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1 Name and surname
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• 1.10.2009 – 15.06.2011, teaching assistant

5





Summary of scientific achievements, Paweł Antoni Malczyk

4 Scientific achievement which ensues from art. 16 par. 2 of the act on academic
degrees and academic title and degrees and title in art (Dz. U. 2017 pos. 1789)

4.1 Title of scientific achievement

Mymain scientific achievement, which ensues from art. 16 par. 2 of the act on academic
degrees and academic title and degrees and title in art (Dz. U. 2017 pos. 1789), embraces a
mono-thematic series of 9 scientific publications entitled:

Modeling of large-scalemultibody systems using parallel divide-and-conquer
algorithms

4.2 Authorship, title of publications, year of publication, publisher

The mono-thematic series of publications discussed in this review, document research
work associated with several issues: modeling of multibody systems using recursive
algorithms, practical implementations on parallel computer architectures, and
applications of the methods in the field of robotics and related areas of engineering.
Each publication in the series had been published after the time the habilitation
candidate received a Ph.D. degree. The subject matter of the series of publications
naturally extends the research initiated in the Ph.D. thesis. In the proposed set there
are five papers published in JCR journals leading in the field of dynamical systems and
robotics, chapter in the Springer monograph, paper published in a journal recognized by
Ministry of Science and Higher Education, and two papers issued in the ASME Digital
Collection, which are indexed inWeb of Science.

Themono-thematic series of publications presented in this document consists of a set of
papers listed below. Table 1 demonstrates a list of publications that takes into account
year of publication, contributions in %, and selected bibliometric measures.
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Series of publications

[1] P. Malczyk and J. Frączek, “A divide and conquer algorithm for constrained
multibody system dynamics based on augmented lagrangian method with
projections based error correction”,Nonlinear Dynamics, vol. 70, no. 1, pp. 871–889,
Jul. 2012. DOI: 10 . 1007 / s11071 - 012 - 0503 - 2. [Online]. Available:
https : / / doi . org / 10 . 1007 / s11071 - 012 - 0503 - 2, IF2012 = 3.009 (lista JCR),
MNiSW2017 = 45 pkt (lista A).

[2] ——, “Molecular dynamics simulation of simple polymer chain formation using
divide and conquer algorithm based on the augmented lagrangian method”,
Proceedings of the Institution of Mechanical Engineers, Part K: Journal of
Multi-body Dynamics, vol. 229, no. 2, pp. 116–131, Sep. 2014. DOI:
10 . 1177 / 1464419314549875. [Online]. Available:
https : / / doi . org / 10 . 1177 / 1464419314549875, IF2014 = 0.69 (lista JCR),
MNiSW2017 = 25 pkt (lista A).

[3] P. Malczyk, J. Frączek, F. González, and J. Cuadrado, “Index-3 divide-and-conquer
algorithm for efficient multibody system dynamics simulations: Theory and
parallel implementation”,Nonlinear Dynamics, vol. 95, no. 1, pp. 727–747, Jan. 2019,
ISSN: 1573-269X. DOI: 10 . 1007 / s11071 - 018 - 4593 - 3. [Online]. Available:
https : / / doi . org / 10 . 1007 / s11071 - 018 - 4593 - 3, IF2017 = 4.339 (lista JCR),
MNiSW2017 = 45 pkt (lista A).

[4] K. Chadaj, P. Malczyk, and J. Frączek, “A parallel recursive hamiltonian algorithm
for forward dynamics of serial kinematic chains”, IEEE Transactions on Robotics,
vol. 33, no. 3, pp. 647–660, Jun. 2017. DOI: 10 . 1109 / tro . 2017 . 2654507. [Online].
Available: https://doi.org/10.1109/tro.2017.2654507, IF2017 = 4.264 (lista JCR),
MNiSW2017 = 50 pkt (lista A).

[5] K. Chadaj, P. Malczyk, and J. Frączek, “A parallel hamiltonian formulation for
forward dynamics of closed-loop multibody systems”, Multibody System
Dynamics, vol. 39, no. 1-2, pp. 51–77, Aug. 2017. DOI: 10.1007/s11044-016-9531-x.
[Online]. Available: https://doi.org/10.1007/s11044-016-9531-x, IF2017 = 2.718

(lista JCR),MNiSW2017 = 35 pkt (lista A).

[6] P. Malczyk, K. Chadaj, and J. Frączek, “Parallel hamiltonian formulation for
forward dynamics of free-flying manipulators”, in Aerospace Robotics III,
J. Sasiadek, Ed. Cham: Springer International Publishing, 2019, pp. 1–15, ISBN:
978-3-319-94517-0. DOI: 10 . 1007 / 978 - 3 - 319 - 94517 - 0 _ 1. [Online]. Available:
https://doi.org/10.1007/978-3-319-94517-0_1, MNiSW2017 = 10 pkt (lista B,
rozdział wmonografii Springera).
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[7] Ł. Wolinski and P. Malczyk, “Dynamic modeling and analysis of a lightweight
robotic manipulator in joint space”, Archive of Mechanical Engineering, vol. 62,
no. 2, Jan. 2015. DOI: 10 . 1515 / meceng - 2015 - 0016. [Online]. Available:
https : / / doi . org / 10 . 1515 / meceng - 2015 - 0016, MNiSW2017 = 15 pkt (lista B,
czasopismo indeksowane wWeb of Science i Scopus).

[8] R. Mukherjee and P. Malczyk, “Efficient approach for constraint enforcement in
constrained multibody system dynamics”, in ASME Digital Collection, vol. 7A: 9th
International Conference on Multibody Systems, Nonlinear Dynamics, and
Control International Design Engineering Technical Conferences and Computers
and Information in Engineering Conference, Portland, Oregon, USA, August 4-7,
2013, 2013, pp. 1–8. DOI: 10 . 1115 / DETC2013 - 13296. [Online]. Available:
http://dx.doi.org/10.1115/DETC2013- 13296, MNiSW2017 = 15 pkt (publikacja
ASME Digital Collection indeksowana wWeb of Science).

[9] ——, “Parallel algorithm for modeling multi-rigid body system dynamics with
nonholonomic constraints”, in ASME Digital Collection, vol. 7A: 9th International
Conference on Multibody Systems, Nonlinear Dynamics, and Control
International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference, Portland, Oregon, USA, August 4-7, 2013,
2013, pp. 1–9. DOI: 10 . 1115 / DETC2013 - 13305. [Online]. Available:
http://dx.doi.org/10.1115/DETC2013- 13305, MNiSW2017 = 15 pkt (publikacja
ASME Digital Collection indeksowana wWeb of Science).

Table 1: List of publications in the series

Publication Year Contribution% Impact factor1 MNiSWpoints2

[1] 2012 70 % 3.009 45 pts
[2] 2014 70 % 0.69 25 pts
[3] 2019 70 % 4.339 45 pts
[4] 2017 50 % 4.264 50 pts
[5] 2017 50 % 2.718 35 pts
[6] 2019 50 % – 10 pts
[7] 2015 50 % – 15 pts
[8] 2013 70 % – 15 pts
[9] 2013 70 % – 15 pts

Total 15.002 255 pts
1 Impact Factor according to the Journal CitationReports database (in the year
of publication)

2 Ministry of Science and Higher Education points according to the unified
scoring system attached to the announcement of the Ministry from
26.01.2017
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4.3 Review of scientific objectives and results achieved and the discussion on the
possible application of the research

4.3.1 Introduction into the field

Automatic modeling and investigation of complex multibody systems (MBS) are
important issues both in engineering branches as well as in scientific research.
Nowadays, it frequently happens that the objects under consideration are very complex
and may belong to the group of variety machines and mechanisms (e.g. road vehicles,
trains, military vehicles, air vehicles, various manipulators and robots) as well as to the
set of interdisciplinary systems (e.g. bio-mechanical systems, bio-molecular systems).
Simultaneously, in some control applications (e.g. nonlinear optimal control) one
requires a deterministic computational time associated with evaluation of a mechanical
system model. The nonlinear analysis and simulation of MBS consume significant
amount of processing resources, especially in the context of large-scale systems (many
bodies, many joints). Simultaneous enforcement of computational efficiency and
requirement for high-fidelity physical models is sometimes difficult to obtain or it is
completely unattainable for contemporary computational tools.

