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Abstract—This paper presents the application of Particle
Swarm Optimization (PSO) and its variants to the
dimensional synthesis of 5 coupler paths described by 11 to
25 precision points. Minimization of the structural error and
degree of constraint violation were taken as the objective
functions. In addition to basic PSO, stretched PSO (S-PSO),
near neighborhood information based PSO (NNI-PSO),
gregarious PSO (G-PSO) and hybrid PSO with differential
evolution operator (DE-PSO) were also applied. The results
revealed that the performance of DE-PSO is superior to
basic PSO and all other variants for the dimensional
synthesis. Comparison of the results with other soft
computing technique for the dimensional synthesis indicated
that the DE-PSO can be effectively used for the dimensional
synthesis of four-bar mechanism.

Keywords—particle swarm  optimization;  four-bar
mechanism; dimensional synthesis; structural error; constraint
violation; success rate

. INTRODUCTION

One of the simple, but practically important classes og
mechanisms employed in most of the machines is thg
planar four-bar mechanism. A four bar mechanism (Fig.

1) consists of four links, viz., a fixed link4), a crank
(L,), a couplerl(,) and a followerl(z). The required path
of motion is traced by the extensiohg) link of the

coupler. The fixed link forms the base of the mechanism.
The crank is the input link and it is rotated by a power
source. The path traced by the coupler extension point, M
for one complete rotation of the crank is shown in Fig. 1.

By varying the dimensions of the linkis;( L,, L3, L4, Ls),
coupler extension anglgd), angle of the fixed link with
horizontal ) and location of the mechanisma ya),

as Genetic Algorithm [2-3], Differential Evolution [4-5],
Ant Colony Optimization [6-7] and Particle Swarm
Optimization [8]. Dimensional synthesis of four bar
mechanism based on these stochastic search algorithms
has outperformed many classical methods of mechanism
synthesis.

A relatively new stochastic optimization method is the
Particle Swarm Optimizer (PSO), which was introduced
by Kennedy and Eberhart [9]. Many variants of PSO
algorithms were developed over the years and applied to
solve the various optimization problems. However, very
limited attempts have been made to solve the dimensional
synthesis problem using PSO algorithm. Sedlaczek and
Eberhard [8] reported the PSO with augmented Lagrange
multiplier method in combination with an advanced non-
stationary penalty function approach and used it
successfully for the dimensional synthesis of slider crank
mechanism with workspace constraints. In this paper, 4
variants of PSO are applied to solve dimensional synthesis
roblems. A detailed performance analysis of the PSO
Igorithms has been carried out based on statistical
nalysis.

various paths of motion of the coupler extension point can
be obtained. If the desired trajectory of the coupler
extension point is known, dimensional synthesis of the
mechanism needs to be carried out to generate this path.

In recent years, due to increasing computational speed
of computers, metaheuristics approaches that imitate
natural phenomena are applied to dimensional synthesis
problems [1]. Various heuristic algorithms for path
synthesis have already been reported in the literature such

Yo

X

Fig. 1. Geometry of a four-bar mechanism
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Il.  ANALYSIS OF FOURBAR MECHANISM X = [Xa Yar L1, Loy L, L, Ls, B, ] .

The relevant parameters defining the planar four-barhe design objective is to determine the optimal link
mechanism geometry are shown in Fig. 1. The position gkngths such that the motion generated by the mechanism

the point B is defined by the expressions: is as close as possible to the desired trajectory. The
% = Xa+ L1 COF, Vo =ya+Lising; 1) structural error is defined as
where g is the angle which defines the current position of B - 2 2
the mechanism. The distance BDssis defined by the Fgrror = Z [(xid —%ig)" + (Yia = Yig) ]
i=1

expression

> i > where,n is the number of synthesis points of interesg, (

s = y/(xp = Lycos6)?+ (yp — Ly sin6;) 2 Yia) and (g, Yig) are the coordinates of the coupler point.
and it creates the ang® (-t < & < ) with the positive  SuPscriptsg and d denote a generated parameter and a
A ANy AYiQ desired value, respectively. The objective function is

