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Abstract— This paper presents a novel robot pose measure triggering first the hand motion and then the full body motion
for human movement imitation based entirely on the Euclidean js presented. Last, [6] present an extension to Dynamic

distance information between any two links of a robot and any - gavesin Networks, being also able to deal with unforeseen
link and object in the robot’'s environment in a Cartesian task perturbations !

space. A Hidden Markov Model is used to encode the spatio-
temporal information of multiple demonstrations. In combi- A common property of all presented methods is the pos-
F‘atior‘t th: (I’(aUSSia”t,Mithure 'Eleg;eﬁstiog for etxtraCténgt,the sible handling of both free space movements and interactive
important task properties, feasible full-body motion adaption . : . :

can be achieved. The method is suited for use with a humanoid ropot tasks with objects/humans in its enwfor.mjent. Proble
robot by considering additional constraints like balance control ~ aris€ as most methods encode the robot's joint angles even
and collision avoidance. In order to tackle modeling errors if the quality of imitation is mostly evaluated in task space
occurring due to the human movement demonstration and the either by inspection or using endeffector trajectory diévia

is proposed. Complexity reduction of the otherwise redundant . . : ) .
pose measure is performed based upon a mechanical analogyhlghly nonlinear depending on the robot's geometry, it can

of an interconnected spring system. Experiments are conducted be_ prone to errors in case of large environment'al changes. In
using a HRP-4 robot and display the applicability of the this case, a measure based upon task space information can

presented methods for robotic full-body motion imitation tasks.  be both more robust and intuitive. Hence various approaches
grab up this idea, see [7], [8].

I. INTRODUCTION Therefore this paper presents an entirely task-space based

Programming by demonstration is a promising way fofneasure of both .the robots pose and the interaction of the
humanoid robots to learn complex tasks in a human-likEPPOt with its environment. Inspired by the work presented
fashion. Instead of programming every desired movemetft [9], [10] not thg joint angles for.descrlbllng the robots
from scratch, a human movement fulfilling the desired task i&U/Tent Pose but instead the Euclidean distance between
adopted to a robot and modified when necessary. MovemeHty. tWo links of the robot is used. In a similar fashion
modifications are necessary for various reasons, e.g.ognvir for interacting with the environment, the distance between

mental changes, differences in the pose of human and rotdty link of the robot and any object in the environment is
or intentionally altered movements during reinforcemen?alcwat_ed' Th_e importance of each @stance is encoded in
learning of a task. its spatial variance and evaluated using HMM and GMR.

Various adaption schemes are proposed in literature iH'uS it can be ensured only the important task-specific
order to encode and reproduce task-specific movements. TRIPErties are considered both for the robot pose and the
includes Dynamic Movement Primitives (DMP), a method environment interaction. Further analysis tackles thgque _
disturbing a stable second order attractor system localtygu hOV\{ the proposed method can be use.d as a smgularlty
a weighted set of nonlinear differential equations. Susftés avoidance scheme. and to what gxtent '_ts comple;xﬂy can
application is shown in [1], [2] both to one-link manipulego be reduced. Experlmen_ts performing motion adaption on a
and humanoid robots being able to react dynamically tBiRP-4 humanoid robotic platform show that the proposed
changes in the environment. Another approachGaessian ~ @PProach can be adapted to real life problems by adding
Mixture Models/Gaussian Mixture Regression (GMM/GMR), con.stralnts.hke collision av0|daqc§a, balancg pf the robot
encoding a time-index trajectory set by a finite number of€fined by its center of mass or joint angle limits.

