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Visualy-Guided Graging while Walking
on a Humanod Robot

Nicolas Mansard, Olivier Stas®, Frangois Chaumette, Kaauhito Yokoi

Abstract—In this paper, we apply a general framework for
building complex whole-body control for highly redundant
robot, and we propose to implement it for visually-guided
grasping while walking on a humanoid robot. The key idea
is to divide the oontrol into several sensor-based control tasks
that are simultaneously exeauted by a general structure called
stack of tasks. This structure enables a very simple access for
task sequencing, and can be used for task-level control. This
framework was applied for a visual servoing task. The robot
walks along a planed path, keeping the sped ed objed in the
middle of its eld of view and n ally, when it is close enough,
the robot grasps the objed while walking .

|. INTRODUCTION

In this paper, we describe a @mplete implementation of
a complex whaoe-body motion to redize avisually-guided
grasping while walking on a humanoid roba. It is based
on a genera framework for buil ding whole-body control for
highly reduncint roba, that is easily moduable end can be
adapted for a vast class of robatic problems.

Oneof the rst approach to generate full-body motion con
sidering a human-size humanaoid roba is motion ganning.
Proposed by Kuffner et a. [11] it relies on a discretization
of the posshle foat steps for walking, and a general path
planning algorithm for manipulation. By choasing a resson
able number of foat placement it is posshble to plan footstep
in a dynamic environment based on vision feedbad [16].
In [17], a whole body motion based on a cmmbination o
severa postures is planned to read a distant point with the
arm end-effedor. Thase remarkable results however did na
addressthe problem of manipulation while walking, and the
problem of motion generation based on sensor feedbadk.

In answer to this problem, we mainly focus on implement-
ing a complex sensor-based readive full-body control on a
humanoid roba. Sensor-feedbadk control loop techniques,
such as visua servoing [6], [4] provide very ef cient solu-
tions to control roba motions. It supgies high pasitioning
acairacy, good robustness to sensor noise and cdibration
uncertainties, and readivity to environment changes.

Very few work can be found for sensor-based control of
a whole-body humanoid roba. In [26] visua servoing is
used to pasition the leg of a HOAP-1 Fujitsu humanoid
roba. Several works have been proposed to solve avision
based manipulation task on humanoid torso or on non
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waking roba [3], [24], [13]. All these works demonstrate
the & ciency of sensor-based readive control for developing
robust and acarate task for humanoid robds. However, nore
of them was extended for full-body motion generation.

Such framework has been proposed by Sentis et a. in
[19]. It integrates task-oriented dyrnamic control and control
prioriti zation. Impressve results have been demonstrated on
simulation. Ancther framework has been proposed by Sian
et a. [20] which relies on the use of Kgjita's preview control
for the walking and onResolved Momentum Control (RMC)
to make sure that the tasks demanded at the upper body
level keep the roba balance Asthe nal goal of this work
is to teleoperate aHRP-2 humanaid roba, red-time whole-
body motion generation with short cycle is necessary. This
framework has been proved very reliable during severa days
at the AICHI 2005 uriversal expasition.

In this work we propase to implement visual servoing for
full-body motion generation on a humanoid robd, using a
similar framework that was alrealy proposed and validated
for arm manipulator roba [15]. This framework is cdl ed task
sequencing. Like the frameworks presented abowe, it enables
simple de nitions of a complex task. Using the eay access
on the low-level cortroller, a task-level controller has also
been designed to ded with obstades. The general ideais
to sequence aset of tasks to extend the locd convergence
domain of the readive visual-based control schemes, through
the use of agenera structure cdled stadk of task, that ensures
the task prioritization along with the motor input continuity
at task change. This work is based on ealier works auch
as switching control laws [5], [2] and task sequencing [27],
[18] that use atask-level reasoning controller to modify the
readive-level control loop, in order to extend the conwer-
gence domain and avoid obstades. We will prove in the
foll owing that the task sequencing framework is very suitable
for whole-body motion generation o a humanoid roba, and
that it alows to implement complex tasks such as grasping
while walking, by a simple and very ef cient way.