In the following series of publications novel methods for modeling and analysis of
complex multibody systems, which are adapted to parallel processing, are extensively
presented. Few classes of divide-and-conquer recursive algorithms that exhibit near
optimal, logarithmic computational complexity are presented in the document. The
methods give an opportunity to increase efficiency of computations, especially in the
case of simulation of large-scale systems by providing numerically stable solutions.
Some concepts and research results presented here were developed during my
scientific visit at NASA Jet Propulsion Laboratory, California Insitute of Technology,
Mobility and Robotic System Section, Pasadena, USA, and in the framework of
Polish-Spanish cooperation with University of La Coruña, Department of Industrial
Engineering, Spain.

4.3.2 Background and synthetic outline of the state-of-the-art

There aremany algorithms and formulations available in the literature that allow one to
analyze complexmulti-rigid ormulti-flexible-body systems. The state-of-the-art in this
field is extensive. This outline underlines important scientific threads, which are strictly
connected to the undertaken research.

A. Currently, multibody dynamics analysis of rigid-body systems is readily attainable
by contemporary computational tools, when the number of bodies is of small or
moderate size. Nevertheless, the simulation of complex MBS possessing dozens of
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bodies, for which the number of degrees of freedom (DOF) approaches several hundred
(e.g. space systems, robotic tracked vehicles) or several thousands (e.g. bio-molecular
systems), and even millions of DOFs (e.g. granular media), classical, sequential,
state-of-the-art formulations may suffer from low computational efficiency and
accuracy. Moreover, the analysis and simulation of interdisciplinary systems provide
us with a new scientific and engineering challenges.

B. Nowadays, there is a significant progress in the development of multi-core
processors, parallel computer architectures with shared and distributed memory
resources or computations on general processing units (GPU). The hardware solutions
become common and relatively cheap. In that matter, there is an advance in numerical
methods that exploit concurrent computations. Modern multibody solvers do not
exploit the possibilities that give us parallel processing compared to the analogous
simulation solvers from computational fluid dynamics or finite element methods. The
mentioned issues imply that researchers pay more and more attention to the
development of parallel algorithms and formulations for modeling and analysis of MBS
including real-time simulations.

C. One of the most critical difficulties, which arise in modeling of MBS, is the necessity
to solve the systems of differential-algebraic equations (DAE). The state-of-the-art in
the field of numerical integration of such systems is very rich but does not answer all
questions compared to the extensive research devoted to the solution of ordinary
differential equations. In consequence, a proper choice of a numerical integration
procedure for the solution of DAEs that arise in MBS simulations is a difficult task and
has a significant impact on computational efficiency in practical applications. In the
worldwide literature, there is a very modest set of DAE integrators that exploit the
possibility to perform parallel computations.

D. There is a large variety of different algorithms and formulations that can be used for
the analysis and synthesis of multibody systems. The methods are characterized by
different computational complexity, areas of application, and modeling approach. In the
group of recursive algorithms, it is common that Newton-Euler, Lagrange, and
Hamilton’s equations are used. The mentioned methods are reflected in the papers and
practical applications presented in the presented document. One should mention that
the Hamiltonian approach is very rarely encountered in the analysis/synthesis of
complex constrained MBS. There is a limited number of formulations for predicting the
behavior of MBS in arbitrary topologies. In the literature, it is emphasized that the
canonical formalism does have many advantageous features compared to
accelera-tion-based counterparts in the context of numerical
stability/accuracy/fidelity. These properties become very important in real-time
applications and long-time simulations.

The conclusions that arise from practical needs enforce the necessity to conduct
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research in the field of modeling and simulation of multibody systems using
high-performance computations. As a result of the author’s work, significant advances
are obtained in this regard that go beyond the state-of-the-art presented in points A, B,
C, and D. The main focus presented in the series of publications is concentrated on the
recursive algorithms for the analysis of multibody systems in general topologies.
Quality and stability of the numerical solutions were investigated, especially in the case
of large-scale MBS simulations. Different formulations are presented that exploit
Newton-Euler’s formalism [7]–[9], Lagrangian methodology [1], [3] or Hamiltonian
approach [4], [5]. Practical parallel computer implementations of the developedmethods
are discussed [3], [4]. The work done in the papers [2], [6], [7] supplements the series of
publications and demonstrates examples of practical applications of the developed
recursive formulations.

4.3.3 Contribution to the field ofmodelingofmultibody systems included in the series
of publications

Contribution to the field of modeling of multibody systems included in the series of
publications:

• Development of complete methods and parallel divide-and-conquer algorithms
(of differential index 1) for the simulation of complex multibody system (MBS)
dynamics including open-loop (OL) and closed-loop (CL) systems [1], [2].

• Application and unification of the Lagrangian divide-and-conquer algorithms
(DCA) with augmented Lagrangian methods and mass-orthogonal projections that
guarantee control over constraint fulfillment, possibility to analyze redundantly
constrained systems and MBS systems passing in the neighborhood of singular
configuration [1].

• Development of complete Lagrangian divide-and-conquer algorithms (of
differential index 3) together with the unification of the formulation with
structural integration methods that are adjusted to computationally demanding
applications (including real-time simulations) [3].

• Development of Hamiltonian methods and recursive divide-and-conquer
algorithms (of differential index 2) for open- [4] and closed-loop [5] multibody
system simulations.

• Developement and implementation of the divide-and-conquer algorithms on
parallel computing architectures such shared-memory parallel computers [3] and
graphics processor units [4], [6]. Parallel performance evaluation for the medium-
and large-scale systems.

• Development of hybrid divide-and-conquer algorithms for the complex MBS
dynamics simulation that exploit the properties of motion and constrained
sub-spaces as well as augmented Lagrangian methods [8].
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• Development and generalization of the divide-and-conquermethods for the case of
MBS systems with linear non-holonomic constraints [9].

• Application of the developed recursive formulation in molecular dynamics [2], in
industrial [7] and space robotics [6].

The proposed research lines are intensively explored by many researchers worldwide
and still form challenging scientific problems. There are separate sessions at thematic
conferences worldwide, which are specifically devoted to the raised topics. Many
scientific institutions pay attention to the potential of the matters (NASA, Jet
Propulsion Laboratory, California Insitute of Technology among the others). The
content in the series of publications contributes both to the Polish and worldwide
state-of-the-art.

The proposed novel formulations and important extensions of the Newton-Euler-based
divide-and-conquer algorithms developed by the author in [8], [9] (oryginally elaborated
by Featherstone [10], [11]) focus on two scientific problems. The former is associated
with the problems of constraint stabilization during numerical integration of the
resulting differential-algebraic equations. The latter considers the possibility to
analyze complex MBS with linear non-holonomic constraints. The main stream evident
in the papers is supplemented by the results delivered in [7], which demonstrate
sequential recursive formulation for the simulation of multibody system dynamics. On
the other hand, the series of papers devoted to Lagrangian divide-and-conquer
formulations [1]–[3] lead to the elaboration of completely new methods that unify
recursive algorithms together with integration schemes. It should be emphasize that
the proposed Hamiltonian formulations and divide-and-conquer algorithms [4]–[6] have
not been yet presented in the literature. According to the best knowledge of the
candidate, the scientific achievements in this field represent one of the first attempts to
practically parallelize constrained Hamilton’s equations. In the broader perspective, it
should be emphasized that the proposed Hamiltonian-based formulations and
algorithms may open new interdisciplinary research perspectives that are potentially
distant from the re-search lines presented herein. This reflection comes from the fact
that the Hamiltonian methods operate in three different domains (equations of motion,
partial differential equations, and variational principles) which are all interconnected.
The proposed research results may contribute to all domains in which an efficient
generation and reliable solution of constrained Hamilton’s canonical equations play a
profound role, e.g.: optimal control theory, identification methods, optimal design of
mechanical systems, and more and more common interdisciplinary applications.

