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TOWARD NEW-GENERATION OBJECT-ORIENTED REAL-TIME

SOFTWARE AND SYSTEM ENGINEERING

(INVITED PAPER)
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Abstract. In recent years, the market conditions for the real-time computer system (RTCS)

technology and the hardware economy have been showing signi�cant changes and thus this author

feels that time is ripe for vigorously pursuing new paradigms in designing and structuring RTCS's.

The new design paradigm discussed in ths paper for new-generation RTCS's is called the general-

form timiliness-guaranteed (GT) design paradigm and this approach has the 
avor of an idealistic

perfectionist approach. The essence of the GT design paradigm is to realize real-time computing in a

general manner not alienating the main-stream computing industry and yet allowing system engineers

to con�dently produce certi�able RTCS's for safety-critical applications. After a discussion on the GT

design paradigms, a speci�c approach devised by the author and his collaborators for following the

paradigm, the RTO.k object structuring scheme, is discussed along with the established and desired

support tools. The RTO.k scheme is compared with other approaches for extending the conventional

object structuring scheme to suit real-time applications. Among other things, the RTO.k object

scheme provides the uniformity and a wide range of controlled accuracy in representation of both

application environments and control computer system designs during multiple system engineering

phases. It thus facilitates a uniform and integrated design of real-time distributed computer systems

together with the real-time simulators of their application environments. The potential advantages

of this approach including the strong requirements-design traceability, the feasibility of thorough

and cost-e�ective validation, the ease of maintenance, etc., are discussed. Much of the desired tools

discussed are considered highly meaningful targets for future research in this area.

Key words. real-time, real-time object, RTO.k, guaranteed timely service, DREAM kernel,

micro-kernel, thread, process

1. Introduction. Signi�cant improvements achieved in recent years in hardware
economy and component reliability have sprurred the growth in both the volume and
the variety of the market for computer applications. One of the computer application
�elds which started showing noticeable new growth trends is the real-time computing
application �eld.

The state of the art for engineering of real-time computer systems (RTCS's) is
inadequate for coping with this increasing application demand because of the following
weaknesses and others.

(1) Little impacts of object oriented (OO) design approaches

Over the past 15 years OO design approaches have become a common practice
in development of non-real-time business data processing software due to the modu-
larity, generality, and natural abstraction bene�ts that the OO approaches bring in
[5, 3, 26, 27]. On the other hand, OO-structuring has had minimal impacts in RTCS
engineering in contrast to its pervasive use in non-RTCS engineering. This means that
much of the capabilities existing in the vast business data processing software �eld is
currently not utilized in development of RTCS's. It also means that the RTCS engi-
neering process and the real-time application software themselves take peculiar forms
unfamiliar to the vast main-stream software engineering community. The consequence
is the poor economy of scale in RTCS development and the relatively low reliability
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of the software products except in cases of small-scale simplistic phase-locked loop
control types of applications.

(2) Low reliability of large-scale RTCS's

Various representation schemes, analysis and synthesis techniques, and tools have
been developed for use in each phase of RTCS engineering such as speci�cation, design,
implementation, validation, and maintenance. By and large these techniques have
not evolved in su�ciently integrated forms up to now. As a result, the current RTCS
engineering practices su�er from the following problems: (a) weak traceability among
various system models used, (b) lack of rigor in requirements speci�cation, and (c)
lack of integration in design techniques. Moreover, experiences have shown that real-
time distributed computing software is notoriously di�cult to test. All these lead to
the fact that the reliability of the large-scale real-time software produced under the
state of the art is not su�ciently high.

Therefore, this author feels that it is time for a so-called paradigm shift in RTCS
design. Recently, this author started advocating pursuit of a futuristic design paradigm
called the general-form timeliness-guaranteed (GT) design paradigm [14, 22].
The essence of the GT design paradigm is to realize real-time computing in a general
manner not alienating the main-stream computing industry and yet allowing system
engineers to con�dently produce certi�able RTCS's for safety-critical applications.
The GT design paradigm will be fully discussed in Section 2. Arguments are then
made in Section 2 for exploring new real-time extensions of the conventional OO
structuring scheme to establish tools for exercising the GT design paradigm.

A tool formulated by this author together with his research collaborators for
exercising the GT design paradigm is called the RTO.k object structuring scheme

[11, 12, 22]. After presenting the essence of the RTO.k scheme in Section 3, we
discuss the di�erences between the RTO.k scheme and other real-time extensions of
the conventional object structuring scheme in Section 4.

The RTO.k object model provides the uniformity and a wide range of controlled
accuracy in representation of both application environments and control computer
system designs that evolve through multiple system engineering phases. In fact, we
recently started advocating a uniform and integrated design (UID) of real-time dis-
tributed computer systems (DCS's) together with the real-time simulators of their
application environments. Under this approach, the integrated design of a control
computer system and its application environment simulator takes the form of a net-
work of RTO.k objects. The UID approach has been put through several experiments
in the UCI DREAM Laboratory directed by the author [11, 21]. Several other exper-
iments are under way in other organizations. The experiments conducted include the
development of a military command control application, a steel mill control applica-
tion, etc. All the implemented RTO.k structured applications run on PC's intercon-
nected by an Ethernet LAN. The steel mill control design case is used here to illustrate
the essence of the UID approach. The capabilities of the RTO.k object model for uni-
form representation of various designs and speci�cations evolving through multiple
CSE phases are demonstrated. The UID approach is discussed in Section 5.

In order for the RTO.k objects to provide guaranteed timely services to exter-
nal clients, the engine that supports the execution of RTO.k objects must provide
guaranteed timely responses to service requests from the executing RTO.k objects.
A model of an operating system kernel which can support RTO.k objects and con-
ventional real-time processes with guaranteed timely services was formulated by the
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author [14, 15]. The model is called the DREAM (Distributed Real-time Ever Avail-

able Micro-computing) kernel. A series of prototype implementations of the DREAM
kernel have been produced by the author and his collaborating researchers to run
on networks of PC's connected by the Ethernet local area network (LAN). A friendly
C++ based application-programmer-interface (API) to the DREAM kernel, called the
DREAM library, has also been developed [16, 20]. A brief overview of the DREAM
kernel and the DREAM library is given in Section 6.

In order to �rmly establish the RTO.k object based GT design as a technology us-
able by common practitioners, many more tools in addition to the DREAM kenel and
the DREAM library need to be developed. A desirable software engineering environ-
ment (SEE) for RTO.k object based engineering of RTCS's is discussed in Section 7.
In this author's view, the tools which appear as the to-be-developed components of
the SEE are highly meaningful targets for future research. The paper concludes in
Section 8.

