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Abstract Tropical Rainfall Measuring Mission (TRMM)
TRMM Microwave Imager Data (TMI) @

This paper presents an overview of the Tropice
Rainfall Measuring Mission (TRMM) Attitude Control
System along with detailed in-flight performanceuiés
of the TRMM Mission Mode. TRMM is a joint mission
between NASA and the National Space Developme
Agency of Japan designed to monitor and study ¢edpi
rainfall and the associated release of energy. TI
TRMM spacecraft is an Earth-pointed, zero momentul
bias satellite launched on November 27, 1997 frol

o  ow Rainfall rate Hih

Tanegashima Space Center, Japan. Prior to céibrat Cyclone Susan, 5th January 1993
the spacecraft attitude showed larger Sun sensar vy o107 e
updates than expected. This was traced to nosgurstor Figurel: TRMM Science | mage

misalignment but also to a misalignment between the

two heads within each Sun sensor. In order tocavoi The TRMM spacecraft, shown in Figure 2, was
alteration of the flight software, Sun sensor tfans launched on the H-Il Expendable Launch Vehicle on
function coefficients were determined to minimize t November 27, 1997 from Tanegashima Space Center,
error due to head misalignment. This paper dessribJapan. The spacecraft is three-axis stabilized, iiear

the design, on-orbit checkout, calibration andircular 350 km orbit with inclination of 35 At
performance of the TRMM Mission Mode with respectaunch, the spacecraft had a mass of 3,523 kgdirgu

to the mission level requirements. 903 kg of fuel and pressurant.

TRMM Mission Overview

TRMM is a joint mission between NASA and the
National Space Development Agency (NASDA) o
Japan designed to monitor and study tropical rhinfg
and the associated release of energy shaping b
weather and climate around the globe. TRMM is th
first mission dedicated to measuring rainfall thgbu
five microwave and visible infrared sensors, inahgd
the first spaceborne rain radar. Launched to pea
validation for poorly known rainfall data sets geated
by global climate models, TRMM has demonstrated i
utility by reducing uncertainties in global rairifal
measurements by a factor of two. A sample image
taken by one of the TRMM instruments is shown in
Figure 1.

Figure2: TRMM Spacecr aft

TRMM Attitude Control System Design

The TRMM Attitude Control System (ACS) Mission
Mode is required to maintain a nadir pointing att#



with requirements shown in Tablé 1Since the science commands to the actuators. The TRMM ACS operates
requirement did not specify either a geocentric aat a 2 Hz control rate while in Mission Mode. All
geodetic reference, for convenience the nadir eef®@ TRMM ACS components are fully redundant and cross-
was defined by the output of the chosen Earth Sensstrapped with the exception of the MTBs which have
Assembly (ESA). This resulted in a nadir refere(€e redundant windings that are not cross-strapped.

defined by a horizon bisector of the €kbrizon of the

Earth, so that spacecraft pointing is provided with rcseusary
respect to a quasi-geodetic position. Analysiswsho 1 -
that this reference frame is approximately 8 fam the M Evos
geodetic frame with nominal ESA performance. o e
Table 1: ACS Mission Mode Pointing Requirements
Characteristic Requirement (per axis)
Pointing Knowledge, 0.
on-board (8)
Pointing Accuracy 0.4°
G | Em T
Stability (peak to 0.1° over 1 sec
peak) e
Note: Shadmg denotes number of each  component required to perform mission

Due to an instrument thermal requirement that thie +
side of the spacecraft stay cold, the Mission Maxle

required to operate in either a +X forward or —X The ACS Mission Mode utilizes a static ESA, two

forward orientation. The spacecraft is commanded Hss's and IRUs for attitude sensing. The ESA [ifesi
rotate 188 about nadir (yaw) every few weeks Wher?oll (X) and pitch (Y) axis attitude error measuests.
the _Sun crosses the orblt_pla_ne. Due to these y w (Z) position is determined with DSS updates and
rotations, the spacecraft maintains an angle bésmm propagated between updates using gyro output. Four
Sur:f)and the spacecraft X-Z plane of betweeradd RWAs arranged in a pyramid configuration are used f
8.4 control. The TAM and three MTBs are used for
. . - momentum management. A simple Proportional-

