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Abstract: Traditional trajectory-planning methods are unable to achieve time optimization, resulting
in slow response times to unexpected situations. To address this issue and improve the smoothness
of joint trajectories and the movement time of quadruped robots, we propose a trajectory-planning
method based on time optimization. This approach improves the whale optimization algorithm with
simulated annealing (IWOA-SA) together with adaptive weights to prevent the whale optimization
algorithm (WOA) from falling into local optima and to balance its exploration and exploitation
abilities. We also use Markov chains of stochastic process theory to analyze the global convergence of
the proposed algorithm. The results show that our optimization algorithm has stronger optimization
ability and stability when compared to six representative algorithms using six different test function
suites in multiple dimensions. Additionally, the proposed optimization algorithm consistently
constrains the angular velocity of each joint within the range of kinematic constraints and reduces
joint running time by approximately 6.25%, which indicates the effectiveness of this algorithm.

Keywords: quadruped robots; trajectory planning; polynomial interpolation algorithm; whale
optimization algorithm; simulated annealing algorithm

1. Introduction

Compared with wheeled robots, legged robots are more suitable for tough terrain and
complex environments [1]. The quadruped robots can freely select contact points while
making contact with the environment [2]. Therefore, they can be used in the wild rescue
field, to carry payloads in construction sites, and to climb stairs [3]. Moreover, the operating
environment of the legged robot is mostly uneven, and the quadruped robot can adapt to
most of the non-flat terrain; it also has strong flexibility and is not easy to roll over [4,5].
Hence, to make quadruped robots move flexibly, it is necessary to plan the trajectory of the
robot leg.

Trajectory planning methods such as Bessel curves are mainly used in the path plan-
ning of autonomous vehicles [6] or space robots [7]. In addition, the control points of the
Bessel curve are not on the trajectory, which is not intuitive. Trajectories generated by
point-to-point trajectory-planning methods [8,9] are relatively simple and cannot be used
in complicated situations. As a result, this paper uses a mixed polynomial interpolation
algorithm to generate the joint trajectory. QIANG H et al. [10] proposed a gait synthesis
method, and the polynomial interpolation was used to fit the track of the foot. To make
a robot move in the optimal amount of time, under a certain kinematic constraint, in this
paper, we adopt an intelligent optimization algorithm to optimize the time variable based
on a time optimization approach. Widely used intelligent optimization algorithms are
listed in Table 1.
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Table 1. Some related intelligent optimization algorithms.

Algorithm Publish Year
Ant Colony Optimization (ACO) [11] 1992
Particle Swarm Optimization (PSO) [12-14] 1995
Gray Wolf Optimization (GWO) [15,16] 2014
Whale Optimization Algorithm (WOA) [17] 2016
Hybridizing of Whale and Moth-Flame 2022
Optimization Algorithms (WMFO) [18]
Improved Moth-Flame Optimization 2021
Algorithm (I-MFO) [19]
Migration-Based Moth-Flame Optimization 2021
Algorithm(M-MFO) [20]
Starling Murmuration Optimizer (SMO) [21] 2022
Cuckoo Search Algorithm (CS) [22] 2009
Genetic Algorithm (GA) [23] 1975

Nowadays, the WOA has been widely used in many fields, such as epidemiology [24]
and navigation [25]. The advantages of the WOA are few parameters, simple calcula-
tion, and easy execution; and its disadvantages are low precision, slow convergence
speed, and ease of falling into a local optimum [26,27]. For better optimization results,
WANG T et al. [28] combined the differential evolution algorithm (DE) with the WOA to im-
prove the initialization step of the WOA by simulating the variation and selection operations
in the DE. This produces a more representative population. Mohammad H N et al. [18]
combined a moth—flame optimization algorithm with the WOA to improve the problems
which the WOA has. ELHOSSEINI M A et al. [29] improved the A parameter and C
parameter in the WOA, which balances the global search and local search capabilities,
but they still could not address the problem of the WOA being prone to falling into a
local optimum.

The simulated annealing (SA) algorithm has the remarkable feature of a probabilistic
jump, which is inspired by the physical process of annealing solids. It can gradually anneal
based on the Metropolis criterion and converge on the global optimal solution with a
certain probability [30]. The key idea behind this approach is using a local search strategy
to dynamically improve the global best point determined in each WOA cycle.

In this paper, we generate the optimal trajectory of a foot by using mixed polynomial
interpolation. The objective is to achieve smooth operation under motion constraints while
moving in optimal time by applying the IWOA-SA algorithm. The main contributions of
this paper are as follows:

¢  First, the SA algorithm has significant characteristics of probability jumps, gradually
anneals according to the Metropolis criterion, and converges to the global optimum
with a certain probability. The SA algorithm is combined with the WOA to prevent
the latter from easily falling into local optima. We also use the Markov chain to prove
the global convergence of the proposed algorithm.

