Real time modeling of human body dynamics
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Abstract—3D real time human body dynamics modeling allows fast
and correct assessment of internal forces distribution, providing
measured by motion analysis kinematics. In this paper we touch
upon a subject of unsupported human body motion modeling with
real-time or interactive rate. Speed is very important when someone
examines the reaction of human body on some external influence
or change of configuration of system containing human body. This
paper discusses two approaches for real-time modeling of body
dynamics and presents their programming realization.
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. INTRODUCTION

ability to tune the configuration and observe adbaek
immediately.

A. Biomechanical conformity

Biomechanical conformity of obtained results isdzh®n
two states. The first one is using real anthropamétput data
(linear and mass-inertial), interpolated with specegression
formulas and parameters. Correct numerical integrat
accuracy is the second one.

The difference in anthropometric data caused bgegeand
race is well known. Storage and reuse of all coatimns of
gender, race, age, weight, height and other paexmés

Despite of being relatively easy type of motion forimpossible. Thus, an equation for solving this peob was

modeling unsupported motion is nevertheless veryomant
field of study in terms of practical applicationbiomechanics.
The samples of such motion include movements obaatits
in a state of weightlessness or movements of athldtiring
jumps in various kinds of sports. The purpose &f phesent
work was creating a program that allows simulatiag

anthropomorphic model and controlling its behavior.

Controlling behavior means to apply internal forcasd
torques to body, change its configuration. The intgrece of
such a simulator for practice and behavior modebrapvious.

introduced in[8], which allow calculating mass-inertial and
linear characteristics of wide range of human mdiased on
the list of input parameters such as age, gendee, weight
and height. Using body-profile method, introducedqi, a set
of regression parameters was founded for approiomatf
anthropometrical values for a specific character.

B. Performance

Real-time program execution requirement cause a
limitation on time complexity of algorithm. Best pfesently

This paper describes two approaches to human dgsamiknown algorithms haveO(n) time complexity, N is a

modeling.

First is based on Featherstond4] Articulated Body
Algorithm (ABA). It is well known among robotics sety as
fast (linear time complexity) and accurate. Thiprapch uses
reduced coordinates formulation and is suitabldifad set of
joints (constraints).

The second uses Bardgff] and Faurg3] algorithm based
on Lagrange multipliers approach. It is suitablegeneral type
of constraints even nonstationary (e.g. direct 3fekatics
measurement). It works in linear time for tree-liteuctures
(e.g. human body model).

An attempt to combine both approaches in one deetal
engine makes it flexible enough to cover wide ramje
application, including unsupported motion.

Il.  REQUIREMENTS

number of acyclic constraints. Human skeleton mdus a
tree-like topology (i.e. no cycles), so we will nobnsider
algorithms working with kinematics cycles.

It's also desirable that the method developed merically
stable to allow the use of simple integration mdtho

Ill.  ALGORITHMS

Constrained body consists of a number of rigid esd+
links —connected byoints. For N free (not constrained) rigid
bodies there aréN degrees of freedom (DOFs). In our case we
have joints (connections), so common number of D@iKdhe
M < 6N.

State of articulated body at any moment can bendéfi
with a set of parameters (e.g. joints angles atatitees). This
set is namedtate vectar

There are two main principles of simulation of dosised

Undoubtedly a physical accuracy is among the maiigid body systems. The first one is nameggrange

features of physically based modeling. But oftes piice for
good accuracy is performance lose. Unfortunatelgstof
existing algorithms in robotics and mechanical pagring are
oriented towards physical accuracy, but not perforee. That
conflicts with real-time algorithms demand, whicffeo an

multipliers methodThis method has become popular due to its
simplicity and intuitive intelligibility, as it is direct extension

of well-known rigid body techniques. In this method
constrained system dfl rigid bodies is considered to be a
system ofN independent bodies with correspondent equations



of motion. Connections between bodies (joints)amesidered B. Baraff- Faure algorithm

to be separate constraints, belonging to a comneinot As mentioned above this approach is based on Lggran
system constraints. Dimension of state vector, usethis  miipliers and consider articulated body as sys@fmot
methoq is6N. Most detailed description of this method can be;ynnected bodies, which are influenced by constchiiorces
found in Baraff's workg2]. in addition to external. Baraf®] uses widely known sparse

