
200 Мехатроника, автоматизация, управление, Том 22, № 4, 2021

 DOI: 10.17587/mau.22.200-207

P. S. Sorokoumov, petr.sorokoumov@gmail.com,
NRC "Kurchatov Institute", Moscow, Russian Federation

Corresponding author: Sorokoumov Petr S., Research Engineering, NRC "Kurchatov Institute",
Moscow, Russian Federation, e-mail:petr.sorokoumov@gmail.com

Accepted on January 12, 2021

Formalization of Tasks for Robotic Manipulators: Review and Prospects

For citation:

Sorokoumov P. S. Formalization of Tasks for Robotic Manipulators: Review and Prospects, Mekhatronika, Avtomatizatsiya, Upravlenie, 
2021, vol. 22, no. 4, pp. 200—207.

DOI: 10.17587/mau.22.200-207

УДК 004.896 DOI: 10.17587/mau.22.200-207

П. С. Сорокоумов, инженер-исследователь, petr.sorokoumov@gmail.com
НИЦ "Курчатовский институт", Москва, Россия

Формализация заданий для роботов-манипуляторов:
обзор и перспективы развития

Abstract

This overview of the problems formulations for robotic manipulators at different abstraction levels can be used to find the causes of 
troubles with some types of control systems. For many variants of manipulators, for example, biomorphic ones, it is not yet possible to 
achieve the required quality and universality. Nevertheless these tasks are solvable, which is proved by the natural movement control 
systems of biological organisms. One of the reasons of the difficulties is the complexity of the formalization of motion control, which 
prevents the development of universal approaches. The existing formalizations were separated by functional level to facilitate analysis. 
The high-level problems (the division of complex motor tasks into stages) are successfully solved by general planners or logical inference 
procedures. The middle-level problems (the trajectory tracing according to an abstract motor task) are so far solved less efficiently. Some 
existing tools, as linguistic methods, can greatly facilitate solution, but require significant and very laborious formalization of conditions. 
Inverse problems of kine matics and dynamics, conjugation of trajectory sections and direct control of the manipulator motors with error 
handling are further stages of processing; the quality of known solutions is usually acceptable. Based on the data collected, it can be 
argued that the development of methods for solving medium-level problems, i.e. constructing the trajectory of the robot according to the 
description of the action, is the most important domain for the successful creation of new types of manipulator control systems.

Keywords: robotic arm, inverse kinematics problem, motion definition language

Выполнен обзор методов формализации задач управления роботами-манипуляторами, возникающих на разных 
уровнях представления. Для многих видов манипуляторов, например биоморфных, достичь нужного качества управ-
ления в сочетании с универсальностью пока не удается, хотя возникающие при этом задачи принципиально решаемы, 
что доказывается успешной работой систем контроля движения биологических организмов. Одной из причин затруд-
нений является сложность формализации задач управления движением, поэтому целесообразно проанализировать 
наиболее распространенные подходы к постановке этих задач в целях поиска перспективных вариантов развития.

Анализ существующих методов решения проведен отдельно по каждому функциональному уровню. Наиболее вы-
сокоуровневая из рассматриваемых подзадач — разделение комплексных заданий на этапы — обычно успешно реа-
лизуется общими средствами декомпозиции сложных процессов, например методами планирования или логического 
вывода. Обработка подзадач среднего уровня представления — построение траектории по двигательному заданию — 
осуществляется пока менее эффективно. Показано, что имеющиеся средства, например лингвистические описания 
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движений, могут значительно облегчить работу с этим уровнем, но требуют значительной и трудоемкой форма-
лизации. Дальнейшие стадии обработки — решение обратных задач кинематики и динамики, сопряжение участков 
траекторий, а также непосредственное управление двигателями манипулятора с обработкой ошибок — решаются 
имеющимися средствами с приемлемым качеством.

