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Cassini Overview

Mission Timeline:

• Launch: October 1997

• Saturn Arrival: 2004

• Huygens Probe Delivery to Titan: 2005

• Prime Science Mission: 2004-2008

• Extended Mission (XM): 2008-2010

• 2nd Extended Mission (XXM): 2010-2017

• Mission End: Saturn Impact on Sept. 15, 2017
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Spacecraft Description:

• Size: 6.7 m tall, 4 m wide, 11 m long MAG boom

• Mass: 5573 kg at launch (3132 kg of propellant)

• Power: 3 RTGs produce 600 W (at end of mission) 

• Payload: 12 science instruments + Huygens Probe

• No scan-platform; attitude maneuvers commonplace

• Distance from Earth: ~1 Billion miles

• Round-Trip Light Time: ~3 Hours

Attitude Control Subsystem

• 3-Axis stabilized using RCS or RWA control

• 3 orthogonal 36 Nms RWAs (also 1 backup)

• Eight 1N RCS thrusters each in 2 redundant branches

• 2 redundant 450 N main engines 

• 1 Accelerometer (for maneuvers)

• 2 redundant ACS Flight Computers

• 2 redundant Sun Sensors Assemblies on HGA (SSAs)

• 2 redundant Stellar Reference Units (SRUs)

• 2 redundant Inertial Reference Units (IRUs)



Cassini Main Engine and Thrusters
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450 N Main 
Engines

RCS Thruster Configuration 1 Newton 
Monopropellant 

RCS Thruster

Thruster Cluster with 
Two Thrusters Visible

Main Engine Maneuvers

• Bipropellant MMH and NTO

• Only Main Engine-A (ME-A) was ever used

• Two axis gimbal control for Main Engines

• ME-A controlled X&Y attitude error

• Z-axis attitude error controlled with Y-facing RCS 

thruster couples

• Single-axis accelerometer used for cutoff

• Used for all maneuvers >300 mm/s

RCS Thruster Controlled Maneuvers

• A-Branch used from 1997-2009

• B-Branch used from 2009-2017

• All 4 Z-facing thrusters on for maneuvers

• X&Y attitude error controlled by off-pulsing

• Z-axis attitude error controlled with Y-facing RCS 

thruster couples

• Accumulated on-time used for cutoff (i.e. timed burns)

• Used for maneuvers 8 mm/s – 300 mm/s



Maneuver Sequence Overview
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• Two-turn (roll/yaw) strategy used to 
get to/from burn attitude

• For thermal constraints and boresight 
protection

• Accelerometer bias calibrated prior to 
ME maneuvers

• Settling time (for fuel slosh) at burn 
attitude before maneuver

• Settling time (for SC dynamics) at 
burn attitude after maneuver

• No communication once the 
spacecraft begins Yaw Turn (2nd

slew) until after burn is complete and 
HGA repointed at Earth

• Slews on RWA control for RCS 
maneuvers

• Yaw slews on RCS control (with 
RWAs spun-down) for ME 
maneuvers



Cassini Maneuver Statistics

• Maneuvers infrequent during 
interplanetary cruise (1997-2004)

• Fewer Main Engine maneuvers 
during XXM (2010-2017) due to ∆V 
constraint on tour design
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• 502 Maneuvers planned
• Often cancelled if planned 

∆V smaller than ~10 mm/s

• 360 Maneuvers executed
• 183 ME Maneuvers
• 177 RCS Maneuvers

• 1st maneuver 25 days into 
mission (1997-313)

• Final maneuver 62 days 
before mission end 
(2017-196)

• During Tour, 1 maneuver 
every ~4-7 days

• Shortest gap: 3.7 days
• Longest gap: 399 days 

(during Cruise)

• Most frequent gap: 4-7 
days

• 80% of maneuvers were 
less than 3 weeks from 
previous burn

• 3000 kg of bipropellant at launch
• ~59 kg (2%) remained at end of mission

• 132 kg monopropellant at launch
• ~34kg (25%) remained at end of mission

• Remaining amount was ~5 years worth

• 302 kg Huygens probe deployed to Titan’s 
surface in January 2005



Maneuver Sizes

Main Engine Maneuvers

• Largest: 626.17 m/s (Saturn Orbit Insertion)

• Three maneuvers (SOI, DSM, and PRM) 
consumed 69% of the 3000kg of 
bipropellant

• 68% of the 183 ME maneuvers less than 5 
m/s

• >10 m/s was approximate level that 
Operations team considered to be a “large” 
maneuver

RCS Maneuvers

• Smallest: 8.3 mm/s 
• AACS FSW capable of smaller maneuvers, 

but Ops Constraints precluded them

• 66% of RCS maneuvers less than 80 mm/s
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RCS Maneuver Duty Cycles

• 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 % =
(𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑅𝐶𝑆 𝑂𝑛−𝑇𝑖𝑚𝑒)

(𝐸𝑙𝑎𝑝𝑠𝑒𝑑 𝐵𝑢𝑟𝑛 𝑇𝑖𝑚𝑒)
× 100%

• Duty Cycle shown is average for the 4 Z-
facing thrusters
• Duty Cycle for individual thrusters computed also

• Duty Cycle lower than 100% for RCS 
maneuvers due to off-pulsing for X & Y axis 
control
• CM offset caused variable RCS lever arms

• RCS Duty Cycle closely monitored for early 
signs of thruster degradation
• Anomalous thrust degradation of 2 A-Branch 

thrusters prompted swap to backup thruster 
branch

• Gradual duty cycle evolution consistent with 
gradually shifting CM location
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• Two-axis gimbal on Main Engine 
“preaimed” at estimated CM 
location prior to each maneuver
• Telemetry from maneuvers used to 

update “preaim” location for next 
maneuver

• Long term changes in ME pointing 
direction due to mass properties 
changes
• ME gimbal effectively pointed ME-A 

nozzle at CM location to achieve X 
& Y axis control

• Change in CM location visible 
during the 3 largest ME 
maneuvers
• CM motion due to propellant mass 

depletion
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ME Maneuver Gimbal Pointing



• Two-axis gimbal on Main Engine 
“preaimed” at estimated CM 
location prior to each maneuver

• Preaim direction gradually shifted 
due to mass properties changes

• Huygens probe release resulted in 
large preaim shift
• CM shifted from –X to +X side of YZ 

plane

• After Huygens release, preaim
moved in a predictable manner for 
remainder of mission
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ME Engine Preaim Vector



Maneuver Execution Errors

• JPL uses “Gates Model” to compute 
execution error in terms of:
• Magnitude Error – Parallel to direction 

of intended maneuver
• Pointing Error – Perpendicular to 

direction of intended maneuver

• JPL spacecraft are designed to 
achieve maneuver accuracy 
requirements

• Execution Error requirements make 
allowances for:
• Fixed error (i.e. a bias/noise term)
• Proportional error (i.e. scale factor term)

• Pre-launch execution requirements 
can be used for benchmarks of true 
in-flight performance
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ҧ𝑒𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = ത𝑉𝐶 − ത𝑉𝐴 ∙ ҧ𝑣𝐶 ҧ𝑣𝐶

ҧ𝑒𝑃𝑜𝑖𝑛𝑡𝑖𝑛𝑔 = ത𝑉𝐴 − ത𝑉𝐴 ∙ ҧ𝑣𝐶 ҧ𝑣𝐶



ME Maneuver Execution Errors

• Execution error shown in figure 
computed from AACS telemetry 
• “True” magnitude error determined by 

NAV Doppler data (not included) and 
showed excellent magnitude error 
performance (less than 1𝜎)

• Apparent “under burns” in AACS 
telemetry are artificial
• Due to FSW idiosyncrasy that under-

reported post-burn thrust tail-off

• Pointing accuracy met 1𝜎 Reqt. 
once system was calibrated

• Large pointing error for DSM 
resulted from mechanical 
misalignment of engine mounting
• Corrected with commanded 15.7 mrad

burn direction offset

Mission Summary of Cassini Spacecraft Guidance and Control Hardware Health and Performance 11



RCS Maneuver Execution Errors

• RCS maneuver pointing accuracy 
easily met 1𝜎 requirement bound 
for calibrated system