2. Futuristic Design Paradigm and Desirable OO Structuring. In order
to achieve noticeable progress in the design e�ciency and the system reliability at-
tained, this author believes that the general-form timeliness-guaranteed (GT) design
paradigm which consists of the elements discussed below must be vigorously pursued
[12, 14, 22]:

(1) General-form design: Future real-time computing must be realized in the form of
a generalization of the non-real-time computing, rather than in a form looking like an
esoteric specialization.

(2) Application of the same system/subsystem model through multiple engineering

phases: In order to achieve signi�cant improvement in seamless integration of de-
sign tools and techniques, one of the key issues to be resolved is the uniformity and
the range of controlled accuracy in representation of various levels of system designs
evolving through multiple design phases. The uniformity must be attained by using
a powerful system/subsystem modeling scheme consistently during multiple phases.
Moreover, a desired representation (or modeling) scheme should be e�ective not only
in the abstraction of RTCS's under design but also in the representation of the ap-
plication environments to the degree of accuracy desired in each phase of system
development. Ideally, the modeling scheme should be capable of handling not only
logical value manipulation capabilities but also temporal characteristics at various
degrees of accuracy.

The general-form design is important with respect to utilizing the capabilities
existing in the vast business data processing software �eld in development of RTCS's,
which is currently not done. Under a properly established RTCS design methodology,
it should be possible to realize every practically useful non-RTCS by simply �lling
the time constraint speci�cation part with unconstrained default values. Such design
becomes a reality only when a powerful structuring scheme capable of dealing with all
practically useful real-time and non-real-time computing requirements is established.
This approach is the only practical way to meet the growing application demands for
real-time computing with the acceptable economy of scale and signi�cantly improve
the reliability and other quality attributes of the real-time software products.

The general-form design approach and the approach of using the same powerful
modeling scheme during multiple engineering phases may seem unrelated but this
author believes that both can be met by the same structuring technique of OO type.
In other words, searching for a proper real-time extension of the conventional OO
structuring scheme is a natural way not only for formulating a general-form design
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method but also for �nding a powerful system/subsystem model. This is all because
of the natural modularity characteristics and the multi-level abstraction capabilities
of the basic object structure. Indeed in the last several years there has been a grow-
ing trend of research activities aimed for extending the conventional OO-structuring
approaches to support RTCS design [1, 2, 8, 11, 23, 27, 28, 31]. Although not in-
cluded in many of those real-time extensions of the basic object, this author believes
that two of the most essential new elements in a properly formulated real-time object

are the facilities for time-triggered activation of computing actions and the deadline

enforcement facilities. In particular, applying the time-triggered activation to object
methods, rather than to individual statements, and structuring them in explicit forms
clearly distinguished from the basic object methods which are triggered by messages
from the clients, are considered to be the most e�ective approaches in this area.

(3) Design-time guarantee of timely service capabilities of subsystems: To meet the
demands of the general public on the assured reliability of future RTCS's in safety-
critical applications, there does not appear to be any adequate way but to require
the system engineer to produce design-time guarantees for timely service capabilities
of various subsystems (which will take the form of objects in object-oriented system
designs).

Experiences of practicing engineers indicate that testing alone is not su�cient for
assuring the level of reliability of RTCS's which the customers have started demanding.
Even in late 1960's when the real-time distributed computing software �eld was at
best in its embryonic stage, Dijkstra uttered the famous words, \Program testing
can show the presence of bugs but never their absence" [6]. It is also known that
in general the program veri�cation approach is not practical for application to any
sizable application software. However, this author believes that even if verifying
the full logical behavior of a sizable real-time software is not practical, veri�cation
of the timing behavior must be pursued. This is because it is the timing behavior
which presents the biggest di�culties to the system engineer relying on the testing
for assuring proper behavior to a reasonable degree. The ease or di�culty of verifying
the timing behavior depends on the way time constraints are speci�ed in real-time
objects.

So far the excuse used by the RTCS engineering community for not doing the
timeliness-guaranteed design of sizable real-time software has been that the operating
system (OS) available does not give guaranteed timely services and thus it is hopeless
to realize application objects providing guaranteed timely services. However, such
an OS characteristics is turning out to be a research issue of short-term nature, not
a fundamental obstacle. Changes in this regard have already started occurring in
industry.

In order to support all three elements of the GT design paradigm mentioned
above, a real-time object structure that not only provides facilities for time-triggered
activation of object methods and deadline enforcement but also eases the problem of
producing design-time guarantees of timely service capabilities of the objects, needs to
be established. Most of the previous works on real-time objects have not been aimed
for supporting the design-time guarantee of timely service capabilities of objects,
which is one of two most fundamental parts of the GT design paradigm.

3. The Essence of the RTO.k Object Structuring Scheme. An initial
abstract framework of the RTO.k object model, also called the time-triggered

real-time object (TT-RTO) model, came out of the attempt by this author and
Hermann Kopetz at the Technical University of Vienna to �nd a proper extension of
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the basic object model which is highly cost-e�ective in development of hard-real-time

application systems. Based on the initial abstract framework formulated in late 1980's
[23], a concrete syntactic structure and execution semantics was developed to support
the GT design paradigm in recent years [11, 12, 16, 22]. The underlying motivations
of the RTO.k object structuring scheme are depicted in Figure 3.1.

The basic structure of an RTO.k object is depicted in Figure 3.2. It is an extension
of the conventional object model(s) and two most important and unique extensions
are the following:
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Fig. 3.1. Motivating factors for the RTO.k object structuring

(a) Two clearly separated groups of methods:
For some methods of an RTO.k object, a real-time clock serves as the mecha-

nism for triggering the method executions as the clock reaches some values speci�ed
at design time and such methods are called time-triggered (TT-) methods, also
called the spontaneous methods (SpM's), and clearly separated from the conven-
tional service methods (SvM's) triggered by messages from clients. The two types
of methods in an RTO.k object are di�erent not only in the way their executions are
triggered but also in that

\actions to be taken at real times which can be determined at the design time can
appear only in SpM's".
Therefore, actions of the type \at constant-clock-value do S" or the type \sleep-until

constant-clock-value" can appear only in SpM's. Incorporation of SpM's means in-
troducing the potential for the following two new types of concurrent executions of
object methods in addition to the potential for concurrent executions of SvM's that
exist in conventional objects:
Type I Concurrency among SpM executions: This concurrency is speci�ed in an

implicit but natural manner, e.g., two SpM's designed to be triggered at 10
am.