directionx-axis: o= " .
_ minimized under the condition that the generated solution
0, = L, tan (w) (3) satisfies a set of constraints. The constraints introduced
Xp— Ly cosfy herein ensure that the mechanism is assembleable, link
The position of the follower (the member CDLs) is  dimensions fall within a desired range, positions are
double valued and it depends on whether the point C igenerated in the desired order and the mechanism is
below or above the radius vector BD. The coordinates ofoveable. Dimensions of the links were limited within

the point C are determined by the expressions: upper and lower bounds in the PSO algorithm itself. In
order to ensure that the final solution honors the desired

&= Xa+Xp + Lz cos@ - 1)) order of points, coordinates of the coupler point for the
¥=VYa+ Yo + Lssin@ — t)) (4) considered set of design variables were determined by

providing a certain angle of increment to the crank
wheret is the coefficient whose valuetis- 1, for the case rotation anglef, to obtain the increasing angle of rotation
when the point C is above the line segne(iig. 1), and of crank. To ensure that the four-bar mechanism is
t = -1, for the case when the point C is below the linemoveable and the drive link is a crank, the dimensions of
segments (crossed mechanismy is the angle created the links must satisfy the Grashof's condition. LgtL,
between the follower and the line segmenk takes the andL, andL, be the lengths of the shortest link, longest
value (0< y< m) and is determined by the expression: link, and the other two links, respectively. To ensure that
the drive link is a crank, the following constraint must be

2 2_ 2
M) (5) satisfied:

2sL3

y = cos™! (

The angle& created between the coupler BC and the (Ls+ L) < (La+t L)
positive part of the-axis is determined by the expression According to Deb [10], the single objective
- constrained optimization problem can be solved by
6., = L. tan Yc— VB (6) i . . K . . .
2 1 Xo—xp formulating two objective functions. One objective is the

. . _ original objective function and other is the degree of
Finally, the position of the point M of the coupler, the ;qjation of constraint.

point moving along the desired path, is given by the

following equations: f1(X) = Feror fo(x) = max{0, (Is + L) - (Ly + Lp)}
¥ =Xa + Ly coF; + Ls cos(6, + ) If x satisfies all the constraint§;(x) = 0. Thus single
_ . . objective dimensional synthesis problem can be
Y =Xa + L1 Sind; + Lg sin (0, + f) (") transformed into the following two objective optimization
l.  DIMENSIONAL SYNTHESIS PROBLEMFORMULATION  Problem:
Find optimum dimensions of the links of mechanism Minimize { f(x), &(x)}

for the desired rectilinear path traced by the point M (Figpyring the process of selection of the best individual, the
1) of the coupler of the four-bar mechanism so that they|iowing selection scheme is used:

objective function has the minimum value. Thus, defined

optimization problem can be given the following generall. If the second objective values of two particles are equal
mathematical formulation: to zero (feasible solutions), select the one with the smaller

L ) i first objective value.
minimize f(X), subjectto ;&) <0, j=1,.....5 o _
) o ) 2. If the second objective values of two particles are both
f(X) is the objective functiong(X) < O represent the nonzero (infeasible solutions), select the one with the

constraints defined by the search spaggejs the total  smaller second objective value (smaller constraint
number of constraintsX = [x;, . . . %] represents the violation).

design vector consisting of D design variables. The design L .

variables are the values which should be defined during- If the second objective value of one particle is zero
the optimization procedure. Each design variable idfeasible solution), and that of the other is nonzero
defined by its lower and upper boundaries. For the case ginfeasible solution), choose the one with the zero second

the four-bar mechanism (Fig. 1), the design vector is objective value.
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IV. PSOAND ITS VARIANTS velocity updating equation (8) is modified as follows:

