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Abstract

This technical report discusses optimization and optimal design methodologies in engineering.
Optimization modeling is that converting physical phenomenon to an objective function within
constraints and expressing optimization equation. The objective function depends on design variables,
which must be determined based on optimal cost and utility. Then, optimal solutions can be derived

using deterministic or stochastic approaches. Deterministic approaches guarantee global optimum
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using convexity and Karush-Kuhn—Tucker conditions, whereas stochastic approaches employ
probabilistic techniques to approach global optimum. These approaches are complementary, selected
based on the problem characteristics. Deterministic approaches ensure solutions applying continuous,
independent variables; which lead to exponential computational complexity with increased variables.
While, stochastic approaches using random functions and statistical techniques, handle nonlinear and
discrete problems but cannot guarantee global optimum. A case study introduces imaging mission
operation of multiple satellites. It applies a deterministic mixed-integer linear programming (MILP)
approach and a stochastic genetic algorithm (GA). GA offers flexibility in nonlinear models and discrete
spaces, making it suitable for complex problems to find near-optimal solutions. MILP limited to linear
models but ensures global optimum. Simulation results show GA's applicability and utility in diverse
operational modes and complex missions, while MILP excels in maximizing resource utilization and
finding optimal solutions within design constraints. This study demonstrates the potential of optimization

techniques for efficient multi-satellite operations and suggests expanding to more complex systems.
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® General optimization formulization o))
- Objective function
* Min fX)
- Design variable
o X =(xq, Xp, X3,*.)
- Constraint
+g(X);<0,i=1top
*h(X);=0,j=1tom
AZE F40] AfR oo FofXl Aok 27 WollA | 52 X49] HAgS
o[t} A3} FAIE sidsk= gtolBE g Eol /i 9 F7H7F Hof itk &
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&o] sttt Tt 2 FHHA 9 A= Fig 2 € 4] ()2 ZTHol.

&
i

1

o e
¢

L
ro
>

1o rfo
i)

Optimal design point

Utility

Cost(variables, resoultion, design factors, etc.)

Fig. 1. Optimum design point considering cost and utility.
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Fig. 2. Simple structure modeling [6].
® Structure optimization 2

- Description

* Minimize bar volume within allowable stress

- Formulization
* Minimize f(A) = 10(2V2A; + A,)
* Subject to
2A; +2A,
2A1(A; +V24,)
A, +24A, <1
* Bounded to

0.1 < A,<100, 0.1 < A,<100
2. $AH ¥ AP HIH

& AAlo gt A2 2A 2 EH (deterministio @ 5413 (stochastic) 22 2%
th o] F A2 AT RS 7 A8 BAIS] B4 wiet Ads] AeEnt 242
2 AT Ao R vl 52 =94 W (sensitivity)E B-8310] HATE L&At
A=) S71oll e} AF49] A5(curse of dimensionality)”F 28k (7], 219 A 3f(local
optimum)l F#sk= Bl At I Foi Alf 9 58 2AHtolerance) HollA 3
E HASE = 9l Ao Qt) ZAEA HIHLE uf] A|goA] BUsE ZHE r &Ik
ERS /Ay, WEEo] EFo] 7 A4 o AL 71535kt 29 7o E = Newton-

Raphson method, Quasi-Newton's methods, steepest descent method, adjoint method

O
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5ol it olet WL A o2 ARpdo] Aol AjtshH, MY A sf(global optimum)
o Hslr] sl F7H4Q1 Bgho] o3 4= Sl

FAA S Y ot SAE 7Y 52 B85t Bt viAY B BldSA £AIE
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2 ousl SYEINTR:, TeT So) A7H RHE 5 AEEh: A9} Aol
2 7O 2%E simulated annealing, genetic algorithm, particle swarm optimization, ant
colony optimization, random search 5°] tt. A% WHE uf A|goA &2 ZHE
TEoh, E9] A9 24 3Kglobal optimization)oll 7213t £/3 7HITH8,9].

BAHEA et A2 v 2ke] B2 Table 101 82F=|0] Qirt. bds] E&H 74
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J8y 271 7 A9 s ZA0 YAIehks A9, 271 sH(premature convergence) 2.
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A, A FASE G5 93t a&AQl darelEe] /i 9 =55 319 HS(validation)
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HHE TEoh= Aot =&% A9 o= 01X 14 618 2Ktolerance) WOl
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Table 1. Trends according to deterministic stochastic approach

Deterministic Stochastic
Solution Local optimum approach Global optimum approach
Algorithm cost as High cost at initial condition
Course of dimension
variable increase increase linearly

Orthogonal, continuous or
Variable condition ‘ _ . Undefined
plecewise continuous

Application Low complexity problem High complexity problem
Derived solution Guaranteed within given tolerance not guaranteed
[teration Defined Undefined
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Local optimum

Global optimum

Domain

Fig. 3. Global and local optimum.
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419l FE(curvature)e UEH™, %9%(domain) HollA o] gro] =2t s
548 BT o, IR =7t 00] He A2 A 243f(global optimum)7t
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T
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® One variable case, y = f(x) : Domain is closed and bounded (3)
* f(x) > 0 within given domain

* Satisfying f(x*) = 0, x*is global minimum

A AT OR ofshF 4 Uk, B Wl SISt TR Foldl eleolAe] &
42 B=AZ o njEge] Aol HAselth. 4 (4) U Fig. 59 Dol BT fX)9k Ak