*  Second, the adaptive inertia weight with exponential change is introduced. In the
early stage of the algorithm, a larger weight is used, and the convergence is slow to
ensure the search range, which improves the exploration ability of proposed algorithm.
As the iteration numbers increase, the weight value decreases, and the convergence
is faster when it approaches the optimal solution, which improves the convergence
speed of the algorithm. With the introduced adaptive inertia weight, the exploration
and exploitation ability of the proposed algorithm are balanced.

¢ Finally, the constrained optimization problem is transformed into an unconstrained
optimization problem by a penalty function, and a speed limit is imposed for the joint
angular velocity of the robot.
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2. Trajectory Planning of the Quadruped Robot
2.1. Kinematic Modeling Analysis

Before trajectory planning, a kinematic analysis of the target is needed. First, the
single-leg structure of the prototype must be simplified. Then, the D-H parameter table is
obtained according to the D-H coordinate system of the robot [31]. A kinematic analysis is
carried out to prepare for the next step of trajectory planning. The D-H coordinate system
is shown in Figure 1.

Prototype model Simplified model

Figure 1. D-H coordinate system of the single-leg structure of the prototype and the simplified model.

Figure 1 shows the D-H coordinate system of the single-leg structure, where
ap = 98.5 mm, a3 = 350 mm, a4 = 420 mm, and d, = 152 mm; and the circle represents
the vector facing outward from the vertical paper.

The D-H parameter table of the leg is shown in Table 2:

Table 2. D-H parameterTable .

i a;/mm a;/rad d;/mm 0;/rad Range of 6;

1 0 0 0 01 (—m/2,7t/2)
2 ap t/2 dz 93 (0, 7'(/3)

3 as 0 0 03 (—=7m/6, —57/6)
4 ay 0 0 0 0,0)

All the symbols and abbreviations can be seen in the Abbreviations section. By using
the D-H parameters, the kinematic solution of the robot can be found.

Robotic inverse kinematics involves the calculation of joint-angle solutions with a
known terminal pose [32]. The inverse solution results are:

61 = arctan(p,, px) — arctan(0,1) (1)
6, = arctan(az + a4 cos 63, —ay sin 63) — arctan (K \/ (a3 4 a4 c0s603)> + (—a sin63)* — KZ) 2)
where K = coszgi’s—zlin291 Px— coszfjin—eslinzfil Py — 2-
03 = — arccos < —(pxcos by —685)" — (Pyzinfl)z — (p=+152)* + a3 + ”i> 3)
304

2.2. A Penalty Function that Optimizes the Limit of the Angular Velocity

The goal of trajectory planning for the robot is to generate a suitable joint motion rule
¢ without violating the additional constraints to complete the task. In this paper, a 3-3-5
mixed polynomial algorithm (3-3-5 algorithm) is used to fit robot trajectory [33].
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To realize the constraint on the angular velocity of each joint of the robot in the
algorithm and reduce the impact on the motor, a penalty function is introduced to limit the
maximum angular velocity of each joint. Additionally, in the case of the penalty function
introduced in this paper, the joint motion law ¢; can be represented as a fitness function
that satisfies the inequality constraint and the equation constraint. ZHENG K M et al. [34]
adopted a penalty function to take maximum torque as a constraint condition and ensured
that the trajectory of each joint of the manipulator was within a safe range by introducing a
penalty function.

To ensure that the running speed of each joint of the robot does not exceed the
speed limit, we set the maximum angular velocity Vmax for each joint. Since this robot
hardware can support a maximum motor speed of 25°/s, to ensure safety, the speed limit
was set to 20°/s, which is V;;x = 0.349 rad/s. By introducing the penalty function, the
maximum speed of each joint is restricted to the speed limit. The penalty function formula is

as follows:
{ minf(t),t € A @
A C {t|oj(t)] < pmax}
where (p]-(t) < @max, and j = 1,2,3...... m is a constraint, which can be rewritten as

|9i(£)| — ¢max < 0and is equal to max[|@;(t)| — ¢max,0] = 0. The updated fitness function
formula is obtained as follows:

E(t) = f(t) + MG;(t) ®)

where F(t) is the updated time-dependent fitness function;
m

Gj(t) = ];1 max[|@;(t)| — ¢max,0]; and M is the penalty factor, which must be a large

nonnegative integer. Using a particularly large penalty factor M is consistent with the re-
sult obtained by taking a relatively small penalty factor [35]. The penalty function algorithm
is shown in Algorithm 1:

Algorithm 1 Plenty function.

Input: Vyx, M, (pj(t), 11, t, t3
Output: Fitness
1: fitness =t +tp +t3
2. if qoj(t) > @max then
3 max[(pj(t) — @Pmax, 0]
4 G;j(t) :Z?:lmax[goj(t) — @max, 0]
5 Fitness = fitness + MG;(t) //M is penalty factor
6: else
7 Accept current value ¢;(t)
8: end if

3. Brief Introduction to the Whale Optimization Algorithm

The whale optimization algorithm is a new type of bionic intelligent optimization
algorithm, proposed by Mirjalili and Lewis [36] in 2016. The algorithm simulates the
bubble net feeding behavior of whales. When whales detect the location of the target,
they produce spiral-shaped bubbles that surround the prey and move along the bubbles.
The WOA process can be divided into three parts: encircling prey, foaming attack, and
random searching. Given the issue that the convergence speed of the WOA cannot adjusted,
and it converges too fast, the adaptive weight is introduced into the WOA to balance the
exploration and exploitation ability of the algorithm.