The next sedion will recdl the task sequencing frame-
work, as a generic solution for humanoid control. Sedion Il
presents the gplication o this framework to the HRP-2
roba. Asan applicaion, we propcse to implement a visuall y-
guided grasping while walking, taking into acourt the joint
limits of the roba. The experiments on the red roba are

nally presented in Sedion IV.



II. GENERAL CONTROL METHOD

The general control method wsed to redize afull-body
motion sensor-based task is rst presented. It is easily mod
ulable, and could be adapted very ef ciently for various type
of task. The control law is computed using ageneral structure
cdled stack of tasks [14] that is able to apply simultaneously
severa tasks while ordering them to avoid con icts. This
structure enables a very easy high-level control access by
providing a smple way to adivate or inadivate any task
during the exeaution to modify the roba behavior.

In the following, the stac of tasks dructure is recdled,
in a generic way. We will insist on the use of the stadk
of task for whole-body motion generation, to automaticaly
compensate the motions due to the walk that could perturb
the manipulation task.

A. Sack of tasks

The stadk of tasks is a structure that orders the tasks
currently adive. Only the tasks in the stadk are taken into
acourt in the ocontrol law. The task at the bottom level has
priority over al the others, and the priority deaeases as the
stadk level increases. The antrol law is computed from the
tasks in the stadk, in acordance with threerules:

- any new task added in the stadk does not disturb the
tasks arealy in the stack.

- the control law is continuous, even when atask is added
or removed from the stac.

- if posshle, the addtional constraints shoud be added
to the oontrol law, but withou disturbing the tasks in
the stadk.

The oontrol law is computed from the stadk, using the
redundancy formalism introduwced in [21]. The aditional
constraints are added at the very top d the stadk, which
means that they are taken into acount only if some degrees
of freedom (DOF) remain free dter applying the adive
tasks. This priority order may seem illogicd, considering
that the constraints are obstades that the roba shoud avoid.
However, the pasitioning task has priority sinceit is the task
we want to see ®mpleted, despite the obstades. The high-
level controller is then used to ensure that the constraints are
respeded when it is obvious that the robat will violate them.

1) Ensuring the priority: Let (e1;J1) ... (€n;Jdn) ben
tasks. The control law computed from these n tasks houd
ensure the priority, that is the task e; shoud na disturb the
task g if i > j. A rearsive computation o the aticular
velocity is proposed in [21]:

20 ®
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where PA is the projedor onto the null-space of the aug-
mented Jacobian JA = (J1;:::Ji) and & = J;P# | isthe
limited Jacobian of the task i . The roba articular velocity
redizing al the tasks in the stadk is g = dj.

2) Ensuring the continuity: ¢From (1), the control law is
obtained by impasing a reference velocity e; for ead task in
the stadk. Generally, an exporential deaease is required by
impasing the rst order differential equation e; = i€
However, this equation daes not ensure the cortinuity of
the roba velocity when the stadk is changed. In [14], we
propcsed a solution to properly smooth the roba velocity at
the transition, by imposing a sped ¢ second ader equation:

e+(i+t )e+(i)e=0 )

where  isthe gain that tunes the cmnvergence speed of task
e, and setsthe transition smoathnessof the globa cortrol
law. The oontrol law is obtained by introducing (2) in (1):

Qi = Qi l+(‘]iPiA l)+( i € JIgJ 1) (3)
a=an+e © ) oe()+ e()
where s the time of the last modi cdion o the stac.

3) Adding the seoonday constraints: The constraints are
added using the Gradient Projedion Method [12], [10].
The wnstraints are described by a st function V. The
gradient g(q) of this cost function can be cnsidered as an
arti cia force pushing the roba away from the undesirable
con gurations. It is introduced as the last task of the stadk.
It has thus to be projeded orto the null spaceof ead task
into the stack. Using (3), the complete control law is naly

a=drte ¢ )oe()+ e() Phg @
The reader isinvited to refer to [14], [15] for more detall s.

