
Recent Advances in Optimization
Software for Space Applications

Martin Schlueter
Information Initiative Center
Hokkaido University, Japan

JAXA/ISAS - Seminar
Sagamihara, Kanagwa, Japan

17th Feb 2014



The Optimization Problem The Optimization Software Space Applications References Conclusions

Outline

1 The Optimization Problem
MINLP - Mixed Integer Nonlinear Programming

2 The Optimization Software
MIDACO - Global Optimization Software for MINLP

3 Space Applications
Ascent of Multi-Stage Launch Vehicle (Delta III)
Interplanetary Space Trajectory (MGA-DSM-MINLP)
ESA Space Benchmarks (ACT-GTOP)
The Impact of Parallelization

4 References
Literature References

5 Conclusions

Martin Schlueter Recent Advances in Optimization Software for Space Applications - JAXA/ISAS Seminar 17 Feb 2014 2 / 37



The Optimization Problem The Optimization Software Space Applications References Conclusions
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MINLP - Mixed Integer Nonlinear ProgrammingThe Optimization Problem

General MINLP problem:

Minimize f (x , y) (x ∈ Rncon , y ∈ Znint , ncon, nint ∈ N)

subject to: gi(x , y) = 0, i = 1, ..., me ∈ N
gi(x , y) ≥ 0, i = me + 1, ..., m ∈ N
xl ≤ x ≤ xu (xl , xu ∈ Rncon)

yl ≤ y ≤ yu (yl , yu ∈ Nnint )

• No information on f () or g() available [Blackbox]
• No gradients available for f () and g()
• Integers must be integers (no relaxation)
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MINLP - Mixed Integer Nonlinear ProgrammingThe Optimization Problem

About MINLP problems:

1 Hard to solve
2 Significanlly increased search space −→ more design possibilities
3 Classic approach on MINLP: Branch and Bound (B&B)

4 New approach on MINLP: Evolutionary Programming
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MIDACO - Global Optimization Software for MINLPThe Optimization Software

MIDACO
Mixed Integer Distributed Ant Colony Optimization
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MIDACO - Global Optimization Software for MINLPThe Optimization Software

Key features of MIDACO:

1 Written entirely from scratch (in F77)
2 Search algorithm based on evolutionary ACO heuristic
3 Improved constraint handling by Oracle Penalty Method
4 Successfully tested on problems with up to 1000 variables
5 Suitable for expensive problems, due to parallelization
6 Available for: Excel, Matlab, Python, C++ and Fortran
7 Licensed Users in over 12 countries
8 Over 7 Years of ongoing development
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MIDACO - Global Optimization Software for MINLPThe Optimization Software

As shown in [1], [2] and [3], MIDACO represents the:

1 State-of-the-art for evolutionary programming on MINLP.

As shown Today (and in [4] and [5]), MIDACO also represents the:

1 State-of-the-art for interplanetary space mission planning.

Furthermore, due its MINLP capabilities MIDACO can:

1 Open new doors in space application design.
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Space Applications

Space Applications
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Ascent of Multi-Stage Launch Vehicle (Delta III)Ascent of Multi-Stage Launch Vehicle (Delta III)

Ascent of Multi-Stage Launch Vehicle

Boing Delta Rocket Family
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Ascent of Multi-Stage Launch Vehicle (Delta III)Ascent of Multi-Stage Launch Vehicle (Delta III)

MIDACO has been used to optimize the ascent of a multi-stage launch
vehicle. The model of the launch vehicle was based on a Delta III Space
Rocket (Boeing) and contained continuous and discrete variables
simultaneously (→ MINLP) The ascent of the vehicle is formulated as
optimal control problem of a (discretized) constrained system of ordinary
differential equations (ODE’s).

MINLP problem specifications:

1 128 decision variables
2 3 integer variables
3 127 constraints
4 5 equality constraints
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Ascent of Multi-Stage Launch Vehicle (Delta III)Ascent of Multi-Stage Launch Vehicle (Delta III)

Financial constraint

5 Different types of strap-on boosters

Additional constraint: Maximal financial budget = 9
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Ascent of Multi-Stage Launch Vehicle (Delta III)Ascent of Multi-Stage Launch Vehicle (Delta III)

Integer Extension

Formulating the type and number of strap-on boosters as variable.
5 Different Booster types. Up to 9 active booster in first stage.

