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This paper describes the design and implementation
of the reconfiguration mechanism for a modular hu-
manoid robot. To aid researchersin their works and
enable userstorequest varioustasks, humanoid robots
are expected to require such reconfiguration mech-
anism. A robot with the proposed reconfiguration
mechanism potentially consists of several functional
modules such asarms, mobile components, and heads,
and can be used as some kinds of humanoid robots
or asseveral autonomous functional robots. We eval-
uated the efficiency of our proposed reconfiguration
mechanism through the experiences using reconfig-
urable modular humanoid robot prototype R1. Ex-
perimental results show that the proposed mechanism
achieves expandable and flexible reconfiguration for
researchers and users by changing the robot config-
uration to different types of robotsfor many pur poses.
Webelievethat our humanoid robot with the proposed
reconfiguration mechanism will enable user-specific
humanoid robots more easily than ever before.

Keywords: robot system architecture, humanoid robots,
modular robot systems, reconfigurable mechanism, paral-
lel/distributed systems, embedded systems

1. Introduction

Humanoid robots can potentialy assist human activi-
ties in human daily environments such as offices, homes,
and hospitals. We propose an innovative architecture en-
abling humanoid raobots to be reconfigured for different
tasks into different types of robots.

Many kinds of elemental functions including bipeda
walking and 3D-vision, and integrated functions such as
high-level behavior integrating 3D-vision-based percep-
tion and motion-planning-based behavior are investigated.
Both elemental and integrated functions are important is-
sues to develop a practical humanoid robot which works
in area world together with mankind. The expandability
and flexibility for improving the functionality of robots
are fundamentally important.

Users must be able to reconfigure their own robots to
suit their needs and preferences, the same as they can cus-
tomize their own personal computers, upgrade devices,
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add new functionsto them, and troubleshoot.

Our solution to these needs of researchers and usersisa
reconfigurable modular humanoid robot that is adaptable
to new environments and diversified tasks. Such robots
would enable researchers to construct customized robots
for their research platforms and different companies in-
terested in roboticsto build their own products and proto-
types based on modular humanoid robot specifications.

The reconfigurable robot architecture we designed and
developed [1] differsfrom conventional humanoid robots
architecture by pursuing modularity of mechanical, elec-
tronic, and software parts based on elemental functions.

According to a variety of uses, reconfigurable modular
humanoid robot R1 [2] is used as some kinds of humanoid
robots or wheeled robots, arm robots, and so on. Our
three key technologies are 1) modular humanoid robots,
2) functional robots, and 3) reconfiguration mechanism.
We focus on the design and implementation of our pro-
posed reconfiguration mechanism in this paper.

Our paper is organized as follows. Section 2 describes
our reconfigurable modular humanoid robot R1 includ-
ing requirements of humanoid robots and related works.
Section 3 introduces the design concept of our reconfigu-
ration mechanism. Section 4 details our proposed recon-
figuration mechanism. Section 5 discusses basic experi-
ments and evaluation. Finally, section 6 presents conclu-
sions.

2. Reconfigurable Modular Humanoid Robot

2.1. Reconfigurable Modular Humanoid Robot Ar-
chitecture

In this section, we describe a novel architecture, recon-
figurable modular humanoid robot architecture [1]. The
development of our new architecture was motivated by
the mismatch between ideal and conventional humanoid
robots.

The major advantage of this architecture is that users
can reconfigure the modular humanoid robot to different
types of robots by combining several functional robots as
shown in Fig.1. The functional robots operate by them-
selves without being the parts of humanoid robots. For
example, the functional robot operates as an arm part of
the humanoid robot when integrated into the humanoid
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Fig. 1. Proposed reconfigurable modular humanoid robot.

robot, while it operates as an arm robot when separated
from the humanoid robot.

Our goal isto design a robot such that researchers and
users can use it as some kinds of humanoid robots or au-
tonomous robots. We focus on the concept of a modular
system [3,4] consisting of several ssmple modules with
mechanical and electronic parts. Modular robots operate
as one robot and are reconfigured into different types of
robots. Open-R [5, 6], an entertainment robot system ar-
chitecture, provides robots with expandability and flexi-
bility by dividing robots into several modules with hard-
ware and software parts.

Basically, humanoid robot functions operate in parallel
as the robot walks, processing the image and sound. Indi-
vidual modules are thus optimally designed based on ele-
mental functions of a humanoid robot to apply the modu-
lar concept to ahumanoid robot. Thus, individual module
autonomously executes one function of a humanoid robot
using its own resources such as processing unit, sensors,
and actuators. We design a humanoid robot composed of
functional moduleswith exclusive mechanical, electronic,
and software parts required for an element function. Indi-
vidual module is defined as “functional robot” shown in
Fig.2 and its component parts are defined as follows:

« Mechanical components:
— Mechanical components with expandability and
flexibility,
— Reconfigurable mechanical connectors between
functional robots,
« Electronic components:
— 1/O devices such as various sensors and actuators
required for an elemental function,

— Embedded processor with a processing unit, mem-
ory, and /O peripherals,

— Real-time communication interfaces,
« Software components:

— Real-time OS running on an embedded processor,
— Devicedrivers,

— Real-time network protocols,

— Application programs.
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Fig. 2. Functional robot.