The TRMM ACS.arch|tectU(e is shown in F'gure.31ntegraI—DifferentiaI (PID) controller is used inid4ion
The ACS is comprised of Attitude Control Electranic ode, as shown in Figures 4 and 5
(ACE), an ESA, Digital Sun Sensors (DSS), Inertia‘vI ' '
Reference Units (IRU), Three-Axis Magnetometers 0
(TAM), Coarse Sun Sensors (CSS), Magnetic Torquer M

Figure 3: ACS Architecture

Bars (MTB), Reaction Wheel Assemblies (RWA), ’@
Engine Valve Drivers (EVD) and thrusters. The AGE 1s [o

comprised of an 80C86 processor, DC-DC converters, L«J + TTc(;ﬁ;'L
and actuator and sensor interface electronics. AGie e i |
processor formats raw sensor data, decodes commands

and contains Safe Hold flight software. The ACE F.2.0.0.1)
transmits the sensor data over a 1773 fiber oplita {(.ps} i

bus to the ACS processor to be used by the ACS B J—
software and down-linked in telemetry. The flight Processing
software for initialization, attitude determinaticand Ts = 0.5 sec @=roll angle
control, momentum management, ephemeris generation, wo =orbitrate  @=pitch angle
solar array commanding, High Gain Antenna (HGA) e=ephemeris - $=yaw angle

commanding, mode management and Fault Detection Figure4: Mission Mode Roll / Pitch Controller
and Correction (FDC) are implemented in the ACS

Processor. The FDC software provides tolerancae of

single point failure with minimal interruption t@isnce

data gathering. The computed control torques en¢ s

back to the ACE, which relays the appropriate
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L) 4 W .
= :5 O /Y; c On-orbit checkout of the TRMM Mission Mode
=05 sec e uncovered two unexpected performance featuresh Bot
‘;‘“es::r‘n:z . anomalies were dealt with by uploading new table
@=roll angle *+T°yaw values in the ACS flight software.
@=pitch angle
yrymene > Soon after launch, a significant inconsistency leetw
Figure5: Mission Mode Yaw Controller the output of the DSS’s was found. Consequenéghe

on-board yaw attitude update resulted in a sigeaific

The ESA used on TRMM is an infrared horizorattitude change. The yaw measurement from one DSS
sensor with no moving parts. The ESA independentMyas inconsistent with the previous update, from the
views segments of the horizon in the centers of tHdher DSS. The spacecraft compensated by
North-East, North-West, South-East, and South-WeBtaneuvering to null the new yaw measurement and
quadrants. Each quadrant contains four detedtmee  COMputing a new gyro bias, based on spacecratiidti
of which are nominally in view of the Earth limbrhe ~motion assumed to be equal to the difference betwee
fourth detector, known as the S detector, is noliyima  the two DSS yaw measurements. The new gyro bias was
view of cold space and provides a space radiatig#sed to control the spacecraft until the next ypdate,
measurement. resulting in a larger update.

Each of the DSS's has a pair of heads mountedThe cycle of DSS and gyro bias correction on-board
orthogonally to provide two axes of information.cha resulted in the spacecraft attitude developingpdugern
head senses the Sun angle in a single axis ovéf a ghown in Figure 7. The ground solution is obtaibgd
Field Of View (FOV) about the head bore-sight axisdyro propagation of the epoch attitude from a batch
Twice an orbit, the DSS readings are compared to #ast-squares computation using a full orbit's eens
ephemeris-based expected reading to provide andsti data. Batch processing of this amount of datalteesu
reference for the yaw axis gyro as well as a new yaan attitude that uses all of the data and therefoneore
gyro bias. One DSS looks in a forward (+X) direnti accurate than an instantaneous sensor measurement.
and another points in the aft (-X) direction, aewsh in
Figure 6. The bore-sight orientations were chasens = The ACS drives the on-board computed attitude srror
to maximize the time during which DSS data wa#0 zero. The On-Board Computer (OBC) attitude

available. therefore shows constant, near zero attitudes é&xtep
B , ‘ each yaw update. When a new inconsistent DSS
TRMM Digital Sun Sensor Fields of View ..
T measurement shows a yaw deviation, the spacecraft
< R P maneuvers to remove it. This results in a brigfesjn
- R r— s the OBC yaw attitude.
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Figure7: Pre-calibration Yaw Attitude



