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Introduction

• There is currently a high level of interest in conjunction assessment in the 
Earth orbital environment.

• Several of the world's space agencies have satellites in orbit around Mars 
and the Moon with additional future missions planned. 

• Although the number of spacecraft in these environments is small:
– Missions designed for scientific sensing or communication relay purposes tend to have 

similar orbital characteristics.
– The small number of assets makes the costs of collisions extremely high with respect to lost 

science capability.

• The Multimission Automated Deepspace Conjunction Assessment Process 
(MADCAP) is currently used at the Jet Propulsion Laboratory for NASA to 
perform conjunction assessment at Mars and the Moon.

• This process will be described and the generated reports will be explained.
• Special cases and events are described which have driven the improvement 

of the software and continue to spur future enhancements.
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Overview
Conjunction Assessment Process
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Input Parameters
Conjunction Assessment Process

Environment: Central Body, Coordinate System

Bodies and Ephemerides: List of the Bodies to be analyzed and 
ephemeris files to be used

• Primary file can be local file or the latest predicts grade file 
available on the Deep Space Network’s (DSN) Service 
Preparation System (SPS) Portal.

• Secondary file can be specified to be used in addition to primary. 
Can be a local file or the latest scheduling grade file available on 
the DSN SPS
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Input Parameters
Conjunction Assessment Process

Environment: Central Body, Coordinate System

Bodies and Ephemerides: List of the Bodies to be analyzed and 
ephemeris files to be used

Thresholds List of thresholds to be used to create the Summary 
Report and decide whether to send out ancillary data reports.

• “Red Event” Thresholds - significant, near-term conjunction events
• Based on covariance data if available in ephemeris file.
• Otherwise based on quadratic fit of 3σ values as a function of time to the event.

• “All Event” Thresholds - all notable events in the interval analyzed.

• Ancillary Data thresholds - establish when to send out ancillary data reports.

• Unique thresholds are specified for each spacecraft, the larger of the pair 
analyzed is used.
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Input Parameters
Conjunction Assessment Process

Environment: Central Body, Coordinate System.

Bodies and Ephemerides: List of the Bodies to be analyzed and 
ephemeris files to be used.

Thresholds List of thresholds to be used to create the Summary 
Report and decide whether to send out ancillary data reports.

Data Analysis Options: Specifications of what data will be printed in 
tables and plots and how they will be formatted.

Directories: Locations of input files and output files.

Email Lists: Various email lists specifying who will receive Summary 
Reports, and Ancillary Data Reports. 
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Analysis
Conjunction Assessment Process

MADCAP performs pairwise comparisons of the ephemerides of the 
spacecraft listed in the parameter file. 

A search is conducted for local minimum relative distances between the two 
spacecraft analyzed; each relative minimum is considered a “Close 
Approach Event”.

Times of the events and various orbit attributes are printed to tables.  A few 
of the most used attributes are explained on the next slide.
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Outputs
Conjunction Assessment Process

Summary Report: Sent out in the body of an email to a wide distribution 
to inform recipients of any noteworthy upcoming conjunction events at 
the body analyzed.

Ancillary Data Table: Sent out as an attachment in the Ancillary Data 
Email if specified thresholds are met.  Lists requested conjunction 
attributes for the time analyzed.

Ancillary Data Plot Sent out as an attachment in the Ancillary Data Email 
if specified thresholds are met. Displays CAD and OXD over the time 
analyzed.

