Position Paper for the W orkshop on Ob ject-Oriented Re ection and Metalevel Architecture at OOPSLA’93

Kernel Structuring for Ob ject-Orien ted Op erating

Systems: The Ap ertos Approac h y

Y asuhik o Y okote

Sony Computer Science Lab oratory Inc.

T ak ana wa Muse Building,

3-14-13 Higashi-gotanda, Shinagaw a-ku,

T okyo, 141 JAP AN

e-mail: ykt@csl.sony

.co.jp

Abstract

This pap er addresses the issues faced when con-

structing an op erating system and its kernel with

ob ject-oriented technology . W e �rst prop ose ob-

ject/metaob ject separation, a means of construct-

ing an ob ject-oriented op erating system and its

kernel. This metho d divides the implementing

system facilities and applications into tw o types:

ob jects and metaob jects. This pap er presents

the concept of object/metaobject separation and

discusses why object/metaobject separation is re-

quired in terms of limitations in the micro-kernel

and ob ject-oriented technologies. W e also dis-

cuss an example of using object/metaobject separa-

tion as implemented in Ap ertos. This pap er then

prop oses mechanisms which e�ciently implement

object/metaobject separation. These are charac-

terized by meta-level context management, and

are implemented in the Ap ertos op erating system.

Meta-level context management is designed to re-

duce the ov erhead of control transfer b etw een an

ob ject and its metaspace. Here, metaob jects re-

ectors, MetaCore, Context, and Activity are in-

tro duced to represent the metahierarchy of an ob-

ject’s execution. Finally

, we present the ev aluation

results of the Ap ertos implementation, and discuss

the relationship with previous work.

1 Intro duction

Recently

, ob ject-oriented technology has b ecome

p opular for the construction of complicated sys-

tems, enabling an op erating system to again b e con-

structed using that technology

. Ob ject-orientation

encourages mo dularization, increases reusability

and maintainabilit y , gives users/programmers a

single uni�ed p ersp ective of a system, as well as

y

This work will b e presented at International Symp osium

on Ob ject T ec hnology for Adv anced Softw are (ISOT

AS).

providing other adv an tages. Example systems are

Chorus [Rozier et al. 88], Amo eba [T anenbaum

et al. 90], Clouds [Spa�ord 86], and Choices

[Campb ell et al. 91]. Also, micro-kernel technology

is widely used for constructing op erating systems.

A micro-kernel de�nes minimum functions, on top

of which richer system functions are implemented.

Systems such as V-kernel [Cheriton 88], Mach [Ac-

cetta et al. 86], and the systems mentioned earlier

all use this technology .

How ever, recent trends in the computing envi-

ronment, such as mobile computing and massive-

scale distributed computing environments, require

a new technology that go es b eyond micro-kernel

and ob ject-oriented technologies in the construc-

tion of an op erating system. Although we can char-

acterize this environment using several keywords,

this pap er fo cuses its attention on one crucial char-

acteristic, i.e., op en-endedness. That is, the sys-

tem’s b ehavior cannot b e predicted from the sys-

tem con�guration time. The increasing scale and

complexity of the system also forces users and pro-

grammers to reduce their demands on the system,

lest it b ecomes imp ossible to accurately predict the

number of entities, such as workstations, mobile

terminals, devices, and activities. F urther, due to

a high degree of distribution, it is di�cult for users

and programmers to b e freed from their dep endence

on the environment.

Micro-kernel and ob ject-oriented technologies are

limited to addressing the op en-endedness prop erty .

A micro-kernel provides no p olicies other than the

minimum mechanisms. Howev er, we need a disci-

pline with which p olicies or system services can b e

implemented on top of the micro-kernel. Also, since

an ob ject is op en-ended, it changes its prop erties

during its execution or lifetime. This sometimes re-

quires the extension of the mechanisms provided by

a micro-kernel. F or instance, if an ob ject provides

a realtime constraint, a micro-kernel must provide

a mechanism for realtime scheduling. The p ossibility of the extension of the micro-kernel weakens the

adv an tages of micro-kernel technology .

Ob ject-oriented technology addresses these is-

sues in micro-kernel technology . W e, howev er, en-

counter di�culties when we supp ort ob jects in con-

structing op erating system kernels. Even though

ob ject-oriented technology o�ers the adv antages of

encapsulation (or information hiding) for creating a

uni�ed interface b etw een ob jects, we need a mech-

anism to break this encapsulation and supp ort ob-

jects by op erating system kernels in a uniform way .

This pap er prop oses object/metaobject separa-

tion, a means of constructing an ob ject-oriented

op erating system and its kernel, which divides ob-

jects implementing system facilities and applica-

tions into tw o typ es: base-level ob jects (or simply

ob jects) and metaob jects. An ob ject is an entity

that can b e considered as b eing individual, i.e., it

can b e shared by another ob ject. A metaob ject is

a member of a metaspace that provides an ob ject

with the optimal execution environmen t.

The term \meta" is de�ned in this pap er such

that:

� it is relative to a \base" (or the base-level of

an entity);

� it provides a \base" with an interface and fa-

cilities to de�ne the base-level abstraction and

semantics that are av ailable to base-level pro-

gramming; and

� it is an environmen t in which an ob ject is ac-

tive.

In this resp ect a metaspace, in some senses, roughly

corresp onds to a virtual machine or an optimal op-

erating system for ob jects. In terms of a virtual

machine, a (virtual) instruction set is provided for

ob jects, which de�nes a softw are architecture or a

software mo del for ob ject programming. F or ex-

ample, communication proto cols b etw een ob jects,

such as synchronous, asynchronous, and realtime

proto cols, are de�ned by their metaspaces. In

terms of an op erating system, an ob ject’s execu-

tion environmen t is given by its metaspace, i.e., the

metaspace supp orts an ob ject as a co op erative en-

tity with its environment. F or example, if ob jects

need to b e scheduled in realtime, their metaspaces

provide a realtime scheduler and memory manage-

ment for that purp ose.

