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m Formulation
Minimize F (x) =(f,(X), f,(X),..., f_(X))

PS: Pareto optimal set

Many-Objective Optimization

subjectto x € X.

PF: Pareto optimal front
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the collection of all  Pareto optimal solutions is the Pareto optimal set.
the image of  the PS in the objective space.


Many-Objective Optimization
m Difficulties for solving MaOPs

The loss of selection pressure--- unable to distinguish non-
dominated solutions

Diversity maintenance--- “curse of dimensionality”
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Evolutionary trajectories of the convergence metric (CM) for a run of the

A ) original NSGA-I1I and the modified NSGA-11 without the density estimation
Fig. 1. Average percentage of non-dominated vectors among 200 Tecmr‘“ﬁ}b"&edure on the 10-objective DTLZ2.
l@i‘?iBﬂﬁﬁlpll?“r%‘?ﬂai‘ﬁﬁld‘}\ﬂlﬂ3WW?SM%QWFH%§E({BH&%V€ optimization: A short review. IEEE congress on evolutionary computation.
2008: 2419-2426.

Li M, Yang S, Liu X. Shift-based density estimation for Pareto-based algorithms in many-objective optimization. IEEE Transactions on
Evolutionary Computation, 2014, 18(3): 348-365.
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Many-Objective Optimization

B Existing Many-Objective Optimization Algorithms
Pareto-based MaOEAs

. With modified dominance relationship, e.g., fuzzy dominance,
e —dominance, and preference rank order.

n.  With additional convergence-related criterion, e.g., the concept
of “knee point” in KnEA and the “grid-dominance” in GrEA.

Reference-based MaOEAs

L Decomposition-based MaOEAs, e.g., MOEA/D, MOEA/D-DU,
and RVEA.

n.  Preference based MaOEAs, PICEAg and NSGA-III.
Indicator-based MaOEAs
> HypE, IBEA, and MOMBI-II

Others like Two Arc2 and MOEA-DVA



Many-Objective Optimization

m Existing Diversity Maintenance Strategies

Crowding degree estimation based on the distances to
neighboring solutions, e.g., crowding distance computation in
NSGA-II and weighted distance computation in KnEA.

Region division based strategies, e.g, the region-based
approach in PESAII and the grid division in GrEA.

Reference information based strategies, e.g., reference points
In NSGA-I111 and reference vectors in RVEA.
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Radial Projection
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Radial Projection

m Distribution Reflection
Suppose X1, X, € Q™ are two points in the m-dimensional space,
and their coordinates in the radial place are Y; and Y,, respectively.
Em =|| ><1 - Xz It Ez :”Yl_YZ |
E, =|| (X W, (X, )™, X W, (X, 1)) = OOW (XD XOW, (X, D™
= 1D X = (K1) XMW, (X, 1) X, = (X 1) 7 X)W,
Let L=(X,] )" Xy — (le)_lxz =(l,1,,...,1;,), then

E, =|| (LW, LW,) ||= J(val, LW,)((LW))", (LW,)")"
= JLWW, L + LWW, LT
— JLOVW,T W)W, LT




Radial Projection

Assume R =WW," +W,W,', then

all a12 o a‘im—l aim
R=la, - & .. &,
_aml am2 amm—l a'mm |

where a; =cos(6,)cos(8,) +sin(8,)sin(8,) = cos(6, - 9;).

Hence,
E, =JLRL = \/ZI (Zlcos(e 0))

i, je[l,m]

Zmllj2 > 11, cos(6,-6,).

I¢j

%,—J N
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Radial Projection

“Part I”

lez :(X1|)_2 ><1X1T _(X1|)_1(X2|)_1X1X; _(Xll)_l(le)_1X2X1T +(X2|)_2X2X2T
j=1

IS linearly approximate to

E =X XT =X XJ =X, XT +X,X].

“Part 11" effects less on E; than “Part I as cos(6; — 6;)<1 .

