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Abstract

Recently, there has been growing interest in sensory-
motor integration for new behavior of intelligent
robots. And the key component to this work is sensory
information processing technology which is based on
recent progress in the integration of electronic circuits,
providing increased computing power at low cost. In
this talk , a new type of vision chip which has a gen-
eral purpose parallel processing array with photo de-
tector in a single silicon chip will be discussed. The vi-
sion chip achieves lms image processing, so mechanical
systems can be controlled by using visual information
with a 1ms sampling rate. Additionally a 1ms sensory-
motor fusion system, a new type of a hierarchical par-
allel sensory processing system, will be discussed. The
system consists of integrated sensor modules and a par-
allel processing system providing for sensory feedback
and novel performance. A demonstration of high speed
grasping using visual and force feedback will be de-
scribed.

1. Introduction

There is a growing interest in sensory-motor inte-
gration for achieving new behaviors in intelligent
robots. The key to achieving high-level functions is
sensory information processing technology. With
recent progress in the integration of electronic cir-
cuits, great changes will occur in the role and func-
tion of the sensor. The most important point to be
noted is that with the progress of this integration
the communication cost exceeds the computation
cost. In other words, the sensor is no longer con-
sidered simply as a signal- transformation device
transfering a physical value to an electrical value,
as in conventional sensors, but rather as an in-
formation processing module including processing
inherent in the sensor.

In this new design, there must be some pro-
cessing architectures integrated with the detection
function. When viewed as a whole system, the par-
allel processing architecture is configured so that
the processing is distributed among the sensors.

As a result of this, a new hierarchical parallel dis-
tributed processing must be introduced that cor-
responds to such a processing architecture. This
paper considers primarily the processing architec-
ture for sensory information in robotics from a new
perspective integrating massive parallel processing
vision, high speed vision, active vision, and sen-
sor fusion. In addition, some applications are pre-
sented, and the direction of future sensor technol-
ogy is discussed.

2. Vision chip

For real-time machine vision such as robot control
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. Further, the sampling rate is limited to video

rates (NTSC 30 Hz / PAL 25 Hz).

To solve this problem, we have developed a new
vision chip architecture called S®PE (Simple and
Smart Sensory Processing Elements) [1]. In the
vision chip architecture, photo detectors (PDs)
and parallel processing elements (PEs) are inte-
grated in a single chip without the I/0O bottleneck,
and the parallel PEs have general-purpose process-
ing capability and are controlled by programs us-
ing digital circuits for real-time machine vision of
robot control.

The block diagram of the whole chip is shown in
Figure 1(a). General-purpose PEs are arranged in
a massive parallel 2D array. Each PE is directly
connected to a PD, an output circuit, and its four
neighboring PEs. Image signals from the PDs are
A/D converted and transmitted in parallel to all
the PEs. Instruction codes are decoded, transmit-
ted to all the PEs, and executed simultaneously
(SIMD type processing). The calculated result is
transmitted to the output circuit and feature val-
ues such as moments are extracted and transmit-
ted to an external system.

The block diagram of the PE is shown in Fig-



ure 1(b). Each PE has an ALU, a local memory,
and three registers. The ALU consists of a full
adder, four multiplexers and a D-flipflop for hold-
ing a carry bit, and can execute 10 logical and 8
arithmetic binary operations. Multi-bit operations
are implemented by repeating single operations se-
rially (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 circuit, and four-
neighboring PEs. Each bit can be randomly ac-
cessed.

The instruction set of the S?PE is very simple.
In the S®PE all operations including I/O and cal-
culations are done by accessing the local mem-
ory. Each instruction consists of a 5-bit opera-
tion code, two 5-bit read addresses, and a 5-bit
write address. Wiring is reduced by sharing the
bus and by reducing the area of the circuit. The
20-bit instruction codes are time-multiplexed into
four parts and transmitted to the PEs through five
hardware lines.
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Figure 1: Block diagram of vision chip architecture

SPE

Table 1: Number of steps and time of sample programs

on S*°PE

steps(timeT)
11 (0.72 us)

algorithm
4-neighbor edge detection (binary)
4-neighbor smoothing (binary) 14 )
4-neighbor edge detection (8bit) 70 ( )
4-neighbor smoothing (8bit) 96 (7.7 us)
23 (1.9 ps)
( )

4-neighbor thinning (binary) 2

Convolution (3x3, binary input) 40 (3.2 us
Convolution (3% 3, 4-bit input) 372 (30 us)
Poisson equation (4-neighbor, 4-bit) 3 63 (5.0 us)

L Galculated regarding an instruction cycle of 80 ns
The process is repeated 10 times
The process is repeated 200 times

Figure 2: Photograph of the test chip

In the vision chip, the main operation of the PEs
is 2D pattern processing. In other words, 2D to 2D
pattern transformations are performed in the PEs.
Therefore, the total amount of data is still large. If
the 2D pattern data were output directly to exter-
nal 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
the PEs requires a compact and homogeneous cir-
cuit design using digital circuits.

As shown above, the vision chip with the S®PE
architecture has general-purpose processing capa-
bilities and can implement various algorithms. We
developed some sample programs for the SPE and
simulated them using a vision chip simulator we
developed. The sample programs and the results
of the simulations are shown in Table 1. Assum-
ing an instruction cycle of 80 ns, all of these pro-
grams are executed in much less than 1 ms, which
is enough for robot control.
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The test chip fabricated using 0.8um CMOS
process has 8x8 pixels and each pixel are is
240x240 pum? [2]. We have also developed a test
chip using a 0.35um CMOS process. It has 16x 16
pixels and each pixel area is 150x 150 ym?, which
tells that 64 x 64 pixels can be integrated in a single
chip. Figure 2 shows a photograph of the chip.