• Clear improvement in maneuver 
pointing error as mission 
progressed

• AACS subsystem never uses 
AACS telemetry to report RCS 
burn magnitude error
• RCS burns effectively “timed burns”, 

so AACS TLM would show zero error
• No independent sensor of RCS burn 

acceleration 
• RCS thruster force too small for 

accelerometer use
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RCS Maneuver Attitude Error

• During maneuvers, RCS 
position error deadband set 
to 8.7 mrad for X & Y and 
17.5 mrad for Z-axis

• ∆V controller included an 
attitude integrator/summer

• Maintained memory of prior 
maneuvers

• Gradually pushed X&Y 
attitude error back towards 
zero line to decrease 
average pointing error
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• A-branch pointing error shows 
polarity changes in position error 
due to large mass changes

• (e.g. SOI burn, Huygens probe release)

• B-Branch pointing error shows clear 
repeatability and gradual evolution 
due to CM shifts associated with 
gradual propellant depletion



Cassini Maneuver Data 
& Conclusions
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• Conference paper includes long table of Maneuver Performance data 
• Includes all maneuvers that Cassini executed in 20 years of flight

• The paper captures for posterity:
• Basic statistics about maneuver size, separation, type

• Analysis of execution errors and pointing accuracy

• Figures that show AACS behaviors during maneuvers

• In Conclusion:  
• Cassini’s 360 successful maneuvers across 20 years of flight are a testament to the 

fusion of a well designed ∆V controller in FSW and a well developed ground operations 
process to execute the maneuver

• Maneuver execution process was continually updated to improve performance and to 
guard against errors

and execution errors.  As I slowly worked my way backward in time, accumulating telemetry from progressively older 

maneuvers, the challenges of this analysis continued to mount.  For example, maneuvers older than one date would 

cause scripts to crash due to subtle differences in telemetry collection.  Querying telemetry for maneuvers older than 

a different date needed a special manual process due to flight software changes that occurred early in the mission.  

Additionally, a great deal of effort by many teams went into the planning and design of each maneuver.  The 

presentations and output files produced by the various subsystems during the OTM planning process were vital parts 

of understanding the context and idiosyncrasies of each maneuver.  However, as I continued to plumb deeper and 

deeper into the seemingly bottomless well of Cassini data, the maneuver planning products that I was accustomed to 

using were less reliably available and ultimately ceased to exist (because they had not yet been developed for the 

earliest maneuvers).  Papers could be (and certainly are) written solely on the topic of how data should be maintained 

on projects with such a long duration.  In the end, many of my questions about the earliest Cassini maneuvers were 

answered in the informative Cassini AACS AIAA papers5,7 that were published shortly after Cassini arrived at Saturn 

12 years ago. 

X. Appendix  

The following table includes the relevant vital statistics for all 360 executed maneuvers of the Cassini mission.  

The maneuver execution magnitude error is not included for RCS maneuvers since the RCS maneuvers were 

effectively timed burns (i.e. did not use an accelerometer to sense acceleration).  The average RCS duty cycle is 

included for the RCS maneuvers but is not applicable to ME maneuvers.  The execution error values for the SOI 

maneuver are not included because this maneuver was not at a fixed burn direction.  Due to the length of time that has 

elapsed since the earliest years of the mission, some details related to the planning of the early maneuvers (TCM-001 

through OTM-009) were not readily available for fresh analysis.  For that reason, the “Vc” values were drawn from 

the NAV team’s data archive, the “Va” values from AACS telemetry, and the execution errors for these maneuvers 

were taken from the values previously published by Burk5. 

 

The limited space of the column header precluded more descriptive names, so they are included here: 

Vc: Commanded ∆V vector magnitude 

Va: Achieved ∆V vector magnitude 

EMag: Maneuver execution magnitude error 

EAngle: Angular separation between Vc and Va (i.e. pointing error angle) 

EPoint: Maneuver execution pointing error 

Avg. DC: Average Duty Cycle during RCS maneuver 

RA: Right Ascension of the maneuver ∆V vector 

DEC: Declination of the maneuver ∆V vector 

 

Maneuver  

Name 

Burn Ignition 

Time 

Burn 

Type Vc (m/s) Va (m/s) 

Burn 

Duration 

(s) 

EMag 
(mm/s) 

EAngle 

(mrad) 

EPoint 

(mm/s) 

Avg. 

DC 

(%) 

RA 

(Deg) 

DEC 

(deg) 