B. Pattern generator

We re-implemented a pattern generator similar to the one
commercialy available on the HRP-2 roba, based on [7].
From the footsteps given as an inpu, the center of mass
(CoM) trgjedory is generated using a 3D linea inverted
penduum model of the roba whose CoM moves on a plane.
The key is to solve an inverse problem from the ZMP
reference position deduced from the foatsteps. This inverse
problem is lved using a preview controller and thusimplies
to knaw the future in the correspondng window (here 1.6
semnds). In order to take into acount the red modd of
the roba, Kajita proposed to use asemnd stage of preview
control to compensate the difference between the ZMP of
the multibody model and the ZMP of the inverted pendudum.
This sond stage of preview cortrol is extremely ef cient
but adds 1.6 seconds of the future to be known, and thus in
total 3.2 seaonds of the future are needed. Therefore the main
problem regarding a readive control loopis to integrate the
immediate command generated by the task using the upper
body and the pattern generator to maintain stability.

Some solutions to this problem are the RMC [8] and the
CoM Jambian [23]. In bath cases, the main ideais to cancd
disturbances of the CoM reference trgjedory by using the
remaining DOF. Full body motion generation based onRMC
has been arealy redized in [20] but did na integrate atask
prioritizetion as in this work. In previous works, we have
tested experimentally the caabiliti es of the pattern generator
together with the stabilizer to cope with violations of the



CoM's planar motion and small disturbances of the ZMP. It
allowed us to make the rst humanoid dyramicdly stepping
over obstades [25]. For sake of simplicity and as a rst
step we implemented a simple heuristic where the left arm
is used to compensate partially for the perturbation induced
by the stadk of tasks implemented. For this resson we did
not integrate the chest as a freejoint to stay in the aeaof
stability. Our future work will i ntegrate COG Jambian to use
fully the caabiliti es of the system.

C. Using the stack of task to compensate the inner motions
due to the walk

At ead iteration, the pattern generator produces the next
reference pasition that shoud be reated by the roba. The
walking behavior can thus be written as a task function:

Qieg %)
where Qg is the aurrent articular position o the two legs

€walk = Jleg

and gieg s the reference position produced by the pattern
generator. The jacobian Jy a1k IS very simply:
Jwalk = Inleg Onleg On 2nleg (6)
0nleg Inleg on 2nleg

where n is the total number roba joints, and njeg = 6 is
the number of joints of eah leg. As shown by (5), the
walking task uses the 12-DOF of the legs and noredundancy
isavail able for any other task. The other tasks can beredized
using the upper-bodyjoints. Let us rst consider a controll er
whaose only entries are the upper-body articular velocity qyp .
Let ey be atask function whose jacbian Jif = %
is full rank. If the suppat leg moves (for example whife
walking), then the task ey, is perturbed. The time derivative
of the task error can thus be written:

@@i” @

where €2 are dl the motions that are not due to the uppper
body In the present case, this motions are equals to the
perturbation dwe to the suppat-leg motions. They can be
written @@f“’ = %“;qmg. The ortrol law that exeaites
the reference task motion e, while compensating the leg
motions can nally be written:

— qup
€wp = Jypdup +

@up
@ieg a

We suppase now that the stadk state is  eyaik €up . Let
us prove that the stack of task is able to generate exadly
the same compensation d the upper-body motion due to the
walk. The full-bodyjacbian J,, can be decomposed in two
parts by separating the Iega from the rest of the body:

i

®)

— qupt
Qu = Jup  Cw

Jup = ‘J:J%g JHB )

where Jig9 = 2 For the two tasks in the stack, the
control law (1) can be simply written:

Jup Iy aik Bwalk
(10

— o+ +
a-= Jwa|kew_alk + Jup Pwalk €up

Since Jwaik = l2nieg O , the projedor is:
Pwaik = 02n|eg 0 (11
0 I
Eg. (10) can ndly be written:
e
aqa = w(_)a.lk + ‘]ﬁng €up Jup\]:\,mkew_alk
(12
- €walk
‘JEBJr ewp JupQieg
where Qegg = €wak. The second part of control vedor

(which corresponds to the upper-bodymotion) is equal to (8).
This last result proves that the stadk of task is appropriate
to generate full-body motion by automaticdly compensating
any motions due to the walk.

