employed in order to emphasize 1siline discontinuities and spatial smooth-
ing is avoided so that eye discrimination is possible on an individual sample
basis. Sample sectors are shown in #. Sector boundaries can be esti-
mated under stable conditions since the normalized tape provides the data
source, A family of such sector imay is  routinely obtained as Polaroid
prints. The observed picture coordinzres for kanown land features are utilized
along with equivalent coordimates provided E%waugh a preliminary attitude
estimate in order to arrive at the final calculated value {see Appendix 2).

been ewxpended toward the auvtomation of
the above procedure through pattern vecopnition. The first step involves
edge detection in order to gemerate a family of %, y points for each selec-
ted land feature. Although Laplacian and slope methods have been tried, most
experimentation has been done using simple brightness thresholding. The
latter is least costly in computer time but does demand signal stability.
Since a local noon picture is used each day, this has pot been a serious
problem. Also, the brightness slice level is separately adjustable for each

target sector.

Meanwhile, a substantial effort has

Once edge points have been genevated, there vemains the automatic determina-
tion of the offset between the observed points and those generated from the
attitude "first guess." Here, added pattern manipulation is utilized in

order to reduce the search pemalty in the matching process, Figure 9 will

help explain the process. The family of boxed Ffigures {upper) represent the
locations ave transformed into

imaged land feature locations. ‘The knwmw
picture coordinates through the initi attvitude estimate., The i, § coordi-
nates are actually "normalized"” equivalents of the %, v image coordinates.
This transformation is dome in ovdey ywide a stendavdized arvay for the
matching logic program. Sine i are introduced into the array
by the sparcity of measured p“ es5), a vealw of contiguous

elements has been created by 1@&17P~

ims now becomes a simplev

Seeking a match between
march tests watil at least

process, At present, this 1



75% overlap is found between the two realms.

An average distance between corresponding points is applied as an adjust=-
ment to the image position of the known landmark features and another wmatch
is made. This continues until a minimum variance of the distance is found.

There may be erromeous 'landmarks"”, L.e. cloud edges within the image realm.
Supposedly, the landmarks to be matched will be distinct from the erroneous
values. The best fit, i.e. smallest variance of the distance will occur when’

the proper landmarks are matched.

In the landmark-poor Pacific scene of ATS-I, some thought has been given to
the use of island clusters as landmarks. The islands in a geographic sector -~
even if visible only through convective or oragraphic clouds which they sup-
port = would be expected to create a unigue point pattern. A brightness
slice through a companion section of the awbient picture might additionally
contain cloud streets arising from the island cloud systems. Even so, the
matching procedure might operate., A prelimihary investigation was conducted
in order to explore possibilities of such a technique. Using mercator mapped
ESSA 9 imagery, the mid-Pacific island scene was examined and some multiday
computer compositing was done., Apart from Hawaii (routinely used), New
Caledonia and F1ji sector offered promising possibilities. Although further
work is planned, island landmark utility may well remain somewhat marginal
until the higher resolution GOES imapery becomes available.

Several methods for determining the attitude of ATS spacecraft are de~
scribed in Reference (3). One of these which has been programmed for com-
puter processing makes use of antenna polarization and sun data (Reference 3,
Volume 2, Sections 5.1.3 and 5.3.3) and is reported to have an estimated
accuracy of 0.5 to 1.0 degrees of great circle arc. This is sufficient for
some spacecraft management purposes, but inadequate for mapping. Others
(Reference 3, Volume 6, Section 8.1.5 and Reference 5) which utilize earth
edge data from one or more pictures obtain attitude estimates with standard
deviations ranging from less than 0.1 degrees of great circle arc for a
single picture to 0.02 degrees or less using combined data from several pic-
tures, The methods developed at NESC for the mapping experiment are compa-
rable in accuracy to the latter figure and have operational advantages in
that they do not require the processing of several pictures in a sequence,
and do not require prior knowledge of the beta dot setting used in the pic-
ture processing at the data acquisition station, For this experiment, their
use was made practical by the stability of the spin axis orientation between
attitude maneuvers which permitited use of the same attitude for several days
while landmark picture coordinates were being obtained for a new determina-
tion. For any full fledged mapping operation using pictures from a geo-
stationary satellite, an attempt should be made to determine spin axis drift
rates in right ascension and declination. If these drift rates are stable
and not insignificant, mapping accuracy could be improved by using predicted

attitudes.



