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1 Introduction

Industrial and commercial applications based on robotic systems have become increas-
ingly widespread nowadays. One of the most popular and fundamental topics is motion
planning, which focuses on planning collision-free motion from a start to a goal position
among obstacles [SK08]. Besides collision, a lot of other aspects can be taken into account,
including optimality and differential constraints (e.g., dynamics). The complete motion
planning problem with geometrical and differential constraints can be highly complex.
Therefore, a popular solution is to decouple the problem into planning and timing steps.
First, a geometry planner determines a path considering geometric constraints, and ig-
noring dynamics of the robot. In the next step, a velocity profile for the predefined path
is generated, where all constraints of the robot are taken into account. The second step
is often called path tracking [Ver+09].

The thesis focuses on the time-optimal path tracking problem, the goal is to deter-
mine a velocity profile, which satisfies the constraints of the robot, and the travel time
for the given path is the lowest possible. Time-optimal path tracking is still an active
topic in robotics research. The aim of the thesis was to extend this research area by cre-
ating algorithms that can solve the control problem significantly faster than the existing
methods in the literature. The lower computational time makes the approach suitable for
real-time applications. Our secondary goal was that these algorithms do not tighten the
possible constraints of the system, and therefore they can be considered as a fully usable
alternative to the existing approaches.

Generally, there are three different approaches to solve the path tracking problem of
the decoupled minimum-time control approach. Dynamic programming approach divides
the state space into a discrete grid, and the optimal solution is found in this plane.
Indirect methods are based on the necessary optimality conditions of the time-optimal
program. In contrast, direct approach solves the problem by creating a finite-dimensional
approximation of the original optimal control problem.

Nowadays, direct approach is the most widespread and suitable solution for path track-
ing in real-world applications [PP18; LB14]. The thesis also focuses on direct algorithms.
Direct approaches transform the infinite dimensional control problem to a finite non-linear
optimization problem, which can be solved using existing optimization tools. The ben-
efit of the direct approach is that these solver methods can easily deal with inequality,
equality constraints, and parameter changes. All direct methods are based on discrete
parameterization, but they differ in the way the state trajectory is discretized.
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2 Research Methodology

As we have seen above, the direct methods are based on optimization algorithms. Mathe-
matical optimization corresponds to the problem of choosing the best possible vector from
a set of candidate choices. Convex optimization is a subfield of mathematical optimiza-
tion, which is used in many application from control theory, signal processing to finance
and portfolio optimization. Path tracking problem can also be cast as a second-order
(SOCP) convex optimization program [Ver+09]

min
āi,bi,τ̄i,¨̄qi

2
n−1∑
i=1

(
dθi√

bi +
√
bi+1

)
s. t.: τ̄i = m̄iāi + c̄ib̄i + d̄i i = 1, . . . , n− 1

¨̄qi = s̄′iāi + s̄′′i b̄i i = 1, . . . , n− 1

bi+1 − bi = 2āidθi i = 1, . . . , n− 1

0 ≤ bi ≤ bmax
i i = 1, . . . , n

−¨̄q
max
i � ¨̄qi � ¨̄qmax

i i = 1, . . . , n− 1

−τ̄max
i � τ̄i � τ̄max

i i = 1, . . . , n− 1,

(1)

where variable bi is the squared velocity along the path, and variable āi is the difference
of bi. The objective function is the travel time for the predefined path (minimum-time
approach), and the constraints are kinematic and dynamic limitations of the robot. The
first constraint is the second-order Lagrange dynamics, the second one is joint accelera-
tion, and the third constraint is the relation between the variables. The three inequality
constraints limit the joint velocity, acceleration and the torque of the robot. The pre-
sented formulation is finite-dimensional problem, since the fixed path is discretized in n
points. The convex formulation fails to address some practical constraints (e.q., jerk,
viscous friction, torque rate), since these applications introduce terms that destroy the
convexity. In this case, non-convex solvers can be used to solve the control problem.

