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Abstract

A neural network for feedback control must be compact for insuring fast executing with high accuracy.
A procedure of determining structures of input signals and 2 hidden layers is developed in order to construct
the network for TRIAM-1M feedback control with high accuracy and high speed. From relation between deg-
radation of neural network performance and effect to output by removing unit, two expressions of redundancy
is necessary. The structures depend on an expression of redundancy and a process of the determination. The
most useful procedure is iteration of removing the most redundant unit until the redundancy becomes under
a criterion of removal. The number of units in the network developed can be reduced to about 60% of units
used in the original network without the degradation of the accuracy. The validity of the procedure is verified
by the neural networks, which is constructed to calculate plasma position and learned with the supervisor
data is calculated by equilibrium code on TRIAM-1M.
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Plasma Position

Output layer (1 unit)

(o) Hidden layer (17 units)

Input layer (16 units)

Signals of magnetic coils

Fig. 1 Structure of a neural network with 2 hidden layers. An ac-
tivation function of a unit in the hidden layers is a sigmoi-
dal function. On the other hand, an activation function of
a unit in the output layer is not nonlinear activation func-
tion. This architecture can deal with output data, the val-
ues of which are not in a range of a learning dataset.
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Fig. 2 Locations of magnetic coils around the vacuum vessel of
TRIAM-1M. Symbols o and x indicate positions of mag-
netic coils for measuring normal component and tangen-
tial component, respectively. A plasma horizontal position
(Rp) is major radius of the magnetic axis. A vertical posi-
tion (Z,) is defined as displacement of the magnetic axis
from equatorial plane.
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Fig. 3 Number of hidden units versus root mean square error
(RMS error) and computing time for a neural network exe-
cution. A symbol o indicates RMS error. A symbolO in-
dicates computing time. Computing time is proportional to
number of units. On the other hand, RMS error is constant.
However when number of units is 10, RMS error becomes
large. A long learning time is necessary for obtaining are-
lationship between number of units and RMS error.
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Fig. 4 Degradation of neural network performance ( 4E ) by re-
moving a unit versus effect of a unit removal to output
((J4Y ). A solid line indicates 4E=(|4Y |)2. Calculated re-
lationship between 4E and {|4Y |) is indicated by symbol
o . Ifredundancy testbased on evaluation of (| 4Y ) isem-
ployed, it may occur that removed units bring large deg-
radation of network performance.
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Fig.5 Degradations of the network performance during remov-
ing units in input layer. A symbol o indicates a case of
structure optimization of a neural network for R,, calcula-
tion by unit removing based on 4E . A symbol O indicates
a case of Zp and 4E. A symbol O indicates a case of R,
and (|4Y[). Asymbol x indicates a case of Zyand (|4Y]).
Degradations in case of 4E are a little more slowly than
those in case of (|4Y|).
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Fig. 6 Convergence curves in relearning process after determi-
nation of units in input layer. A symbol o indicates a case
of structure optimization of a neural network for R,, calcu-
lation by unitremovingbased on 4E. AsymbolO indicates
acase of Z, and 4E. A symbol O indicates a case of Ry
and {|4Y ). Asymbol x indicates a case of Z,and (|4Y]).
Convergences in case of ZE is a little faster than those in
case of (|4Y]). Itis suggested thatthe unitremoving based
on 4E give good weights at start of relearning.
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Table 1 Neural network performance after determination of units
in input layer and relearning.

