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Motivation

1. At the optimization stage of harmony search (HS), due to the
randomness of the HS pitch disturbance adjusting method, the
exploitation optimization ability is insufficient because of poor
solution accuracy and low convergence speed.

2. In the global exploration stage of HS, new individuals are
randomly generated, which shows some defects, such as weak
global search ability and poor population diversity.

3. The key parameters of HS adjustment ability are poor in the
iterative process.



Main idea

1. An adaptive inertia weight is constructed based on the
relationship of information transfer between individuals in HM to
Improve the optimization ability of HS, and then the optimal
solution in HM is used to replace the bandwidth.

2. A CS operator is employed to enhance the global search
ability and population diversity of HS in the random generation
of new harmony (1-HMCR), and to select candidate individuals
from the poor HM.

3. HMCR and PAR are adjusted adaptively in the iterative
process to strengthen the adaptability of HS.



Method

1. The harmony solution vector is selected randomly to
strengthen the search ability of HS by the constructed inertia
weight operator in HM with the probability of HMCR.
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Method (Cont’'d)

2. A CS operator is used to replace the original HS population
update mechanism in the random generation of new harmony
(1-HMCR) to expand and update the solution vector of harmony.
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3. To avoid easy-to-premature convergence and falling into a
stagnant state in the final stage of the standard HS, the CS
operator is used to find potential individuals from HM as
candidate individuals to expand the population density.
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Method (Cont’'d)

4. Key variables HMCR and PAR are adaptively adjusted to
obtain a higher convergence efficiency of HS in the iterative
process. The former increases linearly and the latter decreases
linearly as the number of iterations increases.

HMCR (1) = HMCR,, + (HMCR,,. - HMCR,,,. )-#/T

min max

PAR(7) = PAR_. - (PAR PAR_. )t/T

max max min ¥ max
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* In the initial population stage, the time complexity is O(HMS X Dim);,
the time complexity of evaluating the objective function of the
Individual in the population is O(f(Dim)).

* In the “pitch adjusting and selecting the best” stage of the
Improvisation process, the time complexity is O(HMS X Dim)

-In the population update stage, the time complexity is O(HMS X
(Dim+0O(Levy))).



Method (Cont’'d)

‘The worst-case time complexity of the HS-CS algorithm could be
calculated below, while the number of the current iterations is 1.

O(HMS xDim)+O(HMS x (Dim+f(Dim)))+O(HMS x (Dim+f(Dim)))
+O(HMS x (Dim+f(Dim)))=O(HMS x (Dim+f(Dim))).
*Therefore, when the HS-CS algorithm reaches the maximum

number of iterations T, the time complexity is
O(T ., X HMS x (Dim+f(Dim))).

max



Method (Cont’d)

Convergence analysis of the core of HS-CS

Proof HS-CS may produce better individual condi-
tions than the previous generation in each iteration
because of the appropriate fine-tuning selection oper-
ator and greedy selection strategy that are adopted.
There is a non-negative real random variable H(4d)

which fulfills
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Major results

Numerical optimization
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Fig. 2 Optimizing the convergence curve of the Griewank function with dimension 30 (a) and 50 (b)



Major results (Cont’d)

Numerical analysis

Table S1 Experimental statistic: of mean and standard deviation

P
e B cs ECS MCS AGOHS DHS HSDM HS-CS

10 436E0351 ME03  1TSE-IG4=000E-00  146E-34TEDS  0.00E+00-000E<00  4B4E-IS=14SE-14  1SOE-IIO6GE12 0.00E-00=0.00E+00

Fl 30 106E-012 TTE-0 6.26E-30=3 0SE-30 100E-03=235SE-04  0O0E+00=000E-00  137E-I877E-1l  33SE-04=11IEG4  0.00E-00=0.00E+00
50 13SE+00=842E02  O.49E-19222E-19 ISSE-01=2TIE03 O00E-00=000E<00  43SE0437IED4  SIIE00=1S0E02 0.00E-00=0.00E+00

10 1.10E-07+9. 77E-08 135E-3146.5TE47 167E-08=15JE08  Q.00E-00=000E-00  O.OOE-000.00E<00  237E09=180E-09  0.00E~00=0.00E+00