Our approach is effective in realizing ideal humanoid
robots.

2.2. Related Works

Most research-oriented humanoid robots H7 [7], HRP
[8] are classified as centralized systems having one or
two high-performance PC/AT computers running a real-
time OS such as RT-Linux [9] or ART-Linux [10] in-
side its torso and all devices are connected to the com-
puter. The centralized approach has the advantage of sm-
ple hardware and software design, but is not suitable for
humanoid robots having numerous physically distributed
sensorsand actuators. Signal and electrical cables must be
wired from the central device to each 1/0O devices. All ca
bles must be rewired when adding new devices and func-
tions. The number of devices connected to araobot is lim-
ited to the number of processor /O ports. PC/AT comput-
ers require considerable power.

HERMES [11] and QRIO [12] are classified as dis-
tributed systems. All actuators of HERMES are designed
as modules with compatible mechanical and electrical in-
terfaces. A CAN bus [13] connects them to a main com-
puter. QRIO is designed based on OPEN-R architecture
and an OPEN-R bus connects some FPGA, ISA (Intelli-
gent Servo Actuator), and sub-CPUs to a main computer.
Whole-body motion is controlled by the main computer
mounted inside the torso, and low-level actuator control
is processed by each module. Even though the mechani-
cal parts of the distributed system are expandable thanks
to the modular design, it is difficult to research elemen-
tal functions separately and customize the system because
motion planner, image processing, and sound processing
controllers are built in in much the same way as central-
ized systems.

Table 1 compares proposed with conventional hu-
manoid robots. The centralized approach has the advan-
tage of simple hardware and software design. The dis-
tributed approach focuses on expandability and robust-
ness more than the centralized approach. However, the
centralized and distributed approaches have the problems
caused by the physical controller arrangement. Because
these approaches have main controllers inside the torso,
researching elemental functions separately and adding
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Table 1. Humanoid robots comparison.

| Approach | Centralized | Distributed | Proposed |
Controller PC/AT computer Embedded processor Embedded processor for
and/or PC/AT computer | distributed real-time control
Power consumption of controllers | Higher (Pentiumlll: 25W, | Higher (with PC) or Lower
PentiumlV: 100W) Lower (without PC) (Responsive Processor: 2W)
Physical arrangement of con- | Centra device Individual and central | Individua modules
trollers devices
Expandability Poor Fair Excellent
Weight Lighter than modular sys- | Lighter than modular | Heavier than other systems
tem system
Redundant parts Tiny Tiny More than other systems
Robustness Poor Good Good
Control software Simple Complex Complex
Reconfiguration mechanism Fair Fair Excellent

new functions to the existing robot are difficult. That is,
the conventional approaches have limited expandability
and flexibility. And they have also the problem of con-
troller power consumption.

We solve the problem of expandability and flexibility
by introducing reconfigurability. For power consump-
tion, we use an embedded processor as a module con-
troller. Although Pentium 111 processor consumes about
25.0W to 50.0W, the Responsive Processor requires only
about 2.0W. However, the modular humanoid robot has
some problems such as how to achieve reconfiguration
mechanism, how to obtain whole-body motions, control
software complexity, and increased weight caused by re-
dundant parts of body. Once these problems are solved,
our proposed approach will be effective in realizing a hu-
manoid robot.

2.3. Modular Humanoid Robot R1

We developed a first-generation reconfigurable modu-
lar humanoid robot R1 as shown in Fig.3 as a testbed for
our proposed architecture. With R1, users reconfigure the
robot manually while it is not operating. The R1 is po-
sitioned as a breakthrough for a practical humanoid robot
that isreconfigurable manually or automatically while op-
erating. We thus discuss the offline manual reconfigura-
tion mechanism in this paper.

R1 is about 1000mm high and weighs about 27.0kg It
has two 1-DOF wheels, two 6-DOF arms, and a 6-DOF
head. R1 consists of a main module, a head robot, a
wheeled robot, a left-arm robot, and a right-arm robot.
All functional robots of R1 are modules with exclusive
mechanical, electronic, and software parts. Specifications
are detailed below. The design policy for mechanical,
electronic, and software partsis detailed in Sections 3 and
4,

1) Main Module: Themain module plansand schedules
the whole-body motion based on the applications.

2) Head Robot: The head robot consists of the commu-
nication and vision systems to interact with users. The
communication system has two microphones and two
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Fig. 3. Reconfigurable modular humanoid robot: R1.

speakers, and processes voice recognition, speech synthe-
sis, and sound localization. The vision system has two
CCD cameras and 6-DOF, and processes face/object de-
tection, face/object/3D-gesture recognition, and 3D mea-
surement.