F79] E5/d< EABfof At 2kl tisiA g Fol &5 HeHconvex set)o]ZL

f)

Domain

Fig. 4. Global optimality in case of one variable.
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(%2, f (x2))

(x1, f(%1))

Fig. 5. Convexity in convex set.
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A= ol2fRt BE54S BASoF sh, 8t o EA9R9] SAIQKHessian)oll ths <]
YRS (positive definite)?l B9l F232] EF4Jo] BAET Aekxdof sz H
A% Al%Kinequality constraints> B4, A% A|2Hequality constraints)= °}H(affine)

& 77} wk=stoiol SHH10].

ot

m Convexity of the objective function 4)
- B4 f(X)oll tall Convex

flax+(1-a)x) Saf (x)+(-@)f(x;) Vx,x€ . ae[o,l]

domain

- Ak 24 g;(x) <0 2 convex, h;(x) = 0°] affine

(Lagrangian multiplier)g ©1-8-5FH 2t 1|9t 9k(Lagrangian function) 22 ¥& 7}s5}
oh @ $H5=0] oA}k Zo] 12 F
At

teozes 4 02 #o] KKT 24g wEstolof gk 24 (Dol Ha3AL 55
2

AF olEghel dish Ut gle FEAS =2 T

®m Satisfying KKT conditions )
L&, vus) = fFR) + X1 vihi(0)+ X7 u9;(x)
- Ist order necessary condition

* Gradient condition

- oL _ 9f 14 dh; 9g;

oxr  oxg i=1Vig,, + XLy Bxk:O
* Feasibility condition
® h(x) =0; g;(x) <0;
* Switching condition
mygi(x) =0;

* Non-negative of lagrange multipliers for inequalities. u; = 0
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- 2st order Necessary condition
« V2L =V + 31 1V VPh+ X w72 g5 ()
* Let there be nonzero feasible directions, d # 0,

® Q >0, where, Q = d"V2L(x)d
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4. Case Study
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Electric power recharging

Mission specification <— Electric power ——> <— Onboard memory —>

Image Power Downlink
e (5;;98) consuming(Wh) [lepBiE:(] 100 wh [ \ o
Memory restoring

2.8 50 50 1 Power consumption 50 W

<— Onboard memory —> Visibility time
<= Visibility time —>

100 MB 172 sec
‘ ‘ 83 sec
a

X-band 350 sec
Memory consumption 50 MB
i D Downlink data allocation

'\‘v’;‘\f
s-band 2.8 sec PR B

=3
&

%
- :/?—‘,?\»»-"’"'!/- * —
.“‘:‘ Taking image X-band communication
/ \ downlink of image data
S-band communication / \
for CMD /
S - - -

t‘ Position of .
Ground station-1 the mission Ground station-2

Fig. 6. Imaging mission operation sequence [11].
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Fig. 7. The scheduling results of electric power and on-board memory consumption [11].
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Fig. 8. The scheduling results of on—board memory consumption [13].
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£ AFofxes e 942G 2AIEY EAO diel F 7] F8 HF-st FId, S
GA & &-83t A4 izt MILP & &-83t 24E4 WS vusiltt. & AT 45
B TAE 7M1, 229 -7 SAE 7HA AL k.

GA 9] 8 AHL =2 A8 (applicability)°lth. GA &= OVJ 2+ 4 HlAg mdat o)
E45t FH9] A3 ZAOlE fAstA A8 7hsolth 3, AR 7HAE, Aok 24 52
AA "7t STkt Rt E daig)E HE-2 Akegados —7}6}71011 2N g2 £9 g7
AE OIS +FT = Y= TS 22T B3 ANAE ol DA AAskertel whet Al
Ao v BEolal tivti Bolle H8T 4= itk ¢ Bdofx= 9% FF Al A
4 E(restoring) ¥} -2 AlFAo]| 1 B9 247 1E 4= Qlrk. 1Eu GA 4 A
£ 228 7 A9 A US BAGHA] Z3ths Holt) GA + &34shE TAstaL o]
£ AR HolE 4= 12 & A9 FZdof gt 8H HEZ AlgskA] Zetth

g, MILP= A HAs1E AR = HollA et A3 7IxIth MILP= A% 29
< 7|5to g A=, Agke v, 7HAHE, dlofe] HE &, Y AEA T2 tagst
Ak 210& Ags] wrgeich 2Eu MILPY] F8 3= 4-8/d(applicability)o] Rtk
Aoltt. Ay HE= AlgtE]7] wjizo] vAEg Kol ojikgzie] H-8s17] ol ATt %
.

ul

té

Ol

Table 2. Comparing approaches in case study

MILP [13] GA 1]
Imaging missions 5 50
Satellites 3 5

Memory capacity, visibility, data
Memory capacity, visibility,
Resources and transmission rate, imaging
data transmission rate,
constraints mission sequence, power
imaging mission sequence
consumption and restoring

Maximize user benefits in various
Maximize satellite resource
Results resource constrains, operation
utilization
modes, and missions

High computational Low computational complexity,
Algorithm
complexity, suitable for small-  suitable for large—scale
complexity
scale problems simulations
Can be applied and extended to
Model flexibility limited to
Model applicability nonlinear models, discrete
linear models
spaces, etc.
Guaranteed global optimal Able to approach near—optimal or
Global optimality
solution global optimal solution
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