In the first part of the work, we are focusing on problem formulation. The path track-
ing problem (1) is reformulated to a linear program using a novel optimization concept,
called peaked optimization. The benefit of the reformulation is the lower computational
time. In the second part of the work, the possible solver methods for the different formu-
lations are examined. A special, sequential solver algorithm is presented for the linear,
peaked problem. The solver exploits the banded structure of the affine structure, which
makes the solver substantially faster compared to a general, commercial solver. In the
third part of the thesis, the velocity profile generation is extended with constraints that
destroy the convexity. We consider effects like joint jerk, viscous friction, and torque-
velocity characteristic of the motors. Obtaining global solution is much harder in this
case due to non-convexity. The major contribution of the third part is a special optimiza-
tion formulation, which results in that the local optima of the time-optimal problem are
also global optima.
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3 New Scientific Results

In this section, we present the contributions of the dissertation in details. The novel
results are grouped into three theses, which are discussed in the followings.

3.1 Thesis I

The first thesis focuses on the peaked concept, which is basically a general optimization
tool for non-linear programs. It is also shown that the peaked concept can be applied to the
time-optimal path tracking problem. The thesis consists of three subthesis. Publications
related to Thesis I are [CÁV17], [ÁV17b], [ÁV18], [ÁV19b]

Subthesis I.1

I have defined a new optimization technique called peaked concept. A non-linear opti-
mization program with strictly monotone decreasing objective function, and with special
constraint set (peaked set) can be solved faster than the original problem. The global
optimum of the problem (peak point) can be considered as the greatest element of the
constraint set. I have shown that the objective function can be changed to other strictly
monotone function since the optimum point is independent of the objective function. The
optimization program with a new objective function can have a lower computational time.

In the following discussion, we define the terms peaked set and peak point. Using
these definitions, the optimum point of a non-linear optimization problem with peaked
constraint set has some appealing properties. First, consider the following non-linear
optimization problem

min f(x)

s. t. c(x) � 0,
(2)

where x ∈ Rn, F = { x | c(x) � 0} is the feasible set of the problem without any
special property (e.g.: convexity), ’�’ is the componentwise inequality (partial ordering),
and f(x) is a strictly monotone decreasing function. The following definition introduces
terms peaked set and peak point for a non-linear optimization problem (2) with feasible
set F .

Definition 3.1. The F constraint set will be called peaked set, and x̂ will be called peak
point if the following statement is satisfied for the set

∃ x̂ ∈ F : {x̂ � x, ∀x ∈ F}. (3)

Peak point (x̂) can be considered as the greatest element of the constraint set. If the
constraint set of (2) is peaked, then the following lemma can be derived for the optimum
point of (2).

Lemma 3.1. If F is a peaked set, then x̂ is a global optimal solution of problem (2). In
this case, the objective function can be changed to a simple strictly monotone decreasing
function

x̂ = arg min [−1, . . . ,−1] · x
s. t. c(x) � 0.

(4)
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So x̂ is a global optimal solution of (4) and (2). The benefit of solving (4) instead
of solving problem (2) is the possible lower computational time, as the new objective
function is linear.

Subthesis I.2

I have presented a simple method to determine whether a set is peaked or not. The method
is based on the fact that a set is peaked if and only if a point exists, which greater than
any other points of the set. Based on this method, I have shown an affine constraint
set, which is always peaked. The coefficient matrix of the set has some unique properties,
which ensures that it is peaked.

Previously, we introduced optimization problems with peaked constraints and showed
that the objective function of these programs could be changed to other strictly monotone
decreasing function. Now, we consider a lemma, which allows us to determine whether a
constraint set is peaked or not.

Lemma 3.2. F is a peaked set if and only if a feasible x̂ exists, such that x̂ = [x̄1, x̄1, . . . , x̄n],
where x̄i is defined as the i-th coordinate of the optimum point of the following problem

x̄i = arg
i

min −xi

s. t. c(x) � 0 i = 1, . . . , n,
(5)

where arg
i

is the i-th coordinate of the optimal x of (5).

The intuition behind Lemma 3.2 is that a set is peaked if and only if a point x̂ exists
(peak point), which is greater than the other points of the feasible set. Based on Lemma
3.2, we examine an affine constraint structure, which is always peaked. The importance of
the introduced affine structure is that the minimum-time velocity generation problem will
be transformed into this peaked structure. Every row of the coefficient matrix of the affine
structure has exactly one positive element. Another restriction is that every column has
at least one positive element. The coefficient matrix is divided into ’n’ matrices based on
the position of the positive element. The affine constraint set is defined by the following
lemma.

Lemma 3.3. An affine set defined in the following is always peaked

Aix � bi Ai = [ai
1, . . . ,a

i
n]

ai
i � 0 ai

j � 0 bi � 0 0 � x � c
i = 1, . . . , n j = 1, . . . , n j 6= i,

(6)

where ai
j is the j-th column of matrix Ai, and c is an upper bound for x. Upper parameter

i denotes the specific constraint based on the position of the positive element.