3) Wheeled Robot: The wheeled robot has 2-DOF,
a fiber gyro, infrared sensors, and ultrasonic sensors.
This robot achieves accurate movement, map generation,
and self-localization using sensor data fusion based on a
Kaman filter, and executes an emergency stops using its
OWN Sensors.

4) Left-Arm Robot: The left-arm robot has 6-DOF, joint
power (torque, speed), joint movement range for whole-
body motion and tactile sensors. Thisrobot calculatestra-
jectoriesto thetarget and applies PD control to destination
angles autonomously. This robot grasps and manipul ates
objects by integrating planning with its own tactile sens-
ing data and visual data provided by the head robot. This
robot also generates collision-free paths by communicat-
ing with the right-arm robot.

5) Right-Arm Robot: The right-arm robot performsthe
same tasks as the left-arm rabot.
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Table 2. Reconfigurable robots.
Robot Type Module com- | Online or | Manual or | Control
position Offline Automatic
M-TRAN [14] | Mobile robot Homogeneous | Online Automatic | Centralized
Cebot [3] Mobile robot Heterogeneous | Online Automatic Distributed
AIBO [5] Four legs robot Homogeneous | Offline Manual Centralized
HERMES[11] | Upper-body humanoid robot | Homogeneous | Offline Manual Centralized
R1 Upper-body humanoid robot | Heterogeneous | Offline Manual Distributed
Next- Whole-body humanoid robot | Heterogeneous | Online Automatic | Distributed
generation and Manual
3. Design Policy of Reconfiguration Mecha-
nism

This section details the offline manual reconfiguration
design policy.

Table 2 shows that comparisons of reconfiguration
mechanisms. It should be noted that we apply modular-
ity to a humanoid robot, and each module operates as a
functional robot or as a part of the humanoid robot. Con-
nection methods between modules are manual or auto-
matic. Obviously an automatic inter-module connection
isrequired for the self-reconfiguration. M-TRAN [14] en-
ables the online automatic connection and disconnection
by reconfiguration mechanism using permanent magnets
and springs. AIBO [5] and HERMES [11] support of-
fline manual reconfiguration mechanism combining sev-
eral homogeneous modules.

Problems these reconfigurable robots have include
1) mechanical restrictions on module development and
2) the inability of individual modules to operate au-
tonomously because reconfigurable robots are controlled
by a central computer.

Although R1 is reconfigurable manually, it does not re-
strict module development because it conducts reconfig-
uration by combining heterogeneous modules. It is pos-
sible for each module to operate autonomously by intro-
duction of the functionally distributed control.

Figure 4 shows the block diagram of our proposed re-
configuration mechanism. First of al, humanoid robot
must be shut down whenever usersreconfigure them. Sec-
ond, users customize the robot’s mechanical configura-
tion manually by combining functional robots, which re-
quires user-friendly mechanical interfaces to make recon-
figurable humanoid robots available to al users. Third,
electrical cables and network interfaces are connected or
disconnected to operate. It is hecessary to consider avoid-
ing disconnection that may cause a system to crash. The
cable connection must be as easy as possible. Next,
users change software parameters based on information
on the reconfigured robot, which requires a flexible soft-
ware model to adapt to a variety of reconfigurations. A
real-time network is also needed to guarantee communi-
cation latency for any reconfiguration. The reconfigured
robot is then booted and operates as a user-specific robot.

Reconfigurable humanoid robots can use user-specific
mechanical, electronic, and software components with-
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Fig. 4. Offline manual reconfiguration mechanism.

out using ready-made components, which requires an ap-
proach involving al robot elements, including mechani-
cal, electronic, and software design. The following sec-
tions detail the design and implementation of our recon-
figuration mechanism.

4. Design and I mplementation of the Reconfig-
uration Mechanism

4.1. Mechanical Parts with Reconfigurable Me-
chanical Connectors

Each functional robot requires a mechanical connector
that supports connection freely and easily for reconfigu-
ration mechanism.

There are some requirements for the connectors. Con-
nectors must be simple mechanical structure to make the
humanoid robot available to all users. The connector
should have network interfaces to communicate among
functional robots. On the one hand, researchers may need
to change network interfaces and topology for develop-
ment. On the other hand, users may want to use a sm-
ple interface to connect functional robots. We designed
a communication interface port as shown in Fig.5 having
four Responsive Link ports (or Ghit Ethernet ports), two
IEEE1394 ports, two USB 2.0 ports, and one patch cable
port. We chose these interfaces as explained below. The
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Fig. 5. Communication interface port.

Patch Cable Port

patch cable ports are connected to those of other commu-
nication interface ports by a simple patch cable made of a
68-pin twisted pair cable shown in Fig.5 when the func-
tional robot connects with other robots to reconfigure the
humanoid robot. The power supply is also connected by
the patch cable.