VI. EARTH LOCATION AND THE MAPPED OUTPUT

With normalized image tape, orbital elements, spin axis attitude and picture
start time, the earth location calculations can begin. Software used is an
outgrowth of similar programs which support the ESSA vidicon image mapping
operation (7). Modifications are similay to those employed in mapping Wiwm-
bus scanning radiometer data. Latitude/longitude locations are computed fov
4 sparse array of image elements. By arraunging this array in binary iucrew
ments, interpolative logic can be programmed without using costly multiply
instructions. Accordingly, the lines and samples are spaced 32 elements
apart ~ a sparcity which still permits lecation of intervening samples by
simple linear interpolation. The open array latitude/lengltude points are
converted to square mesh map overlay coordinates before the interpolative

process begins,

For Mercator mapping, the map mesh size provides 25.6 elements per geoccentric
degree of arc, Approximately 100 degrees of arc ave mapped in both E-W and
N-8 directions. Because of N-§ elongation of the Mercator map geomeiry, the
resulting array consists of 2550 x 2968 elements. The mesh size is chosen
for convenience in scaling certain facsimile transmission products and be-
cause the line-to-line camera resclution is also approximated. Even so,
picture sample population is inadequate in foreshortened edge areas -
particularly in the high-latitude reglons where map squares represent gmali-
eér areas on earth. A sample picture is presented — first, recorded direct-
ly in its original perspective (Figure 10) and then in Mercator mapped form
(Figure 11). Two images, adjacent in time, are presently being wapped on a
daily basis with image products being distributed on a real-time basis.

Midlatitude sectors are also being mapped in polar stereographic form om a
single-picture-per-day basis. Here the map array is based upon the standard
numerical prediction grid with each large square subdivided into a 64 x 64
fine mesh. Average resolution for this array is somewhat greater than two
miles., Samples from the same source image are shown in Figure 12,

All mapped imagery is held in reserved disk space on the CDC 6600 for image
product extraction and other quantitative product experimentation.

Each day, three archival tape files (two reels) are produced containing the
two Mercator mapped images and the single picture polar sector pairs. Ade-
quate documentation is provided for future experimental use,

The entire diagnostic and mapping operation represents a substantial daily
computing investment. Beyond the minor commitment for preliminaries, each
Mercator mapping requires 16 minutes of computer time, Because of the ap-
proximate alignment between raw image scan line data and the map mesh array,
little can be done to improve the efficiency of this program., However, the
polar sector arrays are not aligned with the scan raster and speclal care is
required in reducing semireédundant disk accesses. FEarlier versions requir-
ing over twenty minutes per polar sector mapping have now been reduced. to

ten minutes.

Mention should be made of efforts toward brightness normalization of the
mapped image since many projected uses would be strengthened, Although not

o 11 -



yet a part of the daily routine, software is in test for this purpose. First
versions have altered raw response as a simple isotropic function of the
solar zenith angle. Such normalizing creates brightness discontinuities
unless care is taken to proceed in smaller horizontal steps where the correc-
tion profile is steep. Corrections stepped at varying horizontal intervals
are being tested in order to avoid such discontinuities.

Accuracy in the mapping operation continues to be less than that desirable
for a routine operation. Horizon detection problems and the dearth of land-
marks in the Pacific are prime contributing factors. For automatic cloud
displacement determination using adjacent picture pairs, the relative map-
ping error is more critical. Under normal conditioms, a cross-correlation
technique usually indicates a relative error in the order of 2-6 picture
elements in mapping the Baja California coast. The absolute error may be
30-60 miles. Operational utility is maintained under such conditions since
cloud motions are expressed as average displacements using 120-150 mile

sectors,

A variety of factors have influenced the operational experiment. Receipt of
proper digitized pictures has been adversely influenced by: higher priority
demands upon the ATS-I spacecraft, ground receiver/Line Stretcher problems,
and problems with the communication line or with the DPT. The intent has
been to retain one digital picture tape per day during the June - October
period and two per day thereafter. The percent of successful days, overall,
is 44. From November 1 through December 15, percent success involving two
tapes per day was 71.

Similarly, the goal has been daily mapped imagery, first on a one-per-day
basis and, since November 1, two per day. Additional problems arise here.
Operable software fails with changing signal conditions and alterations must
be made. Human errors occasionally occur in preparation of parameter cards
and in the proper sequencing of computer jobs. Large=scale computer outages -
both from computer hardware and site (power and air conditioning) problems -
have also been responsible for substantial contributions to the mapping
problems. From a marginal beginning, single picture mapping is now adequate
in about 70% of the cases with proper input tapes. For days with pairs of
input tapes, a mapped pair is usable for cloud motion computation only 50%
of the time.

