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Abstract—We describe a computational architecture for fragmented models degrade the overall system performance.
meeting a diverse range of robot modeling needs encompassing Fragmentation requires extra measures to ensure the €onsis
analysis, simulation and embedded modeling for robotic sys- tency of modeling assumptions and expectations as well as
tems. The architecture builds upon the spatial operator algebra . .
theoretical framework for computational dynamics. It allows to keep changing model para_meters a”‘?' data in sync across
applications to meet the broad range of computational modeling the system modules. In addition, there is the added cost of

needs coherently and with fast, structure-based computatioda implementing, testing and validating these special pwpos
algorithms. The paper describes the SOA computational ar- models.

chitecture, the DARTS computational dynamics software, and |, this paper we describe a computational modeling archi-
application modeling layers. . .
tecture for robotic systems that has been designed to over-
. INTRODUCTION come these challenges for robotics analysis, simulatiods a

embedded modeling. Our approach is to develop a highly ca-

Computational models pervade all aspects of roboticp e modeling layer to serve as a foundation for the diverse
from the design and analysis of systems, to use withi

nd demanding needs of application layers. The architctur
onboard planning and control architectures for system d'f's d Pp y

| ! , 5 illustrated in  Figure 1. Its lowest layer is trspatial
velopment and test, and during their operation. Recent g Y e
DARPA programs such as Autonomous Robotics Manipu- ‘

lation (ARM) and the DARPA Robotics Challenge (DRC)

are focused on increasing autonomous robot operation in

unstructured environments. Autonomous manipulation and

mobility requires increased sophistication and robustnes

and this in turn increases modeling needs for manipulation { DARTS ComPUtatiO”a'J

and control, grasp design and analysis, task planningetkgg dynamics

locomotion, online calibration etc [1]. T

Such robotics demands have stimulated the development ‘ SOA theoretical ‘

of physics-based simulators to support development and framework

testing [2—-5]. However significant challenges remain ared th

DRC program is investing in the development of simulator§ig- 1. Overall robotics computational mechanics architectoulilt upon

for use by the robotics community. Challenges in Comt_hebS(d)éA (tjheoré/, It‘he DARI_TS software library for analysis, dition and
embedadea modeling app ications.

putational modeling include the large variety of modeling

requirements, the complexity of the numerical algorithms@perator algebra (SOA) theoretical framework for computa-
designing models that adequately capture the physicsinebtagiona| mechanics [6]. SOA provides mathematical tools for
ing correct parameters for seeding the models, and Obgainigxpressing, analyzing and computing a very broad range of
fast computational performance. _ robot mechanics quantities. It's expressiveness allows it
The challenges are even greater for models used withipherently meet the large variety of mechanics modeling
autonomy software. Such embedded models support task &ficbds for robot models. It uses spatial operators for the
motion planning, state estimation in the presence of naisle aconcise mathematical description and analysis of dynamics
uncertainty and real-time closed-loop control. Compotai quantities, as well as the generation of fast, structussta
speed requirements are significantly higher and the types @mputational algorithms. Section I provides an overview
information needed span a much broader range. Thus whil¢ the SOA framework, and Section II-A describes the
a simulator is required to do one function well, i.e., sin@la goa processes for developing low-order, structure-based
the system state tim_e history, embedded models have éBmputationaI algorithms.
perform several functions well. The next layer of the architecture is tBARTS computa-
Due to their inherent complexity, embedded computationgiynal dynamics C++ library whose design is based upon the
models are often platform specifid, over-simplified or poingoa framework. DARTS provides methods for the compu-
solutions to meet a narrow a range of functions or tailoreghtjon of a broad range of robot modeling quantities and is
to the needs of specific autonomy modules. Low-fidelity anflescribed in Section I1l. The DARTS library also includes a
. o _ o number of dynamics solvers needed for time simulation of
A. Jain is with the Jet Propulsion Laboratory, Californiastitute : e .
of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, uskobot dynamics. These solvers utilize the underlying DARTS
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well as the algorithms they use. These solvers are describlegithe componenb*(k+1,k) andH* (k) link-level matrices.
in Section IlI-A. ¢ andH are examples o$patial operators.