) 30 0.08E-0826 29E-08 135E-31+6.57E47 10SE-08=109E-08  O0.00E-00=000E<00  §13E08=5$7E-15  7OMEDD=020E02  0.00E-00=0.00E+00
50 131E-07+1 13E07 1.35E-31+6 57E47 14E-08=120E-08  OOOE+00000E-00  §76E-02+737E-0)  76SE-00=146E-00  0.00E-00=0.00E+00

10 S9E03006E04  4.10E04=] 20E04 174E03=387E0: OMOE-00000E-00  376E02=1 3EQl | 147EQS=137E0S  0.00E-00=0.00E+00

3 30 1I0E+00s817E01  3.14E+00s4 83E0I SMEOISAIIE01  SI1GEQISISSEX0  SIE-D0S640E-00  67VENSSIEQ2 0.00E-00=0.00E+00
50 130E-014202E40  1SIE+0I=141E+400  25TE+00<533E01  133E+00<700E+00  206E-0I=l1SE+01  242E<00=020E-01  0.00E+00=0.00E+00

10 I1IEX0s70IEQl  199E+00=743E01 IDE0=S4SE03  0.00E-00=000E-00  O.00E-00=000E-00 1 T3ES=IOIEDS  0.00E-00=0.00E+00

F4 ) QME-DIOIIE-00  GSIEISESTEX0  1MEDISIIE-00  1SIE-DISA4OE-0]  TME-0lS327E<0l  26SE-01s332E-00 0.00E<00=0.00E+00
50 397E+02=7 28E+0] 139E+02=] 3TE+01 1.70E+02=2 34E+01 6.46E+01=7 03E+01 2. 34E+02=3 2E+01 1.14E-02=7 30E-00 0.00E-00=0 OE+00

10 S22 67EQ | OOE-00S0.00E-00  STOE2230EQ2  OO0E+00=000E-00  O.00E-00=000E-00  6ISEQS<0@E-1l  0.00E-00=0.00E+00

Fs 30 L7E=119E02  000E-00:0.00E<00  SIOE-03=115E0]  000E<00<000E<00  293E04a333E-07  3SE0D=64IE03  0.00E-00=0.00E+00
50 0 A0E-02+1 M4E-01 107E-16+7.07E-16 $ 78E-03<1 37E-04 IS3E-13£14E-25  6SOE02+10SE-01  33SE0D4S9E-0)  0.00E-00=000E+00

10 1.06E01<1 4E02 15TE-1551 S9E-15 163E-02036E03  0.00E-00=000E-00  0.00E-00000E-00  7.03E-07=655E-07  0.00E-00=0.00E+00

76 30 8 33E-0146 95E-02 6 54E-1428 40E-14 S4TEA2337E03  OO00E-00-000E<00  140E060E06  1O7EOI-NIED)  0.00E<00-0.00E+00
50 L7IE00612E02  2.29E-00+0 39E03 1.13E-01=4 65E-03 I3IE-152SS1E1S  24IE-00=331E<00  176E-00=192E01  0.00E-00=000E+00

10 16EOI620E04  OM0E-000.00E+00  1SE-04=440E0S  OOOE-00=000E-00  3SSEQS=4LE14  14E0=ISIELS  0.00E-00=0.00E+00

2 30 1SEA3TIED?  OO0E+00:0.00E+00  7OSE03<02SE07  O00E+00-000E<00  SOSE07-9S6E07  SOIE-00SI13SE<0 0.00E-00=0.00E+00
50 1 34E+0021 27E-01 3 62E-1621 13E-16 IME2B4E-03  430E1S810E0  6I4E0D:008E0)  SOTE-OISISIE0] 0.00E-00=0.00E+00

To be continued



Numerical analysis

Major results (Cont’d)