TCM-001 1997-313T20:00 ME 2.746 2.753 34.5 29.9 13.4 36.9 -- 279.8 24.3 

TCM-002 1998-056T20:15 RCS 0.185 0.189 292.0 -- 8.9 1.7 91.6 164.0 26.6 

TCM-005 1998-337T06:00 ME 449.974 449.668 5255.0 256.6 16.4 7399.1 -- 3.9 -2.8 

TCM-006 1999-035T20:00 ME 11.551 11.545 120.1 32.0 1.6 18.0 -- 305.1 -10.8 

TCM-007 1999-138T17:10 RCS 0.239 0.238 335.5 -- 41.2 9.8 91.4 258.4 -8.7 

TCM-009 1999-187T17:00 ME 43.544 43.551 459.5 59.0 2.0 87.6 -- 265.3 44.1 

TCM-010 1999-200T16:00 ME 5.133 5.127 54.6 2.7 2.0 10.1 -- 274.8 66.1 

TCM-011 1999-214T21:30 ME 36.309 36.301 391.4 21.2 1.9 67.2 -- 62.3 15.3 

TCM-012 1999-223T15:30 ME 12.256 12.253 133.4 10.4 1.6 19.9 -- 293.3 76.5 

TCM-013 1999-243T16:00 ME 6.710 6.706 72.2 2.6 5.6 37.5 -- 76.4 24.3 

TCM-014 2000-166T17:00 ME 0.555 0.562 6.0 15.6 20.8 11.5 -- 18.8 47.2 

TCM-017 2001-059T17:30 ME 0.512 0.504 5.3 0.7 19.8 10.5 -- 264.8 -63.6 

TCM-018 2002-093T18:00 ME 0.901 0.895 9.7 0.5 4.5 4.0 -- 195.3 61.5 

TCM-019 2003-121T20:00 ME 1.598 1.601 17.4 2.4 5.7 9.1 -- 47.0 21.6 

TCM-019a 2003-253T19:52 RCS 0.120 0.122 197.6 -- 20.8 2.5 92.2 108.0 22.1 

TCM-019b 2003-275T04:00 ME 2.000 2.021 39.3 22.0 7.2 14.4 -- 29.0 3.3 

TCM-020 2004-148T22:26 ME 34.723 34.724 362.0 0.5 2.0 68.3 -- 238.8 28.2 

TCM-021 2004-168T21:07 ME 3.696 3.685 38.3 1.2 3.5 13.1 -- 275.3 -15.4 

SOI 2004-183T01:12 ME 625.616 611.773 5818.8 -- -- -- -- 271.9 4.2 

OTM-002 2004-236T15:53 ME 392.941 393.472 3067.8 100.4 1.2 481.0 -- 292.7 9.9 

OTM-003 2004-251T16:30 ME 0.495 0.482 3.5 6.4 1.1 0.5 -- 183.4 -73.7 

OTM-004 2004-297T06:00 RCS 0.372 0.376 464.4 -- 14.5 5.4 91.6 80.2 26.4 

OTM-005 2004-303T06:15 ME 0.639 0.630 4.6 8.2 1.1 0.7 -- 160.0 -8.4 

OTM-006 2004-326T05:00 ME 0.407 0.396 3.0 1.1 10.8 4.5 -- 141.2 1.3 

OTM-008 2004-352T01:22 ME 11.903 11.896 84.8 8.9 0.5 5.9 -- 299.3 -78.6 

OTM-009 2004-358T00:52 RCS 0.016 0.015 18.6 -- 8.6 0.2 97.2 16.7 -10.8 

OTM-010 2004-363T00:37 ME 23.759 23.753 153.3 6.2 0.9 20.6 -- 200.0 7.8 

OTM-010a 2005-003T23:38 RCS 0.135 0.135 147.4 -- 19.3 2.6 92.6 71.9 45.9 

OTM-011 2005-016T09:20 ME 21.583 21.563 140.2 20.7 1.1 23.6 -- 320.8 2.5 

OTM-012 2005-028T07:08 ME 18.661 18.650 120.0 10.4 0.8 14.4 -- 305.6 -0.5 

OTM-013 2005-043T06:07 RCS 0.203 0.202 220.3 -- 4.6 0.9 92.4 59.4 21.5 

OTM-014 2005-049T06:00 ME 0.693 0.683 4.5 9.4 2.3 1.6 -- 20.1 -6.2 

OTM-015 2005-061T04:50 ME 6.233 6.226 40.0 7.2 1.3 8.0 -- 238.9 73.8 

OTM-017 2005-071T03:20 ME 0.419 0.395 2.7 24.6 4.9 1.9 -- 232.9 26.7 

OTM-018 2005-078T18:19 ME 1.587 1.568 10.3 18.5 2.1 3.3 -- 258.2 -74.2 

OTM-020 2005-094T02:22 ME 0.901 0.884 5.8 17.4 2.7 2.4 -- 49.7 -30.5 

OTM-021 2005-100T02:00 ME 5.833 5.821 37.4 12.0 2.1 12.4 -- 314.4 -71.7 

OTM-022 2005-104T02:40 RCS 0.060 0.061 67.4 -- 21.8 1.4 92.2 313.6 -24.1 

OTM-024 2005-119T00:58 ME 20.533 20.525 131.5 7.6 1.0 20.4 -- 338.6 -71.5 

OTM-025 2005-189T20:37 ME 0.336 0.308 2.1 27.7 6.9 2.1 -- 246.3 -5.1 

OTM-026 2005-215T11:50 ME 2.602 2.589 16.6 12.3 0.4 1.0 -- 37.7 20.5 

OTM-027 2005-222T13:21 ME 2.392 2.384 15.4 7.9 1.5 3.5 -- 152.3 -57.7 

OTM-029 2005-237T17:08 ME 1.433 1.418 9.2 15.5 3.5 5.0 -- 74.0 -44.3 

OTM-030 2005-242T18:43 ME 14.323 14.314 91.4 9.3 1.0 14.0 -- 166.5 -57.1 

OTM-031 2005-246T17:30 RCS 0.059 0.059 66.6 -- 8.0 0.5 91.3 109.1 11.7 

OTM-033 2005-262T16:40 ME 27.888 27.879 176.2 8.2 0.9 25.3 -- 105.6 36.2 

OTM-035 2005-271T16:11 RCS 0.290 0.290 321.0 -- 9.2 2.7 92.5 28.2 -5.6 

OTM-038 2005-285T05:57 ME 14.783 14.782 92.7 1.3 2.8 41.2 -- 13.0 -10.3 

OTM-039 2005-294T14:58 RCS 0.086 0.086 96.4 -- 8.3 0.7 92.1 223.2 -7.3 

OTM-041 2005-304T13:59 ME 12.382 12.371 77.6 11.1 1.4 17.6 -- 22.7 -3.6 

OTM-042 2005-317T14:02 ME 2.087 2.068 13.2 18.3 3.3 6.9 -- 322.7 7.7 

OTM-043 2005-327T13:03 RCS 0.055 0.056 62.9 -- 7.0 0.4 92.7 248.3 11.3 

OTM-044 2005-332T04:15 RCS 0.232 0.233 262.5 -- 8.3 1.9 93.2 4.7 -19.0 

OTM-047 2005-364T02:47 RCS 0.179 0.179 198.6 -- 7.5 1.3 93.0 64.8 67.2 

OTM-051 2006-033T07:53 RCS 0.182 0.182 203.0 -- 7.0 1.3 93.1 56.3 -28.6 

OTM-053 2006-061T05:51 RCS 0.261 0.261 291.4 -- 6.8 1.8 92.9 234.7 24.7 

OTM-056 2006-081T04:19 ME 0.428 0.404 2.7 23.7 4.4 1.8 -- 268.3 4.2 

OTM-057 2006-096T03:32 ME 0.355 0.326 2.2 28.9 6.7 2.2 -- 126.9 -1.0 

OTM-058 2006-117T01:59 RCS 0.071 0.072 53.0 -- 4.1 0.3 92.2 70.3 -4.5 

OTM-059 2006-124T01:28 ME 0.465 0.444 3.0 21.4 3.1 1.4 -- 313.5 21.8 

OTM-061 2006-138T00:41 RCS 0.114 0.115 85.0 -- 4.5 0.5 91.9 170.2 4.3 

OTM-063 2006-158T23:24 ME 1.900 1.890 12.0 9.9 2.8 5.3 -- 60.6 41.5 

OTM-064 2006-179T22:07 RCS 0.064 0.064 47.6 -- 4.2 0.3 91.6 221.5 26.0 

OTM-065 2006-186T21:36 RCS 0.132 0.132 96.9 -- 3.9 0.5 92.8 134.4 39.4 

OTM-069 2006-213T20:05 ME 5.393 5.382 33.8 11.4 2.7 14.6 -- 352.2 61.3 

OTM-070 2006-247T18:21 RCS 0.223 0.223 164.1 -- 4.2 0.9 92.3 148.6 15.8 

OTM-071 2006-253T18:00 ME 6.534 6.522 40.9 12.1 2.6 17.1 -- 335.8 20.3 