6 K. Kim

Type II Concurrency between SpM executions and SvM executions.
(b) Basic concurrency constraint (BCC):

In order to dramatically reduce the designer's e�orts in guaranteeing timely ser-
vice capabilities of RTO.k objects, the execution rule which prevents con
icts be-
tween SpM's and SvM's is incorporated. Basically, activation of an SvM triggered by

a message from an external client is allowed only when potentially con
icting SpM

executions are not in place. To be exact, when a message-triggered SvM is not free
of con
ict with a SpM in accessing the same portion of the object data space (ODS),
execution of the former method (SvM) must not be allowed in a time zone earmarked
for a TT-execution of the latter method (SpM). This restriction is called the basic
concurrency constraint (BCC). Therefore, SpM's are given higher priorities for
execution over the SvM's. Note that this BCC does not impose any restriction on
concurrent execution of SpM's or concurrent execution of SvM's. Therefore, execu-
tions of SpM's are not disturbed by SvM executions and triggering times of SpM's
are �xed at the design time. At least this makes it very easy to analyze the execution
time behavior of SpM's. For example, if a statement of the type \at 10am do S"
appears in an SpM, its reliable execution can be easily assured.

Fig. 3.2. Structure of the RTO.k object model (Adapted from [11])

The above two features make the RTO.k object model clearly distinguished from
other proposed real-time object models [1, 2, 8, 28, 31]. In addition, the RTO.k object
contains the following features not found in the conventional object model(s):
(c) For each execution of an output action designed as a part of a method of an RTO.k
object, a deadline is imposed;
(d) Real-time data contained in an RTO.k object become invalid after the interval
called the maximum validity duration passes; and
(e) Variables of time-value type: There are two di�erent time-value types of
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variables which may appear in SpM's as well as in SvM's: absolute-time type and
time-duration type. The practically e�ective granularity of the absolute time or time-
interval values depends on the granularity of the clock maintained by the execution
engine.

Triggering times for SpM's must be fully speci�ed as constants during the design
time. Those real-time constants appear in the �rst clause of an SpM speci�cation
called the autonomous activation condition (AAC) section. An example of an
AAC is

\for t = from 10am to 10:50am every 30min
start-during (t, t+5min) �nish-by t+10min"

which has the same e�ect as
f\start-during (10am, 10:05am) �nish-by 10:10am",
\start-during (10:30am, 10:35am) �nish-by 10:40am"g.

A provision is also made for making the AAC section of an SpM contain only
candidate triggering times, not actual triggering times, so that a subset of the can-
didate triggering times indicated in the AAC section may be dynamically chosen for
actual triggering. Such a dynamic selection occurs when an SvM within the same
RTO.k object requests future executions of a speci�c SpM. The AAC specifying can-
didate triggering times rather than actual triggering times starts with a declaration
\if-demanded". Therefore, there are two di�erent modes of determining triggering
times for SpM's:
(a) fully determined during the system design, in which case the SpM is said to be
statically scheduled, and
(b) determined during the run time when an SvM requests executions of the SpM and
designates a subset of the candidate triggering times prepared during the design time
as actual triggering times, in which case the SpM is said to be partially dynamically

scheduled.
An underlying design philosophy of the RTO.k object model is that an RTCS will

always take the form of a network of RTO.k objects. RTO.k objects interact via calls
by client objects for service methods in server objects. The caller may be an SpM
or an SvM in the client object. In order to facilitate highly concurrent operations of
client and server objects, non-blocking (sometimes called asynchronous) types of calls
(i.e., service requests) can be made to SvM's.

The designer of each RTO.k object provides a guarantee of timely service capabil-
ities of the object by indicating the deadline for every output produced by each SvM
(and each SpM which may be executed on requests from SvM's) in the speci�cation of
the SvM (and some relevant SpM's) advertised to the designers of potential client ob-
jects. Before determining the deadline speci�cation, the server object designer must
convince himself/herself that with the object execution engine (hardware plus oper-
ating system) available, the server object can be implemented to always execute the
SvM such that the output action is performed within the deadline. Again, the BCC
contributes to major reduction of these burdens imposed on the designer [17].

4. Di�erences among the Real-time Extensions of Objects . In this sec-
tion, major di�erences between the RTO.k object structuring scheme and other pro-
posed real-time extensions of the basic object structuring scheme are discussed along
with the costs and bene�ts which each distinct feature brings to the RTO.k scheme.

4.1. Clear-cut distinction between SpM and SvM. All real-time exten-
sions of the basic object model proposed so far are active objects with some time
constraints added. An active object is an object with its own thread of execution
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control. Therefore, multiple active objects can exhibit concurrency among their ac-
tivities. Of all the models proposed as real-time extensions of the basic object model,
about half of them do not provide anything resembling SpM's. Such models will not
be discussed any further in this paper [2, 4, 33]. In the object model adopted in the
RTC++ project [8] and other models [1, 7, 28], the clear-cut distinction made in the
RTO.k model between SpM's and SvM's is not done. That is, the rule, \actions to be
taken when the real-time clock reaches values which can be determined at the design
time can appear only in SpM's", is not adopted in any of those models. This rule
was adopted in the RTO.k to simplify the task of guaranteeing the timely services
o�ered by the RTO.k object. Also, the number of SpM executions that can proceed
in parallel has no �xed limit in the RTO.k model unlike in models such as the MO2
model [1] and others [28].

In some models providing something similar to SpM's, interactions between those
corresponding to SpM's and SvM's are not facilitated [7, 28, 31].

4.2. Basic concurrency constraint. The MO2 model proposed in [1] is the
only other model which contains something resembling the basic concurrency con-
straint. However, the MO2 model allows only one SpM in an object. Also, an SvM in
an RTO.k object is not initiated if it has the potential of running into data con
icts
with any SpM in execution or with any SpM scheduled. On the other hand, SvM's
and the SpM in an MO2 object may be in concurrent execution with intermittent
competition for accessing data in the ODS. Therefore, the RTO.k model sacri�ces
some �ne degree of parallelism for the sake of ease in guaranteeing timely services of
objects.