Table S1
Maan=51d
Funcoon Dmm
cs ECS MCS AGOHS IDHS HSDM HS-CS
10 1 66E-01=1 98E-02 536E-106=3 28E-106 3.12E-0243 37E-03 0.00E+00=0.00E+00 1.93E-19=] 35E-19 1 94E-0625 55E-07 0.00E+00=0.00E-00
F§ 30 2 34E-00=1 84E-01 343E-27=7 18E-28 3.78E-01=1 96E-02 1.22E-22:230E-22 1.30E-06=2.17E-06 3 95E-01=7.72E-03 0.00E+00=0.00E-00
50 6.65E+00=1 57E-01 3.04E-12=4 83E-13 1.06E+00=3 95E-02 [32E-14=034E-15 130E+01=7.74E-03 7.02E-01=1 24E-01 0.00E+00=0.00E~00
10 1.03E-01=] 81E-07 0.00E+0020.00E+00 7.28E-03+] 84E-03 0.00E+00=0.00E+00 0.00E-00=0.00E+00 123E-0721 0TE-D7 0.00E+00=0.00E-00
FO 30 1.03E-01=] 435E-07 0.00E+00=0.00E+00 3 79E-01=7 19E-04 0.00E+0:0=0 00E+00 §.00E-06=7 43E-05 4 83E+00=1 40E+00 0.00E+00=0.00E-00
50 2 51E+01=2 73E+01 737E-01=0.10E01 2.Q0E+00=2 13E-01 2.66E-16=3 05E-16 1.20E+01=6.64E+00 8.65E+01=1.17E+01 0.00E+00=0.00E~-00
10 1.46E+00=1 43E-01 1.68E-04=5 56E-05 3 78E-04=1 T5E-4 0.00E+00=0.00E+00 1 68E-07=1 42E-0§ 8 09E-06=7 26E-06 0.00E+00=0.00E+00
F10 30 1.04E+01=5 16E-01 7.82E-03+2.20E-03 7.28E-032 25E-03 0.00E+00=0.00E+00 9.58E-05=2 08E-03 5.14E+00+3 11E+00 0.00E+00=0 00E-00
50 2 48E-01=8 48E-01 3 84E-02=3 S0E-03 3 86E-02=6 62E-03 278E-15=131E-14 TATE-0=8 1TE-0 9 40E+02=1 81E+02 0.00E+00=0.00E-00
10 7.51E+00=5 30E+00 0.00E+00=0.00E+00 8 34E-12+8 34E-12 0.00E+00=0.00E+00 0.00E~00=0.00E+00 1 30E-08=0 41E-08 0.00E+00=0 00E~00
Fl1 30 7.83E+01&5 41E+01 0.00E+00=0_00E+00 1.08E-11=1 $4E-11 0.00E+00=0.00E+00 4 31E-07=5 50E-07 5.47E-01+2 20E-01 0.00E+00=0.00E+00
50 2 81E+02+] 27E+02 0.00E+00=0.00E+00 8 62E-12=9 48E-11 7.66E-18=4 03E-17 6.80E-01=7.09E-D1 2 S0E+01+1 86E+00 0.00E+00=0.00E-00
10 TOSE-4=] 23E-04 1.27E-04=0 00E+00 1 48E-04=] 92E-05 0.00E+00=0.00E+00 0.00E~00=0.00E+00 4 26E-06=2 SOE-06 0.00E+00=0.00E~00
Fl2 30 5.06E+{02=2 34E+(02 1 32E+03=] 41E+02 1 30E+01=3 50E+01 0.00E+00=0_00E+00 4 69E-04=0 63E-04 1 59E+01+3 87E+00 0.00E+00=0_00E-00
50 4. 25E+03=5. 70E+02 3.30E+03=2 06E+D3 1 31E+0343 S8E+02 7.10E-12+3.71E-11 4 16E<01=1.19E+01 1.44E+03+3 82E+02 0.00E+00=0.00E+00

Optimal values are shown in bold



Major results (Cont’d)

Numerical analysis

Table S3 Wilcoxon rank-sum test results of six algorithms referring to HS-CS in the 30-dimensional case

cs ECS MCS AGOHS IDHS HSDM HS-CS
Funchon Rank Wilcoxon-test Rank Wilcoxon-test Rank Wilcoxon-test Rank Wilcoxon-test Rank  Wilcoxon-test Rank  Wilcoxon-test Rank

Fl 7 +* 3 * 6 + 1 - 4 + 5 + 1

F2 7 + 3 + - + 1 = 5 + 6 + 1

F3 ] + 5 + - + 3 + 7 + 2 + 1

F4 7 5 5 + 3 + 2 + 6 + 4 + 1

F5 6 * 1 = - o+ 1 = 3 + 5 + 1

Fé 7 + 3 + 5 G 1 - 4 + 6 + 1

F7 - * 1 - 5 + 1 - 3 * 6 + 1

F8 7 + 2 + b~ + 3 + - + 6 + 1

F9 6 + 1 - - + 1 = 3 + 5 + 1

F10 7 + 5 + - + 1 = 3 + 6 + 1

F11 6 - 1 = 3 + 1 = - + 5 - 1

F12 6 + 7 - - + 1 = 3 - 5 - 1

Averank 633 3.08 425 142 408 5.08 1

Final rank 7 3 5 2 - 6 1

ww 780 360 780 60 780 78/0

+H—= 12/0/0 804 12/0/0 3/0/% 120/0 12/0/0

W~ and W denote the rank sum of comesponding symbols; +/—/= denote the total rank number obtained by reference to the HS-CS algonthm; Ave rank and Final rank represent the average
rankmg and final ranking of each algonthm under the current dimension, respectively