OTM-072 2006-257T10:07 ME 8.134 8.124 50.8 10.8 1.1 9.0 -- 332.9 56.2 

OTM-075 2006-274T09:08 ME 6.449 6.438 40.3 10.5 1.0 6.7 -- 26.2 48.5 

OTM-076 2006-279T16:24 RCS 0.036 0.036 26.5 -- 4.5 0.2 94.3 143.3 33.7 

OTM-078 2006-290T15:40 ME 0.839 0.821 5.2 17.6 1.6 1.3 -- 92.3 45.2 

OTM-079 2006-295T15:26 RCS 0.058 0.058 44.3 -- 5.4 0.3 90.5 137.6 31.3 

OTM-080 2006-313T14:28 ME 3.632 3.620 22.7 11.7 1.3 4.7 -- 318.9 -24.9 

JTM-081 2006-331T13:15 RCS 0.215 0.215 160.1 -- 4.1 0.9 93.0 123.9 44.3 

OTM-083 2006-349T12:03 ME 0.762 0.748 4.8 14.3 1.4 1.0 -- 6.0 -6.4 

OTM-084 2006-354T11:48 ME 6.831 6.816 42.7 15.5 0.9 6.0 -- 342.3 -1.2 

OTM-086 2006-365T11:05 ME 0.449 0.433 2.8 16.8 4.5 1.9 -- 346.8 -18.3 

OTM-087 2007-005T10:50 ME 1.626 1.608 10.2 18.4 3.2 5.1 -- 334.5 -20.2 

OTM-088 2007-010T10:20 RCS 0.037 0.037 27.6 -- 4.6 0.2 94.4 317.4 -31.4 

OTM-089 2007-016T02:36 RCS 0.208 0.209 158.5 -- 4.1 0.9 92.5 327.7 -41.9 

OTM-090 2007-021T09:36 ME 2.351 2.339 14.7 12.4 2.0 4.7 -- 318.7 -32.2 

OTM-091 2007-026T09:21 RCS 0.010 0.011 7.6 -- 0.4 0.0 100.1 117.6 33.4 

OTM-093 2007-038T08:37 ME 0.252 0.238 1.5 14.1 11.8 2.8 -- 222.6 -43.6 

OTM-094 2007-050T07:37 RCS 0.037 0.037 28.0 -- 4.3 0.2 94.2 231.9 -34.0 

OTM-096 2007-061T06:51 ME 0.647 0.639 4.1 7.7 1.9 1.2 -- 176.9 -2.9 

OTM-098 2007-072T06:06 ME 1.057 1.046 6.6 11.6 1.2 1.3 -- 97.2 38.9 

OTM-099 2007-077T05:50 ME 1.596 1.585 10.0 10.8 3.7 5.8 -- 202.8 -4.1 

OTM-100 2007-081T20:30 RCS 0.064 0.064 49.8 -- 5.2 0.3 92.8 135.4 -37.1 

OTM-101 2007-087T20:49 ME 0.509 0.483 3.2 25.7 4.5 2.2 -- 78.8 38.3 

OTM-102 2007-093T04:34 ME 2.680 2.667 16.7 12.8 2.1 5.6 -- 202.0 9.4 

OTM-103 2007-097T20:48 RCS 0.033 0.033 25.9 -- 3.4 0.1 93.7 151.1 -10.7 

OTM-105 2007-109T03:32 ME 3.520 3.508 21.9 11.7 2.6 9.2 -- 190.6 46.2 

OTM-106 2007-114T03:16 RCS 0.012 0.012 8.9 -- 2.3 0.0 100.0 196.1 24.0 

OTM-108 2007-124T19:00 ME 5.563 5.551 34.5 12.2 2.6 14.6 -- 201.1 61.6 

OTM-109 2007-129T02:14 RCS 0.019 0.021 14.5 -- 1.8 0.0 95.8 262.8 -29.5 

OTM-111 2007-141T01:27 ME 5.527 5.515 34.3 11.4 1.4 7.5 -- 202.4 61.9 

OTM-113 2007-152T00:41 ME 0.688 0.678 4.3 9.7 1.2 0.8 -- 23.1 1.2 

OTM-114 2007-156T16:55 ME 12.228 12.218 75.6 9.8 0.9 11.2 -- 227.5 72.8 

OTM-115 2007-162T00:10 RCS 0.032 0.033 25.5 -- 4.4 0.1 93.6 161.3 62.6 

OTM-116 2007-167T23:39 ME 0.741 0.731 4.6 10.5 1.5 1.1 -- 328.6 26.3 

OTM-117 2007-172T23:23 ME 7.959 7.948 49.0 11.3 1.2 9.8 -- 323.8 84.1 

OTM-118 2007-177T23:08 RCS 0.009 0.009 6.9 -- 1.9 0.0 100.0 150.3 -4.3 

OTM-119 2007-184T22:37 RCS 0.018 0.019 13.9 -- 1.8 0.0 98.3 121.0 -30.1 

OTM-121 2007-196T22:06 RCS 0.009 0.009 7.0 -- 1.7 0.0 100.0 62.0 -2.4 

JTM-123 2007-218T20:35 ME 0.422 0.397 2.6 25.6 4.3 1.7 -- 198.3 7.8 

OTM-125 2007-245T11:35 ME 0.480 0.465 3.0 14.7 0.9 0.4 -- 159.1 39.1 

OTM-128 2007-256T18:20 ME 13.472 13.461 83.4 10.3 1.1 14.9 -- 311.7 65.1 

OTM-129 2007-260T18:21 RCS 0.098 0.099 79.0 -- 4.3 0.4 92.2 65.0 -46.0 

OTM-130 2007-271T17:36 RCS 0.019 0.020 14.4 -- 1.9 0.0 96.7 289.1 64.5 

OTM-131 2007-278T17:22 ME 1.319 1.303 8.2 16.3 4.0 5.1 -- 301.8 35.3 

OTM-132 2007-305T15:40 ME 0.970 0.955 6.0 15.2 1.8 1.7 -- 276.3 -49.0 

OTM-133 2007-319T14:56 RCS 0.062 0.063 50.8 -- 5.3 0.3 91.0 245.0 -4.6 

OTM-134 2007-326T06:57 ME 1.159 1.148 7.2 11.5 3.4 3.9 -- 352.5 34.2 

OTM-135 2007-331T06:43 ME 15.753 15.737 96.5 16.0 1.1 17.4 -- 281.9 62.6 

OTM-136 2007-336T13:44 RCS 0.014 0.014 10.6 -- 1.4 0.0 100.0 188.6 16.1 

OTM-137 2007-342T06:00 ME 0.672 0.657 4.2 15.6 1.7 1.1 -- 193.5 12.0 

OTM-138 2007-347T07:10 ME 9.633 9.620 59.1 13.4 0.8 8.4 -- 254.2 74.3 

OTM-139 2007-352T05:16 RCS 0.009 0.009 7.1 -- 1.8 0.0 100.0 131.0 55.3 

OTM-141 2007-363T12:02 ME 2.044 2.032 12.6 12.3 3.1 6.2 -- 193.2 68.0 

OTM-143 2008-016T04:15 ME 2.873 2.861 17.6 11.8 1.5 4.4 -- 129.4 -1.7 

OTM-144 2008-037T02:06 ME 37.388 37.383 227.9 5.8 0.7 25.7 -- 215.0 35.5 

OTM-145 2008-050T08:36 ME 0.289 0.275 1.7 13.7 5.8 1.6 -- 64.3 36.8 

OTM-146 2008-061T22:56 ME 7.018 7.005 42.6 12.8 0.5 3.5 -- 225.7 -44.7 

OTM-147 2008-067T07:21 ME 1.111 1.098 6.8 12.7 2.8 3.1 -- 338.5 74.3 

OTM-149 2008-073T23:21 ME 2.753 2.742 16.7 10.6 1.5 4.0 -- 166.6 24.0 

OTM-150 2008-078T06:35 RCS 0.049 0.050 40.5 -- 5.0 0.3 91.7 192.2 -38.7 

OTM-152 2008-102T01:04 ME 3.315 3.299 20.2 16.6 0.5 1.6 -- 345.9 21.6 

OTM-153 2008-117T03:47 ME 0.499 0.485 3.1 13.6 2.0 1.0 -- 330.8 -34.2 

OTM-155 2008-138T01:20 ME 1.163 1.145 7.1 17.7 3.1 3.6 -- 339.2 26.2 

OTM-156 2008-143T02:13 RCS 0.192 0.192 155.1 -- 5.1 1.0 92.8 164.7 -11.7 

OTM-159 2008-175T06:24 ME 12.158 12.146 73.5 12.1 1.0 11.8 -- 32.9 64.3 

OTM-160 2008-209T14:36 RCS 0.168 0.169 139.0 -- 4.6 0.8 92.1 238.9 -67.0 

OTM-162 2008-216T22:15 ME 2.528 2.518 15.4 10.5 3.0 7.6 -- 336.0 44.1 

OTM-164 2008-236T02:49 ME 13.518 13.506 81.2 12.6 1.0 13.1 -- 83.4 68.2 

