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Abstract To solve this problem, in this paper, a new simple hier-
archical parallel processing model using high-speed realtime

In this paper we propose a new hierarchical parallel prosensory feedback. A brief outline of the paper is as follows.

cessing model based on high-speed realtime sensory feedbagksection 2 we discuss functions of realtime sensory feed-

to realize manipulation in a dynamically changing environ-pack in a grasping task, and based on the result we propose a

ment. In this model high-speed sensory feedback is used aimple hierarchical parallel processing model. In section 3 a

hierarchical three stages: (1) servo control, (2) motion plangrasping algorithm for one example problem is derived from

ning, and (3) adaptation of the motion planner and the mothe proposed model. At last in section 4 an experimental re-

tion controller. Because the structure of the motion plannegylt is presented using a 6-axis manipulator with a multifin-

and the motion controller is changed according to an externajered hand and an active vision.

environment at a high rate, responsiveness and flexibility to

dynamic changes of the environment is achieved. And grasf®. Hierarchical parallel realtime sensory feedback model

ing and handling of a dynamically moving object is achieved

based on this model. Experimental results are shown with 8.1. Use of realtime sensory feedback

dextrous hand-arm and a high-speed active vision. ) i ) )
In a grasping task realtime sensor information can be used

1. Introduction for various uses and main uses are as follows.

(1) Feedback for servo control

is achieved such as grasping of a flying object. To realize sucﬁensory feedback is used for servo control. Fig.1 (@) is an
grasping ying object. example in which a hand is controlled by observing the po-

an ability to grasp in a dynamically changing enVlronmem’sitional error with a vision. In this example a vision is used

realtime sensory feedback (vision, tactile sensor, and force : v
. y ) ( Ih the same way as internal sensors which is used as merely
sensor) is one of the most important element [1].

Under this backaround. mainly using visual feedback sev-a measurement equipment. In this case, to achieve stable
er this background, mainly using visua ' ~~"and high responsive control, processing frequency in sensory
eral applications of realtime sensory feedback to a graspin

system have been studied. Allen et al. realized grasping O%edback should be more thafkHz] [8].

a model train using visual feedback based on the optic flof2) Desired trajectory generation _ _ _
field [2]. Hong et al. realized grasping of a flying ball using S_ensory feedback is usgd for.deswe'd trajectory generation.
visual feedback by stereo vision [3]. Namiki et al. realizedFi9-1 (b) is an example in which using visual feedback an
high-speed grasping of a dynamic moving object using visuaPPtimal arm trajectory is computed by real-time against a
feedback at the cycle time afms] [4]. moving obstacle. To generate a trajectory in a dynamical

In these systems realtime sensory feedback is used mainfy!@nging environment, high-speed realtime sensory feedback

for servo control. But because external sensors such as visiéh needed.

are used to observe the state of an environment directly, real3) Task switching according to the state of an environment

time sensory feedback can be used not only for servo contrdensory feedback is used for switching tasks. Fig.1 (c) shows
but also for various uses. And a hierarchical parallel prothe example in which three subtasks is switched according to
cessing architecture is appropriate for designing such a muthe state of the environment; grasping, object handling, and
tipurpose system[5]. Conventionally, several models of hi-collision avoidance. To select an optimal subtask in a dy-

erarchical processing were proposed, for example, sensorpamical changing environment, high-speed realtime sensory
motor fusion[6], and multiple control, and hierarchical sen-feedback is needed.

sory feedback[7]. However, most of these models were con-

ceptual and how to use realtime sensory feedback was not & Propose a new hierarchical parallel processing model
clearly shown. on the basis of this classification.

A human being has an excellent ability and a difficult task



the integrated value is given as a linear combination of them.

(3) Adaptation layer

Corresponding to the ug8), the structure of integration of
subtasks in the plan layer and the structure of sensor fusion
in the control layer are changed according to a working en-
vironment. This is realized by changing positive definition
(8 Servo control coefficient matrixed/;(s) € R™ ™ (i = 1,2,---, My,)
andS;(s) € R™>™ (i = 1,2,---, M,) which are weight-

ing matrices in the linear combination.
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Figure 2: Hierarchical parallel realtime sensory feedback

2.2. Hierarchical parallel realtime sensory feedback Model
model

Figure 1: Use of realtime sensory feedback

As a result the hierarchical parallel processing model is

To simplify the problem, it is assumed that the state of 8yescribed as

system is uniquely described by a state variable R™*,

and & = f(z) is satisfied by a motion parametér ¢ of [Ma M,

R™. On these assumptions a hierarchical parallel processing  § = of N Ui(s)zas(s) = Y Si(8)zi(s) |, (D)
model which consists of three layers is constructed as shown 0z \ = j=1

in Fig.2.

where Y124 Uy (s) = 3377 Sj(s) = I, is satisfied. The

. . matrix I,,, is an unit matrix.
Corresponding to the ugg), servo control is executed us- :

. : . . Because processing in each layer is computed by high-
ng .hlgh-speed realtlmg sensory feedback. A f(?Edb"’le_S'gs'peed realtime sensory feedback in this model, processing
nal is calculated by fusing some kinds of sensor information

: S corresponding to dynamic changes of an environment is real-
Concretely, if the projection of an observed value to the Stat?zed. Moreover, it has an advantage that a design of a system
space isz; = z;(s) € R™ (i = 1,2,---, M;), the fused ’

value is given as a linear combination of them ;uch as addition and de!etiqn of realtime.sensor.y. feedback
' is easy because processing in each layer is specifically sepa-

(2) Planning layer rated.