4.3. Design-time guarantee of timely service of each object. The RTO.k
object model was formulated with this speci�c objective of facilitating design-time
guarantee of timely services of each object in mind. For example, the AAC section in
the SpM declaration is restricted to be an expression which can be fully evaluated at
design time. The execution engine which contains the operating system and both the
inter-object communication facility and the intra-object inter-method communication
facility, is required to yield an easy analysis of the worst-case execution time for any
local or remote method execution. It appears that this \conservative" policy was not
adopted in any other model, or at least not pursued to the extent done in the RTO.k
model. However, the conservative policy of the RTO.k model can result in some
sacri�ce of hardware utilization in comparison to the case of using \liberal" policies
adopted in other models.

4.4. Interactions among objects. In some models, only the blocking type
of service call is facilitated although the developers probably considered the issue of
allowing non-blocking service calls a minor issue. In the MO2 model [1], the non-
blocking service call is facilitated. The client-transfer call mechanism in the RTO.k
object model [12] is not available in any other model. The need for allowing client-
transfer calls in the RTO.k model arose mainly due to the adoption of the basic
concurrency constraint and the approach of design-time guarantee of timely services.

4.5. Main di�erences between the RTO model in RTC++ and the

RTO.k object model. Overall, the object model in RTC++ [8] and the MO2
model [1] are closer in nature to the RTO.k model than other models are. Since the
di�erences between the RTO.k model and the MO2 model have been pointed out
clearly in the above discussion, the RTC++ approach is reviewed in more detail here
and compared against the RTO.k object model.
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In RTC++, an RTO is declared as an active object and contains one or more lo-
cally possessed threads called master threads and incorporates speci�cations of timing
constraints imposed on object methods and individual statements. It also de�nes a
�nite set of slave threads responsible for executing object methods called by clients.
Each object is assigned a �xed priority and the priority of a client object is inherited
by the server object during the execution of the method called by the client.

Main di�erences between the RTO model in RTC++ and the RTO.k model are
the following:

(a) In RTC++, master threads, which are counterparts for the SpM's (spontaneous
methods) in the RTO.k object, are not clearly separated in their roles from SvM's to
the extent that SpM's in the RTO.k object are separated from SvM's. For example,
SvM's in RTC++ cannot directly request executions of master threads but instead
can perform by themselves all computing actions which would be done by SpM's in
an RTO.k object.

(b) The basic concurrency constraint (BCC) can not be adopted in RTC++ since the
approach of assigning �xed priorities to RTO's and the priority inheritance approach
were adopted. Therefore, master threads cannot have higher priorities than SvM's
in RTC++, which is the opposite of the BCC approach in the RTO.k model. (c)
No priorities are assigned to RTO.k objects. How to order competing accesses by
object methods in execution for the same portion of the ODS is left to the execution
engine which should utilize in its ordering decision the current information on time
constraints associated with the competing methods. A special rule called the ordered
isolation rule [17] can also be incorporated into the execution engine in order to make
the design-time guarantee of timely services easier.

5. RTO.k Object Based Uniform Integrated Design of RTCS's and

Real-time Simulators of Their Application Environments. In order to demon-
strate the potential power of the RTO.k object structuring scheme, we developed
several real-time distributed computing application systems including experimental
prototypes of a military command control system and a factory control system. One
of them is an experimental prototype of an Automatic Gauge Control (AGC) system
which controls a steel rolling and pressing process (RPP) and the prototype also in-
cludes a real-time simulator of the controlled steel factory facilities. The implemented
prototype was structured as a network of both computing RTO's and environment

simulator RTO's, all distributed among PC's which are connected by Ethernet and
equipped with the DREAM kernel. In this section, we present the steps involved in
the top-down design of the AGC system as an illustration of the RTO.k object based
approach for uniform and integrated design (UID) of an RTCS and its application
environment simulator.

The steel factory application environment considered is shown in Figure 5.1. A
roll of steel sheet of non-uniform thickness is �rst loaded onto a cylinder called the
pay-o� reel (POR). This POR is rotated by an attached POR motor drive as shown
in the �gure. When the POR is rotated in a clockwise manner by the attached motor
drive, the steel sheet wrapped around the reel advances forward and to the right along
a guiding rail (not shown in the �gure) and goes in between two solid cylinders, known
as the work roll (WR). The WR cylinders can not only be rotated by an attached WR
motor drive but can be pressed together by a hydraulic actuator. Such a pressure will
be transferred to the steel sheet that passes in between the WR cylinders. The net
e�ect is to make the thickness of the steel sheet more uniform than before. When the
WR motor drive rotates the WR cylinders, this causes the steel sheet that comes in
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between the cylinders to advance forward further to the right. Finally, the steel sheet
follows the guiding rails (not shown in the �gure) and wraps around a cylinder called
the tension reel (TR). As in the case of the POR and the WR, the TR is also rotated
by an attached motor drive, thereby causing the steel sheet coil around it.
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Fig. 5.1. Steel rolling and pressing mill application environment

Figure 5.1 shows just one RPP in detail. In general, the steel factory can have
n di�erent RPP's, all working concurrently. In this case, a roll of raw steel is �rst
loaded on the POR of the �rst RPP. After being processed in the �rst RPP, the steel
is loaded to the POR of the next RPP, and so on. The steel sheet thus moves from
one RPP to the next in a pipeline fashion until it gets processed by the nth RPP and
comes out re�ned from the pipeline.

In each RPP, the speeds of all the three motor drives as well as the load applied
by the hydraulic actuator need to be carefully controlled. For instance, if the WR
does not have a velocity su�cient enough to always keep the sheet between the POR
and the WR taut, then the material between POR and WR could bend, resulting in
an undesirable situation. The speed controller (SCT) shown in the �gure, which is
to be designed by a computer engineer (team), should control the three motor speeds
while the automatic gauge controller (AGCT) to be designed should control the load
applied to the hydraulic actuator. The three speedometers shown in the �gure supply
the SCT with the current speeds of the motor drives, the two radius-meters supply
the SCT with both the current radius of the POR and the radius of the TR, and the
two tensiometers supply the SCT with the steel tension just before and the tension
after the WR. The SCT can use these input parameters to calculate the new speeds
of the three motors. The AGCT receives the current load applied to the hydraulic
actuator and the entry thickness measure of the steel sheet as the input and can use
these values to calculate the desired gap between the WR cylinders.
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Initially the high-level requirement is given by the customer who places an order
for the AGC system:

\A rectangular sheet of raw steel of non-uniform thickness, length l m (meter),
width w m, and material physical attribute set S, should be re�ned to a rectangular
sheet of steel with at least l m in length, at least w m in width, and thickness in the
range of t mm � k �m. The minimum thickness of the raw steel is greater than or
equal to t mm � k �m."