The robot modeling applications build upon the SOA The conciseV = ¢*H* 0 relationship reflects the rich
and DARTS layers. In Section IV we discuss models foktructure of thep operator. Indeed, for tree/serial topology
supporting robotics analysis. In particular we detail theystems,p = (I — €4) "L, where &, is another spatial
PyCraft toolkit for the development, testing and maturatiorpperator whose structure is closely related to the adjgcenc
of advanced computational dynamics techniques. Section Matrix for the graph associated with the connection topplog
turns to the important area of dynamics simulation. DART®f the linkages [7].€4 is always nilpotent for serial/tree
and its solvers form the heart of tReshell simulation frame-  topology systems.

work for the development of system level physics-based 1o mathematical structure of the spatial operators make

simulations. Dshell provides ways to Orga”'ze a”‘?' man_a%ssible several transformations and simplifications of dy
the large number of component models in these simulations, mics quantities. A seminal example of this is the system

and to reuse these component and sub-system models aCKPSYs matrixM(6). It has been shown to have the factored
simulations. Dshell has been adapted to develop rover agg, M(8) = HdMd*H*, where M is a block-diagonal

flight dynamics system simulations. Finally, in Section Vigyaiia| operator with link spatial inertias. While this faet
we describe theroboDarts embedded modeling layer that i, 41ion involves non-square factors, the following seqeen

is built upon DARTS. RoboDarts is designed for use by anavtical spatial operator expressions with alteweati

autonomy software to meet the diverse modeling needs @l iz ations involving square factors. and an expres&io
planning, estimation and real-time control. Specific &8N i< inverse. can be derived [8]:

is paid to performance speed, time variability of the tasks
;nedmc.anwronment and the robot platform’s interactions with M = HoM*H*
= [[+ H$XKID[I + HPK]*
. SOATHEORETICAL FRAMEWORK [I+H¢K}’1:I—H¢3C
The spatial operator algebra (SOA) theory and mathe- M- = [T — HOKT* DT — HbK
matical framework for multibody dynamics [6] has been : W] : W]

developed over two decades of research. SOA provides_a ) ) - )
mathematical language for succinctly characterizing and a'"€S€ expressions involve the additiogafD, andX spatial

alyzing complex dynamics quantities for articulated ratmot CPerators described in [6]. The analytical expressionsjirlE

systems. It also provides a natural avenue for developisty fa2r® remarkable in that they hold genera}lly for arbitraryesiz
structure-based computational dynamics algorithms. @heSerial/tree topology systems. They are direct conseqsefce

features make possible its use as a powerful architectare f5€ intrinsic mathematical structure of the spatial opmeat

the computational mechanics of robotic systems. Indeed, the8_¢ and cb operators are special instances of a
SOA makes use afinimal coordinate system representa- Proader family ofspatial kernel operator (SKO) and spatial

tions. Thus inter-link hinge motion is parameterized by_minpropagatlon operator (SPO) operators [6]. Thep operator

imal set of coordinates instead of with redundant cooreimat 'S @lS0 an instance of an SPO operator.
subject to constraints. This reduces the size of the eqatio It has been shown using graph theory ideas that spatial
of motion and avoids the need to manage constraint violatig¥Perator expressions, such as in Eq. 1, generalize to the
errors required with redundant coordinates. A side-eftéct case where the component bodies and hinges are flexible
using minimal coordinates is that the mass matrix, and othé&]. Remarkably, they hold even when the system graph
system matrices, are dense and configuration dependent dhdransformed into simpler graphs by aggregating groups
thus, more complex. However, these quantities have ric¥f bodies into new variable geometry compound bodies.
structure that the SOA provides the mathematics tools tbhis observation forms the basis obnstraint embedding
handle. techniques that transform non-tree topology graphs ime tr
The mapping between joint and link velocities serves as@aphs, and thus extend the applicability of Eq. 1 to even
simple example to introduce the notion spatial operators.  hon-tree topology systems [6].
The 6-dimensional spatial velocify(k) of the k" link de- Spatial operator analysis applies to a number of robot
pends on that of its parent link’s spatial velocityk+1) via  dynamics problems such as joint space dynamics, operéationa
the relationship?(k) = ¢*(k+ 1,k)V(k+1)+H*(k) 8(k), space dynamics, under-actuated systems, sensitivitysasal
whered* (k+1,k) denotes the rigid body propagation matrixdiagonalized dynamics etc. The SOA provides a unified way
for the pair of links, H*(k) characterizes the permissibleto tie together results and analysis obtained from disparat
hinge motion across the connecting hinge &fk) the kth  approaches, and to understand the relationships among them
hinge coordinates. This component level relationship caflso, the SOA has been used for several novel analyses and
be converted into a system level relationship of the formesults not possible by other means [6]. The rich structure
V = ¢*H* 0, whereV and 0 are system level vectors of spatial operators arises, perhaps not coincidentalyn f
obtained by stacking up the vector contributions from eacthe close mathematical parallels with concepts and arsalysi
link. ¢ andH are block matrices whose elements are define@chniques developed in the optimal estimation arena.