The spikes in the yaw position were found to beould be made to correct the S filter initializatio
caused by a misalignment of the two DSS heads wittowever, the performance with the S filter turndfl o
respect to each other. The flight software assutihatd was deemed to be adequate.
the DSS heads would be mounted orthogonal to each
other, when in fact a review of alignment records  Sensor Calibration and Attitude Validation
indicated that the heads were only mounted orthalgon
to within approximately 02 The effect of this The TRMM attitude sensors were calibrated after
misalignment on attitude performance was minimizethunch in order to improve on-orbit performanceheT
post-launch through sensor calibration, as destribe relative alignment of the ESA and the two DSS’saver
the next section. determined to improve attitude consistency. Chaiige

the DSS transfer function coefficients were deteadi

Another unexpected spike in position error was tbunin order to compensate for the non-orthogonalityhef
to occur in roll and pitch during periods of timénen DSS heads. The gyros were calibrated to improee th
the Sun was in one the ESA quadrant’s FOV. The tdprgeting accuracy of slew maneuvers. Because the
plot in Figure 8 shows spikes in the pitch positawror magnetometers are only used for attitude deterimimat
which correspond to Sun passage through one of threa contingency mode, their calibration is notalixed
ESA quadrant's FOV. It was determined that theskeere.
spikes were caused by the on-board ESA processing.

The S detector output is filtered by the on-board Alignment Calibration: Alignment calibration is
software. When the Sun is predicted to intrude @t performed on orbit to insure that the computeduaté
guadrant FOV, that quadrant is not used in attituds consistent, regardless of which sensors are ased
computations and the S detector for that quadsanbt input and regardless of the relative amounts of dat
filtered. When the Sun is predicted to leave thesceived from each sensor. For TRMM, on-board roll
quadrant FOV, it is then again used in attitudand pitch were taken directly from the ESA whilevwya
computations and filtering of the S detector restime  was taken from the two DSS’s. Ground computatibn o

attitude was performed by a batch-least squares
0a | ACS Positon Errr, Y~uls: Before S-fiterng removed algorithm using input from both of the DSS’s, th8A

J | J and the gyros.
-ty J L ‘ et A portion of the attitude inconsistencies was fotod

| ‘ ‘ ‘ have been caused by misalignment of the DSS’stand t
"o 1&0 2(;0 3[;0 4[‘)0 5(‘)0 6(‘10 7(;0 B(‘)O 960 1000

Iy

1

deg
o

ESA relative to each other. The effect of the
misalignment of the DSS’s was removed by
determining a misalignment matrik], and applying it

to the raw DSS vectors before applying the nominal
alignment transformatiorlyl, to transform these vectors
from the sensor to the body frame.

ACS Position Error, Y-Axis: After Sfiltering removed
T T T T T

A A

Opqy =N M o)
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. _ Time (min) The misalignment matrices, M, were determined using
Figure8: ACS Postion Error two algorithms that gave similar results. Bothdusd
sensor data in a batch least-squares algorithm to

The spikes in position error resulted from an efmor ,inimize a Wahba loss function:

the on-board algorithm which did not reset the Iefrfi

properly when it was turned back on. The spikestlag n ~ 12

dynamical response of the filter as it settles rafiés L= le [A R =N;M,Q, ()
sudden jump in data. The bottom plot in Figure 8 ti

illustrates the position error with S filtering had off

during a period of time when the Sun passes thrévgh where the, is the attitude at timg N,, M,, andW, the
same ESA quadrant FOV. It can be seen that th@minal alignment, misalignment matrix and weigt f
removal of the S filter has greatly minimized tliteet  sensorl, andOy, andR;, are observation and reference
of spikes due to Sun intrusion. A flight softwaleange vectors from sensdrat timet.



