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Inference of S-system Models of Genetic Networks by
Function Optimization Using Genetic Programming

Kok1 MATSUMURA,* HIROSHI OIDAt and SHUHEI KIMURA'

In this paper, we propose a new technique for the function optimization using genetic pro-
gramming approach, and then apply it for the inference of the S-system models of genetic
network. To solve a function optimization problem, various techniques using real-coded GA
have been proposed. However those algorithmes are too complicated. Then, we design a
technique using the genetic programming as a simple estimation method. In this technique
each element of multi-dimensional real vector is expressed by a tree of expression, and the tree
structure is evolved by the genetic operations. This optimization technique is verified using
benchmark functions. As a result, especially it shows good performances on multi-peak func-
tions. And also, as the real problem the S-system parameters of genetic networks are inferred
by applying to the observed time-series data of gene expression patterns. Consequently, the

Nov. 2005

effectiveness of the technique is verified to be able to obtain the appropriate solutions.
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Fig.1 Structure of individual.
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Fig.3 Exchange of individuals.
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Table 2 Benchmark functions.
oo ooooo ooo
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(a) Sphere function.

(b) Ackley function.

(c) Rastrigin function.
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Fig.7 Shapes of benchmark functions.
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Fig.8 Experimental results of math calculations in benchmark functions.
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Table 3 Comparison table with GA techniques.
Objective | Dimension GP GLSDC DIDC SPX/MGG | UNDX-m+EDX IGA1L IGAS IGAL6
function n this technique
Ackley 10 8.00 x 103 3.60 x 102 | 2.60 x 10% | 3.26 x 104 1.21 x 104 1.17 x 104 | 1.16 x 104 | 1.18 x 104
100 1.92 x 10° 3.16 x 10% | 1.79 x 108 | 7.78 x 10° 4.80 x 10° 5.54 x 10° | 5.58 x 10° | 5.58 x 10°
Rastrigin 10 2.00 x 10% 1.08 x 103 | 2.58 x 104 | 3.30 x 10% 2.06 x 10% 1.78 x 104 | 1.74 x 104 | 1.83 x 104
100 3.21 x 10° 6.49 x 10° | 1.54 x 10% | 9.26 x 10° — — — —
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04 000000 S-system 00000
Table 4 S-system parameters of the target model.

i g 9i,1 9i,2 9i,3 9i,4 94,5 B4 hi 1 hi 2 hi3 hia hi5
T 5.0 0.0 0.0 1.0 0.0 “1.0 10.0 2.0 0.0 0.0 0.0 0.0
2 10.0 2.0 0.0 0.0 0.0 0.0 10.0 0.0 2.0 0.0 0.0 0.0
3 10,0 0.0 -1.0 0.0 0.0 0.0 10.0 0.0 210 2.0 0.0 0.0
1 8.0 0.0 0.0 2.0 0.0 1.0 10.0 0.0 0.0 0.0 2.0 0.0
5 10.0 0.0 0.0 0.0 2.0 0.0 10.0 0.0 0.0 0.0 0.0 2.0
05 O0O0O0O0OO0O0OO
Table 5 Example of time-series data.
time X1 Xg X3 X4 X5
0.0000006+00  1.6559676+00  1.868416e400  1.032173e-01  2.7302686-01  1.5626876100
2.000000e-02 1.253467¢4+00  1.657448¢+00  2.135465e-01  2.619844e-01  1.201692e4-00
4.000000e-02 1.022979¢4+00  1.435307¢+00  3.333388e-01  2.599481e-01 9.795225e-01

6.000000e-02
8.000000e-02
1.000000e-01
1.200000e-01
1.400000e-01
1.600000e-01
1.800000e-01
2.000000e-01

8.871738e-01
8.116321e-01
7.789859e-01
7.758686e-01

1.255193e4-00
1.118002e4-00
1.016770e4-00
9.454224e-01
8.983366e-01
8.700321e-01
8.545919e-01
8.460691e-01

7.895703e-01
8.076667e-01
8.207603e-01
8.250062e-01

2.742908e-01
3.137939e-01
3.845379e-01
4.853233e-01
6.040636e-01
7.210789e-01
8.179174e-01
8.858285e-01

8.312707e-01
7.276355e-01
6.567651e-01
6.142717e-01
6.005016e-01
6.153848e-01
6.542878e-01

