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CHARACTERISTICS OF SMALL-
SCALE EMBEDDED SYSTEMS

dvances in microcomputer technologies have
continued to expand the application fields for
embedded systems. What came into the

world originally for industrial uses
such as production line control in fac-
tories later expanded to communica-
tion equipment, office automation
and other business uses. More
recently, the world of embedded sys-
tems has spread out to include auto-
motive systems, electronic musical
instruments, cellular phones, TV�s,
audio gear, washing machines, air-
conditioners and many more consumer applications.

As a general rule, small-scale embedded applica-
tions tend to be manufactured in much greater quan-
tities than large-scale systems, and are priced more
cheaply. For these reasons manufacturers of large-
scale embedded systems try to emphasize reducing
development costs, while makers of small-scale em-
bedded systems work hardest at lowering the cost of
the final product. Another feature of small-scale em-
bedded systems is that once a product is put on sale,
the software is rarely modified, therefore the system
development life cycle is very short.

In the field of small-scale embedded systems, it is
common practice to use a single-chip microcontroller
unit (MCU), integrating a processor core with ROM,
RAM, general I/O devices and application-specific
peripheral modules. Looking at worldwide semicon-
ductor trade statistics for 1995 (Table 1), about 2.9
billion MCUs were shipped, accounting for 89,5 per-
cent of processor shipments compared to a mere 6,5
percent for MPUs.

A particular problem in developing software for an
MCU is the limited hardware resources, due to the
need for cost reduction.  Memory size limits are espe-
cially severe, with a typical 8-bit MCU having around
32 KB of ROM and 1 KB of RAM.  Even larger-scale
chips have no more than 128 KB of ROM and 4 KB of

RAM. Another point worth noting is that the need for
high cost performance in an MCU-based system
means the design is frequently optimized to the appli-
cation, resulting in a large number of different proces-
sor cores.

Even in this field of small-scale
embedded systems, raising soft-
ware productivity is an important
issue.  Use of C or other high-level
programming languages is one
solution; another approach being
adopted with increasing frequency
is the use of a real-time OS like
those implementing the µITRON
specification.

REQUIREMENTS ON A STANDARD
REAL-TIME OS FOR EMBEDDED
SYSTEMS
Requirements on a standard real-time OS for small-
scale embedded systems are summarized as follows.

Being able to derive maximum perfor-
mance from hardware

Given the severe hardware resource limitations of a
typical MCU-based system, the ability to derive maxi-
mum performance from the available hardware is a
prerequisite for real-time OS adoption.
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KK ii nn dd ss QQ '' tt yy %%   ii nn   pp cc ss

8-bit MPU 48.2 1.5%

16-bit MPU 58.8 1.8%

32-bit or greater MPU 104.6 3.2%

4-bit MCU 1,066.0 32.5%

8-bit MCU 1,667.4 50.9%

16-bit or greater MCU 199.2 6.1%

DSP 134.2 4.1%

TT oo tt aa ll 33 ,, 22 77 88 .. 44

Table 1. Shipment of MPU and MCU
(1995, worldwide, unit of million)

(from World Semiconductor Trade Statistics)

A
Manufacturers of large-scale
embedded systems try to em-
phasize reducing development
costs, while makers of small-
scale embedded systems work
hardest at lowering the cost
of the final product.
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In the case of small-scale embedded systems, maxi-
mizing hardware performance is considered more
important than full source code compatibility. This is
because porting to a different processor and its OS
normally becomes necessary only when there are
changes also in the equipment being controlled, so
there is hardly ever a situation where an application
program is ported to another OS without modification.
One more reason for reducing the importance of
complete source code compatibility is that when the
processor itself is changed, the software fine-tuning
process is usually carried out again in order to lower
the cost of the final product.

Helping to improve software produc-
tivity

Especially important is standardisation from a train-
ing standpoint, such as adopting consistent con-
cepts and terminology, and standardizing design
methods.

Being uniformly applicable to various
processor scales and types

The hardware used in a small-scale embedded sys-
tem is normally designed optimally for its application.
The processor scale, moreover, may vary widely from
8-bit to 32-bit processors depending on the kind of
equipment to be controlled.

In addition to the above require-
ments, another very important issue
is whether the specifications are truly
open. This means not only that the
specification documents can be ob-
tained, but also that everyone is free
to implement and sell products based
on those specifications.

PROBLEMS WITH CONVENTIONAL
OSS
Having examined above the requirements on a real-
time OS for small-scale embedded systems, we now
look at some problems with a conventional OS.

The first problem that can be raised is the lowering of
runtime performance caused by virtualization of the
processor architecture. When an OS is designed to
run on a number of different processors, the usual
approach is to assume a virtual architecture common
to those processors and to build the OS on that archi-
tecture. With this approach, however, the differences
between the virtual architecture and that of the actual
processor are a cause of runtime overhead, lowering
performance.