Some scientific challenges presented herein are undertaken in the National Science
Centre grant (OPUS) under agreement no. DEC-2018/29/B/ST8/00374 entitled
Hamiltonian approach toward efficient modeling of large-scale multibody systems with
friction and toward real-time simulations of robotic systems.
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Apart from scientific issues, the proposed research outcome demonstrates to have
extensive advantages when it comes to practical applications. The developed solutions
could be applied in a computer-aided software suite that might open new perspectives
for the research of interdisciplinary systems. Some of the ideas and concepts developed
here have been applied in a software suite used in NASA, Jet Propulsion Laboratory,
California Institute of Technology.

4.3.4 Review of the content and main scientific objectives achieved in the series of
publications

[1] P.Malczyk and J. Frączek, “A divide and conquer algorithm for constrainedmultibody
system dynamics based on augmented lagrangianmethodwith projections based error
correction”, Nonlinear Dynamics, vol. 70, no. 1, pp. 871–889, Jul. 2012. DOI: 10 . 1007 /
s11071-012-0503-2. [Online]. Available: https://doi.org/10.1007/s11071-012-0503-2,
IF2012 = 3.009 (lista JCR),MNiSW2017 = 45 pkt (lista A)

One of the most efficient parallel algorithms for multibody system dynamics
simulations are based on divide-and-conquer methodologies, which were originally
proposed by Featherstone [10], [11]. The DCA algorithms may be applied for the analysis
of a broad class of multibody systems. Nevertheless, the original methods are
formulated based on some simplifying assumptions, which may cause severe problems,
when it comes to the analysis of general MBS. This may lead to many computational
problems, which manifest itself in ill-conditioning of the matrices involved in the
calculations. This phenomenon is partially connected to the Jacobian matrix, which may
lose its rank. The described situation may frequently happen when closed-loopMBS are
analyzed. The simulation of such systems pose much more challenges than the
analogous open-loop multibody system dynamics simulations (which are typical to the
robotics field). The mentioned problems arise from the fact that redundant constraints
may be imposed on the system. Similarly, the analysis of systems that undergo singular
configurations may imply serious consequences. Due to the abrupt change in the rank
of the Jacobian matrix, one may expect the accumulation of constraint violations errors.
This phenomenon may significantly lower the quality of the numerical solutions,
especially for long-time simulations. In the work [1] a complete Lagrangian methods for
modeling and analysis of complex spatial multibody systems is proposed that are well
adapted to parallel processing and avoid the mentioned computational problems.

Theprimary importance of this scientific achievement documented in the publication can
be summarized as follows:

• Developement of complete Lagrangian methods for modeling and analysis of
complex multibody system dynamics with the use of parallel computing
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associated with binary tree, which represent a topology of MBS.
• Introduction of the augmented Lagrangian methods and mass-orthogonal

projections into the proposed divide-and-conquer methods, that allow one to
stabilize constraints and bring them onto the constraint manifold.

• It is demonstrated that the proposed methods allow one to analyze redundantly
constrained MBS and systems that may pass in the neighborhood of singular
configurations; the phenomena have been displayed on the basis of open-loop and
closed-loop systems.

• It is demonstrated that the proposed algorithms exhibit a near logarithmic
computational complexity and allow one to analyze a broad family of MBS
including open- and closed-loop systems.

The Nonlinear Dynamics journal is one of the best periodical devoted to dynamics and
nonlinear control of various systems (according to the Thomson Reuters ranking, which
is based on impact factor).

[2] P. Malczyk and J. Frączek, “Molecular dynamics simulation of simple polymer chain
formation using divide and conquer algorithm based on the augmented lagrangian
method”, Proceedings of the Institution ofMechanical Engineers, Part K: Journal ofMulti-
body Dynamics, vol. 229, no. 2, pp. 116–131, Sep. 2014. DOI: 10.1177/1464419314549875.
[Online]. Available: https : / / doi . org / 10 . 1177 / 1464419314549875, IF2014 = 0.69

(lista JCR),MNiSW2017 = 25 pkt (lista A)

The techniques of modeling and analysis of polymers, bio-polymers (bio-molecular
systems) are intensively explored bymany research institutions across the world due to
the fact that the methodologies play a profound role in practical applications.
Prediction of the conformation of biological molecules given their structure, and
understanding the mechanisms of protein folding pathways (e.g. folding of petides,
proteins, and nucleic acids) are major challenges for computational biophysics and
biochemistry. The results of the simulations are of particular importance for pharmacy
or biotechnology industries.

In this paper [2] a practical molecular dynamics (MD) application of the DCA algorithm
developed in [1] is presented. The molecular dynamics (MD) methods provide one of the
tools for modeling polymers at various levels of detail, ranging from atomistic to
articulated structures possessing rigid or flexible components. Usually the dynamics of
polymers is characterized by complex energetic interactions and large conformational
changes of the structures within the broad range of time scales. In consequence, MD
simulations constitute a computationally demanding problem even for current parallel
computers. There are two inherent difficulties in polymer simulations. The first one is
associated with a spatial size of the systems that may possess hundreds to many
thousands of or even more interacting sites (atoms). Numerical cost of calculating
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interactions between the atoms is a challenging many body problem. The second issue
is connected to the time scales that contain the phenomena of interest in various
frequency ranges. This diversity has a profound impact on computational efficiency
implying the necessity of performing many thousands to millions of integration time
steps.

The presented work [2] is of interdisciplinary nature. In the beginning, a multibody
model of a simple polymer chain is proposed. The purpose is to study structure
formation under gradual cooling of the system. The polymer model described here is an
open kinematic chain with monomers assumed to be rigid bodies. Holonomic
constraints are imposed on the motion of the system. The constraints are reduced to
simple revolute joints associated with single torsional degrees of freedom around rigid
bonds. Therefore, five degrees of freedom have been frozen out to eliminate
high-frequency vibrations associated with stiff bond potentials at constrained
directions. The bond angles are constant. In real systems, flexible components should
be taken into account to capture the essence of the polymer behavior. This assumption
changes a class of problem to be solved and requires the analysis of flexible multibody
system dynamics. It should be pointed out that there exists a relatively close analogy
between a model of polymeric chain moving in a solvent and a model of a space
manipulator in e.g. microgravity conditions.

This paper presents the methodology and application of the DCA algorithm for the
simulation of MD of simple polymer chains. It is assumed that polymer models are
simple open kinematic chain systems that may change the number of degrees of
freedom. The temperature of the system is gradually reduced and has an impact on
conformational changes of the structure. The results of series of MD simulations
demonstrate that the simplified modeling approach may be exploited to obtain
scenarios at which the homopolymers collapse into well-formed helices. Initial
condition, chain lengths, and cooling rates are the factors that have the greatest effect
on the ability of polymer to fold into defect-free structures. It should be mentioned
that the research outcome is a contributions that may have significant importance in
the context of predicting physical and chemical properties of real systems at the
molecular level.

The primary importance of this scientific achievement that contributed to the field of
multibody modeling methods can be summarized as follows:

• Development of a spatial model of a polymer chain in absolute coordinates, which
is simulated by using highly parallelizable Lagrangian DCA algorithms developed
in the paper [1].

• It is indicated that the probability of forming regular helices strongly depends on
the chain length, cooling factor, and assumed initial conditions. The cooling of the
polymer chain cannot be fast because the folded chain will contain considerable

16



Summary of scientific achievements, Paweł Antoni Malczyk

amount of defects trapped in the structure.
• It is indicated the the proposed DCA method [1] can be successfully applied to

molecular dynamics simulations; the total mechanical energy is conserved and
and the constraints are fulfilled at the reasonable level. The proposed framework
can be useful in understanding the underlying physical phenomena at time scales
longer than few nanoseconds.

Journal of Multi-body Dynamics, where the paper is published, is one out of two major
technical periodical, which is completely devoted to multibody systems and to
applications of theMBSmethods in varioues are of engineering and research.

