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Abstract There is a growing interest in sensory-
motor integration for realizing new behavior of
intelligent robots and there must be some pro-
cessing architectures integrated with the detec-
tion function. When viewed from the system as a
whole, a parallel processing architecture is pro-
duced in which a part of the processing is dis-
tributed among the sensors. As a result of this, it
is strongly required that a new hierarchical par-
allel distributed processing be introduced, corre-
sponding to such a processing architecture. From
such a viewpoint, this paper considers mainly the
processing architecture for sensory information
in robotics from new viewpoints such as mas-
sively parallel processing vision, high speed vi-
sion, active vision, and sensory-motor fusion. In
addition, some demonstrations of grasping are
presented as applications, and the perspectives
of future sensor technology are discussed.

Keywords: hierarchical parallel processing ar-
chitecture, sensory-motor fusion, vision chip,
grasping

1 Introduction

There is a growing interest in sensory-motor in-
tegration for realizing novel behavior of intelli-
gent robots and mechanical systems. The key
to the realization of high-level behaviors is sen-
sory information processing technology such as
sensor data fusion and hierarchical parallel pro-
cessing architecture. With recent progress of the

integration of electronic circuits, great changes
will occur in the role and the techniques of the
sensor and sensory information processing.

The most important point to be noted is that
with the progress of such integration the com-
putation cost is exceeded by the communication
cost. In other words, the sensor is no longer con-
sidered simply as a hardware device for trans-
forming a physical value to an electrical value,
as in conventional sensors, but rather as an in-
formation processing module including sensory
information processing.

In such a design, there must be some pro-
cessing architectures integrated with the detec-
tion function. When viewed from the system
as a whole, a parallel processing architecture
should be necessarily introduced into the sys-
tem in which a part of the processing is dis-
tributed among the sensors [1]. From such a
viewpoint, this paper considers mainly the pro-
cessing architecture for sensory information in
robotics based on massively parallel processing
vision, high speed active vision, and high speed
sensor fusion.

New theory for constructing high speed
sensory-motor fusion system using hierarchical
parallel processing is proposed on high-speed
sensory feedback. In addition, a 23 degrees of
freedom robot system with high speed vision,
force sensors is shown as an experimental plat-
form.

By using the system, some demonstrations of



high speed grasping, tracking, and some appli-
cations such as robotics, human interface and
virtual reality, are presented. In the demonstra-
tion, tracking, reaching grasping impedance con-
trol, and some application tasks are integrated
into a unified algorithm.

Lastly, the perspectives of future sensory in-
formation processing and fusion technology are
discussed.

2 Hierarchical parallel pro-

cessing architecture

In this section a system architecture suitable to
fuse sensor information is discussed by analyz-
ing the real world environment. There are two
important features in the real world, as follows:

(A) Flexibility under multiple conditions
A system should have flexibility to complete

various tasks under various conditions. The pro-
cess should be suitably changed according to the
condition, for example an object’s position, an
object’s shape and an object’s motion.

To implement this, a hierarchical parallel pro-
cessing architecture with several types of sensor
is valid. Multiple types of sensory-motor fusion
processing coexist in one system based on it. As
a result, flexibility in multiple environments is
realized.

(B) Responsiveness to dynamic changes
In the real world, the environment changes

dynamically and is possible that the object
moves at high speed and sudden accidents hap-
pen.

To overcome this, motion control based on
high-speed sensory feedback is effective. High-
speed sensory feedback means to return feed-
back of external sensor information at a rate
higher than the rate of control. Because the sys-
tem can recognize an external environment in
real time, responsiveness to dynamic changes in
the real world environment is realized.

We adopt an architecture in which both flexi-
bility and responsiveness are realized. This is a
hierarchical parallel architecture in which each

element consists of high-speed sensory feedback
within 1ms as shown in Figure.1. Because each
feedback process is completed within 1ms, ad-
justment to various conditions is realized at high
speed.