5.1. Step 0: High-level speci�cation of the application environment

of the AGC as an RTO.k object and its real-time simulation. Initially,
computer-based controllers do not exist and neither do sensors such as speedome-
ters, tensiometers, etc., and actuators such as hydraulic actuators and motor drives
because the system engineer has not decided which types to use. As the �rst step,
the system engineer (team) may describe the application environment of the AGC
system (i.e., steel pressing factory) as an RTO.k object as depicted in Figure 5.2.
This RTO.k is called the Steel Pressing Factory RTO. As we mentioned before, the
steel factory consists of up to n RPP's. Hence, the object data store (ODS) of the
Steel Pressing Factory RTO consists of the state descriptors for (0� n) RPP's. The
information kept in all these state descriptors constitutes the information kept in the
Steel Pressing Factory RTO.

Steel Pressing Factory
Access Capability (to other RTO’s) None
Object Data Store

(0-n) Rolling and pressing processes

SpM (driven by an infinite-precision clock)
Update the states of rolling and pressing
processes

SvM
Load material

Fig. 5.2. The steel pressing factory RTO

The RPP state descriptors are periodically updated by a spontaneous method
(SpM). Conceptually, this SpM in the Steel Pressing Factory RTO is activated con-

tinuously and each of its executions is completed instantly. The SpM thus represents
the continuous state changes that occur naturally in the real RPP's. The SvM in the
Steel Pressing Factory RTO functions as an interface to \external clients". The only
conceivable client here is the mechanism that inputs the material (i.e. raw steel sheet
of non- uniform thickness) to (the POR of) the �rst RPP.

So far, the Steel Pressing Factory RTO in Figure 5.2 was interpreted as a mere
description of the application environment. However, if the activation frequency of
each SpM is chosen such that it can be supported by an object execution engine,
then the resulting RTO becomes a simulation model. The behavior of the application
environment is represented by this simulation model somewhat less accurately than
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by the aforementioned description model based on continuous activation of SpM's. In
general, the accuracy of an RTO.k object structured simulation is a function of the
chosen activation frequencies of SpM's. Note that this style of simulation is real-time

simulation in which the simulation objects are designed to show the same timing
behavior that the simulation targets do [18].

Therefore, the RTO.k object model is e�ective not only in the multiple-level
abstraction of real-time (computer) control systems under design but also in the ac-
curate representation and simulation of the application environments. This means
considerable potential bene�ts to the system engineers.

5.2. Step 1: High-level design of an RPP using the RTO.k object

model. After creating the high level speci�cation of the application environment, the
system engineer (team) now decides to produce a high-level design of each RPP. For
this, the engineer �rst decomposes the Steel Factory RTO into multiple RPP RTO's.
Such a decomposition would also involve the introduction of one or more SvM's in
each RPP RTO to establish some connections among the RTO's and between the
RTO's and the clients outside the factory.

Next, the engineer decides on the types of sensors and actuators to be used. Once
those devices are chosen, then the control algorithms for operating the devices and
controlling the RPP will be determined. Figure 5.1 already showed all the sensors
and actuators chosen. The RPP augmented with chosen sensors and actuators and an
imaginery controller can be described as an RTO shown in Figure 5.3. The ODS of this
RTO contains state descriptors for the pressing mill and the controller which performs
the automatic gauge (thickness) control and the motor speed control. The sensors
and actuators are treated as a part of the pressing mill instead of separating them
out since their functionality is simple. Therefore, the requirements to be imposed on
the computer based controller have been speci�ed in a concrete form, i.e., RPP RTO
in Figure 5.3.

The SpM \Update the state of Pressing mill" keeps track of the rotary motions of
the POR, WR, and TR, and the linear motion of the steel sheet through the guiding
rails between the POR and the TR. It also keeps track of the action of the hydraulic
actuator aimed for setting the roll gap between the WR cylinders to the target value
ordered by the controller.

The SpM \Update the state of Controller" keeps track of the action of the con-
troller and thus it can be viewed as a core part of the requirement speci�cation for
the computer based controller at this state of the controller development.

Again, the RPP RTO contains an SvM representing the operation controlled by an
external client of loading material on to the POR. Also, if an RPP has the mechanism
for sending processed still rolls to another RPP, then the RTO representing the former
RPP should contain the capability for making service calls (calls for SvM \Load
material") to the RTO representing the latter RPP. This is the reason for including
\NextRPP" in the access capability section of the RPP RTO in Figure 5.3.

5.3. Step 2: Decomposition of the RPP RTO into a pressing mill RTO

and a computer-based controller RTO. As the system engineer decomposes the
single RTO.k representation of the RPP RTO in Figure 5.3 as a part of more detailed
design, a component of the ODS becomes a new RTO.k object. When these new
RTO.k objects are created, the SvM's that serve as the front-end interfaces of these
new RTO.k objects should also be created. After the decomposition, the AGC system
may be composed of a network of two RTO.k objects: the Pressing Mill RTO and the
Controller RTO which represents the desired actions of both SCT and AGCT.
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Rolling and Pressing Process

Access Capability (to other RTO’s)
NextRPP

Object Data Store
Pressing mill including

POR, WR, TR, sensors, and actuators

Controller (= automatic gauge control +
motor speed control)

SpM “Update the state descriptors in ODS”
Update the state of Pressing mill
Update the state of Controller

SvM
Load material

Fig. 5.3. The rolling and pressing process (RPP) RTO

In this process, the requirement speci�cations associated with the controller may
be re�ned. The Pressing Mill RTO may now describe or simulate the actions of
the sensors and actuators, the rotary motions of the POR, WR, and the TR, and
the linear motion of the steel sheet between the POR and the TR, more accurately
than the RPP RTO did. Similarly, the Controller RTO can describe or simulate
the desired gauge control and motor speed control actions more accurately than the
RPP RTO did. Now, the Pressing Mill RTO can be viewed as a description or a
real-time simulator of the application environment and the Controller RTO as an
abstract design or requirement speci�cation of the computer-based controller to be
implemented by the computer engineer (team).