@



A. Structure Based Computational Algorithms can be evaluated using a scatter recursion Néd*H* 0

We now examine the intimate connections between spatiig!lowed by a gather recursion on the result to compute the
operator expressions and low-order computational alymst (Ul Product. This procedure is of linear cost and does not
that is one of the hallmarks of the SOA-based computation&Fauire the explicit evaluation Gf(. It is essentially the well
architecture. As a case in point, we observed earlier tH&10Wn Newton-Euler inverse dynamics algorithm [9].
equivalency between the link-level velocity recursivearel Ei)rward dynarnlcsc_omputatlons require the evqluatlon of
tionships (and the implied computational procedure) ard th'l (8)T. Once again, the cost of this evaluation can be
V — ¢*H* & spatial operator expression. The connectioﬁ?duced to Iinear-order by using the spatial operator expre
between spatial operator expressions and recursive camput'©" f(zr J\i[l from Eq. 1 so that we need to evaludie-
tional procedures is in fact much broader and deeper. Thdg¥X!"D™"[I — HPX]J. From simple examination we see
while a spatial operator expression of the fodix may that this can be evaluated using a gather recursion followed
suggest the need for a matrix/vector product for evaluatiofy @ Scatter recursion without ever explicitly requirivg or

(quadratic order cost), it turns out that such a produ fl. This procedure is in fact the_ well knpwn linear cost
can always be evaluated via a linear-order recurspagter  ticulated body (AB) forward dynamics algorithm [8, 10].

algorithm that starts at the base of the tree and traverses! e above examples illustrate the ability to convert spatia

the links towards the tip bodies as shown on the right dpperator expressions for dynamics quantities into lowenrd

Figure 2. The recursive algorithm for computing the linkstructure-based computational algorithms from simple ex-
velocities is a special case of such a scatter algorithrﬁmi”atior‘ of the expression structure. Other more advanced

Similarly, dual spatial operator expressions suctpaslo not €x@mples of such mapping also extend to (Lyapunov) spatial
operator expressions involving matrix/matrix productshsu
as ¢pXod* and the duakp*X¢ spatial operator expressions.
The former appears within the mass matrix spatial operator

y = ¢dx y(1) y=¢*x y(1)

\ \ expression in Eqg. 1. Expressions such as these can also
. Base-to-tips be computed using low-order S(_:atter and gather algorﬁthms
;ptf]g?‘base scatter based on a operator decomposition of such products into a
?ecursion recursion block diagonal matrix, and off diagonal terms that can be

