An OSF/1 Unix for Massively Parallel Multicomputers

Roman Zajcew, Paul Roy, David Black, Chris Peak, Paulo Guedes, Bradford Kemp, John LoVerso, Michael Leibensperger, Michael Barnett, Faramarz Rabii, & Durriya Netterwala – OSF Research Institute and Locus Computing Corporation

ABSTRACT

This paper describes the architecture and implementation of a version of the OSF/1 operating system designed to run on multicomputer hardware platforms. The multicomputer hardware platforms targeted can consist of hundreds or even thousands of individual nodes, where each node consists of one or more processors.

The multicomputer version of OSF/1 (called OSF/1 AD TNC) is built on the Mach 3.0 Microkernel and the OSF/1 MK Single Server. These have been modified to run in the multicomputer environment and provide a view of the hardware that looks like a conventional but massively scaled up shared memory multiprocessor. The operating system presents this notion of a Single System Image by building Unix functionality on top of base Mach services running on each node in the multicomputer.

The focus of this paper is on the particular enhancements made to standard OSF/1 functionality to operate in a multicomputer environment without incurring system bottlenecks. These include a new distributed file system, a distributed implementation of sockets, and enhancements to process management functionality to support remote processing and load leveling. Extensions to the operating system interface to allow users to take advantage of the parallelism of the multicomputer hardware are also discussed.

Introduction

Historically, hardware vendors have two strategies that can be used individually or in combination to increase performance: (a) increase processor performance and (b) utilize parallelism.

The parallelism architecture that has received the most attention in the recent past has been SMP (Symmetric MultiProcessing), which is a sharedmemory, UMA (Uniform Memory Access) architecture. The SMP architecture is attractive because the operating system can be multithreaded to run on multiple processors. Because of the global shared memory, user processes can simply run on any processor that is available. Unfortunately, SMP systems do not scale past tens of processors.

Another type of parallel processing is MPP (Massively Parallel Processing). MPP computers, also known as multicomputers, can consist of hundreds or even thousands of nodes (each node consisting of one or more processors) connected via a high-speed interconnect. A multicomputer in which each node is able to access local memory only is known as a NORMA (NO Remote Memory Access) computer. A multicomputer with the additional ability to access memory in other nodes is known as a NUMA (Non Uniform Memory Access) computer. Multicomputers of both types are currently being built and marketed by several manufacturers.

In this paper, we are primarily addressing the concerns of NORMA multicomputer systems. Many of the software concepts described in this paper would apply to NUMA multicomputer systems, but the reference implementation is for a NORMA multicomputer system. For the rest of this paper, when "MPP systems" or "multicomputers" are referenced, it is "NORMA multicomputer systems" that are actually being referred to.

Compute

Node

Compute

Node

Compute

Node

Compute

Node

Compute

Node

Compute

Node

Compute

Node

Compute

Node

Network

Server

File

Server

File

Server

Network

Server

Figure

1

:

Multicomputer Architecture

1993

Winter USENIX – January 25-29, 1993 – San Diego, CA 37

In a typical multicomputer system (see Figure

1), the nodes of the multicomputer are divided into

three groups: nodes used for input/output and con-

nectivity (I/O nodes or file server nodes); nodes

dedicated to parallel applications (compute nodes);

and nodes for interactive use (service nodes) . The

number of nodes in each division varies from system

to system – indeed, the division between service

nodes and compute nodes may vary depending upon

the time of day .

Although the hardware of multicomputers is

inherently scalable, a problem has been the provision

of a scalable, distributed operating system . While

proprietary operating systems for multicomputers

have been delivered in the past, current wisdom dic-

tates the necessity for an open operating system and

Application Programming Interface (API) . Hence, a

version of OSF/1 that runs on multicomputers has

been developed .

This paper describes OSF/1 AD TNC

1, the

multicomputer version of OSF/1 that makes a multi-

computer appear as a massively scaled up SMP com-

puter, while avoiding OS bottlenecks . OSF/1 AD

TNC was produced by the Open Software Founda-

tion and Locus Computing Corporation, and is based

on an enhanced version of the OSF/1 MK Single

Server, which is itself based on the OSF/1 operating

system and the Mach 3 .0 microkernel .

After providing background information on

technology incorporated into OSF/1 AD TNC, the

following sections describe its goals, architecture,

and detailed design . The paper concludes with sec-

tions on related work, implementation status, lessons

learned, and planned future enhancements .