In Section 2, we address the concept of ob-

ject/metaobject separation and discuss why ob-

ject/metaobject separation is required in terms of

the limitations of micro-kernel and ob ject-oriented

technologies. W e also introduce an example of us-

ing object/metaobject separation as implemented

in Ap ertos. Section 3 prop oses mechanisms that ef-

�ciently implement object/metaobject separation.

These mechanisms are characterized by meta-level

context management, and are implemented in the

Ap ertos op erating system. In Section 4, we present the ev aluation results of the Ap ertos implementa-

tion. Section 5 then discusses the relationship with

previous work. Finally

, Section 6 concludes this

pap er by discussing the current status of the im-

plementation.

2 Ob ject/Metaob ject Sepa-

ration

As we mentioned in the intro ductory section,

ob ject-oriented technology is again b ecoming p op-

ular in the construction of op erating systems. This

is b ecause it facilitates the implementation of com-

plicated systems, including op erating systems. Be-

fore presenting object/metaobject separation, we

will discuss the de�nition of an ob ject. Throughout

this pap er, we de�ne an ob ject as follows. An ob-

ject is an entit y which can b e considered as b eing

an individual. That is, an ob ject is a unit to b e

shared by another ob ject. Each ob ject has a name

(or an identi�er) with which others denote that ob-

ject, i.e., an ob ject has an identity allowing it to b e

distinguished from other ob jects.

This basic prop erty creates the following unique

adv an tages. First, it encourages mo dularization.

An ob ject is a unit of protection, which prohibits

erroneous and/or malicious access to an ob ject.

Actually

, the internals of an ob ject are accessed

through its public interface as exp orted to other ob-

jects. Second, this prop erty increases the reusabil-

ity and maintainability

. Since the internals of an

ob ject or the implementation of an ob ject cannot

b e seen by other ob jects, an existing ob ject can b e

replaced with a new one, if its interface is preserved.

This is help ed by class hierarch y in ob ject-oriented

technology

. Finally

, it gives users and programmers

a single p ersp ective of the system. An ob ject is the

only constituent of the system. When we denote

a system service, the only entit y we can see is the

ob ject.

Based on this de�nition, this section presents

object/metaobject separation. Then, we discuss

why object/metaobject separation is required, and

discuss the limitations of micro-kernel and ob ject-

oriented technologies. Also, this section presents

applications of object/metaobject separation.

2.1 Prop osal of Ob ject/Metaob ject

Separation

W e intro duce the notion of \meta" into op erat-

ing system construction and application program-

ming. That is, ob jects implementing system facili-

ties and applications are \base" ob jects (or ob jects)

or \meta" ob jects (or metaob jects). In detail, ob-

ject/metaobject separation is de�ned as follows:

� each ob ject is active in its own execution en-

vironment which is given by the group of

metaob jects forming its metaspace; and

� a metaob ject is an ob ject co op eratively pro-

viding an interface and facilities for (the base-

level of ) ob jects to de�ne ob ject abstraction

and semantics.

This is the principal de�nition of object/metaobject

separation. W e extend this b elow.

Here, consider the construction of a system sup-

p orting ob ject-oriented programming. It is di�cult

to determine an ob ject’s granularit y during system

design. This is b ecause there are three factors; a

protection unit, a memory segment which acts as an

information container, and an activity which is the

thread of control; which should b e indep endently

considered and co op eratively designed. UNIX

1

is

an example of a system combining these three fac-

tors. By intro ducing threads, the activities can b e

separated from these three factors.

Recently

, the implementation of systems sup-

p orting ob ject hav e shown a trend towards manag-

ing these three factors out of the kernel. Amo eba is

an example in that its kernel knows nothing ab out

an ob ject. Since an ob ject is a unit of protection,

it is protected from others by capabilities managed

by server pro cesses. Also, a �ne-grained ob ject is

protected from others by a programming language.

The Amo eba kernel provides a memory segment,

but a language system manages that segment for

ob jects. Scheduler activ ation [Anderson et al. 91]

and �rst-class user-level thread [Marsh et al. 91]

are other examples to handle activities out of the

kernel.

With the �rst de�nition, an ob ject is free from

the internal representation that is usually deter-

mined by the underlying op erating system. This

approach to the ab ov e three factors di�ers from

that used in existing systems. Since an ob ject is

de�ned by its metaspace, i.e., an ob ject’s identity is

given by that metaspace, the p olicy used to handle

these three factors is determined by the metaspace.

F or example, a metaspace can de�ne ob jects as an

array of structures, but we can regard an element

of that array as b eing an ob ject from outside that

ob ject, b ecause the only way to see that ob ject, i.e.,

to inv ok e a metho d of that ob ject, is to use a facil-

ity of its metaspace. In this resp ect, a metaspace

shows the ob jects that are visible from outside the

ob jects.

With the second de�nition, a metaob ject repre-

sents a description of an ob ject, i.e., an ob ject’s

state and a group’s state. In this resp ect, con-

current activities within a metaspace can b e intro-

duced to increase the av ailability of metaob jects up

1

UNIX is a registered trademark of A

T&T Bell

Lab oratories.

to implementation, and we can de�ne these as con-

current ob jects [Y onezaw a and T okoro 87]. Also, it

is p ossible for tw o or more metaspaces to share a

metaob ject, as a means of keeping common infor-

mation among those metaspaces. This enables us

to reduce the cost of negotiation b etween metas-

paces to solve con icts b etween them. By de�ning

a metaob ject as an ob ject, the second de�nition

implies that the system can b e constructed by the

hierarchical structure of ob jects and metaob jects.

In addition to this de�nition, we allow an ob ject

to change its relationship with its metaspace, i.e.,

an ob ject can exchange its metaspace with another.