Corresponding to the uge), computation of a desired trajec-

tory which is given to the control layer is executed. To deal3. High-speed grasping algorithm

with various types of a task, a desired trajectory is given as i

an integrated value of several trajectories of subtasks. Cors-1- ASsumption of a target system

cretely, if the projection of a desired trajectory of a subtask to

the state space is; = zq4i(s) € R™ (1 = 1,2,---, Mg,),

(1) Control layer

We assume that a system has a 6-axis manipulator with a
multifingered dextrous hand and one monocular vision. And



each joint has a force sensor and contact condition can bend the orientation of the object observed by vision is de-
recognized using them. scribed ase® € R®, and force and moment observed by the
As a goal task, a series of a general manipulation processrce/torque sensor is describedés € R, the desired joint
is assumed, namely, grasping of an object, and handling of aangle velocityv§ € R® is computed as follows,
object, and interaction between a handling object and another . a -
object. 03 =J% K%(®q—w,)— K0 +J° KF* (2)
We adopt following subtasks to realize such a process: (1) . _ Ba® - ) . o an
tracking to keep an optimal position for grasping by cancel‘Where J* = #ga is a Jacobian matrix anf*, K, and
ing the relative positional error between the hand and thé*/ are a positive definition diagonal matrix. In this equa-
object (Fig.3 (a)) , (2) reaching to stretch the arm to thetion the first item means position control based on realtime
object (Fig.3 (b)), (3) object handling to a desired positionsensory feedback, and the second item means velocity feed-
(Fig.3 (c)), (4) collision avoidance of a manipulated objectback, and the third item means force feedback using the
(Fig.3 (d)). In Fig.3 these subtasks are shown. Other sulforce/torque sensors.
tasks should be needed for general-purpose manipulation, but The variables in the first item is calculated as follows,
in this study we adopt only above subtasks to simplify the 20 = (Io — GY(Is — G™)(Is — G*) @°

problem.
+ (I@ — Ga)(Ie — Gm) G’? wg,
+(Is — G*)G™xg
+G* =g, ®3)
2, = (le—C™)a”+ C™ 2°, 4

wheree is the desired trajectory by integrating desired tra-
jectories of subtasks. This is derived from the desired track-
ing trajectoryz°, the desired handling trajectomy; € R®,
the desired avoidance trajectae§ € R, the desired reach-
ing trajectoryz% € R®. And =, shows the state of the system
observed by fusing visual informatiat? with internal sensor
information«® (the fingertip position computed by the joint
angled®). The matrixls € R°*® is an unit matrix.

Coefficient matrices are calculated as follows,

1 G’ == dlag(]., 0, 0, 0, ]., 1), (5)

NN

hand pos;::n _objt)e(clposmon Gm — d|ag( g:,n ) , Z — 1, 2, o 6, (6)
1 (1<g")
g'=9 g (0<g"<1) , (7)
% 0 (g <0)
t
g = [ arsotrte) - e, @
t'=0

- -

hand position object positiol
Xt = xe

obstacle position
= o =
(d) Coallision avoidance

Figure 3: Desired subtasks c™=C*Gm, (12)
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Ga:diag(gg)a 1=1,2,---,6, (10)
1
C 1+exp(yf (- 1))’

9; (11)
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wherer® shows the size of the weighted average of the joint
3.2. High-speed grasping algorithm torque of the hane? ¢ R® " ¢ Ris athreshold] € R
shows the distance between the manipulated object and the
If the joint angle vector of a manipulator is described asobstacle, and, € R is a threshold for adjusting the distance
8 € RS, and the position and the orientation of the handin which avoidance motion starts. The matri€&$, H; and
derived from#® is described ag* ¢ R®, and the position the constant numberg®, 4§ are an appropriate coefficient.