Исходя из собранных данных можно утверждать, что развитие методов решения среднеуровневых задач, т.е. 
построение траектории движения манипулятора по описанию требуемого от него действия, является наиболее 
важным для успешного создания перспективных типов манипуляторов, способных двигаться точно и разнообразно.

Ключевые слова: робот-манипулятор, обратная задача кинематики, язык определения движений

Introduction

Robotic manipulators are now widely used, and 
they usually work not in isolation, but as part of 
complex systems. Ideally, the formalization methods 
of motor tasks should be well suited for both the 
robot and the human (developer). For that they 
should combine rigor and unambiguity with sim-
plicity of human perception, versatility, and ease 
of making changes. On practice these requirements 
are often too hard. Therefore often too primitive or, 
conversely, overcomplicated approaches are used. It 
is necessary to analyze the methods used at dif-
ferent stages of the process of setting tasks for the 
robot manipulator to find better approaches. The 
results of this review can be useful both for choo-
sing methods of practical implementation of control 
systems and for planning further research. Since the 
successful operation of the manipulator requires the 
solution of a huge number of diverse tasks, it is nec-
essary to consider their existing classifications and 
decompositions before the analysis..

Hierarchical structure
of the manipulator control task

The complex nature of the problem of manipula-
tor control has long been known. So, in the classi-
cal work [1, p. 6—10] the following main stages are 
distinguished:

1. Solving the problems of kinematics and dy-
namics of the manipulator, i.e. a mathematical de-
scription of the geometry of its motion, forces and 
moments acting on it;

2. Tracing of trajectories and control of move-
ment along them, that is, the use of knowledge 
about kinematics, robot dynamics and sensory in-
formation for smooth movement of the working tool 
in compliance with the restrictions;

3. Programming tasks for the manipulator as se-
quences of trajectories;

4. Setting tasks for the manipulator, in particu-
lar, the use of machine intelligence for this.

Other suggested hierarchies differ from the one 
given mostly only in fine details or naming of stages. 
For example, in [2] for a robot interacting with hu-
mans trajectory smoothing is considered as a separate 
processing stage in order to reduce the stress arising 
in people with sudden movements of the manipulator.

Decomposition of a manipulator control task into 
hierarchical levels is very important in practice. Of-
ten in new systems only some parts are created anew, 
while others are used ready-made [3]. The analysis of 
control systems, for example in security audits, is also 
often carried out separately at levels [4]. Below in this 
work some proposed methods for solving problems are 
described for each of the levels. Special attention paid 
to the using them as an interface tool for the deve-
loper of the system as a whole, allowing to choose the 
required behavior of each level. In practice, adjacent 
levels sometimes may merge; also if obvious errors are 
recognized, it is possible to repeat processing with 
new input data. At the end of the article, control sys-
tems that work on many stages are briefly described. 
Conclusions contain a summary of the review.

The gripping problem is not addressed in this 
work, because it is too complicated an a domain. In 
general an exact solution can not be found because of 
the difficulties in modeling of friction and deforma-
tions of a captured object [5] but there are approxi-
mate solutions for many practically important cases.