9.4 -
9.620969e-01 7.075012e-01

06 ODO0O0OOOOOODODODODO
Table 6 Sets of the initial gene expression levels of the target model.

Set X1 Xo X3 X4 X5
1 1.655967¢+00  1.868416e+00 1.032173e-01 2.730268e-01 1.562687¢+00
2 7.862766e-01 5.474855e-01 9.287958e-01 3.894443e-01 9.344040e-01
3 3.468547e-01 1.994981e+00  1.532913e+00  1.761393e+00  1.264981e+00
4 8.020131e-01 8.949262e-01 3.135082e-01 7.610533e-02 1.269705e+00
5 9.590725e-01 2.805737e-01 5.507401e-01 1.684232e+00  5.744767e-01
6 3.992936e-01 1.849408e+00  2.912736e-01 1.144217e+00  9.988814e-01
7 1.055713e-02 5.114093e-02 8.495855e-01 1.740444e+00 1.969969e-01
8 1-489803¢400  9.168820¢-01 1.707836e+00  1.827741e+00  2.824051e-01
9 2769e- 1.589055e+00  6.668454e-01 4.727903e-01 1.265678e+00
0 13RS0560400  B.D9BRGDLOL 1.994967¢-01 8.811659e-01 1.723054e+00
11 336883e-01 4.233753e-01 4.168260e-01 4.823942e-01 5.539923e-01

1.744966e+00
1.164151e4-00

1. -
12 1.652500e4-00
13 1.562800e+-00

3.904404e-01
1.391469e4-00

4.339247e-01
1.090292e4-00

1.584671e+4-00
6.808265e-01

14 3.271505e-01  1.147837e400  1.576167e-01 8.645541e-01 2.591408e-01
15  5.522177e-01 4220327e-01  1.084436e+00  1.994388e+00  1.050098e+00
@ goooobooobobooob nmooobooo
+ - - +

pool4—>X4 —> poolt—> X1—

®

. +

pool2—— Xo—»

|

pool3—* X3—

pools— X5—*

@)

(2) (b)

010 000OO0OO0OO0OOO0OODOOOO
Fig.10 Network structure of the target model.

oooo

oooooooooooooboboboooono 400
gooooooooonoooobo 420000000
gooooooooOoos0000oooooooooo

goooooooooooobooooooooooo
gooobobooooooooooboooooooo
gooobooobooooooooooooooooon
O000S-system 000000000000 0O0O0OO
goooboooboooooooooobooooooo
goobooooooocooboooosbbooooon
goooobioobboooooooooooooo
goobooooooooooooooobooooooon
goooooooocooboobooooooooooo
goooboooooooooooboobooooooo
00000 (1)DODO0O00O0DO00o0O0Doo0oooooo

000000000000 1500000000000
00000000000000 16500000000
0000000000000 10000000000
00 500000000000000000000
00000000000 0000000000000
00000000000 0000000000 60
ooog
O000O00O0D0O000000®ooooooo
00000000S-system 00000000 O 6; O
0.000 20.00¢;; 0 hyy O —3.000 3.00000
00000000D0000000000 600000
gi;0h; 000D00D0OOOO0DO0OD 0000
000000000 §,=1.0x10"2000000
00000000000 100000000000
1200300 360000000000000000
0000000000 000O00
4.3.2 00000
0D0000000D000D00000000n
4.3.2.1 000000 S-system 00000
000000000000D00000000 110
00000000 (a)d(e) 000000000000
0000000000000000000 (H)oOdon
000000000000000000000000
0000000000000 00000000000



2822

Fitness Value

Fitness Value

1e+01

1e+00

1e-01

1e-02

1e-03

1e-04

1e+03

1e+01

1e+00

1e-01

1e-02

1e-03

1e-04

1e+03

1e+04 1e+05

Generation

1e+06 1e+07

(a) gene 1

1e+04 1e+05 1e+06 1e+07

1e+01

1e+00

1e-01

1e-02

Fitness Value

1e-03

1e-04

1e+03

1e+01

1e+00 |

1e-01

1e-02

Fitness Value

1e-03

1e-04

1e+03

goooooooo

1e+04 1e+05

Generation

1e+06 1e+07

(b) gene 2

1e+04 1e+05 1e+06 1e+07

1e+01

1400 | SN

1e-01

1e-02

Fitness Value

1e-03

1e-04

1e+03

Fitness Value

Nov. 2005

1e+04 1e+05

Generation

1e+06 1e+07

(c) gene 3

the best genes

1e+04 1e+05 1e+06 1e+07

Generation Generation Generation
(d) gene 4 (e) gene 5 (f) the best in each gene
011 0Oo0oO0oO0Ooo
Fig.11 Transitions of fitness value.
07 000000D0O00ODO0 S-system 00000
Table 7 Estimated S-system parameters for the target model.