[3] P. Malczyk, J. Frączek, F. González, et al., “Index-3 divide-and-conquer algorithm
for efficient multibody system dynamics simulations: Theory and parallel
implementation”, Nonlinear Dynamics, vol. 95, no. 1, pp. 727–747, Jan. 2019, ISSN:
1573-269X. DOI: 10.1007/s11071-018-4593-3. [Online]. Available: https://doi.org/10.
1007/s11071-018-4593-3, IF2017 = 4.339 (lista JCR),MNiSW2017 = 45 pkt (lista A)

Computational efficiency has traditionally been a major concern of researchers
developing algorithms for multibody dynamics simulations. Considerable
improvements in computer architectures have taken place during the last years,
enabling the efficient simulation of larger and more complex mechanical systems. Also
the expectations about the performance that a multibody software tool can deliver
have grown at the same pace. Nowadays, there are a large number of industry and
academic applications that require efficient and accurate code execution. Some of these
demand real-time performance, such as Hardware- and Human-in-the-Loop (HiL)
settings. Realtime multibody simulators are typically connected to virtual reality
environments and motion platforms to provide realistic feedback to users. Therefore,
the efficiency of multibody dynamics algorithms is determinant for the ability of these
applications to meet their performance requirements.

In this paper [3], the authors propose a novel and generalized index-3 divide and conquer
formulation for multi-rigid body dynamics that elegantly handles redundant
constraints and potential singular configurations that may appear in such simulations.
Unlike the methods reported in [1], [2] that follow an index-1 approach, here, we
deliberately make use of an index-3 augmented Lagrangian formulation. In order to
achieve high computational efficiency of the formulation, a Newmark family of
integrators (trapezoidal rule) is applied. The constraint equations might be fulfilled
with a user-specified tolerance, for the price of additional computational cost. The
process of projecting the solutions onto the constraint hyper-surfaces are made only at
the velocity and acceleration level unlike the methods used in the papers [1], [2]. The
proposed DCA algorithm exploits a redundant set of absolute coordinates, and the
formed system consists of differential-algebraic equations of differential index 3.
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There are three highly parallelizable steps that can be distinguished in the algorithmic
flow: Newton-Raphson procedure and two mass-orthogonal projections on the
appropriate constraint manifolds.

In this article, the results of numerical simulations of several small-scale test cases
including OL and CL systems have been presented. The sample mechanisms are chosen
intentionally to demonstrate the performance of the formulation in case of modeling of
multibody systems possessing various topologies and configurations. Even more
complex example is demonstrated in order to show the properties of the proposed
algorithm for the simulation of large-scale mechanical systems. A multi-rigid body
pendulum with variable number of degrees of freedom is investigated. This model may
serve as a good starting point for simulating more complex systems such as cables,
ropes, and nets. This work gives several conclusions associated with stability and
accuracy of the the developed DCA methodology. Stable numerical simulations are
performed at a time step t=0.01 s for large-scale system that consists of 128 bodies. The
rich chain dynamics behavior is properly captured by guaranteeing reasonable accuracy
for long-time simulations.

Finally, the divide-and-conquer scheme is employed on top of the index-3 formulation
with mass-orthogonal projections. The trapezoidal rule is embedded into the solution
process without the deterioration of the binary tree structure of the algorithm. The
proposed approach enables one to parallelize the involved computations at the position,
velocity, and acceleration level. The details of parallel implementation on shared
memory computer with eight cores are presented. Significant efficiency gains are
captured for the simulation of small and medium multibody systems. Substantial
decrease in turnaround time is obtained for large multibody systems. Highly
parallelizable structure of the algorithm together with the ability of the formulation to
take large integration time steps by simultaneously delivering physically meaningful
results with reasonable accuracy make the proposed algorithm a good general purpose
approach for highly efficient or real-time multibody dynamics simulations.

The primary importance of this scientific achievement that contributed to the state-of-
the-art can be summarized as follows:

• Development of generalized divide-and-conquer algorithms (of differential index
3) and integration of the formulation with Newmark’s family structural numerical
integrators, which are well adapted to computationally efficient large-scale
multibody dynamics simulations, including real-time simulations.

• Development of parallel algorithms for Newton-Raphson scheme as well as for
the process of mass-orthogonal projections onto the constraint manifolds that
guarantee a decrease in numerical cost.

• It is indicated that the proposed DCA methods are robust for the cases when
redundantly constrained MBS systems are being simulated and in the case then
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the system passes in the neighborhood of singular configuration.
• Development of large-scale systemmodels together with a variant analysis of the

factors that allow one to take larger time step in the simulations.
• Parallel performance and scalability results for the developed divide-and-conquer

algorithm in the case of large-scale system simulations.

This work has several authors. It is developed in the framework of a long-term
Polish-Spanish cooperation with University of La Coruña, Department of Industrial
Engineering. This institution is highly specialized in real-time simulations of complex
large-scale systems. The contribution of the candidate is dominant and embraces
majority of aspects of the work including ideas, mathematical formalism, practical
parallel implementation, and discussion of the numerical outcome. The research
outcome presented here is a culminant point in the developement of the Lagrangian
DCAmethods, which were initiated in my PhD thesis and significantly build up in [1], [2].

[4] K. Chadaj, P. Malczyk, and J. Frączek, “A parallel recursive hamiltonian algorithm
for forward dynamics of serial kinematic chains”, IEEE Transactions on Robotics, vol. 33,
no. 3, pp. 647–660, Jun. 2017. DOI: 10.1109/tro.2017.2654507. [Online]. Available: https:
//doi.org/10.1109/tro.2017.2654507, IF2017 = 4.264 (lista JCR), MNiSW2017 = 50 pkt
(lista A)

The Hamiltonian approach is very rarely encountered in the analysis and synthesis of
complex holonomically and non-holonomically constrained multibody systems. In the
literature there is a limited number of formulations that allow one to predict the
behavior of multibody system that possess arbitrary topology. In the relatively small
set of scientific papers in the multibody community and in some papers on physics, it is
emphasized that the canonical formalism does have many advantageous features
compared to its classical, acceleration based counterparts (e.g. Lagrange equations with
multipliers) in the context of numerical stability, accuracy, fidelity. These properties
become very important when real-time applications and long-time simulations come
into picture. The Hamiltonian approach has been successfully applied for the analysis of
interdisciplinary systems (e.g. port-Hamiltonian approach) as a novel and elegant way
of describing nonlinear phenomena that emphasizes symmetries and conservation laws.
When it comes to the solution of Hamilton’s equations, numerical integrators are
inevitable. There is a large group of integration procedures that is specifically designed
to be used in Hamiltonian mechanics that conserve some constants of motion and
maintain geometrical properties of the Hamiltonian formulation. In the worldwide
literature it is hardly difficult to find a connection between novel temporal integration
procedures and low-order Hamiltonian recursive formulations proposed in this project.
The Hamiltonian algorithms are limited only to sequential computations.

In this paper, a recursive DCA formulation for the simulation of multibody and robotic
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system dynamics based on Hamilton’s canonical equations is presented. The algorithm
is novel and it has not been presented in the state-of-the-art so far. Serial kinematic
chains are considered in this paper. The proposed DCA methodology is non-iterative
and exhibits logarithmic O(log2n) computational complexity for n threads and bodies in
the system, when the number of processing units is O(n). Initially, the standard set of
Hamilton’s canonical equations is joined together with constraint equations at the
velocity level. The reformulation determines the system’s joint velocities and
constraint force impulses in a divide and conquer manner resulting in a logarithmic
numerical cost for parallel implementation. Subsequently, the equations of motion are
rearranged in order to obtain the time derivatives of the total joint momenta. In the
case of sequential implementation, the entire algorithm exhibits linear computational
cost. In effect, the proposed algorithm allow one to calculate the partial derivatives of
the Hamiltonian function with respect to the canonical coordinates in a highly efficient
and parallelizable manner.