~ PSO is developed through simulation of bird floc_king(\/id)‘“i1 = w(\/idgk + ﬁlk* rand1 * (pdbesldd_ (Xd)z)kJ, o
in mult|-d|mer_15|8nal_ space. The posmomepartlcle_ is  rand2®* (gbest —(X%* + c3* rand3° * (p,* — (X%")
represented ind" dimension of the multi-dimensional @ - ) )
space with position vectox® and velocity vectory®. ~ where, p™ is the pbestin the near neighborhood. To
Modification of the particle position is realized by the €nhance the efficiency of PSO, equation (10) is changed
position and velocity information. Each particle t(rjirgs toby introducing a power factom.

modify its position by considering current positiog"Y, — it _iter) / it m,

current velocity %", the individual intelligencepbes}, @= (@=6) [t ma- iten) [ itema] ™+
and group intelligencegbes). The following equations C. G-PSO

are utilized in computing the new position and velocity for  |f the Euclidean distance between its current position

thei" particle ind” dimension: and the global best position is less tlaga small value),
(VT = (VA + ¢, * rand1® * (pbest — (X)) + c,* the particle’s velocity is re-initialized in the rangey s
! ' rand2° * (gbest —(x%") (8) Vimal. Otherwise, the particle will take a step along the

direction towards the global best position as follows :

dyk+1 dyk dyk+1

i = (X)) + (Vi 9
(dX|k+)l : vey ; : th . .t(h : Vi = y* rand’ * (gbest - X9
where, ¥")"" is the velocity at K+1)" iteration ofi ) . o
particle, {9 the velocity at th&" iteration ofi" particle, = Where, yis the step size. The value of step size is linearly

w the inertial weightc,, c, are the cognitive and social adjusted at the end of every iteration as follows:

acceleration coefficientsrand}® and randl,’ are the | the fitness value of the best position of the present
random numbers selected between 0 anpbesf is the  jteration is less than that of the previous iteration,

best position of thé™ particle, gbest the best position

among the particles (group best) axg)( is the position y =max(y- S, ymin), €lse,y =min(y+ 3, nay

of thei™ particle atk" iteration. The inertia weightd is

modified using (10) to enable quick convergence. where,d is a constant. As the particles do not memorize

their previous search history, there is no update of
W= (W—wp) [(iter max- iter) / iterna] + @ (10) personal best in G-PSO.

where, a is the initial weight ¢ = 0.9), w, the final D. DE-PSO
weight (@ = 0.4), iter the current iteration number and In this method, equations (8) and (9) are used at the
itermaxis the maximum iteration number. odd iterations and equation (11) at the even iterations. The

E mutation operator is defined over the particle’s best

sl vataons of s asie SO scher nave belhsionspbestwin a il ponT, - phesturi for e
brop g i “particlesd” dimension is derived as

dimensional and multi-modal optimization problems [11
12]. They mainly aim to prevent the solution from  If (rand < CR ord = k) then ¥ = gbesf + & (11)
reaching the local optima, avoid premature convergence, . . o

maintain diversity in the swarm and reduce computatiod’Nere.k is a random integer value within [1, number of
effort. The modified techniques are called (1) Stretchedimensions] which ensures the mutation in at least one
PSO (S-PSO) [13], (2) Near Neighborhood Interactiorflimension, CR is a crossover constant (CR) andd, is
based PSO (NNI-PSO) [14], (3) Gregarious PSO (G-Psojie case ofN = 2 for the general difference vector

[15] and (4) Hybrid PSO with Differential Evolution

N
operator (DE-PSO) [16]. Sy = lZA
A. S-PSO N I

In order to escape from the local minima, two-stagevhere,Ais the difference between two elements randomly
transformation equations on the original fitness functiorchosen in the set. If the fitness valuelgs better than the
f(x) is used. This can be applied immediately after a locabne for pbest, thenT; will replace pbest After the DE
minimum of the functionf(x) has been detected. This operator is applied to all the particles’ individual best

transformation is defined as follows: values, thegbestvalue is chosen among thpbest set
_or . _ providing the social learning capability, which might
G() = f) +yallx = Zll(sign(f () - f(D) + 1) speed up the convergence.
HG) = G(x) + 7, sign(f(x) - f(D) V. IMPLEMENTATION OF PSOAND ITS VARIANTS
tanh (u(G(x) - G(f))) Coordinates of the following four different paths