Overall best configuration: y = {8, 3, 3}, f (x , y) = −7647.5(kg)
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Ascent of Multi-Stage Launch Vehicle (Delta III)Ascent of Multi-Stage Launch Vehicle (Delta III)

Martin Schlueter Recent Advances in Optimization Software for Space Applications - JAXA/ISAS Seminar 17 Feb 2014 15 / 37



The Optimization Problem The Optimization Software Space Applications References Conclusions

Interplanetary Space Trajectory (MGA-DSM-MINLP)Interplanetary Space Trajectory (MGA-DSM-MINLP)

Interplanetary Space Trajectory (MGA-DSM-MINLP)

NASA’s Galileo Mission (launched 1989)
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Interplanetary Space Trajectory (MGA-DSM-MINLP)Interplanetary Space Trajectory (MGA-DSM-MINLP)

Mission Layout (MGA-DSM)

Possible integer choices for Fly-By Planets:

MINLP: 21 Variables (3 Integer) & 12 Constraints
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Interplanetary Space Trajectory (MGA-DSM-MINLP)Interplanetary Space Trajectory (MGA-DSM-MINLP)
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Interplanetary Space Trajectory (MGA-DSM-MINLP)Interplanetary Space Trajectory (MGA-DSM-MINLP)
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Interplanetary Space Trajectory (MGA-DSM-MINLP)Interplanetary Space Trajectory (MGA-DSM-MINLP)

Comparison of original Galileo Trajectory and MIDACO Mission1

Galileo MIDACO
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ESA Space Benchmarks (ACT-GTOP)ESA Space Benchmarks (ACT-GTOP)

Please visit:

http://www.esa.int/gsp/ACT/inf/projects/gtop/gtop.html
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ESA Space Benchmarks (ACT-GTOP)ESA Space Benchmarks (ACT-GTOP)

GTOP database benchmark problems

−→ Best known solutions required several Month and even Years
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ESA Space Benchmarks (ACT-GTOP)ESA Space Benchmarks (ACT-GTOP)

Many researchers worked on GTOP benchmarks

−→ GTOP benchmarks are Hard to solve
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ESA Space Benchmarks (ACT-GTOP)ESA Space Benchmarks (ACT-GTOP)

10 Test Runs of MIDACO (with default parameters) on Cassini1 (0.1%)

Best known solution f (x) = 4.9307 (DeltaV)

Cassini1 is the easiest GTOP problem
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ESA Space Benchmarks (ACT-GTOP)ESA Space Benchmarks (ACT-GTOP)

8 Solution submission over a period of 4.5 Years −→ Very Hard
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ESA Space Benchmarks (ACT-GTOP)ESA Space Benchmarks (ACT-GTOP)

Out-of-the-box performance of MIDACO on GTOP Benchmarks

−→ MIDACO solves 5 out of 7 within Minutes to Hours

−→ MIDACO can solve 7 out of 7 with some tuning
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The Impact of ParallelizationThe Impact of Parallelization

The Impact of Parallelization

on

Space Trajectory Optimization
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The Impact of ParallelizationThe Impact of Parallelization

MIDACO distributes the problem evaluation calls:

−→ Useful for cpu-time expensive applications!
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The Impact of ParallelizationThe Impact of Parallelization

Impact of parallelization for P = 1,2,4,8 on GTOP-Cassini1 Benchmark

Comparison of potential and actual speed up

−→ Cassini1 is too light to fully benefit from parallelization
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The Impact of ParallelizationThe Impact of Parallelization

Convergence curves for P=1 and P=8 (based on 100 runs)

−→ Nearly identical convergence behaviour
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The Impact of ParallelizationThe Impact of Parallelization

So far, only small parallelization facors for P has been considered.

What happens, if larger factors are applied?
How far does this concept scale up?

−→ Some preliminary results
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The Impact of ParallelizationThe Impact of Parallelization

Table : Average Blocks needed for P=1 and P=500 (based on 100 runs)

Benchmark Blocks (P = 1) Blocks (P = 500)
Cassini1 (6 Variables) 3,150,654 37,276
Sagas (18 Variables) 230,641,118 1,315,877

Table : Potential Speed-Up

Benchmark Speed Up
Cassini1 85 times
Sagas 175 times

Massive Parallelization = Massive Speed-Up

Conjecture: More Variables = More Speed Up
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The Impact of ParallelizationThe Impact of Parallelization

Hypothetical case study based on previous experience

Table : Hypothetical Mission Details

Number of Variables 9
Evaluation Time 6 Seconds (expensive)
Required Blocks for P=1 5,000,000
Potential speed up for P=500 100 times

Table : Estimation of Time required to solve mission with MIDACO

Time to solve with P=1 30,000,000 Seconds ≈ 1 Year
Time to solve with P=500 300,000 Seconds ≈ 3.5 Days
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Conclusions

1 MINLP can open new possibilities in space application design.

2 MIDACO is powerful enough to solve MINLP space applications.

3 MIDACO holds 1st (and 2nd) record on hardest ESA benchmark.

4 MIDACO is the state-of-the-art for trajectory optimization.

5 Parallel MIDACO can significantly speed up expensive applications.
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Thank you for your attention!

m(_ _)m

Martin Schlueter Recent Advances in Optimization Software for Space Applications - JAXA/ISAS Seminar 17 Feb 2014 37 / 37


	Main Part
	The Optimization Problem
	The Optimization Software
	Space Applications
	References
	Conclusions


