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Abstract

Inverse Kinematic is considered as one of the complicated issues in robots domain
according to the nonlinearity , multiple solutions , the need for complete knowledge about
robotic environment besides to other factors.

Whereas a great development has appeared in using the artificial intelligence methods to
replace the classical analyzing methods.

In this paper , an approach for using the Genetic Algorithm is suggested to deal with the
Inverse Kinematics problem of a five degree of freedom robot .

Firstly the forward and inverse kinematics of the robot is introduced , then the inverse
kinematic equations are solved by the Genetic Algorithm with the aid of MATLAB
programming , the results were compared using three ways , firstly by the classic
analytical equations , secondly by the robot simulation program ROBCIM , and lastly by
the MATLAB Genetic Algorithm Toolbox .

Genetic Algorithm had accomplished good results , and got rid of many limitations which
may face other analytical methods .

Key-Words : Robotic Manipulator , Inverse Kinematics (l. K.) , Genetic Algorithm
(G.A).

1-Introduction

According to the definition
presented by the International
Standard Organization (ISO) , the
robotic manipulator (named as
industrial robot or as robotic arm) is
an automated, programmed ,multi-
purposes machine which deals with
several domains to handle work
parts.

It contains chain of links , with an
end —effector or gripper carrying the
needed tool (like welding gun or
drill) , these links are attached by
joints (either prismatic or revolute)
.while , saying 5-axes means having
five independently moving degrees
of freedom (DOF) [ 16.[

The robotic kinematic structure deals
with the calculation of the end
effector position (without outer
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effected force) , and to make the
robotic manipulator adopt the
wanted configuration [ 22 ].

The manipulator has non-linearity
Kinematic equations to be solved [1].
The robot kinematic analysis is
handled in two ways ; forward or
direct (F. K.) , and inverse kinematic
(I. K.) , where the second one is the
most important because it gives the
robotic joints' values to reach any
spatial point . Thus , the LK. is the
important factor in following paths ,
and controlling robotic motion [ 9 ].

In (F. K.),we have the position of the
end-effector  (x,y,z) and its
orientation (6x , Oy ,0z ) = f(q)
Function of (g) the joints' variables
either revolute or prismatic.

While in I.K. , the opposite case is
occurred where , g=f"1(x,y,z) and
(6x, 0y ,0z).

For its importance ,I.K. had been
studied for years , for its roll in
manipulator's controlling , as the
robot actuators deal with joint space
, While the end-effector deals with
cartesian space , thus , the 1.K. is the
way to transform from the cartesian
to the joints space [11] .

Good development had been
achieved in 1.K. for the recent years
and many approaches  were
presented [ 14 ].

I.K. may has multiple solutions due
to the non linearity in equations and
the robot configuration's dependence
[23].

I.K. is considered difficult because
of : many unknowns equations
variables , multiple solutions , some
solution are undefined [12 ].

Many methods were used to solve
the 1.K. problems like jacobian
inversion , optimization , numerical
and lastly the Artificial Intelligence
methods used like Neural Networks ,
Fuzzy , and Genetic Algorithms
[14].

In this paper , we will analyze the
I.K. of a 5-DOF robotic manipulator,
using one of the most important
Artificial Intelligence methods
which is the Genetic Algorithm.
Reaching to this goal , we will start
by defining the used robot , knowing
its physical characteristics , D-H
(Denavit — Hartenberg)
representation ,  transformation
matrix and analyzing the F.K. of this
robot , besides to finding the LK.
equations using the classical
approach .

Estimating the I.K. equations of this
robot using the G.A. approach will
be simulated using the MATLAB
Genetic Algorithm Toolbox [ 5 ].
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The robot which will be discussed
for its I.K. , is a scale model for the
famous robot (ALPHA) robot as
mentioned in [ 20 ], that's because
of the high cost of the original robot
[8] , we substitute by this model of
laboratory robot for the sake of reach
approximately to its physical
information and limitations , Figurel
below show the microbot ALPHA in
its laboratory type .