A reconfigurable modular humanoid robot may have a
serious problem of redundant parts increasing the robot
weight over that of conventional humanoid robots. There-
dundant parts are mainly mechanical connectors and func-
tional robot controllers. Too many redundant parts may
make it difficult to walk by itsfoot. Since it is difficult to
reduce the number of redundant parts for reconfiguration
mechanism, functional robots should be designed specifi-
cally to minimize robot weight.

We devel oped the prototype reconfigurable mechanical
connectorsin Fig.6 using CAD and machine toals.

The connector A links the top of each functional robot
and the connector B links the bottom of each func-
tional robot. The prototype connector made of aluminum
weighs about 0.5kg. R1 has six connectors, for a total
connector weight of 3.0kg. The prototype modular hu-
manoid robot including these connectors weighs about
30.0kg, meaning that connector weight accounts for less
than 10% of the weight.

Figure 7 shows how to reconfigure the mechanical
parts. First of al, the reconfigurable mechanical connec-
tors A and B are mounted on functional robots. Next, the
connector A of the functiona robot is connected to the
connector B of the other, and then these connectors are
joined manually by two screws. Finally, the communica
tion interface and power supply line are connected using
the patch cable.

M easurement showed that the total weight of redundant
parts was about 3.0kg. The proposed robot thus obtains
the capability of changing its configuration to different
types of robots for a tradeoff weight up to about 3.0kg,
which might be a problem for existing humanoid robots
but it would be reduced the weight by the devel opment of
lighter connectors made of FRP (Fiber-Reinforced Plas-
tic) that islighter and stronger than aluminum.

We think that humanoid robots must implement recon-
figuration mechanism to realize expandability and flexi-
bility.
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4.2. Electronic Parts

Various types of processors including embedded pro-
cessors, general-purpose processors, and workstations are
candidates for functional robot controllers. We use an em-
bedded processor with a processing unit, memory, and 1/0
control peripherals such as SH [15], PowerPC, and Re-
sponsive Processor [16] because modular systems must
be lightweight, compact, and energy-saving.

The network interface between functional robots re-
quires two indispensable factors, 1) hard real-time com-
munication and 2) nonrestrictive topology. It's strongly
recommended that network interfaces support hard real-
time communication because functional robots must co-
operate to obtain whole-body motions. Network inter-
faces must also have few or no restrictions on network
topology to avoid restrictions on reconfigurability.

Many robots use such high-speed communication inter-
faces as Ghit Ethernet, USB 2.0 [17], and IEEE1394 [18]
as the control network. These interfaces do not support
hard real -time communication, however, because their de-
signsare aimed at computer or inter-1/O communications.
The lack of hard real-time communication makes it dif-
ficult to realize whole-body motions. Additionally, these
interfaces have limited network topology, in other words,
the system which uses these interface has limited expand-
ability. The networks using USB support only up to 127
peripherals and atree structure with six levels, and require
centralized control. The IEEE1394 has no such restric-
tions but does not allow loops, restricting flexibility. Sys-
tem resets may also cause problems in reconfigurations,
especially in IEEE1394 reconfiguration, where each de-
vice ID is cleared and reassigned. Robot system resets
are risky because the system must always communicate
between modules to conduct tasks such as control.

From a hard real-time communication standpoint, real-
time communication interfaces such as the CAN bus,
FlexRay [19], and Responsive Link [20] are potential can-
didates. Considering network topology, the bus connec-
tion lacks the expandability of the processor compared to
link connection because bus control becomes more com-
plex as the number of processorsincreases.

We use Responsive Processor as an embedded proces-
sor and Responsive Link as the communication interface
to realize our proposed reconfiguration mechanism for

Journal of Roboticsand MechatronicsVol.18 No.3, 2006



Head Robot
with
Connector

.""/-_'

Wheeled Robot
Main Module
Wheeled Robot with
Main Module Connector

Head Robot

System Reconfiguration

Design and Implementation of the Reconfiguration Mechanism
for aModular Humanoid Robot

Navigation Robot

Fig. 7. Mechanical reconfiguration.

Fig. 8. Responsive Processor and Responsive Link.

three reasons. First, the processor provides Responsive
Link. Second, power consumption islow because the pro-
cessor uses only 2.0W. Third, the processor is lightweight
at about 0.15kg. The prototype R1 has five controllers,
compared to the conventional humanoid robat that has
one or two PC/AT computers with its 1/O boards which
weigh 0.5kg to 2.0kg. Controllers in prototype modular
humanoid robots may thus weigh less than controllersin
conventional humanoid robots. Responsive Link realizes
real-time communication and a topol ogy-free network.

Responsive Processor and Responsive Link [16] are
summarized below. The PCI card of Responsive Proces-
sor isshownin Fig.8.