Statement of problems of kinematics and dynamics

Quite often kinematic modeling of the manipu-
lator uses the Denavit-Hartenberg representation. It 
connects the Cartesian coordinates of the links with 
the generalized coordinates that determine the posi-
tion of the robot’s degrees of freedom. To take into 
account the dynamics the Lagrange equation [1] can 
be used. The transition from Cartesian coordinates 
to generalized ones, or solving the inverse kinematics 
(IK) problem, can be performed by various methods. 
An exact solution of the IK problem exists for all 
manipulators with a small number of links (two or 
three) and for many models with up to six links. For 
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more complex systems the solution is usually found 
numerically. There are many rather full reviews of 
methods for solving inverse problems of kinematics 
and dynamics both in general and special cases [6, 7]
and the conclusions generally coincide: the available 
methods most often solve IK problem quite well, 
difficulties are encountered mainly when working 
with dynamic effects and when interacting with ob-
stacles in the environment. There is a large number 
of ready-made software tools for solving IK problem, 
including free and open source solutions, for exam-
ple MoveIt! [8] or RoBoy [9]. The inverse problem 
of dynamics in practice is often solved by them also 
by adjusting the control signals transmitted to the 
manipulator according to the sensor data. Because 
of the mentioned difficulties in obstacle processing it 
is sometimes preferable do not solve the IK problem 
directly. In particular, to move the manipulator in 
a close environment, it was proposed to use neural 
networks [10,11] trained on a sample collected from 
its sequential positions when moving along permitted 
trajectories. This method is capable to some extent 
of ensuring the continuity of the solution of inverse 
problems, since the sample includes only examples 
from admissible (i.e., continuous) trajectories, but it 
is not possible to strictly guarantee the quality of 
solutions because of the uncertainties inherent in 

neural network approximations. Therefore, to en-
sure safety, the trajectories generated by such systems 
must be later checked for constraint compliance and 
continuity.

Another option for using a neural network ap-
proach for low-level control of multi-legged limbs 
is the ENSO (Evolution of Network Symmetry and 
mOdularity) architecture [12]. It was originally pro-
posed to increase the reliability of adaptive control 
of multi-legged platforms [13]. Each limb in ENSO 
is controlled by a separate neural network module 
connected with the rest (Fig. 1). Initially, the syn-
aptic coefficients of all modules are the same but 
during the learning process they receive random 
small deviations which are considered as symme-
try violations. There are many ways to train such a 
network; the authors of the original work used a ge-
netic algorithm, but it is possible to apply arbitrary 
methods of reinforcement learning.

The value of the ENSO approach is that the cre-
ated system is able to learn purposeful movement, as 
experimentally confirmed by the authors of the origi-
nal work. Stable synchronizations of movements of 
different degrees of freedom in an initially symmetric 
system can be obtained. This property can be useful 
for controlling manipulators with excessive degrees of 
freedom — for example, simula ting human limbs.

It is obvious that the modern 
methods of this level are numerous 
and well developed, but for many 
applied problems direct interface to 
them by explicitly indicating the de-
sired link position turns out to be too 
low-level and therefore undesirable. 
These methods are often used in in-
terfaces indirectly.

Trajectory motion controls

The most common concept of con-
structing a trajectory from segments 
of a set of simplest lines (straight lines 
or arcs) connecting points located on 
the trajectory. In this case, it is re-
quired to match the segments with 
the provision of acceptable smooth-
ness of the overall curve; it, firstly, 
must be smooth to a certain order 
and, secondly, not include high-fre-
quency vibrations. Implementations 
of this concept differ mainly in the 
properties of the resulting mates. It Fig. 1. An example of neural network architecture of ENSO modules for a four-legged 

robot [12]: one module, connections between modules and a complete network
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was proposed to use various geometric primitives 
for conjugation, for example, quadratic optimiza-
tion [14], conical sections [15], NURBs [16] (Fig. 2).
The choice of a specific option is usually justified 
by solving some optimization problem or by the 
compliance with some restrictions on the smooth-
ness of the trajectory.

One of the most common approaches to the con-
jugation problem is fuzzy logic [17,18]. It is espe-
cially often used when there are significant non-
linearities in the joint, for example, when there are 
flexible sections [19] or springs. At the same time, 
for a two-tier system the problem of fuzzy control is 
solved in a completely straightforward and accurate 
manner. There is even a simple hardware imple-
mentation [20]. This method does not work for sys-
tems with a large number of links.

There are also approaches that to a greater extent 
use the physical properties of the manipulator. For 
example, in [21] the energy consumption by motors 
leading to their heating minimized numerically.

Most of the proposed tools do not take into ac-
count the specific requirements for the manipulator 
associated with the need to hold objects. Among 
the exceptions are the trajectory tracing for working 
with flexible objects [22] and the construction of 
trajectories for two jointly acting manipulators for 
grabbing one rigid object [23].