Figre (1 a theLPHA robot
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Figure (1-b) Link coordinates of the
ALPHA robot

It's a 5-DOF robotic manipulator ,
articulated arm , delivered with a
specific software that allows it to be

simulated online and offline by
computer .

This robot has Base , Shoulder ,
Elbow , Tool-roll and Tool pitch
joints' motions providing the five
degrees of freedom , besides to a
grip movement by its two fingers

gripper[ 24 ].

Figurel-b  clarifies the Ilink
coordinates and D-H parameters of
the robot .

The most important step in analyzing
any robot kinematics , is to find the
transformation matrix which relates
between the base and the end-
effector joints , in order to reach this
matrix , we have to establish the
Denavit-Hartenberg parameters
which were defined in detail in
[20&6 ], as follows in Tablel:

Tablel the robot parameters

in in

millimeter | millimeter

Base 0

Shoulder

Elbow
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pplying these parameters in the
andard transformation matrix from
hse to tool , we'll get :

Ttool — —Cos q234

base

0
[column1l column2 column3 column 4]

Column 4= cos q1 (190 Cos q2 +

where , Columni= 190 Cos q23 — 115 Sin q234)
Cos ql Cos q234 Cos q5 + Sin q1 Sin g5 Sin g1 (190 Cos g2 + 190 Cos q23
— 115 Sin q234)

Sinql Cos q234 Cos q5 — Cos q1 Sin q5

255 — 190 Sin g2 — 190 Sin q23
— 115 Cos q234

—Sin q234 Cos q5

0
1

Column2= —cCos q1 Cos q234 Sin q5 +
Sin q1 Cos q5

_Sin q1 Cos q234 Sin ¢5 — Cos q1 Cos g5 Thus the robot —tool-configuration will

be :
Sin q234 Sin q5

Cos q1 (190 Cos q2 + 190 Cos q23 —
115 Sin q234) .. 1

0

Column 3= —cCos q1 Sin q234
Sin q1 (190 Cos q2 + 190 Cos q23 —

—Sin q1 Sin q234 115 Sin q234) ..2
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255 —190 Sin g2 — 190 Sin q23 — = a2?(cos q2% + sin q2?)
115 Cos q234 ..3 +a3?%(cos q232 + sinq232)+ 2 a2 a3

(cos g2 cos g23 + sin g2 sin g23)
—exp(q5) Cos q1 Sing234 ... 4

=q?2 24
—exp(q5) Sinql Sin q234 ... 5 a2+ a3°+2 a2 a3 cos q3

— exp(q5) Cos q234 ... 6 B - - orcos b2_q2?—q3?
2a2a3
Now , the Inverse k?nematics of thi A b1 = a2 cOS G2 + 83 ( COS G2 €08 q3 —
robot is : sin 62 sin 63)

b2 =a2sing2 + a3 (sing2 cos g3 +

g 1(the base joint) =atan (w2 , w1) cos g2 sin g3)

b 1=cos q1 wil+sin ql w2-a4 cos q234 bl = (a2 +a3 cos g3) cos g2 — (a3 sin

+d5 sin q234 g3) sin g2

b2 = d1 — a4 sin 234 — d5 cos q234 — b2 = (a2 + a3 cos ¢3) sin g2 + (a3 sin

W3 g3) cos g2
taking the expressions of w from tool solving the two simultaneous linear
configuration and substitute in b1 , and equations

b2 ; oS q2 :(a2+a3 cos q3):21+(a3 sin q3)b2

bl =a2 cos g2 + a3 cos 23
g 2 =% arcos
b1%=a2? cos q2% +2 a2 a3 cos 2 cosS (a2+a3 cos q3)b1+(a3 sin q3)b2
b2

023 +a32 cos q23%?
or using sin g2
_(a2+a3cosq3)b2—(a3sinq3)b1l

b2=a2 sin g2 + a3 sin 23

b22= b?