Examples of these output products are presented in later slides.
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Response Flow
Conjunction Assessment Process
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Time and Bodies
Summary Report Example - Mars

Body Name Type
1 Odyssey Active
1r Odyssey Active/Reference
2 Mars_Express Active
2r Mars_Express Active/Reference
3 MRO Active
4 MAVEN Active
5 MOM Active
6 Phobos Natural
7 Deimos Natural
8 MGS Inactive

Analysis Time: 2015-09-01 17:52:47 UTC

Conjunction Assessment Bodies and Types

Time the analysis was performed 

Each body is uniquely identified by a body ID number
-“r” stands for reference file
-“a” stands for additional file

Each body “type” is listed:
-Active: operational spacecraft 
-Natural: natural space bodies
-Inactive: non-operational spacecraft
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Red and All Tables
Summary Report Example - Mars

Bodies OXD value/limit (km) OXT value/limit (sec) CAD value/limit (km) CA Epoch (UTC-SCET)
3-4 4.7 7.6 4P 1676.0 1764.7 4P 897.3 ----- -- 2015-09-02 04:09:43

Bodies OXD (km) OXT (sec) CAD (km) CA Epoch (UTC-SCET)
3-4 4.7 1676.0 897.3 2015-09-02 04:09:43
1-5 17.8 30.4 86.3 2015-09-23 01:15:31
1r-5 17.8 30.4 86.3 2015-09-23 01:15:31
3-4 9.6 -2754.4 2821.9 2015-09-26 19:39:01
3-4 6.4 1083.7 1486.8 2015-09-27 00:40:44

Red (Conjunction Data < 'Red' Thresholds and Event < 14 days from Analysis Time)

All (Conjunction Data < 'All' Thresholds for all time considered)

Value    Threshold       Source
C-Covariance
P-Polynomial

Value           No Threshold Time at Closest 
Approach

Value
(no threshold)

Value
(constant threshold 

not listed here)

Value
(constant threshold not 

listed here)
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Notes
Summary Report Example - Mars

Analysis time: 2015-09-01 17:52:47 UTC
Active spacecraft: Odyssey, Mars Express, MRO, MAVEN, MOM
Natural bodies: Phobos, Deimos
Inactive spacecraft: MGS
Output directory: /nav/home/jplmdnav/MADCAP/Mars/archive
Point of contact: MADCAP_Mars@jpl.nasa.gov

Notes
OXD means "Orbit Crossing Distance". OXT means "Orbit Crossing Timing". CAD means "Close 
Approach Distance". 

Data for active spacecraft and natural bodies are displayed in the tables above. Data for 
inactive spacecraft are not displayed, but they are available in the conjunction metric 
tables and plots, which have been stored in the output directory listed below. Data for 
reference trajectories are not considered for Red events, but are considered in the All 
section. Reference trajectories use the same thresholds as the nominal trajectories. 

For more information, please see the point of contact listed below. 

mailto:zahi.b.tarzi@jpl.nasa.gov
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Red Thresholds
Summary Report Example - Mars

Body Name OXD0 (km) OXD1 (km/t) OXD2 (km/t^2) OXT0 (sec) OXT1 (sec/t) OXT2 (sec/t^2)
1 Odyssey 0.0009 0.0013 0.0000 0.0705 -0.0411 0.0096
2 Mars_Express 1.0000 0.0000 0.0000 3000.0000 0.0000 0.0000
3 MRO 0.0877 -0.0315 0.0040 0.0100 0.4939 0.0765
4 MAVEN 6.0000 1.5000 0.0326 1.0000 600.0000 1000.0000
5 MOM 0.2498 0.0014 0.0012 0.0100 33.0089 0.3246
6 Phobos 30.0000 0.0000 0.0000 15.0000 0.0000 0.0000
7 Deimos 40.0000 0.0000 0.0000 20.0000 0.0000 0.0000

Red Thresholds -- Polynomial Coefficients

Red OX Distance Threshold (t) = OXD0 + (OXD1 * t) + (OXD2 * t^2) 
Red OX Timing Threshold (t) = OXT0 + (OXT1 * t) + (OXT2 * t^2) 
where t = CA Epoch - Ephemeris File Submit Time (in days) 

Red thresholds are based on 3-sigma values. Thresholds listed as "P" are based on 
a quadratic fit of the 3-sigma values as a function of time to the event. The 
polynomial coefficients used are listed in the table above. Thresholds listed as 
"C" are based on 3-sigma covariance data provided by the mission.