computed from the block diagonal part. We refer the reader
to [6] for additional details. The well-knowcomposite-rigid
body algorithm for the mass matrix [11] and therticulated
body inertia algorithm [8, 10] are both examples for the
Fig. 2. Tips-to-base gather and base-to-tips scatter sems to evaluate fIrSt Lyapunov quadratic form. The latter quadratic form
¢bx and g™ x, respectively for tree-topology systems. appears in theoperational space inertia spatial operator
expressionB*p*H*D~IHyB, and forms the basis for the
require expensive matrix/vector products either, buteadt fastest available computational algorithm for its evatrat
can always be evaluated using a linear-order, recugsitter  [6]. For additional examples of such spatial operator to
algorithm that starts at the tips and traverses the linkatd®/  structure-based algorithms we refer the reader to referenc
the base body while accumulating results from convergings]. The key take away messages are that not only is it
branches. An example application of a gather computation jssible to obtain fast computational methods from areyti
the computation of compensating torques for an end-effectgpatial operator expressions, but that a large and diverse
force. The value of this torque &f., whered is the end- family of such fast algorithms emerge naturally from the
effector Jacobian angl. the end-effector spatial force. The SOA approach.
spatial operator expression for the Jacobiaf is B*¢p*H*,
and thus the torqug*f = HdBf. which can be directly ll. DARTS COMPUTATIONAL DYNAMICS
computed using a recursive gather sequence. As described above, the SOA framework provides us with
The recursive path of the gather and scatter algorithmes mathematical vocabulary and tools that cover a broad
are isomorphic to the topological structure of the system, a spectrum of dynamics analysis needs and fast algorithms
hence we refer to them ai ucture-based algorithms. As the for computing them. We have used the SOA architecture to
system topology changes, the gather and scatter recursidevelop theDynamics Algorithms for Real-Time Smulation
paths change accordingly so that the computations remgDARTS) computational dynamics C++ software. Earlier gen-
correct. Such structure-based algorithms always exist ferations of DARTS implemented the SOA rigid and flexible
spatial operator expression involving SKO and SPO spatibdy forward dynamics algorithms for spacecraft simutatio
operators such a8y, ¢, 1V etc. More recent versions of DARTS more completely exploit the
Inverse dynamics computations require evaluation of thericher structure-based SOA computational architectuneisT
M(0) 8 product. While direct evaluation is expensive andDARTS is not designed for a specific function, eg. dynamics
requires the explicit evaluation of tid mass matrix, we can simulation, but rather encompasses the broad family of
instead use the spatial operator expresibim Eq. 1 to note  SOA based methods that can be combined to meet different
that this product has the fortid M p*H* 6. This expression modeling needs.




Since relative pose, velocity and acceleration computatioto the bodies. The geometry information can be used by
permeate dynamics computations, DARTS includes a genenollision detection and 3D visualization modules as needed
layer for frame to frame queries. The frames layer providdsterfaces exist for the automatic synchronization of the
methods to obtain relative data for any pair of frames defineddARTS state with such support modules.
in the system. Lazy evaluation and data caching is used for
on demand computation and to avoid recomputing unchang@d DYNAMICS SOLVERS
values. This abstraction Iayer ConSiderably Slmpllflek'lln Physics_based simulations are important app”cation-prob
level computations. The frames can be specialized to becomgns for dynamics modeling. Simulations use solvers to
links, viewing cameras, or other moving elements such agmpute time trajectories of the system state by solving and

planetary bodies. propagating the equations of motion which have the form
DARTS provides classes for bodies and hinges that con- . .

nect them. The bodies are organized as a directional graph M(6) @+C(0, 0)=T

(digraph) consisting of a spanning tree, and additional bi- Ge(6,1) é—u(t) >0 2)