3.1. Encircling Prey

In the whale optimization algorithm, assuming that the optimal position in the current
population is prey, and the other whale individuals in the population are close to the
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optimal individual, and each position is updated according to the optimization rules, the
mathematical expression is:

D= \c*x’(t)—X(t)] ©)

X(t+1)=X(t)—AxD )

where t is the number of iterations, X' is the current optimal solution position of the
population (target position), X is the whale position, and D is the distance between the
target location and the whale position. The expressions for A and C are as follows:

A =2axrand| —a (8)

C =2x*randy )

where rand is a random number between [0, 1] and 4 is the convergence factor, which
decreases linearly from 2 to 0 as the number of iterations increases. The advantage of
defining a like this is to make individuals gradually converge to target, which meets the
requirements of encircling prey.

3.2. Bubble-Net Attacking Method

During the hunt, the whale approaches the prey in a spiral path and sends out bubbles
to attack. To describe the mathematical model of the process, shrinking the encircling
mechanism and spiral updating of the position are introduced to describe it.

3.2.1. Shrinking Encircling Mechanism

The shrinkage encircling mechanism reflects the local search aspect of the algorithm,
which is achieved by reducing the value of a. If A is in the interval [—1, 1], the whale, after
the updated position, is restricted to the current position and the prey position, thereby
achieving the encirclement of the prey.

Figure 2 shows the possible positions from (X,Y) toward (X',Y"), which can be
achieved by 0 < A < 1in a 2D space.

X,
(X-AX.Y")® ( ?D oY)
|
J
|
(XX, 94— —
(X’-AX,Y.’-AD (XY’-AY) Wy -an

Figure 2. Shrinking encircling mechanism (X' is the current optimal solution).
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3.2.2. Spiral Updating of Position

As shown in Figure 2, to simulate the spiral updating of position, it is necessary to first
calculate the distance between each whale (X, Y) and the prey (X',Y') and then simulate the
way the whale moves by using a spiral mathematical model, which is modeled as follows:

X(t+1) = D* x e x cos(27l) + X (¢) (10)

where D* = )X, (t) — X(¢t) ‘ is the distance between the individual and the current optimal

position; b is the logarithmic helix shape constant; [ is a random number on [—1, 1]. As
shown in Figure 3, the whales swim alongside their prey within a shrinking circle while
swimming in spiral paths. To model this behavior, assume that the probability of choosing
between shrinkage enveloping mechanisms or spiral update locations is 50%. The mathe-
matical model for the position updating of the whale optimization algorithm is shown in
Equation (11).

Figure 3. Process of spiral updating of position.

X(H)—AxD P<05

X(t+1) = / 11
(t+1) { D* * e x cos(2ml) + X (t) P >05 an

3.2.3. Search for Prey

In fact, whales search randomly based on each other’s location. Therefore, the process
is represented by the random variable A. If A is beyond the range of [1, 1], the whale is
far away from the current optimal individual and updates its own position according to
others’ positions. The mathematical model is as follows.

D = |C * Xrand — X| (12)

X(t4+1) = Xygng — A% D (13)

where X,,,,4 is the position of a random individual in the current population.

4. Hybrid Improved-Whale-Optimization-Simulated-Annealing Algorithm

The traditional polynomial-interpolation trajectory-planning algorithm requires set-
ting conditions such as time velocity and acceleration at the interpolation point before
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planning, so time optimization cannot be achieved [7]. To address the above problems, we
propose an improved IWOA-SA algorithm to optimize the trajectory generated by the 3-3-5
polynomial interpolation algorithm based on time optimization. By introducing adaptive
weights, the exploration and exploitation capabilities of the algorithm are balanced and
combined with the simulated annealing algorithm, and the problem of easily falling into a
local optimum is avoided.

The introduction of SA into the WOA is a combination of the solid annealing principle
and bionics. The main idea is to put randomness into the process of the WOA iteration;
at the same time, this kind of randomness has to converge in the final stage of iteration;
otherwise, the whole algorithm will be in a divergent state. ELHOSSEINI M A [29] set an
adaptive random parameter C, but its convergence ability is relatively small. In addition,
whether this kind of algorithm can fall into a local optimum is not proven.

4.1. Improved Whale Optimization Algorithm

To balance the exploration and exploitation ability of the WOA, adaptive weights are
introduced. The adaptive weight formula is shown in Equation (11).