Submit time to Deep Space Network’s (DSN) Service Preparation System (SPS) Portal
(good general approximation of data cutoff time which is not available in ephemeris file)



October 19-23, 2015 25th International Symposium on Space Flight Dynamics 16

All Thresholds
Summary Report Example - Mars

Body Name OXD (km) CAD (km)
1 Odyssey 10 100
2 Mars_Express 10 100
3 MRO 10 300
4 MAVEN 10 3000
5 MOM 20 100
6 Phobos 45 100
7 Deimos 60 200

All Thresholds -- Constants
All OX Distance Threshold = OXD 
All CA Distance Threshold = CAD 
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Ephemerides
Summary Report Example - Mars

Body Ephemeris Submitted Begin End
1 p_m_od60822-60824_61929_v1.bsp 2015-08-31 23:20:47 UTC 30-AUG-2015 19:28:51 UTC 29-NOV-2015 23:58:51 UTC
1r p_m_od60822-60824_61929_v1.bsp_V0.1 Analysis Time 30-AUG-2015 19:28:51 UTC 29-NOV-2015 23:58:51 UTC
2 MOEM_150831OAS_PREDICT__0001.CR.bsp 2015-09-01 10:25:36 UTC 20-AUG-2015 23:56:29 UTC 22-SEP-2015 16:48:51 UTC
2r MOEM_140303OAS_SCHED____0001.CR.bsp 2015-01-14 18:20:28 UTC 29-DEC-2013 07:09:00 UTC 31-DEC-2018 23:58:51 UTC
3 pf_psp_rec42582_42579_43435_p-v1.bsp 2015-08-27 16:28:29 UTC 27-AUG-2015 06:08:51 UTC 01-NOV-2015 23:58:51 UTC
4 trj_orb_01793-01794_01952_v1_mvn.bsp 2015-08-31 19:41:08 UTC 31-AUG-2015 13:03:51 UTC 30-SEP-2015 17:18:51 UTC
5 mom_spk_150823-150928_od299_v3_dsn.bsp 2015-08-31 19:47:49 UTC 23-AUG-2015 13:00:00 UTC 28-SEP-2015 12:00:00 UTC
6 mar097.2010-2029.bsp Analysis Time 29-DEC-2009 23:58:53 UTC 01-JAN-2030 23:58:51 UTC
7 mar097.2010-2029.bsp Analysis Time 29-DEC-2009 23:58:53 UTC 01-JAN-2030 23:58:51 UTC
8 p_141031-151031-061212_10yr_nominal.nio Analysis Time 31-OCT-2014 05:28:52 UTC 31-OCT-2015 06:28:51 UTC

Ephemeris files for the bodies analyzed are listed in the table above. Files which have 
been updated since the last run are marked with an "*" and colored blue. 

Ephemerides

Ephemeris submit time to SPS

Local files, analysis time used for 
polynomial threshold calculation
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MRO-MAVEN
Ancillary Table Example