The optimal solution of a peaked program with non-linear objective function and affine
constraints, which satisfy (6) can be obtained by solving a linear problem (4).
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3.1.1 Subthesis I.3

I have presented a new discretization method for the time-optimal path tracking. The ob-
tained finite-dimensional problem satisfy the requirements of the peaked concept. There-
fore, the original, second-order program can be solved using a linear problem. Experimental
results showed that the linear program could be solved an order of magnitude faster than
the second-order program.

The new discretization method is based on the SOCP formulation (3), which is often
used in the literature [Ver+09; LB14]. The constraint set of (1) is not peaked. However,
the following lemma introduces an alternative discretization method, which leads to a
peaked problem.

Lemma 3.4. Using the following discretization approach, the time-optimal path track-
ing problem formulation satisfies the conditions of Lemma 3.3. Therefore, the resulting
constraint set is peaked, and the objective function can be changed to a linear one.

Variable āi, τ̄i and ¨̄qi are evaluated as in the SOCP case (1), but τi and q̈i are evaluated
in θi points using a special selection technique: āi or āi−1 are chosen based on the sign of
the corresponding coefficients (s′ij, s

′′
ij or mij, cij)

q̈ij =

{
s′ij āi−1 + s′′ijbi if sgn(s′ij) = sgn(s′′ij)

s′ij āi + s′′ijbi if sgn(s′ij) 6= sgn(s′′ij)

τij =

{
mij āi−1 + cijbi + dij if sgn(mij) = sgn(cij)

mij āi + cijbi + dij if sgn(mij) 6= sgn(cij)

i = 2, . . . , n− 1 j = 1, . . . , p.

(7)

Based on the presented constraints (7), the whole optimization problem for the time-
optimal path tracking can be written as

max
āi,bi,τi,q̈i

2
n−1∑
i=1

(
dθi√

bi +
√
bi+1

)
s. t.: τi = miāi−1|i + cibi + di i = 2, . . . , n− 1

q̈i = s′iāi−1|i + s′′i bi i = 2, . . . , n− 1

bi+1 − bi = 2āidθi i = 1, . . . , n− 1

0 ≤ bi ≤ bmax
i i = 1, . . . , n

−q̈max
i � q̈i � q̈max

i i = 2, . . . , n− 1

−τmax
i � τi � τmax

i i = 2, . . . , n− 1,

(8)

where āi−1|i stands for the presented selection technique. Problem (8) identical to the
original formulation presented in [Ver+09] except the acceleration and torque constraints.

Since the constraint set of the time-optimal control problem with the new discretization
method is peaked, we can change the objective function of the problem to a linear one
(
∑n

i=1 bi). The new objective function means that the velocity of the robot is maximized
along the path. The benefit of the new objective function is the substantially lower
computational time, which can be seen in Figure 1.
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3.2 Thesis II

The second thesis presents a solver algorithm for banded peaked problems. The method
obtains global optimum using a forward and a backward stage. The peaked path track-
ing problem can also be solved using the introduced solver. This thesis consists of two
subthesis. Publications related to Thesis II are [CÁV17], [Con+19], [ÁV19b]

Subthesis II.1

I have presented an algorithm for banded peaked problems. The method has a forward and
a backward stage. In the forward stage, the algorithm solves two-dimensional LP problems
sequentially using the simplex method. In the backward stage, one-dimensional LP prob-
lems are solved sequentially. I have proved that the solver algorithm is correct, and based
on runtime measurements, the presented method has significantly better computational
performance compared to the state-of-art commercial solver.

In this case, we consider a subset of peaked programs with banded structure. The
basis of the investigated problem is a general constraint written in the following matrix
form

e � Fb � d, (9)

where the coefficient matrix F has the following structure (n′ = n− 1)

F =



−f1,1 1 · · · 0 0
...

... · · · ...
...

−f1,m1 1 · · · 0 0
...

...
. . .

...
...

0 0 · · · −fn′,1 1
...

... · · · ...
...

0 0 · · · −fn′,mn′ 1


. (10)

The matrix F is highly banded, since only two coefficients are non-zero in every row. A
general, peaked optimization problem can be formed using constraint (9)

max
bi

n∑
i=1

bi

s. t.: 0 � b � c
e � Fb � d,

(11)

where d � 0, f � 0, e � 0, and c = bmax are fixed parameters. Due to these conditions,
b = 0 is always a feasible solution of (11). Although the first constraint of (11) can be
included in the second constraint, but we write it as a separate boundary constraint for
b to emphasize that the feasible set of the problem is bounded.