This ampli�es the adv an tages of object/metaob-

ject separation. This also facilitates the implemen-

tation of ob ject migration. Ob ject migration is

when an ob ject trav els to another metaspace. Ob-

ject migration enhances the following capabilities of

the system: system extensibility

, softw are upgrad-

ability

, environmen t supp ort for mobile computers,

environment-dependent system con�guration, etc.

2.2 Issues in Micro-kernel and

Ob ject-Oriented Structuring

Recently

, micro-kernel technology has b een widely

used to implement op erating systems. It is b ene�-

cial for the indep endence of architectural (or hard-

ware) heterogeneity of a system, b ecause it de�nes

the minimum set of system functions, i.e., it can b e

considered as b eing standard for inter-op erability .

It is, how ever, hard to extend the primitives pro-

vided by a micro-kernel when we need to supp ort

a new service which cannot b e completed without

kernel supp ort. An example is a facility for real-

time computing. R

T-Mac h has intro duced a re-

altime facility to the Mach kernel [T okuda et al.

90]. This is a crucial limitation on environments

with prop erty op en-endedness, b ecause new ser-

vices that were not exp ected when the system was

con�gured often emerge.

Micro-kernel technology is also helpful for the

mo dular construction of op erating systems. A

micro-kernel usually supp orts a low-lev el scheduler,

virtual memory management, and a mechanism for

pro cess communication. Additionally

, many sys-

tem services are implemented as indep endent mo d-

ules (or pro cesses in some systems) using this min-

imum set. It usually de�nes the basic abstraction

of the system, for example in the Mach op erating

system, pro cesses, threads, ob jects, and p orts are

provided by a kernel. In this resp ect, a kernel di-

vides the system into two lay ers: one uses the ab-

straction implemented by the other layer (i.e., it

acts as a kernel). Although micro-kernel technol-

ogy increases the architectural indep endence of ker-

nel software, it is not the b est wa y of constructing

an op erating system. It says nothing ab out realizing indep endent mo dules, i.e., no guidelines or rules

are provided by that technology . W e need no longer

b e concerned ab out which services are implemented

as mo dules or which functions are combined into a

mo dule.

Ob ject-oriented technology can solve this issue to

some degree. That is, it provides a discipline when

designing mo dules, i.e., an ob ject is an indep en-

dent mo dule, functions are classi�ed by classes, and

class hierarchy helps us to reuse existing functions.

Also, ob ject-oriented technology addresses the ex-

tensibility of the op erating system in the sense that

ob jects constituting the system can b e dynamically

replaced with new ones to supp ort new services.

The uni�ed interface for an ob ject helps us to re-

place an existing ob ject.

Howev er, ob ject-orientation is not acceptable in

the following case, b ecause it creates a number of

problems. That is, we have to ov ercome several dif-

�culties when we consider everything as an ob ject.

Particularly a�ected are:

� the debugger, which needs to insp ect the in-

ternals of an ob ject;

� the ob ject manager, which needs to access

meta-data such as the representation of a mes-

sage and an ob ject’s state information to de-

liver a message to the target and to control

ob ject activities; and

� the group manager, which needs to know the

dep endency b etween ob jects.

Since the priv ate metho ds of an ob ject are p ermit-

ted to access its internals, we need a sp ecial metho d

of exp orting these to a debugger. Since meta-data

is data that represents an ob ject’s state as well as

a group’s state, it can hardly b e maintained by the

ob ject itself. If it is separately maintained by an ob-

ject, it is di�cult to keep meta-data consistent with

the actual state of concurrently executing ob jects.

Since dep endency b etw een ob jects is dynamically

changing and determined according to the degree

of global information, we need a wa y of keeping

track of ob ject-ob ject interaction. These di�cul-

ties are caused by the ob ject’s basic prop erty of

b eing individual.

2.3 Contributions of Object/Meta-

object Separation

Due to the issues raised in the previous discussion,

we prop ose object/metaobject separation. Firstly ,

a metaspace is a collection of metaob jects and is

dynamically constructed to b e optimal for ob jects.

That is, we can create a new metaspace for a new

service. This has adv antages over micro-kernel

technology in terms of extensibility

, and supp orts

the op en-ended prop erty .

Secondly

, since a metaspace can b e a virtual ma-

chine devoted to ob jects, the architectural indep endence of ob jects can b e achieved in that:

� when an ob ject and its group change their

prop erty

, we can move them to another metas-

pace (or a newly created metaspace) to satisfy

that change; and

� we can create a new metaspace for a new sys-

tem service that emerges dynamically .

In this wa y , the con�guration of the system deter-

mined at system b o ot-up can b e extended by cre-

ating a new metaspace and changing an ob ject’s

metaspace. This increases the system’s recon�g-

urability and extensibility .

Thirdly

, object/metaobject separation can ov er-

come some of di�culties highlighted in the previ-

ous subsection. That is, since a metaob ject con-

stituting a metaspace represents a description of

an ob ject, the internals of an ob ject, the execution

state of an ob ject, the dep endency b etween ob jects,

etc. can b e accessed through a metaob ject. F or in-

stance, a debugger is implemented at the meta-level

of an ob ject to b e examined.

Lastly

, in ob ject-oriented technology

, there is no

distinction b etw een an ob ject and its metaob ject

for that ob ject. This distinction is crucial when

designing complicated op erating systems. Ob-

ject/metaobject separation forces us to b e aware

of which ob jects are \meta" of other ob jects and

which ob jects are running in which metaspace, b oth

during programming and at run time. This clari�es

the structure and the con�guration of the system.

Also, this distinction encourages us to design a new

op erating system for exp erimental purp oses, which

is augmented by the class hierarch y .

2.4 Example of Ob ject/Metaob ject

Separation

This subsection demonstrates object/metaobject

separation in the design of a virtual memory sys-

tem, implemented in the Ap ertos op erating system.