Actuator1

Sensor1
Sensor2

Sensor3
Sensor4

Sensor5

Actuator5

Actuator3
Actuator4

Actuator2

Control Layer

Planning Layer

+

+
+

+
+

+
+

cy
cl

e 
ti

m
e 

 =
 1

[m
s]

Processing Element

Figure 1. Hierarchical parallel processing archi-
tecture based on high-speed sensory feedback

In general the cycle time of 1ms is necessary
to prevent mechanical resonance in robotic con-
trol. In our architecture we decided that the cy-
cle time of each sensory feedback should be 1ms
to ensure stable motion control.

As a related research Albus proposed a hierar-
chical parallel architecture based on the model
of humans [2], and Brooks proposed a behavior-
based hierarchical architecture consisting of lay-
ered sensory feedback modules [3]. We adopt a
similar hierarchical parallel architecture, but re-
sponsiveness based on high-speed sensory feed-
back is not considered in these architectures.

3 1ms sensory-motor fusion

system

Using the idea of a hierarchical parallel archi-
tecture, we have developed a system called the
‘‘1ms Sensory-Motor Fusion System’’ to realize
high-speed sensory feedback and fusion of sen-
sory information. This system exhibits high per-
formance processing of all sensory feedback, in-
cluding visual feedback, with a cycle time of 1ms.
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Figure 2. Architecture of 1ms sensory-motor fusion system

Because the processing result is directly used
to control the manipulator, each task is realized
with high responsiveness. Figure 2 shows the
system components and Figure 3 shows a photo-
graph of the system.

3.1 DSP parallel processing system

The DSP subsystem is the main part for fusion
processing of sensory feedback within 1ms. It
has a hierarchical parallel architecture consist-
ing of 7 DSPs connected to each other, and many
I/O ports are installed for inputing various types
of information in parallel. In this system we
use a floating-point DSP TMS320C40 which has
high performance (275 MOPS) and 6 I/O ports
(20 Mbytes/sec). By connecting several C40 pro-
cessors, a low bottle-neck hierarchical parallel
architecture is realized.

And In DSP system the following I/O ports are
prepared; ADC (12 bit, 64 CH), DAC (12 bit, 24
CH), and Digital I/O (8 bit, 8 ports). These I/O

ports are distributed on several DSPs to mini-
mize the I/O bottleneck so that sensor signals
are input in parallel.

A parallel programming development envi-
ronment has been prepared in which multi-
process and multi-thread programming is eas-
ily realized. This function is useful to program
parallel sensory feedback.

3.2 High-speed active vision

The active vision subsystem consists of a vision
chip system called SPE-256 and a 2-axis actuator
moved by DC servo motors. SPE-256 consists of
a 16� 16 array of processing elements (PE) and
PIN photo-diodes (PD). The output of each PD
is connected with a corresponding PE. Each PE
is a 4-neighbor connected SIMD based processor
which has a 24 bit register and a bit-serial arith-
metic logic unit capable of AND, OR, and XOR
operations etc. Because the visual processing is
perfectly executed in parallel, high-speed visual



feedback is realized within 1ms [6].
The actuator part of the active vision subsys-

tem has two degrees of freedom; pan and tilt.
This is used to move the sensor platform and
this is controlled by a DSP assigned for active
vision control.

Figure 3. 1ms sensory-motor fusion system

3.3 Multi-�ngered dextrous hand-

arm

The hand-arm subsystem is a 7-axis manipula-
tor with a dextrous multi-fingered hand. The
multi-fingered hand has 4 fingers and 14 joints.
Its structure is similar to a human hand, in
which a thumb finger is installed opposite to the
other three fingers. Each joint is controlled by
DC servo motors in a remote place using a con-
trol cable consisting of an outer casing and an
inner wire. Each joint of the hand has a poten-
tiometer for position control and a strain gage
for force control.

The arm has 7 joints controlled by AC servo
motors. An encoder is installed in each joint and
a 6-axis force/torque sensor is installed at the
wrist.

