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ABSTRACT 

This thesis describes mechanisms designed and implemented to enhance the overall, and 

specifically, real-time performance of a distributed object-oriented operating system 

called Apertos. Apertos employs a meta-hierarchy, defined by the relationship between 

an object and its supporting environment, which is intended to support various objects 

with different requirements, such as real-time support and persistence. As such a system 

grows, satisfying d ifferent object requirements via the meta-hierarchy with its related 

communication overheads becomes orthogonal to achieving real-time response perfor­

mance. To address this performance penalty and to improve real-time support, we intro­

duce p reemptive scheduling and hierarchical scheduling as solutions. Preemptive 

scheduling improves the stability of the system. Hierarchical scheduling establishes a 

more flexible system in terms of scheduling, and improves communication performance 

by a large factor over the original scheme applied. 
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Chapter 1 

Introduction 

This thesis describes mechanisms devised and implemented to enhance the overall, and 

specifically, real-time performance of a distributed, object-oriented operating system 

called Apertos. Apertos makes vast use of the object-oriented paradigm throughout its 

design; the operating system employs system objects to directly support application 

objects. However, the design incurs substantial performance penalties. To address this 

performance penalty, the notions of preemptive scheduling and hierarchical scheduling 

are introduced as solutions. 

Before Apertos and the changes introduced to it are discussed, we present an 

overview of the object-oriented paradigm. 

1.1 Object-Oriented Paradigm 

Object-oriented approaches have been the focus of much study since the early 

1980s. In the object-oriented approach, a system is based on objects, actions, and their 

relationships. At the conceptual level, an object is an autonomous entity that communi­

cates by message passing with other objects. Object-oriented techniques have shown 

promise in producing more reliable, easier to maintain code with sh01ter development 

times. This is mainly due to their nature, which combines modularity, encapsulation, 

information hiding, and reusability [I]. 

Object-orientation is a technique for structuring problems by dividing them into 
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entities and relations among them, thus reducing the complexity of the problems [2]. In 

non-object-oriented systems, different programming language elements are named with 

different terms. There are types, variables, and procedures at the program level, and pro­

cesses running these programs at the system level. In object-oriented systems, all entities 

are objects. Analytical descriptions are now made of classes and objects throughout the 

design and implementation of the system. Even the running system consists of objects, 

supported by system objects. 

A major benefit of the object-oriented paradigm is that it allows the evolution of a 

system in terms that are more understandable to application and system programmers, as 

well as to the end user. Another advantage is that the implementation details of an object 

can be changed without affecting the rest of the system, thereby increasing maintainabil­

ity. Inheritance is a primary difference between the object paradigm and others, such as 

structured programming, and is a powerful feature that provides for the reusability and 

extensibility of software components [3]. Finally, because an object in an object-oriented 

system encapsulates its data and actions, objects are similar to abstract data types. 

For clarity, definitions for class, object, and metaobject are given in the following 

sections. 

1.1.1 Class 

In the model used in this thesis, the notion and features of a class are described as 

follows: 

• A class can be thought of as a template which is used as a specification for 

creating new objects. This includes obvious components such as construc­

tors and destructors, but also includes information such as how much mem­

ory an object will require. 



• A class is defined as a static and immutable entity during run-time, so that 

it is easy to manage class duplication. 

• A class can be defined as a subclass of other classes, either by single or 

multiple inheritance. Not all languages support multiple inheritance. A 

class can inherit properties from its superclass( es). 

• Incremental programming is encouraged using the superclass/subclass 

relationship. The superclass/subclass relationship defines the class hierar­

chy. 

• The code for methods defined in a class can be shared among the objects 

(i.e. instances) of the class. A method defines an action which can be per­

formed by an instantiation of the class. Constructor and destructor methods 

may be defined, and are invoked when an instantiation of the class is cre­

ated and destroyed, respectively. 

3 

A class is also an object (defined in the next section) which is created and man­

aged by a meta-class. The meta-class defines the computation for classes. Smalltalk is an 

example of a system which follows this philosophy. For more information regarding the 

notion of a meta-class, please refer to [4]. 

1.1.2 Object 

An object is an instantiation of a class. As such, it maintains its own storage for 

computation, which is to say it is granted singular access to the data which comprises the 

object (even though languages such as C++ allow this access can be overridden by the 

class definition). An object also has control over any actions to be performed during ini­

tialization, as well as any actions to be performed when the object is destroyed. Any num­

ber of objects can be instantiated from a single class. 

The computation of an object is defined and managed by its metaobjects, which 
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constitute its metaspace. Metaobjects can also create and destroy objects. A metaobject 

is also an object, which has its own metaobjects. This symmetry creates a meta-hierarchy 

which conceptually can be continued infinitely. Some systems, such as Apertos, limit this 

hierarchy to three levels, which roughly correspond to the kernel, the operating system, 

and the application levels of a traditional system. Other systems, like PM [5], impose no 

limit, though the operating system is defined in a bounded number of levels. 

A passive object fits closely to the definition of an object. It does not address syn­

chronization or mutual exclusion problems, and has no intrinsic thread of control associ­

ated with it. 

An active object, or concurrent object is an object which encapsulates local stor­

age and methods with a virtual processor. Exactly one thread of control is associated 

with a concurrent object at any time. An active object addresses synchronization prob­

lems; simultaneous requests are synchronized at the entry point of the object [6]. 

1.1.3 Metaobject 

Metaobjects have the following properties [4, 7]: 

• An object is created and destroyed by its metaobjects. 

• Execution of an object's class methods is conceptually defined by its meta­

objects. While the class defines the actions to be performed in the method, 

the metaobjects define how class actions are to be performed. 

• The semantics of communication between objects are defined by the meta­

objects. 

• The metaobjects are responsible for providing an object with local storage 

having any desired properties, such as stable storage. 

• The object/metaobject relationship defines the meta-hierarchy. 
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An object's computation as defined by its class is referred to as base-level compu­

tation. A metaobject's computation is refeITed to as meta-level computation. Since a 

metaobject knows the status of its associated objects, the computation of an object can be 

reflected by the metaobject at any time. Reflection is the means by which an object com­

municates with its metaobjects, and is performed via an object's reflector [8]. Con­

versely, since the status of the metaobject cannot be known by objects it supports at any 

given time, an object must issue a request to the metaobject to obtain status informa6on. 

This rule is analogous to an application program querying its underlying operating system 

for internal system state information, or a debugger knowing the state of a program being 

monitored. 

The class hierarchy is independent of any object meta-hierarchy. Since a class is a 

static template, it is a programming and compile-time entity. Therefore, a class is inde­

pendent of the level in the meta-hierarchy where an object is instantiated and placed. 

This is illustrated in Figure 1.1. The meta dependencies between active objects and their 

metaspaces, and between classes and the meta-class, show paths of reflection. In the fig­

ure, objects in metaspace A are metaobjects to the objects supported by metaspace A. 

Objects in metaspace A are supported by metaspace B. Multiple inheritance is not illus­

trated in Figure 1. 1. 

An object communicates with its metaobjects using reflection [8]. The reflective 

computation of an object is accomplished either implicitly or explicitly. Inter-object com­

munkation and paging facilities for the local storage of an object are examples of 

implicit reflection, while an object sending a message to a metaobject to specify real-time 

constraints is an example of explicit reflection. More detailed definitions the object-ori­

ented paradigm are given in Appendix A. 



Class 

Class 

Meta-class 

Class Inheritance: ---­
Meta Dependency: ◄----

Compile-time Run-time 

Figure 1.1 Entities in the Object Paradigm 

1.2 Object-Oriented Operating Systems 

6 

Me1aspace B 

Initially, the use of object-oriented techniques was limited to the implementation 

step in the development of user applications through the use of object-oriented languages 

such as Smalltalk and C++. Currently, object-oriented analysis techniques are being used 

at earlier stages in the object-oriented software development process, including the devel­

opment of operating systems comprising of, and supporting objects. 

Because object-oriented and distributed systems share similar properties, the com­

bination of these is somewhat natural. An object in an object-oriented system has an 

inherently suitable form for a distributed system [9]. A distributed system consists of 

multiple autonomous processors that do not share primary memory, but cooperate by 

messages over communication networks [1]. Object-orientation can provide consistent 
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communication semantics at the application level, regardless of the location of the target 

object. 

In contrast to traditional applications of the object-oriented paradigm, operating 

systems control application processing, and provide applications with the required 

resources and management facilities. Operating systems must also control their own pro­

cessing environment, but objects cannot provide their own infrastructure or environment 

to execute in. Therefore, a minjmum of two levels of infrastructures must exist. In Aper­

tos, this is achieved by the object/metaobject hierarchy. 

There are two ways to exploit parallelism in object-oriented systems. One is to 

define an object and a process as separate entities. The other way is to regard an object 

and a process as the same execution component, where an object also comprises of all 

the properties of a process in a traditional operating system. Apertos uses the second 

approach. 

1.3 Apertos 

The object-oriented paradigm and object-oriented systems have been the focus of 

much research in recent years. Despite their popularity, object-oriented systems have usu­

ally been implemented on top of traditional operating systems where little support is pro­

vided for objects at the kernel level. The Apertos project [1 O], undertaken at Sony 

Computer Science Laboratories (Sony CSL), Tokyo, was among the first attempts at a 

completely object-oriented operating system. In Apertos (originally called Muse), even 

system and kernel level support is provided for objects, by objects. 

The initial goals of the Apertos project included: 

• open-endedness of the system, 

• dependability of the execution environment, 



• facilities for mobile computing, and 

• dynamic self-modification and self-advancement to facilitate object hetero­

geneity and migration to different metaspaces, possibly to different 

machines [11]. 
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These initial goals for the Apertos project were addressed by employing concepts 

such as active objects, and introducing an object/metaobject hierarchy using reflection 

[11]. An object is the container of information, and metaobjects define the semantics of 

an object's behavior. A group of metaobjects supporting a single object forms that 

object's metaspace, which roughly corresponds to a virtual machine or an optimal operat­

ing environment for objects. All communication is performed using message passing via 

metaspaces, where messages trigger the invocation of the appropriate method of the 

receiving active object. 

1.4 Objectives 

The resulting Apertos system is generic, flexible, and robust. However, these 

desirable features, while helpful in application development, simulation studies, and 

research work, impose serious performance penalties such as poor real-time response, 

heavy communication overheads, and the lack of the ability to withstand a failed process. 

The primary objectives of this work are: 

• to investigate and implement mechanisms to improve the execution perfor­

mance of Apertos in general; and 

• to identify the causes of the poor real-time performance in Apertos, and 

provide solutions to improve it. 
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To achieve these objectives, we have focused our research efforts on the following 

areas: 

• introducing support for timing and real-time services; and 

• providing more control over scheduling, with the introduction of preemp­

tive and hierarchical scheduling. 

1.5 The Remainder of this Thesis 

Chapter 2 is a detailed comparison of Apertos with other operating systems sup­

porting the object-oriented paradigm, as well as those using more traditional approaches 

to operating system design. An overview of the basic structure and methodology, as well 

as the primary components of the current implementation of Apertos, are presented in 

Chapter 3. Chapter 4 discusses major enhancements made to Apertos, with an emphasis 

on the introduction of preemptive scheduling and hierarchical scheduling. These schedul­

ers contain facilities to support real-time constraints. Chapter 5 presents performance 

measurements and analyses. Chapter 6 concludes this thesis. 
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Chapter 2 

Background and Related Work 

2.1 Overview of Apertos 

The Apertos project [10] at Sony CSL, Tokyo was among the first to attempt to build a 

completely object-oriented operating system, where even system and kernel level sup­

port is provided for objects, by objects. Apertos is also the first operating system design 

based on reflective computing [6]. Several distributed operating systems, such as Clouds 

[12, 13], Amoeba [14], and Choices[l5], have been designed and implemented in the 

past. These systems have some common features in that they are open-ended, are com­

posed of collections of processes which can be created at a low cost, and that their kernels 

are min imal. However, these systems have not considered the programmer's point of 

view in that the systems cannot manage all their resources uniformly, and that they cannot 

aJways satisfy the evolving requirements from various kinds of users [4]. 

2.1.1 Goals of Apertos 

Apertos attempts to address these problems by providing a high level of abstrac­

tion to users. Some goals when defining the system model are: 

• The system should provide a uniform perspective to users. Traditional oper­

ating systems provide multiple perspectives and definitions, such as fi les, 

processes, messages, etc., to users and programmers. The uniform perspec­

tive in Apertos is provided by the object definition. All resources are 



encapsulated as objects. There are no distinctions between processes and 

files, or between active and passive objects. All interaction between objects 

is accomplished by message passing. 

• The system should be self-advancing. In order to meet the wide variety of 

requirements demanded by different applications, system parameters and 

components can change dynamically in accordance with the behavior of 

executing applications, to improve the performance of the system. Much of 

this flexibility is realized through the causal connection between an object 

and its metaobject, which allows an object to change metaspaces (object 

migration) in order to change and thus improve its execution environment 

[4, 11, 6). An object is only causally associated with its metaobjects so that 

metaobjects can be replaced without having adverse effects on the opera­

tion of the object. Reflection is the means by which an object queries and 

communicates with its metaspace, and from there with other objects in the 

environment. 

• The system should provide a basis for future operating system development 

and research. This capability for expansion exists through Apertos' ability 

to be self-advancing. New modules can be added and tested without 

adversely affecting the performance of the rest of the system. 

• The system should be operable in a heterogenous environment, possibly 

supporting mobile hosts. Services should be provided in a reliable, secure 

manner, regardless of the physical location of resources and hosts in the 

network. 

2.1.2 Communication Model 

11 

There are different communication models which can be applied to object-ori­

ented systems. For systems to support concurrency between multiple active objects, there 



are four strategies [ 16]: 

• spontaneous activity without receiving a message. This technique has to be 

undertaken in a controlled manner. One example of spontaneous activity is 

the actions that take place upon the creation of a new object. Apertos does 

provide functionality for this feature, but is seldom used because previous 

versions of Apertos did not allow communication with other objects from 

within the constructor. Communication from within the constructor is now 

supported. 

• allow the invoked object to continue execution after returning results. This 

technique requires the initiation of an independent thread of execution for 

the invoked object which can continue after returning results to the calling 

object. In Apertos this action is possible, even though it presently isn't 

used. 

• allow the invoker lo proceed with execution in parallel with the invoked 

object. Apertos supports this operation. This is analogous to the asynchro­

nous, or nonblocking send in traditional operating systems. 

• invoke methods of several objects at once. To support this technique in 

Apertos, many asynchronous messages are sent simultaneously. The basic 

requirement for this is a mechanism by which the invoker can synchronize 

with the arrival of a result at any time after making the invocation. Ideally, 

the invoker blocks only when it requires the return value from a remote 

method invocation which has not yet completed. Cognac [ 17, 18] is a lan­

guage which supports this by definition. 

12 

In practice, however, the use of synchronous, or blocking calls, combined with 

the fact that an active object in Apertos is single threaded and non-preemptable [l 9], 

reduces Apertos to a sequential object-oriented model as defined in [16] - where no func-



13 

tionality would be lost if the system were reduced to a single thread of control. With the 

introduction of preemptive scheduling, however, the asynchronous message send pro­

vided by Apertos can be used as it is intended, to provide true concurrency between 

active objects. The introduction of preemptive scheduling to Apertos is d iscussed in 

Chapter 4. 

2.2 Other Operating Systems Which Directly Support 
Objects 

To appreciate the reasons behind the decisions taken in designing Apertos, it is 

helpful to examine other object-oriented operating systems. 

2.2.1 Chorus 

The Chorus Object-Oriented Layer (COOL) (20, 21, 22] is built above the Cho­

rus micro-kernel to extend its micro-kernel abstractions with support for object-oriented 

systems. Specifically, it provides generic support for clusters, which are groups of 

objects, in a d istributed virtuaJ memory model. COOL can be divided into three layers: 

• The COOL-base is the y tern level layer. Its interface is a set of system 

calls which encapsulates the Chorus micro-kernel. It presents itself as a 

micro-kernel for object-oriented systems, on top of which the generic run­

time layer can be built. The abstractions implemented in this layer have a 

close relationship with Chorus itself. To address the poor performance of 

the initiaJ work, this layer now limits management to clusters and cluster 

spaces, rather than objects themselves. A cluster is viewed as a place where 

related objects exist, similar to an execution environment defined by an 

Apertos metaspace. 

• The COOL generic nm-time layer is responsible for object management, 

including creation, dynamic linki ng and loading, and transparent invoca-
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tion including the retrieval of frozen objects from secondary storage, and 

the mapping of objects into cluster spaces. Two types of identifiers must be 

provided at this layer: domain wide references which are globally unique, 

and language references which are valid only in the context into which the 

object is presently mapped. 

• The COOL language-specific run-time layer support maps a particular lan­

guage object model to the generic run-time model. This activity may be 

performed by using pre-processors to generate the correct stub code and 

the use of an upcal I table. 

The COOL model allows for operating system service objects to be invoked, 

migrated between address spaces, and moved to persistent store in a manner similar to 

that used for user objects. It has the ability to dynamically add services to a currently 

active operating system, and to reconfigure Chorus and/or COOL during run-time to 
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exploit new hardware and to adapt to specific user needs. 

2.2.2 Amoeba 

The Amoeba operating system [14], developed at the Vrije Universiteit and the 

Centre for Mathematics and Computer Science, both in Amsterdam, is a distributed oper­

ating system composed of objects which support passive objects. It is designed to make a 

coJlection of independent computers appear to its users as a single timesharing system. It 

is assumed that systems will have a very large number of CPUs, and that each CPU will 

have large amounts of memory. Users will work at X terminais since the majority of the 

computation will be performed on other hosts. 

Amoeba consists of two basic parts: a microkernel which runs on every proces­

sor, and a collection of servers that provide most of the traditional operating system func­

tionality. The microkernel provides functionality similar to other microkernels: to 

manage processes and threads, provide low-level memory management, support commu­

nication, and handle low-level I/O. 

Server processes perform everything that is not done by the kernel. This division 

is to enhance the flexibility of the overall system, so that multiple versions of a service 

can be run simultaneously, and so they can be changed easily. The basic unifying concept 

underlying all the Amoeba servers and the services that they provide, is the object. 

When a process creates an object, the server that manages the object returns a 

capability for the object to the client. For the client to use the object later, a valid capabil­

ity must be presented. Capabilities are used for both object naming and protection. This 

abstraction provides run-time support analogous to, but much more powerful than, the 

C++ compile-time modifiers private, protected, and public, which are used within a class 

definition. 

To perform an operation on an object, a client invokes a Remote Procedure Call 
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(RPC) [23) by specifying the capability (which identifies the target object), the operation 

to be performed, and any parameters needed. Due to the definition of RPC, operations 

are performed synchronously. To enhance the flexibility of this distributed system, clients 

are unaware of the locations of the objects they use and of the servers that manage the 

objects. 

Group communication is also supported by Amoeba. A group in Amoeba con­

sists of one or more processes that cooperate to carry out some task or provide some ser­

vice. Processes can be members of several groups at the same time. The primitive 

SendToGroup will send an asynchronous message to each process in a group. 

2.2.3 Clouds 

Clouds [12, 13) is a distributed operating system that integrates a set of indepen­

dent computers into a conceptually centralized system. The system is composed of com­

pute servers, data servers, and user workstations. A compute server is a machine that is 

available for use as a computational engine. A data server is a machine that functions as a 

repository for persistent data. A user workstation is a machine that provides a program­

ming environment for developing applications, and an interface to the compute and data 

servers executing those applications. The structure of Clouds promotes location, access, 

concurrency, and failure transparency. 

Clouds is implemented upon a kernel called Ra, which is a native kernel running 

on bare hardware. Clouds is designed using an object/thread model. All instances of ser­

vices, devices, programs, and data are encapsulated as passive entities called objects. 

Threads are the only active entities in the system, and are used to execute the code in an 

object. 

Local and remote (RPC-based) invocations of objects are differentiated by 

Clouds, but are transparent at the application level. Distributed shared memory allows 

remote objects to be moved to a local node so that an invoked object may execute locally. 
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Clouds provides system researchers with an adaptable, high-performance work­

bench for experimentation in distributed computing. One disadvantage of Clouds, how­

ever, is that there is no way to subclass Clouds objects. Inheritance is not supported. 

2.2.4 PM Operating System 

The PM distributed object-oriented operating system is a project at the Friedrich­

Alexander University, Germany [5, 24, 25] with many similarities to Apertos. In the 

abstract sense, the PM project consists of two major parts: the object model and the sys­

tem architecture. 

The object model defines a distributed object-oriented language that contains 

abstractions for distribution, concurrency, and security. The system architecture then uses 

the object model to implement the components of the operating and run-time systems. 