3

w = ef(fmtax) (14)

When the maximum number of iterations is 100, and the adaptive weight curve is
shown in Figure 4:

0.8

> 0.6t

04

0.2 ' ' ' '
0 20 40 x 60 80 100

As shown in Figure 4, in the initial stage of the iteration, the weight is larger and the
slope is smaller, guaranteeing an appropriate search range; in the end stage, the weight is
smaller and the slope is larger, which improves the optimization ability of the algorithm
and accelerates the convergence speed. It also balances the exploration and exploitation
ability of the algorithm. After adopting the adaptive weight, the mathematical model for
the position update of the whale optimization algorithm is shown in Equation (15).

wxX (£)—AxD P <05

/ 15
D* x " x cos(27tl) +w X (t) P > 0.5 (15)

X(t—i—l):{

4.2. Simulated Annealing Algorithm

The simulated annealing algorithm (SA) was first proposed in 1953 by N Metropolis.
S Kirkpatrick introduced the idea of annealing into the field of combinatorial optimization
in 1983 [37]. The Metropolis acceptance criterion was integrated into the SA algorithm.
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The Metropolis criterion is used to describe the equilibrium set of atoms at a particular
temperature and is able to accept higher energies with a certain probability [38].

The algorithm idea of SA algorithm is as follows: start cooling from a high initial
temperature Ty, make Tk, = 6 x Tk gradually lower the temperature and search at each
temperature. It accepts a solution worse than the current one with probability p in each
round of searching until temperature equilibrium is reached. The acceptance probabilities

used in this article are: ) (x0)
_ 1, f(xg) < f(xo
P { e M/T  Otherwise (16)

where f is the fitness function.

x; is the position of the new particle spawned near xo; if f(x{) is less than f(x), the
new solution a is accepted (probability is 1), and update the velocity and position of the
particle; if f(x;) is greater than f(xp), it means that x;j deviates further from the global
optimal value. At this point, the algorithm does not immediately discard the new solution
but determines it based on the acceptance probability p.

In the case of a high initial temperature, the probability of an inferior solution being
accepted is larger, and with a decreasing temperature, the probability of accepting an
inferior solution gradually decreases.

4.3. Hybrid Improved-Whale-Optimization—-Simulated-Annealing Algorithm

In this paper, on the basis of inheriting the advantages of the WOA, the simulated
annealing mechanism is introduced. In each update iteration, the Metropolis criterion
is used to accept the better solution while accepting the worse solution with a certain
probability, which makes the WOA jump out of the local optimization.

The global optimal position obtained in the SA algorithm is used to replace the global
optimal position in the WOA, and the position-update equation after replacement is as
shown in Equations (17)—(19):

D = |C * Leaderpos — X(t)| (17)

D* = |Leaderpos — X(t)| (18)

w * Leaderp,s — A*D P <05

X(t+1) = { D* x e% x cos(27tl) + w * Leaderpos P > 0.5 )

If the initial temperature Tj is high enough, the high-quality solution can be obtained,
but the running time will be too long. If Ty is too small, it will affect the quality of the
solution; therefore, one should choose a reasonable T and cooling coefficient é. The value
of the ¢ is between 0.4 and 0.99 [39].

Referring to the work done by P J van Laarhoven [40] and Yang Dan et al. [39], the
initial temperature T} in this paper is shown in Equation (20):

Ty 71: (Pg) (20)

- ln(xgl)

where F (p?,) is the fitness value corresponding to the global optimal position obtained by

the IWOA-SA algorithm population initialization, and g takes a value of approximately
one, which is the initial acceptance rate of the new solution. The main loop of the INOA-SA
algorithm is shown in Algorithm 2.

As shown in Algorithm 2, the combination of the SA algorithm with the improved
WOA can give the randomness of the WOA, making it not just a simple hillclimber. As
we can see from Step 7, we first compare the current optimal solution with fitness(x;(t))
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(x;(t) is a random unit in SA algorithm). When the current best solution is better than the
fitness(x;(t)), we do not just accept the solution. Instead, we calculate the probability p
and compare it with a random number between 0 and 1 and accept a new value near x; ()
(can see from the Step 11 to 14), and we take the new value Leaderpos into the WOA. By this
method, we successfully add the randomness into the proposed algorithm; as a result, the
proposed algorithm can jump out of the local optimum.

Algorithm 2 IWOA-SA main loop.

Input: Dim, t;;5¢, NP/ /space dimensionality; iteration number; population number
Output: X*(t) // global best position vector
fgb = fitness(pg) //pg is current optimal position vector
2. fx = fitness(x;(t))
Ty = fitness(pg)/In(1.5)
4: t+ = 0/ /initialization
while t < £, do
6: fori=1to NP do
if fx < fgb then //Compare with current optimal solution

8: pe = xi(t)
feb=fx
10: else

p = el fitness(pg) — fitness(y;(t)))/ Ty // accept y;(t) with accept rate p
12: if rand(0, 1) < p then
pe = yi(t) // yi(t) is a new value near x;(t) in SA algorithm

14: feb = fitness(y;(t))
end if
16: end if
end for

18: Leaderpos = pg
fori=1to NP do

20: a=2—tx*(2/tmax)//a decreases linearly fron 2 to 0

ay = =1+t ((—1)/tmax)/ /azlinearly dicreases from —1 to —2
22: A=2xaxrand(0,1) —a