In the design, the memory metahierarchy of the sys-

tem, which is a metahierarch y dedicated for mem-

ory management, has b een so designed as to ob ey

the concept of object/metaobject separation. That

is, the primary concerns of the virtual memory de-

sign are how the system is organized and who is

resp onsible for managing the lo cal storage of an

ob ject. Figure 1 shows our answer to these con-

cerns. Here, a shaded rectangle denotes a metas-

pace, which is represented by a re ector presented

later.

At the ob ject-level, we can only handle ob jects.

The internals of an ob ject are protected by the sys-

tem. At the meta-level of that ob ject, the inter-

nals of the ob ject, i.e, its lo cal storage, are rep-

resented by several segment metaob jects. A sp e-

ci�c prop erty of an ob ject’s lo cal storage is given

by segment metaob jects. F or example, when lo cal

Figure 1: Memory Metahierarch y of the Ap ertos

Virtual Memory System

storage needs to b e managed with a sp eci�c page

replacement algorithm, it is p eculiar to an ob ject’s

segment metaob ject. Any area in memory can b e

managed inside a segment metaob ject as a unit for

page replacement. The corresp ondence b etween

the memory ch unk size in a segment metaob ject

and the underlying physical page size is taken by

the memory metahierarch y . Also, in Ap ertos, sev-

eral p olicies are provided as classes for construct-

ing the virtual memory system. That is, a segment

metaob ject is created by a class which implements

a prop erty of an ob ject’s lo cal storage. Note that,

as discussed in [Y ok ote et al. 89], the class hierar-

chy and metahierarch y is orthogonal in Ap ertos.

Then, we intro duce another metaspace for

metaob jects to b e ob jects. In the memory

metahierarchy

, page metaob jects are the \meta-

"metaob jects of a segment metaob ject. That is,

the lo cal storage of a segment metaob ject is repre-

sented by page metaob jects at its meta-level. In a

similar way

, a sp eci�c prop erty of a segment’s lo cal

storage is given by page metaob jects. In Ap ertos, a

page corresp onds to a physical memory page, and

a segment’s page metaob jects are programmed not

to mov e to secondary storage.

According to the de�nition of object/metaobject

separation prop osed in Subsection 2.1, an ob ject

and its segment metaob ject can change their metas-

paces to others. In Ap ertos, this is used to create

a dynamically recon�gurable and extensible virtual

memory system. The con�guration determined at

system b o ot-up can b e changed by creating a new

metaspace which implements a new prop erty of an

ob ject’s lo cal storage, and an ob ject changes its

metaspace to a new one. This means that an ob-

ject’s lo cal storage is to b e managed by a p olicy

that is di�erent to that of the original one. At any

level of memory metahierarch y , a metaob ject im-

plementing storage management has indep endence

of its metaspace. Hence it can b e recon�gurable

and extensible.

2.5 Summary

In this pap er we claim that the (micro-) kernel of an

op erating system in an op en system cannot provide

the minimum set of functions on which system ser-

vices are constructed, but should provide a means

of encouraging object/metaobject separation. F ur-

ther, ob ject-orientation advo cates using an ob ject

as an individual with identity and providing ob-

ject/metaobject separation. Therefore, there are

some di�culties in constructing an op erating sys-

tem and its kernel using ob ject-orientation, hence

we prop ose object/metaobject separation in which:

� an ob ject is active in its own execution envi-

ronment, which we call metaspace;

� a metaob ject is an ob ject constituting a metas-

pace, and co op eratively providing an interface

and facilities for (the base-level of ) ob jects to

de�ne ob ject abstraction and semantics;

� ob jects and metaob jects hav e a relative rela-

tionship and are hierarchically structured; and

� an ob ject can replace its metaspace with an-

other.

These are the essential characteristics for address-

ing the op en-endedness prop erty .

3 Implemen tation in Ap ertos

An Ap ertos ob ject is de�ned as in Section 2, that

is, it is an individual and has identit y . W e make

this assumption when implementing object/meta-

object separation in Ap ertos. All metaspaces are

constrained by this ob ject de�nition up on their im-

plementation. This section �rst discusses the is-

sues of implementing object/metaobject separation

in Ap ertos. W e also present the Ap ertos imple-

mentation in terms of the intro duction of re ectors,

MetaCore, and Context. W e then prop ose mecha-

nisms that can e�ciently implement object/meta-

object separation. This is meta-level context man-

agement.

3.1 Implementation Issues

Since there are two types of ob jects in the system,

ob jects and their metaob jects, the following tw o is-

sues of implementing object/metaobject separation

have to b e considered:

� how a metaspace is created/constructed; and

� how the relationship b etw een an ob ject and its

metaspace is maintained. In particular,

{ when an ob ject interacts with its metas-

pace, or with a metaob ject within that

metaspace;

{ when a metaob ject interacts with ob jects;

{ how an ob ject interacts with its metas-

pace, or with a metaob ject within that

metaspace; and

{ how a metaob ject interacts with ob jects.

First, we have to design the metaspace implemen-

tation. W e have intro duced a re ector that is a

metaob ject that creates a metaspace. W e hav e

designed it to b e an ob ject that interacts with

a metaob ject through a re ector representing its

metaspace. Thus, an ob ject explicitly inv ok es a

metaob ject with the facility provided in its re ec-

tor.

Then, we have to design the representation of

an ob ject given by its metaspace, i.e., a group of

metaob jects. W e have clearly separated the three

factors discussed in Subsection 2.1. That is, a mem-

ory segment for an ob ject as an information con-

tainer is a metaob ject. The storage of an ob ject

consists of several memory segment metaob jects in

its meta-level, as presented in Subsection 2.4. Since

we hav e designed an ob ject as a concurrent ob ject,

a single activity is asso ciated with each ob ject. An

activity as a thread of control is represented by

a Context metaob ject. T o ov ercome the protec-

tion unit issue, we have introduced re ective ob ject

management. The details are discussed in [Y ok ote

et al. 91a]. In short, compilers and class systems

co op eratively provide optimal protection for an ob-

ject.