Gaussian functions, see [3], [4]. This provides informatio The remainder of this paper is organized as follows: Sec. Il
about both, most likely trajectory and corresponding spati displays the general approach and improvements leading
variance. Especially the variance is of interest as it can Be better overall performance. Experimental results using
used as a measure of importance of different task element$RP-4 robotic platform are presented in Sec. lll. Sec. IV
A more specific approach for precise object manipulatiofliscusses the presented approach. Last, Sec. V concludes
is presented in [5], where the combination of two HMMswith a final statement and possible expansions for the future

, , _ , Notation: Throughout the article scalars are written in
Thomas Nierhoff and Sandra Hirche are with the Institute for bold | in bold | |
Information-oriented Control (ITR), Faculty of ElectricaEngineer- non-bo etters (e'@)’_ vectors 'n_ 0 ower case letters
ing, Technische Universit Minchen, D-80290 Nnchen, Germany (e.g.a) and matrices in bold capital letters (edy). Ac-

{tn, hirche}@um de. Thomas Nierhoff, Wataru Takano and cessing a specific element of a matrix/vector is denoted
Yoshihiko Nakamura are with the Department of Mechano-Infdicea

University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, 113-8656 TokyJapan by square SUbscript brackets (efg[&?] for the third row,
{t akano, nakamura}@nl .t.u-tokyo. ac.jp. second column ofA).



II. MOTION LEARNING AND REPRODUCTION for every time stept. Both d, and ﬁ]s,t in combination
A. Data Representation with the vectorg; ; provide all information about the robots’
pose and its interaction with environmental objects. The
joints, the corresponding joint angle vectband! links with time-dependent varianck,, encodes the_ relz_itlve impor-
tance of each element of the prototypic distance mesh,

i itiomn! 35—
corresponding - positiop; € R = {1""’.l}' The ‘same except for those elements of the distance mesh where the
accounts for a set of objects in the environment. In ordef

o i . X ; . fobot’'s geometry imposes a time-invariant constant desgtan
to obtain information about the objects orientatiombject Whereas aenerally the inverse of the variance as
pointsp? € R3,i = {1,..., 0} are defined depending on the 9 y

objects’ geometry. For easier handling, tet= [ + o be the W, =3} 3)

total number ang; € R?,i = {1,...,n} be the total set of . ’ .

position vectors to be considered. The time-varying versio- used to_ reprei(errﬁl) /che variance-dependent

of p; is denotedp; ;. Then the distance mesh vectdre |mportance matrbW, € R of every eleme_nt .

Rn(n—1)/2 stores e\}ery possible Euclidean distance betweeq{ the distance mesh, a more general version is used in this

the position vectors. For every time steg {0, ..., tmaz} baper as N

a new distance mesh vectdg is calculated, thus encoding Wi = f(z&t)’ )

the temporal progress of the distance mesh. such thatW, is positive definite.

By measuring all distances in task space and using only

a single weighting ternW; we overcome the problem of
weighting joint space and task space distances relatively
to each other, see [3]. As the distance mesh includes all
distances between any link of the robot and the task-retevan
objects in the environment, information are provided for
the time-dependent entire robot pose relative to the ahject
Thus the approach differs from other methods which have to
specify the important limbs (e.g. hands/feed) manually.

Let the robot be represented as a kinematic chain with

. . , C. Motion Adaption
Fig. 1. Conventional approach (left) and new approach {yigiihereas the . . .
conventional approach encodes the robot joint angles ifymed distances ~ When executing the learned task in a new environment, the

to objects (red) separately, the method presented in thisrpgapeodes the  reproduced distance megn(gt) at timet generally differs

pose of the robot and the interaction with its environmenbugh the f 0. Yet th lis to find bot fi ti defined

weighted set of Cartesian link-link (orange) and link-ajéed) distances. rom i € € goal IS to Tind a robot con '_gura 1on aefine
by the joint angle®); such that the cost function; based on
the weighted difference betweeh (6;) and the prototypic

B. Data Encoding and Reproduction distance meskl, becomes minimal

A CHMM in combination with GMR is used to encode the

temporal progress of every element of the distance nagsh dra) = %7 (5)
based on multiple task repetitions. The CHMM is represented dypg)
by the parameter sdtr,a, w, u, ¥} with o for the initial cef = dE,Wid,., (6)
state probabilitiesa the state transition probabilities and Omin = argmin(ces). @
w, p and X for weight, mean and covariance of each state e L
of the CHMM. In addition to the spatial meapn,, and Differing from [4], the relative

varianceX, , for every Gaussian mixture componentor deviation at[‘ 8,)

