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1 Summary

Team 13’s solution has probes visiting 26 asteroids and it seems the probes and mothership have
fuel remaining. However, we suspect there may be constraint violations in the solution; there was
insufficient time to check the final trajectories and verify all of the constraints were met. We are
submitting this answer knowing it may not fully meet the problem specifications.

2 Methodology

A Modified Tabu Search (MTS) with impulsive burn models was used as the primary search method
to maximize the number of asteroids visited and thus to optimize the first performance index. The
best MTS solution was then input into a finite burn trajectory optimization program to optimize
the secondary performance index. The finite burn trajectory otimization program was also used to
ensure all of the problem constraints were honored and to generate the trajectory time history files.

2.1 Modified Tabu Search

The team utilized a search procedure based on the tabu search metaheuristic that operates on a
tree-based solution representation. The root node of the search tree represented initial conditions
of the mothership at the Earth, and subsequent branches and nodes represented trajectory seg-
ments and rendezvous with asteroids for the mothership and probes. At each iteration, the most
promising nodes of the tree were expanded to generate new solutions. The method makes use of
recency-based memory to prevent cycling among similar solutions and a dynamic neighborhood
selection procedure that further promotes a diverse exploration of the search domain. A numeri-
cal space pruning procedure was used to eliminate infeasible trajectory options and speed up the
algorithm. The generated impulsive solutions were additionally constrained based on finite burn
estimates of the impulses. After running for a given period of time, the best combinations of probe
trajectories were selected from the search tree subject to the problem constraints. The search was
executed in parallel on the Stampede supercomputer at the Texas Advanced Computing Center at
The University of Texas at Austin.
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2.2 Finite Burn Optimization

The best MTS result with a given asteroid tour and impulsive maneuver sequence for each vehicle
was processed by an impulsive maneuver optimization algorithm to maximize the secondary per-
formance index. The impulsive optimization used a sequential quadratic programming algorithm
and made provisions to account for predicted finite burn time constraints as for as all of the other
constraints of the problem. The results from the impulsive optimization where then processed by
a finite burn trajectory optimization program that also used a sequential quadratic programming
algorithm.

The finite burns were constructed by using an automated time-optimal impulse-to-optimal-control-
finite-burn conversion, resulting in finite burns with steering based on the Pontryagin Maximum
Principle from optimal control theory. This required the integration of the associated Euler-Lagrange
equations. Transversality conditions were satisfied for each unique maneuver, but transversality
conditions of the overall problem were not used nor needed. The Lagrange multiplier vectors for
each finite burn maneuver formed part of the overall parameter vector of the complete nonlin-
ear programming problem, which included other variables such as times and impulsive maneuver
vectors associated with the mother ship vehicle.

2.3 Additional Specialized Algorithms

Multiple specialized algorithms were developed to support the MTS search method and the finite
burn optimization, as well as to provide tools for verifying solutions.

A modified RK78 variable step integrator was developed to accurately and efficiently propagate the
set of Euler-Lagrange equations for the finite burn optimization. The integrator was based on the
method developed by Erwin Fehlberg in 1968, but additional modifications were made to support
backward propagation and to improve the efficiency of the error estimation process.

A variational integrator was developed for use in verifying the final solution. Variational integrators
preserve the momentum and energy of a system and are therfore highly accurate for propagation
over long time periods.

A set of smart asteroid databases with a reduced set of candidate asteroids were generated to reduce
the search space for the MTS. These databases grouped asteroids within bins for inclination, semi-
major axis, energy, and other characteristics.

3 Problem Solution

Mothership launch date 59216.062 MJD
Mothership Final Mass 8733.676 kg

Primary Performance Index, J 26
Secondary Performance Index, J’ 2736.925 kg
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Table 1: Probe Summary
Probe Release date Return Date Final Mass

1 59987.572 MJD 62213.496 MJD 911.98 kg
2 61103.144 MJD 63361.271 MJD 940.21 kg
3 61177.608 MJD 63396.308 MJD 884.74 kg

Table 2: Probe Tours
Probe 1 Asteroids Visited Probe 2 Asteroids Visited Probe 3 Asteroids Visited

3995 Sagan 12847 Perrine 2731 Houson
11309 1999-WE4 3572 Levitan 4546 Sersic
5136 Shevchenko 14462 Nakanishi 4546 Leonce
4018 Kristensen 1926 Noemi 7595 Kaoru

1594 Zoya 11304 Masuzawa 4002 Scaltriti
11942 1999-GL19 3084 Iisalmi 2130 Indiana

8759 Tempel 5904 Koktebelila 3539 Leonisis
6679 Matra 5184 Lieske 14815 Hanamiyama

3500 Oppolzer 5869 Yauza

4 Trajectory Plots
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