E, =

V

n i je[Lm]

Y12+ > Ll cos(6,-6,)
=1 i

Part | Part Il



Radial Projection

Analysis
» On continuous hypersurfaces
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To take a closer look at the differences between the high-dimensional visualization and the radial visualization by radial projection, several examples with different structures of Pareto fronts are given to verify the ability of radial projection on reflecting the distribution of high-dimensional space in the radial space.
The distribution of solutions on the complete convex, flat, and concave Pareto fronts are displayed in Fig. \ref{fig:plotcompare} (a), (b), and (c), respectively.


Radial Projection

20

[a—y
Lh

Objective Value
=

1 3 5 7
Objective No.

On discontinuous hypersurface

0.8 1
0.6 |
0.4
{
0.2
o
0.2 ]
¢
-0.4
-0.6
-0.8



演示者
演示文稿备注
To take a closer look at the differences between the high-dimensional visualization and the radial visualization by radial projection, several examples with different structures of Pareto fronts are given to verify the ability of radial projection on reflecting the distribution of high-dimensional space in the radial space.
The distribution of solutions on the complete convex, flat, and concave Pareto fronts are displayed in Fig. \ref{fig:plotcompare} (a), (b), and (c), respectively.


Radial Projection

On degenerated curves
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To take a closer look at the differences between the high-dimensional visualization and the radial visualization by radial projection, several examples with different structures of Pareto fronts are given to verify the ability of radial projection on reflecting the distribution of high-dimensional space in the radial space.
The distribution of solutions on the complete convex, flat, and concave Pareto fronts are displayed in Fig. \ref{fig:plotcompare} (a), (b), and (c), respectively.


Radial Projection

m Conclusion

The relationship of the crowding degree information
between the original space and the radial space

(diversity information remains)

The missing of the curvature information of the Pareto front
(convergence degree Is lost)
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]
The Proposed AREA

m General Idea
Adopt a similar framework as NSGA-I|
Radial space division for diversity enhancement
Diversity-first-convergence-secondl]
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[1] Jiang S, Yang S. A strength Pareto evolutionary algorithm based on reference direction for multi-objective and many-objective
optimization. 2016.
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The idea of Diversity-first-convergence-second come from SPEAR
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The Proposed AREA
m General Framework

Algorithm 1 General Framework of AREA

Input:
N (size of population), r (penalty).
Py + Initialization(N)
while termination criterion not fulfilled do
G + Radial_Grid(Fy, N))
P + Mating_Selection( Py, G)
P’ + Variation(P, N)
Py + Envionmental_Selection(P' U P, N, r)
end
Return: F,

i AR U I
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The Proposed AREA

m Mating Selection
Crowding degree:

The number of solutions

In the same rectangle
Crowd(G,) =|S|.

Convergence degree:

The distance to ideal point

Con(F) =

|:i B |:min

Algorithm 3 Mating Selection

|:max o |:min

Input:

P (population), G (rectangle labels).

Output:

1:

&

(Y]

S % 20D E NN —0C® o wme

b b
R

H (mating pool population)
Q. H 0
C'rowd + Calculate the crowding degrees of solutions in
P according to Eq. (4)
C'on + Calculate the convergence degrees of solutions in
P according to Eq. (5)
while |Q| < |P| do
randomly select two rectangles a and b from G
if Crowd(a) < Crowd(b) then
Q +— QU {a}
else
Q<+ QU {b}
end
end
for i <+ 1:|P| do
S + Find the solutions in the ith rectangle in @
randomly select two solutions w and v from S
if Con(w) < Con(v) then
H +— H U {w}
else
H + H U {v}
end
end

- Return: H
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The mating selection in AREA employs a binary tournament selection strategy using two tournament metrics, namely, the grid crowding degree (in the radial space) and the convergence degree (in the objective space).
The mating selection begins with the rectangle crowding degree tournament selection, where $N$ nonempty rectangles are selected based on the crowding degree of each rectangle.