Both the objects that implement the operating system services and those that use 

its features use the same object model, so the interfaces are compatible. Since the operat­

ing system is not one monolithic block, as are many traditional operating systems, such as 

UNIX, any application can build operating system components on top of existing abstrac­

tions for services and hardware. In PM, these abstractions are called meta-layers which 

require interfaces between an application system and the meta-system. This relationship 

directly corresponds to the object/metaobject relationship using reflectors in Apertos. 

Virtual address spaces are called object spaces. Objects can be mapped into sev­

eral object spaces simultaneously. Operating system objects can be placed in the applica­

tion object space, and application objects can be mapped into an operating system object 

space to be able to use e.g. CPU supervisor mode. Method calls across object space bor­

ders are more expensive than local method calls. An object space in PM roughly matches 

the metaspace provided by Apertos, but while Apertos emphasizes the ability of objects 

to migrate between metaspaces, PM doesn't. When an object is placed on one meta-layer 

in PM, it remains there for the duration of its existence. 
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2.2.5 Spring 

Spring [26, 27] is a distributed operating system that is focused on developing 

well defined interfaces between OS components. The combination of well defined inter­

faces and its object-oriented approach helps lo achieve goals such as openness, extensibil­

ity, easy distributed computing, and security. 

The operating system is based upon a minimal kernel. Only two components of 

the operating system run in kernel mode: the nucleus, which manages processes and inter­

process communication, and the virtual memory manager; which controls the core facili­

ties for paged virtual memory. All other system services, such as naming, networking, 

and file systems, are implemented as user mode services on top of the kernel. These ser­

vices are built as dynamically loadable modules; the operating system decides which are 

loaded at boot time. 

The Spring multithreaded microkernel supports three basic abstractions: 

• A door is a communication endpoint, to which threads may execute cross­

address-space calls. Parameters and return values are passed through doors. 

/47 
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application layer 0 
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object model E 

meta-layer which provides a complete implementa­
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• A domain is a logical grouping of related objects, often sharing the same 

address space. A domain can have multiple threads. 

• Threads are represented as nucleus objects, accessible through cross­

domain calls into the nucleus. 

2.2.6 Choices 
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The Choices operating system [ 15, 2] is implemented as a framework of C++ 

classes, and was developed at the University of Ill inois. This operating system uses a lan­

guage approach, where object-orientation is only applied to the production of code by 

using the features of the language. Consequently, there may not be any object-oriented 

structure at run-time. 

Applications use system services by creating instances of system classes, such as 

files, and accessing them by their methods. A proxy mechanism is used to cross the user/ 

system barrier. This approach makes use of the object-oriented facili ties of C++ at the 

programming level. The executing kernel is monolithic, and objects are simply "portions 

of data in memory", and therefore are passive, as defined in C++. Activities, or pro­

cesses, are not addressed in Choices because the operating system is reduced to a sequen­

tial object-oriented model as defined by [16] at compile time. 

2.2.7 Other Object-Oriented Operating Systems 

The Amadeus model [28] is based on passive objects which are accessed by dis­

tributed processes. As does Chorus, Amadeus uses clusters to store groups of re lated 

objects. The basic unit of computation is a job, which is a distributed process consisting 

of a set of activities. Activities are distributed threads of control, analogous to light­

weight processes but can execute in several address spaces, or contexts, at the same or on 

different nodes at different times. 

Raven [29] is both a distributed operating system and a programming language. It 
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utilizes a simple, uniform passive object model in which all entities, at least conceptu­

ally, are objects, similar to that in Objective C or Smalltalk. Both static and dynamic typ­

ing, as well as static and dynamic method binding, are supported in this compiled 

language. Support for concurrency and distribution are also part of the language. In 

Raven, it is possible to create multiple threads of control. Each thread can access any 

object. If more than one thread accesses the same object, concurrency control is used to 

coordinate access. 

ES-Kit is a set of software and hardware building blocks that may be readily 

assembled to produce a heterogeneous, object-oriented distributed system [16]. The oper­

ating system consists of a kernel and a set of Public Service Objects. ES-Kit provides an 

interesting feature not seen in many other object-oriented systems: method locking. 

Method locking primitives allow an object to selectively disable or enable the execution 

of its methods based on its internal state. This is a powerful tool because it allows an 

object to overrule, based on its dynamic state, the guarantee provided by the underlying 

system that method execution is strictly in order of message arrival at the object. For 

example, if one considers a device driver object handling both input and output, requests 

for input no longer need to block following requests for output from other objects when 

there is no input to return. In Apertos, this functionality would be provided at the meta­

level. 

A natural extension of method locking would be message fo,warding. If an object 

manages a printer, which happens to break down, that object may wish to have all pend­

ing print jobs (message requests) forwarded to a compatible object managing another 

printer. This operation would provide a degree of fault tolerance. In Apertos, message 

forwarding would also be implemented at the meta-level, but the decision would be 

made at the base level. 

BirliX [30, 2) supports distributed applications that are structured as collections 
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of abstract data type instances (ADT-instances). Each ADT-instance is an object which 

runs in a team environment. A team consists of activities (light-weight processes, or 

threads) and resources, and is equivalent to a multi-threaded process with its own address 

space. ADT-instances communicate via RPC. Experiments on implementing a scheduler 

in user space in BirliX have also been performed. But because changing between address 

spaces is only possible in the kernel, the context switching portion of the scheduler 

remains in the kernel. The decision making portion of a given user scheduler is retained 

in user space, in memory shared by all schedulers. A master scheduler negotiates with 

requesting processes and is responsible for creating and managing a new, dependent 

scheduler to manage those processes. 

Oisin [31] is a distributed operating system kernel that supports the object-ori­

ented style of programming, and provides transparent access to both local and remote 

passive objects. Oisin is similar to Chorus and Amadeus in that it employs clusters, con­

texts, and jobs. Although contexts may not be shared between jobs, objects may be shared 

between contexts of different jobs at the same node. 

Angel [32] moves away from message passing paradigm in favor of a SASA, or 

Single Address Space Architecture. Through testing, it was found that the typical series 

of steps used for traditional message passing required too much overhead. To address 

this overhead, Angel utilizes shared memory where all processes, or objects, share a sin­

gle address space. The memory protection mechanism is not part of the process, but is 

performed at the address translation stage. Objects are used as a tool to allow/disallow 

other objects access to virtual memory pages. Using this technique, performance has 

increased significantly while maintaining all the functionality provided by a traditional 

kernel, including protection between objects. Note that this architecture design is not 

intended to support shared variables (even though it could), but rather to cut down on the 

traditional message passing overheads, such as copying and/or re-mapping parameter 
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and return values between the address spaces of the requesting and target objects, and 

any system levels involved. 

Because of the high communications overhead seen in Apertos, a single address 

space for all objects or groups of objects should at some time be considered in hopes of 

achieving similar performance gains. It may be reasonable for all objects sharing one 

metaspace to share the same address space to further optimize communication. 

The Mach kernel of CMU [33, 2, 34] only provides the infrastructure for the 

existence of and communication between server processes. It is these server processes 

which actually provide the operating system functionality. Outside the kernel, these 

server processes, which are instances of services, are called objects. Some commercial 

systems are based on such sets of instances, such as OSF/1 and NextStep [2]. The UNIX 

interface can be fully provided by sets of servers. 



23 

2.3 Comparison 

Operating Type of Object Support for Support for Real-
System Supported Persistent Objects time 
Amadeus passive objects provided as fi !es, unclear, likely not 

database entries 

Amoeba passive objects provided as files none 

Angel passive objects provided by SASA not stated 
memory sub-system 

Apertos active, passive objects provided by meta- provided by meta-
objects objects (being added) 

BirliX active teams each com- provided by system support for schedul-
prising of a passive object ers in user space, real-

and a process time 

Choices passive objects provided, persistent supported 
objects used for com-

munication 

Chorus passive objects provided by a sub- micro-kernel has a 
system real-time scheduling 

facility 

Clouds passive object, class provided by kernel none 
inheritance not supported (user transparent) 

ES-Kit active, passive objects provided by public none 
service objects 

Mach may suppo1t active may be provided by a version of kernel 
objects sub-system available supporting 

real-time 

Oisin passive objects not stated none 

PM active objects provided by a meta- hierarchical schedul-
layer ing not supporting 

real-time 

Raven passive objects provided by system none 
Spring passive objects not stated none 

Table 2.1 Comparison of Operating Systems Supporting Objects 
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Chapter 3 

Current Implementation of Apertos 

Apertos is an ongoing research project where the design still changes significantly 

between versions. For this reason, this chapter only discusses version 0.5.1 of the operat­

ing system, the latest publicly available release. Where necessary, changes between previ­

ous and present versions have been noted. 

Apertos utilizes the object/metaobject hierarchy throughout the entire system. All 

objects communicate with their metaobjects via their reflectors. Objects can share reflec­

tors, and hence also share metaobjects. Metaobjects themselves are objects, which also 

require a metaspace to execute upon. Figure 3.1 illustrates a possible configuration of the 

Apertos system. The arrows in the figure represent paths for reflection, defining the meta­

hierarchy. 

3.1 Active Objects 

One important concept in Apertos is that of active objects. An active object is 

similar to a traditional passive object provided by C++ in that it has a set of methods 

which can be invoked by other objects, and has private data .and methods for exclusive 

use by the object. An active object, however, has in addition associated with it all the 

properties of a process in a traditional operating system: a context, communication paths, 

message queues, etc. Each active object has associated with it a single Activity object, 

which retains aJl state information. 
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Since an object has system state information associated with it, it is not called 

directly by a communicating object. Rather, a calling object requests the system to exe­

cute a method via a message call directed at the object. This technique is used to provide 

security and modularity between objects. Publicly accessible methods have stub routines 

which act as a transition between the system call and the actual method invocation. Stubs 

unpack messages containing parameters before sending them on to the target method. 

C++ is used to write both passive and active objects. MC++ [35], however, has the 

advantage that it can automatically generate the required stub code and message struc­

tures for active application objects for Apertos. 

Entry points to the stub code are placed in a table, similar to a function table for a 

dynamically linked library, or a virtual function table for a C++ object. This table is gen­

erated for use by an object's meta-level. Methods are numbered, and when an object 

requests to execute a method associated with another active object, the index of the 
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method in the entry table for the target object is used to specify the target method. How­

ever, as object interfaces evolve, dependency issues arise, such as updating method index 

values for requesting objects, requiring massive rebuilds when a new image is created. 

3.2 Activity and Context Classes 

The Activity and Context objects are closely linked, and are each associated with 

exactly one active object. The Activity object retains all state information and manages 

any Context associated with the active object. The Activity object specifies whether its 

active object is suspended, executing, waiting, etc. It also stores information such as its 

default processor interrupt mask. 

The Context object stores all CPU registers which define an object's run-time con­

text. It also acts on behalf of MetaCore for simple tasks such as context switches which 

do not require a change in virtual memory address spaces, so do not require a trap to ker-

nel mode (only in the version of Apertos which executes on the MIPS I R3000 series pro­

cessor). The Context structure is owned by MetaCore, even though an object will 

implicitly access its own Context every time that object wishes to communicate with 

another active object, including its reflector. For actions which require MetaCore, Context 

acts as an interface between the object and MetaCore. 

With the introduction of preemptive scheduling (discussed in detail in Section 

4.2), it became necessary for an object to identify itself when communicating with its 

reflector. An object's Context structure is used for identification of the object, and resolu­

tion of its Activity. 

Because the Activity and Context objects contain information such as processor 

register values, interrupt masks, etc., their definitions and implementations are architec-

I. MIPS is a registered trademark of MIPS Computer Systems 
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ture dependent. Currently, there are implementations of Apertos which execute on the 

MIPS R3000 processor and the Intel 80486 processor. 
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3.3 Reflectors 

In Apertos, a reflector serves as a common communication interface between the 

active objects that it supports and their metaspace and the outside world. A reflector 

remains consistent for an object so that supporting metaobjects can be replaced and 

changed as the object's requirements change. Figure 3.2 shows a possible reflector meta­

hierarchy configuration in Apertos. MZero and MCore support each other. MZero also 

supports all application, or user object reflectors, while MCore is the basis for running 

the standard, required system objects. 

All reflectors maintain their own queue of objects ready to execute, as shown in 

Figure 3.2. Currently, each reflector will add only one object ready for execution to the 

system-wide ready queue at a time. Once an active object is placed in the system-wide 

ready queue, it can be executed. 

3.3.1 A Reflector Template: MCommon 

MCommon is never used as a reflector, but as abstract class which serves as a 

template for all other reflectors. Its key purpose is providing a method that verifies com­

patibility between rnetaspaces, which must be called before an object can migrate. 

The following reflectors comprise a class hierarchy, shown in Figure 3.3. 

3.3.2 User Reflectors: MMiniMeta and MCOOP 

MMiniMeta is a generic reflector intended for application objects. MCOOP 

(Meta for Concurrent Object-Oriented Programming) is a subclass of MMiniMeta. These 

reflectors share essentially the same inte1face and are compatible with each other, as out­

lined in Table 3.1. MCOOP's significant addition is support for continuations, which 

allow an active object to call the object which invoked it. To implement continuations, 

MCOOP redefines the specific actions of Call (), Send (), Reply (), Start (), and 

Stop (). 
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MCOOP adds the method Receive ( ) . The purpose for the Receive ( ) method 

is to increase the level of concurrency between active objects. This is achieved by aJlow­

ing an object to continue executing after sending an asynchronous request to another 

object, and block only when the result is needed and has not yet arrived. 

The Yield () method is no longer needed with the introduction of preemptive 

scheduling. Its purpose is to allow an object to voluntarily give up the processor so that 

another object can execute. With preemptive scheduling, however, object concurrency is 

achieved without this. Also, for preemptive scheduling, scheduling decisions made by 

MMiniMeta had to be changed. Appendix B.3.5 outlines specific details. 

Other application object reflectors that are needed as the system evolves should 

be derived from one of these two reflectors. These define the basic, minimum functional­

ity required by Apertos at this time. 

It should also be noted that MMiniMeta and MCOOP presently provide a com­

plete metaspace as needed by a dependent object. Base scheduling and memory manage­

ment are stilJ perfo1med strictly by rnetaobjects on MCore, but activities such as message 
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passing, immediate scheduling decisions, etc. are aJI performed by these user-level reflec­

tors, rather than by other metaobjects. The fact that these reflectors provide the function­

ality of an entire metaspace is important since it is no longer possible to change only the 

message passing policy or only the scheduling policy; the entire reflector has to be 

changed. MMiniMeta and MCOOP are designed in this manner for efficiency reasons, 

but places severe limitations on the environment, such as the prevention of any object 

migration. 

Currently, no inter-metaspace communication is supported by MMiniMeta, 

MCOOP, or other reflectors. All communication from MMiniMeta or MCOOP with 

MZero or MCore consists of requests for services needed to support application objects. 

This severely constrains the utility of this version of Apertos for experimentation, since 

all application objects must then be supported by the same application reflector. 

3.3.3 Device Driver Reflector: MDrive 

MDrive is a specialized reflector intended specifically for device driver objects, 

and supports such services as continuations [36]. It has a more comprehensive inte1face 

than MMiniMeta or MCOOP, as shown in Table 3.2. Although it does not presently exist 

for the R3000 version of Apertos, it will be implemented in future releases, as it has been 

for the i486 version. 

3.3.4 System Reflectors: MCore and MZero 

For complete consistency in the system, the base of the meta-hierarchy is defined 

by two reflectors, MCore and MZero. These reflectors provide a space for each other to 

execute upon, as shown in Figure 3.2. As defined in the object model presented in Chap­

ter 1, each and every object must have a metaspace to execute upon. Therefore, there can 

not be a single ' base' system object, but rather, the base of the meta-hierarchy must be 

circular. There exists only one MCore and MZero per system. 
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MZero is the reflector which supports all other reflectors in Apertos. Like other 

reflectors, it provides methods for both synchronous and asynchronous communication. 

Two active objects residing on different reflectors, which share the same parent MZero 

must communicate through MZero. Its interface is given in Table 3.3. 

MCore is the most heavily used reflector in Apertos. Many tasks, such as schedul­

ing and memory management, which traditionally reside in the kernel are placed in 

MCore or in objects directly supported by MCore. If other metaobjects which redefine 

any of these features are introduced to the system, MCore and its objects provide a formal 

interface to the underlying hardware. Because of the performance requirements of the 

objects managed by MCore, these objects all share the same address space. Communica­

tion between objects residing directly on MCore is not limited to MCore's message primi­

tives. For performance, these active objects can communicate as do passive objects. 

MCore's interface is given in Table 3.4. 

3.4 MCore Metaobjects 

There is a select number of objects which run on MCore and provide services to 

the entire system. Only objects which exist both in the i486 and R3000 versions of Aper­

tos are outlined here. 

3.4.1 Segment, SystemSegment, and Mapper 

Segment is a virtual class which provides a common interface to all memory seg­

ments in the system. SystemSegment inherits from Segment and is used to represent all 

the memory segments used by MCore and MetaCore. 

Mapper manages virtual paged memory and all its associated structures, tables, 

objects, and hardware. It currently supports virtual-to-real memory address translation, 

but does not completely support swapped virtual memory. Each page of virtual memory 

is mapped to a passive object, called a Page, which is owned strictly by Mapper. Each 
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Page object knows which Segment actually holds the memory. Mapper also provides 

interfaces that can add or remove associated virtual memory pages for a specific segment. 

Interfaces for SystemSegment and Mapper are given in Table 3.8 and Table 3.9, 

respectively. 

3.4.2 Namer 

The Namer object is an active object which maintains the local (to the computer) 

list of Short /Dentifiers (SIDs), which function as handles for communication between 

active objects. It also manages a list of Object /Dentifiers (OIDs), Object ADdresses 

(OADs), and Local ADdresses (LADs). These identifiers are discussed in detail in [37]. 

Essentially, the OID represents the original, and the OAD represents the current, 

naming context of an object. OIDs are variable length identifiers which roughly follow 

the hierarchical structure within Apertos, but can be used in a distributed environment. 

OIDs are relative in the meta-hierarchy from the local Namer. An OAD is a hint to the 

current location of the object, but doesn't provide the optimal communication path. LADs 

and SIDs are valid only on the local node. They are used for faster name lookup of 

objects, and for communication within the system. Active objects need only be con­

cerned with SIDs, while the underlying system must be concerned with OADs and OIDs 

when communication outside the local computer is required. 

Namer's interface is presented in Table 3.7. 

3.4.3 Exec 

Exec is an active object which executes on MCore. It provides the basic system 

scheduling policy, which is presently a prioritized FIFO algorithm. With a slight modifi­

cation, Exec also provides prioritized round-robin scheduling, used for preemptive sched­

uling. 

Exec also retains ownership of all Activity objects in the system, granting access 
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to them to other objects in the system. As with other objects supported by MCore, meth­

ods can be called by MCore or by other objects direct]y supported by MCore (excluding 

MZero) as if Exec were a passive object. This access is provided to improve perfor­

mance and to minimize context switches where heavy communication is involved. Other 

objects, such as MMiniMeta and MCOOP, must use standard communication primitives 

to access Exec. Exec's methods are described in Table 3.6. 

3.4.4 Promise 

Promise is supported by MCore, but is accessible throughout the system. Promise 

is used in conjunction with continuations to allow objects which use continuations to 

complete as soon as possible. Its purpose is to provide a facility to add the requesting 

object to Exec's run queue at the highest priority, to force the system to allow the object 

to run at the very next possible opportunity. It seems that this functionality should be pro­

vided by Exec rather than by this separate active object. Its interface is given in Table 

3.10. 

3.4.5 Idle 

Idle is an object which executes on MCore, and cannot be seen by the rest of the 

system. Its purpose in the system is simply to ensure that there is always at least one 

object in Exec's run queue, to simplify the logic for executing objects. It executes at the 

lowest priority, and thus only runs when no other task is available to run in the system. It 

exits immediately to allow any other ready object to execute. For completeness, its inter­

face is given in Table 3.11. 

3.5 MetaCore 

Apertos' MetaCore is analogous to a microkernel. It provides the absolute mini­

mum set of required services, often transferring control to another object which can per­

form the required tasks. Its interface is very small, taking the model of a microkernel to 
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its extreme. Table 3.5 describes MetaCore's interface. MCore provides a metaspace for 

Meta Core. 

In practice, an active object's Context structure will act as an interface for the 

object to MetaCore. This is to minimize CPU traps which result in context switches, and 

to simplify issues regarding virtual memory spaces. For example, previous versions of 

Apertos would always use a trap to perform a context switch. In version 0.5.1 of Aper­

tos, traps are only used when required; when there is a change in memory address space. 

3.6 Communication between Active Objects 

Communication between all active objects, with the exception of some on 

MCore, is done strictly via their respective meta-layers. Given two application objects 

sharing the same reflector, the caller sends the message request to the reflector, and the 

reflector then performs the tasks required to deliver the message, and finally invokes the 

appropriate method of the callee. 