F urther, since there is an ob ject running in ker-

nel/system mo de, we hav e to provide a mechanism

for changing the ob ject’s execution mo de. In some

implementations, ob jects running in kernel mo de

are combined into a single mo dule, usually called a

kernel, and are inv ok ed by issuing a system call in-

struction. Unlike those implementations, we hav e

separated the execution mo de (or protection) and

the mo dule so that a kernel-mo de ob ject can b e

created outside the kernel.

In these resp ects, the key is the e�cient imple-

mentation of control transfer b etween an ob ject and

its metaspace. T able 1 shows the num b er of system

call instructions (trap in MC68030 and syscall

in MIPS R3000) executed for a sp eci�ed op eration.

These num b ers hav e b een measured for the previ-

ous implementation of the Ap ertos kernel [Y ok ote

92]. The following subsection prop oses the new

mechanisms by which an ob ject e�ciently passes

control to its metaspace.

3.2 The Ap ertos Implementation

The previous implementation of Ap ertos is de-

scrib ed in [Y ok ote 92]. W e hav e newly implemented

the Ap ertos kernel based on that exp erience. The

new implementation introduces the following sp e-

cial metaob jects:

� a re ector, representing a metaspace;

� MetaCore, lo cated at each pro cessor as a

micro-kernel; and

� Context, virtualizing the underlying pro cessor

for representing an activity .

The following is designed to enable e�cient imple-

mentation.

The Ap ertos kernel part is constructed as shown

in Figure 2. In the implementation, a metaspace is

Figure 2: Structure of the Ap ertos Kernel Part

determined by the references created by a re ector

to metaob jects. In the �gure, m

Zero

represents a

metaspace consisting of metaob jects Pager, Pages,

Exec, Activity, and Namer, and all of the re ectors

in the system are supp orted by m

Zero

. T o hav e

these metaob jects b ehave ob jects, the m

Core

re-

ector is introduced. This represents a metaspace

consisting of a single metaob ject. In the current

implementation, m

Core

assumes the existence of

the ab ove metaob jects when Ap ertos b o ots, thus

avoiding circularity in the memory allo cation re-

quests. m

System

is the metaspace for system ob-

jects, including metaob jects implementing the vir-

tual memory system and netw ork proto col han-

dlers. m

Drive

is the metaspace for device driver

ob jects, which provides facilities for device driver

programming.

MetaCore provides the minimum functions that

are used for:

� transferring control b etw een an ob ject and its

metaspace; and

� handling an external even t as the activ ation of

the appropriate Context.

These are atomic op erations in object/metaobject

separation. In the implementation, MetaCore has

�ve primitives, as shown in T able 2. Although these

primitives are implemented as MetaCore metho ds,

Context is implemented as a receiver of messages to

handle those metho ds by meta-level context man-

agement, as presented in the next subsection.

Before moving the discussion to meta-level con-

text management, we introduce Context metaob-

jects. A Context is a meta-level representation of

an ob ject’s activity and contains enough informa-

tion to contin ue the ob ject’s execution. Context

6

T able 1: Trap Instruction Numb er up on Execution of a Sp eci�ed Op eration

oper ation # of trap

Metho d inv o cation (call/reply round-trip, same metaspace) 4

Metho d inv o cation (call/reply round-trip, di�erent metaspaces) 11

Memory segment creation (4KB segment) 44

Ob ject creation (13KB text and 7KB data) 87

T able 2: The MetaCore Primitives

primitive description

M causes the execution of Context, designated by the \is-meta-of " link. This causes

ob ject execution to stop. Execution is then resumed by primitive R.

R resumes execution of any Context that has b een stopp ed by M.

CActive returns the reference to Context that is currently running.

CBind asso ciates Context with an interrupt. This takes an argument that includes a

message to b e delivered to an even t handling ob ject. When an even t is raised, the

active Context is susp ended and its asso ciated Context is immediately activ ated

to execute the metho d of an even t handling ob ject.

CUnbind remov es the asso ciation made by CBind.

contains no descriptions of virtual memory

, but de-

scriptions of an ob ject’s thread of control, including

its pro cessor registers and execution stacks. Con-

text has a signi�cant p ointer, which represents the

\is-meta-of " link b etween an ob ject and its metas-

pace. An ob ject usually has no link to its metas-

pace. This is maintained by a re ector metaob ject.

Context holds this link as a cache, i.e., two Con-

texts, one for an ob ject’s activity and the other

for a re ector’s activity

, are connected by this \is-

meta-of " link.

3.3 Meta-level Context

Management

Since MetaCore is the only metaob ject constituting

the metaspace for Contexts, we can create Con-

texts within the address space of MetaCore. This,

howev er, causes extra system call instructions, as

shown in T able 1. A p ossible solution to this prob-

lem is to allow an ob ject to transfer control to its

metaspace without invoking of a MetaCore metho d.

That is, Contexts are moved out of MetaCore, and

to b e created in any address space. This means

that MetaCore is free from virtual memory man-

agement. Figure 3 shows a p ossible con�guration of

ob jects, their Contexts, and MetaCore. There are

three address spaces in the �gure, address spaces

#1 and #2, and an address space shared with all

other ob jects. An arrow denotes the \is-meta-of "

link b etween two Contexts. F or example, a metas-

pace of ob ject #1 is represented by re ector #1,

and this relationship is depicted by an arrow from

Context #1 to Context #3.