C =2xrand(0,1)
24: l=(ap—1)*rand(0,1) +1

if P < 0.5 then
26 if |A| > 1 then

D = |C'and - X(t)‘
28: X*(t+1) = Xpgna — A.D
else if |A| < 1 then
30: D = |C.Leaderpos — X(t)]
X*(t+1) = w.Leaderpos — A.D

32: end if

else if P > 0.5 then
34: D* = |Leaderpos — X(t)]

X*(t+1) = D*.e?.cos(27l) + w.Leader os
36: end if
end for
38: Ti+1 = T * 6/ / Annealing operation, ¢ is the attenuation factor of the SA algorithm
t=t+1

40: end while

4.4. Convergence Proof of the INOA-SA Algorithm

The probability-measure method can be used to prove the global convergence of
IWOA-SA. According to the global convergence criterion and theorem [41], to prove that
the algorithm can converge into the global optimum, the algorithm needs to meet the
following two conditions:
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PLX{HY = nE X = h0y = XY = wx L(1) — AlC L(t) - XV Ix{ = 10} = {

Theorem 1. f(W(x,{)) < f(x)andif { € S, then f(W(x,{)) < f(0)

where f is fitness function, W is the algorithm, and x is a point of the subset S of the
solution space RN, which can minimize the value of the function or produce an acceptable
infimum of the function’s value on S. { is the solution searched in the iterative search of
algorithm W.

Theorem 2. For any Borel subset A in S, have:

oo}

[Ta—m(A) =0 (21)

k=0

where y;(A) = P(xF € A|x%,x1, ... x*~1) is the probability measure of the result of the kth
iteration of algorithm W on the set A. The significance of this assumption is, for subset A
in S, after infinite iterations of the algorithm, it is impossible to miss the solution space S of
any Borel subset A; that is, the probability that an algorithm which satisfies the condition
does not search for an approximate global optimum for an infinite number of consecutive
iterations is zero.

Corollary 1 (Global Search [41]). Suppose that f is a measurable function, S is a measurable
subset of RN, and Theorem 1 Theorem 2 are satisfied. {x}}i, is a sequence generated by the
algorithm. Then:

lim P [xk € R} =1 (22)

k—o0

where R is the global optimal set, and P [xk € R} is the probability that the result of the kth
generation of the algorithm falls in R.

Proof of Theorem 1. According to description of INOA-SA, define D as:

i _ Gt f(g(X}) > f(Gr)
W<Gf'xf>‘{ g(X) " Fg(XD) < F(Gy) @)

where g(X!) represents the position of whale individual i after the tth update after the
second interpolation operation and G; is the location of the current global optimal solution.
The SA annealing process shows that at the end stage of the algorithm, the probability of
accepting a worse solution is very small; as a result, the value of the fitness function is
monotonic and does not increase. In addition, it gradually converges to the infimum of the
solution space. [

Proof of Theorem 2. Suppose that the individual i of the IWOA-SA algorithm in discrete
(t)

space in time t has X;"’ = xf, xf € B, B is state space, xf is the state of individual 7 at time ¢t.

The sequence {Xi(t),t > 1} of state Xft) is a discrete random variable in discrete space. We
can see from the population update formula (15) of IWOA-SA, the current individual state
is only related to the state of the previous moment and has no connection with the number

of present iterations; therefore, sequence { X i(t),t > 1} is a homogeneous Markov chain.
Assuming that the individual i of INOA-SA falls into local optimal state h(*) in time ,
the one-step transfer probability of population sequence {Xi(t), t>1}is:

1 wxL(t) =h®andA =0

0 otherwise

(24)

where L(t) is the optimal solution after SA replacement. Due to the parameter A in this
paper not being zero, the IWOA-SA algorithm does not easily fall into local optima.
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Set B as a Borel subset in solution space S. If individual i of IWOA-SA cannot be
involved in disaggregation B at iteration time ¢, there will be:

t—1) t—1

P{x" ¢ B} = P{x" ¢ BIx"V e By« P{x"V e B} + P{x" ¢ BIx"" Vg By«P{x"VgB} (25

As IWOA-SA is an absorbing Markov process, as a result, P{Xl@ ¢ B] Xl.(tfl) € B} =0,
so Equation (25) can be transformed into:

p{x" ¢ B} = P{x" ¢ BIx""V ¢ B}« P{x""V) ¢ B} (26)

It is known from the one-step transfer probability of INOA-SA that it cannot fall into
a local optimum; as a result, individual i will reach the globally optimal solution with a
certain probability in the iteration process, which is:

0<P{x" eBx""V¢B}<1 27)

Equation (26) can be changed into:

P{x\" ¢ B} = {1—P{x"" e BIx""V ¢ B}} « P{x'"") ¢ B} (28)
As a result:
t

p{x" ¢ B} = ;‘%g —p{x™ e B|x" ¢ B}} « P{x") ¢ B} (29)
As0 < P{Xi(t) € B\Xi(t*l) ¢ B} < 1, when the number of iterations tends to infinity,

there will be: .
[T(1-P{x® epx*Y¢gB}=o0 (30)

k=0

Therefore, [ P{Xi(t) ¢ H*} =0, whichis [T (1 —ux(B)) =0.
k=0 k=0
Certification established. [

As the result, we can know from the Corollary 1 that INOA-SA has global convergence.