If objects do not share the same metaspace, then messages are passed to some 

shared meta-layer. For example, when MMiniMeta wishes to add a ready object to Exec, 

communication must ultimately pass through MCore, a reflector which directly supports 

Exec and indirectly supports MMiniMeta. Refer to Figure 3.2 to see how MCore sup­

ports these objects. 

A detailed analysis and walk-through of two communicating objects is presented 

in Appendix B: Steps in Communications between Active Objects in Apertos. 
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3.7 Object Interfaces 

Method Description 

Cal 1 handles a synchronous message send request 
1--------- --1------

Send handles an asynchronous message send request 
1-----------1------

Reply handles an object's return from a method invocation 
1--- --------1------

Yield suspends current execution to start another, adds suspended object to 
run queue 

Find forwards the request to MZero, which returns an active object's han-
dle (SID), which can be used for communication 

1--------- -+------
Restore initializes and creates the method table which contains entry points 

into the object; currently only used during system start-up 
t--------- -------
RestoreSelf i nit i a Ii z es the method table for the reflector; currently only done at 

system start-up 
----------------------1 

Start interface to a metaobject, currently used only at system start-up 
1-----------1-----

S top interface to a metaobject 
--------------------------i 

Recei ve MCOOP only; for receipt of a reply from an earlier asynchronous 
message send request 

Table 3.1 MMiniMeta and MCOOP Interfaces 
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Method Description 

Call handles a synchronous message send request 

Send handles an asynchronous message send request 

Reply handles an object's return from a method invocation 

Bind interface to MetaCore's Bind facility 

Unbind interface to MetaCore's Unbind facility 

Grow forwards the request to the underlying system for a new page of mem-
ory, or to extend an existing page of memory 

Shrink forwards the request to the underlying system to either shrink or 
return an existing page of memory to the system free pool 

Exit handles an object's return from a method invocation, where the caller 
isn ' t expecting a return value, such as when an object is invoked from 
the event of an interrupt 

NewContinua- allocates a new continuation to the requesting object, including its 
tion associated descriptor 

DeleteContinu- deletes a continuation associated with a concurrent object 
tation 

Restore initializes and creates the method table which contains entry points 
into the object; currently only used during system stait-up 

RestoreSelf initializes the method table for the reflector; currently only done at 
system start-up 

Start interface to a metaobject, currently only used at system start-up 

Stop interface to a metaobject 

Deliver handles the event where its supporting reflector (MZero) requests that 
a message be delivered to an object that MDrive directly supports 

Reschedule forces MDrive to reschedule, which currently adds the next available 
object which can execute to Exec's run queue 

SetMask sets the interrupt mask, et. al. for the requesting object; can be used to 
specify that an object cannot be suspended during execution by setting 
the mask appropriately 

Find forwards the request to MZero, which returns an active object's han-
dle for communication 

Table 3.2 MDrive Interface 
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Method Description 

Start interface to a metaobject, currently only used at system start-up, by 
MiniApertos 

Install adds an object to MZero's object table, for use by Find() 

Remove removes an object from MZero's object table 

Find returns a active object's handle (SID), which can be used for 
communication 

Call handles a synchronous message send request 

Send handles an asynchronous message send request 

Reply handles an object's return from a method invocation 

NewContinua- allocates a new continuation for the requesting object 
tion 

DeleteContinu- deletes a continuation associated with the requesting object 
ation 

Yield suspends current execution to start another, adds suspended object to 
run queue 

Exit handles an object's return from a method invocation, where the caller 
isn't expecting a return value 

Restore initializes and creates the method table which contains entry points 
into the object; currently only used during system start-up 

GetDescriptor returns a reference to the descriptor for the object being asked for 

Table 3.3 MZero Interface 

Method Description 

Call handles a synchronous message send request 

Send handles an asynchronous message send request 

Reply handles an object's return from a method invocation 

Exit handles an object's return from a method invocation, where the caller 
isn't expecting a return value 

Grow returns a new page of memory, or extends the length of an 
existing page of memory 

Shrink returns memory to the free memory pool 

Deliver handles the event where its supporting reflector (MZero) requests a 
message to be delivered to an object that MCore directly supports 

Table 3.4 MCore Interface 
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Method Description 

M suspends current context to send a message to its reflector 

R passes control from a reflector to an active object 

CActive returns the current context 

CBind binds a context and method of an object to an interrupt 

CUnbind reverses the actions of CB ind 

Table 3.5 MetaCore Interface 

Method Description 

New create a new Activity, complete with a valid Context 

Delete destroy an existing Activity and Context 

Run adds the specified Activity to the prioritized run queue 

Stop removes an Activity from the run queue 

Top returns the next Activity to execute for a specified priority, object is 
not removed from run queue as it is in Next() 

Next returns the next Activity to execute, regardless of priority, and 
removes it from the run queue, stores a reference to it in a local vari-
able 

CurrentActiv- returns the Activity of the currently executing active object 
ity 

Reschedule implements the round-robin extension for preemptive scheduling 

ChangeAt- changes an Activity's attribute in a system-friendly manner 
tribute 

Table 3.6 Exec Interface 



Method 

NewID 

NewIDAddr 

DeleteID 

AddID 

SubID 

ResetOAD 

SetAOD 

OIDOf 

OADOf 

SIDOf 

SIDOfLAD 

OADOfOID 

InitSID 

Method 

Initialize 

FaultHandler 

Grow 

Shrink 

Description 

returns a new SID, unattached to any object; the SID has associated 
with it a newly allocated OAD and OID 

updates information for a given SID 

removes a SID from the I ist 

for the given OID, allocates and returns a new SID 

used for object migration when an object is migrated to the local 
machine 

for a SID, makes the corresponding OAD invalid; would be used to 
notify to the system of an object migration 

for a given SID, updates its OAD to that provided 

returns the OID for a SID 

returns the OAD for a SID 

returns the SID for an OID, it may require allocating a new SID if this 
the first reference to a remote object 

returns the SID for an LAD 

returns an OAD for an OID 

initializes a SID to the provided OID and OAD values 

Table 3.7 Namer Interface 

Description 

performs basic initialization for a new memory region, requested 
somewhere in the system 

called when the virtual memory address causes a fault; currently sim­
ply resumes the object which caused the fault 

used to create or expand a system memory region 

used to destroy or shrink a system memory region 

Table 3.8 Segment, SystemSegment Interfaces 

39 



Method 

Activate 

Deactivate 

Make Invalid 

Install 

Remove 

NewPage 

DeletePage 

FaultHandler 

Method 

Run 

Register 

Method 

Run 

Description 

a virtual memory address, given certain attributes both on validates 
structures managed by Mapper and at the hardware level 

page from virtual memory address table, including all work removes a 
concernm g hardware registers 

makes av irtual address entry invalid at the hardware level 

installs th 
the Mapp 

e virtual memory pages managed by the given segment into 
er's hash table 

removes a 
aged by th 

segment and all virtual memory pages which were man-
at segment 

nd installs a new virtual memory page; a new page pres-allocates a 
ently attac hes itself to a SystemSegment 

does nothing, but should communicate with the associated currently 
real mem ory segment 

ress which generated the fault is valid, a message indicating if the add 
the fault i s sent to the segment owning the page 

Table 3.9 Mapper Interface 

Description 

equesting object to Exec's run queue at the highest priority, adds the r 
to force it to be executed as soon as possible 

registers a 
Run() me 

n object's Activity with itself so that the object can call the 
thod when needed. 

T. able 3.10 Promise Interface 

gives up t 
to Exec's 

Description 

he processor by returning to MCore, forcing it to re-add Idle 
run queue and reschedule 

Table 3.11 Idle Interface 
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Chapter4 

Scheduling 

This chapter first reviews the current implementation of scheduling in Apertos, followed 

by an outline of the changes made to introduce basic round-robin preemptive scheduling, 

in a manner compatible with the current implementation, and without incurring signifi­

cant performance overhead. Finally, hierarchical scheduling is introduced as a means to 

support, on the same machine, the operations of objects with dissimilar scheduling 

requirements. 

4.1 Present Scheduling Policies 

Currently, Apertos does not support preemptive scheduling between active 

objects. To date, the operating system strictly follows a cooperative multitasking model, 

in the sense that objects must voluntarily give up the CPU in order for the system to sup­

port concutTency. ln fact, until recently, even exception and interrupt handlers followed 

this model. 

Contrary to traditional operating system and kernel design where interrupt han­

dlers reside in the kernel, interrupt handlers in Apertos are treated in a manner similar to 

user objects, with the exception that MetaCore will interrupt the currently executing 

method to allow inte1rnpt handler objects to perform their tasks. The following series of 

steps take place when an interrupt occurs, as shown in Figure 4.1. 



Executing 
Method 

Interrupt 
Handler 

Interrupt 
Handler's 
Metaspacc 

MetaCore 

Al lime: 

A BCD E F G 

1-------------------------- .,---

, paths for 
• , sent message : . ' ' ' 

' ' - - - - - - - T • - • .& • 't • l---.J - .& - - - T - " - - - • • • • • 

' ' . 
' ' ' 
I I I I I 

' ' ' _______ ~ _ L ____ _ L ___ L _______ . 

\_ .. .if no message sent} 

Time ---

A: interrupt occurs, executing method enters suspended state 
B: interrupt handler is called, any data transfer from device occurs 
C: interrupt handler sends message signalling work lo be finished 
D: metaspace is called to send the asynchronous message 
E: interrupt handling begins completion stage 
F: primary interrupt handling completes 
G: previously executing method resumes (in this example) 

Figure 4.1 Execution Flow for a Typical Interrupt Handler 

1. Control is passed directly from the currently executing object to MetaCore, 

analogous to a microkernel. 

2. MetaCore then determines which object and which of its methods is bound 

to the event; if any, a message is sent to that object at the highest priority. 

3. Once the inte1Tupt handler object returns, control is returned to MetaCore, 

which may resume normal execution of the interrupted method. 
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Note that this interrupt handling method is not intended to perform any computa­

tional tasks associated with the interrupt. This call is only intended to: 

• transfer data to/from a hardware device; 

• decide whether more action regarding the interrupt is required; and 

' 



• if more work is required, send asynchronous messages to objects and/or 

reactivate a continuation [36). A continuation is used to allow a target 

object to call the object which invoked it. 
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If the method bound to the interrupt sends any message, control may not immedi­

ately return to the originally suspended object. Depending on priorities, messages sent by 

the interrupt handler may be processed before resuming the originally suspended object. 

If the originally suspended object regains control immediately, the system cannot guaran­

tee that any message sent by the interrupt object will ever be processed. This is because 

it cannot guarantee that the originally suspended object will complete or voluntarily give 

up the CPU. 

Because the interrupt handler method may send asynchronous sends, it allows for 

more than one concurrent object to be involved in the handling of an event. Also, the 

interrupt handler may decide to signal itself via an asynchronous message. This facil i­

tates the partitioning of an object into two parts: one which deals only with the device and 

one which communicates with other objects in the system [36]. This division corre­

sponds to the high- and low-level portions of an interrupt handler in a traditional operat­

ing system [36]. 

The current scheduling policy is simply to let the next or current method execute. 

Unless a message with a higher priority is introduced into the schedule by the interrupt 

handler's method, any suspended object is still at the head of the schedule queue, and 

will always immediately regain control after handling the interrupt. 

4.2 Preemptive Scheduling 

Preemptive scheduling is introduced to improve system response time and excep­

tion handling. As noted in the previous section, the system may not be able to guarantee 

its overall performance if a faulty object is executed. An object which never returns or 

..l 
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yields the processor can essentially halt the system. This behavior is not acceptable for a 

real-time system. Preemptive scheduling is the means introduced to prevent this from 

occurring, by allowing a system to preempt the execution of one object in favor of the 

execution of another object. 

Possibly the biggest hurdle m introducing preemptive scheduling to Apertos, 

however, is the performance penalty. In previous versions of the operating system, all 

metaspaces had to be notified of any preemption to ensure status information remained 

valid, the reason being that any intenupt handler method may use services that other 

objects provide [38]. In a large Apertos system, notifying all metaspaces would be a very 

expensive operation, considering all the context switches and message passing required. 

Thjs operation alone made preemptive scheduling in Apertos prohibitive. 

4.2.1 Providing Support for Preemptive Scheduling 

The following section overviews the enhancements made to Apertos to introduce 

preemptive scheduling. The changes were made to the R3000 implementation of Aper­

tos, but should map easily to the i486 version. 

4.2.1.1 Introduction of a Real-Time Clock 

To provide signals to the preemptive scheduler, a Clock object is introduced into 

Apertos. The Apertos Clock object to be introduced is discussed in detai I in [39) and [ 19). 

However, rather than busy-waiting, as is discussed in [39) and [19), Clock is attached to 

an interrupt. The interface of the Clock object introduced is given in Table 4.1. See 

Appendix D for exact implementation details. The Alarmlnfo structure specifies informa­

tion such as start time, deadline, and periodicity of the alarm. 

4.2.1.2 Interrupt Handler Object 

The Clock object discussed in [39) and [19) uses busy waiting to find the elapsed 

alarm time. This is extremely inefficient and should be replaced with a timer interrupt 
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mechanism. To do this, an Interrupt Event object is re-introduced from an older version of 

Apertos, which is bound to the R3000's generic interrupts. The task of this object is to 

decide if any object should be notified in the event of an R3000 generic interrupt occur­

ring. This task is different from the responsibilities of MetaCore, since MetaCore deter­

mines the type of interrupt, i.e. if it is generic or otherwise (such as the TLB fetch 

exception on the R3000). At this point, the Interrupt Event object simply notifies the 

Clock object if the interrupt was a clock interrupt. 

Method Description 
Boolean Reset(granularity) changes the granularity o f Clock 

Boolean ResetTime(Time, changes system time, granularity of Clock 
granularity) 

void Check.Alarms ( ) force alarms to be checked (do ne automatically with 
interrupt signal) 

Time GetCurrentTime () returns curre nt real time 

int NumArmedAlarms() number o f alarms being monitored 

int NumAlarms ( ) total number o f alarms atlached to Clock 

Alarm BindAlarm(Alarminfo , binds a new alarm to Clock. Alarmlnfo specifics real-
SID, selector , parameter) time information; SID, selector, parameter are used to 

communicate with an object when the alarm expires 

Boolean AdjustAlarm(Alarm, changes information on a valid alarm 
Alarminfo, SID, selector, 
parameter) 

Boolean UnbindAlarm(Alarm) deletes an alarm from Clock 

Alar mStatus GetAlarminfo returns status information on a valid alarm 
(Alarm) 

Table 4.1 Clock Object Interface 

4.2.1.3 Attaching Scheduling Decisions to Clock Object Events 

For scheduling purposes, the scheduler object requests the Clock to deliver to it a 

periodic alarm by cal1ing Clock's BindAlarm () method at system start-up. Because of 

the system state at that time (system identifiers for active objects have not been initial­

ized), the scheduler must call the method Bi ndAlarm () directly rather than communi­

cating via standard MCore message primitives. However, once the Clock is ready to 
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signal the scheduler, system identifiers have been initialized, so MCore's message passing 

primitives can and actually are used. This communication increases the overhead incurred 

in handling the interrupt, but must be done to remain consistent with the system and its 

object-oriented design. 

The scheduler object also communicates directly with the Exec object, which is 

also on MCore. The Exec object maintains the central, root scheduler for Apertos. 

4.2.2 Integrating Objects into the System 

Adding user or system objects so the operating system will recognize and incor­

porate them involves specific steps in Apertos. Here, we are more interested in adding 

system objects. 

Since system objects do not use reflectors such as MMiniMeta or MCOOP, which 

are available to application objects, system objects must be written in C++, rather than 

MC++. Therefore, the object is written as any ordinary passive C++ object, and then C 

stub routines are written and added to act as entry points to the object. Parameter lists are 

packaged in message structures. (The purpose of MC++ is to automate the generation of 

the C stub routines and message structures, but it only performs this generation for user 

reflectors.) 

Because MDrive, the device driver reflector, currently does not exist for the 

R3000 version of Apertos used, all system objects, such as the Clock object, are placed 

directly on MCore. In MCore: : Prologue ( ) , an image of the object is allocated nor­

mally, as any passive object would be. MCore then proceeds to add to it properties such 

as a Context object, a stack, etc. to allow it to be treated by the system as an active 

object. The C entry stubs are used to create a table of entry points, similar to a C++ vir­

tual function table, or a library function table. An Activity object is created, and various 

attributes defining interrupt masks, etc. are also set. If the object is to be accessible by 
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other objects, such as Clock, MZero must be notified of the new object. See Appendix C 

for more details on the introduction of active objects to Apertos. 

4.2.3 Preemptive Scheduling Policy 

At this point, we have to show how objects are actually being preemptively sched­

uled, and how this affects petformance. The scheduling policy introduced is quite simple. 

As discussed earlier, the Exec structure manages a simple prioritized scheduling queue. 

The existing non-preemptive scheduling policy simply executes the object with the high­

est priority. By removing the suspended object (it is suspended at the occmTence of the 

timer interrupt that led to the execution of the scheduler object) and placing it back onto 

the queue, basic prioritized round-robin scheduling is petformed instead of the given 

FIFO algorithm. At present, this modification is sufficient. 

4.2.4 Preemption in Previous Versions of Apertos 

Preemptive scheduling in Apertos has been attempted previously. But because of 

the performance penalty, it was dropped in favor of non-preemptive scheduling (38]. The 

performance penalty arose from the underlying design of Apertos at the time, requiring 

that all metaspaces in the system be notified during preemption. 

The current design of Apertos changes this with the introduction of the Activity 

object, so that no notification is required. Activity objects can be seen by MetaCore, and 

as soon as an interrupt occurs, MetaCore saves processor state information and places the 

object in the SUSPEND state. MetaCore need not know the location of the Activity object 

in the meta-hierarchy; the active object's reflector is implicitly notified of the change in 

the object's state when MetaCore changes it. 



48 

4.2.5 Other Modifications Required 

The previous sections have outlined how preemptive scheduling has been intro­

duced to Apertos. However, to test and to use preemptive scheduling, additional changes 

were required. 

4.2.5.1 Changes to MMiniMeta 

The implementation of Apertos used in this project does not allow for inter­

metaspace communication. Therefore, all test objects had to be executed on one reflector. 

MMiniMeta was chosen over MCOOP because of its simplicity, and because MCOOP 

provided no advantages over MMiniMeta for this test. 

MMiniMeta maintains a queue of objects ready for execution. It will place only 

one object at a time into Exec's execution queue. For the existing cooperatively sched­

uled system, this was adequate. However, since we are limited to one reflector for user 

objects (because there is no inter-metaspace communication), there could only be exactly 

one user object in Exec's run queue at any given time. MMiniMeta has been modified to 

place any and all objects ready for execution into Exec's execution queue. 

This solution worked satisfactorily until more than one object tried to 

communicate with its reflector, MMiniMeta. MMiniMeta uses a local variable, 

acti veObj ect, to identify the currently executing object on this reflector. When an 

object communicates with its reflector, it doesn't identify itself; but leaves resolution of 

its identity to the reflector. Before the changes, only one object supported by MMiniMeta 

could be placed in Exec at a time, so this worked. When more than one object supported 

by MMiniMeta is placed in Exec, however, MMiniMeta's mechanism to identify the 

currently executing object can become invalid. This is one of the reasons why in 

previous attempts to add preemptive scheduling; all metaspaces in the system were 

notified of the change in the object being scheduled. 



There are two ways to solve this: 

• notify metaspace(s) of any change in the identity of the currently executing 

object; or 
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• provide a means to let a reflector identify the object communicating with it. 

The first choice, as mentioned, has been tried (38]. However, where previous 

attempts notified all metaspaces, the notification could now be limited to the metaspace of 

the object about to be scheduled. This technique, however, will still affect the perfor­

mance of any preemptive solution, and consequently the second solution was chosen. 

When an object communicates with its reflector, the object's identifier is tagged 

onto the message during the intermediate step in MetaCore. Conceptually, the meta-meta­

Ievel is informing the meta-level of the object communicating with it. The Context struc­

ture associated with an active object can be used to uniquely identify that object. There­

fore, the Context is used to update MMiniMeta's acti veObj ect variable whenever an 

object communicates with its reflector. This scheme ensures that the acti veobj ect 

variable is always up to date, but introduces equal overhead for all other communication 

in the system (such as MZero sending a message to MCore), since the modification was 

made to MetaCore, which is involved in all communication. 

4.2.5.2 Changes to SCC and InStream 

SCC is the serial device driver object, and is used for all communication on the 

R3000 implementation of Apertos at this time. SCC busy-waits for input regardless of 

whether interrupts or polling is used with the device. Even with preemptive scheduling, 

there can only be one active thread of control in any concurrent object at a time. There­

fore, while SCC is waiting for a new input character to return, all outputs are left pending. 