Here, when tw o Contexts are in the same address

Figure 3: A Possible Con�guration of Ob jects,

Contexts, and MetaCore

space, there is no need to issue a system call in-

struction. How ever, when tw o Contexts are in dif-

ferent address spaces, a system call is still needed to

transfer control to the metaspace, as marked with

the star in Figure 3. It is complicated to imple-

ment a pro cess marked with the star, which is di-

vided into switching an address space to another

and lo cating Context representing the activity of

the re ector (i.e., the metaspace), b ecause it needs

the assistance of the virtual memory system. Also,

since MetaCore is the only entity accessible from

two Contexts, it has to provide a primitive to as-

sist the pro cess.

In meta-level context management, we made one

assumption to restrict Figure 3. That is, tw o Con-

texts, one representing the activity of an ob ject’s

7 execution and the other representing the activity

of a re ector’s execution, are assumed to b e in the

same protection domain. Thus, a system call in-

struction has to b e issued only when the pro ces-

sor’s execution mo de is changed. Also, this implies

that an op eration purging the contents of the pro-

cessor’s cache and TLB is indep endent of switching

Context. As a result of the ab ove discussion, the

control path b etween communicating two ob jects

can b e depicted in Figure 4. In primitive M, exe-

Figure 4: Control Path b etween Communicating

Ob jects

cution of the sender’s Context mov es to execution

of the re ector’s Context, representing the activ-

ity of the sender’s metaspace. In primitive R, the

re ector’s Context execution mov es to the target.

During the pro cessing of the gray area, it is p os-

sible to issue a system call instruction to change

the pro cessor’s execution mo de. That is, the latter

half of pro cessing primitive M or R may b e initi-

ated by a system call instruction. Since this path is

still long, we introduce a metho d cache mechanism,

which is denoted by the cache entry of Context, as

in Figure 5. This entry is, in this implementation,

maintained by a re ector.

Figure 5 depicts Context’s structure in MIPS

R3000 implementation, where the following infor-

mation is maintained.

status: is the pro cessor status for this Context ex-

ecution.

cpu: stores the conten ts of the pro cessor registers.

stack: denotes a memory segment that is used for

an execution stack.

mode: is the execution mo de. Two mo des, user and

system, are used.

mask: represents the pro cessor’s interrupt mask.

name: is an ob ject identi�er designating to this

Context.

meta: is the \is-meta-of " link to Context, asso ci-

ated with the re ector of this ob ject.

last: is a reference to the Context that most re-

cently activ ated this Context.

state: represents the state of Context execution.

entry: denotes the ob ject’s metho d table to b e

used by primitives M and R.

urgent: denotes a metho d that is immediately in-

vok ed when an external even t o ccurs.

cache: denotes a metho d of handling a metho d

cache that shortens a path b etw een commu-

nicating ob jects.

1: class Context {

2: protected:

3: CPUStatReg status;

4: CPURegisters cpu;

5: Temporary stack;

6: CPUMode mode;

7: longword mask;

8: SID name;

9: CName meta;

10: CName last;

11: mcState state;

12: EntryTable* entry;

13: Entry urgent;

14: MethodCache* cache;

15: public: .....

16: };

Figure 5: Context Structure

Here, we discuss metahierarchy for an ob ject’s

execution, depicted in Figure 6. W e intro duce the

Figure 6: Execution Metahierarch y for an Ob ject’s

Execution

Exec metaob ject. It can b e shared by all metas-

paces. W e also introduce the Activity metaob jects,

which are a unit of scheduling in Exec and are used

to manage an ob ject’s execution. That is, an ob-

ject’s execution, a thread of control of a metho d ex-

ecution, is represented by an Activity metaob ject

at its meta-level. Even though we hav e already

b een given it by Context, metaob jects Exec and

Activity make it higher, and provide mechanisms

for the realtime scheduling for ob jects. Thus, when

a metaspace uses Exec, Activity is the meta-level

representation of an ob ject’s execution, rather than

Context. In the implementation, Activity is de�ned

as the data structure in the Exec metaob ject, but

it can b e accessed as if it were an ob ject. m

Core

,

8 the metaspace for Activity’s execution, is resp on-

sible for this transformation. Also, Activity’s exe-

cution is represented by metaob ject Context at its

meta-level, i.e., m

Core

. As describ ed earlier, the

metaspace for Context is the MetaCore.

T able 3 lists the op erations provided by Exec.

Metaob ject Exec maintains the queue with prior-

ity . Users of Exec utilize the metho ds in the table

to manipulate Activity in the queue. Exec itself

has no scheduling p olicy

, instead b eing merely a

rep ository for Activity.

4 Ev aluation

The results in this section hav e were obtained

using Sony’s NEWS workstations, equipp ed with

a 20MHz MIPS R3000 pro cessor, 20MHz R3010

oating p oint accelerator,16MB of physical mem-

ory , and 64KB+64KB caches for data and instruc-

tions. When an ob ject and its re ector are as-

signed to the same protection domain, i.e., they are

in the same address space and in the same execu-

tion mo de, no system call instructions are required.

In MIPS R3000 implementation, MetaCore is very

small, as listed in T able 4. Also, it is designed such

that there are no memory allo cation requirements

inside MetaCore.

T able 5 shows the p erformance of the Meta-

Core primitives, which are inv oked without us-

ing syscall. The num b ers in parenthesis are the

T able 5: Cost of MetaCore Primitives (w/o

syscall)

primitive cost (in �se c)

M 8.7 (21)

R 8.8 (20)

results with the previous R3000 implementation.

Primitives CActive, CBind, and CUnbind are al-

ways used by syscall to inv ok e them. T able 6

shows the use of syscall. In the table, Excep-

T able 6: Cost of MetaCore Primitives (w/

syscall)

primitive c ost (in �sec)

M 12.1

R 12.6

CActive 4.8

CBind 5.9

CUnbind 5.6

ExceptionHandler 17.1

tionHandler shows the time interv al b etw een the

o ccurrence of an interrupt and the starting of the handler. F or this measurement, we used the break

instruction. The following are the measured re-

sults for some op erations provided by metaspaces

(T able 7). In contrast to the previous implemen-

tation, thanks to meta-level context management,

these num b ers are improved tw o to �ve times.