5. Experimental Verification

To verify the feasibility of the method, six unconstrained optimization problems were
solved by simulation, and the trajectory generated by the 3-3-5 mixed polynomial inter-
polation equation (Appendix A) was optimized by the proposed optimization algorithm.
The IWOA-SA algorithm and the WOA, PSO, and GWO algorithms used for comparative
analysis were programmed by MATLAB R2017b. The global optimal solution obtained
by optimization was used to evaluate the effectiveness and stability of INOA-SA, and the
average (MEAN) and standard deviation (STD) of the optimal solution were used as the
evaluation statistics. The formula is shown in (31) and (32):

1

1 N
MEAN = — best 31
NS (31)

STD= |+ i (ftest — MEAN)? (32)
a N i=1 i

where fib“t is the optimal solution obtained in the ith operation, and N is the number of
runs. The smaller the values of the mean and the standard deviation are, the more reliable
and stable the solution provided by the algorithm [42].
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5.1. Validate the Algorithm by Testing Functions

Six classical unconstrained optimization functions include the unimodal function
(F1-B), fixed-dimensional peak function (F3-Fs), and variable-dimensional peak function
(F5-Fg). The details of the test function are shown in Table 3. There is only one optimal
solution in the unimodal function to evaluate the convergence speed and exploitation
ability of the algorithm. However, there is a global optimal solution in the multipeak
function, which contains several local optimal solutions to evaluate the exploration ability
of the algorithm. Each algorithm ran 10 times, the number of populations was set to 100,
and the number of iterations was set to 600. The inertial weight of PSO was set to 0.8, and
the learning factor was 1.5. The subpopulation of NHWOA was set to 4.

Table 3. Details of the test functions.

Functions Dim Range Min
n
F(x)= Y x? 30 [—100, 100] 0
i=1
n
B(x) = Y ix* +rand[0,1) 30 [—1.28,1.28] 0
i=1
F3(x) = 4x? — 2.1x} + 32§ + xyxp — 453 + 425 2 [-5,5] —1.0316
Fy(x) = [T+ (x1 +x2+1)2(19 — 14x; + 3xF — 14xp + 6x1x2 +3%3)] x 2 [-2,2] 3
[30 + (2x1 — 3x7)% x (18 — 32x7 + 1223 + 48xp — 36x1xp + 27x3)]
n
Fs(x) = ¥ —xisin(\/%) 30 [—500, 500] —12,569.5
i=1
n
Fe(x) = ¥ [x* — 10cos(27x;) + 10] 30 [-5.12,5.12] 0
i=1
Table 4 shows that the INOA-SA algorithm has advantages in global searching, can
effectively avoid falling into a local optimum, and has better performance under the
unimodal function (the mean value was the lowest and was the most stable one among
six algorithms) and the variable-dimensional peak function (the mean value was lowest,
about 33.6% lower than that of WOA-LFDE, and the stability was 38.2% higher than that of
WOA,; it was the most stable algorithm among six algorithms). The proposed algorithm has
higher stability compared with WOA and GWO under fixed-dimensional peak functions.
Our algorithm performed better in this experiment and demonstrated greater stability
than the other algorithms. Therefore, the IWOA-SA effectively balances exploration and
exploitation abilities.
Table 4. Comparison of test-function results.
WOA IWOA-SA GWO PSO WOA-LFDE NHWOA
r MEAN 0 0 0 0.0247 0 0
! STD 0 0 0 0.0151 0 0
E MEAN 233 %1073 559 x 107° 1.69 x 1073 0.456 641 x 1072 122 x 1072
2 STD 3.16 x 1073 6.08 x 1072 0.79 x 1073 0.249 2.36 x 1073 7.97 x 1073
F MEAN —1.0316 —1.0316 —1.0316 —1.0316 —1.0316 —1.0316
3 STD 0 0 0 0 0 0
r MEAN 3 3 3 3 3 3
4 STD 241 x 1072 0 1.61 x 107° 0 0 0
E MEAN —1.12 x 10 -1.16 x 10* —571x10°  —673x103  —7.708 x 10° —6.17 x 10°
> STD 1.42 x 103 321 x 102 8.78 x 102 7.25 x 102 360.45 420.1
r MEAN 0 0 1.2754 55.8276 32.23 47.75
6 STD 0 0 2.7224 13.6437 8.0591 23.503
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In Figure 5, the convergence curves of IWOA-SA, WOA, GWO, PSO, WOA-LFDE [43]
and NHWOA [44] are compared. The “average” denotes the average of 10 runs. The WOA
has advantages in local searching, but it easily falls into local optima. The GWO algorithm
had good search performance for low-dimensional functions but poor search ability for high-
dimensional functions. The optimization abilities of the PSO, WOA-LFDE, and NHWOA
under the variable-dimensional peak function were poor, and they needed to be iterated
more times to reach the optimal solution. Compared with the other five algorithms, the
IWOA-SA algorithm converged quickly and could always obtain the best results among all