In each phase Eqn(3) is written as followings. to realize the similar operation. But the global stability of the

(a) Tracking and Reaching whole system should be satisfied. These problems are future

. . works.
Becausd?™ = Og andG*® = Og in the reaching subtask and
: ; . ;
the tracking subtask, Eqn.(2) is described as follows, Hand e —— :
- - J ptation for handling ]
’U; =J* K¢ {(Iﬁ — G") (wo — iBa) + G? (wg — w“)} object ={ Adaptation for collision avoidance ]7
. a T position .
—K®g" £ J° Kaf Fa, (13) o Adaptation layer
S S §
where because tracking motiQfs — G*) (2° —2*) is orthog- ! Desired
onal to reaching motio”* (5 —«*), there is no interference Desied %
between them. vaectoy Reaching
) X3 | Handling
(b) Handllng Object planning .
Becauses™ = I andG* = O in the object handling sub- 71— ‘isance X E— gyl
task, Eqn.(2) is described as follows, Sl N
a _ ja 'gra 0 o av ¢ aT raf pa
vi=J% K°(@5—2°) — K8 +J° KF* (14)
featire et
. . osition
wherez? = (I — C*)2* + C*2° is the value by fusing 3 - 0
visual information with internal sensor information. In this it ane hand A% Command
. . oint angle ine- osition +
equation servo contrgke§ — ®9) is executed. & maes o A K T
¢ X Vi
(c) Collision avoidance Wrist F/T e
BecauseZ™ = Ig andG* = I; in the collision avoidance F2 Control layer

subtask, Eqn.(2) is described as follows,

vl = o' g (@5 — 2°) — K 0° 4+ J“TK“fF“,(15) Figure 4: Block diagram
where an avoidance contr@g — «?) by fusing visual infor-

mation with the internal sensor information is executed. As4. Experiment

for a desired trajectory for collision avoidance, for example,

itis computed as follows, 4.1. Experimental system
o n!(l, - 1) L 10 The experimental system based on 1ms sensory-motor fu-
z; = s 0 o= t>0, (16)  sion system [9] is shown in Fig.5. This system consists of a

®° otherwiseg DSP hierarchical parallel processing system, an active vision,
3. ) . o a 7-axis axis arm, and a 4-fingered hand.
wheren! € R” is an unit vector in the direction from the  The DSP hierarchical parallel processing system is a mul-
obstacle to the manipulated object. tiprocessor system in which eleven general-purpose floating-
Remark 1 point DSPs (TMS320C40, Texus Instrument Ltd.) are con-
In this algorithm, switching from reaching to object handling "écted with each other. This is the main part to execute
is executed using the grasping powérand switching from high-speed sensor information processing by the cycle time
object handling to collision avoidance is executed using th@f 1[ms]. On the other hand, the active vision is a 2-DOF ac-

distanced observed by a vision. tuator (tilt and pan) and equips with high-speed vision chip
system SPE-256 (resolutidé: x 16 pixel). And the arm
Remark 2 is a 7-DOF actuator which loads the wrist with the 6-axis

The structure of sensor fusion changes based on hand joifd;ce/torque sensor. The hand is a 4-fingered 14-DOF ac-
torquer™. Therefore the object is recognized by only visual t,ator which equips with force sensors to each joint.

information before a hand grasps an object, and it is recog- To avoid occlusion problems, the hand-arm and the active
nizgd by fusi'ng visual information with internal sensor infor- \jision are arranged opposite to each other and a manipulated
mation after it. object is placed in the middle position. And two planes, the
Remark 3 beginning plane and the ending plane for reaching, is set-
In this method it is designed that tracking and reaching aréled between the hand and the active vision, and reaching
orthogonal. But generally it is necessary to change the condis Planned so that the hand is transfered from the beginning

tion of separation according to the state of the environment. Plane to the ending plane.
Remark 4 To make a trajectory which is difficult to estimate, a ma-

As for calculation in the adaptation layer, by adopting appro-ipulated object is optionally moved by a human hand on the
priate coefficients except Eqn.(6) and Eqn.(10), it is possibl&onstraint plane.
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Figure 5: Experimental system

The cycle time of whole system control 1s5[ms], and
the cycle time of active vision control is0[ms] to speed up
visual processing.

4.2. Experimental result
To simplify the problem, it is assumed that in the object

handling subtask the goal is to make the object stand still at
specified position.

In Fig.6(a)(b)(c), the time response of main parameters,

the time response of an element of coefficients for adaptatio
G andG™, and the time response of the grasping powfer

are shown. In this figure the tracking subtask and the reaching

subtask are realized frotmo0[s] to 4.0[s], and task switching
to the object handling subtask is executed aftéfs]. And

in the object handling subtask collision avoidance is executed

when an obstacle approaches to the manipulated object.

5. Conclusion

In this paper, a hierarchical parallel processing model
based on high-speed realtime sensory feedback is proposed.
And based on the model grasping and manipulation for a mul-
tifingered hand is realized which is high responsive and flex-
ible to dynamic changes of an environment.

In the proposed grasping algorithm high level processing,
such as estimation and learning, is not used. But from the
experimental results it is shown that manipulation adaptable
to dynamic changes of an environment can be realized us-
ing the realtime sensory feedback algorithm. This result also
shows that high-speed realtime sensory feedback is effective
not only to realize responsive and flexible manipulation, but
also to achieve reliability by preventing complicated process-
ing.

At present several applications of a hierarchical parallel
processing model has been developed to various manipulation
tasks.
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