1) Responsive Processor: Thisembedded processor in-
tegrates functions into an ASIC chip, such as a RISC
MPU core (SPARC), memory, and many control 1/0 pe-
ripherals including 50MHz PWM generators (9ch), 24bit
pulse counters (9ch), 10bit A/D converters (8ch), 8bit D/A
converters (2ch), SIO (2ch), PIO (16bit digital port), and
Responsive Link (5ch).

2) Responsive Link: Responsive Processor has five Re-
sponsive Links. One Responsive Link consists of one
Event Link and one Data Link, whose packet size is 16
bytes and 64 bytes respectively. Each link consists of
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a point-to-point, full-duplex, and serial communication
link. The link connection is changed flexibly. One Re-
sponsive Link is connected directly to the RISC MPU
core, and the other four sets are arranged on the chip. A
packet has two priority bits in its header field. Thisis
used for two purposes in the network switch built-in Re-
sponsive Processor. One is the arbitration and the other
is packet routing. The priority may be changed when the
packet crosses the switch, depending on the routing table.
We use these advantages to rank messages.

The communication interface ports have other inter-
faces, including Ghit Ethernet, USB 2.0, and |EEE1394,
to apply conventional robots or parts to a modular hu-
manoid robot.

4.3. Software Parts

Software parts of the reconfigurable modular humanoid
robot are designed based on the following concepts:

1. Module information,

2. Reconfiguration support script,

3. Motion planning,

4. Transparent software architecture,
5

. Communication mechanism for a reconfigurable
modular humanoid robot.

These are explained bel ow.

1) Module Information: Control information of func-
tional robots is required to reconfigure the modular hu-
manoid robot and obtain real whole-body motion by com-
bining functional robots. Our solution is that each func-
tional robot has the following module information that it
shareswith other functional robots. The module informa-
tionisasfollows:

1. Information on identifications of functiona robots:
type ID (module, e.g., mobile robot, arm robot),
function 1D (specifications, e.g., 6-DOF arm, 2-DOF
arm).
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2. Information on physical quantities of functional
robots:
shape, weight, center of gravity, mobility range,
power consumption, physical arrangement of 1/Os.

3. Information on functions and capabilities of func-
tional robots:
function (e.g., navigation, grasping), shared data
(kind of data, update frequency, data sharing port
ID).

Information for 1) identifies each functional robot. That
for 2) shows physical quantities required for control. That
for 3) shows functions and control data, including update
frequency, and data sharing port ID. Functiona robots ac-
quire control data on other robots such as sensor informa-
tion at update frequency by accessing their port ID.

2) Reconfiguration Support Script:  After mechanical
reconfiguration as shown in Fig.7, module information
must be shared with all functional robots of a recon-
figured humanoid robot. The modification of functions
and control parameters caused by system reconfiguration
also must be reflected in modular humanoid robot soft-
ware. We designed reconfiguration support script that
reads all moduleinformation and then replaces old param-
eters with new ones, adds new functions, or deletes old
functions automatically. Reconfiguration support script
judges whether the reconfigured robot has been used up to
now or not, and handlesthe system initialization program,
including control parameters and network routing tables.
The script saves information on all reconfigured robots. If
the robot configuration has been used, users can operate
the reconfigured robot without having to write new pro-
grams. Control software programs are loaded automati-
cally based on the reconfigured robot by reconfiguration
support script.

3) Mation Planning: Modular humanoid robot control
software is more complex than that of the centralized ap-
proach because the modular humanoid robot must obtain
whole-body motions by combining functional robots. The
modular humanoid robot requires a functional robot to
plan the whole-body motions. Arbitration is also needed
if a conflict occurs among modules, so the main module
is prepared as one of functional robots. Each functional
robot plans trajectory generation, the navigation path, and
so on, based on the task requested by the main module.
The main module does not use resources such as sen-
sors and actuators of functional robots directly but func-
tions provided by functional robots during whole-body
motions. That is, the main module is the brain robot that
plans and schedul es whole-body motions, arbitrates mod-
ule conflicts, and maintains system consistency. Themain
module is developed as one robot like other functional
robots. It is necessary for usersto write the programs that
control the whole-body motions on the main module if
the robot configuration is new and never used. Both re-
searchers and users can use humanoid robots with differ-
ent brains by changing the main module of the humanoid
robot. So, our proposed modular humanoid robot is clas-
sified asafunctionally hierarchical distributed system.
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Our modular system operates without the main mod-
ule through cooperative control of two or more functional
robots, for example, manipulation, visual feedback con-
trol, and emergency response. The main moduleisafunc-
tional robot that solves the problems of control software
complexity. If the system has no main module, adding
new functional robotsto the existing system, development
of whole-body motions, and system reconfiguration may
require that software configurations be modified, requir-
ing developers to rewrite programs for each functiona
robot. If the system has a main module, they may re-
quire that only main module software be modified. The
main module separates research on integrated functions
from research on elemental functions. The main module
enabl es expandabl e robot system with simple software ar-
chitecture.

