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Symbolic Regression

Given:
X ... input matrix
y ... target vector
L = G(Expr) ... set of expressions defined via grammar G
Obj(X,y, f) ... objective function

Find:  f7(x) = argr}leig Obj(y, X, f)



Grammar-guided Tree-based GP

° o G (Expr) :
Expr Term + Expr | Term

f(x)=5*(x+3.14) + x

Fact * Term | Fact
<const> | x
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Prediction of Friction System Performance

Target variables:
* friction coefficient
* change of temperature
* wear

Controlled variables:
* Numeric / continuous: temperature, pressure, sliding speed, inertia, ...
* Nominal: friction material type, oil type, grooving type



First Approach: One-Hot-Encoding
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Difficulties with One-Hot-Encoding in GP

With one-hot encoding:

—

AT =T -|1— c, cycles + ¢, p + c,Mat, p + cgMatg p
+EC4Matb + ¢z Mat, + exp(cg Mat,)

With material-dependent “factors-variables”:

_ 1
AT =T + ¢, cycles + Mat p + Mat— + Mat

p



The Novel GP Extension: Factor Variables

/+

f(x, Material) = Material - x + Material

Material
A: 1.0 .
B: 2.0
(=2 1.5 \
Material
« A: 1.0
B: 2.0
C: 1.0
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Optimization of Factor Variables

We use gradient information and a Quasi-Newton method for optimizing all numeric parameters of
symbolic regression models

E.g. for optimizing the sum of squared errors:

The gradient of f(x, f) over parameters f3 is useful and can be calculated easily

. (9f of  of
W= OBy’ 9By" " BB,

Factor variables simply induce additional numeric parameters!

G. Kronberger
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Optimization of Factor Variables

"
Material/ 6 =(1.0,2.0,1.5,1.0,2.0,1.0)
A: 1.0 .
ICB ?(5) \ X Material %(x, c)
Material 3.0 A (1,0,0,3,0,0)
S 20| B |(0,0,1,0,0,2)
C: 1.0 1.0 C (0,1,0,0,1,0)

* Gradient can be calculated easily using automatic differentiation with
an effort factor of O(d)

* No numeric estimate of the gradient!
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Does it work?
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It works!

Symbolic Regression Result Generating Function
f(x)=co+cy-exp(xfcz)Hestexp(es-x)-exp(cs - x)+cg f(x) = 6c,1exp(—0.08 - x) — exp (6,2 - x) — 0.1
e 18 o | 1 c |
: ' %5D ' Al 1.0 -0.16
C2. c=A —0.16 C3.c=C 1.5
? ’ B | 1.0 -0.32
C2e=B | —0.32 | ¢c3c=D 2.0 C |15 -0.80
€2 c=C =0.8 Ca —0.034663 g g
C2.¢=D -1.6 cs —0.045337 ' '
C6 0.15744
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Using robust generalized fuzzy modeling and enhanced
symbolic regression to model tribological systems

Gabriel Kronberger 2 2 &, Michael Kommenda *& Edwin Lughofer °&, Susanne Saminger-Platz ° &,
Andreas Promberger “& Falk Nickel & Stephan Winkler *& Michael Affenzeller &

Public data set: http://dev.heuristiclab.com/AdditionalMaterial
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Results for Predicting the Friction Coefficient

Model average relative error
Linear regression 4.15 %
Artificial neural network 2.86 %
Random forest 3.08 %
Sym. reg. with one-hot-encoding 2.77 %

Sym. reg. with factor variables 2.84 %

G. Kronberger



Results for Friction Performance Prediction
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Results for Friction Performance Prediction

SR with one-hot encoding SR with factor variables

—

Havg = flavg = (co - cycles + ¢y - exp (c2 - cycles + ¢3 - p)
cp - cycles +¢; - p+c2 - M=b + exp(c3 - M=c) - ¢4

+cqm - (cs-p+exp(cs - p)+c7))