Two kind of numerical test cases are performed to demonstrate the performance,
numerical conditioning, and correctness of Hamilton’s divide-and-conquer algorithm
developed in this paper. At first, a pendulum attached at one end to a firm support was
modeled with the use of variable number of rigid bodies interconnected by revolute
joints. Furthermore, the HDCA algorithm is utilized to reproduce the outcome of the
real-life physical experiment associated with multi-link pendulum that possesses
n = 229 bodies. This paper demonstrates the details of research devoted to the choice of
numerical integrator well adapted to the the analysis and simulation of large-scale
systems. Comparative analysis is made with classical formulation [10]. The validation of
logarithmic computational cost of the Hamiltonian DCA algorithm when implemented
on parallel architectures is shown in the work. Initial implementations have been
performed and the performance results have been gathered, especially on graphics
processor units (GPU). The performance and scalability analysis is conducted in the
context of problem size and number of threads used for calculations. It is indicated the
turnaround time can be significantly decreased for large-scale system simulations
when a parallelizable version of the algorithm is exploited.

The primary importance of this scientific achievement that contributed to the state-of-
the-art can be summarized as follows:

• Development of Hamiltonian based divide-and-conquer methods and algorithms
for the analysis and simulation of complex open-loop multibody systems.

• It is indicated in the paper that the proposed Hamiltonian algorithms give more
stable numerical solutions compared to the outcome generated by using the
formulations based on accelerations.

• Development of a complex, open-loop multibody model in canonical coordinates
that represents a real-life system.
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• Development of parallel implementationonmulticore graphics processor units and
experimental verificationof the logarithmicnumerical cost of the computations for
open-loop kinematic chains in the case of parallel processing with n threads.

The IEEE Transactions on Robotics (T-RO) publishes research papers that represent
major advances in the state-of-the-art in all areas of robotics. The Transactions
welcomes original papers that report on any combination of theory, analysis,
algorithms, and integration and application case studies involving all aspects of
robotics including computer science, control systems, mechanics. The IEEE T-RO has
been one of the most-cited journal in robotics. The contribution of the candidate is
dominant and includes the development of the concept, elaboration of the theoretical
Hamiltonian based DCA method, verification of the computations, and participation in
preparing the paper.

[5] K. Chadaj, P.Malczyk, and J. Frączek, “A parallel hamiltonian formulation for forward
dynamics of closed-loopmultibody systems”,Multibody SystemDynamics, vol. 39, no. 1-
2, pp. 51–77, Aug. 2017. DOI: 10.1007/s11044- 016- 9531- x. [Online]. Available: https:
//doi.org/10.1007/s11044-016-9531-x, IF2017 = 2.718 (lista JCR),MNiSW2017 = 35 pkt
(lista A)

In previous paper [4], a Hamiltonian based divide-and-conquer algorithm (HDCA) for
open-loop multi-rigid body dynamics is proposed. In this paper, the HDCA algorithm is
significantly extended and generalized to deal with systems possessing closed-loop and
coupled-loops topologies. The method solves Hamilton’s canonical equations for
constrained multi-rigid-body system in a divide-and-conquer manner. While the state
of the mechanical system is described in terms of joint coordinates and joint momenta,
the absolute coordinates are used as well to clearly present the underlying
relationships between the variables. The HDCA recursive procedure for closed-loop
multibody systems allows one to evaluate joint velocities and time derivatives of joint
momenta with the aid of velocity level constraint equations in an efficient and
parallelizable manner. This work is novel. There is a lack of Hamiltonian based parallel
algorithm for the simulation of general constrainedMBS in the state-of-the-art.

The main part of the paper provides a detailed formulation of the HDCA algorithm for
the dynamics of complex multibody systems by utilizing the Hamilton’s approach. The
multibody systems are modeled in dependent canonical coordinates. Due to the fact
that the MBS under consideration may possess closed kinematic chains, there are
additional constraints imposed on the canonical coordinates. The generalized
momentum vector can be decomposed into two orthogonal subspaces: joint motion
subspace and constrained motion subspace. This treatment allows one to calculate joint
velocities and constraint force impulses in a divide-and-conquer manner. The
computational steps are in fact equivalent to the evaluation of the first set of
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Hamilton’s canonical equations. The proposed method allows one to recursively
calculate the derivatives of canonical coordinates without the need of determination of
the system’s Hamiltonian and its partial derivatives ∂H

∂p
.

The second part of the process is devoted to the calculation of time derivatives of joint
canonical momenta. Initially, the equations of motion for MBS are formulated in terms
of absolute momenta. Subsequently, the notion of articulated and accumulated
momenta are exploited to form the equations of motion in a divide-and-conquer
manner. Finally, the expressions for the time derivatives of canonical momenta are
demonstrated. This computational step is equivalent to the evaluation of the second set
of Hamilton’s canonical equations for constrained multibody systems. There is no need
to explicitly calculate the system’s Hamiltonian and its partial derivatives ∂H

∂q
. The

proposed computational process exhibits linear O(n) (n – number of bodies) and
logarithmic O(log2n) numerical cost, in serial and parallel implementations,
respectively, when n threads are used for calculations. The complexity of the MBS
topology may significantly influence the total numerical cost. The additional
computational burden is strongly connected to a way a multibody system is connected
to the base body.

The proposed HDCA algorithm has been applied for the analysis and simulation of
sample multibody systems possessing closed-loop and coupled loops. As is shown in the
text, the HDCA method performs very well when it comes to the total energy
conservation and constraint violation errors. The comparative study has demonstrated
that the HDCA algorithm is able to preserve the energy and constraint equations much
better (at the level of 10−15) compared to the results produced by the classical DCA
approach [10], [11]. On the other, position constraint equations exhibit a marginal drift
for long-time simulations. However, it is much more smaller than the analogous drift
observed in the classical DCA method. Similar conclusions have been made when it
regards to the total energy conservation. The benefit from using the Hamiltonian
approach proposed here comes from the fact the resulting canonical equations are in
fact systems of differential-algebraic equations with lowered differential index 2. The
theoretical computational cost of evaluating the time derivatives of the state of a
system is approximately the same as in the case of classical method [11]. Nevertheless,
the Hamiltonian based divide-and-conquer formulation exhibits much more better
numerical properties compared to the classical method.

The primary importance of this scientific achievement that contributed to the state-of-
the-art can be summarized as follows:

• Development of generalized Hamiltonian based divide-and-conquer formulation
for the analysis of complex closed-loop multibody systems.

• Application of the generalized Hamiltonian based DCA to the analysis of
closed-loop multibody systems.
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• It is indicated that the proposed formulation exhibits better numerical stability and
computational efficiency for the simulation of closed-loop systems compared to
the acceleration based parallel formulations available in the state-of-the-art.

The Multibody System Dynamics journal is the most quoted and prestigious journal,
which is entirely devoted to multibody systems (according to the Thomson Reuters
ranking, which is based on impact factor). This paper has several authors. The
contribution of the candidate is dominant and includes the development of the concept,
elaboration of the theoretical Hamiltonian based DCA method for CL systems,
verification of the computations, preliminary implementation, and participation in
preparing the paper.

[6] P. Malczyk, K. Chadaj, and J. Frączek, “Parallel hamiltonian formulation for forward
dynamics of free-flying manipulators”, in Aerospace Robotics III, J. Sasiadek, Ed. Cham:
Springer International Publishing, 2019, pp. 1–15, ISBN: 978-3-319-94517-0. DOI: 10 .
1007/978- 3- 319- 94517- 0_1. [Online]. Available: https://doi.org/10.1007/978-
3-319-94517-0_1,MNiSW2017 = 10 pkt (lista B, rozdział wmonografii Springera)

Free-flying space robotic systems in which manipulators are mounted on a space-craft
have been proposed in the field of space robotics to increase the mobility of such
devices. In a number of space applications multi-arm robotic systems are exploited in
order to broaden the manipulability properties of the system. Thus naturally, the
dynamics, planning, and control algorithms received significant attention from
researchers. One should also note that apart from internal joint degrees of freedom
(DOF), free-flying systems have six additional DOF, assigned to the manipulator
base-body (spacecraft). The additional mobility properties for such systems change a
way of studying the dynamics and control algorithms for free-flyers. Parts of the
achievements demonstrated in [4] are used here. This paper implements a Hamiltonian
based divide-and-conquer algorithm for the analysis of space system: a multi-arm
space robot analyzed in a simplified scenario of chasing and capturing an object.