B ay 9i,1 9,2 94,3 94,4 94,5 B hi1 hi 2 hi3 hi g hi5
1 4.600 -0.059 -0.010  0.967 0.001 0.944  9.585  2.049 0.000 0.040  0.015 0.100
2 9813  2.029 0.020 0.011  0.006 0.000 9.816  -0.007  2.016 0.005  0.001 0.000
3 91137 0.007 0,969 0.040  -0.009 0.009  9.091  -0.006 0.975  2.180 0.025  -0.007
4 7183 0.066  0.064 2.080 -0.060 1.065  9.145  -0.050 .043 20.067  2.100 0.030
5 9.256__ 0.006 0.010 0.036 2.096 -0.100  9.302 _ 0.009 0.014 0.018 S0.050 2065
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Table 8 Prefixed character strings showing tree structure.

oo

Doooood
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T fttabtctet tebt ++dgatadt bt + -+ F feaed & + + + T acedddabab/i + + +/ ta+ — +b6b/effbt + -+ +
a++ae//b+c— —/hibaeb + +afa+ ab+ + + +bi+ + + + + + + + + /gbaeddeb + +b+ + + + + + + abc + bfeeb + afdda +
++a/aa+b+ /ef +cfa+ +a/edd + aa/ + +bifd/gh

-0.007
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a— — —aeebbae+ —b—ab+ba—ia— ——a—/+a—ba—bebb— — — —ccebb+ba—ac— [ix —— —b— —bb—abc —ae — —beebb

-0.969
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Table 9 Estimated S-system parameters with noisy data.

(a) noise-free

B a; 9i,1 9i,2 94,3 9i,4 94,5 Bi hi1 hi 2 hi,3 hia hi5
T 4.600 -0.050  -0.010 _ 0.967 0.001 C0.944  9.585  2.049 0.000 Z0.040  0.015 0.100
2 9813  2.029 -0.020  -0.011 006 0.000 9816  -0.007 016 -0.005  0.001 0.000
3 9137  10.007  -0.969  -0.040  -0.009  -0.009  9.091  -0.006  -0.975  2.180 -0.025  -0.007
4 7.183  -0.066  0.064 2.080 -0.060  -1.065  9.145  -0.050  0.043 0.067  2.100 0.030
5 9256 0.006 0.010 0.036 2.096 -0.100  9.302  0.009 0.014 0.018 20.050 2065
(b) noise ratio: 3%
‘ o 9i,1 9,2 9i,3 9i,4 9i,5 B hi,1 hi,2 hi,3 hi,4 hi,5
T 4.670 -0.080  0.050 1.225  -0.009  -1.081  9.852 2.004 0.057 0.076 20.039  0.050
2 10.060  2.101 -0.040  0.009  0.040 0.010 10.000  -0.012 050 0.099 0.025 0.029
3 18206  0.000 -0.860  0.350  -0.005  0.001 18:357  0.010 Z0.855  1.502 -0.011  0.005
1 7.349 0.037 -0.010  1.956  -0.010  -1.029 110 0.020 -0.022  -0.16 2.127 0.059
5 10.580 _ 0.050 -0.023  0.037  1.975 -0.014  10.549  0.030 -0.009  0.048 0.015 1.950
(c) noise ratio: 5%
B ay 9i,1 9,2 94,3 94,4 9i,5 B hi1 hi 2 hi 3 hi 4 hi 5
T 5.200 20.029  0.010 0.995 0.037 Z0.928  10.333  1.905 0.040 0.048 Z0.001 _ 0.080
2 7.669 2.225 ©0.207  0.102 0.024 -0.014 .500 -0.245  2.233 0.049 0.010 -0.060
3 6.841 20,099  -0.949  -0.254  0.016 0.090 6.948 -0.058  -0.970  2.657 0.099 0.043
i 5225 -0.098  0.100 2.290 0.22 -1.300 1202 -0.001  0.045 0.395  2.457 0.205
5 10.600  0.000 0.000 0.050 1.963 0.010 10.500  0.010 -0.017  0.050 0.005 2.000
(d) noise ratio: 10%
i o 9i,1 9,2 94,3 9i,4 94,5 B hi,1 hi,2 hi,3 hi,4 hi,5
T 3.765 C0.190  0.037 1.195 Z0.004  -1.105  9.100 2.500 C0.100  -0.049  0.002 0.100
2 9600 2.297 50131 0.009 -0.381  0.050 10.006  0.100 2.102 0.101 -0.305 0.000
3 6.400 0.000 -0.800  -0.333  0.011 -0.100  6.502 -0.004  -0.759  2.601 0.127 -0.138
1 3.601 0.050 -0.100  2.900 -0.50 -1.794  5.511 -0.101  -0.000  -0.504  2.950 0.100
5 10.005 _ 0.001 0.050 0.059 2.100 0.001 10.511 _ 0.i01 0.025 0.080 20.01758  2.183
(e) noise ratio: 20%
‘ g 9i,1 9,2 9,3 9i,4 9i,5 B hi,1 hi,2 hi,3 hi,4 hi,5
T 5.106 -0.145  0.0100 _ 0.933 -0.004  -0.489  11.662  2.000 0.005 0.050 0.046 0.364
2 11.563  1.912 100 -0.101  0.450 -0.305  12.001  0.001 2.000 0.100 0:200 -0.095
3 6.678 -0.225  -0.711 -0.258  0.132 0.100 7.200 0.010 20.850  2.501 0.441 0,177
1 3080 0.001 -0.400 2.950 -0.751  -1.500  5.506 -0.034  -0.245  -0.535  2.750 0.510
5  5.200 0.000 0.060 0.010 2.400 -0.550  5.511 -0.220  0.188 0.173 20562 2:958
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Table 10 Variation of estimated S-system parameters by individual population.