To control and correct movements, various 
methods can be used. Their applicability depends 
on the feedback signals available on this manipula-
tor and on the requirements for the temporal and 
spatial characteristics of regulation. Information 
for correction can be obtained from various types 
of encoders or from external sensor devices, like a 
video camera [24].

Motion control based on data on the real and de-
sired position of the manipulator can be formalized 
as an optimization problem. When describing the 
dynamics of a robot using the Lagrange equation, 
it is possible to use any common types of control-

lers, for example, a PID controller or a controller 
based on a computable torque. In this case, the PID 
controller can be used directly with a non-linear 
model of the system; the controller for the calculated 
torque requires preliminary linearization. In [25] it 
is proposed to take into account the uncertainties 
of the parameters of the robot to correct the solu-
tion obtained by the controller of the computable 
moment using additional optimization. This process 
formalized as a differential game with a quadratic 
functional of quality; simulation showed that the ro-
bustness of the resulting system with respect to the 
uncertainties of the parameters of the robot’s motors 
increased. Adaptive control (the change in control-
ler parameters over time) was also extensively used
[26, 27] but since this approach has problems with 
stability, its application to this area remained lim-
ited. The review shows that this problem has been 
studied very well, and the considered tools comple-
ment well the means for solving IK and ID problems. 
It is highly desirable to be able to explicitly describe 
the conjugations in individual but practically impor-
tant cases as for fragile objects or near obstacles.

Tools for constructing the trajectory
of the manipulator

This stage is not always implemented in practice: if 
the number of different required trajectories is small 
(as in many industrial manipulators designed to per-
form a small number of operations), then the trajec-
tory is often set simply by a list of points. This list is 
formed either analytically or by holding the manipula-
tor along the desired path in manual or weakly auto-
mated mode. If these capabilities are not enough, then 
more complex tools are used, for example, planning. 
One of the classical approaches is to create a finite 
connected graph that covers the state space of the ma-
nipulator (Fig. 3). Graph nodes correspond to admis-
sible states, and an edge between a pair of neighbor-
ing nodes is drawn only if the transition between the 

Fig. 2. Examples of geometric primitives used for conjugation of trajectory segments:
a — straight line; b — NURBs curve [16]; c — hyperbola [15]
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corresponding states is safe for the given robot, i.e. 
does not lead to a collision with obstacles, other links 
of this manipulator, or to the parameters exceeding 
the permissible limits. If the geometry of the feasible 
regions is fully known then methods of optimal space 
partitioning can be applied, for example, by construct-
ing a Voronoi diagram. In practice, these conditions 
are often not met; therefore, non-optimal partitions 
by regular lattices or their hybrid with a stochastic 
approach can be used [28]. On the graph obtained by 
any of the indicated methods, the problem of finding 
the shortest path from the initial state to the desired 
one is solved; the final plan becomes the required tra-
jectory of movement.

In addition to those described, there were also 
proposed tracing tools that are more often used in 
other branches of robotics as the presentation of tar-
gets as sinks, and obstacles as sources of potential 
fields [29]. Many ready-made implementations of 
scheduling methods are contained, for example, in 
the MoveIt! [8] package.

Another option for constructing a trajectory, 
which makes it possible to more fully take into ac-
count the capabilities of specific robots, is described 
by linguistic models of permissible movements. Thus, 
methods were proposed based on the language of de-
fining movements [30—32] or (as their development) 
on the technology of modular movements [33]. The 
language for describing movements is a formal lan-
guage according to Chomsky, described by context-
free grammar. The symbols of this language are sets 
of actions on the controlled system at a given time. 
The language interpreter program plays the role of an 
intermediary between the discrete language descrip-
tion of the system’s actions and continuous signals 

to executable devices. In other words, the control 
process is described as the execution of a sequence 
of control actions that are symbols of a certain "al-
phabet". At each moment of time only one symbol 
is executed. Complex movements are described with 
character strings. A formal language called mo-
tion definition language (MDL) can be constructed 
from the valid sets of strings. These publications and 
subsequent works of the authors describe numerous
examples of applications of this approach both to 
manipulations and to other control problems.