# Table of closest approach events for 'MRO' and 'MAVEN'
# Begin Time: 24-AUG-2015 20:33:35.9162 UTC
# End Time: 23-SEP-2015 10:58:51.8176 UTC
# Central Body: Mars
# Coordinate System: IAU Mars Pole
# Output Time System: UTC (UTC-ET = -68.1827 sec [at begin time])
# Ephemeris files supplied by user:
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/de410_Mars.boa
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/p_m_od60649-60652_61771_v1.bsp
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/MOEM_150817OAS_PREDICT__0001.CR.bsp
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/pf_psp_rec42493_42490_43263_p-v1.bsp
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/trj_orb_01755-01756_01914_v1_mvn.bsp
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/mom_spk_150813-150916_od297_v1_dsn.bsp
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/mar097.2010-2029.bsp
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/mar097.2010-2029.bsp
# /nav/home/jplmdnav/MADCAP/Mars/Ephemerides/p_141031-151031-061212_10yr_nominal.nio
#
# Calendar Julian R E L A T I V E Distance (km) Minimum Orbit Crossing T i m e s
# Date Date (days) Distance (km) Speed (km/s) Min Crossing MRO MAVEN Time Diff (s)
24-AUG-2015 20:38:38.019 2457259.36016 1797.36113 6.25271 99999999.000 24-AUG-2015 21:24:28.846 None 0
24-AUG-2015 21:34:26.963 2457259.39892 1357.26593 6.57642 -610.100 24-AUG-2015 22:19:56.019 24-AUG-2015 20:52:07.839 5268.18
24-AUG-2015 23:00:45.741 2457259.45886 6007.54936 4.92479 -3000.269 24-AUG-2015 23:16:32.831 24-AUG-2015 21:57:32.637 4740.19
25-AUG-2015 00:37:59.631 2457259.52638 4560.89264 5.24668 -592.039 25-AUG-2015 00:11:59.350 25-AUG-2015 01:30:05.160 -4685.81
25-AUG-2015 01:46:16.797 2457259.57381 738.10131 7.65703 -585.979 25-AUG-2015 02:04:08.845 25-AUG-2015 01:30:10.752 2038.09
25-AUG-2015 02:53:21.395 2457259.62039 4238.84423 5.27334 -3066.474 25-AUG-2015 03:00:42.186 25-AUG-2015 02:36:06.624 1475.56
25-AUG-2015 04:30:28.022 2457259.68782 6126.63705 4.92544 99999999.000 25-AUG-2015 04:52:48.468 None 0
25-AUG-2015 05:57:27.598 2457259.74824 1488.22072 6.42511 -562.349 25-AUG-2015 05:48:12.987 25-AUG-2015 06:08:07.443 -1194.46
25-AUG-2015 06:53:08.054 2457259.78690 1598.37287 6.39817 -554.944 25-AUG-2015 07:40:21.841 25-AUG-2015 06:08:09.716 5532.12
25-AUG-2015 08:21:08.971 2457259.84802 6104.78614 4.91050 -3130.449 25-AUG-2015 08:36:59.521 25-AUG-2015 07:14:36.546 4942.98
25-AUG-2015 09:57:55.821 2457259.91523 4305.60942 5.31523 -542.163 25-AUG-2015 09:32:26.531 25-AUG-2015 10:46:02.839 -4416.31
25-AUG-2015 11:04:06.877 2457259.96119 809.08888 7.65464 -537.560 25-AUG-2015 11:24:39.909 25-AUG-2015 10:46:05.588 2314.32
25-AUG-2015 12:13:23.008 2457260.00929 4500.78793 5.20507 -3187.562 25-AUG-2015 12:21:15.803 25-AUG-2015 11:53:04.817 1690.99
25-AUG-2015 13:50:56.824 2457260.07705 6028.92938 4.94037 99999999.000 25-AUG-2015 14:13:25.416 None 0
25-AUG-2015 15:16:10.130 2457260.13623 1189.34858 6.60271 -516.378 25-AUG-2015 15:08:51.078 25-AUG-2015 15:24:03.823 -912.745
25-AUG-2015 16:12:03.689 2457260.17504 1869.79014 6.22202 -508.483 25-AUG-2015 17:00:57.455 25-AUG-2015 15:24:08.075 5809.38
25-AUG-2015 17:41:38.351 2457260.23725 6181.69253 4.89998 -3264.826 25-AUG-2015 17:57:31.124 25-AUG-2015 16:31:48.213 5142.91
25-AUG-2015 19:17:47.598 2457260.30402 4031.78658 5.39418 -496.757 25-AUG-2015 18:52:57.457 25-AUG-2015 20:01:56.970 -4139.51
25-AUG-2015 20:21:56.531 2457260.34857 858.61772 7.61533 -491.469 25-AUG-2015 20:45:08.907 25-AUG-2015 20:01:57.812 2591.09