22 sina2? +2 a2 a3 sin a2 sin 423 g 2 = atan [(a2 +a3 cos g3) b2 — (g3 sin
as-sihq Za. a stq sing g3)bl, (a2+a3cosqg3)bl+ (a3sin

+a3“sinq23 43) b2]

b? =b1% + b22

g 234 =atan (-(- cos g1 w4 + cos 1 w5)

1_W6)
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g4=0234-92—-q3

gS5=nln
((w4)?+(w5)?+(w6)*)(1/12)

Genetic Algorithm (GA)

GA is a special category of
evolutionary algorithms [19] , it is an
optimization method which mimic the
behavior of biological evolution [7],
its first appearance was in nineties [15].
In this paper , a GA is proposed to deal
with the solving of robot's |.K.
equations because of reasons , some of
them :

GA as an A.lL(Artificial Intelligence)
method acts as the robot's mind |,
making decisions based on
environment's data , besides its ability
to deal with the non linear functions
which the robot has[4].

Also GA is considered as a technique
to find the mostly best of approximated
solutions for difficult and complex
problems like the 1.K. of robots [2].

By using GA to solve the I.K. , we're
trying to get rid of the classical (like
numerical) methods disadvantage of
requiring iterative processes which
may fail to reach a solution .

GA is selected because of its fast
convergence , besides of providing the
real-time response , comparing with the
classical methods which are very slow
with redundant iterations [17].

With GA , there's no need for
function's derivatives to choose the
optimum [19], and it does not stuck in
local minimum or optimum [15 , 3,
21].

In GA , processes of “initialization ,
fitness , selection , cross-over , and
mutation " would be noticed. The first
generation's parents or individuals will
be prepared , then those with best
fitness's function will be combined to
deliver new generation of children or
individuals having better fitness values
than their parents . This process will
continue till the convergence of the
population around some individual's
values with the best fitness value ever
[18].

The next steps will discuss the main
procedures of the G.A. with its
application for our robot ; 1.
Initialization and encoding 2. Fitness
3.Selection 4.Cross over 5. Mutation
1.Initialization:  Firstly,  randomly
values were generated close to the I.K.
results for each of joints variables (o' s)
, these values would represent the
parents in the first generation . In fact ,
the initialization of joints' values
(chromosomes) must be after the
angles encoding step , representing in
real numbers or coded as strings.

The next steps will discuss for one joint
angle in a parallel time , for example
el and this will be applicable on other
joint angles .

2. Fitness ( or Evaluation) : Each

chromosome (joint angle) will be
evaluated by the fitness function to
decide which of them will resolve the
value of the end-effector position P,
, P, ,P, which are described by the
equations 1,2 & 3 respectively , those
equations will be the indicator to the
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fitness of the studied chromosome as
they'll be compared for the ability to
give the tool position, with the original
position , where for the it" individual ;
X=P, — P.(1)

Y=P, — P, (i)
Z:PZ - Pz(i)
Evaluation = vX2 + Y2 + 72

Now, the chromosomes of the current
generation will be arranged in
descending order according to its
fitness function value , then the best
ones will be selected by the next step.

3. selection : from all the individuals ,
those of suitable fitness will complete
to the next generation ,

here another constrains have to be
checked like the individuals occur
within the robot's design limits

singularity phenomenon , and obstacles
avoidance if existed .

4. cross over : (reproduction process) ,
where each two chosen chromosomes
will give new offspring , many
methods are available , the arithmetic
crossover is used here .

5.Mutation: where a change is inserted
to the individuals , in this paper, the
uniform mutation is used lightly, to
give the opportunity to get rid of the
local minimum as it may takes place ,
and to ensure convergence through
generations . [10,13]

This work algorithm is clarified by

Figure2:
The MATLAB 2013  Genetic
Algorithm  GUI  (Graphical  User

Interface) which is used in this work
appears as shown in figure (3) , where
the optimization choice is taken from
the artificial intelligence applications'
list,
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Initialize the robot
jointsangles

!