Then the better converged solution in each rectangle is selected to the mating pool by binary tournament selection, where the convergence degree of a solution is defined as the Euclid length of the normalized objective vector
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The Proposed AREA

m Environmental Selection '

Extreme solutions
Least crowded rectangles
Better fitness

Fit(X,Q)=Con(X)-r-m
—min||Y(X)-Y(Q)]l

Algorithm 4 Environmental_Selection

nput:

P (population), N (population size), r (penalty).
1 Q«0
2. (Fy. F3,...) + Non-dominated-sort(P)

3 P"rF:LUFgU"'UFi

B =AU

FFyJ---UF, 4| <N, |FyU---UF;| = N¥

Y. G] + Radial_Grid(P, N)

C + 0 /*Initialize the crowding degree®/

() + Select the extreme solutions in P

Cp < 1 /*Update the crowding degree of the rectangles
with extreme solutions®/

I+ {I,...,1;} /*merge solutions in rectangle j into set
I; based on G*/

9: while @ < N do

10:
11:
12:
13:
14:
15:

16

K + argmin C/*find the set of solutions in the least
crowded rectangles®/
Fit(K) + Calculate the fitness values of solutions in
K by Eq. (6)
P, < arg e, min Fit(K)
Q+—QU {Pq}
P + P\{P,}/*delete the selected solution*/
Cy, + C,; + /*update the crowding degree of the
selected rectangle®/

end
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First, current population is sorted by the efficient non-dominated sorting proposed in \cite{ENS}, and the solutions before and belongs to the last Pareto front (the size is equal to $N$ or for the first time exceeds $N$) are selected to form population $P$.
Second, the solutions in $P$ are projected to the 2-dimensional radial space and their coordinates in the radial space as well as their locations in the divided grid are worked out by Algorithm \ref{al:div}.
Thirdly, $m$ extreme solutions of population $P$ are selected to population $Q$ and the corresponding crowding degrees are updated, where $m$ is the number of objectives.
Fourthly, $N-m$ remaining solutions in $P$ are selected one by one according to the crowding degrees of their locating rectangles and their fitness values as illustrated in Algorithm 


The Proposed AREA
©  Extreme solutions

m Example of Environmental A Nomdominted solutions
Selection
Select the six extreme solutions
Select solution s,
Select solution s,
Select solution sg
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The mating selection in AREA employs a binary tournament selection strategy using two tournament metrics, namely, the grid crowding degree (in the radial space) and the convergence degree (in the objective space).
The mating selection begins with the rectangle crowding degree tournament selection, where $N$ nonempty rectangles are selected based on the crowding degree of each rectangle.

Then the better converged solution in each rectangle is selected to the mating pool by binary tournament selection, where the convergence degree of a solution is defined as the Euclid length of the normalized objective vector
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Experimental Results
m Resultson DTLZ1 to DTLZ7

TABLE IV
THE IGD VALUES OBTAINED BY MOEA/D. NSGA-III, KNEA . PICEA-G, MOMBI-II aAND AREA on DTLZ1 To DTLZ7. THE BEST RESULT IN EACH
Row 1s HIGHLIGHTED.