) . available in the literature [17-19] were considered:
where, )4, )5 andu are arbitrary chosen positive constants

and sign() defines the well known triple valued sign Example 1: (4.04, 4.29), (4.24, 4.01), (4.23, 3.46), (4.21,

function. 3.05), (3.89, 2.98), (3.67, 3.20), (3.47, 3.63), (3.35, 4.09),
(3.34, 4.48), (3.53, 4.58), (3.77, 4.53) : Total 11 precision
B. NNI-PSO points_

In order to improve the local exploitation capability,

global exploration capability and convergence spee xample 2: (4.15, 2.21), (4.50, 2.18), (4.53, 1.83), (4.13,

1.68), (3.67, 1.58), (2.96, 1.33), (2.67, 1.06), (2.63, 0.82),
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(2.92, 0.81), (3.23, 1.07), (3.49, 1.45), (3.76, 1.87) : Total VI. RESULTS AND DISCUSSION
12 precision points. The optimal values of the design variables of the four-

Example 3: (0.50, 1.10), (0.40, 1.10), (0.30, 1.10), (0.20par mechanism obtained using variants of PSO for
1.00), (0.10, 0.90), (0.005, 0.750), (0.02, 0.60), (0.00generating 4 different trajectories along with the value of
0.50), (0.00, 0.40), (0.03, 0.30), (0.10, 0.25), (0.15, 0.20tructural error is presented in Tables 1-4. In general, the
(0.20, 0.30), (0.30, 0.40), (0.40, 0.50), (0.50, 0.70), (0.60structural error for the variants of PSO is less than that of
0.90), (0.60, 1.00) : Total 18 precision points. basic PSO indicating the better search of solution by the

variants of PSO. The PSO variants, S-PSO, NNI-PSO, G-
Example 4: (7.03, 5.99 ), (6.95, 5.45), (6.77, 5.03), (6.40p50 and DE-PSO found the best solution almost in the

(4.38, 2.20), (4.04, 1.67), (3.76, 1.22), (3.76, 1.97), (3.763nq 2, they resulted in more or less same values of design
2.78), (3.76, 3.56), (3.76, 4.34), (3.76, 4.91), (3.76, 5.47)yariaples. The path traced by the optimal values of design
(3.80, 5.98), (4.07, 6.40), (4.53, 6.75), (5.07, 6.85), (5.054iaples are shown in Fig. 2-5. The difference between
6.84), (5.89, 6.83), (6.41, 6.80), (6.92, 6.58) : Total 23he desired path and the path generated by the design
precision points. variables obtained through the basic PSO is higher than

There are nine independent design variables for théhat obtained through its variants.
optimal synthesis of four bar mechanism. The bounding