squares attitudes computed for the first severaith®o
The misalignment of the ESA was parameterized iaf the mission. Because the ground solutions lis# a
terms of penetration angle biases. These biasethar the data, including gyro data, they are more ateura
difference from nominal that the Earth horizonthan the OBC attitudes and this figure can be clemed
penetrates into individual single quadrants whea tho be a plot of OBC attitude errors. The six \gati
pitch and roll are zero. Differences between patien dotted lines are drawn (on this and on the two
angle biases on opposite quadrants are equivatentsubsequent figures) at the times when TRMM had 180
misalignment angles. yaw maneuvers to change its orientation with retsfmec
the Sun. As can be seen from the figure, uplinkhef
The first algorithm minimized this loss functiontivi new alignments significantly reduced the OBC atfitu
respect to a state vector including an epoch dtitu error.
gyro biases, and misalignment parameters. Thendeco

algorithm minimized the same loss function with
respect to only the epoch attitude and gyro biases
(keeping a identity misalignment matrices for hltee
sensors and zero penetration biases for the ESA) t
produce a reference attitude and gyro biases. cAnsk
step was then used to minimize the loss functi@mgu
the gyro-propagated attitude from the first stepdhw
respect to the misalignment parameters.

Both of these algorithms give relative alignments
because a misalignment corresponding to the rotatio
all of the sensors together is inherently unobdseva
Before launch it had been decided that DSS-2 wbsald
used as the reference sensor. The specifig
misalignments were to be determined so that the
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misalignment of DSS-2 would be identity. This dwi Figure9: RM S Attitude Error

was made because mechanical analysis indicated that

DSS-2 would be less likely to shift at launch tiiz8S- ~ The horizontal dashed line in Figure 9 represérs t

1. The second cause of the attitude behavior stinwnrequired (b) TRMM attitude accuracy.

Figure 7 was due to the two heads of each DSS not

being mounted orthogonal to each other. Because th Figure 10 shows the effect of calibration on thee sif

misalignment was smaller for DSS-1, the referenas wthe yaw update throughout the early mission. Wpdih

changed to DSS-1. the new alignments significantly decreased the eize
the yaw update.

UsingM pss.1= |, the misalignment matrices of DSS-2

and penetration angle biases of the ESA were faand
be:

999.996 -1.98736 -1.99437 Bops | | ;
M s, =|1.99280 999.994 2.72920|x10° g \ Ty Tm— A
1.98893 -2.73316 999.994 2 \ Upinked [ | Now DSS Cosfients |
N . / . . Uplinked
Yol W= L
£ ' o W
-0.1574 Sonl L : ,
Besy = 004639 . yrees < : \H ! ‘V —
7009414 0 R = NV
-.05382 e s ‘
N-97 D-97 J-98 Date F-98 M-98 A-98
Figure 9 shows the root-mean-square (RMS) Figure 10: Yaw Update

differences between OBC and ground batch least-



DSSTransfer Function Calibration: A major It was suggested that this dependence could be
cause of the attitude inconsistency resulting ie thcompensated using new values of the coefficierds th
behavior shown in the figures above wasninimized errors at the time of each yaw updates T
non-orthogonality of the DSS heads. Each DS8liminate the dependence of the a-coefficients fan t
contains two heads that measure angles in twposition of the Sun, the axis of each sensor was taken
nominally orthogonal, directions. These two angles as its reference axis. Because the yaw updatesyslw
and g3, are converted to an observed Sun unit vector ccur when the Sun vector intersected the XY body
the sensor frame by: plane, minimum erroy3 values were obtained using

b-coefficients given by:

tana - ;
O =| tans tar a +tar? g+1) % @y AT ©®)
1 b'=ch =236

] ] Based on pre-launch head misalignments, the ragulti
Analysis of the large attitude changes at each yayg|yes ofc andd were 1.000047 and 0.000085 for DSS-
update led to an investigation of the prelaunchdheg znd 0.999977 and 0.000053 for DSS-2.
mounting geometry. The andf heads of both sensors
(especially DSS-2) were mounted at an angle withas can be seen in Figures 9 and 10, the use oé thes
significant misalignments. If the orientation dfet3 new coefficients (after February 27, 1998) decréase
head is represented as a 2-3-1 Euler sequence, High the attitude error and size of the yaw updaie.
rotation angles of DSS-1 were 0.044, -0.008, aG6. interesting, but unexplained, observation is thefote
deg while those of DSS-2 were 0.206, 0.061, anf2.1yplink of these coefficients the yaw attitude wasren
deg. accurate, and the yaw updates smaller, in the +X
forward configuration than in the -X forward
Unfortunately, the on-board attitude software, theonfiguration. After uplink of the coefficients eh
ground attitude determination software, and thessen values were small in both configurations.
calibration software were not designed to deternaine
use non-orthogonal misalignment matrices. Gyro Calibration: Calibration of spacecraft
gyros does not affect the accuracy of spaceciritfides
Three factors existed that allowed for a relativelys long as the attitude solution method contain® gy
simple and effective compensation for the DSS heaglases in its state vector and the spacecraft rates
non-orthogonality. The DSS data was only used tgpproximately constant as they are in Mission Mode.
update yaw attitudes at one specific valuerdh each Gyro calibration is performed in order to improves t
DSS, the calibration software was capable ddiccuracy of maneuver targeting.
determining new transfer function coefficients the