D. Exeation controller

The stack of tasks provides a very simple solution to
allow control at the task level. In [15], we have proposed
a mmplete solution that ensures the resped of severa
constraints during the exeaution d anonredundant task ona
manipulator roba. Here this slution is applied for ensuring
the joint limits avoidance while walking and gasping.

As explained in the previous sdions, the constraints are
applied at the top o the stadk. They could thus be respeced
only locdly, and nahing ensures that some tasks of the
stadk will not violate them. To ensure that the cnstraints
are never violated, a task-level controller has been designed.
The oontroller deteds the wllision by a linea prediction. It
then chooses the best task to be removed acording to an
optimal criteria propaosed in [15]. The optimal DOF is thus
freed up and can be used to avoid the allision.

A seaond controll er was added to ensure the redization o
the global task when far enoughfrom the cnstraints. The
seoond controller deteds that the mlli sion hes been avoided
by a second grediction phese, and pushes badk the removed
tasks in the stadk as on as posshle. The reader is invited
to refer to [15] for more detail s.

I11. APPLICATION TO GRASPING

We now present how the task sequencing framework can
be used for a sped c task. We have implemented a grasping
based on \visual servoing. Thanks to the stad structure that
intrinsicaly compensates the motion dwe to the walk, the
roba is able to grasp an oljea while walking. Thanks to
the robustness of visual servoing, it was even passble to
grasp a slowly-moving oljed.

A good estimate of the objed pasition is obtained using
the two stereo cameras mourted on the roba heal. The

rst task is to keep the objed centered in the image by
visua servoing duing al the humanoid motion, to ensure
its visibility. The second task brings the roba gripper at the
objed pasition so that it can grasp it. Finally, the joint limits
congtraint is taken into acourt throughthe stad of tasks. In
the foll owing, we will present this threetasks, alongwith the
high-level rules that have been used to redize the grasping
and to ensure the joint-limit avoidance



The roba input controller is the full-body joint velocity:
= Qu:9u;Gchests Aneck: dracm ;s iarm (13

where dj, Qi , ehest s Gneck » Orarm and garm are the joint
velocities of the left leg, right leg, chest, nedk, right and left
arm respedively.

A. Visua servoing

A visua servoing task is based on an error e de ned as
the difference between the aurrent value of a visua feaure
si observed in the image, and its desired value s, [4]:

€ =S S (19

where s; isthe aurrent value of the visual feaures for subtask
e and s; their desired value. The interadion matrix L
related to s; is de ned so that 5; = Lg Vv, where v is the
instantaneous camera velocity. From (14), it is clea that the
interadion matrix L, and the task Jambian J; are linked by
the relation:

Ji = LgM Jq (15

where the matrix Jq denotes the roba Jambian (r = Jqq)
and M is the matrix that relates the variation o the canera
velocity v to the variation o the dosen camera pose
parametrizaion (v = Mr).

B. Centering task

In order to ensure the objed visibility during the servo,
and to stabilize the image motion to improve the image
processng, the image of the objed is centered in ore of
the canera view. The centering task is thus smply:

€G = Pieft (16

where pieft = Xg; Yo ISthe aurrent position o the objed
centroid in the left camera image. The interadion matrix of
e is the well known interadion matrix of the point [4].
Finally, the full-body jacobian of the centering task is:

Cam‘-]neck 0 0 (17)

where ©8M J, €@M J 1 est and @™ J; eck are the jacobians of
the suppat leg, the chest and the nedk respedively, computed
in the left camera frame. If the right leg is on the ground
the jambian of the suppat leg is:

camygy = CarnTrfootrfO()t-I—waist‘--Jrleg 0 (18

where €@MT .. and TfOLT ..o are the twist matrices
from the right foot frame (right-leg end effecor) to the
camera frame and from the waist frame to the canera frame
respedively. The matrix J;|eq iSthe jacobian of the right leg
computed in the waist frame. The oppaite construction of
cam Jg is dore if theright foct isin ight.