i i i ie A . TABLE I. OPTIMAL VALUES OF THE DESIGN VARIABLES
Interval Of the deSIQn Va”ables IS glven be'OW. OBTAINED FROM VARIANTS OFPSOFOR THE EXAMPLEL
X -5.00 to 5.00y: -5.00 to 5.00 Design _ Basic SPSO  NNI- G-PSO  DE-PSO
L4 1.00 to 10.00ts: 1.00 to 15.00 Xa -1.11 -0.73 -2.45 -1.79 -4.88
B: -50° to 350 °g: -90° to 90° Ya -5.00 -1.11 273 -1.67 -3.77
Ly 0.56 0.54 0.55 0.52 0.51
Initial particles were selected randomly within this L. 5.56 3.34 4.70 4.08 5.79
range. A swarm size of 60 was considered for running all Ls 6.17 4.78 .47 3.72 4.10
the variants of PSO. The parameter values of different Ly 555 6.88 8.88 6.89 8.81
iants of PSO are presented below: ™ 10.28 6.78 911 7.9 1157
varian P - p(deg) -50.00 231 1335  17.61 17.02
; IRt TR - & (deg.)  43.80 6.79 1.92 1.34 221
Basic PSO : Initial velocity = -0.5 to 0.&3= 0.9 to 0.4¢,; o 041 0.07 0.05 0.05 0.04
=2.0,c, = 2.0.
S-PSO ! Initial VeIOCIty =-0.5t0 0'5‘71:0 1.0t0 0.4¢, TABLE II. OPTIMAL VALUES OF THE DESIGN VARIABLES
=0.5,c,=0.5,)4 =5000,6 =0.5,4=10"". OBTAINED FROM VARIANTS OFPSOFOR THE EXAMPLE2
NNI-PSO : Initial velocity = -0.5 to 0.5p= 0.9 to 0.2¢; Design _Basic SPSO NN _GPSO  DE-PSO
=1.0,c;= 1.-(.),03 =20m=12. . variables  PSO PSO
G-PSO : Initialy=3.0,y=2.0t0 4.00= 0.5, = 10°. X 4.29 4.18 411 3.80 4.02
DE-PSO : Initial velocity = -0.5 to 0.59= 0.4,c; =2.0, Ya -4.54  -2.83 -2.22 -2.59 -2.59
c,=20.CR=0.9 Ly 0.43 0.50 0.51 0.59 0.54
2T e e L, 4.20 2.88 2.48 3.39 3.34
During the process of implementation, the velocity  Ls 4.44 4.82 4.17 5.38 7.25
components of particld/ are limited to a maximum Ly 811 712 6.09 8.14 10.00
llowable modulu¥/,,,, as follows: Lo 6.29 aad 384 o1 418
a mave : B(deg) 114.04 108.30 10535 103.18 110.20
o d @ (deg) -37.20 37.81 -3550 -35.40 -40.17
. ~Vnax, If Vi < Vinax Error 089 016 015 016 0.14
Vi = (Vg i Vi > Vigx
Vit, otherwise o e e R Dt oo
The value ofVna is defined as one half of the total —peg5nBasic sPSO NNI-  G-PSO  DE-PSO
search range in each dimension. The position of particleSvariables PSO PSO
in each dimension beyond the specified bounding interval — x, -0.42 0.89 1.05 1.36 1.23
was adjusted as follows: Ya -1.01 -0.45 0.05 0.58 0.24
Ly 0.45 0.32 0.24 0.27 0.22
X 4 ifxi<X . L, 5.26 7.35 7.93 7.88 8.61
a e ,f g Ls 601  6.86 7.46 6.16 7.84
Xi" = 9 Xmax"» If Xi* > Xnax La 10.00  1.62 1.06 2.06 1.16
X%, otherwise /s(laseg) 31?;8337 11:3,3(?2 6160637 115'%333 1162929
All the PSO variants were coded in MATLAB. They @(deg) 478 4054 2273  -9.66 9.73
are allowed to run for a maximum of 10000 iterations.___Error 0.08 0.03 0.02 0.03 0.02

The set of design variables which resulted in the best
objective function value was used for generating the
trajectory. The data of objective function value by each
PSO variant were subjected to t-test to determine
significant difference in the performance of PSO variants.
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TABLE IV. OPTIMAL VALUES OF THE DESIGN VARIABLES

OBTAINED FROM VARIANTS OFPSOFOR THE EXAMPLE4 50 .
Basic PS(
Design  Basic S-PSO NNI- G-PSO DE-PSO e
variables  PSO PSO
X -0.69  -5.00 -5.00 -5.00 -5.00
Ya 0.78 0.00 -0.02 -0.04 -0.01 :
Ly 2.03 2.10 2.10 2.10 2.10
L, 4.32 6.52 6.52 6.55 6.53 . .
Ls 4.80 431 4.32 4.36 431 el
La 6.81 8.51 8.51 8.58 8.52
Ls 732 1135 1135  11.37 11.35
,B(deg) -3.77 -1.44 -1.50 -1.10 -1.42 30 32 34 36 . 38 40 42 44
& (deg) -2.75  -0.11 -0.06 -0.36 -0.11
Error 4.64 1.54 1.54 1.55 1.54
The experimental results in terms of the mean
objective function value, the best objective function value, -
the standard deviation, nhumber of iterations and the CPU *
time are summarized in Table 5. The basic PSO and its
variants were ranked based on the best objective function
value. For all the examples, the results in terms of the best