OTM-164a 2008-264T18:49 ME 0.883 0.866 5.3 16.7 1.7 1.4 -- 62.2 52.2 

OTM-165 2008-276T10:19 ME 3.923 3.912 23.7 11.2 0.1 1.0 -- 104.7 66.9 

OTM-166 2008-280T18:05 RCS 0.010 0.010 8.1 -- 1.8 0.0 100.0 186.6 2.3 

OTM-167 2008-286T23:51 ME 3.329 3.317 20.0 12.1 1.7 5.7 -- 228.9 -72.4 

OTM-168 2008-291T09:10 ME 6.984 6.971 41.7 13.4 0.9 6.4 -- 127.2 40.3 

OTM-169 2008-303T16:37 RCS 0.228 0.228 191.0 -- 6.0 1.4 91.4 167.8 -45.8 

OTM-170 2008-313T22:23 ME 9.091 9.076 54.6 15.2 0.9 7.9 -- 207.9 -61.2 

OTM-171 2008-317T22:09 ME 5.142 5.128 30.9 14.1 1.3 6.6 -- 337.8 28.6 

OTM-173 2008-328T21:25 ME 0.774 0.759 4.7 14.0 1.6 1.2 -- 331.4 18.1 

OTM-175 2008-336T20:56 RCS 0.064 0.064 57.5 -- 5.8 0.4 89.3 301.8 -35.0 

OTM-176 2008-344T20:27 ME 3.029 3.002 18.2 27.2 2.0 5.9 -- 108.4 54.6 

OTM-177 2008-348T20:13 ME 1.616 1.599 9.7 17.4 4.1 6.6 -- 36.2 58.0 

OTM-178 2008-352T19:58 RCS 0.022 0.023 19.6 -- 3.5 0.1 90.5 148.9 -10.2 

OTM-180 2009-024T03:48 ME 4.663 4.650 27.8 13.3 1.5 6.9 -- 95.9 52.7 

OTM-182 2009-041T10:04 ME 0.360 0.344 2.1 16.1 7.7 2.7 -- 93.4 1.5 

OTM-183 2009-068T08:20 ME 5.017 5.004 29.9 12.5 1.7 8.6 -- 220.0 -46.0 

OTM-183x 2009-077T00:05 RCS 0.016 0.016 12.8 -- 1.7 0.0 100.0 129.7 19.6 

OTM-186 2009-088T13:05 ME 0.745 0.735 4.4 10.6 1.0 0.7 -- 138.2 13.9 

OTM-189 2009-102T12:04 ME 7.119 7.107 42.2 12.5 1.1 8.0 -- 103.1 49.1 

OTM-192 2009-118T11:02 ME 2.482 2.475 14.8 7.7 1.5 3.7 -- 124.5 27.9 

OTM-195 2009-134T10:00 ME 2.217 2.199 13.2 17.8 3.0 6.6 -- 287.6 -33.2 

OTM-196 2009-138T19:45 RCS 0.042 0.042 37.6 -- 6.0 0.3 88.2 268.8 -44.7 

OTM-198 2009-150T08:58 ME 1.455 1.447 8.7 8.2 1.0 1.5 -- 330.5 16.2 

OTM-200 2009-161T08:12 ME 2.135 2.126 12.7 8.9 0.2 0.4 -- 263.6 -58.8 

OTM-201 2009-166T01:26 RCS 0.025 0.025 22.0 -- 3.9 0.1 91.5 238.9 -49.2 

OTM-203 2009-177T07:09 ME 2.413 2.403 14.3 9.9 2.7 6.4 -- 273.3 -30.4 

OTM-204 2009-182T00:24 RCS 0.011 0.011 9.1 -- 1.2 0.0 100.0 235.0 -43.9 

OTM-206 2009-193T16:22 ME 3.506 3.497 20.8 8.8 1.8 6.2 -- 290.4 -3.6 

OTM-207 2009-198T15:52 RCS 0.027 0.028 24.1 -- 4.5 0.1 92.2 268.2 -35.1 

OTM-209 2009-209T15:21 ME 6.283 6.271 37.1 11.8 1.4 8.9 -- 301.3 22.9 

OTM-210 2009-213T22:35 RCS 0.017 0.018 14.8 -- 3.1 0.1 94.4 258.2 -20.9 

OTM-213 2009-228T14:04 ME 12.990 12.979 76.5 10.6 1.1 14.2 -- 335.3 60.8 

OTM-215 2009-241T13:19 ME 0.502 0.486 3.0 16.5 4.4 2.1 -- 293.8 44.2 

OTM-216 2009-248T02:48 ME 4.469 4.459 26.3 10.4 1.7 7.7 -- 300.3 66.5 

OTM-217 2009-282T11:04 RCS 0.145 0.146 130.1 -- 8.6 1.3 89.0 281.1 -0.5 

OTM-218 2009-289T00:34 ME 0.842 0.834 5.0 8.0 2.5 2.1 -- 222.4 65.7 

OTM-219 2009-294T00:04 ME 4.157 4.148 24.4 9.5 3.4 14.3 -- 22.4 68.1 

OTM-220 2009-302T23:35 RCS 0.063 0.063 56.8 -- 7.0 0.4 90.2 306.5 0.9 

OTM-221 2009-309T09:20 ME 0.303 0.289 1.7 14.3 8.9 2.6 -- 243.7 -10.2 

OTM-224 2009-326T22:22 ME 2.546 2.535 14.9 10.3 4.6 11.6 -- 89.2 -7.5 

OTM-225 2009-338T07:39 RCS 0.197 0.197 180.4 -- 9.0 1.8 89.1 146.6 -5.0 

OTM-227 2009-349T06:55 ME 0.709 0.700 4.2 9.1 2.7 1.9 -- 100.5 -14.0 

OTM-228 2009-354T06:41 ME 2.219 2.207 13.1 12.5 3.5 7.8 -- 339.3 -66.0 

OTM-231 2010-005T05:43 ME 8.037 8.027 47.1 10.4 1.9 15.1 -- 48.9 45.5 

OTM-232 2010-009T19:29 RCS 0.031 0.031 28.4 -- 4.7 0.1 90.5 181.7 12.1 

OTM-233 2010-016T04:59 ME 2.259 2.248 13.3 11.1 5.7 12.8 -- 89.6 30.6 

OTM-234 2010-021T04:45 ME 6.060 6.052 35.5 7.7 2.2 13.5 -- 50.0 51.3 

OTM-236 2010-032T04:01 ME 6.196 6.167 36.2 10.6 2.2 13.6 -- 202.5 12.0 

OTM-237 2010-054T16:33 RCS 0.010 0.010 8.8 -- 1.0 0.0 100.0 260.7 -50.7 

OTM-240 2010-085T14:19 ME 2.990 2.981 17.5 9.2 2.5 7.6 -- 64.4 -56.9 

OTM-241 2010-092T13:49 RCS 0.029 0.030 26.6 -- 4.9 0.1 91.3 112.1 26.3 

OTM-242 2010-100T23:19 ME 9.031 9.024 52.7 7.4 1.6 14.9 -- 271.9 -85.0 

OTM-243 2010-108T12:33 RCS 0.040 0.040 38.3 -- 5.7 0.2 91.4 113.5 -3.0 

OTM-245 2010-119T11:47 ME 5.704 5.696 33.3 7.9 1.0 5.8 -- 93.2 -8.7 

OTM-246 2010-131T11:01 ME 8.873 8.864 51.5 8.8 0.7 6.5 -- 40.7 68.0 

OTM-248 2010-143T10:15 ME 0.843 0.831 4.9 11.3 1.0 0.8 -- 106.8 -33.7 

OTM-249 2010-148T09:44 ME 10.757 10.747 62.4 9.4 0.7 8.0 -- 82.3 -82.9 

OTM-250 2010-152T19:44 RCS 0.032 0.032 29.3 -- 5.1 0.2 90.1 162.4 9.6 

OTM-252 2010-164T08:42 ME 1.228 1.207 7.2 7.5 2.9 3.5 -- 11.8 71.4 

OTM-253 2010-169T02:11 RCS 0.020 0.020 18.9 -- 3.6 0.1 89.1 165.0 10.4 

OTM-254 2010-175T07:56 ME 0.863 0.852 5.0 10.3 0.4 0.3 -- 57.2 50.8 

OTM-255 2010-181T07:40 ME 6.247 6.223 36.2 6.9 1.5 9.5 -- 57.5 58.6 

OTM-256 2010-185T01:09 RCS 0.017 0.017 14.6 -- 2.3 0.0 97.0 181.9 11.4 

OTM-257 2010-191T06:53 ME 0.826 0.816 4.8 10.0 1.5 1.2 -- 297.1 -16.3 

OTM-258 2010-199T06:37 ME 6.760 6.749 39.1 10.6 0.7 4.9 -- 198.7 -88.0 

OTM-261 2010-246T03:33 ME 2.431 2.421 14.1 10.1 4.6 11.2 -- 222.9 22.0 

OTM-261a 2010-259T02:47 RCS 0.172 0.172 158.8 -- 9.0 1.5 89.0 307.1 5.1 

OTM-264 2010-288T01:02 RCS 0.177 0.177 165.1 -- 8.6 1.5 88.4 190.7 7.0 