e di on the t L 0 q —3tm>/3tm is used instead of the
a single dimension, the temporar information are used i, e deviationl,[;; (6;) — d,;; in order to increase

addition to calculate the temporal mep,, the temporal (gw influence of deviations of small elements of the
i

variqnce Zig and the c_ovar_iance betvv_een temporal an stance mesh. The corresponding Jacolignfor the cost
spatial dataX,, 4, resulting in the spatio-temporal meang - ionc.. is derived as ’
cf

vector i, and covariance matrix,. For a single dimension

of the CHMM for a single state it is defined as I = Ocey 8
cf — aet . ( )

py = |00 S, = o0 Sl M F ti | robot, a two-staged prioritized

9 feg|’ g Steg  Stg or execution on a real robot, a two-staged prioritize

ducti . ; d th h b ifferential inverse kinematics (IK) approach [12] with-in
Data reproduction is performed through GMR based e inequality constraints as described in [13] is used.

on m, and X, for every dimension as describedrpo j5c0hians of primary and secondary task are dedated
in [11]. This provides a prototypic (i.e. most likely) o4 J, and the pseudoinverse of a Jacobidnis J#.

i i n(n—1)/2 i ;i i T2 o
dlstance_ meshl_t IE R. £ togﬂgﬁ?ﬂ1\)";'2'[271'(5;5735/‘2’00'6"[60' The joint space velocitie® are related to the task space
prototypic spatial varianc®s,; € velocitiesry; oy for primary and secondary task as

ot = diag(Seg1s- - S gnin-1)/2); (2 P10y = J{1,2)0. )



Then the general solution of the prioritized IK such thathe distance base-endeffector has to be increased based
the secondary task interacts as least as possible in the leas J.;, the joint angle changes are minimal for the left
squares sense with the primary task wihas the identity manipulator. The right configuration however may enter a
matrix is singularity as a consequence of a hon-reachable space. When
. ] . . using the singular-robust (SR) pseudoinverse, the aéditiv
0 = 3701+ (Jo(BE = ITI))* (1 = Jod 1), (10) term of the SR pseudoinverse may cause an unpredictable
see [12] for an in-depth discussion about this topic. Therift of the joint angles close to a singularity. Thus anothe
motion imitation task is incorporated in the secondary taskeption based on the manipulability ellipsoid is proposeat th
With K. as a variable gain factor controlling the speed ofnodifies the cost functioa.; in such a way that the elements
the gradient descent ef;, it is of the distance mesh leading to a singular configuration are
weighted less.
Jo = Ty, (11)
f‘g = —chccf. (12)

Both JacobianJ; and vectorr; consist of three elements,
accounting for balance of the robal.(,, andr.,,,), fixed
position of the feetJ; andr;) and self-collision avoidance
(Jee @andr,). Itis

T

Ji = [Jcom Jf Jca} ; (13)
. . . . 1T

r = [rcom T rca} . (14)

. .. Fig. 2.  Effect of different manipulability: Changing the tdiace base-

Given sufficiently slow movements, balance of the robogndeffector (red dotted line) results in higher joint véfies on the right

can be achieved by keeping thenter of mass (COM) side than on the left side. To incorporate this effect inte dost function

2 \withi c.f, the manipulability along the direction of each mesh distagleenent
Pecom € R# within the support polygon of the robot. A is calculated (red arrow)

balance controller is used that moves the COM of the robot
towards the centep’¢/, € R? of the support polygon

I.'com = Kcom(ng{n - pcom)7 (15) I"T(JJT)_lf‘ = 17 (18)