Background

Mach 3 .0 Microkernel

Mach provides a flexible execution environment

for both system and user applications . It exposes the

management of CPU, communication, virtual

memory, and secondary storage resources in a

manner that allows system applications to make

effective use of these resources . The important

features of Mach are:

�Task and Thread Management

:

Mach sup-

ports the task and thread abstractions for exe-

cution management . A task is a passive

resource abstraction, consisting of an address

space and communication access to system

and server facilities . Computation within a

task is performed by one or more threads that

fully share the address space and all other

1OSF/1

AD TNC stands for OSF/1 with Advanced

Development (AD) extensions from OSF Research

Institute and Transparent Network Computing (TNC)

extensions from Locus Computing Corp .

resources of the task . Thread scheduling to

processors is controlled by the Mach kernel,

and threads can execute in parallel on shared

memory multiprocessors . Both timesharing

and fixed priority policies are supported .

�Interprocess

Communication

:

Mach provides

interprocess communication via ports and

messages . This is actually inter -task com-

munication, but is known as IPC for historical

reasons . Ports are protected communication

endpoints; only Mach tasks with appropriate

capabilities (known as port rights) may send

or receive messages on a port (at most one

task may receive, but multiple tasks may

send) . All services, resources, and facilities

exported by the Mach kernel and servers are

represented by ports . For example, Mach

tasks and threads are manipulated by sending

messages to ports that represent them .

�Memory

Object Management

:

The address

space of a Mach task is represented as a col-

lection of mappings from addresses to offsets

within memory objects . A Mach memory

object represents a single source of memory

(e .g ., the file from which an executing pro-

gram was loaded) . The kernel manages phy-

sical memory as a cache of memory object

contents; access to the actual memory (i .e .,

backing storage) is via a Mach port to which

messages can be sent containing data or

requesting that it be supplied [Young 87] .

This allows memory objects to be imple-

mented by user -state programs such as a file

system server or database application .

�System

Call Redirection

:

The Mach kernel

allows system call traps to be handled in user

mode by code executing in the same task .

This supports binary compatibility with exist-

ing applications without inserting additional

code (e .g ., from Unix) into the kernel . Simi-

lar facilities are provided for redirecting

exceptions to user mode handlers [Black 88] .

�Device

Support

:

The Mach kernel provides

low -level device support [Forin 91] . Each

device is represented by a port to which mes-

sages can be sent to transfer data and control

the device . The request and reply messages

for the read and write operations are exported

as distinct interfaces, supporting both synchro-

nous and asynchronous I/O interactions .

and Multicomputers

supports multicomputer systems by tran-

sparently extending communication and memory

management services across the multicomputer’s

interconnectio n network . Mach’s communication

mechanisms are location transparent, and can be

extended across local area networks by user mode

communication servers [Sansom 86] . By comparison

to local area networks, well -designed multicomputer

38

1993 Winter USENIX – January 25 -29, 1993 – San Diego, CA

Zajcev et al . An OSF/1 Unix for Massively Parallel Multicomputers

interconnects have order of magnitude or more

increases in bandwidth and reduction of hardware

and software access latency [Intel 92] . The multi-

computer extension of Mach IPC [Barrera 91]

(known as NORMA IPC) is implemented in the

Mach kernel to take advantage of the interconnect

performance, and allow direct communication among

Mach kernels on different multicomputer nodes

(each node runs a separate Mach kernel) . This IPC

extension is completely transparent to Mach tasks;

the locations of the communicating tasks (same or

different nodes) does not affect the behavior .

The memory management extensions for multi-

computers are motivated by practical concerns .

Mach allows memory object managers to support

object access by more than one kernel and manage

the resulting distributed consistency . As a result,

NORMA IPC is sufficient to support multicomputer

systems implementation, but in practice most

memory object managers do not implement multi -

kernel memory object consistency, usually for com-

plexity reasons . Such managers do not work

correctly on a multicomputer, and situations in

which they malfunction are more common than one

might expect . Although actual use of shared

memory is quite rare, lazy evaluation of inherited

memory (e .g ., across a

fork() ) causes multiple

nodes to access the same memory when the child

task is created on a node other than the parent’s .

To support the use of arbitrary Mach memory

object managers on a multicomputer system, the

XMM (eXtended Memory Management) subsystem

has been added to the Mach kernel [Barrera 93] .

Like NORMA IPC, XMM is part of every Mach

kernel on a multicomputer; its implementation of

distributed shared memory makes the collection of

Mach kernels on a multicomputer behave as if they

were a single kernel when communicating with

memory object managers . This removes the com-

plexity of distributed shared memory functionality

from the memory object managers . XMM also

includes support for copy on reference between

nodes for lazy evaluation of memory inherited

between tasks on different nodes; this support is

used only for memory managed by memory manage-

ment interfaces, as NORMA IPC does not participate

in copy on reference .