We have already realized many applications
such as target tracking, human interface using
high speed vision system using vision chip archi-
tecture[3,4,5,6].

3.

1lms sensory-motor fusion system

A 1ms sensory-motor fusion system is a robot sys-
tem for multi-sensor information to obtain real-
time robot control in the real world. The system
architecture is designed to realize high speed sen-
sory feedback and multi-sensor fusion|[7].

High speed sensory feedback with sensing and

Active Vision

Object

motor fusion system

recognition is necessary for good responses to the
real world, assures the stability and safety of a
system, and derives the highest responsiveness of
a robot mechanism. Therefore the rate of sensory
feedback is one of the most important specifica-
tions for the system in order to obtain sensor in-
formation, process it, and control actuators at high
speed.

Multi-sensor fusion is a technique in which infor-
mation from various kinds of sensors is used to ex-
tract meaningful integrated information that can-
not be obtained from a single sensor. Multi-sensor
fusion technology is effective in obtaining reliable
and accurate sensor feedback information for robot
control.

Based on these concepts we have developed the
1ms sensory-motor fusion system with a hierarchi-
cal parallel processing system for sensory informa-
tion in which the cycle time of all sensory feedback
iterations can be less than 1 ms. This is known as
the minimum cycle time to stably control mechani-



cal systems. The 1ms sensory-motor fusion system
is shown in Figure 3. The whole system has three
subsystems; (1) a hierarchical parallel processing
system, (2) a manipulator system with a 7-axis
arm and a 4-fingered dexterous hand, and (3) a
high speed active vision system.

The parallel processing system comnsists of 7
DSPs (TMS320C40) which are connected to each
other. The DSPs have a processing power of 275
MOPS, communication speed of 120 Mbytes/s,
and have a architecture suitable for real-time par-
allel processing. The system has many I/O ports
which are connected using about 80 channels to
actuators and sensors via many A/D, D/A and
parallel I/O interfaces.

The manipulator system has a 7 axis robot arm
with encoders for joint angle. At the end of the
manipulator a dexterous 4-fingered hand is fit-
ted with a 6-axis force/torque wrist sensor for
compliant motion. The 4-fingered hand has 14
joints in total and a structure similar to a human
hand. Each joint of the hand is controlled by a
tendon-driven servo-motor, with a potentiometer
and three strain gages per finger for grasping with
compliance using the force information.

The high speed active vision system consists of a
2-axis actuator and the SPE-256 which can achieve
visual processing in less than 1 ms[3].

4. High speed grasping using visual and
force feedback

We have choosen to use grasping as an application
of the 1ms sensory-motor fusion system[8]. Our
objective is to realize high responsiveness to dy-
namical motion of a manipulated object by high
speed visual feedback and force feedback with con-
tact.

Figure 4 shows the block diagram of the grasp-
ing algorithm and Figure 5 shows a system con-
figuration for high speed grasping. The manipula-
tor with the dextrous hand and the active vision
system are located face-to-face. The manipulated
object moves between the manipulator and the ac-
tive vision system, and the hand catches it by ob-
serving its position. Here we use two dimensional
image features for the Y-Z plane as visual feedback
information.

Four feedback loops are executed in parallel to
realize high performance processing in the high
speed grasping system.
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Figure 4: Block diagram of the grasping algorithm

(a) Tracking (Active Vision): Tracking is done to
acquire reliable object information. The active vi-
sion system is controlled so that the center of the
observed object is always kept in the center of the
image plane.

(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 relative
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 tra-
Jjectory along the X axis can be given beforehand.
This motion is orthogonal to the tracking motion
of the arm.

(d) Grasping (Hand): Grasping of the hand is per-
formed according to the relative distance between
the object and the end-effector. Force sensor com-
pliance control is used to achieve stable grasping
at each joint. The hand shape can be suitably ad-
Jjusted 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 to
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Figure 5: System configuration for high speed grasping

the real world is achieved without using prediction.

The experimental result is shown in Figure 6 as
a continuous sequence of pictures[8,9,10]. All sen-
sory feedback is executed in parallel at high speed:
tracking motion of the active vision, tracking and
reaching motion of the arm, and grasping motion
of the hand. Figure 7 is a close-up view of the
same motion. 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. Figure 8 shows a close-up view of the grasp-
ing motion of a spherical object. Notice that the
shape of the hand is changed to a suitable shape
for grasping a sphere.

In Figure 9 the trajectory of the hand is shown
when grasping and releasing are alternately exe-
cuted. In this figure, the Y axis position of the
hand and the object show the tracking motion,
and the X axis position of the hand and X axis ob-
Jjective trajectory show the reaching motion. This
figure shows that both responsive tracking by vi-
sual feedback during the releasing phase and stable
grasping by visual and force feedback during the
grasping phase are achieved.

In these experiments, because the object is
moved by a human hand, the trajectory is irregu-
lar and difficult to predict. Utilizing the speed of
the sensory feedback this problem is solved.

0.4[g

0.5(s

Figure 6: Experimental result: grasping of a hexahe-
dron

5. Conclusion

This paper is based on the proposition that paral-
lel processing and high speed sensory information
processing should be introduced into sensor feed-
back systems. A special type of architecture is
discussed in the context of some applications.
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Figure 8: Experimental result: grasping of a sphere
(close view)
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Figure 9: Response of the position