Problem  Obj. MOEA/D NSGA-III KnEA PICEA-g MOMBI-II AREA
3 2.85e-2(1.00e-4)— 1.90e-2(1.01e-4)~= 4.61e-2(2.16e-2)— 2.32e-1(1.22e-2)— 1.91e-2(9.06e-5)=~ 1.95e-2(8.45e-3)
DTLZ1 5 1.14e-1(3.72e-4)— 6.31e-2(2.66e-4)+ 1.79e-1(6.76e-2)— 2.95e-1(5.56e-2)—  6.33e-2(3.6de-4)+ | 7.55e-2(2.47e-3)
10 1.85e-1(9.40e-3)— 1.29e-1(2.74e-2)=  6.66e+0(5.07e+0)—  3.49e-1(5.25e-2)—  2.22e-1(3.63e-2)— 1.24e-1(8.82e-2)
3 6.85e-2(5.26e-4)— 5.02e-2(2.98e-5)+ 6.66e-2(3.42e-3)— 1.00e-1(6.14e-3)—  5.12e-2(5.23e-4)+ | 5.27e-2(2.85e-4)
DTLZ2 5 3.21e-1(7.00e-4)— 1.95e-1(1.92e-4)+ 2.15e-1(5.46e-3)+ 2.71e-1(6.43e-3)—  2.00e-1(2.13e-3)+ | 2.33e-1(5.54e-3)
10 7.26e-1(5.78e-2)— 4.45e-1(4.61e-2)= 4.04e-1(4.57e-3)+ 4.84e-1(4.27e-2)—  4.23e-1(2.84e-3)+ | 4.64e-1(7.24e-3)
3 6.96e-2(3.00e-5)— 5.16e-2(1.45e-3)+ 1.01e-1(4.03e-2)— 4.37e-1(3.58e-2)—  5.27e-2(2.63e-3)=~ | 5.33e-2(3.83e-3)
DTLZ3 5 3.21e-1(6.10e-5)— 2.85e-1(2.54e-1)— 4.55e-1(1.07e-1)— 6.50e-1(4.73e-2)— 1.97e-1(1.51e-3)+ | 2.3de-1(2.28e-1)
10 7.03e-1(2.95e-2)—  1.59+0(2.88e+0)—  2.88e+2(7.84e+1)—  9.99e-1(3.16e-2)—  6.46e-1(1.5%-1)— | 6.26e-1(2.90e-1)
3 4.66e-1(3.55¢e-1)— 9.94e-2(1.51e-1)— 6.53e-2(2.01e-3)— 2.10e-1(2.36e-1)— 1.26e-1(1.79%-1)— | 5.30e-2(4.33e-4)
DTLZ4 5 4.91e-1(1.26e-1)— 2.07e-1(5.03e-2)+ 2.15e-1(5.10e-3)+ 2.99e-1(6.20e-2)—  2.0le-1(2.04e-3)+ | 2.41e-1(6.20e-3)
10 8.17e-1(1.36e-1)— 4.30e-1(3.36e-2)~ 4.10e-1(7 44e-3)+ 4.64e-1(5.41e-3)—  4.25e-1(7.22e-4)+ | 4.90e-1(8.68e-3)
3 1.23e-2(1.87e-5)— 1.12e-2(1.55e-3)— 0.32e-3(2.56e-3)— 3.0d4e-2(1.59e-2)—  2.02e-2(3.44e-5)— | 3.31e-3(3.73e-4)
DTLZS 5 4.70e-2(4.00e-4)— 1.49¢-1(8.39¢-2)— 2.44e-1(1.23e-1)— 2.62e-1(2.71e-1)—  2.72e-1(545e-3)— | 2.34e-2(1.89%-2)
10 4.26e-2(4.31e-3)+ 4.4%e-1(1.18e-1)— 3.76e-1(1.25e-1)— 3.24e-1(5.95e-2)—  5.64e-1(1.69%-1)— | 7.24e-2(6.14e-2)
3 1.24e-2(4.04¢-5)— 1.22e-2(1.79e-3)— 5.37e-3(5.70e-4)— 4.73e-2(1.62e-2)—  2.02e-2(1.70e-5)— | 4.66e-3(1.13e-4)
DTLZ6 A 4.66e-2(2.70e-3)+ 2.29e-1(9.92e-2)— 4.20e-1(1.96e-1)— 1.46e-1(5.25e-2)—  3.19e-1(5.30e-2)— | 5.64e-2(6.25e-2)
10 3.17e-2(3.34e-3)+  3.27e+0(1.33e+0)—  2.43e+0(4.69e-1)—  4.92e-1(7.03e-2)—  5.62e-1(1.68e-1)+ | 7.49e-2(6.68e-1)
3 2.29e-1(6.33e-3)— 6.85e-2(2.00e-3)— 8.12e-2(6.44e-2)— 3.32e-1(1.87e-1)— 1.58e-1(1.85e-1)— | 6.06e-2(1.30e-3)
DTLZ7 5 6.32e-1(8.37e-2)— 3.22e-1(7.98e-3)~= 2.82e-1(3.03e-2)+ 1.37e40(5.19%-1)—  5.10e-1(2.70e-1)— | 3.12e-1(2.93e-2)
10 1.86e+0(7.06e-1)—  1.39e+0(1.81e-1)=2 8.53e-1(8.96e-3)+  5.21e+0(1.07e-1)—  4.42e+0(9.91e-1)— | 1.63e+0(2.10e-1)
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THE HV VALUES OBTAINED BY MOEA/D, NSGA-III, KNEA, PICEA-G, MOMBI-II,
Row 1s HIGHLIGHTED.