DSS's, and the on-board software was capable afjusi Raw gyro ratesq, are converted to adjusted rates by:
these new coefficients.

The DSSa andf observations are generated from raw w= G, + b (7)
output of the two heads,Nnd N by: G =MS

[a, +a,N, +a,sin(a,N, + whereM is a true normalized misalignment matria
a =tan™ % aQ a8 ( A aS)} +a, diagonal scale factor matriG the product of the two

|t ag Sm(a7 N, + as) (not orthonormal) anb a bias vector. Using an a priori
5 1_b1 + szﬁ + b3 sin(b4NB + bs)j| values ofG =1 and assumingy is nearly constant:

=tan” . +
+ + I
[+ 0 Sm(b7Nﬁ bg) wW=w,+b" where

(5) L - (8)

b'=b+(MS-1)a,
Non-orthogonality of the DSS heads resulted in a s .
formal dependence of transfer function coefficieois where ' is thesolved for bias vector.

the position of the Sun relative to the sensor $ighd.



During attitude maneuvers, rates are not constant that this error was dramatically reduced by the

the attitude change during a maneuver frontot t
depends on the misalignment matrix, scale factomd,
bias vector.

C

alibration.

Table2: Yaw Maneuver Attitude Error (deg)

Gyro misalignments, scale factors, and biases wgre Attitude Precalibration| Postcalibration
determined using a transition-matrix versioof the | Component Error Error
Davenport methotf. This method requires data fromat Yaw -0.096830 -0.044520
least four separate intervals in which the intezggiatate Pitch 0.010712 0.005767
vectors are linearly independent. For TRMM, an Rqj 0.248440 -0.005775

interval in normal Mission Mode, an interval duriag
180 yaw maneuver, and intervals during CERES andThe increase in targeting accuracy is especially

Precipitation Radar (PR) calibration maneuvers Wefgportant for TRMM because the on-board attitude

used. determination accepts yaw input only twice eactitorb

) , A significant period might therefore elapse betwden
To use the Davenport algorithm, reference attitides onq of a yaw maneuver and the next yaw attitude
times immediately before and after each calibratio During this period TRMM would have

date.
period were computed using data from constant rag%

X nificant attitude error.
periods before and after each maneuver. Becausé

TRMM rates were constant during these periods, it the calibration parameters are correct, the bias
accura’ge reference at_tltudes could be obtalnedm_ef vector solved for using the normal attitude
these times. The attitude at the end of eachredilin  yetermination methods should be independent of the
period depends not only on the attitude at thet Siar (nearly constant) rates. TRMM pitchestatrevolution
a!so on the gyro misalignments, scale factors, a r orbit (RPO) depending on whether it is flying +
biases. Values for these parameters were fourtd tha. -4 or _X forward. Differences between the
minimized the differences between reference atgud apparent gyro biases computed while it rotatestaere
and propagated attitudes at the end of each interva or —1 RPO shows the calibration accuracy. A pfot
The propagated attitudes were computed by propmgatigyro biases during the first 5 months of operation

of the reference attitude at the start of eachrvate shown in Figure 11. The variation in gyro bias
using gyro data adjusted with the misalignmentalesc yopending on TRMM orientation is clearly evident

factors and biases. before the uplink of the gyro calibration parameter
For the first maneuver (on March 21, 1998) aftesth
parameters were applied the computed gyro biases
became nearly independent of TRMM orientation.