Fitness

Isfitness is
suitable ?

Take another
chromosome
(joint angle)

Selection [taking robots limits in considerations)

¥

Cross over

New generation

¥

Mutation

Reachingto
max. no. of
generations ?

Reachingto
the best e ?

Figure 2 The work approach flow chart

The MATLAB 2013  Genetic
Algorithm  GUI  (Graphical  User
Interface) which is used in this work
appears as shown in figure (3) , where
the optimization choice is taken from
the artificial intelligence applications'
list , Then , the function is assigned as
it was set previously using the m-file
(here the function is the inverse
kinematics equations for each robotic
joint variable and will be called
respectively ) , also the number of
variables would be selected which was
chosen to be one for having each joint
variable individually , thus its physical

constraints limits would be enrolled as
the variable bounds .

Values are entered according to the
user data like the population size ,
fitness limits and stopping criteria ,
changes are also possible in each step
of the genetic algorithm like the
crossover and mutation functions .

What is really going on inside the GA
will start by the initialization process
where a randomly set of joint angle
values are delivered by the program to
be the solutions set pool for the I.K.
problem (these suggested or randomly
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delivered values can be set manually to
alter the solution from a classical one depend on the I.K. equations for each
to an optimized one and that's what had robotic joint .

¢ T T TS . - -

File Help

been done in this work ) , the set values

Problem Setup and Results

Constrands

decton function:  Seochastic undom

AV

Figure (3) the MATLAB genetic interface

Then the Coding process will change
the decimal joints values into binary ,
this will be followed by the fitness
function which is constructed to give
the inverse equations , the selection
step now is taken to choose the best to
survive for the next generation (the
step has many choices to accomplish
with either depending on uniform
manner which is used or randomly like
roulette method).

The crossover step will be between the
best from all to be the parents for the
new offspring (various ways are

possible like single point , two points
which are both used , or arithmetic)

If needed , the mutation process is
available also ( uniform , Gaussian and
other methods) , in this work, the
mutation is used in a limited way.

These processes continue till reaching
to the best result, or till reaching to the
maximum number of iterations which
is delivered previously , or when no
noticed change in results will take
place (in fact even the stopping criteria
could be limited in the program).

oo 23 daal

il & gal g bl all Ay el Cilaalall slad) Alae

sl el
2016



&

44 Srsymat
Next is a detailed example clarifying For the end-effector given position
the way of solving the GA for this (337.5, 129.5, 162)mm , the base joint
work ; variable g1 is found by table 2:

Table (2)/A: an example of GA details solving (1% generation)

Chromosome F(X) Account
Fitness
function
(atan2)
I 100101100 23.428

101000000 22.109
100011000 24.904
101001010 21.501

> F(X)
91.942

Table (2)/B: continue of an example of GA details solving (1% generation)

100101100 100 101 100 100 011 100

100101100 100 011 000 100 101 000

100011000 1001 01100 1001 11000
100011000 1000 11000 1000 01100

e 23 alaaq sl Lanatigh & sal) 5 ilisl all Ay yal) Cilaalal slas) dlas Cay il sl
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Chromosome

Account

100011100

100101000

100111000

100001100

1

And so on , with the possibility for
mutation in a reasonable rate within
generations in order to accelerate the
reach to the fittest values , in this case
of study Genetic Algorithm will go on
till reaching to X= 338, this value with
a considering constant y=129.5 value ,
gl = 21 degree which is so near from

> Account
=2

the actual value obtaining from the
laboratory readings , besides it's within
the range of motion ability of this
robotic joint (-185 to + 153 ) , this case
study is shown in figure 4