lateral constraints that may be present. Bilateral coimgra .
are themselves defined by hinges that characterize the p€f6, 0) in the first expression represents the Coriolis, gy-
missible motion across the constraints. A variety of hingeoscopic and gravitational terms in the equations of motion
types with 0 to 6 degrees of freedom are available to choo$er the tree-topology part of the system. The second equa-
from. These classes help to define the physical model of tiien defines any additional constraints that may be present.
system. The constraints for whom equality holds are referred to as
Computational algorithms operate on user defined sulsmooth) bilateral constraints while the inequality ones a
graphs of the physical graph. Thus an inverse dynami¢®n-smooth unilateral constraints (eg. contact congghin
computation can be limited to a part of the system by ey factors effecting the quality of a solver are its com-
defining a subgraph for the subsystem. The SOA scaputational speed, modeling fidelity, and numerical acourac
ter/gather structure-based algorithms traverse justithes | Solvers can be categorized as being smooth or non-smooth
in the subgraph. When the subgraph happens to be thelvers. Non-smooth solvers can handle impulsive cotiisio
full system, the inverse dynamics for the full system isand contact dynamics. DARTS implements several solvers
computed. The ability to work with subgraphs is very usefuthat build upon the family of dynamics methods and algo-
for systems such as mobile and multi-arm platforms, whemithms available within DARTS. A brief overview of the key
intermediate information for sub-systems is often needed fsolvers is described next.
planning and control. The lazy evaluation and data cachinfee smooth dynamics solver: This solver is for the
approaches for frames are used for dynamics computatiosimooth dynamics of tree topology systems with no additional
as well. Thus velocity changes do not require recomputatiazonstraints. The underlying minimal coordinate equations
of configuration dependent quantities. of motion are ordinary differential equations. This solver
DARTS includes implementations of all the SOA scatuses the optimal low-order AB mixed dynamics algorithm
ter/gather algorithms described in Section Il such as fer irfor solving the equations of motion together with ODE
verse dynamics, articulated body forward dynamics, compogtegration schemes for the time propagation of the system
ite body inertias, composite momentum, operational spastate.
inertias etc. The forward dynamics algorithm actually islree-augmented (TA) smooth constrained dynamics
a mixed dynamics variation of the standard AB forwardsolver: For systems with non-tree topologies, the smooth
algorithm, in that it allows the accelerations for arbigrar dynamics must handle constraints on the system dynam-
coordinates to be prescribed, i.e., specified as inputs, aitd. The TA solver does so in multiple steps: (a) use the
the algorithm solves for the required hinge torques. Thmixed AB dynamics algorithm for solving the unconstrained
mixed dynamics is handled by a simple modification of thequations of motion; (b) use this solution to solve for the
standard AB gather/scatter sweeps. DARTS also has methadsknown constraint forces; and (c) correct the solutiomfro
to iteratively solve for coordinates consistent with coaisits  (a) with the accelerations from the constraint forces from (
on the system that can be used for inverse kinemati&teps (a)-(c) provide a solution for the constrained equati
computations. of motion. Since the equations of motion use redundant
DARTS also supports treating a subgraph of bodies ascmordinates, a DAE integrator is required to integrate the
variable geometry compound body. Such an aggregation stefate derivatives. Also a constraint error stabilizatiohesne
can be used to eliminate loops from the graph topology a$ required to keep the solution on the constraint manifold.
the system as needed for constraint embedding dynamitghile steps (a) and (c) use the fast mixed AB algorithms,
All of the SOA algorithms are applicable to the transformedtep (b) requires the computation of a Schur complement
subgraph. matrix of the form G.M~1G} whose size depends on
DARTS allows the run-time addition and deletion ofthe constraints. While this can be an expensive matrix to
bodies as well as their reattachment. Being structureehaseompute, we have used SOA techniques to show that its
the SOA algorithms continue to work as is after such changesructure is closely related to that of the operational spac
to the system topology. Geometrical shapes can be attachiadrtia, and thus linear cost SOA algorithms can be used to



fc'fé;ed handles both bilateral and unilateral constraints. An edam

syste of the dynamics simulation of a tire changing scenario is
shown in Figure 4. The DARTS based models are used within
embedded models in the autonomous execution [1] of the
» a same scenario shown on the right side of the figure.

loop

aggregatio)

\ _—
constraml§
constraint

FA model CE model

TA model Fig. 4. The left figure shows the time simulation of the non-smagynhamics

of a tire changing robotic task using a DARTS based simuldtioe figure

Fig. 3. Dynamics solver options for time simulation of smootmsteained on the right shows the same scenario being executed autontymeitis
dynamics problems. DARTS based embedded models.