The proposed solver consists of two stages. The main idea behind the sequential
algorithm is that two consecutive columns of the coefficient matrix are selected in each
step, and the maximum possible bi is calculated. The actual solution for the given stage
is indicated by b(s), where s = (1, 2) denotes the index of the stage, and s = 0 indicates
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an initial step. In every stage, the solution is less than or equal to the previous solution
(b(2) � b(1) � b(0)).

In the initial step, an upper limit can easily be expressed using the upper bound from
(11): b(0) = c. In the first stage, two-dimensional LP problems are solved sequentially
with respect to i. The constraints of the LP problems are derived from the corresponding
columns of the coefficients matrix of (11). The first element is equal to the solution of
the initial solution (b1

(1) = b1
(0)). The LP problems have to be solved one after the other,

namely in every iteration the previous one is used as a constraint

bi
(1) = arg

y
max
x,y

(y) i = 2, . . . , n

s. t.: 0 ≤ x ≤ bi−1
(1) 0 ≤ y ≤ bi

(0)

eji−1 ≤ −f
j
i−1y + x ≤ dji−1 j = 1, . . . ,mi−1,

(12)

where x, y are the optimization variables (the optimal value of variable y will be bi
(1)),

and j denotes the specific constraint. After the first stage, the global optimal velocity of
the last point (bn) is determined. However, the previous points should be corrected with
the deceleration constraints (ej). This can be done by the following backward directional
stage

bi
(2) = arg

x
max

x
(x) i = n− 1, . . . , 1

s. t.: 0 ≤ x ≤ bi
(1)

eji ≤ −f
j
i bi+1

(2) + x j = 1, . . . ,mi,

(13)

where bn
(2) = bn

(1). In the second stage, we solve one-dimensional LP problems backwards,
which means that the minimum has to be selected from mi + 1 constraints as bi

(2). The
optimal solution of (11) is the result of the second stage (b(2)).

Subthesis II.2

I have shown that the time-optimal path tracking problem can be solved using the se-
quential solver. The peaked path tracking program presented in the previous thesis can be
transformed to the peaked, banded form, which is used by the sequential solver. The con-
straints of the velocity profile generation are highly banded since a second-order dynamic
and kinematic expressions are considered.

We consider the peaked path tracking problem, which is presented in Thesis I (8). In
this case, the objective function is changed to the linear one (2

∑n
i=1 bi) using Lemma 3.1

max
āi,bi,τi,q̈i

2
n∑

i=1

bi

s. t.: τi = miāi−1|i + cibi + di i = 2, . . . , n− 1

q̈i = s′iāi−1|i + s′′i bi i = 2, . . . , n− 1

bi+1 − bi = 2āidθi i = 1, . . . , n− 1

0 ≤ bi ≤ bmax
i i = 1, . . . , n

−q̈max
i � q̈i � q̈max

i i = 2, . . . , n− 1

−τmax
i � τi � τmax

i i = 2, . . . , n− 1.

(14)
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Figure 1: Runtime results of the different solver approaches for various path length.

The following lemma states that above formulation (14) can be transformed to the general,
banded form (11), and therefore, the path tracking problem can be solved using the
sequential solver.

Lemma 3.5. The time-optimal peaked program can be reformulated as a banded, peaked
optimization problem (11), which can be solved by the sequential solver.

The transformation is based on variable elimination. Variable āi is expressed by the
third equation of (14). Variables τi and q̈i are eliminated using the first two equality
constraints of (14). The reformulation results in the following general constraint of b

ej ≤ −fjb(ij+1) + bij ≤ dj, (15)

where ej ≤ 0 is the lower and dj ≥ 0 is the higher bound of the constraint. The coefficient
of bij is non-positive, and 1 ≤ ij ≤ n− 1 selects the components of vector b. Constraint
(15) equals to (9), and the whole optimization problem can be rewritten in the general,
banded form (11).

The runtime benefit of the presented sequential solver can be seen in Figure 1. Gurobi
state-of-art commercial software used in the comparison as an LP and SOCP solver.
Besides that, a specific method (MTSOS) for the minimum-time path tracking problem is
examined, which is written by Thomas Lipp in Stephen Boyd’s lab at Stanford University.
We can see that our sequential solver outperforms any other algorithm. The runtime
difference is nearly two orders of magnitude compared to the dual simplex method.