(a) individual population: 36

i o 9i,1 9,2 9i,3 9i,4 9i,5 B hi,1 hi,2 hi,3 hi,4 hi,5
T 4.600 -0.059  -0.010  0.967 0.001 -0.944  9.585  2.049 0.000 Z0.040  0.015 0.100
2 9813 029 -0.020  -0.011 006 0.000 9.816  -0.007 -0.005  0.001 0.000
3 91 20.007  -0.969  -0.040  -0.009  -0.009  9.091  -0.006  -0.975  2.180 -0.025  -0.007
4 7.183  -0.066  0.064 2.080 -0.060  -1.065  9.145  -0.050  0.043 20.067  2.100 0.030
5  9.256 _ 0.006 0.010 0.036 2.096 -0.100  9:302 _ 0.009 0.014 0.018 20.050 2065
(b) individual population: 72
i g 94,1 9i,2 94,3 9i,4 94,5 Bi hi1 hi 2 hi,3 hia hi5
T 4.933  -0.043  0.027 1.022 0.051 C1.016  9.968  1.069 0.036 20.009  0.037 0.030
2 9717 2.080 -0.047  0.044 -0.048  -0.001  9.702  -0.009  2.034 0.029 -0.030  -0.010
3 8505  -0.0567  -0.967  -0.077  -0.012  0.030 8333  -0.010  -0.959  2.322 -0.031  0.010
4 7.492  -0.021  -0.025  2.099 -0.055  -1.027 9501  -0.008  0.016 20.030  2.058 0.039
5 9,561 -0.010  0.033 0.064 2.061 -0.112  9.654 _ 0.003 0.041 0.050 20.040  2.001
(c) individual population: 108
B ag 9i,1 9i,2 94,3 9i,4 94,5 Bi hi1 hi 2 hi g hi,a his
T 3.620 20.240  0.060 1.061  0.046 “1.053  8.603 2.299 0.064 0,075 0.039 0.175
2 2.001 -0.050  0.238  0.075 -0.390  8.752 J0.161 2300 0.239 000 -0.035
3 10.100  0.022 -1.009  0.035  -0.030  -0.024  10.047  0.029 S1022 20119 -0.085  -0.017
1 7738 -0.021  -0.039  2.115  -0.044  -1.012  9.822 -0.012  0.017 0.023 2.000 0.027
5 9171 0.014 0.014 0.05 2.100 -0.013  9.261 0.025 0.020 0.029 20.059 2050
(d) individual population: 144
B o 94,1 9i,2 9,3 9i,4 9i.5 B hi1 hi 2 h; hia his
T 4654 -0.064 -0.011 _ 1.020 0,003 -1.000  9.622 2.011 0.024 -0.000  0.050
2 9950 060 -0.029  -0.013 000 006 9.960 0.008 2.004 -0.005 000 0.005
3 8614  -0.037  -0.934  -0.065  -0.011  0.000 8.504 -0.057  -0.932  2.300 -0.027  -0.009
4 9801  0.000 0.000 1.866 0.104 -0.840  11.881  0.011 0.000 0.135 1.808 0.010
5  9.158  0.003 0.023 0.054 2.091 -0.159  9.235 0.010 0.032 1 -0.054  2.010
(e) individual population: 180
B a; 9i,1 94,2 94,3 9i,4 9i,5 Bi hi1 hi2 hi,3 hia his
T 5.000 20.026  0.006 0.969 0.040 Z0.968  9.999 1.959 0.010 Z0.022  0.033 0.044
2 10.016  2.000 001 0.003 0.026 -0.002  9.990 20.001  1.998 -0.003  0.019 0.000
3 9.49 0.018  -1.036  -0.021  -0.014 013 9.420 -0.085  -1.039  2.143 -0.047  0.010
4 10.000  0.280 -0.273  1.739 0.120 -0.800  12.055  0.224 -0.194  0.054 1.850 0.022
5  9.210 0.010 0.011 0.040 2.099 -0.119  9.373 0.014 0.015 0.017 -0.051 2059
(f) individual population: 360
B g 9i,1 9,2 94,3 9,4 9i,5 Bi hi,1 hi,2 hi,3 hi,4 hi,5
T 5.345  0.005 0.014 0.972 0.033  -0.995  10.312  1.860 0.039 0.000 0.029 -0.033
2 9.850  2.000 -0.008  -0.025  0.010  0.001 9.876 20.005  2.002 -0.016  0.004 0.008
3 7.907  0.000 -1.000  -0.150  0.000  -0.007  7.861 0.018 S1.0i6  2.400 -0.010  0.000
4 7.946  0.000 -0.012  1.995 0.000  -0.999  9.968 0.000 -0.008  -0.002  2.000 0.011
5  9.455  -0.020 _ 0.045 0.066 2.084  -0.124 _ 9.598 0.007 0.052 0.040 20.035  2.008
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Fig. 15 Variation of relative error of parameters to target
values by individual population.
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Table 11 S-system parameters of target model (30-nodes genetic network).