SCC's code was modified such that SCC will return 0 if no character is received 

within a short period of time. As a result, outputs generated by other objects in the sys-
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tern will not remain blocked when any object requests input. 

All interaction with SCC is done through the objects lnStream and OutStream, 

which also provide the necessary buffering. InStream also had to be modified to match 

the changes in SCC, so now InStream will continuously poll SCC instead of SCC remain­

ing in a poll loop for the next input character. 

Ideally, SCC should be strictly interrupt driven, signalling InStream of the arrival 

of a new character. The implementation of this scheme is left as future work. 

4.3 Integrating Real-time Constraints 

4.3.1 Real-time Scheduling 

Real-time systems are expected to perform their jobs within certain deadlines. It 

is possible to build a system whose real-time constraints can be guaranteed under speci­

fied and predictable conditions [11, 40). In areas such as telecommunications, avionics, 

and process control systems, to name a few, the guarantee of real-time constraints is criti­

cal. Such systems are said to have hard real-time constraints. Systems which specify tim­

ing constraints as goals, where the guarantee of successful completion is desirable but 

not critical, are regarded as soft real-time systems. Soft real-time constraints require: 

• the specification of the schedule (earliest possible starting) time and dead­

lines; 

• the specification of the cycle time if the job is periodic; and 

• an outline of alternative actions in case a deadline is missed [39). 

4.3.2 Reflection in Real-time Scheduling 

Many aspects of soft real-time programming can be viewed as reflective, or meta­

level programming. Specifying soft real-time constraints changes the program's behavior 

in order to satisfy the specified constraints [39]. This is a case of declarative reflection. 
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Procedural reflection can be viewed as specifying the behavior for a missed deadline [8]. 

If performing the job is considered the base-level computation, then defining timing con­

straints and taking appropriate actions when a deadline is missed can be considered to be 

a meta-level computation. 

With this division of tasks between the base- and meta-levels, the semantics of 

base-level programs with soft real-time constraints are exactly the same as the semantics 

of objects without soft real-time constraints, assuming no violation of the constraints 

[39]. Therefore, the meta-level involves itself with the timing constraints while the base­

level only performs the required job computations, with or without timing constraints. 

Consequently, reflection is a powerful tool since it allows the system itself to examine 

the computation of its own jobs and provide the chance to adapt according to past experi­

ences. Reflection also provides the programmer with a clear, consistent interface and 

design philosophy, thus aiding program development. If the meta-level is to be able to 

examine a real-time object's computation and adjust accordingly, then computation at the 

base- and meta-levels must proceed concurrently. Preemptive scheduling is the first step 

towards achieving this concurrency, and therefore the first step to satisfying real-time 

constraints in Apertos. 

Within the Apertos operating system, reflection and meta-computations are used 

extensively, making it useful for real-time applications. However, the existence of a meta­

hierarchy introduces new problems not yet thoroughly explored. The next section dis­

cusses the introduction of hierarchical scheduling to address many of these problems, 

and to facilitate the introduction of real-time scheduling. 
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4.4 Hierarchical Scheduling 

Apertos inherently has a hierarchical structure [11 ], defined by its use of reflec­

tors and metaspaces supporting objects. Metaspaces are themselves composed of objects 

which must have their own metaspaces. Therefore, a tree of meta-hierarchies expands 

from the root, comprising the MCore and MZero metaspaces, and terminating at user 

objects. 

4.4.1 Hierarchical Scheduling as a Solution 

By the definition of a metaspace, each object should be scheduled optimaJly by 

its metaspace, but in cooperation with other objects in the system. Note that this is not a 

guarantee of an object's schedulability, as each object can be made up of many jobs that 

have to be scheduled with the other objects in the system. 

Since objects may have dissimilar scheduling requirements, one system-wide 

scheduler may not be sufficient, as it is possible for different metaspaces on the same 

machine to require different scheduling algorithms. These metaspaces, in turn, must 

finally be scheduled by some master scheduler. This dependency defines a hierarchy 

between schedulers. 

4.4.2 Fitting the Apertos Paradigm 

The way in which hierarchical scheduling fits into the object/metaobject para­

digm and meta-computation is important in terms of its use in Apertos. To address this, 

we must examine the definition for meta-computing. One way to consider it is as "com­

puting about computing", i.e. computations used to examine the environment and condi­

tions of a job. Using this definition, hierarchical scheduling fits the paradigm in that it is 

"computing about scheduling". At each level, the system computes the schedules of the 

dependent schedules and objects. 

In order to follow the paradigms used in Apertos, each object must be scheduled 
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based not only on its own requirements, but also in cooperation with other objects in the 

system. Therefore, any proposed underlying scheduling mechanism must be able to sup­

port dissimilar scheduling algorithms and requirements [19). Thus, another objective 

here is to develop and refine an environment which allows different scheduling policies, 

whether real-time or non-real-time, to coexist on the same CPU. 

4.4.3 Previous Work 

A hierarchical scheduling system was introduced in the PM operating system, 

which is outlined in Section 2.2.4. The scheduling system is discussed in detail in [25]. 

The motivation behind the PM project coincides with that of this thesis, in that it tries to 

extend the notion of threads and processes found in traditional operating systems, and to 

give an application control over the scheduling of its internal threads. Highlights of PM's 

concepts are: 

• A scheduler inside an application provides for user-level scheduling, inde­

pendent of the system scheduler. 

• A separate scheduling strategy for a group of threads inside an application 

can be very useful. Therefore, another scheduler is needed below the appli­

cation level scheduler. 

• The problem of uneven distribution of computing time can be avoided for 

applications that create a large number of threads. 

• The relation of a thread to its application matches nicely to that of an object 

to its metaspace. 

Work experimenting with schedulers in user space has been done using BirliX 

[30]. The aim was to support the implementation and measurement of distinct scheduling 

strategies, the classification of applications, the investigation of centralized and distrib­

uted scheduling, and investigations of interfaces between scheduling distinct resources. 
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A hierarchy defined by application-specific schedulers placed in user space, supported by 

a system-specific scheduler, was chosen. 

Chorus [20, 21, 22], Amadeus [28], and Oisin [3 l] all use clusters to group 

objects with similar requirements in order to address poor performance. This creates a 

hierarchy between an object, its cluster, and the system, so the system never manages 

objects directly. Presently, Apertos manages all active objects in the system at the lowest 

level. By modifying this, we hope to achieve the same kind of perfonnance gains real­

ized by introducing clusters to these systems. 

4.4.4 The Model 

In this section, we present a recursive model for defining hierarchical scheduling. 

4.4.4.1 List of Terms 

/ number or meta-levels in the system 

M; a metaspace at meta-level i, O ~ i < I (the root metaspace is defined as M0; no 

metaspaces exist at level /, only objects) 

D;" number of metaspaces directly dependent on M; 

D7 number of objects directly dependent on M; 

DS;" set of schedules for metaspaces directly dependent on M; 

os7 set of schedules for objects directly dependent on M; 

N; number or jobs in metaspace M; 

U;_ 0, ...• J;. N,- I} set or jobs in metaspace M; 

JS; set of schedules for jobs in metaspace M; 

S; schedule of metaspaee M; ; S; = IS; U S; + 1 

M;+ l,j metaspacej which is directly dependent on metaspace M;, 0 :o,j < D;" 

O;+ l,j objectj which is directly dependent on metaspace M;, 0 ~j < 07 

S;+ l,j schedulej of a dependent metaspace or object, 0 5.j < D; 



S;+1 .o 

G 
M; 

(0-1 ) (N -1 ) 
S. = U S. I • u U J . 

I I+ , / t t n 
j=O 11=0 

Figure 4.2 Definition of Hierarchical Scheduling 

4.4.4.2 Model Definition 

chi Id/dependent 
metaspaces 

schedules from 
child metaspaces 

parent metaspace 
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parent metaspace 
M; 
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See Figure 4.2. Using the existing meta-hierarchy as a basis, it can be stated that: 

• scheduler Si = { all dependent Si+ 1 J, all jobs Ji,n within that metaspace}; 

• job = active object to be scheduled within a given metaspace (that is, a 

metaobject to level i+l). 

I.e. , the given schedule at any level must combine the schedules of al l objects within that 

metaspace, and the schedules of all dependent metaspaces and objects. An object at level 

i+ 1 defines a base-level computation, and the i ' th level represents its metaspace. It is 

assumed that every object is dependent upon exactly one metaspace. 

4.4.4.3 A on-optimal Solution 

If we assume that the time-slice for a given schedule Si+IJ is disjoint from all 

other schedules at level i+ I , then schedule Si need not be concerned with the composi-
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tion of the dependent schedule Si+lj· But if scheduler Si wishes to interleave slices of 

any dependent schedule Si+ 1 j• it must be aware of the composition of that structure or 

risk violating any real-time constraint placed on some dependent object. 

Consider the situation in Figure 4.3 where Mi uses the earliest deadline first algo­

rithm (which is known to be optimal for a single processor system) [ 41] to guarantee the 

schedules of Oi+2,0• Oi+2, I, and Oi+2,2, which overlap. If Mi+I ,O and Mi+l,l hide the 

scheduling information of Oi+2,0, Oi+2,1, and Oi+2,2, then Mi cannot guarantee the sched­

uling of all three objects because Oi+2,2 will be scheduled before (Oi+2,o U Oi+2,1). If 

M· I 

Real-time Constraints 
Start Run Dead-
Time Time line 

0;+2.0 0 20 25 

0;+2,1 10 10 40 

0;+2.2 10 10 30 

M;+1.o= 0;+2.0 u 0;+2,1 0 30 40 

M;+t,I = 0;+2,2 10 10 30 

M; = M;+1,o U M;+1,1 cannot be scheduled 

M; = 0;+2,0 U 0;+2,1 U 0 40 40 

(0 ;+2.2 or M;+i.1) 

0 
I 

I I 

I 

I 

I 

Mi+l,I 

I I 
I 

I I 

I 

20 
I 
J 

] 

• 
J 

I 

I 

Figure 4.3 2 Dependent Metaspaces Managing 3 Objects 
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Mi+l ,O and Mi+l , l pass the scheduling information of Oi+z,o, Oi+z,1, and Oi+Z.Z to Mi, 

then Mi is able to schedule objects Oi+z,o, Oi+2, 1, and Oi+2,2· 

Figure 4.3 also illustrates how deadlines for the union of schedules could be cal­

culated. Mi+l ,O has a deadline of 40 units, and an execution time of 30. Mi+l,O could be 

scheduled to start at time interval 10, which would result in the deadline for Oi+Z,O being 

missed. The deadline for Mi+l ,O could also be calculated by taking the minimum of: 

• the last deadline specified in the set of tasks to be scheduled, and 

• the sum of all computation times of the tasks in the task set, plus the mini­

mum of the laxities of tasks in the set. The laxity is defined by the differ­

ence between the possible executing time the system can allot to the task, 

and the execution time required. Laxity is a measure of urgency. 

This would result in a deadline of 35 un its. This algorithm only works when the union of 

the executions required by objects in the schedule can be treated as a single, atomic 

entity. 

Figure 4.3 shows that the chances of guaranteeing individual jobs can be 

increased if schedule Si can separate and divide a given dependent schedule Si+lj· We 

want to be able to create the union of n schedules and jobs from level i+ I in a more effec­

tive manner. Since each job and dependent schedule for any given schedule may have its 

own requirements - whether that be non-preemptable or periodic - schedule Si would 

need complete information of a dependent schedule Si+ I ,j· Otherwise, Si may not be able 

to effectively combine the union of the dependent schedules at level i+ 1 (41]. 

Extending this dependency to all levels in the meta-hierarchy, it should be obvious 

that the 'root', or final schedule (So) will know about all objects being scheduled by all 

dependent schedules throughout the system. Such an extrapolation, however, negates the 

advantages of a hierarchical structure, specifically not requiring that all objects be sched-
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uled using the same algorithm. This technique, however, is proposed for Apertos in [6], 

where policy objects that define scheduling policies are separated into intended policy 

objects and a base policy object. Intended policy objects comprise the hierarchical struc­

ture and pass information regarding the importance, periodicity, worst case processing 

time, and deadline to the base policy object. The base policy object is responsible for 

which scheduling algorithms - rate monotonic, earliest deadline, etc. - to use. An adapta­

tion mechanism [42] would be integrated so that a common algorithm could be used. 

4.4.4.4 A Feasible Solution 

There are two options available to any scheduler in the system: 

• to disseminate all scheduling information between layers in the meta-hier­

archy; or 

• to choose to hide scheduling information at different points in the meta­

hierarchy. 

Requiring that any schedule Si ,n not know of the internal nature of a dependent 

schedule Si+ 1 j gives the dependent scheduler complete control over its period in the 

schedule. Having complete control is beneficial for testing and experimental purposes 

but risks lowering the overall scheduling success rate. Alternatively, by passing schedul­

ing information about all concurrent objects to the root level, the root scheduler can pro­

vide the best possible schedule for a given set of objects. This, in turn, should be able to 

guarantee a higher percentage of successfully scheduled tasks. 

Rather than forcing either of the options, however, each metaspace is provided 

with the option of passing on scheduling information to its parent metaspace. An exam­

ple of this is outlined in Figure 4.4. As before, the root level is still allowed to schedule 

dependent objects and metaspaces in a feasible manner. At any level a decision can be 

made as to whether to hide or pass on all scheduling information. While there still exists a 



Here: 
S2,0 schedules { 0 3.0, 0 3,1, M2,o) 

S 1 ,o schedules { 0 2,0, 0 2,1, M 1 ,o ) 

S1, 1 chooses to pass on { 0 2,2, S2,0, M1,1 } 

S0 schedules { S1,0, 0 2,2, S2,0, M 1,1, Mo,o} 

Figure 4.4 Proposed Real-time Scheduling Policy in the Meta-hierarchy 

59 

trade-off in performance vs. privacy, the choice becomes application specific and tunable 

to an extent. 

Even though there may not be an optimal solution available for a given hierarchi­

cal schedule, there are still benefits to a hierarchical structure for scheduling. It aJlows 

different objects and metaspaces to be scheduled with different policies, whether it be 

earliest deadline first [41], or least laxity [41], or any new experimental scheduling algo­

rithm. The fact that an optimal solution may not exist, however, is not of prime impor­

tance, as we wish to consider a dynamic environment where pre-run-time scheduling is 

not possible. 
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4.4.4.5 Scheduler Logic 

The parent level still schedules given objects and dependent schedules in a feasi­

ble manner. If a dependent metaspace supports real-time objects, it must pass this infor­

mation to the parent level. To implement this, a scheduler is placed in any metaspace 

whose policy is to hide scheduling information. When it is decided that a dependent 

active object can execute, the object signals its scheduler (Si+ 1 j) rather than the root 

scheduler (as is done in the original Apertos implementation). This scheduler (Si+I j) must 

then ensure that itself is in its parent schedule (Si). 

4.4.5 Complications 

The mechanisms outlined in the preceding sections provide a concise methodol­

ogy by which to schedule a set of objects in a hierarchical fashion. In principle, differing 

scheduling algorithms can coexist on the same CPU. However, implementing such an 

architecture introduces some significant problems worth discussing. 

4.4.5.1 Time-Dependent Signals to Scheduler Objects 

It is reasonable to assume that a time-dependent scheduler may wish to use pre­

emptive scheduling to schedule the objects and the dependent schedules it manages. To 

implement this strategy, the scheduler may wish to receive signals from the system 

clock, as described in 4.2.1.1. However, there is a problem in that the clock will continue 

to send signals to that time-dependent scheduler even when another scheduler has taken 

control. For example, should a given scheduler be given half of the available schedule 

time by its meta-scheduler, then half of the clock signals will then be unnecessary and 

invalid. The problem can be handled in several ways: 

• add functionality to the clock so that it only emits periodic signals within a 

certain period. Since it is the scheduler that requests periodic signals from 

the clock, and its meta-scheduler decides upon the period during which the 



scheduler can execute, additional communication between a scheduler and 

its meta-scheduler will be needed. 

• ensure the scheduler only uses the timely signals from the clock. This tech­

nique introduces more overhead into a given scheduler and requires addi­

tional communication between the scheduler, its meta-scheduler, and the 

clock. 

• allow any meta-scheduler to mask out any periodic signals sent to a depen­

dent object or scheduler. This solution may be correct for one scheduler 

but is certainly not acceptable for all cases. Some objects may want all 

clock signals to be sent to them, regardless of the period it has to execute. 

• introduce functionality to the meta-schedulers and possibly to the clock so 

that if an object wishes to receive all clock signals, it communicates 

directly with the clock. If the dependent scheduler only wishes to receive 

clock signals during its period in the meta-schedule, it requests this from its 

meta-scheduler. Depending on implementation, the meta-scheduler can 

either make this request to the clock on behalf of the scheduler and mask 

out unneeded requests, or add functionality to the Clock to send signals 

only within the period specified by the meta-scheduler. This solution was 

chosen since it is the most flexible and incurs the least overhead. 

4.4.5.2 Suspension of an Executing Object 
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Without any hierarchical structuring, preemptive scheduling is easy to imple­

ment, since the task being preempted is simply added back into the system (root) sched­

ule, to resume execution at a later time. However, with the introduction of hierarchical 

scheduling, where the root scheduler may not know of all the objects to be scheduled; it is 

incorrect to simply add the suspended object to the root schedule for re-execution. There­

fore, the algorithm has to be modified so that: 



• if a cheduler pas es cheduling information on lo its meta- ·cheduler, it 

only acts as a reference to its meta-scheduler and passe all information 

through, simply acting a a router of messages. 

• if a scheduler maintains its own execution queue, it has to request to its 

metaspace to add itself lo its meta-schedule when an object it supports asks 

to be scheduled. 

• a common portion of the structure containing stale inf ormalion for any 

given object can be shared between all scheduler .. This includes the state 

of the object and identifies the object's scheduler. A cheduler should not 

need to be aware of a given object to have acce s to this information. 

• when a given scheduler decides to preempt the currently running object, it 

should place that object into the SUSPEND state, thus implicitly notifying 

that object's scheduler of the state change. 

• the . cheduler docs not immediately add the object just suspended to its 

execution queue. Instead, it checks that object's state information to 

identify that object's scheduler. If the scheduler specified is the same as 

it elf, the object can be added to the scheduler's execution queue. If it 1s 

different, the object' scheduler is also placed tn the SUSPEND state. This 1s 

done by sending an as} nchronous message notifying the suspended 

scheduler that an object it manages has been suspended. This step i-. 

repeated to trace down the hierarchy to the active scheduler. Therefore, if 

scheduler S3 preempts an object scheduled by S 1, which in turn is 

scheduled by S2, which is scheduled by S3, then S3 places objects S I and 

S2 into the SUSPEND state and adds S2 to its schedule. S3 can then allow 

some other dependent object or metaspace to execute. 

62 
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4.4.5.3 Root Scheduling 

All metaspaces and schedulers are allowed to use different algorithms in order to 

provide the services required for the objects and metaspaces they support. In theory, for 

any object there could be a metaspace, either existing or constructed, to provide the ser­

vices required. This flexibility introduces a considerable problem for the root scheduler, 

which must somehow manage possibly disjoint and dissimilar scheduling algorithms. 

A policy-free scheduling techn ique, such as that employed by RT-Mach [34, 43] , 

was chosen to address this issue. The base scheduler simply provides time 'slots' which 

can be allocated to dependent metaspaces and objects. When an object (or a scheduler) 

requests to be scheduled, it specifies the periodicity (if any), worst case execution time, 

etc. The base scheduler then attempts to add it to the schedule in a feasible manner. If the 

object cannot be added to the existing schedule, the scheduler which decided this should 

communicate this information to the requesting object so that alternative actions can be 

taken. 

Any object requesting to be scheduled can make no assumptions as to how it will 

be scheduled. It only knows that it will be scheduled if the request is successful. It is up 

to the schedulers in the metaspaces that are dependent on MCore to guarantee the imple­

mentation of algorithms, such as least laxity real-time scheduling, etc. For example, 

scheduler S 1 ,o in Figure 4.4 would perform its own scheduling. If no particular schedul-

ing algorithm is required by objects, as in S1 1 in Figure 4.4, then information about the , 

objects to be scheduled is passed to the root scheduler. 

4.4.6 Implementation of Hierarchical Scheduling 

To implement hierarchical scheduling in Apertos, modifications were limited to 

MMiniMeta. It is difficult to fully test hierarchical scheduling since MZero no longer 

supports multiple dependent reflectors, and since no user reflectors can receive messages 

originating from their meta-layers. For testing purposes, only communication between 
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application objects on the same metaspace was supported, as was used in the Apertos 

benchmark. Instead of MMiniMeta requesting MCore's Exec object to schedule, then 

later execute a given object, MMiniMeta immediately executes the target object to which 

the synchronous call or reply is sent. 
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Chapter 5 

Performance Measurement and Analysis 

This chapter describes how performance measurements were made. After outlining the 

tests, we show the effect of our preemptive and hierarchical scheduling schemes in 

improving the real-time performance of Apertos. 