Experimental Results
m Results on WFG1 to WFG9

AND AREA oN WFGI1 To WFGY. THE BEST RESULT IN EACH

Problem Obj. MOEA/D NSGA-III KnEA PICEA-g MOMBI-II AREA
3 3.82e+1(1.48e+0)— 4.15e+1(7.71e-1)— 4.35e+1(2.58e-1)— 4.33e+1(6.66e-1)— 4.28e+1(3.15e-1)— 4.41e+1(1.54e-1)
WFG1 5 3.49e+3(1.00e+2)— 3.10e+3(1.58e+2)— 3.51e+3(1.19e+2)— 3.82e+3(2.85e+0)~= 3.68e+3(1.94e42)~= 3.88e+3(1.03e+2)
10 2.52e+9(4.20e+8)— 3.13e+9(2.27e+8)— 3.64e49(1.13e+8)— 3.72e49(7.90e+4)=~= 3.71e+9(2.63e+6)~= 3.72e+9(1.66e+6)
3 4.27e+1(3.41e-1)— 4.37e+1(5.46e-2)~= 4.37e+1(1.22e-1)== 4.36e+1(1.24e-1)— 4.17e+1(5.66e-1)— 4.37e+1(6.32e-2)
WEFG2 5 3.64e+3(3.63e+1)— 3.80e+3(6.88e+0)~ 3.79e+3(6.96e+0)— 3.71e+3(5.93e+1)— 3.8le+3(1.32e+1)+ 3.82e+3(5.39e+0)
10 3.46e+9(2.38e+7)— 3.70e+9(9.58e+6)=~= 3.68e+9(3.80e+6)— 3.70e+9(6.55e+6)== 3.65e+9(5.75e+7)— 3.71e+9(4.65e+6)
3 3.07e+0(1.57e-1)— 3.36e+0(6.85e-2)— 3.35e+(5.65e-2)— 3.72e4+0(7.12e-2)+ 3.72e+0(2.37e-2)4+ 3.60e+0(4.61e-2)
WEG3 5 1.63e-2(3.57e-2)— 2.60e-1(1.07e-1)— 1.44e-1(7.90e-2)— 1.12e+0(1.18e-1)— 8.99e-4(1.90e-3)— 1.13e+0(1.37e-1)
10 0.00e+0(0.00e+0)== 0.00e+0(0.00e+0)=  0.00e+0(0.00e+0)== 1.43e-5(1.70e-6)+ 6.00e-6(2.33e-6)+ 2.06e-7(4.72e-T7)
3 1.74e+1(2.53e-1)— 1.90e+1(9.18e-2)— 1.84e+1(1.28e-1)— 1.87e+1(2.05e-1)— 1.83e+1(2.80e-1)— 1.93e+1(9.94e-2)
WFG4 5 1.83e+3(7.63e+1)— 2.36e+3(1.78e+1)+ 2.32e+3(2.19%+1)+ 2.41e+3(2.63e+1)+ 1.70e+3(3.72e+2)— 2.21e+3(4.34e+1)
10 8.92e+8(1.29e+8)— 3.09e+9(3.21e+7)== 3.23e+9(1.63e+7)+ 2.94e+9(2.17e+8)~= 2.81e+9(2.03e+8)— 2.96e+9(4.09e+7)
3 1.68e+1(8.00e-2)— 1.78e+1(1.13e-1)== 1.69e+1(1.86e-1)— 1.67e+1(1.81e-1)— 1.63e+1(4.19e-1)— 1.76e+1(1.12e-1)
WEGS 5 1.68e4+3(7.58e+1)— 2.27e+3(7.23e+0)+ 2.20e43(2.64e+1)+ 2.18e43(2.68e+1)+ 1.86e4+3(1.41e+2)— 2.06e+3(2.61le+1)
10 9.05e+8(6.87e+7)— 2.96e+9(1.48e+7)+ 3.04e49(1.08e+7)+ 2.97e49(1.07e+8)+ 2.19e+9(5.76e+7)— 2.73e49(3.13e+7)
3 1.51e+1(7.6le-1)— 1.66e+1(7.90e-1)— 1.57e+1(5.27e-1)— 1.60e+1(7.17e-1)— 1.59e+1(5.93e-1)— 1.70e+1(6.54e-1)
WFGo6 5] 1.33e+3(1.38e+2)— 2.12e+3(7.17e+ 1)+ 2.02e4+3(5.87e+1)= 2.11e+3(8.66e+1)+ 1.56e+3(4.55e+2)— 1.96e+3(6.90e+1)