A comparison of the computational costs of the TA, FA
evaluate the Schur complement and significantly reduce tlad CE smooth constrained dynamics solvers is described
cost of step (b) [6]. in [16]. The CE solver is the fastest, followed by the
Fully-augmented (FA) smooth constrained dynamics TA solver, with the FA solver being a distant third. A
solver: The FA solver is similar to the solvers in dynamicscomparison of the computational cost of the DARTS non-
packages such as [2, 4, 12]. It can be a viewed as a limitirgnooth solver and the traditional non-smooth solver sckeme
case of the TA solver, where all the hinges are replacdd described in [14, 15]. The DARTS solver is significantly
by constraints. The system dynamics consists of a set fdster and has the advantage of using minimal coordinates.
independent bodies subject to a large set of constraimeeSi For smooth constrained dynamics, the TA and the CE solvers
no hinges are involved, the equations of motion are simplean be combined, where constraint embedding is used to
to set up. The matrices involved are large, but sparse. Tleéiminate constraints associated with small loops, whike t
solution technique is similar to that for the TA solver, epce TA augmented approach is used for constraints associated
that steps (a) and (c) are trivial, and the bulk of the costith larger loops.
lies in step (b). Again, a DAE solver and constraint error
stabilization is required. IV. APPLICATION: ANALYSIS
Constraint-embedding (CE) smooth constrained dynam- Robot analysis is a broad ranging area with uses spanning
ics solver: Unlike the TA and FA solvers that imposerobot design and optimization (for actuator sizing, mass
constraints on the unconstrained dynamics, the CE solvproperties, kinematic characteristics), robot perforogan
eliminates the constraints from the system graph using coanalysis (workspace, singularity characterization) otadip-
straint embedding techniques [13]. In this approach, linkerations (designing sequences, gait analysis, detergnapn
in loops with constraints are aggregated into compounerational constraints) etc. One of the intended uses of DART
bodies to eliminate the constraints from the transformed as an analysis tool for such robotics problems. Python
graph. After eliminating all constraints in this mannere th bindings for all the C++ classes and methods in DARTS
transformed graph is a tree, and the tree dynamics solvare available to facilitate such use. The Python bindings
can be used. This technique is faster and also numericallye auto-generated using the SWIG tool [17] and faithfully
more robust because only minimal coordinates are intedyratemirror the underlying C++ classes. The Python bindings
Moreover, the underlying dynamics is an ODE thus perallow users to exercise the full C++ functionality withineth
mitting simpler integrators and larger time steps. There aPython scripting environment. This includes the running of
extra computations involved in the scatter/gather tralsrs Python analysis scripts as well as interactive user sessfon
across compound bodies, but these additional costs are fgpical session begins with the initialization of the DARTS
outweighed by the savings from using the tree dynamia®bot model via a model description file, followed by various
solver. analysis computations from the command line or via analysis
Non-smooth contact/collision dynamics solver:Contact scripts and supplementary Python modules. The Python
and collisions involve impulsive, non-smooth dynamicsinterface allows users to leverage Python'’s extensive-iuil
DARTS implements a complementarity based algorithm focapabilities, and its large collection of open source esitan
solving such non-smooth dynamics with support for elastimodules. Furthermore, being a programming language, it is
and inelastic collisions. [14, 15]. The DARTS approactpossible to use variables, loop and other constructs within
differs from prior approaches [4] in its use of a minimalscripts. The scripting capability removes the burden ofdbui
coordinates formulation that is significantly faster andids ing or compiling software from users. Parametric analysis i
problems from the use of redundant coordinates. This solvstraightforward using this infrastructure.



We have also developed tliyCraft environment [18] to
allow the development, validation and benchmarking of dy
namics algorithms. PyCraft extends DARTS by adding C+
classes that mimic SOA operators. This allows users toere:
operator instances for their robotic system, and combir
the operators in different ways via intuitive expressidmest t
mirror the underlying SOA expressions. Once again, whil
all the PyCraft classes can be accessed at the C++ levon
the Python bindings allow the classes to be instanced al

manipulated within Python scripts and sessions.