In general, the manipulability ellipsoid is defined as

with adjustable gaicom. _ and used to calculate the manipulability along an arbitrary
By defining three sampling pointp; ; ; and each feet gjrection. Yet we are only interested in the manipulability

transformationT; € R**®, i = 1,2 (for example the tri- 3jong the direction of each element of the distance mesh,

hedronT;[e,, 17, Tiles, 1]7, Tile.,1]7), a single Jaco- gee the red arrows in Fig. 2. Assuming tiat € R3 is the

bian J; accounting both for orientational and positionalyirection thei-th element ofd, accounts for,7 we get

errors of the feet can be calculated based on the cost finctio

2 3 £ (Jidi ) e =1, (19)
_ ref 2
cfr= Z Z”pi-jJ — Piji sl (16)  for every element ofl,. It is then
i=1 j=1
The scalar'; is then defined in terms of the gradient descent ~ Dmen = dzag(||f17t||2 s [Eamen/elly), @0)
speedi; = — K ¢y with gain K. W, = DpanXis, (21)

Self-collision avoidance between two links of the robot is . .
. . . : l.e. the elements of the distance mesh which change of
based upon enclosing cylinders covering all robot links. In

this case, if the distancé ., between two links falls below length accor_dmg to (8) would cause high jomt_velocme_s
. min . o . are both weighted less and considered less during gradient
a certain threshold!; the desired collision avoidance

velocity is expresseé’gls, calculation. . o
For calculating the elements @,,,,, it is necessary to
Tica = Kca(d;jﬁj; —dica) if dica < d;flcig, (17) calculate the Jacobian matrices between any two links of the
robot. AssumingJ; ; is the Jacobian of links with respect to
link F',i.e.J;: = FJ . Usually, all Jacobians are calculated
with respect to a base link resulting in®J5 and®J . The
calculation of”J & given only®Js and®J 5 is (see [14])

with gain factor K, resulting inr., andJ.,. Joint angle
limits are considered through an underlying controllerhwit
bilateral boundaries.

D. Handling Modeling/Measurement Errors Fyom =Ry {OJG o —F o + (Orc _ OrF)x OJFW}

Using only a task-space based measure does not consider (22)
the geometry of the robot, see Fig. 2: Shown are two differemtith r; and rr being the position of linkG and F with
manipulators, one element of the distance mesh - the distamespect to the base ling, the subscript,. respectively,,
base-endeffector - and a hypothetical manipulabilitypstiid denoting the translational and rotational part of the Jeogb
for the endeffector. If due to a modeling/measurement errdhe matrixRo accounting for the pose of the base link with



respect to world coordinates artdfor the cross product and factor as
therefore skew-symmetric matrix of a vector. Vit = \/det((z D)) (26)

J
E. Complexity Reduction i ] ]
The final cost functiort,.; can thus be defined as the sum
The approach suffers from two large drawbacksOf®)  over all volumesy; ;

complexity for a given set of position vectors and redungtanc

in the weighting matrixW, as its elements can differ Cri= Y Vi (27)

by several magnitudes. Two methods are presented in this i=l..n

chapter that consider only a subset of all distance mesthus, when selecting the elements of the distance mesh, only
elements when calculating the cost functiary. The first  those elements are chosen that minimize

method considers only a fraction of the largest elements The matrixD; ; is the combination of the scalar stiffness
in W;. In case very few elements are considered, thigalue D;, and a matrixM only considering the amount
might cause undesired nullspace movements of robot limleg As, , that points in the direction (ﬂjyt_ Using the rotation

not included anymore ir.;. The second more elaboratematriij’t that coaligns the vectdt, 0, 0] with aj’t, it can
method interprets the distance mesh as a mechanical systggcalculated as

of springs keeping the points; in position. By removing 10 0
springs suc_:cesswely, it is mves_ﬂgated' .how wgll'the ppmt D, =D R;, |0 0 0 th. (28)
p; can be fixed to a certain spatial position. This is achieved ’ 0 0 o a

by looking at the volume of the unit energy ellipsoid when
displacing every poinp;. Differing from the first attempt, Whereas theoretically the subset of distance mesh elements

this method encodes not only the weighti¥g, but also the has to be recalculated at every time step, it leads to dis-
spatial arrangement of the distance mesh. continuities as the distance mesh constantly changes its
More in detail, the jth element that ¢, @appearance. Thus only one single subset is calculated based

with  displacemens, ; = d;.(6;,) —d,, and spring function c,. Note that Delaunay tetrahedralization as used