4) Transparent Layered Software Model: Functional
robots should have standardized software interfaces for
reconfiguration mechanism and cooperative control be-
tween functional robots. Our proposed architecture de-
fines a five-layer model shown in Fig.9 as a control soft-
ware framework for reconfigurable modular humanoid
robots to realize the following factors:

+ Real-time processing of both whole-body motions
and elemental functions,

« Motion planning for whole-body motions,
« Cooperative control between functional robots,

« Network framework for communication between
functional robots.

This layered model consists of function control, func-
tional module control, network, integration, and applica-
tion layers. Each layer is clearly and simply explained.

Application Layer: The application layer enables re-
searchers and users to define system-wide tasks such as
interaction with users and target grasping.

Integration Layer: The integration layer, for re-
searchers on humanoid robots, consists of whole motion
planner, task manager, and status checker. The whole
motion planner transforms system-wide tasks into sub-
tasks that are transmitted to functional robots by the task
manager. The status checker compensates for whole-body
status by checking messages from functional robots at
1msec cycle and creates the status table based on data for
the whole-mation planner and task manager.

Network Layer: The network layer supports real-time
data sharing between functional robots. A global network
is defined as a network among the main module and func-
tional robots for system-wide cooperation. The global
network agent transfers tasks requested by the task man-
ager to suitable functional robots. The local network is
defined as a network among functional robots for coop-
erative control such as reactive control between head and
wheeled robot and visual feedback control between head
and arm robots. When cooperative control is required, the
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local network agent accesses other functiona robots to
meet requests from the demander.
Figure 10 outlines our communication network.

Functional Module Control Layer: The functiona
module control layer is for researchers on functiona
robots. This layer consists of function control agent,
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function provider, and demander. Each function control
agent executes tasks based on task requests from upper
layers and achieves high-level functions. The functional
provider supplies high-level identifiable data or functions
such as face/object recognition, speech recognition, and
target grasping to the upper layer or other functional
robots. The demander requests the local network agent
to collect control data on other functional robotsvialocal
network if needed.

Function Module Layer: In the function module layer,
I/O peripherals such as actuators, sensors, and cameras
are directly controlled in real-time. This layer provides
the upper layer with filtered intermediate data such as ve-
locity and optical flow.

5) Communication Mechanism for Reconfigurable
Modular Humanoid Robot: Communication mechanism
for areconfigurable modular humanoid robot realizes fol -
lowing factors:

+ Real-time communication that guarantees communi-
cation latency,

« Communication protocaols,
« Networking abstraction.

We applied the Responsive Link based real-time net-
work to real-time communication among processors. The
event and data packet transmission are separated, so the
Event and Data Link are routed independently. Each rout-
ing table is created based on the type ID and data sharing
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Table 3. Priority and communication line of communication
data.

[ Communication data | Line | Priority |
Emergency task Event Link Highest
Global synchronization Event Link | Second highest
Flow control Event Link | Second lowest
Heart best Event Link Lowest
Task requests frommain mod- | Data Link Highest
ule to functional robots
Data sharing between main | DataLink | Second highest
module and functional robots
Task requests between func- | DataLink | Second lowest
tional robots
Data sharing between func- | DataLink Lowest
tional robots

port ID of module information. The message communi-
cation protocol is simple. The functional robot gets new
data from functional robots registered in the routing table
by reading the data buffer associated with the port ID, and
it transmits data to other modulesregistered in the routing
table by writing to the data buffer associated with port
ID. We use two communication paradigms called event
message and state message to communicate between data
buffers. The event message is designed on each link for
synchronization between the sender and the receiver. The
state message is designed on each link for asynchronous
processes between the sender and the receiver.

There are four types of communication data in the net-
work.

1) Task requests,
2) Data sharing,
3) Emergency tasks,

4) Synchronization including flow control, heart beat,
and global synchronization.

The first communication data is for task requests from
the main module to other functional robots or between
functional robots. The volume of data is large, but the la-
tency requirement is high. To manage whole-body mo-
tions, time limitations of task requests from the main
module are severe compared to task requests between
functional robots.

The second communication data is data sharing for the
whole-body planning and the cooperative control. The
volume of data is large, but the latency requirement is
high. Throughput is more important than latency because
it is necessary to simultaneously transmit much more data
such as control parameters and sensor data.

The third communication data is for emergency tasks
caused by obstacle avoidance or network down time. The
volume of data is small, and the latency requirement is
the highest among the four types of communication data,
because these accidents significantly and negatively influ-
ence the system. Latency is more important than through-
put.
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The last communication data is for synchronization in-
cluding heart beat, flow control, and global synchroniza-
tion. The volume of this data is small, but the latency
requirement is high to stabilize whole system. Time lim-
itations are not severe with the order of heart beat, flow
control, and global synchronization since theimpact given
on the system issmall.