10 4.49e+8(1.09e+8)— 2.85e+9(5.67e+7)+ 2.92e49(5.53e+7)+ 2.98e+9(6.64e+7)+ 2.08e+9(9.78e+7)— 2.66e+9(1.20e+8)
3 1.56e+1(1.05e+0)— 1.93e+1(9.11e-2)== 1.89e+1(2.20e-1)— 1.79e+1(3.84e-1)— 1.82e+1(3.76e-1)— 1.96e+1(4.54e-2)
WEFG7 5 1.54e+3(9.77e+1)— 2.37e+3(4.57Te+1)+  2.43e+3(1.88e+1)+ 2.35e+3(2.30e+1)+ 2.12e+3(2.64e+2)~= 2.29e+3(3.93e+1)
10 7.13e+8(9.59e+7)— 3.13e+9(3.61e+7)=~ 3.33e+9(1.97e+7)+ 3.27e+9(1.18e+8)+ 2.69e+9(1.95e+8)— 3.00e+9(6.11e+7)
3 1.38e+1(2.99e-1)— 1.49e+1(2.05e-1)== 1.40e+1(2.22e-1)— 1.25e+1(4.43e-1)— 1.42e+1(1.44e-1)— 1.52e+1(1.45e-1)
WEGS 5 1.04e+3(3.26e+2)— 1.84e+3(1.96e+1)+ 1.68e+4+3(3.98e+1)= 1.75e4+3(3.54e+1)== 1.99e4+2(2.95e+1)— 1.74e+3(1.80e+1)
10 6.46e+7(1.03e+8)— 2.51e+9(7.28e+ 7)== 2.40e4+9(3.33e+8)— 2.72e+9(6.09e+7)+ 1.62e+9(1.10e+8)— 2.50e49(5.12e+7)
3 1.47e+1(1.76e+0)— 1.76e+1(1.15e+0)— 1.81e+1(2.00e-1)= 1.74e+1(2.28e-1)— 1.74e+1(2.60e-1)— 1.81e+1(1.29e+0)
WEFG9 5 1.32e+3(2.58e+2)— 2.09e+3(1.19e+2)~=  2.26e+3(2.43e+1)+ 2.23e+3(3.10e+ 1)+ 4.47e+2(1.88e+2)— 2.02e+3(1.46e+2)
10 4.72e+8(2.48e+8)— 2.69e+9(1.73e+8)— 2.98e+9(1.33e+8)+ 2.87e+9(9.21e+7)+ 2.27e+9(1.01e+8)— 2.70e+9(2.55e+7)
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WFG1, 2, and 3 are designed with irregular PFs, WFG4 to WFG9 are designed with the difficulties in decision space, e.g., multimodality for WFG4, landscape deception of WFG5 and non-separability for WFG6, 8, and 9, though their PFs are of the same convex structure.
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THE IGD VALUES OBTAINED BY MOEA/D, NSGA-IIIL. KNEA., PICEA-G, MOMBI-II aND AREA ON PARETO-BOX PROBLEM. THE BEST RESULT IN
EacH Row 1s HIGHLIGHTED.
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There are two important characterizes in the Pareto-Box problem. The first one is that its PS in the decision space corresponds to a two-dimensional closure. The second one is that the crowding in objective space is closely related to the crowding in its decision space.
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m Impact of the permutation of the projection vectors