Thus, PyCraft exploits the succinct and expressive natu
of SOA operators to allow the easy evaluation of comple
dynamics quantities. For example, thie= HOoMd$p*H* 0
computation for inverse dynamics can be computed from tt
PyCraft Python prompt via the following statement:

>>> T = H+Phi + M Phi St ar »HSt ar *t het addot

The SOA forward dynamics spatial operator expressé)ﬁ
M7 =1 — HYK]*D LI — HPpK]T can be evaluated via |

>>> thetaddot = (I-H-Psi=*K).transpose()*
D.inverse()*(l-HePsi*K)*T

Similarly complex quantities such as the mass matrix angs
its inverse can be evaluated using the SOA expressions 1<
them. Theh_ + etc binary operators are overloaded t? InVOkfe:ig. 5. Examples of platform simulations developed using thehdll
the appropriate low-order scatter/gather SOA algorithars f simulation framework.
the operation. The PyCraft extension makes available -virtu
ally the complete suite of SOA operator based analysis at
the command line. This is useful for developing, testing an@f Dshell for mobile robot simulation is thROAMS rover
maturing complex and new algorithm ideas in an easy to usémulator [20], and for flight dynamics simulations is the
environment. The operator layer reduces the analysis burd@SENDS simulator [21]. ROAMS and DSENDS differ in the
by allowing work to be carried out at a much higher levetypes of models they use, their specific user communities
without getting swamped by the low level details of typicand the user interface and usage. However they are both
dynamics formulations. This enables rapid prototyping opuilt upon the Dshell layer, and thus able to share and use
new computational ideas and algorithms for robot dynamic§omponent models developed for either of the domains.

The Dshell model base class supports parameters and
V. APPLICATION: SIMULATION internal states. The inputs and outputs of Dshell models can

Section IlI-A described DARTS solvers for supporting the?® connected at run-time to set up a data flow. The models
dynamics simulation of robot mechanisms. Physics-bas@i€ DARTS aware so that they can get and set dynamics
simulations build upon such dynamics solvers and typicalll-?ata' Dshell contains an instance of the DARTS solver
include several other models for engineering platform sim or pr.opagatlng the dynamics and model continuous states.
lations. Such component models can include models for actg11d9ing the gap between the low level Dshell models and
ators and sensors, control elements, and environment sodé'® System level simulation are a hierarchy of Dshell assem-
These models interact with the dynamics as generators RI€S- These assemblies represent sub-systems (eg. a wheel
forces and consumers of data. It is not unusual for sudpSEMPIY), multiple instances of whom can be contained
component models and their parameters to number in t}%thm assembly hierarchies. An exam_ple of the_ ass_embly
hundreds and thousands for even moderately sized robofli€rarchy for a ROAMS rover model is shown in Figure
platforms. Managing the data flow and interconnects acrofs ©nce again, while Dshell is primarily C++ software,
them can be a complex and error prone endeavor. its Pythpn.bmdmgs pgrmlt easy configuration, customazati

We use theDarts Shell (Dshell) simulation framework and scripting of the simulations.

[19] for _developmg full-scale engineering scale simuas VI. APPLICATION: EMBEDDED MODELS

of robotic platforms. The goals of the Dshell framework are

to facilitate the development and reuse of component mod- The mechanical, geometric, kinematic, dynamics, sensor
els; provide standard simulation facilities such as loggin and actuator characteristics of the robot fundamentatgcef
introspection, checkpointing, user interfaces; helpdrigri- the operation of the robot and its interactions with the
cally organize and reuse sub-system models; and meet tiask environment. Onboard autonomy modules often rely on
simulation needs for multiple domains. Figure 5 illustsatemodels to obtain information and data needed during run-
examples of systems simulated using Dshell. The adaptatitime. The effective use of embedded models does not require




Rover
. ___—= Sun . g
L Environment™____ Gravity attached and detached from each other during run-time (eg.

impact driver and its battery). This also extends to the

Locomotion run-time grasping and ungrasping of objects by the arm
Software™ o o o L o
—— Navigation hands. Such grasping is not limited to individual rigid body
Hardware objects but also tcarticulated task object linkages (eg.
trimmers). Pose estimates generated by the estimator are
Mast Motor used to continually update the attachment poses within the
Chassis—— Arm modeling layer.
T~ WheeIS/.WheeLl\ SurfaceContact g &y