OTM-265 2010-312T09:48 RCS 0.166 0.167 157.5 -- 11.0 1.8 87.9 182.0 7.4 

OTM-267 2010-325T23:05 ME 2.240 2.231 13.1 9.4 5.2 11.7 -- 231.9 -73.9 

OTM-268 2010-331T16:20 RCS 0.060 0.060 55.9 -- 6.2 0.4 89.3 149.2 29.0 

JTM-269 2010-335T22:21 RCS 0.158 0.158 146.9 -- 8.2 1.3 88.5 234.3 -20.3 

OTM-270 2010-342T22:07 RCS 0.011 0.011 9.5 -- 0.8 0.0 100.0 73.2 -10.5 

OTM-273 2011-001T06:40 RCS 0.205 0.205 191.3 -- 8.4 1.7 89.0 113.9 -40.7 

OTM-274 2011-008T06:26 RCS 0.029 0.030 27.9 -- 4.7 0.1 89.7 131.2 -72.4 

OTM-275 2011-014T13:27 ME 2.755 2.746 16.0 8.7 2.7 7.5 -- 82.8 71.2 

OTM-276 2011-032T04:44 RCS 0.015 0.016 13.1 -- 1.7 0.0 97.7 185.5 65.1 

OTM-279 2011-061T10:17 RCS 0.095 0.096 89.3 -- 7.2 0.7 89.5 166.3 64.2 

OTM-280 2011-105T23:48 RCS 0.015 0.016 13.1 -- 1.5 0.0 98.2 347.0 2.5 

OTM-281 2011-112T06:48 RCS 0.038 0.038 35.5 -- 5.8 0.2 88.7 293.8 43.4 

OTM-283 2011-125T22:17 RCS 0.009 0.009 8.1 -- 1.3 0.0 100.0 314.9 3.8 

OTM-284 2011-132T05:32 RCS 0.116 0.116 109.4 -- 7.2 0.8 89.5 173.4 -8.3 

OTM-285 2011-144T04:46 RCS 0.032 0.032 30.0 -- 4.4 0.1 90.0 8.9 6.4 

OTM-286 2011-168T02:57 RCS 0.010 0.010 8.8 -- 2.7 0.0 100.0 313.9 -3.3 

OTM-287 2011-175T08:42 RCS 0.141 0.141 133.6 -- 7.3 1.0 88.4 205.8 3.5 

OTM-288 2011-234T15:04 RCS 0.088 0.088 83.8 -- 6.8 0.6 88.6 340.4 -3.1 

OTM-291 2011-263T03:17 ME 5.045 5.036 29.4 9.4 0.9 4.8 -- 193.4 -70.9 

OTM-292 2011-271T13:02 RCS 0.028 0.028 26.8 -- 4.4 0.1 89.0 104.7 -1.9 

OTM-294 2011-278T02:17 RCS 0.070 0.070 66.1 -- 5.8 0.4 89.3 66.2 -15.4 

OTM-297 2011-301T11:17 RCS 0.041 0.041 40.3 -- 6.0 0.2 87.0 58.5 -13.4 

OTM-299 2011-313T00:17 ME 2.077 2.067 12.0 9.5 6.2 12.8 -- 91.3 -55.6 

OTM-300 2011-328T05:18 ME 2.962 2.952 17.2 9.5 4.8 14.2 -- 345.1 5.9 

OTM-300a 2011-335T23:04 RCS 0.016 0.017 13.8 -- 2.1 0.0 93.7 251.0 6.6 

OTM-301 2011-343T08:49 RCS 0.013 0.013 11.3 -- 3.0 0.0 100.0 130.2 -67.5 

OTM-303 2011-351T08:20 ME 0.503 0.489 2.9 13.6 2.9 1.4 -- 261.2 48.3 

OTM-304 2011-356T21:51 RCS 0.011 0.012 10.1 -- 3.3 0.0 100.0 245.4 13.4 

OTM-306 2012-016T06:39 RCS 0.044 0.044 44.1 -- 5.9 0.3 85.7 155.3 58.9 

OTM-308 2012-034T05:27 RCS 0.131 0.131 124.4 -- 6.9 0.9 89.1 214.1 28.2 

JTM-310 2012-048T04:29 RCS 0.015 0.015 12.9 -- 2.2 0.0 99.0 270.3 8.2 

OTM-312 2012-070T03:01 ME 3.567 3.553 20.6 14.6 1.6 5.7 -- 181.0 16.1 

OTM-312a 2012-076T02:46 RCS 0.100 0.100 95.6 -- 6.7 0.7 88.8 249.6 4.2 

OTM-313 2012-084T16:02 RCS 0.011 0.011 10.0 -- 1.6 0.0 100.0 259.8 4.9 

OTM-314 2012-091T01:32 RCS 0.140 0.140 133.8 -- 6.8 1.0 88.4 31.1 54.5 

OTM-316 2012-102T14:48 RCS 0.026 0.027 25.5 -- 3.9 0.1 88.8 257.0 5.4 

OTM-318 2012-115T07:33 ME 0.233 0.220 1.3 12.6 9.6 2.1 -- 336.7 39.4 

OTM-319 2012-120T07:17 RCS 0.030 0.030 29.5 -- 4.7 0.1 88.3 283.4 5.6 

OTM-321 2012-135T06:01 ME 8.262 8.246 47.6 15.6 0.2 1.8 -- 333.2 -83.1 

JTM-322 2012-140T22:16 RCS 0.077 0.078 73.5 -- 5.7 0.4 89.0 201.7 -20.8 

OTM-324 2012-151T05:00 ME 3.704 3.696 21.4 8.2 1.6 5.8 -- 260.7 -73.2 

OTM-325 2012-155T21:15 RCS 0.033 0.033 31.8 -- 5.4 0.2 89.0 155.8 -9.4 

OTM-326 2012-162T10:29 ME 0.412 0.397 2.4 14.8 3.4 1.4 -- 272.0 16.7 

OTM-327 2012-173T03:28 ME 10.109 10.100 58.0 9.4 0.7 7.0 -- 262.4 -64.3 

OTM-328 2012-203T07:38 RCS 0.167 0.167 161.3 -- 6.6 1.1 88.6 175.3 -12.8 

OTM-330 2012-220T06:36 ME 4.342 4.336 25.0 6.2 2.1 9.0 -- 265.5 -31.9 

OTM-331 2012-267T13:47 RCS 0.055 0.056 55.8 -- 6.0 0.3 87.7 14.6 31.2 

OTM-332 2012-274T03:16 RCS 0.184 0.185 179.0 -- 6.9 1.3 89.6 328.0 18.1 

OTM-333 2012-283T13:01 ME 0.747 0.741 4.3 6.0 2.3 1.7 -- 53.8 15.7 

OTM-334 2012-314T18:46 RCS 0.054 0.054 55.5 -- 5.5 0.3 86.1 210.7 -5.1 

OTM-335 2012-322T00:31 ME 0.245 0.239 1.4 5.7 8.8 2.1 -- 207.9 -65.6 

OTM-336 2012-327T00:16 ME 4.951 4.947 28.4 4.2 2.2 10.7 -- 251.6 -14.1 

OTM-337 2012-331T00:01 RCS 0.016 0.016 15.1 -- 1.6 0.0 96.3 337.6 -45.4 

OTM-338 2012-337T23:32 RCS 0.022 0.022 22.5 -- 3.6 0.1 87.5 228.0 -47.5 

OTM-339 2013-030T20:09 ME 1.648 1.643 9.5 5.0 2.8 4.6 -- 269.7 33.5 

OTM-340 2013-044T05:26 RCS 0.026 0.027 27.4 -- 4.4 0.1 86.3 218.5 -30.3 

OTM-341 2013-055T12:12 ME 1.441 1.436 8.3 5.1 3.3 4.7 -- 257.3 36.5 

OTM-342 2013-061T04:28 ME 0.254 0.247 1.5 6.8 6.9 1.7 -- 87.6 -72.7 

OTM-345 2013-076T03:29 RCS 0.180 0.180 177.5 -- 6.2 1.1 89.1 274.5 19.5 

OTM-346 2013-091T16:16 RCS 0.011 0.011 10.0 -- 2.0 0.0 100.0 51.8 45.3 

OTM-347 2013-099T01:46 RCS 0.117 0.117 115.9 -- 5.8 0.7 89.2 54.6 51.7 

OTM-348 2013-120T08:02 ME 0.486 0.479 2.8 6.8 2.2 1.0 -- 249.4 11.7 

OTM-349 2013-139T12:46 RCS 0.011 0.011 10.3 -- 0.8 0.0 100.0 44.4 59.3 

OTM-350 2013-147T06:01 RCS 0.045 0.046 44.9 -- 5.5 0.3 89.3 45.0 18.7 

OTM-351 2013-162T21:14 ME 0.809 0.803 4.7 6.7 3.0 2.4 -- 109.2 -52.7 

OTM-352 2013-188T09:26 RCS 0.052 0.052 53.8 -- 5.8 0.3 86.6 70.2 -42.8 

JTM-353 2013-196T02:40 ME 0.239 0.231 1.4 7.8 11.3 2.6 -- 43.7 21.2 