Second method -Articulated body algorithm (ABA) - formulation of Newton’s %' law with constrained forces:
considers constraints in explicit form, so they aats of .
equations of motion for system. Thus it only udésstate (M —JT] oV (Oj
variables in state vector. To use this method, jailhts =
configurations must be known, so that motion egquatican be -J 0 A —b
written. In our case, when we investigate anthrogquimic
systems, we can consider all connections as jiitts 1, 2 or It allows finding constraints induced acceleratianrection
3 free DOFs. This method is based on principlesyofamic c .
programming and first was introduced by Vereshahdg@] OV in linear time.

but has only become widely popular after works of g6 syggested dividing joints in two sets: acyalnd
Featherstongd]. cyclic. For the 1 set Baraffs technique is used anif B

For both methods realizations with(N) (whereN is a  solved in imeO(al +1?) using iterative algorithm, whera
number of bodies in system) time complexity exidisit | f i d i .
multiplicative constant forABA method is smaller, than and are amount of acyclic and cyclic constraints sets
corresponding one focagrange multipliersmethod, because Ccorrespondingly.
of smaller number of arithmetic operation neededtHermore The quadratic addition to complexity will not appea
ABA in distinct fromLagrange multipliersmethod, performs  ynsupported human body motion until model remaies-like
calculations in local joints coordinates, not inr€sian stryuctured.
coordinates, that improves calculation accuracylgbrithm.

As shown in1] ABAis more physically accurate which is very IV.  CONSTRAINTS MODELING
important for our work. '

. , . For solving problem of using joints constraints aaldo
To make developed engine more flexible and uniVersayie end-user an ability to control and change esst
both approaches were implemented. Another reasos Wwggnfiguration in the context of using Featherstaigerithm we

necessity of fast comparison both approaches feuracy i yse so calledest forcesnethod. This method uses discrete
evaluation (e.g. constraints stability). An accyrasf both  giycture of numerical integrator - values of staetor from
approaches was also compared with SmMechamchtsresupreviouS step are used to calculate new values ext n

modeling for a set of tests. simulation step.

A. Atticulated Body Algorithm (ABA) Using this discrete structure and alsacceleration
constraint statement — limits for value of acceleration of a
given joint — a method was introduced%h and[6] that allows
to calculate needed value of torque(force) foiirsgtarticulated

Articulated body algorithm is based on dynamic
programming principle — each next step uses datiras on a
previous step. 'V'a".‘ concepts ,@BA_aIgorithmare .arti_culatgd body in desired state. This method is based orréhegtating
body.— su_b-tre.e of initial set of bodies torn Gﬁklw_'th indexi that there is a linear relationship between thenitade of a
and ith link itself Li named a handle. Main result of genera”zed force app“ed to the body and the rmaqGiof the
Featherstone’s worl4] is the theorem stating that the acceleration of the body’s joints or links.
following equation is correct for any articulatecbdy in
system:

f' =1 +p® (1)

Formal notation is as follows:
a' =kf +a° )

where @' - observed acceleration magnitude after the fasce i

A . . o . _ applied; a’- observed acceleration magnitude before the force
|” - spatial articulated inertia df; link; @, - acceleration of s applied; k - scalar constanf - magnitude of the force

L, link, p” - spatial articulated zero-acceleration forcelpf ~ @PPlied to the body.

where fiI - spatial force applied by inboard joint i link;

. . . Furthermore, the following generalized statementrig:
link. For IiA and piA corresponding recursive formulas are 99

presented if4]. for any linear functions of joint acceleratioln(d) and for
Using these formulas we may calculate acceleratfcamy ~ SOme constark the following equation is true:

L, link at any moment. Then by numeric integrationakain

full state vector of constrained rigid body system. h(qf ) - h(qo) = kf 3)



Using this formula we can implement the so-caltedt
force method: first,
without applying any additional forces. Next we ppome
known test force to a joint and calculate new aaredion
magnitude in a joint. Then, using formy), we can calculate
the value of coefficienk. After that, knowing the value d&f
and using linear relationship between magnitudeamflied
force and magnitude of resulting acceleration, e calculate
the needed value of torque (force) to give thetjtie desired
acceleration.