A second problem is the tendency of an OS to be
equipped with advanced functions many small-scale
embedded system do not need, for the sake of soft-
ware productivity. A feature-heavy OS can adversely
affect performance, and make it difficult to run the OS
on limited hardware resources.

One more major problem is the lack of an open stan-
dard specification for a real-time OS that can be used
with many different types of processors. Semicon-
ductor manufacturers provide an OS only for their own

processors, while OS suppliers are unable to support
the wide range of processors in use today. The lack
of standard specifications also means the same word
has different semantics with each OS, not to mention
the confusion resulting from the many different ways
in which similar functions are implemented in each
OS.

DESIGN PRINCIPLES OF THE
µITRON SPECIFICATION
Responding to the need for standardisation discus-
sed above, around ten years ago we began studying
specifications for a standard real-time kernel for
embedded systems, leading to the development and
release of a series of ITRON specifications. The rea-
son for centering these studies on a kernel specifica-
tion is that in most deeply embedded systems, only
the kernel functions are used.

The following design principles were established for
the µITRON specification, in order to satisfy the requi-
rements noted above.

Avoid excessive hardware virtualiza-
tion

Too much hardware virtualization must be avoided in
order to derive the maximum performance from hard-
ware and achieve high real-time performance.

Although the µITRON specification
is a kernel specifica-tion intended
for implementing on a variety of dif-
ferent processors, the basic policy
is to design each implementation
independently for each processor.

To this end, the µITRON specifica-
tion is divided clearly into aspects
that are standard across all proces-

sors and implementation-dependent aspects.
Standardized items in-clude task scheduling rules,
system call names and functions, parameter names,
sequence and meanings, and error code names and
meanings. On the other hand, those aspects that
need to be decided separately for each implementa-
tion, based on runtime performance considerations,
are not precisely standardized.

Allow for optimization to application
Optimizing to the application means modifying the
kernel specification and internal implementation
method based on the requirements of a particular
application. In the case of embedded systems, the
kernel object code is generated for each application,
making this optimization especially effective.

Specifically, the specification was designed so as to
make the kernel functions independent of each other
to the extent possible, so that each application can
use just the functions it needs.  In fact, most µITRON-
specification kernels are provided in the form of
libraries, and are designed so that only the necessary
modules are loaded when the kernel is linked to the
application. Also, each system call provides a single
function, making it easy to select out the necessary
functions for an application.
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Allow for optimization to hardware
Modifying the kernel specification and internal imple-
mentation method, based on the characteristics of
the hardware and its performance, also increases
system performance. For example, the method of
invoking interrupt handlers is left unspecified in the
ITRON specifications. In fact, it is a usual approach to
invoke a user-defined interrupt handler when an
external interrupt occurs without going through the
operating system. The overhead required here is
practically zero. The user must, instead, save the reg-
isters used in the interrupt handler.

Emphasize ease of software engineer
training

As noted before, software compatibility and portabili-
ty tend to be considered as of relatively minor impor-
tance with small-scale embedded systems.  The sig-
nificance of standardizing kernel specifications rela-
tes more to ease of training software engineers, and
the improved communication among software per-
sonnel resulting from consistent terminology and
concepts.

A primary aim of standardisation in the µITRON specifi-
cation is to facilitate learning by and training of soft-
ware engineers, so that once they learn something
they will be able to apply that knowledge broadly.
Likewise, the use of terminology in the specification,
and things like the way system calls are named, are
made as consistent as possible.

Create a specification series and/or
divide into levels

Specifications are developed in series to make them
applicable to a wide variety of hardware. Moreover,
each specification divides functions into different le-
vels based on their degree of necessity.

In addition, work on creating standard specifications
for network-linked distributed systems and specifica-
tions for multiprocessor systems is being carried out
within the ITRON specification series. Of these, the
specifications for distributed systems are included in
the latest specification.

Make available a full range of func-
tions

Rather than limiting the number of primitives provided
by the kernel, the approach is taken of making avail-
able a wide variety of primitives with different func-
tions. The idea is to enable implementors to raise the
runtime performance and improve ease of program-
ming by using primitives geared to the particular
hardware and application.

A concept common to many of these design princi-
ples is that of loose standardisation. This means set-
ting uniform standards only to the extent that perfor-
mance will not suffer, rather than trying to force all
systems into one rigid mold, and leaving room to
decide matters dependent on the processor or appli-
cation.

CURRENT STATUS OF THE
µITRON SPECIFICATION
As noted above, we have been devising and releas-
ing a series of ITRON specifications since about ten
years ago. The first ITRON specification was released
in 1987 as ITRON1. Thereafter studies were carried
out on a reduced-function specification called µITRON
(Ver 2.0) for smaller-scale 8-bit and 16-bit MCUs, and
on the ITRON2 specification for larger-scale systems
with 32-bit MPUs. Both of these were released in
1989.