VII1. OUTLOOK AND RECOMMENDATIONS

Although the operational experiment is continuing and has not yet been
extended to cover the ATS-III satellite, experiences thus far have provided
considerable insight and have generated opinions concerning the necessary
attributes for the projected GOES system, The following paragraphs, there-
fore, are phrased as suggestions and recommendations toward a stable opera=-
tional system for the mid-seventies.

Properties of the Imaging Signals

A request that sensor response be retained to a maximum degree with minimum

« 12 -
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Hundred-line histograms of the right-hand
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Figure 11. Mercator mapped equivalent of the picture shown in Figure 10,
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APPENDIX 1

Horizon Method of Attitude Determination

An observation equation is set up, for each picture line selected of the
form

AX + BY = sine(E)

Where: A = - cosine (omega)
B = gine (omega)

omega = satellite argument from ascending node at
the time of the scan (argument of perigee +
true anomaly)

X = sine (phimax) . sine (lambda)
Y = sine (phimax) . cosine (lambda)
phimax = angle between spin axis and orbit normal

lambda = value of omega at which the spin axis
elevation angle passes through 0°
going positive (relative to subsatellite point
tangent plane)

E = instantaneous elevation angle of spin axis
at time of the scan line

(These equations express the roll component of the roll-yaw interchange
around the orbit as used for attitude determination from V-scan data (6).)

X and Y are solved for as unknowns in two normal equations derived by the
method of least squares from the observation equations, and combined to
give values of phimax and lambda. These in turn are converted to right
ascension and declination of the spin axis vector by rotations involving
the orbit inclination and right ascension of the ascending node,

Orbital elements, epoch date/time and picture start date/time are read
from data cards and the time for each line is updated using the satellite

. Aol -



spin period. The line-by-line values of the satellite orbit phase angle
(omega) are computed once per run and stored for use in successive
(iterative) solutions. The spin axis elevation angle (E) for each scan
line is obtained from a comparison of the observed earth sample population
with tables of theoretical earth population vs scar line number which are
recomputed during each iteration using the spin-axis attitude from the
preceding iteration. For a spin axis fixed in inertial space, and not
aligned with the normal to an inclined orbital plane, there is continuous
variation of spin axis azimuth and elevation angles (referred to north,
east, and up at subsatellite points) around the orbit. <Changes in azimuth
have no effect on the earth sample count for a spherical earth, and very
little for the spheroid. On the other hand, earth emsple counts for a
given scan line do vary markedly with spin axis elevation angles for lines
crossing the earth disk well above or below its center (see table 1).

The theoretical sample count is computed for each scan line, as follows:

a. An initial attitude is read from data cards. (For example, right
ascension and declination of orbit normal - or - last previous determination
of spin axis attitude.)

b. The cone-angle for the scan is computed and successive spin offsets
from the mid-earth position of the telescope are assumed.

¢. For each assumed position of the telescope, direction cosines are

computed and projectdd from the satellite position to intersect the spher-
oid. The initial spin offset is increased by a constant increment until
the radical term in the solution of a quadratic equation in slant range
becomes negative, indicating that the ray no longer intersects the earth.,
The angular increment is then halved and the spin offset decreased until
the earth is again intersected, at which time the increment is again halved
and the spin increased. This iteration is continued until the tangent ray

is approximated to the desired accuracy.

d. The tangent rays thus determined are projected onto a plane normal
to the spin axis and the angle between them is converted to a sample count
by dividing by a comstant (vradians/sample).

The full set of theoretical earth sample counts for the picture is scanned
to find the largest, and two subtables are set up: one for the top, one
for the bottom of the picture to be used as argument tables in later
interpolation. Two sets of function tables are set up parallel to the
argument tables -~ (1) the corresponding scan line number and (2) the spin
axis elevation angle for that scan line computed from the assumed attitude.

For each line, L, the appropriate (top or bottom)argument table is entered
with the observed earth sample count and interpolated values of computed
spin axis elevation angle (Ec) and corresponding line count (Lc) are

obtained.