3.3 Thesis III

The third thesis extends the path tracking problem formulation with non-convex con-
straints. A peaked relaxation is presented for viscous friction and torque-velocity char-
acteristics. We also introduce a novel optimization concept, which can be applied to a
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subset of non-convex optimization problems. The concept ensures that the local optima
of the problem are also global optimum points. Publications related to Thesis III are
[ÁV19a], [ÁCV18], [ÁV17a]

Subthesis III.1

I have shown that the non-convex path tracking problem with viscous friction and torque-
velocity characteristics can be approximated using a peaked problem. The peaked relaxation
is possible using a sufficient discretization size. Since the approximation is also highly
banded, the sequential solver can be applied to the relaxed program.

In this section, we consider time-optimal program with viscous friction and torque-
velocity characteristics. These non-convex constraints can be written as

τ̄i = m̄iāi + c̄ib̄i + ḡi + f̄ v
i

√
b̄i

−τ̄ st ≤ τ̄i + h̄i

√
b̄i ≤ τ̄ st

−τ̄ st ≤ τ̄i − h̄i

√
b̄i ≤ τ̄ st

−τ̄max
i ≤ τ̄i ≤ τ̄max

i .

(16)

The path tracking problem with (16) can be approximated using a convex program
with a sequential convex programming (SCP) algorithm. Now, we examine whether the
peaked concept can be applied to the relaxed program. The following lemma states that
the convex approximation of the non-convex program can be cast as a peaked, banded
problem.

Lemma 3.6. The path tracking problem with non-convex constraints (16) can be relaxed
to a banded, peaked problem using a sufficient discretization size. The obtained program
can be solved using the sequential solver.

Based on Lemma 3.6, the path tracking program with non-convex constraints (16) can
approximated by a banded, peaked problem as the path size is increased. The obtained
optimization program can be efficiently solved using the sequential solver since the affine
structure is highly banded.

Subthesis III.2

I have presented a non-convex problem formulation with an essential property. The benefit
of the concept is that any local optimum point is also a global optimum, even though the
constraint set of the problem is not convex. Therefore, only a local solver is needed to
obtain a global optimum for the formulation.

In this case, a special problem formulation is presented, which is similar to the peaked
concept, but it can be applied to non-convex programs. We investigate the following
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general, non-convex optimization problem.

min
x

f(x)

s. t.: li(xi, xi+1) ≤ 0

hi(xi, xi+1) ≤ 0

ki(xi, xi+1) ≤ 0 i = 1, . . . , n− 1

x ≥ 0,

(17)

where x = (x1, . . . , xn) ∈ Rn is the optimization variable, f(x) is a convex, mono-
tone decreasing objective function, li(xi, xi+1) is a convex function, and hi(xi, xi+1) and
ki(xi, xi+1) are non-convex functions. We also assume that hi(xi, xi+1) is monotone in-
creasing in xi and monotone decreasing in xi+1 in the set {xi, xi+1 : hi(xi, xi+1) = 0},
and ki(xi, xi+1) is monotone increasing in xi+1 and monotone decreasing in xi in the set
{xi, xi+1 : ki(xi, xi+1) = 0}.

We denote the feasible set of (17) by C, and assume that C is a bounded, closed and
connected set. Although (17) is a non-convex problem, the following statement can be
formulated about the local optima of the problem, which statement is also true for convex
problems.

Theorem 3.7. If local optimum points exist of (17), then they are also global optima.

The proof of Theorem 3.7 is based on the fact that the subsets of C cannot have
optimum points, which are not global optimum. Based on Theorem 3.7, any local solver
can be used for the presented general problem (17), which has a feasible starting point.

Subthesis III.3

I have shown that the non-convex time-optimal path tracking problem with viscous friction
model and torque-velocity motor characteristics satisfies the requirements of the special,
non-convex formulation, introduced in Subthesis III.2. Using the problem formulation,
a local solver is sufficient to obtain a global optimum of the non-convex path tracking
problem.