Individual data is assigned to the priority and commu-
nication line as shown in Table 3 based on their charac-
teristics.

Figure 11 shows worst-case transmission latency in-
cluding software overhead of our communication mecha-
nism. The horizontal axis represents hop counts and the
vertical axis represents the latency. Latency is calculated
by the following equations, where H is hop count, E is
Event Link, and D is Data Link:

E=64.1+278xH(usec) . . . . . . . . (1
D =107.2+22.5«H(usec). . . . . . . . (2

Worst-case transmission delays over event and data
packets are bounded by Egs.(1) and (2). Because R1 cre-
ates the distributed control 1oop between functional robots
using these equations, R1 realizes stable data sharing even
if the robot is reconfigured by any combination of func-
tional robots.

6) RT-Frontier: We used RT-Frontier [21] as the real-
time OS controlling Responsive Processor and Respon-
sive Link. RT-Frontier features 1) mostly written in C
programming language, 2) deadline resolution in 1msec,
3) execution resolution in 100usec, and 4) support of two
communication paradigms, i.e., state message and event
message. Software including control software for indi-
vidual robots, network software, and application software
isimplemented on RT-Frontier. Table 4 evaluates control
software for R1. Real-time control of integrated and ele-
mental functions and real-time data sharing are realized.
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Table 4. Control and communication cycles.

| Task | Cycle (msec) |
Status checker (main module) 1.0
Task manager (main module) 10.0
Whole-body planner (main module) 100.0
Actuator control (head, wheeled, arm robot) 1.0
Task manager (head, wheeled, arm robot) 10.0
Motion planner (head, wheeled, arm robot) 100.0
Self-localization (wheeled, arm robot) 10.0
Sound localization (head robat) 100.0
Vision processing (head robot) 33.0
Data sharing between left and right-arm 10.0
robot
Data sharing between head robot and each 10.0
arm robot
Data sharing between head robot and 10.0
wheeled robot
Data sharing between main module and 10.0
functional robots

(a)Wheeled Robot

(b)Arm Robot (c)Head Robot
Fig. 12. Research on functional robots: (a) map generation,
(b) manipulation, and (c) 3D vision.

5. Evaluation

5.1. Experiments

1) Functional robot: Fig.12 showstypical research and
experiments using stand-alone functional robots.

Researchers design functional robots and users use
them without considering they are a part of a humanoid
robot. Fig.12(a) shows the wheeled robot generates an
environmental map by using several infrared sensors for
navigation. Fig.12(b) shows the experiments of a dual-
arm control algorithm for collision-free manipulation.
Fig.12(c) shows the head robot generates a 3D vision
depth map for environment recognition. Fig.12 showsin-
dividual modules that configure our modular humanoid
robot operate as functional robots or as a part of the hu-
manoid robot.

2) Modular Humanoid Robot: We show three typical
modular humanoid robot operations. Thefirst example is
handshaking (Fig.13(a)). Recognizing a person’slocation
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by vision processing, the robot turns toward the person,
and says hello during a handshake.

The second example is an operation of handing a bot-
tle from a person to a robot as shown in Fig.13(b). Since
the robot is not yet skilled enough to recognize the cur-
rent location of the bottle, it works with the person, who
directs the robot to position its arm so that the person
can easily hand it the bottle. The robot waits for a touch
event that can be recognized by its proprioceptive sensors.
The touch event is detected as an involuntary unexpected
movement of joints caused by external forces or signals
of tactile sensors. After the robot takes the bottle success-
fully, it put down its hand.

Figure 13(c) shows automatic robot control. The mod-
ular humanoid robot measures the distance to a known
object 3-dimensionally. The robot plans whole-body mo-
tions, then moves to where it can take the object, and
graspsit.

The evidence that the modular humanoid robot can ob-
tain the real whole-body motion by combining functional
robots is shown in Fig.14 that describes the processing
flow of the operation shown in Fig.13(b). The figure
shows how the robot is controlled by combining several
functional robots. The main module plans whole-body
motion and requests functional robots to process tasks.
When the head robot recognizes a person, the event is
transmitted to the main module. After the event, the main
module issues tasks to a wheeled robot to stop. After the
stop, the main module requests the head and arm robots
to interact with the person to hand over the bottle.

Functional robots communicate with other robots peri-
odically inparallel with the application task to realize syn-
chronization between functional robots, visual feedback
control, and collision-free motions. Though elemental
functionssuch astrajectory cal cul ation, face/object recog-
nition, speech recognition, and navigation are processed
asynchronously by each functional robot, integrated func-
tions such as system-wide tasks are achieved by whole-
body motion planning, scheduling, and cooperative con-
trol.

5.2. Results and Discussions

The experimental results show that our modular hu-
manoid robot solves problems of expandability and flex-
ibility better than conventional humanoid robots by our
proposed reconfiguration mechanism.