5.4. Step 3: Further decomposition of the Pressing Mill RTO and de-

tailed design of the computer-based controller. Further decomposition of the
Pressing Mill RTO may produce a network of three di�erent RTO's: the POR RTO,
the WR RTO, and the TR RTO as shown in Figure 5.4. Now, these three RTO's can
be hosted on three di�erent nodes, if a high frequency simulation is sought after. Here,
the WR RTO describes or simulates the rotary motion of the WR, the pressing action
of the cylinders, the linear motion of steel through the gap between the WR cylinders,
and the operations of the sensors and actuators located in the vicinity of the WR.
The POR RTO and the TR RTO describe or simulate their corresponding facilities in
similar fashions. Each of these environment RTO's should have SvM's which interface
not only with the computer-based controller but also with other environment RTO's.

During this step the computer engineer (team) may produce a more detailed
design speci�cation of the computer-based controller by expanding the single RTO
design into a network of two RTO's as shown in Figure 5.4: the Automatic Gauge

Controller (AGCT) RTO and the Speed Controller (SCT) RTO. These two RTO's
may be hosted on two di�erent computer nodes or on the same computer node. The
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SCT RTO.k AGCT RTO.k

Controller

Real-time simulation

POR RTO.k TR RTO.k

WR RTO.k

Fig. 5.4. Network of RTO's in a rolling and pressing process

detailed design speci�cation of the SCT RTO is shown in Figure 5.5. The SCT RTO
receives from the PORRTO the sensor readings, namely, the current POR velocity, the
current POR radius, and the current steel tension in the measurement point between
the POR and the WR. It also receives the current WR velocity from the WR RTO.
In addition, it receives from the TR RTO some sensor readings such as the current
TR velocity, the current TR radius, and the current steel tension in the measurement
point between the WR and the TR. The SCT then calculates the velocity required
for the POR motor drive, the WR motor drive, and the TR motor drive that satis�es
the requirement speci�cation, and outputs these values to appropriate motor drives.

The AGCT RTO receives from the WR RTO some sensor readings such as the
current value of load applied to the WR cylinders and the thickness of the steel sheet
measured in the entry point of the WR. This RTO then calculates the desired load
to be applied to the cylinders.

The AGC system in Figure 5.4 thus consists of �ve RTO.k objects interconnected.
The upper portion depicts the three RTO.k objects that compose the real-time sim-
ulator of the application environment. The lower portion depicts the two RTO.k
objects that compose the computer-based controller.

The prototype DREAM kernel version 3.0 (to be discussed in the next section)
was used in the experimental implementation of this AGC system. The implemented
real- time distributed application software consisting of �ve easily modi�able RTO.k
objects runs on a network of two PC's. In this experimental e�ort, the RTO.k objects
were implemented in C++ with the support of the DREAM library v3.0b [16]. The
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implemented application software consists of about 2,500 lines of C++ code and the
DREAM kernel v3.0 consists of about 15,000 lines of C++ code and an assembly
module of about 700 instructions. Other application prototypes implemented in the
author's laboratory are much larger. For example, the military command control
prototype implementation consists of 9 RTO's and about 20,000 lines of C++ code
[21].

The AGC system implemented can be easily expanded with functions such as
handling of various alarm conditions including a safe shutdown of the pressing mill.
During the development of this prototype and the military command control proto-
type, we observed that the debugging e�orts required were less than 20% of the e�orts
required during our earlier development of similar but simpler prototypes using the
conventional real-time process-structured design methods. The language compilers
and the PC platforms used this time were more powerful than the tools used ear-
lier but we feel that still the RTO.k object structuring scheme and the predictable
DREAM kernel are the major factors that have caused this signi�cant, if not dramatic,
improvement in the design and implementation e�ciency.

5.5. Advantages Of the RTO.k Object-Based Design Of Complex Sys-

tems. Under the RTO.k object based UID approach, both the computer engineer
(team) who produces control computer systems and the system engineer (team) who
interfaces with the customers of the computer-embedded application systems and pro-
duces precise speci�cations of requirements to be met by the computer engineer, use
the same structuring approach during their systematic construction of speci�cations.

The computer engineer receives an RTO.k object structured requirement speci�-
cation as discussed in Section 5.2 and 5.3. The computer engineer initially produces
an abstract single RTO.k object design and then proceeds to re�ne it into a more
detailed design which has the structure of an RTO.k object network (e.g., Figure 5.4).

On the other hand, the system engineer �rst starts with a single RTO.k object
representation of the application environment (the RPP) (e.g., Figure 5.2) in which
sensors, actuators, and control computer systems are to be embedded. The system
engineer gradually re�nes this single RTO.k representation into an RTO.k network
representation (e.g., Figure 5.3), which can be given to the computer engineer as a
requirement speci�cation.

Thereafter, the system engineer (or another team) can optionally re�ne the en-
vironment portion of the RTO.k network representation into a real-time simulator of
the application environment, e.g., simulator depicted in (the upper half of) Figure 5.4.
The environment simulator can then be used for testing the control computer system
produced. The environment simulator is a real-time simulator which produces sen-
sor data in real-time and takes real-time commands for actuators and simulates the
subsequent operations of actuators in real-time. Obviously, this kind of testing yields
better coverage than the testing based on non-real-time simulation of the application
environment.

6. An Overview of the DREAM Kernel and the DREAM Library.

6.1. The DREAM Kernel. In order for the RTO.k objects to provide guar-
anteed timely services to external clients, the engine that supports the execution of
RTO.k objects must obviously provide guaranteed timely services to the requesting
RTO.k objects. In addition to containing a hardware platform, such an execution
engine should be formed by a timeliness-guaranteed operating system. Existing com-
mercial operating systems are not yet capable of providing guaranteed timely services
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Speed_Controller
Access Capability (to other RTO’s)

- Pay-Off Reel (POR) (Receive_motor_drive_command_velocity_from_Speed_Controller_RTO)
- Work Roll (WR) (Receive_motor_drive_command_velocity_from_Speed_Controller_RTO)
- Tension Reel (TR) (Receive_motor_drive_command_velocity_from_Speed_Controller_RTO)

Object Data Store

SCT_Data_Table: MVD: x msec : list of { POR_radius, POR_velocity, Entry_tension; WR_velocity;
TR_radius, TR_velocity, Exit_tension; }

SpM
SpM 1: Send_command_velocities_to_motor_drives

- Read SCT_Data_Table from ODS.
- Calculate the POR motor drive command velocity and send it to POR motor drive (via SvM request).
- Calculate the WR motor drive command velocity and send it to WRl motor drive (via SvM request).
- Calculate the TR command velocity and send it to TR motor drive (via SvM request).
AC: for T = from RTO_START + WARMUP_DELAY_SECS to RTO_START + SYSTEM_LIFE_HOURS every PERIOD

start-during (EST, LST) finish-by T + DEADLINE
OS: (to POR RTO) <deadline: xxx msec> POR motor drive command velocity