Although the previously presented formulation can only be applied to a subset of
non-convex programs, the time-optimal problem with non-convex torque-velocity charac-
teristics and viscous friction can be solved using this approach. We consider the path
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tracking program in the following form

min
āi,bi,τ̄i,¨̄qi

2
n−1∑
i=1

(
dθi√

bi +
√
bi+1

)
s. t.: τ̄i = m̄iāi + c̄ib̄i + ḡi + f̄ v

i

√
b̄i

−τ̄ st ≤ τ̄i + h̄i

√
b̄i ≤ τ̄ st

−τ̄ st ≤ τ̄i − h̄i

√
b̄i ≤ τ̄ st

−τ̄max
i ≤ τ̄i ≤ τ̄max

i

¨̄qi = s̄′iāi + s̄′′i b̄i

−¨̄q
max
i ≤ ¨̄qi ≤ ¨̄qmax

i

bi+1 − bi = 2āidθi

b̄i = (bi + bi+1)/2

0 ≤ bi ≤ bmax
i

0 ≤ bn ≤ bmax
n

i = 1, . . . , n− 1.

(18)

The objective function of (18) is a convex, monotone decreasing function, which means
it satisfies the requirement of the general formulation (17). Since the square root is
a concave function, the first three constraints can be non-convex with the appropriate
coefficients. The monotonicity of these functions has to be examined in order to use
the presented solver approach. For the sake of simplicity, the non-convex constraints are
examined using the following function (f(x, y)).

Lemma 3.8. Function f(x, y) is monotone increasing in x and monotone decreasing in
y, or it is monotone increasing in y and monotone decreasing in x

f(x, y) = c1x+ c2y + c3

√
x+ y − c0

f(x, y) ≤ 0 x, y ≥ 0 c3 ≥ 0,
(19)

and we assume the following conditions for the parameters of f(x, y) are fulfilled

c0 ≥ 0 (20)

c1c2 ≤ 0 (21)

c2
3c2

4c2
1

− c2
3

2c1

− c0 ≤ 0 (22)

c2
3c1

4c2
2

− c2
3

2c2

− c0 ≤ 0. (23)

Based on the Lemma 3.8, the non-convex constraints satisfy the monotonicity condi-
tion of (17). Therefore, if the above assumptions are fulfilled, the global optimum of the
time-optimal control problem can be obtained using a local solver.

Let us discuss, when the assumptions are satisfied. In case of the presented non-convex
program (18), the first condition (20) means that the torque limits have to be greater than
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the joint dependent forces of the joint (e.g., gravity). In practice, these limitations are
always satisfied, otherwise, the robot would violate the force constraint at the standing
position. Equations (21 - 23) are discussed together. It can be proved that by using a
sufficiently low dθi discretization size, these assumptions are satisfied.

In conclusion, a global optimum point of the presented path tracking program with
viscous friction model and torque-velocity motor characteristics can be determined by
using a local solver (e.g., SCP method). This can be done due to the special problem
formulation presented in Subthesis III.2.

4 Applications

Time optimal control plays an important role in a wide range of applications, including
aerospace tasks [Tré12], material handling, and industrial processes [Ver+09]. Path track-
ing methods can increase productivity in these applications by optimizing the motion of
the robot. In some cases, the time-dependency is not specified, which means the motion
of the given task is only partially determined. Optimal algorithms can exploit this degree
of freedom and increase efficiency without violating any constraint of the system.

We present two different problems, where the presented peaked concept, the sequential
solver method, and the non-convex optimization algorithms can be applied. As a practical
example for the path tracking application, let us consider a waiter motion problem, which
consists of moving a tablet carrying one or more glasses along a prescribed spatial path as
fast as possible so that the objects placed on it do not slide. A closely related problem is
the pick-and-place task with suction cups, which is used in logistics and other industrial
applications. We created an experimental setup, where the sequential solver is used to
determine a near time-optimal solution [CÁV17].

The second application related to a Japanese robotics company. The company offers
vision-based solutions for industrial robots, and its products have been installed in many
factories. Based on the sequential solver, we developed a custom software, which solves
the path tracking problem. The software can cooperate with the Robot Operating System
(ROS), which is a popular robotic platform [Rob19]. The program can handle various
constraints, including end-effector and joint limitations. In Figure 2, an example applica-
tion can be seen, where the velocity profile is generated using the sequential solver. The
software development performed according to a contract between BME and the company
(contract registry number is AUT 2019, 411.175/2019).
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Figure 2: An example scenario using the solution of the Japanese robotics company. The
robot performs a pick-and-place task using a vision system. The velocity profile of the
trajectory is generated by the sequential solver.
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