OSF/1

Operating System

The

Open Software Foundation’s OSF/1 is a

standards -compliant open operating system that

incorporates advanced features while providing com-

patibility with industry standards and support for

existing applications . The advanced features include

support for shared memory multiprocessors , B1 -level

security, logical volume management, multithreaded

applications, dynamic system configuration via load-

able kernel modules, internationaliz ation and locali-

zation (foreign language and culture support) . Com-

patibility is provided to interface specifications from the System V and POSIX collections, as well as for

the 4 .3BSD programming environment . Further

details can be found in [OSF 90] [OReilly 91]

OSF/1 is based on the Mach 2 .5 operating sys-

tem from Carnegie Mellon University . Both are

integrated or monolithic kernel systems that imple-

ment the majority of system functionality in the

operating system kernel (but not all, for example

OSF/1’s program loader runs in user space) . Their

kernels contain the core Mach technology and addi-

tional Unix functionality . OSF/1 has significantly

upgraded the 4 .3BSD portion of Mach 2 .5 to imple-

ment advanced features and obtain compliance with

standards .

MK Single Server

AD TNC is based on the OSF/1 MK

Single Server . The OSF/1 MK Single server was

created by dividing the OSF/1 monolithic kernel into

the Mach 3 .0 kernel and the OSF/1 MK Single

Server . This was achieved by replacing OSF/1’s

Mach 2 .5 internals with Mach 3 .0, and adding a

layer of compatibility code to allow the rest of

OSF/1 to execute as a user -mode server (the OSF/1

MK server) . Among the features of the compatibil-

ity code are a threads library that provides light-

weight user threads on top of Mach’s kernel threads,

and an emulation library that implements some sys-

tem functionality in application address spaces . This

work was based on an earlier conversion effort at

CMU involving the Mach 2 .5 system [Golub 90] .

The resulting OSF/1 MK server is pagable, preemp-

tible, and multithreaded (leveraging OSF/1’s support

for symmetric multiprocessors ) .

Using OSF/1 MK Single Server as the base for

OSF/1 AD TNC simplifies the transition to a multi-

computer by expressing all of OSF/1’s features in

terms of Mach’s location transparent kernel abstrac-

tions .

The OSF/1 MK system is based on a high level

mapping of the Unix process model to Mach abstrac-

tions . The server is represented to the process by a

single port (used for all service requests), and this

port serves to identify the requesting process to the

server . A system call trap executed by the applica-

tion is redirected to an emulation library in the

application’s address space . This library converts

most system calls to service request messages and

sends them to the server . A shared memory window

between the server and each application is used to

optimize some data transfers in a fashion similar to

(but more primitive than) LRPC [Bershad 90] .

Goals primary goal of OSF/1 AD TNC was to

build a distributed operating system that enables

users to take advantage of multicomputer hardware,

while retaining full OSF/1 (and thus Unix) seman-

tics . This means that:

1993

Winter USENIX – January 25 -29, 1993 – San Diego, CA 39

�There is a single file name space that spans

all the nodes, and access to all files retains

single system image

semantics

.

�Scalability bottlenecks are avoided in the

operating system, by distributing control of

the following OS subsystems:

�file system

�socket protocol stacks

�process management

�Processes executing on any node of the multi-

computer have access to all resources and

facilities of OSF/1, as if they were executing

on an SMP architecture (including maintain-

ing shared memory between nodes) .

�Existing applications can take advantage of all

the computational resources of the multicom-

puter via automatic load leveling, while at the

same time specially parallelized programs can

be explicit in their use of multiple nodes .

�Full compatibility with OSF/1 1 .0 commands

and libraries is maintained (implying compati-

bility with XPG/3, POSIX 1003 .1, SVID Issue

2, and with other standards) .

The initial performance goal is to approximate

the performance of the OSF/1 MK system, after tak-

ing into account inherent discrepancies due to the

multicomputer architecture (such as the fact that

peripherals are remote) . This goal will be refined

and expanded as experience and measurements are

acquired .

Architecture The operating system architecture is derived

directly from the target hardware architecture, in

which large numbers of nodes are connected via a

high -speed interconnect, and some subset of the

nodes have peripheral devices attached . The OS

must allow all nodes and devices to be efficiently

utilized, and in particular, must distribute OS func-

tionality in order to avoid bottlenecks .

Mach 3 Kernel

Compute Node

Compute Node

Compute Node

Compute Node

File Server

Network Server

OSF/1

AD TNC

Server

Emulator

User

Program

Figure

2

:

OSF/1 AD TNC Architecture

This leads to the following architectural model

(see Figure 2):

�The

Mach microkernel runs on all nodes of

the multicomputer, providing generic

task/thread management, memory manage-

ment, communication services, and device

access .