Rp Root Mea(x;n Slgslare Error
Procedure Structure Learning Test
Original 16-17-17-1 | 0.4296034 0.4766308
Input : AE 10-17-17-1 | 0.5002083 0.5017930
Input : (| AY |} 10-17-17-1 | 0.5021127 0.5065425
7p Root Mean Square Error
(mm)
Procedure Structure Learning Test
Original 16-17-17-1 | 0.5376626 1.8969560
Input : AE 12-17-17-1 | 0.5605577 1.7151140
Input: (| AY ) | 12-17-17-1 | 0.5608377 | 1.7098925
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Fig. 7 Degradations of the network performance during removing units in hidden layers. (a) is a case of a neural network for R;, calcula-
tion. (b) is a case of Z,. Symbols o and O are cases of iteration of most redundancy unit removing based on 4E and(|4Y|), re-
spectively. A symbol O indicates a case that unit removing based on 4E is executed in the order of the first hidden layer to the
second hidden layer (h1 - h2). A symbol x indicates a case of (|4Y ) and h1 - h2. A symbol +indicates a case of 4E and h2 - h1.
A symbol O indicates a case of (|[4Y |) and h2 - h1. Degradations in the case of removing most redundancy unit are slower than
the other cases. It is interpreted that the redundancy test during the iteration is successful.
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Fig. 8 Convergence curves in relearning process after determination of structure of hidden layers. (a) is a case of a neural network for
Ry, calculation. (b) is a case of Z,. symbols o and O are cases of iteration of most redundancy unit removing based on 4E and
(14Y), respectively. A symbol O indicates a case that unit removing based on 4E is executed in the order of the first hidden layer
to the second hidden layer(h1 - h2). A symbol x indicates a case of (|[4Y|) and h1 - h2. A symbol + indicates a case of 4E and
h2 - hl. A symbol O indicates a case of (|4Y|) and h2 - h1. Convergence speed is the same order in all procedures.

Table2 Neural network performance after determination of
structure of hidden layers and relearning.

Rp Root Mean Square Error
(mm)

Procedure Structure Learning Test
Original 16-17-17-1 | 0.4296034 | 0.4766308
all: AE 16-7-8-1 | 0.4365858 = 0.4556863
all: (|l AY ) 16-7-10-1 | 0.4370852 @ 0.4547285
h1—h2: AE 16-8-10-1 | 0.4319556 | 0.4482607
h1—h2: (| AY ) 16-8-9-1 | 0.4322337 = 0.4547600
h2—hl: AE 16-7-8-1 | 0.4462971 | 0.4571013
h2—h1: (|l AY |) 16-7-8-1 | 0.4418572 | 0.4517136
7p Root Mean Square Error

(mm)

Procedure Structure Learning Test
Original 16-17-17-1 | 0.5376626 | 1.8969560
all | AE 16-11-11-1 | 0.5395267 | 1.6076135
all: (| AYD) 16-8-9-1 | 0.5397043 = 1.6282543
h1—h2: AE 16-12-10-1 | 0.5450730 | 1.6700130
h1—h2: (| AY]) | 16-10-13-1 | 0.5620318 @ 1.6093027
h2—hl: AE 16-9-11-1 | 0.5439164 = 1.6485168
h2—h1: (| AYI) | 16-12-12-1 | 0.5464311 & 1.6664073
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Fig. 9 Degradations of the network performance during strong removal of units of hidden layers. (a) is a case of a neural network for R,
calculation. (b) is a case of Z,. A symbol o indicates a case of unitremoving based on 4E . A symbol O indicates a case of (|4Y ).
Generally degradations in case of 4E are a little more slowly than those in case of(|4Y'|), for example, in all case in (a) and in the
case that the number of reduced units is less than 15 in (b). However, it may occur that the degradation in case of (|4Y|) is smaller

than the one in case of 4E, for example the number of reduced unit is about 15 in (b).

Table 3 Neural network performance after strong removal of
units in hidden layers and relearning.

Number of units Error

Criterion 1st 2nd Hidd after

of removal | hidden | hidden | T.CC°™ | 10000
layer | layer layers relearning
4.0000e-06 7 8 15 5.3866e-06
AE 3.6000e-05 5 6 11 6.1748e-06
Rp 6.4000e-05 5 5 10 6.6900e-06
0.0020000 7 10 17 5.3953e-06
(I'AYl) | 0.0060000 | 6 6 12 | 6.6894e-06
0.0080000 6 5 11 7.2056e-06
4.0000e-06 11 11 22 8.5693e-06
AE 3.6000e-05 8 8 16 9.5068e-06
7p 6.4000e-05 6 7 13 1.0425e-05
0.0020000 8 9 17 8.3571e-06
(I AY!) | 0.0060000 6 8 14 8.4295e-06
0.0080000 6 8 14 8.4295e-06
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Table 4 Neural network performance after determination of units in input layer and structure of hidden layers, and relearning.