1.0

B; 1.0

9i,j 91,14 = —0.1, 95,1 = 1.0, 96,1 = 1.0, 97,2 = 0.5, 97,3 = 0.4, 98,4 = 0.2, 98,17 = ~0.2, 99,5 = 1.0,

99,6 = —0.1, 910,7 = 0.3, g11,4 = 0.4, 911,7 = —0.2, 911,22 = 0.4, 912,23 = 0.1, g13 8 = 0.6, g14,9 = 1.0,

915,10 = 0.2, 916,11 = 0.5, 916,12 = —0.2, 917,13 = 0.5, 919,14 = 0.1, 920,15 = 0.7, 920,26 = 0.3, g21,16 = 0.6,
922,16 = 0.5, 923,17 = 0.2, 924,15 = —0.2, 924,18 = —0.1, 924,19 = 0.3, 925,20 = 0.4, 926,21 = —0.2, 926,28 = 0.1,
927,24 = 0.6, g27 25 = 0.3, 927 30 = —0.2, gag 25 = 0.5, 929 26 = 0.4, 930,27 = 0.6, other g; ; = 0.0

hi j 1.0, if i = j, O 0.0, otherwise
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Fig.18 Transition of fitness in 30-nodes genetic network (all parameters).
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Table 12 Estimated S-system parameters for 30-nodes genetic network model

(restricted parameters).