5.1 Test Case 

A simple test was constructed to verify the correct operation of round-robin pre­

emptive scheduling. An object, Testl , asynchronously sends messages to start two other 

objects, Test2 and Test3, both of which once started, will run indefinitely. After starting 

Test2 and Test3, Testl produces some output and completes. Testl and Test2 can both 

Shell 

Loop Forever 

Figure 5.1 Communication Diagram of Test Case 
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send output to OutStream, and finally to SCC. Test3 simply sits in a loop, never complet­

ing or communicating with any other object. Shell, which already exists in Apertos, is 

used to start Testl by issuing a synchronous call. Shell can also provide output and 

request input. See Figure 5.1. 

Once this test has started, Test3 will either be in the run queue or currently execut­

ing. Test2 is continuously communicating with OutStream. Shell is either waiting for 

input, waiting for Testl to complete, or producing output. 

Testl was also used for timing communication performance. To time round-trip 

communication with an object's reflector, an extra method was added to MMiniMeta, 

which simply returns immediately to the application object by invoking MetaCore's R 

primitive. To time communication performance with another application object, a 

method was introduced to Test2, which also simply returns immediately. MMiniMeta's 

Call () and Reply () methods were used for timing communication between Testl and 

Test2. 

5.2 Performance Results 

Table 5.2 presents performance changes for round-trip communication times for: 

• to and from an object's reflector; and 

• to and from a target object sharing the same reflector. When called, the tar­

get object returns immediately. 

Communication between two user objects incurs the cost of communicating with 

their reflector twice. The calling object has to signal the reflector when it wishes to com­

municate with the target object, and the target object has to signal the reflector when it 

wishes to return control to the calling object. 

The given message communication times are the average of 50,000 iterations. All 
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Communication 
time between an Communication 

object and its time between 2 
Measurement (in µsec) reflector user objects 

Standard Apertos (benchmark) 71 872 

Preemptive Scheduling disabled 102 1075 
Preemptive Scheduling 11 3 1157 

Hierarchical Scheduling (no interrupts) 80 179 

Hierarchical Scheduling 91 198 

Table 5.1 Comparison of Communication Times 

measurements are from using the timing board in a Sony computer, based on the 25Mhz 

MIPS R3000 processor. The timing board is accurate to within one microsecond. Version 

0.5. t implementation of Apertos, with default system objects, was used both for the 

benchmark for all tests, and for a basis for development. 

5.2.1 Performance of the Test Case 

Without preemptive scheduling, the test case simply halts as soon as Test3 gains 

control, since it never releases it. With preemptive scheduling, the test case will execute 

indefinitely, as it should. Hierarchical scheduling continues to use preemptive schedul­

ing, so the test case executes as expected. 

5.2.2 Worst Case Response Time 

The test case shows that the worst case response time in the system has changed 

significantly. In the original system, without preemptive scheduling, the worst case 

response time was infinite. This was because no other object could execute until the run­

ning object al the time had completed. If the currently running object never completes or 

yields, no other objects other than simple interrupt handlers will ever execute. 

With preemptive scheduling, response time is bounded if objects share the same 

priority. Worst case response time, therefore, becomes equal to the number of tasks 
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ahead of it in the run queue multiplied by the timeslice, plus the time spent in interrupt 

handlers and in making scheduling decisions. If there exists a task in the run queue with 

a higher priority, response time becomes immeasurable. However, this is only due to cur­

rent scheduling policy. If scheduling policy is modified such that each priority queue is 

guaranteed to receive a portion of the schedule time, then response time can again 

become measurable. 

Hierarchical scheduling improves performance by improving communication 

time between objects. It also facilitates the introduction of application-specific schedul­

ing between related groups of objects, which would further improve performance. 

5.2.3 Worst Case Interrupt Disable Time 

The modifications to allow MMiniMeta to resolve which application object is 

communicating with it come with a cost of 9 microseconds, or enough time to execute 

approximately 24 machine instructions. This is illustrated in Table 5.2 by the difference 

in the communication time between an object and its reflector for the standard Apertos 

benchmark and hierarchical scheduling without interrupts. 

The additional code introduced to MMiniMeta and the system, to perform pre­

emptive scheduling, increases the communication time between an object and MMin­

iMeta by another 21 microseconds to a total of about 30 microseconds per call to the 

reflector. This is illustrated by the difference between the standard Apertos benchmark 

and when preemptive scheduling is disabled. On the test machine, this is enough time to 

execute approximately 80 processor instructions, assuming no wasted cycles for memory 

fetches [44]. Communication time between two user objects increases more because of 

the changes made in MetaCore which affect communication in general, including com­

munication between MMiniMeta and MZero, and between MZero and MCore. 

Hierarchical scheduling significantly improves the worst case interrupt disable 

time over both the standard Apertos benchmark and preemptive scheduling by removing 
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MZero and MCore from the work associated with application object communication. All 

reflectors execute with interrupts disabled, and there is no chance of handling interrupts 

during communication between reflectors. See Figure 5.2 and Figure 5.3 for how commu­

nication between active application objects has changed. 

5.2.4 Communication Times 

For preemptive scheduling, the communication times between both an object and 

its reflector, as well as between two application objects, have increased, as is shown in 

test object requests to its renector to communicate with the target object 
2 MMiniMeta requests that the target object be added to system run queue 
3 MZero forwards MMiniMeta's request to MCore 
4 MCore forwards request to Exec active object (no context switch) 
5 Exec returns successfully (no context switch) 
6 MCore relays successful return value to MZcro 
7 MZcro relays successful return value to MMiniMeta 
8 MMiniMeta is done so requests to MZero to execute some other object 
9 MZero has no work to do so requests to MCore to execute some other object 
IO MCore requests to Exec for next available object to execute (no context switch) 
11 Exec returns next available object to execute (no context switch) 
12 Exec uses primitive R to invoke target object 

Figure 5.2 Original Control Path for Communication in Apertos 
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Table 5.2. This increase is attributed to modifications in MMiniMeta and the system, as 

discussed earl ier. 

The effects of interrupts are shown in the timing differences between the two 

implementations of preemptive scheduling for communication between two objects. The 

clock inten-upts do not show up in the communication with a reflector because the proba­

bility of a timing interrupt occurring within that period is negligible. For communication 

with another user object, we are guaranteed a minimum of one, and possibly two clock 

interrupts during that period. 

Table 5.2 also shows that the performance gains realized by hierarchical schedul­

ing are quite impressive, even with interrupt handling factored in. These performance 

gains are entirely due to the fact that MMiniMeta no longer involves MCore via MZero 

Target Object 

MZero MCore 

I 1es1 object requests 10 its rcflec1or 10 communicate with the target object 
2 MMiniMeta uses primitive R to invoke target object 

Figure 5.3 Control Path for Communication in Apertos using 
Hierarchical Scheduling 



72 

Chapter6 

Conclusions 

The work here has shown that active objects provide a suitable model to structure an 

operating system, providing clarity and consistency of interfaces. 

The Clock object which has been introduced to Ape1tos has proven to be effi­

cient, stable, and reliable. The manner in which the Clock object has been introduced 

should aid in providing comprehensive real-time support in Apertos. Active objects, such 

as the scheduler object used in this thesis, can now receive real-time signals if they are 

placed on the MCore reflector with Clock. 

Preemptive scheduling has proven to be a valuable addition, because even with a 

faulty object, some experimentation could proceed without requiring a rebuild and reboot. 

Apertos has become far more stable, better able to withstand a failed object without a 

substantial effect on performance. However, the introduction of preemptive scheduling 

has required a modification to the object model used in Apertos, as described in [19, 39]; 

an object's execution is no longer non-preemptable. 

Hierarchical scheduling has significantly increased performance. A major com­

plaint, namely poor inter-object communication performance in Apertos, has been suc­

cessfully addressed. Communication between user objects sharing the same reflector has 

improved by more than a factor of four. The work performed here is the first step 

towards experimentation with various scheduling algorithms, real-time and non-real-time, 
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without significantly affecting the remaining system. However, hierarchical scheduling 

requires that MCore allow other objects in the system to directly control the execution of 

application objects in the system, through the use of MetaCore's primitives. Before hier­

archical scheduling, all object executions began from MCore calling MetaCore's R primi­

tive. 

While studying the Apertos source code, we became more convinced that even 

with the object paradigm, accurate and complete documentation of source code is essen­

tial. Object interfaces must be clearly defined to avoid questions regarding subtleties and 

implementation details. Often, the reasoning behind design decisions would not become 

clear until one had the total picture of the operation of Apertos in mind; a portion of the 

picture is often not sufficient. 

Finally, this thesis has shown that an operating system employing a meta-hierar­

chy and reflection can be a viable as a platform for supporting object-oriented programs. 

The performance is acceptable, and the system can be stable. 

6.1 Future Work 

Many improvements have been made during the evolution of Apertos. However, 

some additional changes are necessary if real-time support is to be completely imple­

mented. This section discusses the areas where improvements should be made. 

All interrupts are disabled in Apertos during all activity in reflectors. This 

improves performance since global information and objects can be accessed directly (not 

via standard paths) without introducing mutual exclusion problems. This is acceptable 

for the current implementation of Apertos, but is not sufficient for a real-time environ­

ment, where there is a real-time clock. Various interrupts, including clock interrupts are 

currently lost due to the excessive length of time that execution may take place with inter­

rupts disabled. 
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Appendix B should make it apparent that there is a large amount of overhead 

involved in actually sending a message between two active objects in the current imple­

mentation of Ape1tos. In order to send a message from an active object to its reflector, 

passive objects are encapsulated, then re-encapsulated again in other objects. Here, the 

class inheritance for message classes should be revamped from three separate hierarchies 

referencing each other, to one, beginning with a Message class. 

An immediate future work is the full implementation of message passing primi­

tives to support inter-metaspace communication. When combined with a real-time sched­

uler, such primitives could provide real-time support to all active objects in the system. 
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Appendix A 

Definitions in Apertos 

A.1 Definitions Relating to the Object Paradigm 

Class: A class is an entity which describes the similarity shared by a set of objects. For 

example, a class contains the definition of the methods which can access the inter­

nal structure of an object. A class also acts as a template for creation of an object 

[6]. 

Class Inheritance: Class inheritance is a mechanism by which a class is defined as a sub­

class of another class. Classes compose a hierarchical structure to represent differ­

ences and to encourage incremental programming. Inheritance is usually a 

programming and compile-time facility [6]. Multiple inheritance is not supported 

by all languages and systems. 

Object: An object is an instantiation of a class, so has local storage and methods as 

defined by its class, and provides a uniform interface to its external environment. 

The object's local storage is accessed by its methods, which are executed upon 

receipt of incoming messages [6]. An object can be conceptually viewed as a 

small, autonomous computer which has local storage for computation, and is 

dynamically created and destroyed [4]. 

Passive Object: A passive object is a type of object which does not address synchroniza­

tion or mutual exclusion problems. A passive object is owned, managed, and has 



methods which are executed by at least one thread of control. However, when 

more than one thread of control is active in a passive object at a time, synchro­

nization and mutual exclusion problems arise. Most languages, such as C++ and 

Smalltalk, support only passive objects in their object model. 

Active Object: An active object, also known as a concurrent object, is an object 

which augments it local storage and methods with a virtual processor. Local 

storage of an active object is accessed only by methods executed by the virtual 

processor. Exactly one executing thread of control is associated with a concur­

rent object at any time. An active object has facilities associated with it which 

address synchronization problems; concurrent requests are synchronized at the 

entry point of the object [6]. 

Metaobject: A metaobject is an object which provides a portion of, or all of an exe­

cuting environment, for an object. Metaobjects implement the meta-functions of 

objects it supports, such as scheduling, communication, and memory manage­

ment [6]. As such, a metaobject can be viewed as defining the meta-computa­

tion of objects, or (a portion of) a virtual computer [4]. 

Metaspace: An object's metaspace is a collective union comprised of all the meta­

objects that an object employs. It can be viewed as a virtual machine, or an opti­

mized operating environment for the object [6]. 

Base-level Computation: Base-level computation is the computation of an object as 

defined by its class definition. For example, if an object is designed to interact 

with a device, the operations performed to meet that functionality define the 

base-level computation. The computation required to perform this computation 

is meta-level computation. 

Meta-level Computation: Meta-level computation is the computation performed by 

an object's metaspace. 
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Reflection: The operation of an object viewing or communicating with its meta-sys­

tem, or environment that it executes in, is called reflection [4, 24]. 

Reflective Computing: Reflective computing allows an object to query and alter its 

meta-functions, usually represented as metaobjects, during its execution and in 

a dynamic manner. An object and its metaobjects are causally connected, and 

the internals of the object are represented as metaobjects [6]. 

Reflector: A reflector is an object which provides the means and paths for communi­

cation between an active object and its metaspace. 

Implicit Reflection: Implicit reflection is the result of an action of an object causing 

some meta-computation on its behalf [4]. Examples of this would be inter­

object communication, or virtual memory paging facilities. 

Explicit Reflection: Explicit reflection is the action of an object sending a message 

to one of its metaobjects [4]. An example of this in Apertos is an active object 

requesting to its metaspace for the identifier of another active object. 

Declarative Reflection: Declarative reflection is the action of an object explicitly 

defining the behavioral constraints of its metaspace, on how it should behave, 

and how the metaspace should support it. An example of declarative reflection 

is an object declaring that it needs real-time support [39]. 

Meta-hierarchy: A meta-hierarchy is defined by the relationship between an object 

and a metaobject. Metaobjects are defined as objects, which also require a 

metaspace. In theory the meta-hierarchy can expand infinitely, though in Aper­

tos, th is is limited to a hierarchy of objects, metaobjects, and meta-metaobjects. 

Message Passing: can mean two things in the object paradigm. Where passive 

objects are used, this can be as simple as the object-oriented equivalent to a 

function call in structured languages. This is what is done between standard 
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C++ objects. For active objects, this is analogous to message passing in tradi­

tional operating systems, requiring context switches, copying data between 

address spaces, etc., only with more support from the programming language 

to provide (e.g.) type checking. 

A.2 Definitions Relating to Real-time Criteria 

Response Time: The response time of a software system is the time between the pre­

sentation of a set of inputs to the software system and the appearance of all the 

associated outputs [ 45). 

Real-time System: A real-time system is a system that must satisfy explicit 

(bounded) response-time constraints [40, 45). The correctness of a real-time 

system depends not only on the logical result of the computation but also on 

the time at which the results are produced. 

Start Time: The start time is optional in defining the real-time constraints of a task. 

It specifies the earliest possible time a task can begin executing [45]. 

Execution Time: The execution time, or computation time specifies the maximum 

time required for a task to complete its execution [41]. 

Deadline: A deadline specifies when a task must complete [41]. 

Laxity: Laxity is deadline minus the sum of start time and execution time [45]. The 

laxity of a task is a measure of its urgency [41]. A task with zero laxity must be 

executed immediately and without interruption. A negative laxity indicates that 

a deadline will be missed. 

Earliest Deadline First: Earliest deadline first is an optimal scheduling algorithm 

for single processor systems. Tasks are scheduled in order of deadlines [ 41]. 

Least Laxity: Least laxity is another optimal scheduling algorithm for uniprocessor 
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systems. Tasks are scheduled based on their remaining laxity [41]. 

A.3 Definitions Relating to Distributed Systems 

Distributed System: A distributed system consists of multiple autonomous proces­

sors that do not share primary memory, but cooperate by messages over com­

munication networks [l]. 

RPC, or Remote Procedure Call: RPC is a mechanism which allows programs to 

call procedures located on other machines. When a process on machine A calls 

a procedure on machine B, the calling process is suspended, and the execution 

of the called procedure takes place on B. Information can be transported from 

the caller to the callee in the parameters, and can come back in the procedure 

result. No message passing or VO is at all visible to the programmer [23, 14]. 

83 



AppendixB 

Steps in Communications between Active 

Objects in Apertos 
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This appendix overviews all the steps performed for two application objects to communi­

cate in version 0.5. J of Apertos. Figure B.1 is a graphical representation of these steps. 

B.1 Execution Associated with a Requesting Object 

This section discusses the steps performed by the requesting object itself, when it 

begins or completes communication with another active object. An object may wish to 

send either an asynchronous or synchronous message to another object, or return a value 

from a synchronous call to the caller object, which requires communication with its 

reflector. All communication from an object to its reflector is done using the MetaCore 

primitive M. For this example, communication with the reflector MMiniMeta is assumed 

for simplicity. If communication were with either MZero or MCOOP, other objects 

would need to be used, although the basic operations would still be the same. Precise 

implementation details is available in the following source files: 

$(TOP)/System/h/MMiniMetaMessage . h 
$(TOP)/System/h/MetaCore.h 
$(TOP)/System/lib/MMiniMeta/MMiniMetaFindMsg : :FindByName.cc 
$(TOP)/System/lib/MMiniMeta/MMiniMetaFindMsg : : FindBySymbol . cc 
$(TOP)/System/lib/MMiniMeta/MMiniMetaFindMsg : : MMiniMetaFindMsg . cc 
$(TOP)/System/lib/MMiniMeta/MMiniMetaFindMsg: :MMiniMetaFindMsgl . cc 
$(TOP)/System/lib/MMiniMeta/MMiniMetaFindMsg: :MMiniMetaFindMsg2 . cc 
$(TOP)/System/lib/MMiniMeta/MMiniMetaMsg : :Call.cc 
$(TOP)/System/lib/MMiniMeta/MMiniMetaMsg : :Send.cc 
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Figure B. l Graphical Representation of Communications Discussed 

$(TOP)/System/li b/MMiniMeta/MMini Meta ReplyMsg : :Reply . cc 
$(TOP)/System/lib/Metacore/MessageM: :Act . cc 
$(TOP)/System/lib/MetaCore/Messa geM: : Ini tialize.cc 

B.1.1 Finding the Target Object 

Before an object can communicate with another active object, it must first find a 

handle by which to address the recipient object. This handle is called a SID, which 

stands for Short /Dentifier. For an object to ask the system for a valid SID, the following 

steps must be performed: 

1. An object of class MMiniMetaFindMsg is created. 



2. This object creates an object of class MessageM and attaches itself to it. 

This MessageM object is intended to encapsulate all information 

regarding the call to the M primitive. 

3. For preemptive scheduling, this is where the caller object is identified 

for MMiniMeta. 

4. MessageM: : Act () is invoked to pass control to the Context object 

which is associated with this method execution. 

s. Context: : M () is invoked. The Context structure acts on behaJf of 

MetaCore, so a discussion of Context : : M () is given in Section B.2. 

6. When the caJl returns, the return value will be a SID, whether valid or 

invalid. It is the object's responsibility to verify it is valid, and to take 

corrective actions if it is not. If the SID is invalid, there is no active 

object presently in the system matching the lookup name or symbol. 

Just because the SID returned is valid doesn't guarantee that communi­

cation with that object can be made, since there are presently no facili­

ties to allow objects on different reflectors to communicate. 

B.1.2 Asynchronous Send or Synchronous Call 

Once an active object has a valid SID, it can communicate with the target 

object. This communication involves the following steps: 

1. The requesting object constructs its message to be sent via MetaCore's 

M primitive. This message is comprised of parameter values for the tar­

get object, and room for any return value, if one is expected. No infor­

mation with respect to the type of call, whether it be synchronous or 

asynchronous, is given. 

2. An object of class MMiniMetaMsg is created. This object packages the 

structure which stores the parameters and room for the return value. 

Information with respect to if it's a synchronous or asynchronous call is 

given here. 

3. The MMiniMetaMsg object creates an object from class MessageM 

and attaches itself to it. This MessageM object is intended to encapsu­

late aJI information regarding the call to the M primitive. The MMin-
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B.2 Execution Resulting From a Call to Context: :M() 

At this point, an object has fully constructed its request to its reflector, to 

invoke MetaCore's M primitive. Control has been passed to the Context structure 

which acts on behalf of the MetaCore for this operation. Briefly, Context's task is to 

construct an environment the reflector can run in and to execute the appropriate 

method, as specified in the associated MessageM structure. This activity, however, is 

still performed on the requesting object's stack. Files relevant to this sequence of 

actions are: 

$(TOP)/System/$(ARCH)/common /MetaCor e/MetaCore_ asm . s 
$(TOP)/System/$(ARCH)/h/Context .h 
$(TOP)/System/$(ARCH)/h/Met aCor e.h 
$(TOP)/System/$(ARCH)/lib/Context/Context : :dispatchReadyContex t . s 
$(TOP)/System/$(ARCH)/lib/Context/Context : :Activate.s 
$(TOP)/System/$(ARCH)/lib/Context/Context : : ExecuteM . cc 
$(TOP)/System/$(ARCH)/lib/Metacore/_Exec . s 
$(TOP)/System/lib/Context/Context : :M.cc 

1. Execution starts in Context: : M ( ) . At this point, either information is 

to be sent or information is to be returned. This section applies to both. 