- A=D =
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Spin axis elevation sugle is then computed ag
E =fc +(L - Lc) * Constant {(=radisans/line change in

tzlescope cant angle)

For example: Referring to table 1, if the sawmpie count for
line (=500) in colwem {3) is taken as an observed valus and
coluan (1) sz argument table, the corresponding sawple nount
iz found at line (-600)

Fo = 0, Le = (=600) L = (=500)
E =0 + (~500-(-600)) * 0075 %fiige = ¢ 75"

IABLE 1

"
Theoretical Earth Sample Counts

Elev ém@i@%@? Elev Angl@mﬁc Elav Amglewﬁé?ﬁo Elev Anglam0,75°

Scan Line Azimuth =0 AzimuthMGﬁ?S@ Azimuth s} Azimuth mﬂ.?So
Top
=1 000 1791.8 1791.8 1097.7 1097 .7
- 900 2280 .4 2240 .4 1790.4 1790.4
- 800 2575.7 2575.7 2238.9 2238.9
- 700 2838 .4 2838.4 2574,2 25764.2
- 600 3047.5 3047 .5 2837.0 2837.0
- 500 3213.6 3213.6 3046 ,2 3046 .2
Center 4
0 3561.7 3561 .6 3548.4 3548.4
+ 500 3213.3 3213.3 3344 .4 3344 .4
4+ 600 3047 .1 3047.1 3214.9 3214 .9
+ 700 2837.9 2837.9 3048.9 3048.9
4+ 800 2575.0 2575.0 2839.8 2839.8
+ 900 2239.5 2239.5 2577.0 2577.0
Bottom
+1000 1790.6 1790.6 2241 .4 2241 .4

* Computed for a subsatellite point latitude at 1° north, height 35,800 km,
Radians-per-line 0.0001309, Radians-per-sample 0.000085242, :



in order to obtsin accuracy with this method, it is necessary to exclude
scan lines near the center vf the disk where the earth sample population is
insensitive to changes in spin axis elevation angle, and to include in the
solution scans at hoth top and bottom 80 as to make use of information from
as large a portion of the orbit as possible within the confines of a single

picture.

The program computes the sun elevation angle at each theoretical horizon
point and flags those where illumination is insufficient. The corresponding
observed earth-edge data are not used in the solution for that iteration.

To extend the range of lines used in the solution, for pictures in which

only cne or the other horizom is in sunlight at the greater north and south
latitudes, it is necessary to determine earth populatioms from a gingle
horizon. To permit this, the program logic includes a least-squares solution
for the mid-earth sample number at the .top of the picture, and a straight
1ine slope of mid-earth position from top to pottom, which best fits all of
the illuminated earth edge points. (This assumed straight-line drift approx-
imates small errors in spin phase resulting from imperfect setting of the
"heta dot' value which contrels the line synchronism.) Accuracy in attitude
determination also requires a precise knowledge of the radians-per-sample
comstant used in comverting rotations about the spin axis to theoretical
earth sample counts. The least squares solution for the mid-earth lime also
computes a value for this constant which will minimize the line-to-line dif-
ferences between observed and theoretical earth populations.

The radians-per-line constant could be more simply computed as the ratio of
radians-per-second (obtained from the satellite spin rate RPM) to the samples-
per-second digitizing rate. Lacking precise informationm on the A/D converter
rate, recourse was made to the least squares solution mentioned above, and
also determined empirically from the mid-earth-disk sample population and

the corresponding angle at the satellite between tangent rays to the left

and right horizons. For the ATS-~I sitellite, at a distance of 42167 kilo-
meters from the center of the earth,” this angle is 0.30373 radisns, and an
average earth population obtained from 20 pictures, with the threshold at

16, is 3786 samples., Use of a lower threshold would increase this number.
(For one picture a difference of 16 samples was observed between thresholds
of 8 and 16.) The ratio of 0.30373 radians to 3800 samples gives a value

for the constant of 79.93 microradians-per-sample. This value is in fair
agreement with that which would be obtained for the current ATS-I spin rate
of 93.5 RPM with the A/D conversion set to represent 20° of spin rotation at
100 RPM by 4096 samples. (79.68 microradians-per-sample and an earth sample
population of 3812.) The program currently uses an input value of 80.0
microradians-per-sample with an option to use the empirically determined
values, if desired.

1 An average value for the semimajor axis determined from 10 sets of orbit-

al elements is very mearly 42167 kilometers with variations not exceeding 2
kilometers. Variations in earth-satellite distance around the orbit, which

has an eccentricity on the order of 0,0003, is on the order of + 12 kilometers,
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Opevational »
between June 20, and for one week in August and another in

September ., s is being vun only on weekends., The earlier atti-
tude determivarions ¢ generally of low accuracy as various program flaws
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Date
1969

6/29
7/20
7/31
8/ 1
a8/ 2
8/ 6
8/18
8/20
9/ 6
9/ 9
9/12
9/15
9/21
16/ 7
10/10
10/19
10/26
11/ 2
11/ 5
12/30
i/ 9
1/14