5 Related W ork

Object/metaobject separation is a new way of con-

structing op erating systems. In terms of op erating

system structuring, many metho ds have b een pro-

p osed, including layered structuring, hierarchical

structuring, p olicy/mechanism separation, micro-

kernel structuring, ob ject-based structuring, op en

system structuring, and virtual machine structur-

ing. Detailed discussions of these metho ds are given

in [Y ok ote et al. 91b].

Object/metaobject separation can subsume these

structuring metho ds. In contrast to p ol-

icy/mechanism separation [Levin et al. 75], for

example, we can implement an ob ject as a p olicy

mo dule, and a metaob ject as a mechanism mo d-

ule. Howev er, this corresp ondence of object/meta-

object separation to p olicy/mechanism separation

do es not correctly express the di�erence. That is, in

the sense that a metaob ject represents an ob ject’s

b ehavior, it should b e considered as b eing a p olicy

mo dule. The ma jor imp ortance is that metaob-

jects maintain a description of an ob ject, and this

is used to provide an optimal execution environ-

ment for the ob ject, where there is a p ossibility of

replacing a mechanism if it is not able to provide

such an environmen t.

In contrast to micro-kernel structuring, ob-

ject/metaobject separation do es not divide the sys-

tem into two lay ers. It allows us to construct an

hierarchical structure of ob jects and their metas-

paces. The ability to change a metaspace facilitates

the implementation of ob ject migration, as well as

supp orting mobile computers, emb edded systems,

and disconnected op erations. Esp ecially

, since ob-

ject/metaobject separation is more tolerant of envi-

ronmental change than micro-kernel technology

, it

is adv antageous in constructing rob ot control sys-

tems, as in [Bro oks 86]. F urther, the ability to

provide an optimal execution environmen t for ob-

jects is an imp ortant capability for massively par-

allel computers, b ecause the role of each pro cessing

element dep ends on the application. In this wa y ,

object/metaobject separation addresses the op en-

ended prop erty .

Meta-level context management is comparable to

the work on user-level thread management done by

[Anderson et al. 91], [Marsh et al. 91], and [Dr-

uschel et al. 92]. Unlike these systems, howev er,

threads are not managed by ob jects with kernel

9

T able 3: The Metho ds of Metaob ject Exec

metho d description

New creates a new Activity.

Delete destroys an existing Activity.

Run starts the execution of Activity that has the highest priority .

Stop susp ends execution of the current Activity.

T op changes the p osition of Activity in the queue.

GetActive retrieves the identi�er of the current Activity.

ChangeAttribute changes the attribute of the sp eci�ed Activity.

T able 4: Size of MetaCore

text initialized data uninitialized data total (bytes)

3808 224 3088 7120

supp ort. They are implemented as Contexts and

are created in a metaspace. The dominant fea-

ture of object/metaobject separation is the inde-

p endence of its ob jects from their metaspace.

6 Conclusion

Object/metaobject separation makes an ob ject in-

dep endent of its execution environmen t (or a

metaspace) and encourages an ob ject’s metaspace

mobility

. The existing technologies, such as micro-

kernel and ob ject-oriented ones, are not su�cient

to supp ort an op erating system and its kernel for

an op en system. W e claim, in this pap er, that an

op erating system should provide a means of encour-

aging object/metaobject separation.

The Ap ertos op erating system is an example of

implementing object/metaobject separation. W e

prop ose new mechanisms to e�ciently implement

object/metaobject separation, b ecause the key to

implementation is the interaction b etw een an ob-

ject and its metaspace. W e devise a new technique

to enable e�cient implementation, i.e., meta-level

context management. With this, we can reduce

much of the ov erhead of interaction b etween an ob-

ject and its metaspace. In the ideal case, for exam-

ple, there are no system call instructions and the

control path can b e shortened b etw een communi-

cation ob jects, maintaining object/metaobject sep-

aration.

Current status. The Ap ertos op erating system

is b eing implemented on Sony NEWS worksta-

tions, for which two pro cessor architectures, Mo-

torola’s MC68030 and MIPS’s R3000, are av ailable.

Thanks to the MIPS architecture [Kane and Hein-

rich 92], one notable feature of the implementation

is that there is only one lo cal kernel stack. This

is also due to meta-level context management and the structure of MetaCore.

Ap ertos is also b eing implemented on i486-based

PC-compatible computers. The kernel part of this

implementation is already running and a simple

GUI is av ailable. The implementation of Ap ertos

describ ed in this pap er (MIPS and i486 implemen-

tations) are av ailable to anyone who is interested.

Ac kno wledgmen ts

I o�er my sincere thanks to Prof. Mario T ok oro,

the director of the Sony Computer Science Lab-

oratory Inc. He and I have b een collab oratively

investigating the conceptual design of the Ap ertos

op erating system. Also, I would like to thank the

memb ers of the Ap ertos pro ject at Sony Computer

Science Lab oratory Inc. and Dr. Hideyuki T okuda

of Carnegie Mellon University

. Several discussions

with these p eople help ed me to design the structure

of the system, including the design of Ap ertos class

hierarchy .

References

[Accetta et al. 86] Mike Accetta, Rob ert Baron,

William Bolosky

, David Golub, Richard Rashid,

Av adis T ev anian, and Michael Y oung. Mach: A

New Kernel F oundation F or UNIX Development.

In USENIX 1986 Summer Confer enc e Pro c e e d-

ings. USENIX Asso ciation, June 1986.

[Anderson et al. 91] Thomas E. Anderson,

Brian N. Bershad, Edward D. Lazowsk a, and

Henry M. Levy

. Scheduler Activ ations: E�ective

Kernel Supp ort for the User-Level Management

of Parallelism. In Pro c e e dings of the 13th ACM

Symp osium on Op er ating System Principles, pp.