Figure4 the robot case study configuration

Next in table (4) is some of the joints
values (selected the first three joints as

they have mostly the responsibility of

motion) which were obtained using
GA for known tool positions .
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For the same case ( the second one in
Tabled ) , some plots were selected to
show the fitness , the range , and the
stopping relations , where the first three

joints from this case were picked to be
showed as examples. The GUI for
studying the base joint is shown in
Figure5 :

=8
Fie reb
Probbem Setug and Loty Optoes. >>
T T T
B — - ot [
— e
Feress fncor: (et " Use defnit: -3
Mumter of vanaties: |1 " soechy: |
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e reguates: | e[ " Spechy: |
Lrear equalter: foz | bec [ Stall trve bt  Use defalt: nf
Bourch Lowar: [ 103 pper: [+15  spechy:
Norires coret st frcton | ot e e = Use defauit: led
rtege waralie rooes. | ~ il
S el suf i eunite Norinesr cont et e arce: (7 Use defat le 4
I e v states from prevous  Specty: |
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Currert teranors 51 Cwar ez I ot rtervat h
™ st favens ™ Bestindvcksdl [ Datance
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TEAIANT W ATt 8 AR TargR F T ST LsLe eu Tan e "o I Soe r =
P Swgorg ™ M corsrant
™ Custom furciors |
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Level of deplay: [0t =]
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- || evatone frem ot corsrant fincsors: [riem =] -

Figure5 the MATLAB interface for the base joint

Its best Fitness is shown in Figure6
which has the relation between the
generation ( horizontal axis)& the
fitness value (vertical axis) , finding
that best value is 22 while mean value
is12.78

Best 22 Mean 1278

w uvw O 35 A -

1 1 I I | I I I I |
0 ) E] a0 50 E] i £ 0 00

Generation —»

Figure 6 the best fitness of the base joint
along generations

While its range is shown in Figure7
which clarifies the best , mean , and
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worst values for gq1(vertical axis) along
generation (horizontal axis)

Bost, Worst, and Mean Scares.
T T T

f

ql -

Generation —

Figure? the best , worst , and mean values
of g 1 along generations

And the stopping criteria is shown in
Figure8 below where the stall and
generation ( the vertical axis) and how
percent it met the stopping criteria (the
horizontal axis)

Stopping Gt
T

Protis Uik

ot e ot i

st @ Ltk |

g,

P ikl

Figure9 the MATLAB interface for the
base joint

its best fitness is clarified in figure (10)
which has the relation between the
generation ( horizontal axis)& the
fitness value (vertical axis) , finding
that best value is 41.062 while mean
value is 43.173

Best 4102 Moan: 4373

8tall 1)

Stall(T

1 Stall(G

Tims |-

| Time

Generatid

Gm‘m_
L I ! I I

L L L
a 10 2 ) ] E] [ 70 E] 0 ]

% of criteria met —»

Figure8 the stopping criteria (Stall & no. of
generations ) of q 1

The GUI for studying the shoulder
joint is shown in Figure9 below

el

seeitiiniee,

w v MO 35 A -

Generation —»

Figurel0 the best fitness of the shoulder
joint along generations

Its range is shown in Figurell which
clarifies the best , mean , and worst
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values for ql(vertical axis) along
generation (horizontal axis) as follows

Best, Worst, and Mean Scares
T T

ER E%

j -
ﬁﬂl@

%

Generation —

Figure 11 the best , worst , and mean
values of g 1 along generations

The stopping criteria of the shoulder
joint is shown in Figurel2 where the
stall and generation ( the vertical axis)
and how percent it met the stopping
criteria (the horizontal axis)

f

— s

Figure 13 the MATLAB interface for the
base joint

its best fitness is clarified in figure (14)
which has the relation between the
generation ( horizontal axis)& the
fitness value (vertical axis) , finding
that best value is -87.612 while mean
value is -79.2