(to WR RTO) <deadline: yyy msec> WR motor drive command velocity
(to TR RTO) <deadline: zzz msec> TR motor drive command velocity

SvM
SvM 1: < Accept-via-Service_Request_Channel-with-Delay_Bound-of ACCEPTANCE_DEADLINE

<start-within INITIATION_DEADLINE under MAX_REQUEST_RATE finish-within EXECUTION_TIME_LIMIT>
Receive_Sensor_Outputs_from_Pay_Off_Reel_RTO
- Receive from POR RTO POR_velocity, POR_radius and Entry_tension.
- Update SCT_Data_Table in ODS.
IC: Other SvM 1 invocations are not in place.
IS: POR radius, velocity, and entry tension
OS: None

SvM 2: < Accept-via-… >
Receive_Sensor_Output_from_Work_Roll_RTO

…
SvM 3: < Accept-via-… >

Receive_Sensor_Outputs_from_Tension_Reel_RTO

…

Fig. 5.5. The speed controller RTO

needed by a great deal of real-time application software.

The DREAM kernel has been formulated as a model of an operating system kernel
that can support guaranteed timely services not only for RTO.k object structured real-
time applications but also for conventional process-structured real-time applications
[14, 15, 16]. It thus contains full features of a general-purpose kernel. Therefore,
the architectural principles adopted in the DREAM kernel to enable guaranteering
timely services to its clients, i.e., processes and RTO.k objects, are broadly applicable
to any situations where real-time operating systems are developed. The DREAM
kernel rigidly manages execution times of concurrency units and interrupt handlers
in order to provide guaranteed timely services to its clients, i.e., RTO.k objects and
real-time processes.

The DREAM kernel guarantees the timely response to service requests by adopt-
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ing a unique approach for the layering of its components [14, 15]. This approach is
based on the organizational principle called the time-leasing machine layering,
which is of fundamental nature. Under the time-leasing machine layering principle,
the bottom layer (L0 in the DREAM kernel) owns the full power of the hardware ma-
chine. So, the bottom layer uses the hardware machine at its own will. The remainder
of the hardware machine time after the bottom layer use of the hardware machine,
is \leased" to the next upper layer (L1 in the DREAM kernel). The time leasing
relationship is recursive, i.e., it is maintained through all the layers that compose the
kernel (in the DREAM kernel layers L0-L4). Moreover, there is a tight bound on the
amount of machine time that each layer uses. This sometimes implies a bound on the
frequency of certain types of interrupts that are accepted.

For supporting the components of RTO.k structured application programs, the
DREAM kernel utilizes the same support provided to the components of conventional
process-structured real-time application programs. In other words, the DREAM ker-
nel uses the support provided for processes, concurrent-read-&-exclusive-write (CREW)

monitors which are shared data structure monitors for intra-node inter-process com-
munication, and data �eld channels (DFC's) [13, 16, 24] which are real-time logical
multicast channels for both intra-node and inter-node inter-process-group message
communication to execute the components of an RTO.k-structured application pro-
gram.

ODSSODSS

SpM

SpM

SvM

SvM

RTO.k

CREW

CREW

DFC

DFC

Capabili-
ties for
accessing
other RTO's

DREAM Kernel

APAP

SvM

Request

Request to &

reply from SvM

Result

Return

Fig. 6.1. Mapping of an RTO.k object to a conventional process-structured program (Adapted

from [15])

The DREAM kernel executes RTO.k object components as follows (as shown in
Figure 6.1)
(1) ODS segments (ODSS's) as CREW monitors,
(2) Both SpM's and SvM's as application-speci�c program bodies of processes (called
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method execution processes or MEP's),
(3) Paths for accessing SvM's in the form of DFC's monitored by the SvM's,
(4) Result-return paths to clients in the form of DFC's monitored by the clients, and
(5) Capabilities for accessing SvM's in other RTO's in the form of ID's of the DFC's
monitored by the SvM's.

6.2. DREAM library support for RTO.k structured programming in

C++. The DREAM library greatly reduces the burden of the C++ RTO.k applica-
tion programmer in the construction of RTO.k objects and in designing kernel service
calls (KSC's) to the DREAM kernel [16, 20]. In order to create an RTO.k object, the
user should �rst de�ne an RTOClass that contains
(1) an instance of RTOAccessCapabilityClass (representing access rights for SvM's in
other RTO's),
(2) instances of each ODSSClass (representing the ODS segments in this RTO),
(3) instances of each SpMClass (representing the SpM's of this RTO), and
(4) instances of each SvMClass (representing the SvM's of this RTO).
The user then creates an instance of the RTOClass inside the application initial process

(AIP). The AIP is the starting point of the entire application in a node.
In order to ease the creation of these user-de�ned classes, the DREAM library

provides a set of pre-de�ned classes (templates) which can be inherited by the user-
de�ned classes. The set of pre-de�ned classes includes
(1) the BasicRTOAccessCapabilityClass,
(2) the BasicODSSClass for constructing an ODSS,
(3) the BasicSpMClass, for creating an SpM, and
(4) the BasicSvMClass, for creating an SvM.
Thus, a user-de�ned RTOAccessCapabilityClass can be created easily by inheriting the
BasicRTOAccessCapabilityClass from the DREAM library and then adding a certain
amount of application-speci�c program components. Other user-de�ned classes can
also be created in similar manners.

Both the latest prototype implementation of the DREAM kernel and the DREAM
library will be freely available from theWeb site (http://www.eng.uci.edu/dream/dream-
lab.html) by the time this article is printed.

7. Desirable SEE for RTO.k Object Based Engineering of RTCS's.

7.1. Speci�cation of requirements and abstract designs. The requirement
speci�cation which is to be given to the computer engineer in Section 5.2 and 5.3 sug-
gests a new structure for requirement speci�cation. This new structure is based on the
RTO.k object structure and practically indistinguishable from the RTO.k structured
speci�cation of high-level designs. Also, it enables embedding variable-accuracy rep-
resentation of application environments in the requirement speci�cations. Some tools
for template-based input will be useful. Simulator engines are another type of valu-
able tools. A 
exible simulator engine should provide both the real-time simulation
mode and the logical clock driven simulation mode.