> AREA with fixed projection vectors (AREA)
> AREA with varying projection vectors (AREA*)
» AREA with fixed and inverted projection vectors (AREAT)

THE IGD VALUES OBTAINED BY AREA*, AREAT anD AREA oN 21
TEST INSTANCES. THE BEST RESULT IN EACcH Row 1S HIGHLIGHTED.

Problem Obj. AREA* AREA™ AREA
3 2.01e-2(1.78e-4)— 2.00e-2(7.85e-5)= 2.00e-2(8.45e-5)
DTLZ1 5 8.86e-2(4.70e-2)— 8.50e-2(3.86e-2)~= 7.55e-2(2.47e-3)
10 3.41e-1(1.77e-1)= 4.08e-1(2.23e-1)= 3.61e-1(1.66e-1)
3 5.33e-2(3.47e-4)— 5.28e-2(3.28e-4)= 5.27e-2(2.85e-4)
DTLZ?Z 5 2.38e-1(5.54e-3)— 2.32e-1(5.16e-3)= 2.33e-1(5.54e-3)
10 4.55e-1(5.78e-3)+ 4.67e-1(8.52e-3)== 4.64e-1(7.24e-3)
3 6.37e-3(6.37e-4)— 5.42e-3(5.18e-4)= 5.31e-3(3.73e-4)
DTLZS 5 8.91e-2(3.29e-2)+ 1.47e-1(3.13e-2)= 1.46e-1(3.11e-2)
10 2.61e-1(9.73e-2)+ 4.06e-1(8.83e-2)~= 4.06e-1(9.34e-2)
3 7.77e-2(6.40e-2)+ 7.54e-2(6.45e-2)~= 1.05e-1(1.07e-1)
DTLZ7 5 3.63e-1(4.69e-2)— 3.29e-1(5.11e-2)== 3.30e-1(3.80e-2)
10 1.90e+0(2.87e-1)— 1.70e+0(2.38e-1)= 1.74e+0(1.82e-1)
3 1.80e-1(2.58e-2)— 1.60e-1(1.18e-2)— 1.54e-1(1.4%e-2)
WFG1 5 9.6%-1(1.47e-1)— 7.33e-1(7.02e-2)= 7.30e-1(5.81e-2)
10 1.57e+0(1.12e-1)— 1.44e+0(6.86e-2)== 1.44e+0(8.28e-2)
3 1.0%9e-1{1.17e-2)— 9.69e-2(7.04e-3)~= 9.80e-2(9.75e-3)
WFG3 5 4.48e-1(4.69e-2)— 3.21e-1(2.89e-2)= 3.21e-1(3.08e-2)
10 4.62e-1(1.65e-1)= 4.21e-1(4.67e-2)= 4.09e-1(4.20e-2)
3 2.16e-1(2.24e-3)= 2.15e-1(2.58e-3)= 2.15e-1(2.24e-3)
WFG4 5 1.29e+0(4.36e-2)= 1.29e+0(3.11e-2)== 1.28e+0(1.86e-2)
10 4.34e4+0(8.92e-2)= 4.34e+0(7.35e-2)= 4.36e+0(8.94e-2)
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m Runtime Performance
Computational Complexity (O(GMN?))
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Conclusion

m Diversity-first-convergence-second mechanism can be
used for solving MaOPs

m The proposed AREA Is competitive with other
MaOEAs on many-objective optimization

m The proposed AREA is efficiency
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