1
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+exp(co - M=d +¢10 - p) - €13 g P +CoMTtCr0

exp(cs - M=d + ¢¢ - cycles + ¢7 - p) - cg

12 + cycles + ¢13 - M=b + ¢14  p + ¢15 - M=c + ¢34 - M=d
oy + €22
exp(cy7 - M=b + ¢15 - p) - (€19 - p + 20 - cycles) + ¢z

G. Kronberger 31



ol A Parameter: P: — [W/mmd p: 117 [Nmm3 v 0.3 [mis]
0.2 400 -
0.16 3201

0,126 0128
0115 o
- 012 : 0,109 2401

£, 0104 o0 1% E

= =

= e

8 008 5 1604

E
0.04 a0
n 0
Material A B C D E F G
Details
0.2 0.2
.16 0.6
| 012 h'"_‘—'————--___._________ 0.12
S ol T —
-g_ '[].'DS \ {]_{]8
=
0.04 0.04
0
0.1 7.58 15,08 0
3,84 11,32 158 i) 0.2 0.4 0.6 0.8 1

Surface Pressure, N/mm?

Sliding Velocity. m/fs

E: —[J/mmd  Tdisc_min: 50 [C] t: 4.2 [s]

*C max. Temp. (predicted)
*C max. Temp. (theo.)

79 7
I . 58 B0 __ 57 56 57
A B C D E F G
0.2
{].'IE\
NS~
0.08 L‘E
0.04
0
0 50 10 150 200 250

Temp. disc min. [*C]

G. Kronberger

© Miba AG

32



Qi A Parameter: P:—[W/mm3d p: 321 [Nmm3d w03 [mds] B —[I/mmd  Tdisc_min: 50 [C] t: 4.2 5]

0.2 400+
“C max. Temp. (predicted)
C max. Temp. (theo.)
0,16 320+
0,124 .
= 012 e 0.106 2 2404
_:é-\ {H}Bﬁ 0.094 {H}BE EI'EB? ﬁ
5:'1' 0.08 ﬁ 160
. E 1121 117
0.04 a0 68 177 AE e 65 68
n 0 l : :
Material A B C D E F G A B C D E F G
Details
0.2 0.2 0.2
0.16 016 {].15\
= 012 ——— 012 u.u\
E o 008 e 008 ;‘E
0.04 0.04 0.04
0
0.1 7.58 15.06 0 0
354 1132 188 0 02 04 06 08 1 0 50 100 150 200 250
Surface Pressure, Nfmm? Sliding Velocity, m/s Temp. disc min. [*C] © Miba AG

G. Kronberger 33



Qi A

0.2

0.6

0.12

@ dyn.

0.08

0.04

n
Material A

Details

Hide Details

0.2
0.16
0.12
0,08

Ep dyn.

0.04

01

Parameter: P: —[W/mmd p: 5384 [N/mm3 v: 03 [mss] E — [J/mmd  Tdisc_min: 580 [T] t: 4.2 [s]
400 1
C max. Temp. (predicted)
C max. Temp. (theo.)
3201
0,100 g 2404
f a
0,052 0,085 0,051 = 178 167
T 160
E i
o7 ¥ 77 81
&0 i I i
o B ol _ . _ _ |
B C D E F G A B C D F G
0.2 0.2
0.16 {].'IE\
— 012 u_u\
0.04 0.04
7,58 15,08 0 0
3,54 1132 188 0 0.2 0.4 0.6 0.8 1 0 50 100 150 200 250

Surface Pressure, N/mm?

Sliding Velocity. m/fs

G. Kronberger

Temp. disc min. [*C]

© Miba AG

34



summary

* Introduced factor variables for genetic programming
* Described gradient-based optimization of factor variables
 Successfully applied to friction system prediction

Factor variables are useful for modeling systems with nominal variables
which change the response of the system but not the fundamental
mechanics of the system.
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