Although the RTO.k object structuring enables modular organization and sim-
ulation of speci�cations, the simulation requires manual design because the RTO.k
structuring does not provide su�cient formal speci�cation mechanisms. Integration
of the RTO.k structuring and the established formal speci�cation methods (e.g., LO-
TOS scheme [32], SDL scheme [32], SPECS methodology [25], and state transition
model based methods) along with the development of support tools is considered a
highly worthwhile e�ort. Figure 7.1 depicts the symbiotic relationship between the
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RTO.k structuring scheme and the formal speci�cation methods.

SpM1

SvM1

.
.

.

... ...

.
.

.

RTO

int x;

Abstract RTO.k

(Informal spec

in a structured

natural language)

RTO.k network-style implementation

Formal spec

problem understanding

(Abstract concept)

Fig. 7.1. Symbiotic relationship between the RTO.k structuring scheme and formal speci�cation

methods

7.2. Analysis of the worst-case service time. The most urgently needed
among various software engineering tools desired are those for assisting the RTO.k
object designer in the process of determining the response time to be guaranteed [17].
Such tools must be capable of making good estimates for worst-case execution times
of various segments of object methods. Such tools can also be useful in checkingn the
execution feasibility of RTO.k objects, e.g., checking if a group of RTO.k objects can
be loaded onto a DCS node without introducing the possibility of any violation of the
timing constraints associated with the RTO.k objects.

7.3. Programming language tools. Various language tools that can provide
useful aid in exercising the RTO.k object based top-down GT design are listed in
Figure 7.2.

An extension of C++ to support RTO.k object programming is one of the most
urgent development targets in this area. The author and his research associates
are currently developing one such extension named C++T. Our approach will be to
convert C++T programs into C++ programs containing DREAM library calls �rst
and then to convert the latter programs into machine programs by use of commercial
C++ compilers. Figure 7.2 indicates that there are numerous tools worth developing.

7.4. Operating system (OS) support. At present, the DREAM kernel is
little more than a minimal-functionality model of a timeliness-guaranteed operating
system kernel supporting RTO.k objects. It can be extended in several major direc-
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Fig. 7.2. Language tools aiding the RTO.k object based GT design

tions. Adapting the DREAM kernel to commercial micro-kernel environments is a
meaningful direction to pursue. Without investment by industry of sizable e�orts to
revise and extend their existing operating system products to support RTO.k objects,
execution engines usable by common practioners will not be available anytime soon.

CORBA-compliant [30] support for RTO.k objects is under development at
SoHaR, Inc., a small company in Los Angeles, under the support of the US Air Force
[29].
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Recently a basic scheme for realizing real-time object replicas which possess time-

bounded fault tolerance capabilities has been formulated [22]. This object-based real-
time fault tolerance scheme is called the primary-shadow RTO.k replication

(PSRR) scheme and has been partially validated through several real-time comput-
ing application development experiments conducted in the author's laboratory. The
PSRR scheme is an integration of the RTO.k object scheme and the primary-shadow
active replication approach established in development of the process-structured real-
time fault tolerance schemes [10]. Considering the broadly applicable nature of the
PSRR scheme, e�cient OS support for the PSRR scheme is considered to be another
important topic for future research.

This author believes that in order to achieve signi�cant progress in resource al-
location in real-time DCS's, a systematic approach for obtaining from the system
engineer a speci�cation of not only the urgency but also the criticality (i.e., the degree
of damage to be incurred to the application mission if not done properly) of each out-
put action of the DCS to the application environment and utilizing the information
e�ectively in allocating resources, must be explored. The risk incursion function

(RIF) , also called the bene�t loss function (BLF), was proposed recently by this au-
thor as a guide for globally optimal dynamic resource allocation and trade-o� among
multiple service quality attributes in real-time DCS's [19]. The RIF is the quantitative
speci�cation by the system engineer of the relationship between the loss in the timed
value accuracy of each output action from the DCS and the resultant damage/risk
incurred to the application mission. The time-value function proposed in [9] can be
viewed as one special case of the RIF. Any tool for aiding the system engineer in
determining the RIF will be a valuable addition to the SEE for future RTCS engi-
neering. Also, OS mechanisms (e.g., process scheduler) capable of e�ectively utilizing
the RIF in resource allocation are another open topic for future research.

7.5. Testing tools. Although the approach of design-time guarantee of timely
services of objects was advocated and the importance of developing the tools for
analysis of the worst-case service times was emphasized in this paper, we still need to
go through the testing phase. It is obviously needed to check out various logical value
manipulation aspects. The testing can even show sometimes the wide gap between
the worst-case service time determined through an analysis and the worst-case service
time observed during a reasonable length of execution period. In developing testing
tools e�ective in validating real-time OO programs implemented following the GT
design paradigm, an interesting question is how to exploit the knowledge generated
during the analysis of the worst-case service times. Another issue of greater urgency
is how to instrument the real-time OO programs to facilitate systematic testing.

7.6. Reuse support. If RTO.k objects are designed and implemented in con-
formance with some common interface standards such as CORBA, it will go a long
way toward facilitating their reuse. Therefore, development of tools for generating
and executing RTO.k objects of which the interfaces conform to the widely accepted
standards is a highly meaningful topic for future research.

The inheritance and the polymorphism aspects of the RTO.k object have one more
dimension that those of the conventional object has: dealing with timing attributes.
For example, when an RTO.k class is inherited, the autonomous activation conditions,
deadlines, and other speci�cations of action timings inside the RTO.k class are all
passed on. If the timing attributes are not acceptable in a new application situation,
then attempts can be made to exploit polymorphism to e�ectively replace some parts
of the class. A tool aiding the user in checking whether such manipulation of an
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RTO.k class introduces inconsistency or execution infeasibility will be of great value
and thus a good target of development.

Finally, graphics oriented tools aiding the reuse process are highly desirable.

8. Conclusion. The essence of the GT design paradigm advocated in this pa-
per and also in earlier publications by the author and the RTO.k object structuring
scheme for its realization, is to realize real-time computing in a general manner not
alienating the main-stream computing industry and yet enabling the system engineer
to con�dently produce certi�able RTCS's for safety-critical applications. This author
believes that time is ripe for vigorously pursuing this idealistic approach. We expect
that active development of real-time OO system structuring techniques and operating
systems with guaranteed timely service capabilities, such as the DREAM kernel, will
become conspicuous industry trends before year 2000. However, maturity of these
ingredients for realization of the GT design paradigm will be achieved much later
than year 2000.

The development of software engineering tools discussed in Section 7 will require
multiple years of massive e�orts but it is essential to make the GT design a common
practice.
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