In the first part of the paper, as Hamiltonian based divide and conquer algorithm for
forward dynamics of free-flying manipulators possessing tree-like topologies is
presented. The underlying dependencies between joint and absolute coordinates are
described. The momentum conservation principle for the articulated and accumulated
momenta allows one to determine the system’s velocities and constraint impulse loads
at joints in the assembly – disassembly manner achieving logarithmic cost on parallel
computer architectures. Afterwards, the equations of motion are formulated in terms
of derivatives of articulated momenta. It should be mentioned that both first and
second computational step is highly parallelizable according to the binary tree
associated with a topology of a free-flyer.

In the second part of paper, a sample test case is demonstrated to illustrate the
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applicability of the developed HDCA algorithm for the simulation of space systems. The
dynamics of multi-arm space robot is investigated in a simplified scenario, in which the
robot is chasing and capturing a non-moving object. The planar free-flying system
consists of three open kinematic chains, two of which are four-link arms, while the
third one, is an additional appendage fulfilling some functions e.g. it can be a
communicating antenna. The arms are attached to the moving base-body, which adds
additional three-degrees of freedom to the whole system with respect to the global
coordinate frame. Simple control strategy (ideal PD controller) is used to achieve the
desired control objectives. Numerical results are shown in the text together with a
frame by frame animation of the maneuver.

In the third part of the text, a discussion on the potential difficulties associated with
analysis of spatial space robotic systems is provided. When a closed-loop free-flying
multi-rigid-body systems are considered it may happen that there are redundant
constraints imposed on the system. The redundancy manifests itself in the inability of
the HDCA algorithm to evaluate constraint force impulses that may indeed be useful in
design and control applications for space robots. The extension of the work [5] for the
analysis of space robotic systems with closed-loops require further research as it is
connected with several challenges both in modeling and algorithmic end.

The last part of the work is devoted to the way the HDCA method can be parallelized
when space systems are analyzed. The HDCA algorithm presented in this paper is the
approach that enables one to efficiently simulate the dynamics of complex
multi-rigid-body systems in a highly parallelizable manner. The full exploitation of
parallel computing requires generation of well-balanced binary tree associated with a
topology of a space system. The parallelization may be pursued by looking at the way
the independent sub-assemblies are constructed when solving Hamilton’s equations.
The parallel performance results obtained on GPU are provided in the text. Conclusion
are drawn in the last section of the paper.

The primary importance of this scientific achievement that contributed to the state-of-
the-art can be summarized as follows:

• Development of a Hamiltonian based divide-and-conquer algorithm for the
analysis and tree-like free-flying multibody systems.

• Application of the HDCAmethodology for the simulation of a space robotic system
equipped with three robot arms attached to the movable spacecraft.

The contribution of the candidate is connected to the concept of the work, theoretical
foundations of the HDCA approach, which is adapted here to free-flyers, preliminary
implementation, and preparation of the text.
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[7] Ł. Wolinski and P. Malczyk, “Dynamic modeling and analysis of a lightweight robotic
manipulator in joint space”, Archive of Mechanical Engineering, vol. 62, no. 2, Jan. 2015.
DOI: 10.1515/meceng-2015-0016. [Online]. Available: https://doi.org/10.1515/meceng-
2015 - 0016, MNiSW2017 = 15 pkt (lista B, czasopismo indeksowane w Web of Science
i Scopus)

This work forms a supplement to the main stream presented in the series of
publications. It illustrates a practical application of the multibody method in robotics.
The primary importance of the paper is the application of the efficient formulation for
the simulation of open-loop lightweight robotic manipulator. The framework
employed in the paper makes use of the spatial operator algebra and the associated
equations are expressed in joint space. This compact representation of the manipulator
dynamics makes it possible to solve the robot forward and inverse dynamics problems
in a recursive and fast manner. In the current form, the presented algorithm can be
applied for the dynamics simulation of an open-loop chain system possessing any
number of joints. Specifically, the formulation has been successfully applied for the
analysis of the 7DOF KUKA LWR robot. Results from a number of test cases for the robot
demonstrate the verification of the calculations.

In the first part of the paper an O(n) joint-coordinate recursive algorithm is formulated.
Kinematic and dynamic recursive formulas are expressed here for an open-loop
manipulator. Concise matrix-vector notation is introduced similar to that exploited in
the so called spatial operator algebra, which was originally developed at NASA, Jet
Propulsion Laboratory. The spatial operator algebra exploits the similarities that exist
betweenmanipulator dynamics and optimal estimation. The introduced notation allows
one to compactly represent a forward and inverse dynamics problem without the
necessity to look at the precise recursive formulas. Last part of the section presents a
discussion on the difficulties associated with closed-loopMBS simulations.

The second part of the text presents detailed algorithmic steps, which allow one to
effectively solve a forward and inverse dynamics problem for a serial, spatial
manipulator. The algorithm is generalized for the cases of open-loop kinematic chains
possessing arbitrary number of degrees of freedom.

In the third part of the text, a KUKA LWR 4+ model of 7-degree of freedom light-weight
robot is presented. The model is extensively used for simulating forward and inverse
dynamics problem. Preliminary robot parameters have been taken from the official
KUKA documentation and some data available in the literature. The numerical results
are verified against the outcome produced by commercial multibody solver. As a result
of the research presented here, a simplified manipulator model has been derived, which
can be very usefule when parameter identification procedures are taken into account.
The last section of this part is devoted to the influence of the choice of numerical
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integrator and tolerances on the overall turnaround time associated with computations.

The primary importance of this scientific achievement can be summarized as follows:

• Formulation of the joint-coordinate recursive formulation for open-loop
manipulator dynamics, in which the equations of motion are generated with
respect to the centroidal coordinate frames.

• Introduction of the concise matrix-vector notation to express the properties of a
manipulator.

• Application of the methodology for the analysis and simulation of a real 7DOF
industrial manipulator.

Two authors contributed to the paper. The habilitation candidate is a co-advisor in the
Ph.D. thesis of the first author. The candidate contributed to theoretical foundations of
the algorithm. I have expressed the recursive formulas in a concise matrix-vector form.
I took part in the preparation of the manuscript.

[8] R. Mukherjee and P. Malczyk, “Efficient approach for constraint enforcement
in constrained multibody system dynamics”, in ASME Digital Collection, vol. 7A:
9th International Conference on Multibody Systems, Nonlinear Dynamics, and
Control International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference, Portland, Oregon, USA, August 4-7, 2013, 2013,
pp. 1–8. DOI: 10.1115/DETC2013-13296. [Online]. Available: http://dx.doi.org/10.1115/
DETC2013-13296,MNiSW2017 = 15 pkt (publikacja ASME Digital Collection indeksowana
wWeb of Science)

First, it should be emphasized the paper [1] presented above focuses on the unification of
the divide-and-conquer scheme with the augmented Lagrangian method. On the other
hand, Mukherjee and Anderson [12] developed their own divide-and-conquer algorithm
for the analysis of closed-loop MBS with the use of orthogonal complement to the joint
motion subspace. Both approaches suffer from some insufficiency, which is mainly
connected to the constraint violation errors, which may accumulate during numerical
integration. The method in [1] does possess the stabilizing terms that prevent from a
constraint drift and guarantee reasonable accuracy, which is however far from the
precision of floating-point numbers used for calculations. Unless, mass-orthogonal
projections are employed, which are known to be numerically expensive. In the work
[12], acceleration level constraint equations are exactly fulfilled. Nevertheless, position-
and velocity-level constraints may violate from constraint manifolds, especially for
long-time simulations.

This work [8] is built on the seminal ideas of the orthogonal complement based DCA and
augmented Lagrangian methods and presents a hybrid approach for the analysis of
closed-loop multibody systems. The hybrid DCA algorithm developed here provides
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much more stable solutions compared to two other counterparts available in the
state-of-the-art [1], [12].