six algorithms.
1020 102
8 10200] .
) 100 | S
] 10200\ &
2 100 2 10°
g %ﬁ“% %
) <
< e oh
— . <10
510200 - 5
> s, >
< ~ z
0 100 200 300400 500 600 100 200 300 400 500 600
Iteration Iteration
(@) Fy (b) B2
3
b=} -0.95] 8
« 5 1
Q 2 -1 b 1
P 2 69 8
S5
@1 -1.05 © o
© 8 40 4
00 _¥ 0 5101520253035 ©
50 - o 2
I e < W0 20 40 60
o -1 520 -
> > e
< < -
- 0
0 200 400 600 0 100 200 300 400 500 600
Iteration Iteration
(¢) F3 (d) Fy
-200 500
—
<
& 4000 <7400
1) 8 1010 |
g _g 10719
S 8000 o 200 102
) en
£.10000 £10
[0 [}
> >
<1200 <
0 100 200 300 400 500 600 0 200 .400 600
Iteration Iteration
(e Fs (f) Fs
|— IWOA-SA WOA GWO PSO NHWOA WOA-LFDE |

Figure 5. Convergence curves of the INOA-SA, WOA, GWO, and PSO algorithms. (a) F1, (b) F2,
(c) F3, (d) F4, (e) F5, (f) F6.

5.2. INOA-SA Solves the Problem of Time-Optimal Trajectory Planning

The trajectory planning of the quadruped robot mentioned above was carried out, and
the interpolation points selected in the experiment are shown in Table 5. At the same time,
considering the actual situation of the robot, the maximum angular velocity of the joint was
set to 20°/s through a penalty function. For all algorithms, the number of populations was
100, the number of iterations was 200, and each algorithm ran 10 times.
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Table 5. Interpolation points selected in the experiment.

Interpolation Interpolation Interpolation Interpolation
Point 1 Point 2 Point 3 Point 4
Joint 1 0 0 0 0
Joint 2 —0.888 —0.90 —1.1545 —1.4122
Joint 3 2.527 2.4 1.5027 1.00659

The comparison of the optimization results of IWOA-SA, WOA, GWO, PSO, WOA-
LFDE, and NHWOA are shown in Table 6.

Table 6. Comparison of experimental results of trajectory planning.

WOA-

WOA IWOA-SA GWO PSO NHWOA LFDE

MEAN (S) 7.58 6.745 7.592 6.825 6.819 7.015
STD (S) 0.034 0.0167 0.00273 0.0208 0.0184 0.0179

Table 6 shows that the average time taken to reach the optimal solution by IWOA-SA
was the smallest (over 10 runs), which shows that the IWOA-SA algorithm has strong
optimization ability and is more stable than the others.

To verify whether the time taken by IWOA-SA is significantly different from that of
the other five algorithms, we used the Kruskal-Wallis test. The KW statistic can be tested
using a chi-square distribution.

KW 2 &R, (n+1) (33)
= —L —3x
n*(n—}—l)l; n; "

If there are knot values in the sample (number of data with the same rank value), the
correction factor C is:

Y (7 —7)
=1-=>r " 4
C pc (34)
Therefore, the expression for the sample statistic KW is:
KW

In cases of large samples, n; > 5, the larger is n, the more KW approximately obeys
the cardinal distribution with degrees of freedom K — 1 under the null hypothesis, so the
KW statistic can be tested using the cardinal distribution. Assumptions:

HO: There was no significant difference in the running times obtained by the six algorithms;
H1: There was a significant difference in the running times obtained by the six algorithms.

After bringing in the parameters of this paper for calculation, KW = 45.3268 and
KW¢ = 45.431.

By checking the chi-square test table, the chi-square value was 12.833 for the de-
grees of freedom of K —1 = 5 and a significance level of 0.05. KW > 5.9915. There-
fore, the original hypothesis was rejected, and the six data groups were considered to be
significantly different.

In Figure 6, the motion curves of each joint of the robot before and after optimization
by the IWOA-SA algorithm are compared.
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Figure 6. Running curve of each joint after using the optimization algorithm. (a) Y2, (b) V2, (c) Y3,
(d) V3.

Table 7 shows the joint running-time comparison before and after using the optimiza-
tion algorithm.

Table 7. Time comparison before and after using the optimization algorithm.

Time (s)
3-3-5 7.2
IWOA-SA 6.745

In Table 7 and Figure 6, we can see that: (1) The IWOA-SA algorithm ensures that the
angular velocity of each joint is within the velocity limit (£0.349 rad/s). (2) The running
time of each joint is reduced by about 6.25% compared with the 3-3-5 algorithm. As shown
in Figure 6d, before using the optimization algorithm, the angular velocity of each joint of
the robot easily exceeds the speed limit, and after using the optimization algorithm, the
angular velocity of each joint is limited to the velocity range. Figure 7 shows the foot-end
trajectory curve after using the INOA-SA optimization algorithm.