The advantages of this model include the ver-
satility of presentation and ease of implementation 
on a particular selected system. Individual parts of 
the trajectories in the state space are represented 
by separate small changes of several degrees of 
freedom at once. They are combined according to 
the laws fixed in the formal grammar, forming in-
tegral movements. In some cases, it is possible to 
reduce such systems to finite state machines [34]. 
Character sets can be quite small, making it easier 
to work with. The disadvantages of this approach 
include the need for manual assignment of grammar 
for a specific task, because it is very difficult to 
automatically generate adequate inference rules for 
characters described in such a form. Translating 
characters from representing one manipulator to 
another is also nontrivial.

In [35] another linguistic representation of the 
tasks of manipulating objects is proposed. It is a set 
of diverse actions, consisting of functions, each of 
which determines its trajectory from the initial to the 
final state. In this case, the domain of each action 
is not all possible states of the robot, but only those 
obeying some known a priori formal constraints. For 

Fig. 3. Discretization of the working space of the robot manipulator by the combined method [28]:
a — random filling of large free areas with points with a partition into polyhedra; b — the addition of discretization with points of a narrow 
zone located at the nodes of a regular lattice



205Мехатроника, автоматизация, управление, Том 22, № 4, 2021

example, the following five primitives are used as a 
set of heterogeneous actions suitable for describing 
typical manipulation tasks for a mobile manipulator:
 � transit, i.e. movement of the robot without load;
 � rigid transfer, i.e. moving with the held object;
 � pushing an object with a closed manipulator;
 � approach / retreat of the manipulator in open 

view for gripping or releasing an object;
 � picking up an object lying on the floor.

Further, if the trajectory is considered as a func-
tion that transfers the robot from the initial state to 
the final state, then the problem of path tracing can 
be posed, and each stage of the path will correspond 
to one of the actions. For a known robot and for each 
of the primitives of this method (DAMA — diverse 
action manipulation algorithm) the domain and the 
tracing method can be defined, i.e. they are in prin-
ciple determined. However, in these calculations, in 
addition to the parameters of robots, it is inevitable to 
take into account the properties of manipulated ob-
jects. This concept is limited, for example, by the fact 
that a plate lying on the floor will be captured by the 
pickup action, and the one standing on the table — by 
approach action; perhaps the pickup action was intro-
duced due to the difficulties in solving this particular 
problem by the more common action. Although, in 
general, this method is of great interest, its applicabil-
ity is therefore limited.

The paper [36] also proposes a joint use of the 
DAMA method for motion decomposition and the 
ENSO architecture for training a control system. 
The set of primitives differs from that described 
in the original work [35], which again shows the 
limitations of the approach to dividing motion into 
components in DAMA. Nevertheless, the final sim-
ulated system was able to successfully learn how to 
solve manipulation problems, although exact infor-
mation about stability is not given.

Some types of linguistic models use simpler ab-
stractions to describe the motor tasks — the de-
scription of the trajectories of movement of manip-
ulation objects in the form of alphabet characters 
[37]; the movement of the robot outside the contact 
with the controlled system is not described. This 
allows the developer to focus on the most impor-
tant aspects of manipulation, providing solutions to 
auxiliary problems at the lower hierarchical levels. 
However, taking into account in such systems the 
desired orientation of the robots’ grippers, as well 
as the synchronization of movements between sev-
eral simultaneously operating manipulators, is very 
complicated, requiring the use of poorly developed 
formalisms, for example, parallel grammars.