Major results (Cont’d)

The IRIS rule extraction results by the HS-CS-BPNN framework

Table 4 Classification rules as Iris-setosa

IF

10
11
12
13
14
15
16
17
18

SL is NOT MED [0.72], SW is LGR [0.44], PL is SM [21.81], and PW is SM [11.49]

SL is NOT MED [0.72], SW is LGR [0.44], PL is SM [21.81]. and PW is NOT MED [20.79]

SL is NOT MED [0.72], SW is LGR [0.44], PL is SM [21.81], and PW is NOT LGR [1.4]

SL is NOT MED [0.72], SW is LGR [0.44], PL is NOT MED [1.25], and PW is SM [11.49]

SL is NOT MED [0.72], SW is LGR [0.44], PL is NOT MED [1.25], and PW is NOT MED [20.79]
SL is NOT MED [0.72], SW is LGR [0.44], PL is NOT MED [1.25], and PW is NOT LGR [1.4]

SL is NOT MED [0.72], SW is LGR [0.44], PL is NOT LGR [13.36], and PW is SM [11.49]

SL is NOT MED [0.72], SW is LGR [0.44], PL is NOT LGR [13.36], and PW is NOT MED [20.79]
SL is NOT MED [0.72], SW is LGR [0.44], PL is NOT LGR [13.36], and PW is NOT LGR [1 4]
SL is NOT LGR [10.92], SW is LGR [0.44], PL is SM [21.81], and PW is SM [11.49]

SL is NOT LGR [10.92], SW is LGR [0.44], PL is SM [21.81], and PW is NOT MED [20.79]

SL is NOT LGR [10.92], SW is LGR [0.44], PL is SM [21.81], and PW is NOT LGR [1.4]

SL is NOT LGR [10.92], SW is LGR [0.44], PL is NOT MED [1.25], and PW is SM [11.49]

SL is NOT LGR [10.92], SW is LGR [0.44], PL is NOT MED [1.25], and PW is NOT MED [20.79]
SL is NOT LGR [10.92], SW is LGR [0.44], PL is NOT MED [1.25], and PW is NOT LGR [1 4]
SL is NOT LGR [10.92], SW is LGR [0.44], PL is NOT LGR [13.36]. and PW is SM [11.49]

SL is NOT LGR [10.92], SW is LGR [0.44], PL is NOT LGR [13.36], and PW is NOT MED [20.79]
SL is NOT LGR [10.92], SW is LGR [0.44], PL is NOT LGR [13.36], and PW is NOT LGR [1 4]

SL: sepal length; SW: sepal width; PL: petal length: PW: petal width; LGR: large; MED: medium; SM: small



Major results (Cont’d)

The classification accuracy of IRIS

Table 5 Comparison of IRIS classification accuracy results

Accuracy (%)

Method EyN— _
Training set l'est set

BPNN trained by HS-CS 9645 (95.54) 97.37(97.37)
BPNN trained by AGOHS 9632 (66.07) 97.36 (68.42)
BPNN trained by HS 96.39 (65.72) 97.36 (68.42)

Values in brackets indicate the corresponding accuracies of the obtained
weighted fuzzy production rules



Major results (Cont’d)

Convergence results of IRIS by HS algorithms
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Fig. 3 Convergence curve of the loss function of BPNN Fig. 4 Convergence precision curve of the loss function
with different HS algorithms (BPNN: back propagation of BPNN with different HS algorithms (BPNN: back

neural network; HS: harmony search) propagation neural network; HS: harmony search)



Conclusions

1. The existence of the limit of the HS-CS algorithm is proved
by differential equations, and the global optimal algorithm is
verified by random functional analysis and random search
theory.

2. The results show that the HS-CS algorithm can still maintain
the speed and precision of rapid convergence in the process of
solving the optimization of high-dimensional functions and has

strong robustness.

3. The HS-CS algorithm can enhance the learning and
generalization abilities of BPNN effectively.
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