Of these, the µITRON specification offered very real-
istic performance even on an MCU with only very lim-
ited processing and memory resources, and has
therefore been implemented on many different
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CC oo mm pp aa nn yy PP rr oo cc ee ss ss oo rr

FUJITSU LIMITED F2MC-16

F2MC-8L

FR20 Series

SPARClite Series

Hitachi, Ltd. H8/300

H8/500

H8/300

SH

Mitsubishi Electric M32 Family

Semiconductor Softw Corp 7700 Family

M16 Family

38000 Series

M16C/60 Series

Miyazaki System Design Co 8086

H8/300H

Z80

SH-1, SH-2

H8/500

68000, 68020,
CPU32

Morson Japan MC68020

MC68000

8086 Family

NEC 78K/III Series

78K/II Series

78K/0 Series

78K/IV Series

System Algo Co., Ltd. i960 Series

Sony Corp. SPC900

Three Ace Computer Corp. 8086 Family

TOSHIBA CORP. TLCS-90

TLCS-900

Toshiba Information Systems 8086 Series

68000 Series

Table 2: µITRON-specification kernel implementations
(Products registered with the TRON Association as of

Feb. 10, 1997)
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MCUs. In fact, it would not be going too far to say that
µITRON-specification kernels have been developed
for the 8-bit MCUs of nearly all Japanese manufac-
turers. Its application has even widened to various
16-bit MCUs as well as 32-bit MCUs and MPUs. Just
counting the µITRON-specification products that ha-
ve been registered officially with the TRON Associa-
tion, there are more than 30 implementations for
more than 20 processors (Table 2). In addition to
them, the µITRON-specification kernel, with its small
size and relative ease of implementation, has been
used in numerous developments exclusively for in-
house systems. There are also several µITRON-speci-
fication kernels that have been made available as free
software.

It goes without saying that the reason for this large
number of µITRON-specification kernel implementa-
tions is the wide range of application fields and nu-
merous application examples.  Table 3 lists some of
the applications in which µITRON-specification ker-
nels are used.

As is clear from a survey taken in Japan by the TRON
Association in 1995 (Figure 1), the µITRON specifica-
tion is widely used in Japan and can be said to be a
defacto industry standard. Considering also the
many cases where this specification is used for in-
house systems, clearly the µITRON specification has
become established as a truly open standard speci-
fication.

As the µITRON-specification kernel has come to be
applied to a wide range of fields, a clearer picture has
emerged as to the necessity of each function and the
performance demands. Also, as noted above, the
µITRON-specification kernel has in some instances
been implemented for 32-bit processors, something
we did not originally anticipate. It was therefore deci-

Real-Time Magazine 97-3

31%

27%

27%

21%

18%

17%

14%

13%

12%

10%

59%

9%

3%

52%

27%

17%

14%

17%

6%

14%

5%

11%

8%

7%

57%

8%

9%

43%

0% 10% 20% 30% 40% 50% 60% 70%

ITRON-specification (in-house implementation)

ITRON-specification (commercial implementation)

VxWorks series

POSIX compliant

VRTX series

iRMX/RMX series

pSOS series

CTRON-specification

OS-9 series

MTOS series

other in-house

other commercial

OS is not used

OS use is not considered

ITRON-specification (total) used

considered

Figure 1: Real-time OSs used (or considered for use) in embedded systems

CCoonnssuummeerr  AApppplliiccaattiioonnss

TVs, VCRs, digital cameras, audio components,
settop box, air-conditioners, washing machines,
micro-wave ovens, game gear, rice cookers, light-
ing

OOffffiiccee  AApppplliiccaattiioonnss

printers, copiers, image scanners, word proces-
sors, FAX, optical filing systems

CCoommmmuunniiccaattiioonnss

answer phones, ISDN telephones, cellular
phones, broadcasting equipment, wireless sys-
tems, antenna controllers, satellite controllers,
ATM switches

OOtthheerr  AApppplliiccaattiioonnss

PDAs, automobiles, vending machines, electronic
musical instruments, FA computers, industrial
robots

Table 3. Typical ITRON-specification kernel applications
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ded to rethink the existing ITRON specifications, re-
sulting in the release in 1993 of the third-generation
ITRON specification, called µITRON 3.0. The main-
functions in the µITRON 3.0-specification kernel are
listed in Table 4. The µITRON 3.0 specification is availa-
ble on the Internet at �ftp://tron.um.u-tokyo.ac.jp/
TRON/ITRON/SPEC/mitron3.txt.Z�

NETWORK SUPPORT AND FUTURE
OUTLOOK
With low-cost MCUs becoming available, multiple
MCU�s are increasingly being used to control one
piece of equipment. A major reason is to increase
ease of maintenance and reliability by configuring
products of component units. Specific examples inclu-
de copiers, fax machines and automobiles.