In some particularly critical cases (for example, 
in the maintenance systems of nuclear power plants), 
approaches are used that leave the choice of trajec-
tories for most free motions to the operator [38]. In 
this case, only individual fine manipulation opera-
tions are subject to automation, the commands for 
starting which are also given by the operator. In 
general, we can say that the means of this level are 
very developed and have significant potential, but 
of all the possible options, as a rule, only planning 
methods in the state space are widely used. The 
reason for this, apparently, can be considered the 
significant requirements for the formalization of the 
description of movements characteristic of linguistic 
models, which lead to complex models with difficult 
to measure, often unstable parameters.

Methods of manipulation decomposition

In general, the methods used to solve this stage 
of the problem do not differ from the tools for de-
composing complex problems used in any section 
of artificial intelligence. Rule-based systems, ex-
pert systems, planning and other formalisms can 
be applied. A detailed review of training methods 
for robotic manipulators using the listed and other 
approaches is given in [39].

Manipulation problems are classic examples for 
demonstrating inference from its inception. Given 
an accurate and complete description of the situa-
tion, this approach is still the most visual and com-
putationally simple. The initial state of the manipu-
lator and the environment is represented in it by a 
set of true statements; permissible state changes — 
by the rules for forming new true statements from 
the existing ones. Recently, approaches have been 
actively developed that allow working with factors 
that are difficult to take into account in the clas-
sical formulation of the problem. For example, the 
dynamic nature of the environment can be taken 
into account using the means of fuzzy logic [40] for 
which the authors use the description of the prob-
lem in the specialized FLOPER language [41]. To 
take into account possible changes in the environ-
ment, facts are placed in the so-called lattice — a 
special algebraic not completely ordered structure 
that allows the simultaneous presence of mutually 
exclusive facts in the knowledge system.

The depth-first search from the initial state is 
another approach to the planning that builds the 
trajectory of movement explicitly. The set of ac-
tions permissible for the manipulator can be ini-
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tially specified as a finite list (for example, a set of 
DAMA primitives) to facilitate interpretation.

Simpler solutions are also used, for example, 
simulating the states of the robot using an expli-
citly defined finite automaton, while the transition 
between states is carried out after performing the 
movements with the receipt of confirmation of the 
successful manipulation from the operator [42]. In 
general, the tools used at this stage have no specific 
features in comparison with those used for similar 
tasks (for example, planning) in other subject areas.

Manipulator control without
explicit hierarchical levels

Simpler and straightforward but widely used in 
practice methods fall into this category. These are 
various kinds of copying controllers for humanoid 
robots whose task is to repeat the reference move-
ments of a person. They can be used for complete 
copying of human movements if the robot’s limb 
is arranged similarly to a human. Reproducing the 
movements of only some parts of the hand, for ex-
ample, the hand [43] is also possible.

There are also systems that reproduce recorded 
forced movements (movement players). Their ap-
plicability is limited due to the need to constantly 
monitor the operating conditions of the manipula-
tor. When these conditions are violated its behavior 
becomes unpredictable. These methods are often 
applied if it is too difficult to formally describe the 
problem or in especially critical systems that require 

an operator for safety, for example, in the space [44] 
and nuclear [38] industries.

Conclusion

From the review, we can conclude that a very 
large arsenal of tools has been accumulated for all 
the main manipulation problems. The main find-
ings of the review are summarized in Table.

An analysis of the survey results shows that the 
areas of application of different approaches and the 
problems they solve differ significantly. For com-
plete automation of manipulation, common software 
packages have ready-made tools of all levels. From 
the development prospects the linguistic approaches 
(MDL and DAMA) are of great interest, since they 
provide an interpretable formal connection between 
high-level tasks (level 3) and direct control (level 1) 
by specifying a formal language for the operator. At 
the same time, higher-level and lower-level prob-
lems of automatic control are acceptable to existing 
off-the-shelf systems. This makes further research 
of linguistic models of manipulator control prob-
lems very promising.
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