@1 = 0.990, ag = 0.995, ag = 0.991, ay = 0.998, ag = 1.000, ag = 0.997, ay = 0.994, ag = 0.999, ag = 0.996, a1 = 0.999,
aj1 = 0.990, &1p = 0.997, a13 = 1.005, ajy = 0.999, a5 = 1.001, ajg = 1.002, aj7 = 0.988, ajg = 0.997, ajg = 0.999, agg = 0.988,
gl = 0.997, agy = 1.001, ag3 = 0.999, agy = 0.990, gy = 0.999, agg = 1.004, agy = 1.003, agg = 0.997, agg = 0.995, a3y = 0.998

B; |B1 = 0.989, By = 0.994, 3 = 0.990, B4 = 0.998, B5 = 0.999, g = 0.996, By = 0.993, Bg = 0.999, Bg = 0.996, By = 0.999,

B11 = 0.988, B1o = 0.996, 13 = 1.004, B14 = 0.998, B15 = 1.001, B1g = 1.000, 817 = 0.988, B1g = 0.997, B1g = 0.999, Byy = 0.988,

Bo1 = 0.996, Bop = 1.001, B3 = 0.999, 8oy = 0.989, Bos = 0.998, Bog = 1.005, Bo7 = 1.003, Bog = 0.996, fog = 0.994, B3¢ = 0.999
93,7 91,14 = —0.099, g5 1 = 0.977, gg,1 = 0.977, g7 3 = 0.487, g7 3 = 0.389, gg 4 = 0.193, gg 17 = —0.195, gg 5 = 0.994,

99,6 = —0.091, gj0,7 = 0.293, g11,4 = 0.390, g11,7 = —0.202, g11 22 = 0.394, g1 23 = 0.095, g3 g8 = 0.582, g14 9 = 0.992,

915,10 = 0.194, g16,11 = 0.489, g16,12 = —0.192, g17 13 = 0.498, g19 14 = 0.097, g20,15 = 0.689, go0,26 = 0.294, g21,16 = 0.589,

922,16 = 0.488, gp3 17 = 0.196, gog 15 = —0.194, gog 18 = —0.097, gog 19 = 0.291, go5 209 = 0.390, gog 21 = —0.193, gog,2g8 = 0.094,

927,24 = 0.585, ga7 25 = 0.293, go7,30 = —0.192, gog 25 = 0.486, gag 26 = 0.390, g30 27 = 0.583, other g; ; = 0.0

hij|P1,1 = 1.001, hg 5 = 0.997, hg 3 = 1.004, hy 4 = 0.995, hg 5 = 0.999, hg g = 1.000, h7 7 = 1.000, hg g = 0.993, hg g = 1.006,

h10,10 = 0.997, hq1,11 = 1.003, hyp 12 = 0.996, hyg 13 = 0.993, hyy 14 = 0.997, hyg 15 = 0.991, h1g, 16 = 1.002, h17 17 = 1.012,
hig,18 = 0.994, h1g 19 = 0.990, ho( 99 = 1.010, hoq o1 = 0.998, hog 95 = 0.992, hog o3 = 0.994, hoy 94 = 1.003, hog o5 = 0.996,
hog.26 = 0.990, ho7 o7 = 0.994, hog og = 1.001, hog o9 = 0.998, h3g,30 = 0.991, 0 0.0, otherwise
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Table 13 Estimated S-system parameters for 30-nodes genetic network model
with noisy data (restricted parameters).