2. Context information is saved, and Conte xt: : Execute M () is called. 

3. Preparation to pass control to the target reflector is complete. This 

includes finding a stack upon which the reflector can execute, and 

determining whether a trap is required to perform a context switch. 

4. If a trap is required (since the memory address space is to change), the 

message is packaged in a MessageCActivate structure, and the trap 

occurs. _Ex ec ( ) performs the actual trap, to cal I 

Me taCon text: :Activat e ( ). 

5. If a trap is not required, Context: :Acti v a te() is executed. Both 

Context: :Activate( ) and MetaContext: :Activate( ) call 

Cont e x t : :executeReady For M() . 

6. Cont e x t : : e xec uteReadyFo rM () is invoked, which calls 

Context: : dispatchReadyContext (). This function performs the 

actual jump to the requested method in the reflector (in this case 

MMiniMeta). 
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B.3 Execution within Reflector MMiniMeta 

The reflector's purpose is to provide a reliable, consistent link between an 

active object and its metaobjects, which comprise its metaspace. The basic steps used 

to start operations within MMiniMeta also apply to the starting or resuming of any 

active object; the major difference is in how the object returns. If the object is a 

reflector, then it fol lows pseudo-code similar to that presented here. If the object is an 

application object, see Section B.1.3. 

Presently, there are three primitives within MMiniMeta that are of interest: 

Call, Send, and Reply. There is currently no provisions for applications objects to 

communicate across metaspaces, resulting in a greatly simplified operation. Related 

source fi les include: 

$(TOP)/System/h/MMiniMeta . h 
$(TOP)/System/h/MMiniMetaMessage . h 
$(TOP)/System/common/MMiniMeta/MMiniMeta: :Call . cc 
$(TOP)/System/common/MMiniMeta/MMiniMeta: :Find.cc 
$(TOP)/System/common/MMiniMeta/MMiniMeta: :Reply.cc 
$(TOP)/System/common/MMiniMeta/MMiniMeta: : Send.cc 
$(TOP)/System/common/MMiniMeta/MMiniMeta_subr.cc 
$(TOP)/System/common/MMiniMeta/_MMiniMeta_s tub . cc 

1. As with most objects, when control enters MMiniMeta, it enters via a C 

stub routine. 

2. Each stub verifies that the message sent to it is compatible with the 

method being called. If not, an error status is set (stored in the MMin­

iMetaMsg object), and the actual call is skipped. 

3. Once the call occurs, any error status returned by the call is stored in 

the MMiniMetaMsg object, and execution regarding MMiniMeta is 

halted with a call to MZero: : Exit ( ) . This operation occurs in much 

the same manner as that outlined in Section B . l. 

4. If MZero : : Exit ( ) ever returns, there is either a problem or there is no 

other object is ready to execute; error/return codes are set appropriately 

when this occurs. 
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5. For preemptive scheduling, MMiniMeta's local variable, 

activeObject, 1s updated before the actual call is to 

MMiniMeta: : Call (), MMiniMeta: : Send (), and so forth, is made. 

6. If control returns to the C stub routine, an object of type MessageR is 

created to invoke Context: : R (). See Section B.5. 

B.3.1 MMiniMeta: :Call() 

This method implements a synchronous call to another application object. 

1. MMiniMeta places the caller object into a WAIT state, pending return of 

the synchronous call action. 

2. The sender is specified so that MMiniMeta knows where the return 

value should be delivered. 

3. If the target object is in a DORMANT state, it is p laced in the READY state 

and added to MMiniMeta's private ready queue . 

4 . If the target object is in any other state (such as READY, RUNNING, or 

WAIT), the message is stored on the target object's message queue. 

5. MMiniMeta: : reschedule () is called. See B.3.5. 

6. If control continues, there has been a failure, and control returns to the 

C stub routine to store the error code and call MZero. 

B.3.2 MMiniMeta::Reply() 

This method implements the actions needed to return a value from the target 

object to the original requesti ng object. 

1. The return code for the returning target object has already been stored 

in the proper structure provided by the caller object; consequently, 

MMiniMeta doesn't have to address this issue. 

2. If there are any pending messages for the returning target object, it is 

placed back into the READY state and onto MMiniMeta's ready queue. 

Otherwise, il is p laced in the DORMANT state. 

3. If a sender is specified, this reply is a result of a synchronous action, 

and the caller is p laced back into the READY state and added to MMin­

iMeta's ready queue. 
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4. If a sender is not specified, this reply is a return from an asynchronous 

send, and no action regarding this is needed, other than to delete the 

associated memory allocated by MMiniMeta: : Send ( ) . 

5. MMiniMeta: : reschedule (} is called. Refer to B.3.5. 

6. If control returns, there has been a fai lure, and control returns to the C 

stub routine in order to store the error code and call MZero. 

B.3.3 MMiniMeta: :Send() 

This method implements the asynchronous send provided by MMiniMeta. 

1. The message to be sent to the target object is copied so the caller object 

can immediately resume execution without worrying about stack usage, 

retaining related structures, and so forth. No sender is specified since 

no return value is expected by the caller. (MCOOP supports returning 

values from asynchronous sends to the requesting object, MMiniMeta 

doesn't.) 

2. If the target object is in a DORMANT state, it is placed in the READY state 

and added to MMiniMeta's ready queue. 

3. If the target object is in any other state, the message is stored on the tar­

get object's message queue. 

4. MMiniMeta returns to the C stub routine. 

B.3.4 MMiniMeta::Find() 

This method is invoked when an application object needs a SID to communi-

cate another object. 

1 . While the lookup for another active object is being performed, the 

requesting object is placed in a METAWAIT state. 

2. Unless an object is requesting its own SID value, MMiniMeta requests 

MZero to perform the name lookup. This request is done in a manner 

consistent with what is described in Section B.1.1. The value is 

returned using the R primitive, similar to how the M primitive is used. 

Refer to Section B.5 for details on implementing the R primitive. 
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B.3.5 MMiniMeta::reschedule() 

This method is private to MMiniMeta. Its task is lo add objects which are 

ready to execute to Exec's run queue. Unless a failure occurs, this method doc n't 

return. 

B.3.5.1 Implementation for onpreemptive Scheduling 

1. If there exists any objects on the ready queue, the first one is taken. 

2. If there is any object in MMiniMeta's run queue, it is added to the root 

ready queue, managed by Exec. This request is done via MZero, in a 

manner consistent with that outlined in Section B.1.2. If an object's 

execution is to be resumed (from a reply) an entry point cannot be 

specified, so execution will resume where it su pended, as specified in 

Context: : M { ) . 

3. The local variable activeObject is updated to the object which was 

just added to Exec's ready queue. 

4. MZero: : Exit () is called in a manner consistent with that outlined in 

B. 1.2. 

B.3.5.2 Implementation for Preemptive Scheduling 

1. For preemptive scheduling, any and all object in MMiniMeta's ready 

queue are handJed. 

2. Each object is added to the root ready queue managed by Exec. This 

request is done through MZero, in a manner con istent with that in 

B.1.2. 

3. MZero: : Exit {) is called in a manner consistent with that outlined in 

B.1.2. 

B.4 Execution Within Reflectors MZero and MCore 

The MZero re ncctor manages all other rencctors in Apertos, including MCore. 

MCore provides a metaspace for MZcro, for consistency in the hierarchy. Here, the 

basic mini mum to illustrate communication between two application obJccts 1s out-
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lined. For more detail , refer to files: 

$(TOP)/System/$(ARCH)/common/Ex ec/h/Activity. h 
$(TOP)/System/$(ARCH)/common/Ex ec/h/Exec . h 
$(TOP)/System/$(ARCH)/common/Exec/Activity. cc 
$(TOP)/System/$(ARCH)/common/Exec/Exec . cc 
$(TOP)/System/$(ARCH) /common/MZer o/MZero_depend . cc 
$(TOP)/Syst em/common/MZero/h/ObjectMap . h 
$(TOP)/System/common/MZero/MZero_public . cc 
$(TOP)/System/common/MZero/MZero_subr.cc 
$(TOP)/System/h/MetaCore . h 
$(TOP)/System/h/MZero.h 
$(TOP)/System/h/MZeroMessage . h 
$(TOP )/System/ l ib/MetaCore/Me s sageR : :Act . cc 
$(TOP)/System/lib/MetaCore/MessageR: : Ini t i alize . cc 
$(TOP)/System/l i b/MZero/MZeroExitMsg : : Exit. cc 
$(TOP)/System/lib/MZero/MZeroFindMsg : :Find . cc 

B.4.1 MZero: :Exit() 

This method is only cal led by dependent application reflectors, and is used to 

signal MCore that another object can execute. 

• MZero places the caller's state to DORMANT and calls 

MZero : : reschedule ( ) . If MZero : : resch edul e () returns, the 

caller is placed back into the RUNNI NG state, and returns an error code. 

B.4.2 MZero: :Find() 

This method is called whenever any object in the system needs a SID to com­

municate with another object in the system. 

1. MZero maintains a list of all objects which allow general communica­

tion with other objects, such as the Clock object introduced in this the­

sis. This list doesn't contain objects such as the virtual memory 

manager object, since these objects only provide access to a specific set 

of objects. 

2. When a request is made, MZero looks up the object in its table. If it 

exists, the appropriate valid SID is returned, otherwise an invalid SID 

is returned. 

B.4.3 MZero: :reschedule() 

This method is private to MZero, and provides similar functionality to 
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MMiniMeta: :reschedule(). 

1. If there exists any objects on MZero's ready queue, the first one is 

placed on Exec's ready queue. 

2. MCore: : Exit () is called in a manner consistent with B .1.2 (forever) . 

B.4.4 MCore::Exit() 

This method is only method with can start the execution of any target object in 

version 0.5. l of Apertos. 

1. MCore queries Exec for the next object to execute by calling 

Exec : : Next ( ) . If no object can be executed, the Idle object is added 

to Exec's ready queue and this step is repeated. It is very seldom when 

only the Idle object can execute. 

2. When an object which can be executed is found, that object's Activity 

is resolved, and the method Activity: : Run () is called. This method 

constructs a MessageR structure, and a sequence of events similar to 

that of MessageM takes place, resulting in Context: : R () being 

called. See B.5. 

3. If the Idle object cannot be found, MCore: : Exit ( ) returns. If this 

happens, a major system failure has occurred. 

B.5 Execution Resulting From a Call to Context::R() 

At this point, a request to start or resume an object's execution has been 

made, via MetaCore's R primitive. Control has been passed to the Context structure 

which acts on behalf of MetaCore for this operation. Briefly, its task is to construct 

an environment the object can execute in and invoke the reflector's appropriate 

method, as specified by the associated MessageR structure. This action, however, is 

perfo1med on the requesting object's stack. The requesting object may be either 

MCore, or an object on MCore, such as an exception handler. Hierarchical schedul­

ing must allow other objects in the system to invoke this primitive. Refer to files: 
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$(TOP)/System/$(ARCH)/common/MetaCore/MetaCore_asm.s 
$(TOP)/System/$(ARCH)/h/Context.h 
$(TOP)/System/$(ARCH)/h/Metacore.h 
$(TOP)/System/$(ARCH)/lib/Context/Context: :dispatchReadyContext .s 
$(TOP)/System/$(ARCH)/lib/Context/Context: :Activate.s 
$(TOP)/System/$(ARCH)/lib/Context/Context: :ExecuteR . cc 
$(TOP)/System/$(ARCH)/lib/MetaCore/_Exec.s 
$(TOP)/System/lib/Context/Context: :R.cc 

1. Execution starts in context: : R (). At this point, either information is 

to be sent, resulting in a new execution, or infonnation is to be 

returned, resulting in the re-starting of a previously suspended execu­

tion. 

2. Context information is saved, and Context: : ExecuteR () is called. 

3. Preparation to pass control to the metaspace is complete. This includes 

finding a stack upon which the target object can execute, and determjn­

ing whether a trap is required to perform a context switch. 

4. If the target object was in a suspended state or method is not specified, 

the previously saved stack pointer is used to resume execution. Other­

wise, the start of the object's stack is used. 

s. If a trap is required (since the memory address space is to change), the 

message is again packaged in a MessageCActivate structure, and the 

trap occurs. _Exec ( ) performs the actual trap, to call 

MetaContext: :Activate(). 

6. If a trap is not required, Context: : Activate () is executed. Both 

Context: :Activate() and MetaContext: :Activate() call 

Context: :executeReadyForR(). 

7. Context: : executeReadyForR () finally invokes the target object, 

either by invoking the appropriate C stub routine, or by resuming a 

suspended execution. 
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Appendix C 

Adding a New Active Object to the System 

This appendix discusses the steps involved in introducing new active objects to the sys­

tem. Section C. l covers what is needed to add an active object which is to be supported 

by MCore. Section C.2 overviews the addition of application objects to the system. 

C.1 Core Active Objects 

The MCore reflector is reserved for system objects including MZero. All objects 

directly supported by MCore, with the exception of MZero, share the same memory 

address space to increase performance and reduce communication overheads. Objects 

which are associated directly with MetaCore are also supported by MCore. 

Some system objects, however, are not restricted to being placed on MCore, and 

device drivers seldom are. Exception handlers are included in this group since they 

belong on MDrive. Since MDrive has been removed from the current R3000 implementa­

tion of Apertos, exception handlers are presently placed on MCore. 

C.1.1 Object Code 

The programming language of choice for all system objects is currently C++. An 

active object can be designed like any C++ passive object, and can include the sharing of 

global data with other Core objects (since everything executes in the same memory 

address space). Sections D. l.l and D.1.2 present example code which implement the real-



time clock object introduced to Apertos. 

MC++ [35] may be used for initial development, but is not viable for all code 

development. The source code produced by MC++ would have to be converted to 

use the correct communication primitives, since the language does not support 

MCore as a reflector. 

C.1.2 Object Interface 

An entry table similar to that used by dynamic link libraries in traditional 

operating systems has to be constructed manually. Table entries point to C stub code 

which perform very basic verification and unpack parameters for use by the C++ 

method. Communicating objects not directly supported by MCore have to use this 

table. Communication between objects on MCore can be done by either using this 

table with MCore's message passing primitives, or by directly calLing the object as if 

it were a passive object (for better performance). 

When defining the interface to an active object, public methods have to be 

numbered. When a communicating object uses the method table for access to the 

active object, it specifies the number of the entry in the table to execute. MetaCore 

uses the information in this table to determine the entry point into the object. Table 

entries point to the C stub code, which then invoke the appropriate method in the tar­

get active object. 

Passive objects must be defined for use by requesting active objects. These 

objects package parameters and encapsulate the system calls needed to request the 

invocation of the target object's method via the method table. The source code pre­

sented in Sections D. l .3 and D.1.4 package parameters and encapsulate system calls 

for objects making requests to the real-time clock. 
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C.1.3 Introducing the Object 

For clarity, the new object should be placed in some reasonable location, 

either by creating a new directory for it or by adding it to an existing directory. For 

the clock object introduced, a new directory called $ (TOP) / Sys tern/ common/ 

Clock was created. The Interrupt object, which invokes the Clock object, was placed 

in the existing directory $(TOP)/ System/$ (ARCH) I common/Exception. 

fled: 

For objects to be tied directly to MCore, the following fi les have to be modi-

$(TOP)/System/$(ARCH)/common/MCore/h/MCoreExtern .h 
$(TOP)/System/$(ARCH)/common/MCore/GlobalVariables . cc 
$(TOP)/System/$(ARCH)/common/MCore/Makefile 
$(TOP)/System/$(ARCH)/common/MCore/MCore: : Prologue . cc 

Modifying these files ties an object to MCore's compilation. Since the object is tied 

to MCore's compilation, MCore's makefile is modified rather than introducing 

another makefile into the object's directory. MCore : : Prologue . cc is where 

MCore's initialization takes place, and where the object is created at run-time. The 

new object's storage, Context (including interrupt masks, etc.), Activity, execution 

stack, method entry table, and system identifier are also created here. Finally, if the 

entire system including application objects is to know about this object (for 

communication purposes), MCore notifies MZero of the new object's existence, and 

an entry identifying the new object is added to MZero's name table. 

C.2 Non-Core Active Objects 

Non-Core objects refer to objects which are not placed on the MCore reflec­

tor. This includes user reflectors (MMiniMeta, MCOOP), application objects, device 

driver objects, etc. MDrive and any objects it supports will belong in this list when 

MDrive is reintroduced to Apertos. Only user objects will be considered here, though 

all actions discussed can be easily applied to any object not placed on MCore. 
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C.2.1 Object Code 

Two languages are available for programming a user object: C++ and MC++. 

MC++ is an extension to C++; its compiler simply produces C++ code. The purpose 

of MC++ is to automatically build the required stub code for the methods that other 

active objects can call. To ensure the generated code is correct, the default reflector 

for the new object (currently limited to MMiniMeta and MCOOP) has to be speci­

fied. As shown in Section D.2.1, the keyword active is used in the class definition to 

identify an active object. 

Unfortunately, there is no private or protected access to externally available 

methods. AIJ externally available methods are available for all objects in the system. 

From the set of public methods, the keyword active is used to identify such a group 

of methods. The object constructor is not added to the list of active methods to pre­

vent other objects from directly invoking it. The constructor is left for the system to 

invoke during object creation. For more detail, see [35]. Sections D.2.1 and D.2.2 

give an example of an active application object written in MC++. 

Source code can be written like any normal passive C++ object, with the 

exception that only instance variables can be used. No access to global or class vari­

ables is supported because there is no guarantee that objects of the same class will 

reside in the same memory address space (or even the same physical machine), to 

share access to instance or global variables. 

C.2.2 Object Interface 

If MC++ is used, the object's interface will automatically be produced, and 

will be similar to that given in D.1.3 and 0 .1.4. If C++ is used, this code will have to 

be manually generated, as outlined in C.1.2. Since, during development, method inter­

faces can change, it is advisable to use MC++ to ensure all related objects remain 

val id with interface specifications. 
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C.2.3 Introducing the Object 

Introducing an object which is not to execute directly on MCore requires addi­

tional steps. More detail is found in [46]. 

C.2.3.1 Location of Source 

Newly defined application objects should be placed in the Objects subdirec-

tory. For each such object, four directories have to be made. They should follow this 

pattern: 

$(TOP)/Objects/Applications/{NAME} 
$(TOP)/Objects/Applications/{NAME}/lib 
$(TOP)/Objects/$(ARCH)/Appl ications/(NAME} 
$(TOP)/Objects/$(ARCH)/Appl icati ons/{NAME}/lib 

Source code written by the programmer is placed in the first directory. The source 

codes produced by MC++ are placed in the subsequent directories. The library direc­

tories store definitions for passive objects used to encapsulate parameter lists and sys­

tem calls for use by other objects calling the new object. Makefiles are placed in the 

last two directories. 

C.2.3.2 Compilation Environment 

The compilation environment has to be notified of the new object, its location 

in the directory hierarchy, and the number of entry points (active methods). Depend­

ing on the type of object, one of the three files listed here needs to identify the loca­

tion of the object. 

$(TOP)/conf/config/files 
$(TOP)/conf/config/files . $(ARCH) 
$(TOP)/conf/config/files . $(ARCH) . $(MODEL) 

For example, if the object is a generic application object, is should be placed in 

$ (TOP ) /con f/config/files . If it is a hardware-specific device driver, is should 

likely be placed in $ (TOP) /con f/config / f iles/$ (ARCH)/$ (MODEL) . 

Next, the object has to be added to the Apertos executable image itself. To do 
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this, the Apertos configuration file being used has to be modified to show the addition 

of the new object. Here, the reflector that the object is to executes on, its stack size, 

execution mode (user vs. supervisor), CPU priority, scheduling priority, and the num­

ber of selectors (entry points) are specified. The script configure, located in con­

figuration directory, can then be run to produce a new makefile, which will produce 

the new image. 

C.2.3.3 Makefiles 

Two makefiles are required for each Apertos user object: one for the active 

object, and one for the library code, which other objects use to communicate to it. If 

the object was written to produce output, it likely inherits from the object ULike, oth­

erwise from Object. The makefiles from the superclass should be used as a template 

for the new object's makefiles. If the object has no superclass, the makefiles from 

Object should be used as a template. 

C.2.3.4 Shell Object 

The above steps should add a new active object to a new Apertos image. How-

ever, the Shell object cannot yet communicate with the new object, since Shell has not 

yet been notified of it. To notify Shell, the file $ (TOP) /Objects/$ (ARCH)/ 

Applications/Classlnfo/ Spec. me has to be modified. 