Bast 4TH1Z  Maan 792

Stall(T

14

stall(G

Time

Generati

w un O S5 A+ -

% of criteria met

Figure 12the stopping criteria (Stall & no.
of generations ) of q 2

The elbow joint interface is shown in
Figurel3

Generation —»

Figure 14the best fitness of the elbow joint
along generations

Then the range of g3 is obvious in
Figure 15 below , which clarifies the
best , mean , and worst values for
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gl(vertical axis) along generation
(horizontal axis)

| V
B %

Gensrtion

Generation —»

Figure 15 the best , worst , and mean
values of g 3 along generations

The stopping criteria of g3 is shown in
Figurel6 where the stall and generation
( the vertical axis) and how percent it
met the stopping criteria (the horizontal
axis)

Figurel6 the stopping criteria (Stall & n?.
of generations ) of g 3

And below , Table4 that contains
some of the best results which had
been gained during work

In fact , to reach to the most acceptable
results , many changes had been made
in the available options of the GA
characteristics like ; controlling the
population type and size , the created
function , the initial population , scores
and range ,besides the fitness scaling .
The crossover , the mutation and the
stopping criteria were controlled also.

The crossover probability was
chosen initially to be 0.85 , the
mutation probability 0.05

Stall(T)

Stall(G)

Time

Gener
ation

% of criteria met —»
Tablemymverse kmemaucs T

esults by analytical , simulated , and GA approaches

Fitness
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219.4 , < o T w| <

0, |o| 3| 8| S|s7|0| 8| 8ls||o| S| sl 2
273.9 SHEEN - S| 9| R| &

Discussion As known , the 1.K. problems have

nonlinear equations , besides they
depend on robot configurations
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thus , multiple solutions may where the values of joints' angles
delivered ; also , there’s the and  end-effector  position are
important  GA  characteristic ~ of available ) , so , the fitness values

presenting un limited solutions for
un limited random input parents or
seeds . Then , the results mentioned
in this work were selected from the
best of multiple tries.

From a sight to the figures above ,

we notice for the stopping criteria
plots shown in figures (8) , (12) and
(16 ) ,which was controlled either
according to a maximum number of
generations ( selected randomly by
MATLAB or set by user ) , a limited
time of calculating , or according to
the fitness closeness reaching , or as
a result of the stall in the algorithm
execution  (breaking down or
collapsing just like what happen
when fitness values become so far
from ideal values , giving a high rate
of error ). In this paper , the no. of
generations and the stall were
depended .

From figures (6) , (10) and (14)
which shows the fitness of the first
three joints respectively and which is
the same is subjected for the last two
joints , different numbers of
population were used to get the good
values that as near as possible from
the ideal wvalues (that known
previously from real configurations
that taken by the robotic arm with
the aid of its simulation program

16

along the generation's propagation is
clear.

Figures (7) , (11) and (15) of the
range where the best , worst and
mean scores of the fitness
individuals during all generations are
obvious , and as gradually happened
17 1ill be better for results than abrupt
changes , meaning that the
enhancement had taken place along
generations starting from randomly
parents individuals and ending by
the best children individuals and that
point was satisfied in these figures .

Conclusion

e The Robot Inverse Kinematic
has a growing importance , its
classical solutions face some
problems like complexity , fail
, and slowness , thus , the
Genetic Algorithm represents
a good alternator .

e GA doesn't require a complete
knowledge about the robot
work environment .

e This study had been applied
on the famous Alpha robot
using its mini scale model |,
analyzing its complete
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forward and inverse
kinematics classically then
optimized the 1.K. results
using the Genetic Algorithm
approach .

e GA minimizes the local
minima problem that appears
usually in classical methods
especially with some
alterations in the real time
parameters and with adding
mutation if needed.

e |t's better for the cross over
rate to be high (80% to 95%) ,
the mutation rate to be low
(1% to 5%) , the population
size must be even no. (20 to
30 ) but also depending on the
encoding string size.

e Future work may include
another evolutionary
algorithms to deal with the
robotic kinematics .
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