a1 = 0.620, ag = 0.749, ag = 0.928, oy = 0.913, ag = 0.771, ag = 1.090, a7 = 0.950, ag = 0.705, ag = 0.991, ajg = 0.790,
@11 = 1.000, &jp = 0.950, a1z = 1.100, g4 = 1.365, aryg = 0.780, ajg = 1.552, ay7 = 0.810, ayg = 0.914, avjg = 1.060, agg = 0.786,
] = 0.974, agy = 0.890, a3 = 1.247, apy = 1.085, agy = 1.000, agg = 0.700, agy = 1.490, ang = 0.769, agg = 0.747, azg = 1.010
B; |B1L = 0.599, By = 0.763, B3 = 0.949, B4 = 0.950, B5 = 0.777, Bg = 1.105, By = 0.958, Bg = 0.700, By = 0.997, B1g = 0.820,
B11 = 1.020, B1o = 0.994, 813 = 1.100, B14 = 1.401, B15 = 0.795, B16 = 1.620, B17 = 0.854, B1g = 0.957, B1g = 1.100, Bgg = 0.792,
Ba1 = 0.997, Bop = 0.917, Ba3 = 1.299, Boy = 1.129, o5 = 1.015, Bag = 0.679, Bay = 1.555, Bag = 0.791, Bog = 0.759, B3g = 1.044
97,7 |91,14 = —0.127, g5,1 = 1.130, gg,1 = 0.889, g7 3 = 0.500, g7,3 = 0.409, gg 4 = 0.250, gg 17 = —0.266, gg 5 = 1.105,
99,6 = —0.120, g10,7 = 0.340, g11,4 = 0.420, g11,7 = —0.160, g11 22 = 0.439, g12 23 = 0.083, g13,8 = 0.638, g14,9 = 0.681,
915,10 = 0.340, g16,11 = 0-324, 916,12 = —0.117, g17 13 = 0.694, gj9 14 = 0.118, g9, 15 = 0.800, g30,26 = 0.350, g21,16 = 0.629,
922,16 = 0.555, 923,17 = 0.199, gg4 15 = —0.107, gp4 18 = —0.069, go4 19 = 0.280, ga5 20 = 0.429, 926,21 = —0.214, 926,28 = 0.216,
927,24 = 0.400, go7 25 = 0.210, gg7 30 = —0.130, gpg 25 = 0.716, g29 26 = 0.610, g3q,27 = 0.540, other g; ; = 0.0
hij|RL,1 = 1.758, hg g = 1.282, hg g = 1.074, hy 4 = 1.022, hg 5 = 1.399, hg g = 0.950, hy 7 = 1.034, hg g = 1.440, hg g = 1.049,
h10,10 = 1.347, k11,11 = 1.105, h1p 12 = 1.149, h1g 13 = 0.899, h1y 14 = 0.674, hy5 15 = 1.319, h1g,16 = 0.705, h17 17 = 1.200,
hig,18 = 1.186, h1g 19 = 0.966, ho( 20 = 1.409, haq 21 = 1.025, hag 25 = 1.206, hog g3 = 0.775, hgy 94 = 0.874, hgs 95 = 0.980,
hog,26 = 1.542, ho7 o7 = 0.624, hog g = 1.400, hog 29 = 1.350, h3g,39 = 1.005, 0 0.0, otherwise
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Table 14 Estimated S-system parameters for 30-nodes genetic network model (all parameters).

agg = 0.496

91,19 = 0.099 h11 = 2.007 h114 = 0.240
hy'p = 1.489 2,14 = 0.005

93,20 h33 = 1.410 ~0.031

94,21 hy =0.013 1.540

95,26 hsq = —0.371 1.744

96,25 hgp = —0.218 1.416
h7 1 = 0.100

= 0.005
~0.325

0.045

0.190

913,24 010
914,3 ~0.010
915,20 5=0.010

~0.003 916,16 916,26 —0-200

0.035 917,13 917,17 0.005

9189 = 0.020
g19.9 = 0.050
9205 = 0.072
921,16 = 0.999
0.100

918,20 = 0.091

918,30
919,26
920,26
921,27

924,14 = 924,24 ha4,15 = 0.100

925,6 = 0.050 925,28 005
0.037 926,28 0.050

927,12 = 0.050 927,30 —0.099
0.050 928,28 0.080
—0.010 929,29 —0.100

930,6 = 0.050 930,27 = 0.954

h30.30 = 1.586

015 0000000000000 00O000000 30000000 OooOoOoOOoO0 s-
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Table 15 Estimated S-system parameters for 30-nodes genetic network model

with noisy data (all parameters).

91,13 = —0.250 0.523 By = 0.210 h1,30
—0.890 0.100
0.579 0.400
0.070
~0.200 0.100
0.245 0.150
~1.310 0.500
9515 = 0.250 = —0.140
99,6 = 0.0 0.110
910,20 = 0.400 20100 g = 0.485
911,17 = 0.100 — 0550  By1 = 0.510
912,12 = —0.674 0.200 B12
913,15 = —0.550 0100 A3
914,14 = —0.766 = 0.100 B1a
915,14 = —0.438 o.
916,12 = ~0.500 —
917,17 = —0.589 =0.5
918,18 = —0.485 o
919,14 = 0.350 o
920,15 = 0.800 =0.550 Bap = 0.490
921,19 = 0.400 o
923,16 = 0.610 )
923,4 = 0.350 923,17 = 0.799
924,17 = 0.050 924,24 1.095
9255 = 0.199 925,18 = —0.100
926,10 = 0.358 926,17 = —0.337
0.450 927,24 = 0.500
0.150 928,20 = 0.500
—0.212 929,26 = 0.600 hag 11 = 0.200

930 8 = 0.125

30,5
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Table 16 Differeces from target parameters.

oo oooo oooo
GP (noise free) 107.0 37.7
GP (10 % noise) 159.4 98.7
GA (noise free) 44.2 11.3
GA (10 % noise) 155.2 69.9
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