rooog

Rp Root Mean Square Error (mm)

Procedure Structure Learning Test
Original 16-17-17-1 0.4296034 0.4766308
all : AE 10-8-7-1 0.4799113 0.5587404
all: (| AYD) 10-7-10-1 0.4963079 0.4841195
in—h1—h2: AE 10-7-10-1 0.5031978 0.4876058
in—h1—h2: (| AY]) 10-8-9-1 0.4922093 0.4867793
in—h2—hl: AE 10-9-11-1 0.5118521 0.5024603
in—~h2—h1: (| AY]) 10-9-10-1 0.5042712 0.4887039
h1—h2—in: AE 9-8-10-1 0.5358885 0.4817883
h1—h2—in: (| AYD) 10-8-9-1 0.4846339 0.7745502
h2—hl—in: AE 9-7-8-1 0.5678079 0.4795553
h2—h1—in: (| AY]) 10-7-8-1 0.5503250 0.5208498
in—relearn—h1—h2: AE 10-9-10-1 0.4855596 0.4909198
in—relearn—h1—h2: (| AY]) 10-8-10-1 0.5057433 0.4962565
in—relearn—h2—hl: AE 10-8-10-1 0.5079587 0.5076864
in—relearn—h2—h1: (| AY]) 10-8-10-1 0.5342128 0.5242596
h1—h2—relearn—in : AE 11-8-10-1 0.5444189 0.4840986
h1—h2—relearn—in : (| AY]) 11-8-9-1 0.4815561 0.4788421
h2—hl—relearn—in : AE 10-7-8-1 0.4918585 0.4953406
h2—h1—relearn—in : (| AY|) 10-7-8-1 0.5089823 0.4676608
Zp Root Mean Square Error (mm)

Procedure Structure Learning Test
Original 16-17-17-1 0.5376626 1.8969560
all : AE 12-9-9-1 0.5655978 1.6613067
all: (| AYD) 12-9-8-1 0.5815097 1.7145441
in—h1—h2: AE 12-9-10-1 0.5734202 1.5522112
in—~h1—h2: (| AYD 12-11-10-1 0.5865166 1.7241554
in—~h2—hl: AE 12-9-11-1 0.5568700 1.6211042
in—~h2—h1: (| AYD 12-11-12-1 0.5555324 1.7108795
h1—h2—in: AE 11-12-10-1 0.5806588 1.6332292
h1—h2—in: (| AY]) 12-10-13-1 0.5814444 1.8041478
h2—hl—in: AE 12-9-11-1 0.5930476 1.6167956
h2—h1—in: (| AY]) 11-12-12-1 0.5655442 1.6590712
in—relearn—h1—h2: AE 12-11-9-1 0.5461450 1.6849992
in—relearn—h1—h2: (| AY]) 12-9-10-1 0.5671693 1.7094979
in—relearn—h2—h1: AE 12-10-11-1 0.5706948 1.7040214
in—relearn—h2—h1: (| AY]) 12-10-11-1 0.5393515 1.7050831
h1—h2—relearn—in : AE 12-12-10-1 0.5423187 1.6947922
h1—h2—relearn—in : (| AY]) 12-10-13-1 0.5458276 1.7740074
h2—hl1—relearn—in : AE 12-9-11-1 0.5541536 1.7375961
h2—h1—relearn—in : (| AY|) 11-12-12-1 0.6259738 1.8544857
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Fig. 10 Degradations of the neural network performance during
removing units in input layer and hidden layers. This fig-
ure shows the case of structure optimization of a neural
network for R, calculation by unit removing based on 4E,
for example. A symbol o indicates cases of iteration of
most redundancy unit removing based on 4E . A symbol
O indicates a case that unit removing based on 4E is
executed in the order of the input layer, the first hidden
layer to the second hidden layer. (in - h1 - h2). A sym-
bol O indicates a case of h1 -~ h2 - in. A symbol x indi-
catesacaseofh2 - hl-in.Asymbol x indicatesacase
of in- h1 - h2 with relearning after determination of in-
put layer. A symbol x indicates a case of h1-h2-in
with relearning after determination of hidden layers. The
degradation in case of removing most redundancy unit
is more slowly than the other cases.
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