AppendixD 

Sample Code 

D.1 A Real-time Clock 

D.1.1 Clock.h 

II Clock.h 
II 
II 
II 
II 
II 

By Robert w. Bryce 
Version l.03 
Started: 
Last Modified: 

lifndef OBJECT_CLOCK__H 
ldefine OBJECT_CLOCK__H 

linclude <Alarm.h> 
linclude <LinkedList.h> 
tinclude <MetaLib.h> 
tinclude <SID.h> 

typedef longword 

class Clock ( 
private: 

LinkedList 
Julian 

long 
Boolean 

long 
long 
long 

March 6, 1995 
March 28, 1995 

II $(TOP)IObjectslhlAlarm.h 
II $(TOPllObjectslhlLinkedList.h 
II $(TOP)IObjectslhlMetaLib.h 
II $(TOP)ISystemlhlSID.h 

Handle; 

armedAlarmList, disarmedAlarmList; 
current Time; 

intrcnt, alarmcnt; 
b; II these used by InterruptHandler(); 

interruptcount; II how often to increment clock 
clockcount; II how much to increment clock by 
alarmcount; II how often to check alarms 

1• these are only used by InterruptHandler(), 
and one of interruptcount and clockcount 
should be l 'I 

LinkedList *findAlarm (class AlarmLink •a); 
void insertArmedAlarm (class AlarmLink •a); 

protected: 
void reset (long granularity); 

public: 
Clock (l; 

t• Maintenance Functions •t 
Boolean Reset (long granularity= -1); 

II resets hardware and logical clock 
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Boolean ResetTime (const Time 

void InterruptHandler (); 
void CheckAlarms (); 

// if granularity==-1, no change made 
time, long granularity= -1); 

// calls Reset() and resets real time 
// interrupt handler to increment clock 
// routine to check alarms; called by 
// interrupt handler at intervals 
// specified by granulatiry 

/ ' Public Functions 
Time GetCUrrentTime (); 
size_t NumArmedAlarms (); 
size_t NumAlarms (); 

for General Use • 1 
// return current real time 
II return i armed Alarms 
// return total# Alarms 

Alarm BindAlarm (const Alarminfo &time, const SID sid, longword selector, Handle handle); 
Boolean AdjustAlarm (Alarm anAlarm, const Alarminfo &time, const SID sid, longword selec­

tor, Handle handle); 
Boolean UnBindAlarm (Alarm anAlarm) ; 

// disposes of an alarm. For 
// consistency, an alarm is not 
// automatically disposed of when 
// it goes off, even if it isn't 
// periodic 

AlarmStatus GetAlarmlnfo (Alarm anAlarm); 
}; 

lendif 

D.1.2 Clock.cc 
Clock.cc 

By Robert w. Bryce 
Version 1.03 

II 
II 
II 
II 
II 
II 

Started: 
Last Modified: 

March 6, 1995 
March 28, 1995 

#include <Clock.h> 
tinclude <Link.h> 
linclude <FastTimer.h> 
linclude <MetaLib. h> 
#include <MCoreMsg.h> 
#include <_MCore_stub.h> 

Clock: :Clock () ( 
ResetTimer(); 

Time ct; 

intrcnt 
alarmcnt 
b 

clockvalue •cv 
ct . mil liSeconds 
ct.second 
ct . minute 
ct.hour 
ct . day 
ct.month 
ct. year 
ct .Normalize(); 

current Time 

// h/Clock . h 
// $(T0P)/0bjects/h/Link.h 
// $(TOP)/0bjectslhlFastTimer.h 
II $(T0P)/0bjectslh/MetaLib.h 
II $(T0P)ISysteml$(ARCH)lh/MCoreMsg.h 
II $(TOP)ISystem/$(ARCH)/common/MCore/hl_MCore_stub.h 

0; 
0; 
O; 

ReadClock (); 
0; 
cv->second; 
cv->minute; 
cv->hour; 
cv->date; 
cv->m.onth; 
cv->year + 1900; 

= ct; 

interruptcount ClockGranularity() I currentTime . Granularity(); 
if (!interruptcount) ( II Time structure is finer 

interruptcount = 1; II grained than interrupt 
clockcount currentTime.Granularity() / ClockGranularity(); 

) else clockcount = l; 

reset(currentTime.Granularity()); 
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void Clock: :reset (long granularity) ( 
if (granularity ! = -1) ( 

alarmcount = ClockGranularity() / granularity; 
if (!alarmcount) // we can't quite meet requested 

alarmcount = l; // granularity for checking alarms 

void Clock: :InterruptHandler () ( 
alarmcnt++; 
if (alarmcnt == alarmcount) 

alarmcnt = 0; 

if ( !alarmcnt) 
b = 1; 

intrcnt++; 

// remember we have to check alarms since 
// alarmcount interrupts have occurred since 
// we last checked them. 

if (intrcnt == interruptcount) 
intrcnt. = O; 

// we count off interrupts no matter what 
return; // if we don't increment the clock this intr. 

currentTime += clockcount; 
if (intrcnt) 

// increment clock appropriately 
/* no point checking alarms more often than we increment 

the clock! • 1 
if <bl < // if we should check alarms ... 

b = 0; 
CheckAlarms () ; 

Boolean Clock: :Reset (long granularity) 
reset(granularity); 
return l; 

Boolean Clock: :ResetTime (const Time time, long granularity) ( 
reset(granularity); 
currentTime = time; 
currentTime.Normalize(); 
clockvalue cv; 
Time ct 
cv.second 
cv.minute 
cv.hour 
cv.day 
cv.date 
cv.month 
inti 
cv.year 
SetClock (&cv); 
return l; 

currentTime; 
ct. second; 
ct.minute; 
ct.hour; 
ct.workDay - 1; 
ct.day; 
ct.month; 
ct.year - 1900; 
i; 

Time Clock: :GetCurrentTime () 
Time t = currentTime; 
t.Normalize(); 
return t; 

size_t Clock: :NumArmedAlarms () ( 
return armed/\larmList.Size(); 

size_t Clock::NumAlarms () ( 
return armed/\larmList.Size() + disarmed/\larmList.Size(); 

class AlarmLink public Link ( 
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) ; 

public: 
Julian 
Boolean 
Julian 
Boolean 
Julian 
Boolean 
SID 
longword 
Handle 

Signal Time; 
StartTimeValid; 
StartTime; 
IntervalTimeValid; 
Interval Time; 
Periodic; 
sid; 
selector; 
handle; 

// thing to sort timers on 

void Clock::CheckAlarms () ( 
AlarmLink •p = (AlarmLink *)armedAlarmList .First(); 

while (p) ( 
if (p->SignalTime <= currentTime) ( 

p = (AlarmLink • )armedAlarmList.RemoveFirst(); 
// time to signal the alarm 

if (p->Periodic) ( 

else 

p->SignalTime += p->IntervalTime; 
insertArmedAlarm(p); 

disarmedAlarmList.AddLast(p); 
fl we don't discard a.ny alarm after 
// it goes off in case user program 
// wants to reuse it 

// signal alarm 
static Handle h = p->handle; 
MCoreSendMsg msmsg(p->sid, p->selector, &h); 
MessageM msgM(MCORE_SEND, &msmsg, FALSE); 
(void) msgM.Act(); // this seems to be broken 

else return; 
p = (AlarmLink •)armedAlarmList.First(); 

Linked.List •clock::findAlarm (AlarmLink •a) 
if (a) ( 

if (armedAlarmList . Find(a)) 
return &armedAlarmList; 

if (disarmedAlarmList.Find(a)) 
return &disarmedAlarmList; 

return NULL; 

void Clock::insertArmedAlarm (AlarmLink *a) ( 
// we sort on AlarmLink.SignalTime, since that is the next 
// time the alarm should go off . If it is periodic, 
// this always refers to the next time an alarm will 
// go off, otherwise it is left untouched after the 
// alarm goes off it ' s one time. 

AlarmLink •p = (AlarmLink • )armedAlarmList.First(); 
if (p) ( 

AlarmLink *last= (AlarmLink •)armedAlarmList.Last()->Next(); 
while (p->SignalTime <= a->SignalTime) ( 

p = (AlarmLink ')p->Next(); 
if (p == last) 

break; 
) 
// manually add node here right in front of p 
a->Next(p); 
a->Prev(p->Prev()); 
p->Prev()->Next(a); 
p->Prev (a) ; 

l else armedAlarmList.AddFirst(a); 

Alarm Clock : :BindAlarm (const Alarmlnfo &time, const SID sid, longword selector, Handle handle) ( 
if ((!time.StartTimeValidl && (!time.IntervalTimeValid)) 
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r turn NULL; 
JulillO j; 
if (ltimo.IntervalTimeValidl ,, (j > time.IntervalTimell 

return NULL; 
if ((ltime.IntorvalTimoValidl ,, (t.ime.Periodlcll 

r turn NULL, 
Alar111Link •a• new Alar111Link, 
if (al I 

a >StartTimoValid 
if (timo.StartTimeValldl 

a·>StartTime 
else a->StartTime 
a•>IntervalTimoValid 
"•>Interval Time 
a•>Periodic 
•·>Signal Tim 
a•>sid 
••>selector 
a•>handle 
insertArmedAlarm(a); 

return (Alannl a; 

• 1: 

■ time.StartTiae; 
■ currentTime • tuae.IntervalT1me, 
• t.ime.IntervalTimeValid; 
• time.IntervalTime; 
• tune.Periodic; 
• 11->StartTime; 
• aid; 
• selector; 
• handle; 

106 

Boolean Clock;:AdjustAlarm (Alarm anAlarm, canst Alarmlnfo ,time, con■t SID sid, longword solec· 

tor, Handle handle) { 
if ll!time.startTimeValidl ,, l!time.IntervalTimeValidll 

return O; 
Julian j; 
if ((time.lntervalTimeValidl ,, (j > time.lntervalTimo)I 

return 0; 
if ((!tima,IntervalTimeValid) ,, (time.Periodic)) 

return O: 
AlarmLink •• ■ (AlannLink •)anAlarm; 
LinkodLi■t •ll = finc!Alara(al1 
if llll ( 

ll·>RemoveLast(a); 
a ·>StartTimeValid • l; 
If (time.StartTimeValid) 

&•>Start.Ti.,.. 
lse a·>Start.Time 

a•>lntervalTimeValid 
a ->lntervalTime 
••>Periodic 
,. .>Signal Ti111e 
a•>sid 
a•>selector 
,..>handle 

lnsertArmedAlarm(al; 
return 1 

return 0; 

■ time.startTime; 
■ currentTime • cime.Int.ervalTime; 
■ time.IntarvalTimeValid; 
• time.IntervalTime; 
• time.Periodic; 
■ a->StartTime; 
• aid; 
• selector, 
• handle: 

Boolean Clock::UnBindAlarm (Alarm anAlarm) ( 
AlannLink ·a• <Alarl!ILink •)anAlarm: 
LinkodLi■t •11 = findAlarm(a); 
if (11) ( 

11 >RemoveLastlal; 
<lalete a; 
return 1, 

return 01 

AlarmSlatus Clock::GetAlarmlnfo (Alarm anAlarml 
AlarmStalus as; 
AlarmLlnk •a• (AlanaLink •)anAlarm: 
LinkedList • 11 = findAlarm(a l; 
if (111 ( 

as.Valid • 1; 
if (11 =• &armedAlarmListl 

a■.Armed ■ 1: 



olse as.Armed 
as.Info.StartTimoValid 
as.Info.StartTime 
as.Info.IntervalTimeValid 
as.Info.IntervalTime 
as. Info. Periodic 
as.SignalTime 

r tum as; 

D.1.3 ClockMsg.h 

1• 
The Apertos Operating System 

• O; 
• a->StartTiaoValid; 
• a->StartTimo; 
• a->IntervalTimeValld; 
• a->IntervalTime; 
• a->Periodic: 
• a->SignalTime; 

Any code and mechanism in this modulo 11111y not be used 
in any form withou~ permissions. 
Copyright (Cl 1994 SCNY COXIVI'ER SCI DICE LABOAATORY Inc., 
All Rights Reserved, 

• 1 
1 · 

• REVISION 
• $Date, 1994102108 07:31:21 S 

$Revision: 1.2 S 
' I 

I ' 
• generated by MC•• 
· 1 

I ' Message Header (Clock) · I 

tifndef _ClockMsg_h_DEFINEO 
tdefine _ClockMsg__hJ)EFINED 

linclude <Alarm.h> II S(TOP)/Objectslh/Alarm.h 

I ' Defining Mothod Id •I 

I' Cloe► Object Interface • I 
Id, fine LOCY,,_RESET 0 
ldefine CLOCK_RESETTIME 1 
Id fine CLOCK_CHECKAI..ARMS 2 
11, fine CLOCl(_GETCURRD.'TTIME 3 
ldofine CLOCK..,NUMARMEDALARMS 4 
Id fine CLOCK_NUMALAP.MS 5 
ldefine CLOCK_BINDAJ..ARM 6 
ldefine CLOCK..,ADJUSTAI..ARM 7 
ldefine CLOCK_UNBINDAJ..ARM 8 
tdofino CLOCK_GETALARHINFO 9 
1• Number of public method Object Interface • 1 
#define CLOCK_NSELECTOR 10 

1• Defining Message Structures • 1 

1• Clock:1Reset · 1 
atruct Clock.ResetMsg 
( 

) . 

I ' .-her • t 
Boolean _mc_O; 1• return value •t 
1 ong _rac_l ; 

I • constructor • I 
inllne ClockResetMsg (); 
/ • public interface • I 
SOolean Reset (SID, long granularity• -1); 

1• constructor • I 
inline ClockResetMsg::Clock.ResotMsg II () 

1• Clock :ResetTimo • t 
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struct ClockResetTimeMsg 
{ 

) ; 

t • member • / 
Boolean 
const Time 
long _mc_2; 

_mc_O; t • return value • f 
_mc_l; 

f • constructor ' / 
inline ClockResetTimeMsg (): 
/ ' public interface•/ 
Boolean ResetTime (SID, const Time time, long granularity• -1); 

t • constructor • J 
inline ClockResetTimeMsg::ClockResetTimeMsg Cl {) 

/ ' Clock::InterruptHandler '/ 
struct ClockinterruptHandlerMsg 
( 

); 

/ • member ' / 
/ ' return type is void · / 

f• constructor •1 
inline ClockinterruptHandlerMsg (); 
f • public interface · 
void InterruptHandler (SID); 

1• constructor•/ 
inline ClocklnterruptHandlerMsg::ClockinterruptHandlerMsg () (} 

t • Clock::CheckAlarms • f 
struct ClockCheckAlarmsMsg 
( 

) ; 

t• member'/ 
/' return type is void • f 

1• constructor • J 
inline ClockCheckAlarmsMsg (); 
/ ' public interface ' / 
void CheckAlarms (SID); 

f • constructor ' / 
inline ClockChecl<AlarmsMsg::ClockCheckAlarmsMsg () () 

• Clock· :GetCUrrentTime • 
s~ruct ClockGetCurrentTimeMsg 
{ 

) ; 

# • member • 
Time _mc_O; t• return value • f 

J • constructor • 1 

inline ClockGetCUrrentTimeMsg (); 
/ * public interface • / 
Time GetCUrrentTime (SID); 

/ 'constructor ' / 
inline ClockGetCUrrentTimcMsg::ClockGetCUrrentTimeMsg () () 

/ ' Clock::NumArmedAlarms ' / 
struct ClockNumArmedAlarmsMsg 
( 

) . 

/ ' member • / 
size_t _me O; / ' return value • f 

t • constructor • 1 
inline clockNumAnnedAlannsMsg (); 
1• public interface ' / 
size_t Numl\rmedAlarms (SID): 
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/· constructor • 1 
inline ClockNumArmedAlarmsMsg: :ClockNumArmedAlarmsMsg () () 

1• Clock: :NumAlarms •1 
struct ClockNumAlarmsMsg 
( 

} ; 

t• member*/ 
size_t _mc_O; /* return value*/ 

/* constructor • f 
inline ClockNumAlarmsMsg (); 
/• public interface ' / 
size_t NumAlarms (SID); 

1~ constructor•; 
inline ClockNumAlarmsMsg::ClockNumAlarmsMsg () () 

t • Clock: :BindAlarm •/ 
struct ClockBindAlarmMsg 
( 

handle); 
) ; 

/ *member*/ 
Alarm __mc_O; /• return value*/ 
/ * arg _mc_l too complex'/ 
con.st Alarminfo _JllC_l; 
SID __mc_2; 
longword _mc_3; 
Handle __mc_4; 

/*constructor*/ 
inline ClockBindAlarrnMsg (); 
/* public interface • 1 

Alarm BindAlarm (SID, const Alarminfo &time, const SID sid, longword selector, Handle 

1~ constructor*/ 
inline ClockBindAlarmMsg: :ClockBindAlarmMsg () () 

t• Clock : :AdjustAlarm */ 
struct ClockAdjustAlarmMsg 
( 

/•member • / 
Boolean _mc_O; I ' return value'/ 
Alarm __mc_l; 
/• arg __mc_2 too 
const Alarmlnfo 
SID 
longword 
Handle 

complex•/ 
__mc_2; 
__mc_3; 
__mc_4; 
_mc_5; 

/ •constructor* / 
inline ClockAdjustAlarmMsg (); 
/ ' public interface*/ 

Boolean AdjustAlarm (SID, Alarm anAlarm, const Alarmlnfo &time, const SID sid, 
longword selector, Handle handle); 
} ; 

1~ constructor * / 
inline ClockAdjustAlarrnMsg: :ClockAdjustAlarrnMsg () (} 

/ * Clock: :UnBindAlarm * / 
struct ClockUnBindAlarmMsg 
( 

} ; 

/* member •t 
Boolean _mc_O; / * return value*/ 
Alarm __mc_l; 

/ * constructor*/ 
inline ClockUnBindAlarmMsg (); 
/* public interface•/ 
Boolean UnBindAlarm (SID, Alarm anAlarm); 
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1• constructor •1 
inline ClockUnBindAlarmMsg::ClockUnBindlllarmMsg <> () 

1• Clock1:GetAlanninfo · 1 
atruct ClockGetAlarminfoMsq 
{ 

) I 

/ · member · / 
AlarmStatus _mc_O: 1• return value • I 
Alarm ..,DC_l; 

1• constructor •I 
inline ClockGetAlarminfoMsg (>: 
1· public interface • 1 
AlarmStatus GetAlar111Info (SID, Alarm anAlarml: 

1· constructor • J 
inline ClockGetAlarminfoMsg::ClockGetAlarminfoMsg () () 

lendif , . _ClockMsg_l\....DEFINED · 1 

D.1.4 ClockMsg.mc 

1 · 
The Apertoa Operating System 

Any code and mechanism in this module may not be used 
in any fono without penaissions. 
Copyright (C) 1994 SONY CC,MPUTER SCIENCE LABORATORY Inc., 
All Rights Reserved. 