4 Vision chip

For real-time machine vision such as robot con-
trol using high speed visual feedback, traditional
vision systems have an I/O bottleneck problem
due to scanning and transmitting a large amount
of image data, and the sampling rate is limited

to video rates (NTSC 30 Hz / PAL 25 Hz). To
solve this problem, we have developed the SPE-
256. But this is a prototype scale-up model and
an integrated architecture in one chip is needed.

For this reason we have developed a next
generation vision chip architecture called S3PE
(Simple and Smart Sensory Processing Ele-
ments) [4]. In the vision chip architecture, photo
detectors (PDs) and parallel processing elements
(PEs) are integrated in a single chip without
the I/O bottleneck, and the parallel PEs have
general-purpose processing capability and are
controlled by programs using digital circuits for
real-time machine vision in robot control.
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Figure 4. Block diagram of vision chip architec-
ture S3PE

The block diagram of the whole chip is shown
in Figure 4(a). General-purpose PEs are ar-
ranged in a massively parallel 2D array. Each
PE is directly connected to a PD, an output cir-
cuit, and its four neighboring PEs. Image signals
from the PDs are A/D converted and transmit-
ted in parallel to all the PEs. Instruction codes



are decoded, transmitted to all the PEs, and ex-
ecuted simultaneously (SIMD type processing).
The calculated result is transmitted to the out-
put circuit and feature values such as moments
are extracted and transmitted to an external sys-
tem.
Table 1. Number of steps and time of sample
programs on S3PE

algorithm steps(time1)
4-neighbor edge detection (binary) 11 (0.72 �s)

4-neighbor smoothing (binary) 14 (1.0 �s)
4-neighbor edge detection (8bit) 70 (5.6 �s)

4-neighbor smoothing (8bit) 96 (7.7 �s)
4-neighbor thinning (binary) 2 23 (1.9 �s)

Convolution (3�3, binary input) 40 (3.2 �s)
Convolution (3�3, 4-bit input) 372 (30 �s)

Poisson equation (4-neighbor, 4-bit) 3 63 (5.0 �s)
1 Calculated regarding an instruction cycle of 80 ns
2 The process is repeated 10 times
3 The process is repeated 200 times

Figure 5. Photograph of the test chip

The block diagram of the PE is shown in Fig-
ure 4(b). Each PE has an ALU, a local mem-
ory, and three registers. The ALU consists of a
full adder, four multiplexers and a D-flipflop for
holding a carry bit and can execute 10 logical and
8 arithmetic binary operations. Multi-bit oper-
ations are implemented by repeating single op-
erations serially (bit serial operation). The local
memory has a 5-bit address space and consists
of a 24-bit RAM and an 8-bit memory-mapped
I/O which is connected to a PD, the output cir-
cuit, and four-neighboring PEs. Each bit can be

randomly accessed.

In the vision chip, the main operation of the
PEs is 2D pattern processing. In other words,
2D to 2D pattern transformations can be done in
the PEs. Therefore, the total amount of data is
still large. If the 2D pattern data were directly
output to external pins, we would face the I/O
bottleneck problem again. To avoid this problem,
we introduced an output circuit which extracts
feature values such as moments. To integrate
the circuit together with PEs, a compact and ho-
mogeneous circuit design using digital circuits is
required.

As shown above, the vision chip with the
S3PE architecture has general-purpose process-
ing capabilities and can implement various al-
gorithms. We developed some sample programs
for the S3PE and simulated them using a vision
chip simulator we developed. The sample pro-
grams and the results of simulations are shown
in Table 1. Assuming an instruction cycle of 80
ns, all of these programs are executed in much
less than 1 ms, which is enough for robot control.

For the requirement to integrate digital PEs
and analog PDs together on a single chip, and
also to make the total area of the circuit as small
as possible, a full custom design is necessary.
The test chip fabricated in 1997 has 8�8 PEs
and PDs in an area of 4.1 mm�3.7mm using
a 0.8�m CMOS process. An SRAM technology
is used in the local memory in this design. The
number of transistors for the PE is 437 per pixel.
Figure 5 shows a photograph of the chip.