In this paper an efficient and robust approach for enforcing the loop closure constraints
in modeling multi-rigid body system dynamics is presented. The first part the paper
demonstrates an orthogonal complement based divide-and-conquer algorithm, which
makes use of Newton-Euler equations of motion expressed at the handles. It is assumed
that a closed-loop topology of an MBS system may be split into a part with open-loop
subsystems and the connections between them that form an original topology. Mixed
joint-absolute coordinates are used to model MBS systems. Within open-loop chains
one could use other fast recursive algorithms (e.g.[7]). For the interconnection,
additional, cut-joint constraints are formulated at the acceleration level. Lagrange
multipliers are introduced that are physically connected to the constraint reaction
forces, which act along constrained directions. Now, one can build an approximation of
the Lagrange multipliers according to the augmented Lagrangian method, which tend to
stabilize constraints. If there are no constraint violations accurate values for the
Lagrange multipliers are calculated that exactly enforce the acceleration level
constraint in non-singular cases. The orthogonal complement based DCA method is
used then [12]. However, when the exact accelerations are integrated, due to inexact
temporal integration, the velocity and position level constraints are non-zero. The the
fictitious terms are non-zero, which help to stabilize constraints [1].

In the second part of the paper the results of the numerical simulations of two test
cases are presented. The sample mechanisms are chosen intentionally to demonstrate
the performance of the formulation in case of modeling of multibody systems in
generalized topologies. The former test case is a planar fourbar mechanism. The latter
one is a system composed of two coupled loops. Both examples are particularly difficult
for multibody dynamics algorithms due to several problems involving numerical
(constraint stabilization) as well as modeling issues (redundant constraints, singular
configurations). Comparative study has been made against the results produced by the
algorithms presented in [1], [12]. The hybrid DCAmethod developed here guarantee very
stable numerical solutions for long-time simulations compared to other counterparts
available in the literature.

The primary importance of this scientific achievement that contributed to the state-of-
the-art can be summarized as follows:

• Development of hybrid divide-and-conquer algorithms in joint coordinates for the
analysis and simulationof closed-loopMBS,which combines theproperties of exact
and approximate formulations based on augmented Lagrangian method.

• It is indicated in the text that the proposed hybrid approach exhibits very stable
numerical solutions for long-time simulations compared to other counterparts
available in the state-of-the-art.
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Two authors contributed to this paper. The research described in this paper was
performed at NASA, Jet Propulsion Laboratory, California Institute of Technology,
Mobility and Robotic System Section during my scientific visit there. The International
Conference on Multibody Systems, Nonlinear Dynamics, and Control is the most
prestigious event devoted to multibody system dynamics and control organized in the
U.S. Many outstanding scientists, government representatives, and industrial
companies take part in the event. I contributed to the paper significantly. My role is
dominant in the development of the ideas; I took part in the elaboration of theoretical
foundations of the hybrid algorithm. I have implemented the formulation for the
sample test cases.

The results of the research described here have been practically implemented in the
modeling and simulation software used at NASA Jet Propulsion Laboratory, California
Institute of Technology. The developed formulations have been used to simulate
Martian Curiosity rover in the scenarios, in which the simulation time is very long (see
page 29).
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[9] R. Mukherjee and P. Malczyk, “Parallel algorithm for modeling multi-rigid
body system dynamics with nonholonomic constraints”, in ASME Digital Collection,
vol. 7A: 9th International Conference onMultibody Systems, Nonlinear Dynamics, and
Control International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference, Portland, Oregon, USA, August 4-7, 2013, 2013,
pp. 1–9. DOI: 10.1115/DETC2013-13305. [Online]. Available: http://dx.doi.org/10.1115/
DETC2013-13305,MNiSW2017 = 15 pkt (publikacja ASME Digital Collection indeksowana
wWeb of Science)

This paper presents a new algorithm for serial or parallel implementation of computer
simulations of the dynamics of multi-rigid body systems subject to nonholonomic and
holonomic constraints. The algorithm presents an elegant approach for eliminating the
nonholonomic constraints explicitly from the equations of motion and implicitly
expressing them in terms of nonlinear coupling in the operational inertias of the bodies
subject to these constraints. The resulting equations are in the same form as those of a
body subject to kinematic joint constraints. This enables the nonholohomic constraints
to be seamlessly treated in either a (i) recursive or (ii) hierarchic assembly–disassembly
process for solving the equations of motion of generalized multi-rigid body systems in
serial or parallel implementations. The algorithm is non-iterative and although the
nonholonomic constraints are imposed at the acceleration level, constraint satisfaction
is excellent as demonstrated by the numerical test case implemented to verify the
algorithm. The paper presents procedures for handling both cases where the
nonholonomic constraints are imposed between terminal bodies of a system and the
environment (e.g. mobile robot wheels rolling on an intertial surface) as well as when
the constraints are imposed between bodies in the interior of the system topology (e.g.
planetary gears in robot joints). The algorithm uses a mixed set of coordinates and is
built on the central idea of eliminating either constraint loads or relative accelerations
from the equations of motion by projecting the equations of motion into the motion
subspaces or their orthogonal complements. The generated virtual system can solved
by divide and conquer methods presented in this document, e.g. [5], [7], [8].

In the first part of the work, two general cases have been discussed when it comes to
the rolling. In the first situation, nn arbitrary multibody system that consists of
articulated rigid bodies may contain one or more bodis that roll either with respect to
each other or with respect to a surface fixed with respect to an inertial frame. This
situation happens for many applications associated with mobile robots. In the second
situation, two bodies roll on each other and are also connected by distinct joints to a
multibody system in generalized topology. The key achievement of this work is to
provide a way to eliminate constraint reaction forces associated with linear
non-holonomic constraints. The forces are eliminated through the application of
rolling constraints. The matrix-vector coefficients in the equations of motion are
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modified then and the system of equations of motion is created in the format that is
convenient to employ the formulation presented in this document, e.g.: [1], [4], [7], [8].

In the next part of the text, the details of serial and parallel implementations are
presented. In a serial implementation, similar to the recursive O(n) methods, a parent
child relationship is established between the component bodies. In parallel
implementation, the process differs significantly from the recursive process. In this
case, an entire topology is mapped as a binary tree onto the available processors. The
last part of the work demonstrates a model of a planar MBS system with
non-holonomic rolling constraints that is used to verify the formulation.
Non-holonomic constraint violation errors are calculated at the velocity and
acceleration level, which are satisfied without any explicit constraint stabilization
procedure.

The primary importance of this scientific achievement that contributed to the state-of-
the-art can be summarized as follows:

• Development of a recursive DCA algorithm for the analysis ofMBSwith holonomic
and non-holonomic constraints.

• It is indacted that non-holonomic contraint forces can be eliminated and implicitly
expressed a nonlinear couplings in the operational inertias of the bodies subject to
rolling constraints.

• Development of a generalized DCA algorithm by using Einstein’s summation
notation.

• It is indicated that for the sample test case considered in the work, the
non-holonomic constraints are satisfied within very good accuracy.

This work was performed during my visit at NASA, Jet Propulsion Laboratory, California
Institute of Technology, Mobility and Robotic System Section. My role was dominant.
I contributed to the theoretical foundation of the algorithm. I have implemented the
formulations for sample test cases. Finally, I took part in preparing the paper.

4.3.5 Summary

In this document, the primary scientific achievements of the candidate are
demonstrated, which encompass the topic of modeling of large-scale multibody
systems using parallel divide-and-conquer algorithms. The matters that was initiated
in my PhD thesis has been successfully and extensively developed to deal with complex
multibody systems on which holonomic and non-holonomic constraints are imposed,
the redundantly constrained systems, and the systems that may pass through singular
configurations. Some parts of the presented achievement have been implemented in the
software used at NASA, Jet Propulsion Laboratory, California Institute of Technology.
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Novel Hamiltonian parallel divide-and-conquer methods are developed through a
consistent research based work and permanent scientific growth of the candidate.

The topic of this scientific achievement has been realized or it is undertaken at the
moment in the framework of three research grants:

• [13] “Robot dynamics modeling using parallel computing”, research grant,
financing entity: Centre of Advanced Studies in the framework of the Warsaw
University of Technology Development Programme, contractor: Warsaw
University of Technology and NASA, California Insitute of Technology, Jet
Propulsion Laboratory, year: 2012, role of the candidate: project manager

• [14] “Modeling of flexible and redundant multibody systems using sequential and
parallel computing”, research grant OPUS 4 no. DEC-2012/07/B/ST8/03993,
financing entity: National Science Centre, contractor: Warsaw University of
Technology, project manager: prof. dr hab. inż. Janusz Frączek, year: 2013–2017,
role of the candidate: main contractor.