When heavy objects (eg. tires, impact drivers) are grasped
Sensors \ by a hand, appropriate gravity compensation torques need
/ \ WheelN to be applied to overcome arm sag. Sufdedforward
compensating torques are computed by the modeling layer
for the control module. Dual-arm manipulation introduces
Fig. 6. lllustration of a hierarchy of Dshell assemblies usedrganize the |00p constraints within the system topology. While reducing
sub-systems within a ROAMS planetary rover simulation. the available number of motion degrees of freedom, these
constraints lead to internal forces that build up within the
robot. A move/squeeze decomposition approach [6] is used to

the models be perfect, but instead that they help redu%%mpute the feedforward terms that optimaibad balance
the demands on the autonomy software. A-priori knowledgg,e torques among the arms.

and online gstlmators are typically used to contlnuougly Dynamics simulations are also available for use by the task
update and Improve the modelldata to handle LIncert"’“nﬁfanner to plan execution sequences, and by the estimator
and changes durling task execut|on..' . to generate dynamics based predicts. Other miscellaneous
Due_ to the variety and Comp_lexnu_es o_f_modellng need%zomputations available within RoboDarts include those for
there is a tendency towards using simplified or fragmenteg operational space inertia for control in task space, and

implementations of custom models to meet specific autoRacrsive methods to compute system center of mass and
omy module needs. This not only adversely impacts the qu%bmposite rigid body inertias.

ity of the models but of the overall autonomy architectuie. T
avoid this, we have used DARTS to develop the RoboDar{%

embedding modeling layer for use W'thm. robot autonom ram [1]. The goals of the ARM-S project are to demonstrate
software. RoboDarts serves as an oracle-like modeling lay . . .
utonomous dual-arm manipulation for a variety of tasks

for embedded use within autonomy modules. tis designed I3 an unstructured environment. Examples of tasks include

support fast computation of the broad variety of model—tjaseusing a key to open a door, hang up a phone, drill a hole,

information needed by the modules. Furthermore, SOA hange a tire, cutting wire with a tool etc. The RoboDarts

structure-based_ algorithms are able to ada_pt quite nhmramodeling layer is used by each of the perception, planning,
to handle run-time changes to the robot, its tasks and the.. ..
environment estimation and control autonomy modules, though each
RoboD t. I the definit ¢ diff t parts of th module uses its instance of RoboDarts in a different way.
obobarts aflows the definiion of difterent parts of h€g,, .\, sharing has several benefits including - centralizatio
robotic systems such as arms, legs, necks, grippers eIIT(f

Specialized d andi ki s functi ¢ odel data, common model interface throughout the system,
pecializedorward andinverse Kinematics Junclions 1or any o gq - o updating modeling methods, and encapsulation of
of these sub-systems can be defined. The frames layers

M&del lexity within th ling layer.
used by all modules for computing needed pose transforms8de complexity within the modeling layer

as well as for driving 3D visualization graphics. The ineers
kinematics is used for motion planning, as well as for VIlI. CONCLUSIONS
redundancy management during real-time contlatobians
andmanipulability measures are available for all linkages in ~ This paper describes a computational architecture that
the system. These are used for planning, motion control @mprehensively addresses a broad range of robotics model-
well as for projecting end-effector forces into joint toeu  ing needs across analysis, simulation and embedded mod-
A collision detection module (built upon the Bullet colli- eling applications. The computations use fast, structure-
sion detection library [4]) supports the checking of cadliss  based algorithms from the SOA theoretical framework. The
between bodies. This is used by the motion planner tachness of the architecture avoids fragmented and over-
plan collision free paths as well as by the grasp planneimplified model implementations. Also, the grounding in
to generate grasp sets. This module allows one to select tte SOA framework and the generic DARTS library allows
coarseness of the collision shape geometries, to sellctivdéor a continual advancement of the architecture with new ca-
hide objects, as well as to add padding to shapes. Tipabilities and algorithms and improvement in the applarati
selective collision filtering feature allows users to disatol-  layers. We believe that such strong foundations are es$enti
lision checking between specific pairs of bodies as needefdr meeting the ever growing needs for autonomous robotics
Collision filters are automatically updated when bodies argystems.

IMU SunSensor Cameras

An adaptation of RoboDarts is currently in use by the JPL
am participating in the DARPA ARM-S competitive pro-
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