It is estimated that 32�32 pixels can be inte-
grated in 9.1 mm�7.9 mm using the same pro-
cess. More than 64�64 pixels will be integrated
using more recent processes. We have developed
a test chip using a 0.35�m CMOS process.

We have already realized many applications
such as target tracking, human interface us-
ing high speed vision system using vision chip
architecture[5, 6, 7, 8, 9, 10].



5 High speed grasping using

visual and force feedback

We have realized grasping as an application of
the 1ms sensory-motor fusion system[9]. The
main aim is to realize high responsiveness to dy-
namical motion of a manipulated object by high
speed visual feedback and force feedback with
contact.

Figure 6 shows the block diagram of the grasp-
ing algorithm and Figure 7 shows a system con-
figuration in high speed grasping. The manipu-
lator with the dextrous hand and the active vi-
sion system are located face-to-face. Manipu-
lated object moves between the manipulator and
the active vision system, and the hand catches
it by observing its position. Here we use two di-
mensional image features for the X-Z plane as
visual feedback information.
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Figure 6. Algorithm of high speed grasping

Four feedback loops are executed in parallel to
realize high performance processing in the high
speed grasping system.

(a) Tracking (Active Vision): Tracking is done to
acquire reliable object information. The active
vision system is controlled so that the center of
the observed object is always kept in the center
of the image plane.
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Figure 7. Motion of High Speed Grasping

(b) Tracking (Arm): By canceling the object mo-
tion,tracking of the arm is done to keep the arm
in a position suitable for grasping. In the algo-
rithm, the relative position errors and the rela-
tive orientation error between the hand and the
object observed by active vision are maintained
at zero on the Y-Z plane.

(c) Reaching (Arm): Reaching of the arm is done
to control the relative position between the hand
and the object. In the algorithm, the arm moves
from the initial position to the grasping position
along the X axis. The initial position and the
trajectory along the X axis can be given before-
hand because the motion along the X axis is or-
thogonal to the tracking motion of the arm using
visual information.

(d) Grasping (Hand): Grasping of the hand
is done according to the relative distance be-
tween the object and the end-effector. Force sen-
sor compliance control is used to realize stable
grasping at each joint. The hand shape can be
suitably adjusted for grasping according to the
object shape obtained by visual information.

These four feedback controls are executed in
parallel. Each cycle time of the feedback loops
is less than 1:5ms, and adequate responsiveness



 

0.3 [s]

0.1 [s]0.0 [s]

0.2  [s]

0.4 [s] 0.5 [s]

Figure 8. Experimental result: grasping of a
hexahedron

to the real world is achieved without using pre-
diction.

The experimental result is shown in Figure 8
as a continuous sequence of pictures[10, 11]. All
sensory feedback is executed in parallel accord-
ing to the object motion at high speed: tracking
motion of the active vision, tracking and reach-
ing motion of the arm, and grasping motion of
the hand. In Figure 9 a close-up view of the
same motion is shown. In this figure tracking is
executed from 0:0s to 0:5s and both reaching and
grasping motion start at 0:5s and all motion is
completed at 0:8s. Then in Figure 10 a close-up
view of the grasping motion of a spherical object
is shown. It is shown that the shape of the hand
is changed to a suitable shape for grasping of a
sphere.

In Figure 11 the trajectory of the hand is
shown when grasping and releasing are alter-
nately executed. In this figure, the Y axis posi-
tion of the hand and the object show the tracking
motion, and the X axis position of the hand and
objective trajectory for reaching motion show the
reaching motion. This figure shows that both re-
sponsive tracking by visual feedback during the
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Figure 9. Experimental result: grasping of a
hexahedron

releasing phase and stable grasping by visual
and force feedback during the grasping phase
are realized.

In these experiments, because the object is
moved by a human hand, its trajectory is irreg-
ular and difficult to predict. Using the speed of
the sensory feedback this problem is solved.

6 Conclusion

This paper is based on the idea that parallel
processing and high speed sensory information
processing should be positively introduced into
sensor feedback systems and an architecture is
discussed using some applications.
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