In line with this trend, the µITRON 3.0 specification
incorporates additional functions, called connection
functions, that support distributed systems consisting
of ITRON-specification kernel-based nodes intercon-
nected on a network. With the connection functions,
objects such as tasks and semaphores on other no-
des can be directly manipulated using ordinary sys-
tem calls.

The connection functions in the µITRON 3.0 specifica-
tion at this time are intended only for controlling one
piece of equipment or system, and it is necessary to
decide the network configuration statically at the time
the system is built.  As the next step it will be impor-
tant to enable interconnection among separately
designedsystems. It will further be necessary to deal
with dynamic changes in network configuration. The
specification at that stage is called IMTRON, which is
positioned as the next-generation µITRON specifica-
tion (Figure 2).

In building a distributed system, the communication
interface between different equipment can be simpli-
fied if all are using the same kernel specification,
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Figure 2. Development of the ITRON specification

11..  TTaasskk  mmaannaaggeemmeenntt

- Direct manipulation and referencing of task sta-
tus.

22..  TTaasskk--ddeeppeennddeenntt  ssyynncchhrroonniissaattiioonn

- Task synchronisation function in the task itself.

33..  SSyynncchhrroonniissaattiioonn  aanndd  ccoommmmuunniiccaattiioonn

- Three synchronisation and communication func-
tions independent of tasks, namely, semaphore,
eventflag and mailbox functions.

44..  EExxtteennddeedd  ssyynncchhrroonniissaattiioonn  aanndd  ccoommmmuunniiccaattiioonn

- Two advanced task-independent synchronisa-
tion and communication functions, namely,
message buffer and rendezvous.

55..  IInntteerrrruupptt  mmaannaaggeemmeenntt

- Function for defining a handler for external inter-
rupts.

- Function for disabling and enabling external
interrupts.

66..  MMeemmoorryy  ppooooll  mmaannaaggeemmeenntt

- Functions for software management of memory
pools and memory block allocation.

77..  TTiimmee  mmaannaaggeemmeenntt

- Functions for system clock setting and refer-
ence.

- Task delay function.

- Timer handler functions, for time-triggered start-
ing.

88..  SSyysstteemm  mmaannaaggeemmeenntt

- Functions for setting and referencing the system
environment as a whole.

99..  NNeettwwoorrkk  mmaannaaggeemmeenntt

- Management and support functions for a loose-
ly coupled network.

Table 4. Main functions supported in 
µITRON3.0-specification kernel

WHAT IS THE TRON PROJECT?
TRON (The Real-time Operating system Nucleus) is
a project started by Dr. Ken Sakamura of University
of Tokyo in 1984. The project aims tocreate an ideal
computer architecture with a view toward the future
computerized society. In the computerized society,
all the objects making up our living environment will
come to have microcomputers embedded in them.
These objects, moreover, will be capable of interac-
ting with each other via world-wide computer net-
works. The long-term goal of the TRON Project is to
develop highly functionally distributed system
(HFDS), in which each of these computerized ob-
jects is able to work in cooperation with other ob-
jects. These computer-embedded networked objects
are called intelligent objects.

The project is now going ahead on various subpro-
jects including the ITRON subproject. The BTRON
subproject aims to design an OS specification for
personal computers and workstations. CTRON is an
OS interface specifications for communication and
information processing. MTRON is an attached OS
architecture for connecting various systems in
HFDS. CHIP subproject aims to design a VLSI micro-
processor architecture for use in these OSs. HMI
subproject designs standard human-machine inter-
face guidelines. Application subprojects, including
the TRON-concept Computer Augmented Building
subproject, are proceeded to find problems in ac-
tual applications of HFDS.
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which also realizes improved runtime performance
and greater development efficiency.  In that sense the
existence of µITRON as a standard OS specification
will have even greater significance in a distributed
environment.

Other important development projects are the
ITRON-MP specification studies, with the aim of ex-
tending ITRON to shared-memory multiprocessor
systems, and the on-going work to realize a standard
environment supporting software development on the
ITRON-specification kernel.

Hiroaki Takada is a research associate at the
Dept. of Information Science, Univ. of Tokyo.  He
has received Ph.D. in information science in 1996.
His current reseach topics include real-time oper-
ating system, real-time scheduling theory, and
computer networks.  He is also taking an impor-
tant role in designing the ITRON specification, a
standard real-time kernel specification for small-
scale embedded systems.  He has developed a
free real-time kernel based on the specification as
a reference implementation.
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