objective function value of the DE-PSO are much better
than those of other methods. Also, the mean objective
function value and the standard deviation are much better
for most of the examples, which means that the searched
solutions are more stable. The DE-PSO requires less
number of iterations than other methods thanks to its >
better searching ability. For all the examples, the basic

PSO got stuck in the first local minima it encountered
during the search process. As DE-PSO has the mutation

operation in the PSO, it generated a long jump using the
mutation operator and avoided local minima. The
performance of DE-PSO was followed by NNI-PSO. The *
near neighborhood information of the NNI-PSO helped it us
to find the better solution but it required more number of

iterations than DE-PSO and its next best PSO variant. G- a0
PSO searched better solution than that of S-PSO for the -
examples 1 and 2, but for the rest, solution searched by

the S-PSO was better than that of G-PSO. The G-PSO
required more number of iterations than S-PSO for all the

examples.

Table 6 indicates that DE-PSO is significantly better 50
than all other variants of PSO for the dimensional
synthesis of four-bar mechanism. Eventhough, NNI-PSO
was found to be better than DE-PSO for the examples 1
and 4, the t-values are non-significant. Variation in the
best objective function value obtained through NNI-PSO,
G-PSO and DE-PSO for the example 4 was found to be
non-significant. This indicates that for the trajectories

described by higher number of precision points, use of

NNI-PSO and G-PSO methods is on par with DE-PSO. 0032 a4 36 38 a0 a2 da
However, use of NNI-PSO for the dimensional synthesis

of the example 4 requires 9.6 times higher number of ---- Desired path ---Generated path

iterations and 4.7 times higher CPU time than that of DEFig. 1. Path traced by the optimized link dimensions by variants of PSO
PSO (Table 5). Similarly, use of G-PSO for the forthe example 1.

dimensional synthesis of the example 4 requires 13.9 ]

times higher number of iterations and 5.9 times higher Results obtained through DE-PSO were compared
CPU time than that of DE-PSO. Therefore, the DE-PSQVith the best results obtained through other techniques
method is superior to other PSO methods for thdike GA [17], GA-FL [18] and ant-gradient [7] (Table 7).
dimensional synthesis of four-bar mechanism. Thdt shows that the structural error for other techniques is
success rate of DE-PSO for the examples 1, 2, 3 and Igss than 0.04. Further, the optimized design parameters
was found to be 10, 18, 18 and 74 % respectively. DEWere found to be in different area of the design space may

PSO needs to be improved for success rate and stability. b€ due to certain additional constraints imposed on the
objective function. However, DE-PSO is a simple
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technique and has lower computational cost as compared
to other techniques. Therefore, it can be effectively used
for the approximate dimensional synthesis of four-bar

mechanism

20 24 28 32 36 40 44 48

---- Desired path ---Generated path

Fig. 2. Path traced by the optimized link dimensions by variants of PSO

for the example 2.

07

-01 00 01 02 03 04 05 06 07
x .

---- Desired path ---Generated path

Fig. 3. Path traced by the optimized link dimensions by variants of PSO
for the example 3.