OTM-354 2013-200T02:25 ME 2.255 2.248 12.9 6.8 5.6 12.6 -- 106.6 -49.9 

OTM-355 2013-204T08:24 RCS 0.066 0.067 66.9 -- 6.0 0.4 89.4 280.1 50.3 

OTM-357 2013-219T07:22 ME 3.604 3.598 20.6 5.4 3.6 13.1 -- 288.5 53.1 

OTM-358 2013-252T05:18 RCS 0.029 0.029 30.3 -- 5.1 0.1 86.4 152.0 -32.9 

OTM-359 2013-259T04:47 RCS 0.027 0.027 28.6 -- 4.0 0.1 86.5 43.6 20.8 

OTM-360 2013-273T04:01 RCS 0.066 0.066 66.0 -- 6.4 0.4 89.3 124.0 -22.7 

OTM-361 2013-284T03:15 RCS 0.013 0.013 11.9 -- 0.9 0.0 100.0 125.3 -49.7 

OTM-363 2013-306T12:15 ME 0.352 0.343 2.0 8.4 7.9 2.7 -- 331.5 50.6 

OTM-364 2013-332T00:45 RCS 0.008 0.008 7.8 -- 1.4 0.0 100.0 209.9 -42.2 

OTM-366 2013-351T23:32 ME 0.376 0.365 2.1 11.2 7.5 2.7 -- 321.3 55.6 

OTM-367 2013-363T22:48 RCS 0.110 0.110 110.0 -- 5.8 0.6 89.8 327.5 48.8 

OTM-368 2014-005T16:03 RCS 0.098 0.098 99.4 -- 5.6 0.5 88.4 194.6 -37.5 

OTM-370 2014-030T20:51 RCS 0.050 0.050 51.0 -- 5.5 0.3 88.7 330.2 48.8 

OTM-371 2014-036T14:07 RCS 0.083 0.084 85.6 -- 5.8 0.5 88.1 202.4 21.1 

OTM-372 2014-048T13:24 ME 1.669 1.664 9.6 5.1 3.0 5.1 -- 13.6 25.7 

OTM-373 2014-062T18:56 RCS 0.018 0.018 19.8 -- 3.1 0.1 86.1 344.4 33.9 

OTM-375 2014-079T11:28 ME 0.528 0.522 3.0 6.2 3.5 1.8 -- 22.0 8.3 

OTM-376 2014-094T10:29 RCS 0.049 0.049 50.5 -- 5.4 0.3 88.5 193.7 -29.6 

OTM-377 2014-101T10:00 RCS 0.032 0.032 33.4 -- 4.4 0.1 87.1 105.8 -6.5 

OTM-378 2014-114T09:01 RCS 0.030 0.031 32.4 -- 4.6 0.1 86.7 54.2 -2.9 

OTM-379 2014-134T07:46 RCS 0.017 0.017 17.3 -- 3.6 0.1 91.7 142.3 56.7 

OTM-380 2014-141T07:16 RCS 0.014 0.014 13.4 -- 2.8 0.0 100.0 152.0 31.1 

OTM-382 2014-166T11:44 RCS 0.021 0.022 23.0 -- 2.8 0.1 87.0 259.5 35.9 

OTM-383 2014-173T04:59 RCS 0.040 0.040 41.3 -- 4.7 0.2 89.5 256.8 8.9 

OTM-385 2014-198T09:40 RCS 0.026 0.027 29.0 -- 4.3 0.1 85.1 91.4 -38.3 

OTM-387 2014-221T08:08 ME 12.450 12.443 71.0 7.2 1.2 14.5 -- 277.6 30.7 

OTM-388 2014-230T07:37 RCS 0.027 0.027 29.0 -- 3.7 0.1 85.1 172.1 7.4 

OTM-390 2014-250T06:19 ME 1.257 1.234 7.2 22.8 1.6 2.0 -- 257.7 12.8 

OTM-391 2014-262T05:33 RCS 0.078 0.078 78.9 -- 5.6 0.4 90.6 257.5 42.3 

OTM-392 2014-269T05:02 RCS 0.061 0.061 63.3 -- 6.0 0.4 88.2 322.3 28.2 

OTM-393 2014-282T04:16 ME 1.050 1.044 6.0 6.6 2.9 3.0 -- 71.2 5.1 

OTM-394 2014-294T03:30 RCS 0.030 0.030 32.1 -- 4.5 0.1 86.2 52.5 -49.0 

OTM-395 2014-300T20:44 RCS 0.056 0.057 59.8 -- 5.9 0.3 87.1 287.7 48.5 

OTM-396 2014-326T01:44 RCS 0.192 0.192 200.6 -- 5.5 1.0 87.4 112.1 -7.7 

OTM-397 2014-341T18:30 RCS 0.031 0.032 33.8 -- 4.5 0.1 86.5 305.0 -47.4 

OTM-398 2014-348T00:15 RCS 0.155 0.156 164.4 -- 5.2 0.8 86.9 237.4 60.0 

OTM-399 2014-363T23:31 ME 0.954 0.947 5.5 6.6 1.7 1.6 -- 78.8 27.0 

JTM-400 2015-009T22:47 RCS 0.050 0.050 51.3 -- 4.8 0.2 89.1 99.3 -51.3 

OTM-401 2015-014T22:32 RCS 0.223 0.223 231.5 -- 4.4 1.0 88.4 238.1 27.8 

OTM-402 2015-031T21:34 ME 1.254 1.249 7.2 4.6 3.1 3.8 -- 84.0 47.3 

OTM-403 2015-040T21:06 RCS 0.023 0.024 25.4 -- 4.3 0.1 86.1 245.3 -23.4 

OTM-404 2015-046T20:36 ME 0.489 0.481 2.8 8.2 4.1 2.0 -- 251.2 6.8 

OTM-405 2015-063T19:39 RCS 0.094 0.094 100.3 -- 4.2 0.4 86.9 330.9 7.1 

OTM-406 2015-072T19:10 RCS 0.017 0.017 17.6 -- 3.5 0.1 91.8 193.9 -21.4 

OTM-408 2015-110T16:29 RCS 0.041 0.041 44.0 -- 3.4 0.1 88.6 195.4 -1.8 

OTM-409 2015-124T15:30 RCS 0.012 0.012 11.9 -- 1.6 0.0 100.0 165.0 0.5 

OTM-410 2015-131T15:00 RCS 0.055 0.055 60.3 -- 4.7 0.3 86.2 69.9 -2.2 

OTM-411 2015-159T13:00 RCS 0.054 0.054 58.1 -- 4.3 0.2 87.4 165.6 -9.2 

OTM-414 2015-177T11:44 RCS 0.065 0.065 70.5 -- 4.4 0.3 85.8 184.5 1.6 

OTM-416 2015-191T10:58 RCS 0.090 0.090 97.5 -- 4.3 0.4 86.3 34.4 -5.1 

OTM-417 2015-221T08:54 RCS 0.012 0.012 11.9 -- 2.0 0.0 100.0 143.6 -5.6 

OTM-419 2015-233T08:07 RCS 0.052 0.052 56.0 -- 3.7 0.2 88.1 53.9 -2.9 

OTM-421 2015-268T05:48 RCS 0.016 0.017 16.4 -- 2.0 0.0 93.4 123.8 -7.5 

OTM-422 2015-275T05:17 ME 0.244 0.236 1.4 7.4 10.4 2.5 -- 246.7 -17.6 

OTM-423 2015-279T05:02 ME 2.617 2.608 14.9 8.4 3.8 9.9 -- 220.5 -79.4 

OTM-424 2015-284T04:46 RCS 0.029 0.029 32.5 -- 4.8 0.1 84.2 158.3 -7.9 

OTM-426 2015-293T04:15 RCS 0.065 0.065 69.5 -- 4.4 0.3 87.3 105.2 -0.8 

OTM-429 2015-309T03:29 RCS 0.105 0.105 112.1 -- 3.8 0.4 87.8 319.4 -4.6 

OTM-431 2015-320T02:29 RCS 0.098 0.098 105.3 -- 4.1 0.4 87.1 220.0 14.2 

OTM-435 2015-364T00:00 ME 2.974 2.968 17.0 6.1 2.2 6.6 -- 345.3 84.7 

OTM-436 2016-012T23:16 RCS 0.030 0.031 34.4 -- 3.9 0.1 84.9 192.2 6.5 

OTM-438 2016-023T22:47 ME 6.834 6.827 38.7 7.4 0.9 6.2 -- 86.8 79.4 

JTM-439 2016-029T22:17 RCS 0.010 0.010 9.9 -- 0.4 0.0 100.0 266.7 -22.7 

OTM-440 2016-034T22:03 ME 0.571 0.564 3.3 7.0 3.0 1.7 -- 147.1 -12.1 

OTM-441 2016-039T21:49 ME 0.734 0.727 4.2 6.4 2.4 1.8 -- 115.7 60.5 

OTM-442 2016-044T21:34 RCS 0.009 0.010 9.4 -- 0.7 0.0 100.0 34.3 21.0 

JTM-443 2016-051T21:05 RCS 0.063 0.063 68.5 -- 4.1 0.3 87.5 143.5 -33.6 

OTM-444 2016-085T18:55 ME 7.938 7.931 45.0 7.5 1.0 7.7 -- 114.1 50.7 