Electronics 2023, 12, 1564 16 of 19

200 200

0 0
N 200

N -200
400

500 400

Y M 600

300 400 500 600 300 400 500 600 700
X X

(@ (b)

Figure 7. Foot-end trajectory curve. (a) Foot-end trajectory curve, (b) Trajectory curve in two-
dimensional plane.

Figure 7 illustrates that when simulating a downstairs process, a retraction can be
observed at the end of the foot-end trajectory curve, which effectively reduces the landing
impact during touchdown. upon touchdown.

6. Conclusions

In this paper, an IWOA-SA algorithm was proposed to achieve the optimal time move-
ment of the quadruped robot. The proposed algorithm adopts the simulated annealing
mechanism of the SA algorithm to “jump” out of the local optima of the WOA. Adaptive
weights were also introduced to balance the exploration and exploitation capabilities of the
algorithm. To solve the time-optimal trajectory planning problem under certain kinematic
constraints, we introduced a penalty function to transform unconstrained optimization
problems into constrained optimization problems. Using Markov chains of stochastic
process theory, we proved that our algorithm converges to the global optimal value as the
number of iterations approaches infinity. Simulation results demonstrated the effectiveness
of our method and the correctness of our theoretical analysis. Compared to other main-
stream algorithms, our IWOA-SA algorithm performs better, being on average 33.6% better
than the WOA-LFDE and having 38.2% higher stability than the WOA.

Additionally, our algorithm always constrains the angular velocity of each joint within
the range of kinematic constraints, reducing joint running time by 6.25%. Our method can
be effectively applied to the robot trajectory planning field, and future research will focus
on extending IWOA-SA to optimize other trajectory models and address the dynamical
problems of quadruped robots, such as the shifting of the center of mass.
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Abbreviations

The following abbreviations are used in this manuscript:

a; distance along X; 1 from Z;_; to Z;

o; angle around the X;_; axis that rotates from Z;_; to Z;
d; distance along Z; from X; 1 to X;

0; angle around Z; that rotates from X; 1 to X;

KW Statistic Quantity
KWc  Sample Statistic

C correction factor

T the Number of the i th Knot

n Number of Sample Groups

n; Vumber of Samples in Each Group
Appendix A

The theory of the 3-3-5 algorithm is shown in Equation (A1). ¢; represents the
first trajectory of the 3-3-5 algorithm, and ¢» and ¢35 represent the second and third
trajectories, respectively.

le(t) =ayg +ant+ a12t2 + Ll13t3
¢o(t) = axo + apt + {122f2 + a23t3 (A1)
¢3(t) = azo + azit + ast? + azt® + astt + azst®

At the same time, the following constraints are required for the angle, angular velocity,
and angular acceleration at the interpolation points [K;q, Kj, Kj, Ki3]:

¢1(0) = o ¢1(0) =0 ) )
¢1(t1) = ¢2(t1)  dr1(t1) = da(h1)  P1(h1) = Pa(tr) (A2)
¢3(t3) = 3 ¢3(t3) =0 $3(t3) =0

where, t1, ty, and t3 are the time required for the first trajectories, second trajectories, and
third trajectories, respectively.

The matrix expressions T and ] of the 3-3-5 algorithm are easily deduced from Formu-
las (A1) and (A2).

' 2 41 0 0 0 0 O -1 0 0 0 O
3 24 1.0 0 0 0 O -1 0 0 O 0 O
64 2 00 0O 0 O -2 0 0 0 0 0 O
o o o0 &# B¢t 1 0 1 0 0 0 -1
0 0 00332, 1 0 0 0 0 0 -1 0
0O 0 006, 2 0 0 0 0 0 -2 0 0
7|0 0 000 0 0 0 tg4 t§3 tgz 2tz 1 (A3)
0 0 00 0 0 O 0 5 48 322 2t3 1 0
0 0 00 0 0 O 0 204 1265 65 2 0 0
o 0o 01 0 0 0O 0O 0O 0 O 0 0 O
o o 100 OO OO O 0 0 0 0 0
o 1. 000 OO O O 0O O O 0 O
o 0o 00 0 0 0O 0 O O 0 0 1
L, 0o 0o 000 0O 1 0 0 0 0 0 0|
J =10,0,0,0,0,0,K;3,0,0, Kjo,0,0, Kin, Kiz] " (A4)

where Kj, Kjq, Kj», and Kj; correspond to the rotation angles of the ith joint at the starting
point, the two interpolation points, and the end point, respectively.
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Among them, the starting point and the end point can be obtained by the kinematic
inverse solution from formulas (1) through (3). The interpolation point is determined by
using the start and end points and the requirements for the trajectory of the robot’s end.

a13 412 411 a4ip a3 Aazp 41 dp0 435 A34

az3 4azy A1 43
in Equation (A5) is obtained by combining Equation (A3) and (A4):

The array of coefficients H = [

H=T71] (A5)

As shown in fromual (A5), H is available. Take (A5) back into (A1); then, the optimal
trajectory can be calculated. ¢;, ¢, and t3, can be obtained using the INOA-SA algorithm.
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