95{109, Octob er 1991.

[Bro oks 86] Ro dney A. Bro oks. A Robust Lay-

ered Control System F or A Mobile Rob ot. IEEE

10

T able 7: Cost of Op erations Provided by Metaspaces

metaop er ation c ost (in �se c)

call/reply roundtrip (m

Core

$m

Core

, w/o metho d cache) 111

call/reply roundtrip (m

Core

$m

Core

, w/ metho d cache) 12.4

call/reply roundtrip (m

Base

$m

Base

) 193

call/reply roundtrip (m

Base

$m

System

) 473

call (m

Zero

) 106

reply (m

Zero

) 110

Journal of Rob otics and Automation, V ol. RA-2,

No. 1, pp.14{23, March 1986.

[Campb ell et al. 91] Roy H. Campb ell, Nayeem Is-

lam, Ralph Johnson, Panos Kougiouris, and

Peter Madany

. Choic es, F ramew orks and Re-

�nement. In Pr o c e e dings of the 1991 Interna-

tional Workshop on Obje ct Orientation in Op er-

ating Systems, pp. 9{15. IEEE Computer So ciety

Press, Octob er 1991.

[Cheriton 88] David R. Cheriton. The V Dis-

tributed System. Communic ations of the ACM,

V ol. 31, No. 3, pp.314{333, March 1988.

[Druschel et al. 92] Peter Druschel, Larry L. Peter-

son, and Norman C. Hutchinson. Beyond Micro-

Kernel Design: Decoupling Mo dularity and Pro-

tection in Lipto. In Pr o c e e dings of the 12th In-

ternational Confer enc e on Distribute d Comput-

ing Systems, pp. 512{520, June 1992.

[Kane and Heinrich 92] Gerry Kane and Jo e Hein-

rich, editors. MIPS RISC Ar chite ctur e. Prentice

Hall, 1992.

[Levin et al. 75] R. Levin, E. Cohen, W. Cor-

win, F. Pollac k, and W. W ulf. POL-

ICY/MECHANISM SEP ARA TION IN HY-

DRA. In Pro c e e dings of the 5th ACM Sympo-

sium on Op er ating System Principles, pp. 132{

140. ACM Press, Novem b er 1975.

[Marsh et al. 91] Brian D. Marsh, Michael L.

Scott, Thomas J. LeBlanc, and Ev angelos P .

Mark atos. First-Class User-Level Threads. In

Pr o c e e dings of the 13th ACM Symp osium on Op-

er ating System Principles, pp. 110{121, Octob er

1991.

[Rozier et al. 88] M. Rozier, V. Abrossimov, F. Ar-

mand, I. Boule, M. Gien, M. Guillemont, F. Her-

rmann, C. Kaiser, S. Langlois, P

. L� eonard, and

W. Neuhauser. Chorus Distributed Op erating

Systems. Computing Systems, V ol. 1, No. 4,

pp.305{370, F all 1988.

[Spa�ord 86] Eugene Howard Spa�ord. Kernel

Structur es for a Distributed Op er ating System.

PhD thesis, Georgia Institute of T ec hnology ,

May 1986.

[T anenbaum et al. 90] Andrew S. T anen baum,

Robb ert v an Renesse, Hans v an Stav eren, Gre-

gory J. Sharp, Sap e J. Mullender, Jack Jansen, and Guido v an Rossum. Exp eriences with the

Amo eba Distributed Op erating System. Com-

munic ations of the ACM, V ol. 33, No. 12, pp.46{

63, Decemb er 1990.

[T okuda et al. 90] Hideyuki T okuda, T atsuo Nak a-

jima, and Prithvi Rao. Real-Time Mach: T o-

wards a Predictable Real-Time System. In Pro-

c e e dings of Mach Workshop. USENIX Asso cia-

tion, Octob er 1990.

[Y okote 92] Y asuhiko Y ok ote. The Ap ertos Re ec-

tive Op erating System: The Concept and Its Im-

plementation. In Pr o c e e dings of Obje ct-Oriente d

Pr o gr amming Systems, L anguages and Applic a-

tions in 1992. ACM Press, Octob er 1992. Also

app eared in SCSL-TR-92-014 of Sony Computer

Science Lab oratory Inc.

[Y okote et al. 89] Y asuhiko Y okote, F u-

mio T eraok a, and Mario T ok oro. A Re ective

Architecture for an Ob ject-Oriented Distributed

Op erating System. In Pr o c e e dings of ECOOP’89

Eur op e an Confer enc e on Obje ct-Oriente d Pro-

gr amming, July 1989. Also app eared in SCSL-

TR-89-001 of Sony Computer Science Lab ora-

tory Inc.

[Y okote et al. 91a] Y asuhiko Y ok ote, Atsushi Mit-

suzaw a, Nobuhisa F ujinami, and Mario T okoro.

Re ective Ob ject Management in the Muse Op-

erating System. In Pr o c e e dings of the 1991 In-

ternational Workshop on Obje ct Orientation in

Op er ating Systems, pp. 16{23. IEEE Computer

So ciety Press, Octob er 1991. Also app eared in

SCSL-TR-91-009 of Sony Computer Science Lab-

oratory Inc.

[Y okote et al. 91b]

Y asuhik o Y ok ote, F umio T eraok a, Atsushi Mit-

suzaw a, Nobuhisa F ujinami, and Mario T okoro.

The Muse Ob ject Architecture: A New Op erat-

ing System Structuring Concept. ACM Op er at-

ing Systems R eview, V ol. 25, No. 2, pp.22{46,

April 1991. Also app eared in SCSL-TR-91-002

of Sony Computer Science Lab oratory Inc.

[Y onezaw a and T okoro 87] Akinori Y onezaw a and

Mario T okoro, editors. Obje ct-Oriente d Concur-

r ent Pr o gr amming. The MIT Press, 1987.

11