OTM-445 2016-092T18:26 RCS 0.057 0.057 62.3 -- 3.7 0.2 86.0 257.4 1.5 

OTM-446 2016-098T18:11 RCS 0.161 0.162 171.8 -- 4.0 0.6 87.6 173.6 -34.0 

OTM-447 2016-113T17:13 ME 1.754 1.744 10.0 9.4 1.9 3.3 -- 125.7 31.8 

JTM-448 2016-125T16:29 RCS 0.011 0.012 11.3 -- 2.4 0.0 100.0 347.5 -67.2 

OTM-449 2016-130T15:59 ME 0.540 0.533 3.1 6.7 2.4 1.3 -- 148.6 -15.9 

OTM-450 2016-143T15:00 RCS 0.020 0.021 23.1 -- 3.8 0.1 84.9 25.6 27.0 

OTM-452 2016-163T13:45 ME 0.245 0.237 1.4 8.2 4.2 1.0 -- 301.8 -55.4 

OTM-453 2016-199T11:13 ME 2.015 2.010 11.5 5.5 0.8 1.7 -- 313.8 9.9 

OTM-454 2016-204T10:42 RCS 0.044 0.044 47.9 -- 3.9 0.2 88.9 288.5 40.9 

OTM-455 2016-210T10:27 RCS 0.178 0.178 194.8 -- 3.6 0.6 87.2 44.1 45.6 

OTM-456 2016-215T10:11 ME 0.781 0.774 4.5 6.7 1.4 1.1 -- 118.3 4.4 

JTM-459 2016-233T08:54 RCS 0.050 0.050 53.1 -- 2.9 0.1 89.8 233.3 -71.8 

OTM-460 2016-267T06:34 RCS 0.019 0.019 21.5 -- 2.6 0.0 84.3 43.7 19.0 

OTM-462 2016-279T05:48 RCS 0.165 0.165 181.3 -- 3.3 0.5 87.0 253.0 -58.9 

OTM-463 2016-315T03:29 RCS 0.013 0.013 12.5 -- 1.1 0.0 100.0 246.7 -54.6 

OTM-464 2016-322T03:14 RCS 0.137 0.137 151.0 -- 3.3 0.5 86.7 171.4 -55.9 

OTM-467 2016-339T11:58 ME 0.984 0.976 5.6 8.0 1.4 1.4 -- 163.5 -55.8 

OTM-468 2016-359T00:58 RCS 0.221 0.221 239.3 -- 2.7 0.6 87.7 177.7 -15.0 

OTM-468a 2017-053T15:49 RCS 0.190 0.191 207.4 -- 1.4 0.3 88.1 254.9 -10.3 

OTM-469 2017-108T18:12 RCS 0.054 0.055 58.0 -- 1.4 0.1 88.0 195.3 -61.7 

OTM-470 2017-114T17:52 RCS 0.150 0.150 165.3 -- 2.4 0.4 87.7 187.8 33.3 

OTM-471 2017-130T16:58 RCS 0.014 0.015 14.3 -- 2.6 0.0 93.5 210.1 14.0 

OTM-472 2017-196T12:21 RCS 0.139 0.139 153.1 -- 1.5 0.2 87.2 270.2 20.6 
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X. Appendix  

The following table includes the relevant vital statistics for all 360 executed maneuvers of the Cassini mission.  

The maneuver execution magnitude error is not included for RCS maneuvers since the RCS maneuvers were 

effectively timed burns (i.e. did not use an accelerometer to sense acceleration).  The average RCS duty cycle is 

included for the RCS maneuvers but is not applicable to ME maneuvers.  The execution error values for the SOI 

maneuver are not included because this maneuver was not at a fixed burn direction.  Due to the length of time that has 

elapsed since the earliest years of the mission, some details related to the planning of the early maneuvers (TCM-001 

through OTM-009) were not readily available for fresh analysis.  For that reason, the “Vc” values were drawn from 

the NAV team’s data archive, the “Va” values from AACS telemetry, and the execution errors for these maneuvers 

were taken from the values previously published by Burk5. 

 

The limited space of the column header precluded more descriptive names, so they are included here: 

Vc: Commanded ∆V vector magnitude 

Va: Achieved ∆V vector magnitude 

EMag: Maneuver execution magnitude error 

EAngle: Angular separation between Vc and Va (i.e. pointing error angle) 

EPoint: Maneuver execution pointing error 

Avg. DC: Average Duty Cycle during RCS maneuver 

RA: Right Ascension of the maneuver ∆V vector 

DEC: Declination of the maneuver ∆V vector 

 

Maneuver  

Name 

Burn Ignition 

Time 

Burn 

Type Vc (m/s) Va (m/s) 

Burn 

Duration 

(s) 

EMag 
(mm/s) 

EAngle 

(mrad) 

EPoint 

(mm/s) 

Avg. 

DC 

(%) 

RA 

(Deg) 

DEC 

(deg) 

TCM-001 1997-313T20:00 ME 2.746 2.753 34.5 29.9 13.4 36.9 -- 279.8 24.3 

TCM-002 1998-056T20:15 RCS 0.185 0.189 292.0 -- 8.9 1.7 91.6 164.0 26.6 

TCM-005 1998-337T06:00 ME 449.974 449.668 5255.0 256.6 16.4 7399.1 -- 3.9 -2.8 

TCM-006 1999-035T20:00 ME 11.551 11.545 120.1 32.0 1.6 18.0 -- 305.1 -10.8 

TCM-007 1999-138T17:10 RCS 0.239 0.238 335.5 -- 41.2 9.8 91.4 258.4 -8.7 

TCM-009 1999-187T17:00 ME 43.544 43.551 459.5 59.0 2.0 87.6 -- 265.3 44.1 

TCM-010 1999-200T16:00 ME 5.133 5.127 54.6 2.7 2.0 10.1 -- 274.8 66.1 

TCM-011 1999-214T21:30 ME 36.309 36.301 391.4 21.2 1.9 67.2 -- 62.3 15.3 

TCM-012 1999-223T15:30 ME 12.256 12.253 133.4 10.4 1.6 19.9 -- 293.3 76.5 

TCM-013 1999-243T16:00 ME 6.710 6.706 72.2 2.6 5.6 37.5 -- 76.4 24.3 

TCM-014 2000-166T17:00 ME 0.555 0.562 6.0 15.6 20.8 11.5 -- 18.8 47.2 

TCM-017 2001-059T17:30 ME 0.512 0.504 5.3 0.7 19.8 10.5 -- 264.8 -63.6 

TCM-018 2002-093T18:00 ME 0.901 0.895 9.7 0.5 4.5 4.0 -- 195.3 61.5 

TCM-019 2003-121T20:00 ME 1.598 1.601 17.4 2.4 5.7 9.1 -- 47.0 21.6 

TCM-019a 2003-253T19:52 RCS 0.120 0.122 197.6 -- 20.8 2.5 92.2 108.0 22.1 

TCM-019b 2003-275T04:00 ME 2.000 2.021 39.3 22.0 7.2 14.4 -- 29.0 3.3 

TCM-020 2004-148T22:26 ME 34.723 34.724 362.0 0.5 2.0 68.3 -- 238.8 28.2 

TCM-021 2004-168T21:07 ME 3.696 3.685 38.3 1.2 3.5 13.1 -- 275.3 -15.4 

SOI 2004-183T01:12 ME 625.616 611.773 5818.8 -- -- -- -- 271.9 4.2 
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