For calculating acceleration after test force aipglyboth
Featherstone’s and any other algorithms allow ¢atlicun of
acceleration, like it's done if6]. Thus, common time
complexity of algorithm for calculation new statector with
one acceleration constraint@g2*N) = O(N).

This method can be generalized for the casenof
acceleration constraintdn this case we need to solve a syste
of linear equations ofkij - proportionality factor between
force applied toi-th joint and acceleration appearing jith
joint. Using ABA algorithm we can obtain alkij factors

performing(m+1) calls to the procedure. Taking into account
the complexity of algorithm for finding solution of d¢sn of

linear equations -O(M?) - total algorithm complexity is
o(mn+m®).

V.

Main result of this work is developing a progranr fo
simulation of unsupported anthropomorphic motionréal-
time. Developed program allows not only simulatiminfree
motion of model with given starting condition, kalso motion
control, setting desired parameters values (arghelsangular
velocities) of specified joints.

RESULTS

Performance of developed algorithms is illustratgdthe
following diagram (Fig. 1). It shows functional demence
between one step simulation time and number
simultaneously presented human models (39 DOFmpdel).
As the diagram shows even a model with 390 DOFswall
simulation in real-time.
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Figure 1. Performance of developed algorithms.

- ABA, - Baraff-Faure
This test was carried out on P4 3.06 HT, with 2 &&M.

According to figure 1 both methods show identidadar-

we calculate acceleration magnituddime performance as derived theoretically. In fegi2-6 are

presented several frames of stick animation of 8Btrollable
human body motion in real time. User has an ahititgontrol
each not blocked joint's DOF (coordinate, velocityr
acceleration) during simulation.

VI.

The main purpose of this work was implementation of
combined approach for developing flexible algorittand
program, which allows physically accurate and stiali
simulation of anthropomorphic system behavior. Appmate
code capacity is ~600 Kb (~17000 lines). Capabilitfy
configuration (state) of this system control — capability of
behavior control assumes user friendly interfacd aisual
feedback. From mechanical point of view the offeatggbrithm

DISCUSSION ANDFUTURE WORK

mshould solve both forward and inverse (mixed) dyicam

problem. In case of multipliers approach the 3Dehiatics
|mplementat|on (e.g. motion analysis data) looksemuatural,
but for predefined total body topology Feathers®a@proach
less time consuming.

Using Featherstone’s ABA algorithm as forward dyitam
algorithm with linear time complexity allowed us $imulate
model behavior for models with large number DORFst(u400
DOFs) in real-time. Anthropomorphic model frd8] with 39
DOFs were chosen as test model.

Using test forcemethod in our work allowed us to realize
joint constraints, which exist in any real anthromophic
system.

Since end-users are interesting in not only fre¢ianoof
model with given starting condition, but to a gezaxtent with
model behavior under motion control, the given &thm
should allow to perform this control. Desired cgufiation is a
state vector with specific values of angles andukargjoint
velocities. This desired configuration can be oisdi using
acceleration constraints for joint accelerationug;htest force
pethod allows us to solve the second problem —anatbntrol

as well.

An important part of presented program is impleratoi
of regression equations for human body 3D massigner
characteristic evaluation. More over, using bilat@onstraints
in case of motionless joint and substituting th@sats by
welding like constraint we are reducing total DGBsmake
simulation less time consuming.

Further we will add some contact model to our satar to
enlarge number of possible simulated situationslaJove see
large variety of contact modeling approaches: frompulse
based7] to linear complementary problem (LCP) or peyalt
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