constantD; , = ~Viit originally in [9] is suboptimal as it cannot consider the
dj1dje . weighting W, for all possible distance mesh elements.
Under the assumption that one can achieve a perfect re-
production of the movement, it ks, = 0 Vj,¢. For a single [1l. EXPERIMENTAL EVALUATION

spring between two endpoints and a small displacement of Experiments are conducted using a Cortex motion capture
one of the two endpointp; in a random directionAs;;  system tracking the movements of a human test person
(small with respect tal; ;), the displacement forc& ; € R at 200Hz and providing realistic full-body movements for
can be expressed ds; ~ D;;As; ;. Note that we use the a given task [15]. The free space motion is subsequently
symmetric matrixD;; € R**® instead of the scalaD;:, mapped onto a HRP-4 humanoid robotic platform, provid-
accounting for the fact thaf\s; , andd;; are usually not ing the link-link distances and overcoming the problem of
coaligned. Consequently, the energly; required to cause different link lengths between human and robot. In addjtion

the displacement can be written as the link-object distances are measured directly from the
1 human test run, causing some inevitable modeling errors
Eir= §ASZtDj,tASi,t~ (23)  due to the different figure of robot and human. Simulations

. _ _ _ are performed in Openrave [16]. Real life experiments are
if there is more than one spring attached to the ppintthe  conducted using a HRP-4 robotic platform. The used param-

displacement energy is the sum eterization iSK.; = 0.2, Keom, Ky = 0.3, K¢ = 0.5. In
1 total, five demonstrations are performed for each scenario.
E;= §As§:t(z Dj:)As; . (24) Two scenarios are analyzed, see Fig. 3: In the first sce-
J nario, named clap, the human puts his hands first on the lap

It is visible that the energy required to displace the poin%:]”e standing and claps after that with his hands risen up.
h

p: depends both on the direction of displacement and t is way, the capability of the link-link distances for huma

amount of displacement. In order to find configurationénovemem imitation is investigated. For the second scenari
where a displacement af; is possible without changing named box, a box has to be lifted from the right side to

of the energyE; ; we look at the size of the constant energ)}bhet left sﬁe of thf t‘;ble‘ 'J?Le egso the It'nE'Ob.Jeft d'SHmCt
ellipsoid defined by etween human limbs and the box are taken into account.

The comparison with a conventional method encoding
only the joint angle movement, e.g. [17], is shown in Fig. 4.
On the left side, reproduction of the clap scenario is dis-
played for a standing robot (top) and a sitting robot (bojtom
for every pointp;. Similar to the manipulability ellipsoid, its with fixed leg joints using the method described in Sec. II-
volume v; , can be calculated up to a constant multiplyingC. For comparison, the right side shows the similar robot

1
1= §Aszjt(z D,/ )As; 4, (25)

J
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the time varying prototypic joint angle vectéy. To ensure
g. 4. Comparison between the method proposed in this pagfer ¢hd

collision avoidance and a stable stand while keeping thlaéjomt angle based approach (right) for the clap scenaria fstanding and
positional joint errord, — 6, small, a prioritized IK in the sitting robot

form of

0 =J7 i1+ Ko(E—I731)(6, - 6,), (29) ‘,‘,{% M§ M%W %\f é%)“
with J;, r; andE similar to Sec. II-B, is used.
!'
!i

5}
o

The reproduction of the original clap scenario differs
slightly for both cases due to the different control loop H:
used. Whereas the distance mesh based approach tends to

lean backwards when sitting due to the link-link distances
between legs and upper body, the joint based approach fails f : } - \;
to place the robot's hands on the lap as it considers only \ /

'!