VII. CONCLUSIONS

The performance evaluation of the basic PSO and
other promising PSO variants for the dimensional
synthesis of four-bar mechanism was studied. The
comparative evaluation shows that for the 4 examples
considered in this paper, all the variants of PSO found the
optimum solution in the same area of the design space.
For the trajectories described by higher number of
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precision points, there was negligible difference in the TABLE V. COMPARISON BERWEEN VARIANTS OFPSO

solutions obtained through DE-PSO, NNI-PSO and G- FOR DIMENSIONAL SYNTHESIS OF FOURBAR MECHANISM
PSO. In terms of best objective function value and Criteria  Basic S-PSO NNI- G-PSO DE-PSO
stability, performance of DE-PSO was superior to all PSO PSO
other PSO variants. Therefore, DE-PSO technique can hPMean 593 2'51%“9"310 e 5T
eﬁectlvely used for the _approximate dimensional Best 0410 0070  0.045 0.048 0.037
synthesis of four-bar mechanism. Std. dev. 0965 1449 0787 1288 0.767
Iterations 137 520 784 875 363
™ CPU time 25.18 105.06 162.11 137.29 125.36
65 Rank 5 4 2 3 1
s Example 2
Mean 5.791 3.675 2.389 2.937 1.432
S Best 0.885 0.156 0.145 0.153 0.135
T s Std. dev. 1.523 2.433 1.808 2.327 1.539
Iterations 324 737 3638 830 168
» CPU time 68.92 147.72  797.05 160.57 64.77
15 Rank 5 4 2 3 1
o Example 3
30 75 Mean 1.167 0.753 0.067 0.160 0.049
Best 0.083 0.031 0.024 0.032 0.023
Std. dev. 0563 0621 0.049  0.180 0.042
65 Iterations 87 415 466 789 323
o CPU time 21.19 107.93 116.22 175.77 153.39
Rank 5 3 2 4 1
S Example 4
s Mean 36.420 10.569 1.847 4.241 2.575
Best 4.642 1.544 1.544 1.545 1.544
= Std. dev. 23.826 19421 0.709 12.569 6.548
is Iterations 151 1247 3033 4391 315
os CPU time 54.20 382.34 951.33 1204.26 202.40
30 75 Rank 5 3 2 4 1
s Overall
ranking 5 3 2 3 1
6s (Average
ss ranking (5.0) (3.5) (2.0) (3.5) (1.0)
number)
35 TABLE VI. T-VALUE BETWEEN BASIC PSO AND OTHER
2 VARIANTS
15 t-value Example Example2 Example3  Example 4
between 1
0530 35 40 45 50 55 60 65 70 75 Basic PSO and
o S-PSO -7.13 -5.21 -3.49 -5.95
NNI-PSO -20.39 -10.17 -13.75 -10.26
G-PSO -13.78 -7.26 -12.04 -8.45
DE-PSO -20.18 -14.23 -14.01 -9.69
S-PSO and
. NNI-PSO -7.88 -3.00 -71.77 -3.17
- G-PSO -5.04 -1.85 -6.47 -1.93
DE-PSO -7.61 -5.51 -7.99 -2.76
NNI-PSO and
G-PSO 2.14 1.3% 3.50 1.34¢
DE-PSO 0.48 -2.85 -2.04 0.7¢
o G-PSO and
: DE-PSO -1.80 -3.82 -4.25 -0/83
TABLE VII. T-VALUE BETWEEN BASIC PSO AND OTHER
VARIANTS
Design Example 1 Example 2 Example 3  Example 4
- variables  GA[18] GA[17] GA-FL[18] Ant-gradient[7]
Xa -2.99 0.77 -3.06 -8.79
Ya -1.62 0.29 -1.30 -1.20
Ly 0.48 1.13 0.42 1.89
L, 3.37 4.45 2.32 8.41
05 Ls 6.00 3.62 3.36 6.75
3.0 35 40 45 50 N .5,5 60 65 7.0 75 L4 600 302 407 1308
---- Desired path ---Generated path Ls 8.71 3.06 3.90 14.45
. o . . B(deg)  328.96 300.96 -15.60 11.15
Fig. 4. Path traced by the optimized link dimensions by variants of PSO (deg)) -4.45 29.74 9.10 21.86
for the example 4. Error 0.02 0.04 0.006 0.02
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