• I 
I • 

• REVISION 
soate: 1994102108 07:31125 s 

• $Revision: 1.2 $ ., ,. 
• generated by MC+• ., 

ldefine META_CALL 

J • H ssage Body (ClockAdjustAlano) · / 

Unclude 
linclude 
tincludo 
tinclude 
linclude 

<MetaError,h> II S(TOP)/System/h/MetaError,h 
<Clock.h> // SITOPllObjects/hlClock.h 
<ClockMsg,h> II S(TOPllObjectslhlClockMsg.h 
<MCOOPMes■age.h>II S(TOP)ISystem/h/H.:OOPHesaage h 
<M taLib.h> II S(TOP)IObjectslhlMetaLib.h 
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extern •c+•• Boolean ClockAdjustAlarmHsg: :AdjustAlarm (SID _mc_rec, Alarm anAlarm, const Alarminfo 

,time, const SID sid, longword a lector, Handle handle) 
( 

_mc_l • anAlarm; 
(void) ByteCopy (('byte') ,time, (byte• ) '.JOC-2, sizeof (time)); 
_mc_3 • sid: 
_mc_4 ■ selector: 
_mc_S ■ handle; 

MCOOPMsg msg (_mc_rec, CLOCK_.ADJ\ISTALARM, aizeof ( •thia), this), 

lifdef META_CALL 
(void) mag.Call (): 

lelse I • META_CALL • 1 
(void) msg.Send (>: 
(void) msg.Receive (); 

lendH J • META_CALL • J 
(void) ByteCopy ((byte ' ) ,_mc_2, (byte• ) ,cime, sizeof (Jllc_2)); 
return _mc_O: 



extern •c++• 
Alann ClockBindAlarmMsg: :BindAlann (SID _JTIC_rec, const Alannlnfo &time, const SID sid, longword 
selector, Handle handle) 
( 

(void) ByteCopy ((byte• ) &time, (byte•) &_JT\c_l, sizeof (time)); 
_JTIC_2 sid; 
.JIIC_3 selector; 
.JIIC_4 handle; 

MCOOPMsg msg (_mc_rec, CLOCK....BINDALARM, sizeof (*this), this); 
Jifdef META._CALL 

(void) msg .Call (); 
#else ,. META._CALL ., 

(void) msg.Send (); 
(void) msg.Receive (); 

iendif t • META._CALL • t 
(void) ByteCopy ((byte• ) &_mc_l, (byte• ) &time, sizeof (_mc_l)l; 
return _;nc_O; 

extern •c++· 
void ClockCheckAlannsMsg: :CheckAlanns (SID _JTIC_rec) 
( 

MCOOPMsg msg (_mc_rec, CLOCK....CHECKALARMS, sizeof {*this), this); 
lifdef META_CALL 

(void) msg.Call (); 
lelse f • METi\_CALL ' I 

(void) msg . Send (); 
(void) msg . Receive (); 

* endif / • MET..,__CALL • / 
return; 

extern ·c++· 
AlannStatus ClockGetAlanninfoMsg: :GetAlanninfo (SID .JIIC_rec, Alann anAlarm) 
( 

_mc_l = anAlann; 

MCOOPMsg msg {.Jllc_rec, CLOCJCGETALARMINFO, sizeof {*this), this); 
hfdef META._CALL 

(void) msg .Call (); 
lelse / * META....CALL * / 

(void) msg.Send {); 
(void) msg.Receive (); 

lendif /* META._CALL */ 
return _JT\c_0; 

e xtern ·c++'" 
Time ClockGetCUrrentTimeMsg: :GetCUrrentTime (SID _JtlC_rec) 
( 

MCOOPMsg msg (_mc_rec, CLOCK_GETCURRENTTIME, sizeof (*this), this); 
tifdef META._CALL 

mError m = msg.Call (); 
Printf ( •error code for ClockGetCurrentTimeMsg: :Call %d\n". ml; 
Flush(); 

lelse t• META_CALL •/ 
mError m = msg.Send (); 
Printf(•error code for ClockGetCUrrentTimeMsg: :Send %d\n•, m); 
Flush(); 
m = msg.Receive (); 
Printf( • error code for ClockGetCurrentTimeMsg: :Receive %d\n•, m); 
Flush( l; 

lendif / * META_CALL */ 
return _mc_O; 

extern "C++-" 
size_t ClockNumAlarmsMsg: :NumAlarms (SID _JTIC_rec) 
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MCOOPMsg msg (.Jl\C_rec, CLOCK_NUMALARMS, sizeof (•this), this); 
Hfdef META_CALL 

(void) msg. Call (); 
telse ;• META....CALL • ; 

(void) msg.Send (); 
(void) mag.Receive (); 

Jendif 1• META_CALL •/ 
return _mc_O; 

extern "C++'" 
size_t ClockNumArmedAlarmsMsg::NumArmedAlarms (SID .Jl\C_rec) 
( 

MCOOPMsg msg (.Jl\c_rec, CLOC)CNUMARMEDALARMS, sizeof (*this), this); 
lifdef META_CALL 

(void) msg.Call (); 
#else ;• META....CALL •; 

(void) msg.Send (); 
(void) msg.Receive (); 

fendif ;• META....CALL •; 
return _mc_0; 

extern "'C++ .. 
Boolean ClockResetMsg: :Reset (SID .Jl\C_rec, long granularity) 
( 

.Jl\C_l = granularity; 

MCOOPMsg msg (_mc_rec, CLOCK_RESET, sizeof ( • this), this); 
lifdef META....CALL 

(void) msg . Call (); 
#else f• META_CALL •f 

(void) msg.Send (); 
(void) msg.Receive (); 

iendif ; • META_CALL •/ 
return _mc_O; 

extern "C++'" 
Boolean ClockResetTimeMsg: :ResetTime (SID .Jl\C_rec, const Time time, long granularity) 
( 

.Jl\C_l 
_mc_2 

time; 
granularity; 

MCOOPMsg msg (.Jl\C_rec, CLOCK_RESETTIME, sizeof (*this). this); 
lifdef META_CALL 

(void) msg. Call (); 
lelse / * META....CALL ' / 

(void) msg.Send (); 
(void) msg . Receive (); 

fendi f / • META....CALL • / 
return _mc_O; 

extern ·c++· 
Boolean 
( 

ClockUnBindAlarmMsg: :UnBindAlarm (SID _mc_rec, Alarm anAlarm) 

.Jl\C_l = anAlarm; 

MCOOPMsg msg (_Jl\C_rec, CLOCK_UNBINDALARM, sizeof (*this), this); 
lifdef META_CALL 

(void) msg. Call (); 
#else J• META....CALL */ 

(void) msg.Send (); 
(void) msg.Receive (); 

Jendif /* META__CALL •/ 
return _mc_O; 
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D.1.5 Alarm.h 

Alarm.h II 
II 
II 
II 
II 
II 

By Robert w. Bryce 
Version 1.02 
St.arted: March 20, 1995 

March 29, 1995 Last Modified: 

iifndef OBJECT_ALARM_H 
#define OBJECT_ALARM_H 

linclude <Realtime.h> II $(TOP)/Objects/hlRealtime.h 

typedef longword Alarm; 

class Alarmlnfo 

) ; 

public: 
Boolean 
Time 
Boolean 
Julian 
Boolean 

StartTimeValid; 
Start Time; 
IntervalTimeValid; 
Interval Time; 
Periodic; 

II start time of alarm (optional) 

// relative time of alarm (optional) 
II whether alarm is once-off or repeats 

void copy (Const Alarminfo &toCopy); 

Alarminfo () ; 
Alarminfo (const Alarminfo &toCopy); 

Alarrninfo &operator= (const Alarmlnfo &toCopy); 

/• Alarms: 
Either the start. time, interval time, or both must be specified. 
If the start time is not specified, Clock calculates it by 
current_time + interval_time. 
The alarm will go off at the calculated/specified start time. If 
Periodic is TRUE, then the alarm will continue to go off 
at IntervalTime intervals after StartTime. 

class AlarmStatus 
public: 

Boolean 
Boolean 
Alarminfo 

Time 

Valid; 
Armed; 
Info; 

Signal Time; 

// if info that follows if valid 
II if alarm is set and ready to go at some time 
II absolute time of alarm to go off 

II next/last t.ime timer will go off 

void copy (const AlarmStatus &toCopy); 

AlarmStatus (); 
AlarrnStatus (const AlarmStatus &toCopy); 

Boolean IsValid () 
Boolean IsArrned () 
Alarminfo &GetAlarminfo () 

return Valid; ); 
return Armed; ) ; 
return Info; l; 

AlarmStatus &operator= (const AlarrnStatus &toCopy); 
) ; 

lendif 

D.1.6 Realtime.h 

II Realtime.h 
II 
JI By Robert. w. Bryce 
II Version 1.01 
II Started: March 8, 1995 
// Last Modified: March 28, 1995 
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lifndof OBJECT_REALTIME_H 
ldefine OBJECT_REALTIME_H 

#include <Typea.h> II $1TOP)ISyatemlh/Types.h 

Jifdcf _mcplusplus 
linclude <OUtStream.h> II $(TOPIIObjectslh/OUtStream.h 
lend if 

typedef enum ( 
Sunday• 0, aunday • 0, 
Monday • 1. aonday • 1 • 
Tuesday• 2, tuesday • 2, 
Wednesday• 3, wedne1day • 3, 
Thursday• 4, thursday = 4, 
Friday• S, friday • 5, 
Saturday• 6, aaturday = 6 

weekday; 

class Time; 

class Julian 
public: 

long 
long 

milliseconds; 
days, 

) ; 

Julian (long ma= 0, long d • O); 
Julian (conat Julian ,toeopyl; 
Julian (const Time ,toeopy); 

void Norwalize Cl: 

Julian operator+ (long IIISI const; 
Julian operator+ Cconst Julian ,toAddl const1 
Julian operator+ Cconst Timo ,toA&:11 conat; 
Julian operator - (long ,u) const; 
Julian operator - (const Julian ,toSubtractl const; 
Julian operator - Cconst Tim &toSUbtractl conat; 
Julian ,operator (long msl: 
Julian &operator+• Cconst Julian ,coAddl; 
Julian &operator+• (Const Time ,t.oAdd); 
Julian ,operator "ring -~I; 
Julian &operator onst .rulian ,toSubtractl; 
Julian ,operator (const Time &toSubtactl; 
Julian ,operator• ( nst ulian LtOCopyJ; 
Julian &operator 2 nst ce ,toCoPYl: 
Boolean operator (const Julian ,coeomparel conat; 
Boolean operator (const Time ,toComparel canst: 
Boolelln operator!• (conat Julian &toCcmparol const; 
BOolean 
Boolean 
Boolean 
BOolean 
Boolean 
Boolean 
Booleon 
BOolcan 
Boolean 

operator 
operator 
operator 
operator 
operator 
operator 
operator 
operator 
operator 

I• (canst Time &toCo::,pare) const; 
< (const Julian &t.oComparel const.: 
< (const Time &toComparel const: 
<• (const Julian ,coeo,,,:pare) const: 
<• (Const Time •t.oCompar•I const; 
> (const Julian ,toeomparel const; 
> (const Time ,toeompare) const; 
>• (canst Julian ,toComparcl const1 
>• (const Time &toCoa,parel canst: 

static long Granularity() I return 1000: ) : 
II accurate to 111000th second 

class Time ( 
friend claas Julian: 
private: 

lifdef _,mcplu1plus 

lendif 

void di1playdayCOUtStrea:i ,sJ canst; 
void displaymonth(OutStream ,s1 const; 
void dlaplayyear(OutStream &sl conat: 

public: 
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long mill iSeconds; 
short second; 
short minute; 
short hour; II 
short day; II 
short month; 
short year; 
short yearDay; II 
Weekday workDay; II 

protected: 
short currentFormat; 

void copy (const Time &toCopy); 

void doSeconds (long milliseconds); 
long normalizeOay (); 

public: 
Time (const Time &toCopy); 
Time ( long ms= O, 

short s = 0, 
short mi = 0, 
short h = O, 
short d = l, 
short mo= 1, 
short y = 1995, 

this and above origin 0 
this and below origin l 

what day of the year (l. .. 365) 
what day of the week it is 

short format= OxOOOl); 
Time (const Julian &date, short format 

II FORMAT_CANADil\N default (see below) 
= OxOOOl); 

void Normalize (); 

iifdef __mcplusplus 

lendif 

void Display (OutStream &s) const; 
void Oisplayoate (OutStream &s) const; 
void DisplayTime (OutStream &s) const; 

void SetDisplayFormat (short format); 
short GetOisplayFormat (); 

// legal formats: 
#define FORMAT_CANAOIAN 
#define FORMATJ.,ONGCl\NADIAN 
#define FORMAT_TEXTCl\NADIAN 
#define FORMAT_LONGTEXTCANADIAN 
#define FORMAT_USA 
fdefine FORMAT_LONGUSA 
#define FORMAT_TEXTUSA 
tdefine FORMAT_LONGTEXTUSA 
ldefine FORMAT_YEAR 
ldefine FORMAT_LONGYEAR 
ldefine FORMAT_TEXTYEAR 
tdefine FORMAT_LONGTEXTYEAR 
ldefine FORMAT_YEARl 
#define FORMAT_LONGYEARl 
tdefine FORMAT_TEXTYEARl 
ldefine FORMAT_LONGTEXTYEARl 

ldefine FORMAT_OATEFIRST 
ldefine FORMAT_TIMEFIRST 

#define FORMAT_INCLUOEOAYOFWEEK 

Time operator + (long ms) const; 

(OxOOOl) 
(OxOlOll 
(Ox0201 l 
(Ox030ll 
(Ox0002) 
(Ox0102l 
(Ox0202) 
(Ox0302l 
(Ox0004) 
(Ox0104) 
(Ox0204) 
(Ox0304) 
(Ox0008l 
(Ox0108) 
(Ox0208) 
(Ox0308) 

(OxlOOO) 
(OxOOOO) 

(Ox2000) 

Time 
Time 
Time 

operator+ 
operator+ 
operator -

(const Julian &toAdd) const; 
(const Time &toAdd) const; 
(long ms) const; 

Time operator -
Time operator -
Time &operator 
Time &operator 
Time &operator 
Time &operator 
Time &operator 
Time &operator 
Time &operator 
Time &operator 

(const Julian &toSubtract) const; 
(const Time &toSubtract) const; 

+= (long ms); 
+= (const Julian &toAdd); 
+= (const Time &toAddl; 

(long ms); 
(const Julian &toSubtract); 
(const Time &toSubtact); 

(const Julian &toCopy); 
= (const Time &toCopy); 

II dd/mm/yy 
II dd/mm/yyyy 
II dd mmm yy 
II dd mmm yyyy 
II mm/ddlyy 
II mm/dd/yyyy 
II mmm dd yy 
II mmm dd yyyy 
II yy/mm/dd 
II yyyy/mmldd 
II yy mmm dd 
II yyyy mmm dd 
II yyldd/mm 
II yyyy/dd/mm 
II yy dd mmm 
II yyyy dd mmm 

II put date before time 
II put time before date 
II (default) 
II put day of week in 
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Boolean operator (const. Julian &toCompare) const; 
Boolean operator (const Time &t.oCompare) const; 
Boolean operator != (const. Julian &toCompare) const; 
Boolean operator != (const Time &toCompare) const; 
Boolean operator < (const Julian &tocompare) const; 
Boolean operator < (const Time &toCompare) const; 
Boolean operator <= (const Julian &toCompare) canst; 
Boolean operator <= (const Time &toCompare) const; 
Boolean operator > (const. Julian &t.oCompare) const; 
Boolean operator > (const Time &toCompare) const; 
Boolean operator >= (const Julian &toCompare) const; 
Boolean operator >= (const Time &toComparel const.; 

#ifdef _JIICplusplus 
friend Out.St.ream &operator<< (out.Stream &s, const. Time &time) 

{ time.Display(s); returns; ); 
friend OUtSt.ream &operator<< (OutSt.ream &s, const. Time •time) 

( time->Display(s); returns; ); 
lendif 

static long Granularity () 
); 

tendif 

D.2 A User Object 

D.2.1 ThesisTest.h 

II 
II 
// 
II 
II 
II 

ThesisTest. h 

By Robert w. Bryce 
Version 1.0 
Started: March 7, 1995 

April 27, 1995 Last Modified: 

lifndef OBJECT_THESISTEST_H 
#define OBJECT_THESISTEST_H 

( return 1000; ); 
// accurate to 111000th second 

#include <Clock.h> 
#include <FastTimer.h> 
#include <LogicalTimer.h> 
linclude <ULike.h> 
linclude <Silent.Test..h> 
linclude <LoudTest..h> 

// S(TOP)/Objects/ApplicationslClock/h/Clock.h 

active class ThesisTest 
Clock 
SID 
Silent.Test 
LoudTest 

public: 
ThesisTest (); 

active: 
void Start. (); 
void Display (); 

II S(TOP)IObjectslApplicationslClock/hlFastTimer.h 
II S(TOP)IObjectslApplicationslClock/hlLogicalTimer.h 
II $(TOP)IObjectslApplicationslObjectlhlULike.h 
II $(TOP)IObjectslApplicationslSilentTest/h/SilentTest.h 
// S(TOP)/Objects/Applications/LoudTest/hlLoudTest.h 

: public ULike 
•clock; // an active object on MCore 
scheduler; // another active object on MCore 
•st; II an active object on MMiniMeta 
•lt; II another active object on MMiniMet.a 

void FastTimerTest (); 
void PingPongTest (); 
void TimerTest. (); 

) ; 

lendif 

D.2.2 ThesisTest.mc 
// ThesisTest.mc 
II 
// By Robert. W. Bryce 
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II 
II 
II 

Version 1.0 
Started: 
Last Modified: 

March 7, 1995 
May 3, 1995 

iinclude <MCOOPMessage . h> 
iinclude <MetaLib.h> 
iinclude <OutStream.h> 
#include <ThesisTest.h> 
#include <ClockMsg.h> 
#include <SilentTestMsg.h> 
#include <LoudTestMsg.h> 

ff$(TOP)ISystemfhfMCOOPMessage.h 
If $(TOP)IObjectsfhlMetaLib. h 
If $(TOP)fObjectslApplicationsfOutStreamfh/OUtStream.h 
ff $(TOP)fObjects/Applications/ThesislhlThesisTest . h 
II $(TOP)/Objectslh/Clock. h 
fl $(TOP)IObjectsfApplicationslSilentTestlh/SilentTest.h 
If $(TOP)/Objects/Applications/LoudTest/h/LoudTest.h 

ThesisTest: :ThesisTest () { 
) 

void ThesisTest: :Start () 
ULike: : Start (); 
ResetTimer(); 

// looking for other objects in the system 
clock= meta->Find("clock"); 
if (clock.IsValid()) 

else 
cout << "Found the Clock.\n"; 

cout << "Couldn't find a clock.\n"; 

scheduler = meta->Find( "scheduler") ; 
if (scheduler . IsValid()) 

cout << "Found the Scheduler. \n"; 
else cout << •couldn't find a scheduler . \n'; 

st meta->Find("silentTest"); 
if (st . IsValid()) { 

cout << "Found SilentTest\n"; 
st->Start(): 

) else cout << •couldn't find SilentTest\n"; 

lt = meta->Find("loudTest"); 
if (lt. IsValid()) ( 

cout << "Found LoudTest\n"; 
lt->Start(); 

) else cout << "Couldn · t find LoudTest \n ·; 

void ThesisTest::Display () ( 
cout << "I'm the ThesisTest object! \n"; 
st->Display(); 
lt->Display(); 

void ThesisTest: :FastTimerTest () ( 
FastTimer ft; 
longword lw = ft.GetTime(); 
FastTimer f2; 
for (long i=O; i < OxOOOfffff; i++); 
longword 12 = f2.GetTime(); 
cout << "'Time 1: " << lw << "'Time 2: • << 12 << "\n• i 
Flush(); 

void ThesisTest: :PingPongTest () ( 
ff cout's produce synchronous sends to OutStream 

cout << "PingPongTest not yet complete.\n"; 

cout << Mahout to send first asynchronous send ... \n"; 

LoudTestTestMsg lMsg; 
MCOOPMsg msg2(lt, LOUOTEST_TEST, sizeof(lMsg), &lMsg); 
msg2.Send(); 

cout << •about to send second asynchronous send ... \n"; 

SilentTestTestMsg sMsg; 
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void 

MCOOPMsg msgl(st, SILENTTEST_TEST, sizeof(sMsg), &sMsg); 
msgl . Send ( ) ; 

cout << •done!\n"; 

ThesisTest: :TimerTest () ( 
Time tt; 
tt = clock->GetCurrentTime(); 
cout << tt << "\n"; 
Time t3; 
t3 . Normalize() ; 
cout << "day of the week for 
cout << "day of the year for 
t3.day = 22; 

<< t3 << 
<< t3 << 

is 
is 

<< t3.work.Day << •\n•; 
<< t3.year0ay << •\n"; 

t3.rnonth = 3; 
t3.SetOisplayFormat(FORMI\T_LONGT8XTCANADillN I FORMI\T_DATEFIRST I FORMI\T_INCLUDEDAYOFWEEK); 
t3. Norrnali ze () ; 
cout << "day of the week for 
cout << "day of the year for 

<< t3 << 
<< t3 << 

Time t1(999,59,59,23,31,12,1995); 
cout << tl << "\n"; 
tl.Norrnalize( J; 
cout << tl << "\n"; 
tl +" l; 
cout << tl << •\n•; 
Time t2 ( -50) ; 
cout << t2 << •\n•; 
t2 .Normalize (); 
cout << t2 << •\n•; 
tt" clock->GetCUrrentTirne(); 
cout << tt << ·\n•; 
cout << •none!•: 

D.2.3 ULike.h 
,. 

• The Apertos Operating System 

is << t3.workDay << 
is•<< t3.yearDay << 

• Any code and mechanism in this module may not be used 
• in any form without permissions. 
• Copyright (Cl 1994 SONY COMPUTER SCIENCE LABORATORY Inc., 
* All Rights Reserved. 
* I 

I* 
• REVISION 
• $Date: 1993/1010B 03:07:07 $ 
• $Revision: 1.11 $ 
•1 

lifndef _ULike_h_DEFINED 
#define _ULike_h_DEFINED 

1• 
UNIX Like 

cin, cout, cerr 

linclude <Object.h> 

iifdef _mcplusplus 
active class InStrearn; 
active class OutStrearn; 
#else 
class 
class 
iendif 

In Stream; 
OutStrearn; 

lifdef _rncplusplus 

II Objectslh 

//active class ULike : public Object, meta MCOOP ( 
active class ULike : public Object ( 
ielse 
class ULike : public Object 

• \n"; 
• \n"; 



,endif 
protected: 

InStream• 
OutStream* 
OutStream• 

protected: 
public: 

cin; 
cout; 
cerr; 

ULike ( l; 

fifdef _mcplusplus 
active: 
iendif 

) ; 

void 
void 
void 

Start (); 
Display ( l; 
Main (); 

tendif 1• ULike_h_DEFINEll */ 
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