!!

joint angles but not the task space relation between lap

and hand. Two additional plots provide quantitative result F1
of the reproduction quality with respect to the reference
robot motion. The left plot illustrates the imitation quli Fig. 5. Box scenario reproduction for two different box fiogis

in terms ofc.¢ (6), that is the similarity of the underlying
distance mesh whereas the right plot shows the cumulative
positional joint erro, — 6,. Clearly the mesh-based methodas the weightingW, is encoded in the secondary task and
outperforms the joint-based method in terms:gf and vice- may be overridden by higher-prioritized tasks.
versa when it comes to the positional joint error. The amount of redundancy in the distance mesh is in-
Fig. 5 displays the adaption capability of the proposedestigated in Fig. 7. Shown are results of both scenarios
approach to varied environments. Shown in each row aresing only a fraction of the elements of the distance mesh
the generated robot movements for different box positiongs described in Sec. II-E. For the box scenario, 32 points are
thus indicating that the prototypic movements can be useded to construct the distance mesh, resulting in a maximum
for tasks involving object manipulation with varied objectof (32 % 31)/2 = 496 elements for the distance mesh. For
position. the clap scenario, 21 points are used, resulting in uplLto
In order to measure the influence of the approach presentel@ments to be calculated. Given a reference scenario using
in Sec. II-D, two different box scenarios with the weightingall elements of the distance mesh, the average task space
matrix Wt set either taD,,,u, 3 ;t (“with manipulability”)  error of each pointp;, with respect to its position of the
or ES , (“without manipulability”) are analyzed. For the first reference scenario is shown when using only a fraction of
scenario no COM, feet or collision constraints have beed0%, 20%, 10% and 5% distance mesh elements. The blue
considered. For the second scenario previously mentione#d red bars correspond to the simple and elaborate method
constraints are taken into account. Plotted results of tr&s described in Sec. II-E.
fastest moving joint versus execution time are shown in Final experiments using the HRP4 robot platform are
Fig. 6. Close-to-singular configurations exist at 250ms andisplayed in Fig. 3. In order to compensate for the entirely
2100ms, resulting in sudden joint speed peaks. Howevarpsition-controlled robot, a smaller box has been used for
the effect (and thus the difference between the two graphsjovement reproduction and compliant elements (sponges)
decreases with increasing number of additional conssgainhave been attached to each side of the box to make it more
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Fig. 6. Cumulative speed of the fastest moving joint versusien
time with reduced number of constraints (left side) and whemsictering

imitation measure. The advantage over an entirely jointspa
based approach in modified environments is demonstrated
in experiments. As the proposed approach allows one to
take also higher prioritized objectives like balance colnbr
collision into consideration, execution on a humanoid tobo
is discussed in theory and shown by experiments.

Future work will be focused on an improved movement
adaption scheme, enabling one to detect hard positional
constraints automatically and to take them into account

properly.

all constraints (right side). Close to singular configumasi are highlighted
with orange circles

box scenario clap scenario
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Fig. 7. Average positional error of all distance mesh poimpethding on  [1]
the fraction of distance mesh elements used

[2]
elastic and prevent damage to the robot.

[3]

IV. DISCUSSION

Experiments show how the proposed approach can be us
both for free space movements and constrained manipulation

The existing redundancy of the distance mesh constitute§]
a tradeoff between a minimal movement representation and

versatile adaption capabilities regarding object masipoth  [6]
and postural changes. Even thoughdtén?) complexity is
disadvantageous for large-scale scenarios, only a fractio 7]

all distance mesh elements has to be considered in order to
produce satisfying results. A last problem all variancedaa
weighting approaches have in common is the incorporatioﬁsl
of hard positional constraints. Due to measurement noisgg]
probabilistic encoding and reproduction and pseudoimrers
based differential inverse kinematics, the adaption to neyo,
environments for tasks involving closed kinematic chains
becomes challenging.

The approach is robust towards changes of the paran{é%]
ters Keom, Ky, Keo, Koy as all of them can be varied by
more than one magnitude without severe alterations of tH&?l
reproduction result. The main challenge so far is the lar
discrepancy of the elements of the variance maﬁ];gt,
prioritizing occasionally the wrong (i.e. from a human per{14l
spective task-irrelevant) distance mesh elements. Sirdla
other HMM/GMR-based movement imitation approaches thgs)
method is highly sensitive to the number of HMM/GMR
states. [16]
V. CONCLUSION AND FUTURE WORK

This paper presents a novel method to encode and re?]
produce a prototypic robot movement for either free space
or constrained movements using a purely task space based
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