C. Grasping task
The grasping task is mainly a 3D-pasitioning o the right-
hand gipper at the objed position. However, to ensure that
the gripper will be properly oriented when grasping, we have
chosen to dissociate the positioning task in two parts. The
rst part controls the orientation o the gripper, the second
part controls the distance to the objed.

= camj, cam

J qG Jchest

Ficam

Fuwaist

Fig. 1.

De nition o frames Fyhang ad Ficam -

1) Gripper orientation control: The end effedor of the
right hand is noted Fpang (See Fig. 1). The origin of this
frame is st at the center of the grip, and the Z-axis is =t to
correspondto the opening o the gripper. To properly grasp
the objedq, it hasto be be kept in front of the gripper opening,
that is to say on the Z-axis. We nate p, =  Xo; Yo; Zo
the center of the objed expressed in Fhang - The orientation

task is thus:
Xo
Yo

The interadion matrix of this task can be obtained by
derivation o e :

e = (19

o = 1

~_ = Ye - O
We nate Vihang = V;! the catesian velocity of frame
to the am velocity is given by

0
1 (20)

0
O pj

Po= V+! Po= V Po! = I3 Ppo v (22)
where P, is the dossproduct matrix of p,. By introduwcing
(22) into (20), the interadion matrix L of e is naly
obtained:

L = 1 0 0 O Zo Yo 22

0 1 02, O Xo

The aticular jambian of e is the right-arm end-effedor
jambian with resped to the joints of the suppat leg, the
chest and the right arm. Its computation is smilar to (17)
and is thus left to the reader.

2) Gripper position cortrol: When the task e is adive
and redized, the remaining DOF to grasp the objed is
controll ed by the distance between the gripper and the objed.
We have chasen to use the task de ned by:

€3p = Prhand Po (23

where prhang and p, are computed in the same frame. The
frame Fang has been chosen as a common frame (the aror
isthus esp = M@ p). The interadion matrix is thus
simply the identity matrix Lsp = 13 03 , and the aticular
jambian is the same than the aticular jacobian of task e .



The task e3p is thus grongy couped to the task e .
However, thanks to the priority order provided by the stack
of tasks, an arti cial decouding isimposed that ensures that
the two tasks will not con ict during the servo. For that, we
simply impaose that task ezp has a lower priority than task
e .

3) Vertical orientation df the gripper: The tasks presented
abowe only constrain three of the six DOF of the gripper.
To improve the qudlity of the grasping, ancther task is
introduced to control the verticd orientation o the gripper
during the grasping. This is a rst step toward grasping
complex objed.

The am endeffecdor frame is noted Fihang =
(Xrh;Yrn;zrn) (seeFig. 1). The task regulates the paosition
of the plane P = Xn;z/n to the verticd, that is to say
to the reference plane Pygs = Xy ;Zrn - The reguation o
the plane is equivalent to the regulation o its normal. The
normal of P isy,n. The aror could thus be written;

€vert = Yrh  Yref (249
where y,er isthe normal to Pret: Yret = Zrn Xw. The
interadion matrix is given by [9]:

Lvert = 03 9 (29

It has three lines, but is aways of rank 2. The aticular
jambian of this task is the same than the aticular jacobian
of the task e .

D. Joint limit avoidance

The joint-limit constraint is added at the top d the stad
using (3). The st function for joint-limit avoidance is
de ned diredly in the aticular space It reades its maximal
value nea the joint limits, and it is nealy constant (so that
the gradient is nealy zero) far from the limits.