1/17

21326
2128
213z
2130
2133
2144
2139
2132
2136
2140
2133
2136

2130
2119
2124

2150
2136

2132

203G,71-.30

2006, 79+, 33
2016.324, 32

2044, 834,33

1978, 144,18

1878,154. 2%

2037,33+, 23

2006,58+,58

13,11

.18

24.,08%,39
14 06+, 12
12,814, 15

b 18

A

"2 R ;;;7

Microvadians

_per Sgmple

80,095
79,804
79,750
79.859
79.976
79,895
79,990
80,044
50,080
80,050
79,787
80,218
80,190
79,848
79.943
79.862
79.827

80,210



APPENDIY 2

Atritude Calceulation with the Landmark Method

Ueing two ov move landwarks, attitude can be calculated by minimizing the
square of the difierence of direction cosines for rays from the gsatellite to
landmarks as determined from the ohserved image position, and from the imsage
position cowputed ualng the estimated attitude, The rvay directions coxre-
sponding to the two sels of jwayes are first converted to uvolt vectors
("observed" and "computed'). By muleiplying the computed vector by & rota-
tional matrix and subtracting the ohserved vector, an errogx vector 1s
obtained. The squaves of the three components of the error vector are added
to obtain & function of the three rotation angles. The functions thus
obtained for each landmerk are combimed to foxm a composite function of the
attitude. The fumctiocn can be minimized by finding the point where it has a
zervo slope.

Let B (eggfgsﬁk } be the rotational matrix, whexe of is the yaw angle,
fg is the voll angle, and ¥ 1is the pitch sngle.
B =

[ OS5 g% cos ¥ 08 @ SuhY giR (5

- G @ Riket LOEEY ~ COB A SLAY -~ gm@émm% sing-4coselces¥™  co8 Bgme&

-~ $ik Beosel cosE ¢ Sinel SIRE - S in P osd SLRE - Cose SINE cosBeos«

o

L.,
Let Bii be an element of B: 1 = column j = row
if E is the unit vector of a known landmark, then let Ej;e be an element of
the Kth landmark
j = the axis number of the vector.
Let Py be an element of the unit vectoxr of the ¥’th. observed landmark P.
i = the axis number of the vectox.
1f we rotate each element of E by B and subtract P the result will be an
error residual.

)
%B% - E,Siﬁ w?ég = STLOYr

1f we sum the squares of the vesiduals for each element of the unlt vectors
for each landmark we get & function of @£34§§§%

> EZ(% By B~ 5” = Fle,p,®)

kres g vE 1

where M 1is the number of landmarks,

w AeB =



If wve expand this we get

Mo §
2% [Z (B B + Bia Eow + BB, — %;{J) :}

K4 teq
M 3
_ = 2 2. 2.
= Z EL (’Qn E”( + Bi& E&:; + Bj; E_;; 4+ ok ELQBLQ_EWE
Kwq =1 e
+a2 . gs_g E&&f Egk» + o %Eu Egpe + Ec’.a.Ez.x'
+ Bis Esk‘z P + Px?)]
3
Si B i i 1 i
nce 8 a rotational matrix (Zﬂ; B Biew = 1,
and i Bie Bijj =0 (j#K).
f=mq
Then

3 R 2 2. 2. 2 2. ... £
Z QBL? B, + By Ege + Big Eak) = Egpe +Eae + By R

=4

and Sz 2](Biy Bia) Eue Eae + (R Big) E e oy + (BB 1) Ena Ea)
=0,
Then P becosmes

A9
F= Z [&.ﬁt { ( BM Em + B Eaef: +Big Eﬁ&:)ﬁb} + Cez]
k1 b=1

2. 2 . 2 2
where C,. is a constant equal to [  + E@aw @Eak g t P + PKB

o

Since we are only concerned with where F becom2s a minlmum, the constants
can be ignored,

o A0 .«
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Then F’ becomes the matrix multiplication

Fl= (BQPV which equals B(EP)
and 1f R=EP, F'(«, p.¥) = B, (&a“f’)‘ R,

where R is a constant matrix.

The point where ¥ has a minimmm is found by adjusting am imitial value of

oty B R by the negative gradient of F. This process is continued
until the grsdiemnt approaches a level close to zevo.
ok
gy = oy ""“Q’a% >

= 2E
ﬁi#?mﬁéma’a@ 2

x%*i =Y -a g%%é 2

[

where a = a weighting factor for the gradient to prevent over correction.
The values of roll and yaw thus computed are converted into right ascemsiom

and declinatiom of a geocentric vector parallel to the spim axis. The pitch
angle represents rotation about the spin axis,

© A=lO -
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