No crossings found in the region searched 
(within the time of preceding and following close approach events)

CAD OXD OXTTime of Closest 
Approach

Time at Orbit 
Crossing
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MRO-MAVEN
Ancillary Plot Example

Discontinuities in Orbit 
Crossing Distance show 
effect of planned 
maneuvers

Upcoming times of orbit 
closeness are much 
easier to discern via 
MADCAP plots
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Rapidly Varying Trajectories
Special Cases

Prior to arrival of MAVEN in September 2014, orbiters at Mars were all in 
relatively stable, well-predicted orbits.  

Perturbations of MAVEN's orbit induced by the Martian atmosphere 
necessitated special consideration.

Previously, only CAD was used as a threshold and all thresholds were constant 
values. 

If used for MAVEN, this would result in using a very large threshold to account 
for downtrack uncertainties which grow large over a short time interval due to 
the atmospheric drag.

This would lead to many “false” Red events: events which would not actually 
present any collision risk, but are categorized as Red due to large thresholds in 
place due to greater uncertainty at later times and in all directions.
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Rapidly Varying Trajectories
Special Cases

Initial Update:
• Orbit Crossing Distance and Timing used instead of close approach 

distance for Red events.
• Radial and downtrack errors can be examined separately:  A larger threshold can be 

used for OXT (downtrack error), smaller threshold on OXD (radial error). 
• Allows elimination of events that are somewhat close in timing, but where the orbits do 

not get close to each other. 
• Quadratic polynomial can be used as a threshold instead of constant 

value.
• In the absence of covariance data, this allows events to assessed by risk level based on 

an uncertainty which changes as predictions are carried further in time.

Later Update:
• MADCAP was modified to be able to download files from the DSN with 

covariance data and use them to calculate Red thresholds.
• Thresholds based on trajectory covariance data would be able to provide much better 

estimates of the variation in state uncertainty over time. 
• Values are based on a linear interpolation of the position covariance matrices which 

bracket the event in time.
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Inactive Spacecraft
Special Cases

• Non-operational spacecraft cannot be reliably tracked at Mars & the Moon.

• Ephemerides with long-term propagations based upon the last known state 
of the spacecraft are used.

• These propagations contain large uncertainties and so are too unreliable 
to trigger a response from an active spacecraft.

• They are not included in the Summary Report Tables, but are in the 
ancillary data report for informational purposes only.

• A future method for inclusion may involve considering only an OXD 
threshold to eliminate the evaluation of unreliable downtrack position and 
only compare the less uncertain orbit.
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Supporting Collision Avoidance Maneuver Studies
Special Cases

LADEE navigation team 
designed several maneuvers 
to increase OXD. 

Special MADCAP runs were 
conducted to test the impact of 
these maneuvers.

They did not yield desired 
results of increasing OXD for 
entire period of interest and 
across LADEE’s maneuver 
dispersions.

In February of 2014, MADCAP showed OXD for LRO-LADEE pair would be less than 1 
km for a few orbits. 
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Supporting Collision Avoidance Maneuver Studies
Special Cases

Based on these MADCAP reports:

• LRO delayed a momentum wheel desaturation maneuver by 1 day and LADEE 
delayed an orbit maintenance maneuver by 2 days to adjust periselene altitude. 

• The LADEE maneuver was retargeted to maximize in-track distance between 
LADEE and two subsequent crossings of LRO such that the distance at closest 
approach would be greater than 1 km in the radial direction and greater than 4 km 
in the in-track direction.  

• Special MADCAP runs were again conducted to evaluate the risk of a number of 
different post-maneuver trajectories including maneuver execution and orbit 
determination errors. 

• The above requirements were met and the maneuvers successfully implemented.  
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Future Work

• Integrated 3D visualization of conjunction in reporting

• Calculation and reporting of collision probability

• Including Inactive Spacecraft in Summary Report

• Automated special runs to support conjunction 
responses
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