The roba lower and upger joint limits for ead axis
i are denoted ™" and g"®. The roba con guration g
is sid accetable if, for al i, q; 2 [gV"; g"¥], where

qmin = gMmin 4 G q\max — pmax G, G = qmax qmin
I 1 I 1

is the length of the domain of the aticulationi, and isa
tuning perameter, in [0; 1=2] (typicdly, = 0:1). d"'" and

g7 are adivation thresholds. In the accetable interval, the
avoidanceforce shoud be zeo. The st function V1! isthus
given by [1]:

vil(q) = }xn '72 26
(@=5 (26)
i=1 O
where 8 . ,
< g o ifgi< gy’
=L G o ifagi > g
T0; else

E. Two high-leve rules

Findly, the high-level controller is added to ensure a
goodexeaution o the complex required behavior. Two rules
are gplied to drive the high-level corntroller. The rst one
ensures that the joint-limit constraint is preserved during the
exeaution. The seaond ore ensures that the roba redly tries
to grasp the objedt only when it is close enough

1) Balance vesus joint limits avoidance As explained
upper, we have chasen na to control explicitly the balance of
the roba due to the upper body motions. Indeed, the lower-
body cortroller has been experimentally proved to be robust
enoughto ensure the roba balance under the constraint that
the dhest joints are used as littl e & possble. However, these
joints are necessary to bring some redundancy to the upper-
body tasks. In particular, the chest joints are necessary to
enlarge the ned joint domain, that is very short by itself.
We thus de ne alast task echest that constrains the chest
joints to stay at its zero pasition. By introducing this task in
the lower part of the stadk, we ensure that nore of the upper-
body tasks will use the chest joints in the general case.

The high-level controller recdled in 11-D is then used to
ensure the nedk-joint-limit avoidance, and the visibility task
exeaution. When the ned joints are going to collide their
limits, the task echest iS automaticadly removed from the
stadk. This gives the necessry redundancy for joint-li mit
avoidance and task exeaution. When nocollision is deteded,
the task echest 1S pushed badk, which ensures that the chest
joints are used as little @ posshble.

This task echest iSavery ad ha (but very ef cient) way
to ensure the roba balance In the nea future, we plan to
generalizethis lution byimplementing ared CoM control,
as dore for example in [20].

2) Grasping orly when close enough This oond rule
is added to limit the time where the am is fully extended.
Indeed, this position is better to be avoided, becaise of the
singudar arm con guration, and also becaise of the distur-
bance caised to the roba balance Let d, be the distance
from the shouder to the objed (do = jj"*M cam Pojj, where
"M cam isthe homogeneous matrix passng from the canera
frame to the right shouder frame. When the objed is too far
(do > dmax, Where dmax is the length of the am), then the
task e3p isremoved from the stadk. To avoid any oscill ation
when d, is close to dyax, the task e3p is pushed badk
when d, is below 80% dmax. This dmple rule enables the
roba to prepare the grasping when it is far from the objed,
by regulating the task e to O, withou penalizing the am
manipulability or the roba balance

IV. EXPERIMENTS AND RESULTS

The roba used for the experiments is a HRP-2 humanoid
roba. The control loopruns at 200H z. The camera feedbadk
runs at 30Hz. A Kaman lter is used to synchronize the
two process loops. The presented experiment is a typicd
exeaution o the complete gplicaion. An ohed isplacal in
the workspace and is moved randamly. The roba is walking
along a planned trgjedory that passs close to the objed.
While walking, the roba has to grasp the objed.

The experiment is uammed up in Fig. 2 to 7. The roba
starts walking at iteration 2300 It arrives close enough
from the objed at Event (1) (see Fig. 2). The task e3p
is then added in the stadk, and is quickly completed. At
iteration 380Q the objed is in the hand, and the roba closes
its griper. All the tasks are nally removed from the stack
to nish the exeaution, as oon as the torque sensors deteds