The results of the calibration were:

IRU adjustments
-1.0E-04 T T O T 0 T

1000443  -10130810° 67523510°
G 5 76359%10° 100053 -2162%10° aoE0sT T e -
94139410°% 16831x10° 100088 . byl et L
© O
- 1.549155 g 1.0E-04 : : ' L
b =| 1.978161 |x10 *deg/sec g [\J[\} \L f i
0.7820254 g 0T R O —
' ] ' Began applying calibrated
&

The calibration success was evident in two ways.
Targeting of the 180 yaw maneuvers became
significantly more accurate in all three axes. Eher
in yaw, pitch, and roll attitudes after a £8gaw
maneuver are shown in Table 2. This table gives
figures for the same yaw maneuver propagated ulang
precalibration and postcalibration gyro parameters.
Note that, probably due to misalignment, the roll
attitude was significantly in error before calilioat and

-2.0E-04

-3.0E-04

t
N-97 D-97

Figure 11: Ground Determined Gyro Biases



On-orbit Performance: The attitude performance of with the corresponding postcalibration values igufe
TRMM Mission Mode is summarized in Table 3. 12.

In this table three measures of performance arg
displayed: attitude accuracy, yaw update, and thg | } 7777777777
standard deviation of the gyro bias. The attitude h OBC | o

0.04

accuracy is the average over the period of RMS
differences between batch least-squares grourtddss
and the OBC attitudes. Each RMS difference isrtake
over at least a full orbit of data. The yaw updatee an
average of the attitude change that occurred eawh t
the yaw attitude was updated on-board. The standar
deviations of gyro biases show how stable the biase
were during each period.

B e

(00 el e

Yaw (deg)

0.00 1

Ground
-0.02 1

-0.04

-0.06

The periods used for performance evaluation were 0 0 sed Tme e %

e Precalibration: Launch to December 11 (before any
calibration parameters were uplinked)

e Calibration 1: December 11 to February 28 (after
alignment calibration values were uplinked)

e Postcalibration: All of March and April (period
after the DSS FOV coefficients and gyro calibration
parameters were uplinked) 0.08

0.06 7

For the gyro bias parameters only two periods are 004 |
used corresponding to the second and third of thosg
used for the other parameters.

Figure 12: Post-calibration Yaw Attitude

The postcalibration attitude error for TRMM, over a
full orbit, is shown in Figure 13.

P

Attitude Error (deg)

0.02 1
0.00 1

Table3: TRMM Mission Mode Attitude Perfor mance

-0.02

-0.04

o o
3 $| 8 7
ETU |L—5: g'U oo roll
P t . Lo L &18 -0.08 ; ‘ ‘ :
arameter) Axis o =} o 0 1000 2000 3000 4000 5000 6000
S S S
Elapsed Time (sec)
Attitude Roll 0.045 0.038 0.029

Accuracy Pitch 0.036 0.035 0.030l Figure 13: Post-calibration TRMM Attitude

(deg) Yaw 0.130 0.051 0.026

Yaw 024 | 010 | 004 Conclusion
Update (deg)
GyroBias X 0.0312 0.0668}  The on-orbit performance of the TRMM ACS has
Standard Y 0.1046 0.0579] been presented along with the mission level
Deviation z 0.2675 0.0214] requirements. Flight data results show that th&/WR
(deg/hour) ACS is meeting all of the imposed requirementsrafte

sensor calibration. Lessons learned were realized
Calibration of the attitude sensors and gyroduring on-orbit checkout and sensor calibration.

significantly improved TRMM attitude performance.
Before calibration the yaw attitude did not meegsion The obvious lesson learned deals with the
requirements while after calibration it fell wellithin  nonorthogonal mounting of the DSS heads. Thioless
requirements. The mitigation of the unexpected yalgarned deals with the importance of communication
updates was particularly gratifying. The decréasbe between engineers and the importance of allowing
size of yaw updates is easily seen by comparing tfiexibility in the ACS flight software. More though
precalibration ground and on-board attitudes iruFgdgr communication between the ACS and Mechanical

engineers could have prevented a misunderstanding o



the importance of mounting the heads orthogonah wit
high precision. More attention during integrattorthe
detail of the alignment measurement summary on the

References

part of the ACS team could have identified the feob 1.
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and 4 quadrant processing could have uncovered the
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