• [15] “Hamiltonian approach toward efficient modeling of large-scale multibody
systems with friction and toward real-time simulations of robotic systems”,
research grant OPUS 15 no. 2018/29/B/ST8/00374, financing entity: National
Science Centre, contractor: Warsaw University of Technology, project manager:
prof. dr hab. inż. Janusz Frączek, year: 2019–2021, role of the candidate: main
contractor.

The research associated with the peak scientific achievement of the candidate, which is
devoted to Hamiltonian divide-and-conquer methods is continued. The Hamiltonian
approach is a natural starting point for many control strategies developed for
dynamical systems. Strong connections exist between discrete and continuous optimal
control theory and the description of a system dynamics by the Hamiltonian approach.
Currently, the developed Hamiltonian methods are extended in several different ways:
in optimal control and optimal design of multibody systems and parametric
identification of mechanical and robotic systems. The mentioned methods contribute to
the state-of-the-art in the field by providing the tools which are currently unavailable.
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5 Other scientific achievements

5.1 Introduction

My research is focused on the dynamics, control, and optimization of multibody
systems. In this section, the most important scientific achievements are presented
which are not included into the main achievement described above. The following
scientific advancements are documented through my participation in research grants or
through publications that I co-authored.

5.2 Achievements

1. Optimal design and optimal control of multibody systems.

In the design and development of many complex multibody systems (e.g. industrial or
space robots, mechanisms,multi-purpose vehicles or bio-mechanical systems) engineers
and researchers have to consider trade-offs between various system attributes such as
sizing, performance, comfort or cost. In the design stages of the product, the challenge is
to determine the best overall design bymakingwise decisions, and not sacrificing critical
constraints. Computational optimization methods are almost always required for most
design tasks. The following achievement is associated with the development of a series
of numerical methods for optimal design and control of multibody systems by using the
adjoint method. The undertaken research tasks are coming along the lines conducted in
the National Science Centre project [16].

The research done here has been started recently. However, there are several papers of
the candidate that are published so far [17]–[25]. Frequently, efficient optimization
techniques require gradient information of the objective function, which is heavily
exploited in the generation of sensitivities. Sensitivity analysis refers to the process of
studying changes in multibody systems (MBS) system behavior due to the changes in
model parameters. Given the complexity of various MBS and practical importance of
the topic, sensitivity analysis continues to be an important area of research. In this
achievement we provide systematic methods for gradient calculation when it comes to
the optimal design or optimal control of multibody systems. The adjoint variable
method consists of two major steps. For a given set of design variables, a forward
dynamics problem is solved and the relevant information is recorded and reused later
in the process. Necessary condition for an extremum of a cost functional generates a
system of differential-algebraic equations that must be solved backward in time in the
second step of the method. Upon solving these equations, the adjoint variables can be
utilized to evaluate the variation of performance measure in terms of design variable
variations. The mentioned aspects are of current research interests of the candidate.
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The primary importance of this scientific achievement can be summarized as follows:

• Development of generalized adjoint based methods for optimal design of
multibody systems in Lagrangian and Hamiltonian framework and a unification of
the approach with numerical integrators [17]–[19].

• Development of generalized Hamiltonian based adjoint methods for optimal design
of a broad class of MBS [20]–[22].

• Development of a class of direct differentiationmethods for gradient calculation in
optimal design problems [23].

• Development of Hamiltonian based optimal control methods for multibody system
dynamics in continuous and discrete time by using divide and conquermethodology
[24], [25].

2. Control system implementation for a non-typical unmanned air vehicle.

In the years 2012–2015 I took part in the prestigious LIDER project for young scientists,
which was supported by National Centre for Research and Development [26]. The
intention was to support young scientists to conduct risky research plans that have
potential to be implemented in practical applications. One of the main objectives was to
design, analyze, and run an autonomous technology demonstrator that should help in
pollinating plants. The system was in fact a mini-flying robot equipped with several
sensors to estimate the state of an object.

The research tasks undertaken in the project were connected to the dynamics and
control of a mini-flying robot. The project team developed a prototype of mini-flying
system. The characteristic dimension of this system was 60 mm. The mini-flying robot
consists of which were connected by universal joint. The most important contribution
of the candidate can be summarized as follows:

• Development of multibodymodels for a non-typical mini-flying robot by using real
parameters of an object and aerodynamic forces which act on the system.

• Development of non-typical cascade control system connected to the kinematic
structure and a class of a plant (underactuated system); simulation based reseach of
a plant and control system.

• Practical implementation of an Inertial Measurement Unit that allows one to
estimate orientation of the object in space based on acceleration, angular velocity,
magnetic intensity measurements.

• Preliminary implementation of the developed control system on a real object.
Experimental verification of the performance of the object in flight.

3. Concept of a tank gun stabilization system.

Many high-performance control systems can be found in commercial and military
applications. The group of applications encompasses: radar control systems, remotely
controlled arms of a manipulator attached to a mobile platform, stabilized gun turrets
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in ships, line-of-sight laser tracking control systems; finally, tank gun stabilization
systems.

In 2015 I took part in half year project which was conducted with external industrial
partner [27]. The research tasks were associated with a concept of an automatic
stabilizing system for a military tank (stabilizing and tracking servomechanism). A
thorough analysis has been made in order to indicate the phenomena that have the
largest impact on the performance of the stabilization, especially in the context of
research, measurements, and models available to the contractors. A preliminary
control system has been synthesized based on the methods which are available in the
state-of-the-art. Controller design issues have been raised. A comparative study of a
stabilizer has been performed. It is indicated, that there exists a relation between the
identification results for an actuating system and the proper choice of a structure of a
control system.

The contribution of the candidate can be summarized as follows:

• Critical analysis of the properties of the selected actuating and measurement
systems with respect to the properties of a stabilization system.

• Elaboration of a concept of a stabilizer that takes into account the state-of-the-art
information.

• Synthesis of an identification procedure in the context of selected structure of a
control system.

4. Dynamics, control, and optimization of a missile ailerons.

Since 2017 up to now I took part in a research project associated with national defense
and security program, which is conducted in at my university (among the others) [28].
This is a priority project that is connected with technologies used in armament. The
main objective of the grant is to develop a series of technologies which can be applied in
missile control systems. The research outcome should be verified and tested both in the
simulation environment as well as in experimental test beds.

The research tasks that I have undertaken was associated with dynamics, control, and
optimal design of ailerons’ subsystems. The main objective was to develop new
computational methods and tools for investigating such subsystems and their
interaction with upper level systems.

The contribution of the author can be summarized as follows:

• Development of multibody models of mechanical subsystems that drive ailerons
into a proper configuration; simulation based studies of the linear and nonlinear
models.

• Development of computational methods and tools for optimal choice of
parameters for the transmission mechanisms in the context of an electric motor,
gears, and mechanical parts.
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• Multidisciplinary simulation based studies and optimization of design variables for
synthesizing cascade control systems which meet the control performance criteria
(deadbeat response).

5.3 Summary

In this section, other research results have been presented that go beyond the main
topic of this document. Part of my activities was initiated recently and the research was
devoted to develop novel computational methods and parallel algorithms for optimal
design and optimal control of multibody systems [17]–[25] based on the methods
presented here [1]–[9]. The mentioned aspects form are supported in the framework of
National Science Centre grant [16]. The other activities were of applied nature. I was a
proxy project manager in the prestigious research project LIDER for young scientists
supported by National Centre for Research and Development [26]. I was responsible for
the applied research associated with mini-flying robot control. I took part in the
activities devoted to armament design. I co-authored a concept of stabilizer for military
tank [27]. I was extensively involved in the optimal design and optimal control of
missile ailerons [28] in the context of innovative defense technologies.
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[14] “Modeling of flexible and redundant multibody systems using sequential and
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