Figures 12 and 13 show the advantage of the recon-
figurable modular humanoid robot. R1 which consists of
several functional robots are used for researches on the
whole-body planning as shown in Fig.13. To develop
and research elemental functions, the humanoid robot is
separated into several functional robots, e.g., arm robots,
wheeled robots, and head robots as shown in Fig.12. The
prototype modular humanoid robot accomplishes various
tasks by reconfiguration mechanism. The modular hu-
manoid robots enable researchers to construct customized
robotsfor their research platforms.

Applying reconfigurability to robots, reconfigurable
robots can achieve any task in any situation by selecting
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Fig. 13. Research on modular humanoid robots: (@) handshaking, (b) interaction with a person, and (c) automatic control.
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Fig. 14. Processing flow of operation shown in Fig.13(b).

the most suitable functional robots, e.g., two head robots,
one with one eye and the other with two eyes. Table 5
lists head robot specifications.

The type A head robot with one eye shown in
Figs.13(a), (b), and 15(a) has the advantage of lower cal-
culation cost and lower power consumption than the type
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Table5. Comparison of head robots.

Type A: Fig.13(a), (b) | B: Fig.12(c), Fig.13(c)
DOFs 2 6

Sensors CCD camerax1 CCD camerax 2
Dimension 2D 3D
Applications Simple tasks Complex tasks

B head robot with two eyes shown in Figs.12(c), 13(c),
and 15(b). The type A head robot recognizes environ-
ments at high speed and quality and operates for a long
time, but because the robot does not qualify for 3D mea-
surement, we expect it to do simple tasks such as face and
color recognition. Fig.15(a) shows that it is difficult for
the humanoid robot with the type A head robot to reach
for a bottle on the hand of the man accurately because it
cannot recognize the exact location of the bottle.

The type B head robot was developed to improve en-
vironmental recognition. In practical 3D measurement,
we expect the robot to be suitable for navigation, auto-
matic control, etc. Fig.15(b) shows that the humanoid
robot with the type B head robot reaches for a bottle on
the hand of the man accurately by generating trajectories.
This, however, requires more computing resources, calcu-
lation time, and power consumption.

Replacing the type A head with the type B head does
not require that mechanical, electronic, and software parts
of the system other than the head be modified. Users of
our proposed robots use the appropriate functions for the
appropriate situation. Thisenablesresearchersto consider
what modules can be used in different situations.
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(a) Modular Humanoid Robot with Type A Head Module

1 Reconfiguration

(b) Modular Humanoid Robot with Type B Head Module

Fig. 15. Advantage of proposed reconfiguration mechanism.

Considering also about mobile modules like head
robots, though robots cannot traverse stairs using the
wheel s, the whedl's are expected to enable robotsto move
rapidly on gravel path and on flat terrain. In contrast,
robots with two legs traverse bumps but have limited
speed. Alternatives must thus be considered.

Reconfigurability enabling robot with optimum func-
tions for any tasks is something that conventional robots
have lacked.

Our proposed robot does not require usel ess calculation
codt, functions, or power consumption, and it is able to
execute high-quality tasks at right situation as needed.

Therefore, it seems reasonabl e to conclude that our pro-
posal is an effective approach for constructing humanoid
robots.

The R1 experiment showed, however, that arobot with
manual offline reconfiguration mechanism presents two
problems. Firdt, it takes time for users to customize the
robot because the robot needs the system shutdown when-
ever the robot is reconfigured. This would be solved by
introducing automatic reconfiguration. Second, despite
having more expandability and flexibility than conven-
tional humanoid robots, researchers and users may need
more flexible reconfigurabl e robots such as those with up-
per and lower arm modules. This s solved by providing
modules with appropriate sub-modules.

We are now developing a next-generation reconfig-
urable modular humanoid robot R2 to solve these prob-
lems and confirm the effectiveness of reconfiguration
mechanism.
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6. Conclusions

We have discussed the design and implementation
of reconfiguration mechanism for a modular humanoid
robot. R1 with our proposed reconfiguration mechanism
is reconfigurable manually while not operating. It may
serve as a breakthrough for practical next-generation hu-
manoid robots reconfigured manually or automatically
while operating. Reconfiguration solves the problems of
expandability and flexibility through functional robot de-
sign, reconfigurable mechanical connectors, and a recon-
figurable software model.

Experimental results and eval uations show that our pro-
posed modular humanoid robot can be used as some
kinds of humanoid robots and autonomous robots such
as wheeled robots, arm robots, and head robots by our re-
configuration mechanism. The proposed robot achieves
whole-body motions by combining functional robots and
users of our proposed robots use the appropriate functions
for the appropriate situation can be also seen.

In summary, our humanoid robot with the proposed
reconfiguration mechanism is one of the effective ap-
proaches for constructing a humanoid robot.

This innovative concept of reconfigurable humanoid
robots will become a hot topic in robotics field in the fu-
ture.
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