�Specialized user -space servers implement

Unix functionality, such as file service, pro-

cess management, and networking .

�Disk and networking devices are managed by

servers typically co -located on the same node

with the device (although co -location is not

mandatory) .

�Process management functionality is distri-

buted across most or all nodes on which

application processes are run .

�Anemulator

(the previously mentioned emu-

lation library) [Golub 90] [Julin 91] is avail-

able in each process’ address space to provide

some Unix functionality and perform system

call -to -message conversion . It also contains a

thread to receive callback messages from

servers in support of interruptible system calls

and file caching .

Process management system calls that

require client -server interaction are con-

verted to messages to the process

management server, which is normally

co -located on the same node as the pro-

cess . File management system calls that

require client -server interaction are con-

verted to messages to the file server

that is managing the particular file

being manipulated .

This model served as the basis for implement-

ing OSF/1 AD TNC, as described in the following

sections .

Detailed

Design

In order to meet the above goals, the base

OSF/1 Unix code was enhanced in the following

ways:

file system was modified to support the

integration of multiple file servers into a

coherent whole, providing a single file system

name space, location transparency, and remote

device handling . Typical file system -related

system calls require at most one client -server

interaction . Extensive caching is used to allow

many frequently used operations to require no

client -server interaction .

�Control of socket protocol stacks is distributed

across multiple nodes . This was done in a

way to minimally impact the existing code in

the protocol stacks .

management is distributed across all

nodes of the multicomputer . Many system

40

1993 Winter USENIX – January 25 -29, 1993 – San Diego, CA

Zajcev et al . An OSF/1 Unix for Massively Parallel Multicomputers

calls are completely serviced by the server on

the node local to the issuing process without

necessitating internode communication . How-

ever, system calls affecting process relation-

ships spanning multiple nodes (for example,

signaling a process on another node) is con-

ducted in a way transparent to all user

processes .

Simple primitives were added to allow pro-

grams to explicitly use multiple nodes . Automatic

load leveling to utilize all the nodes of the multi-

computer was also added .

File

System Enhancements

Within the multicomputer, certain nodes are

used as file servers . Each file server provides file

service for one or more file systems (partitions) .

Mount operations are used to assemble multiple file

systems across multiple file servers into a single file

name space . Access to all files within the name

space, including to remote devices, is location tran-

sparent . Since devices can reside anywhere in the

name space, device naming is separate from device

location .

To achieve high levels of performance, exten-

sive distributed caching of file data is done within

the context of the user process, so that some fre-

quently used system calls do not require client -server

interaction . This caching makes extensive use of the

Mach memory object abstraction . For file -related

system calls that cannot be handled by the distri-

buted cache, typically at most one client -server

interaction is required .

As the file server for a file and the process

management server for a process may be on separate

nodes, a

Credentials

Service

was implemented to

allow state to be exchanged between file servers and

process managers . The fact that file -related system

calls may be processed on a node other than the pro-

cess management node also necessitated a special

design for file -related system calls interrupted by

signals .

Servers

servers are user -space servers that provide

access to UFS file systems (the NFS Support section

discusses NFS access) . Each node may have

at most

one

file server, and all of a node’s (file system) dev-

ices are managed by

exactly one server . Typi-

cally, the file server for a node’s devices will run on

that node, but it may also run on a different node

(because of Mach’s network transparent device inter-

face) .

Distributed

File Name Space

Construction of the file name space is based on

the mount model, whereby a file system (partition) is

mounted on top of a directory . A file system and

the directory that it’s mounted on need not be co -

located on the same node, thus allowing file systems managed by multiple file server nodes to be assem-

bled into a single file name space . The resulting

behavior is exactly as expected from a standard

OSF/1 system where a (local) file system is mounted

on a (local) directory . In other words,

single system

image

semantics are maintained . An example file

name space is shown in Figure 3 .

Mach 3 Kernel

Compute Node

Compute Node

Compute Node

Compute Node

File Server

Network Server

OSF/1

AD TNC

Server

Emulator

User

Program

Figure

3

:

File Name Space

As in standard OSF/1, file systems are

identified by device special files in the name space .

However, in a multicomputer environment another

piece of information is required: the

node to which

the device partition is attached . This is specified by

a node number field in the special file’s inode . It is

set using a new command

rmknod that is identical

to

mknod , but accepts the node number as an addi-

tional argument . This node number is used by the

mount operation to construct remote mounts .

A

remote mount

is represented by a pair of

structures, as shown in Figure 4 . A local

structure resides in the file server managing the

covered directory and a remote structure resides in

the file server for the mounted file system . The

local mount structure contains a flag indicating it

represents a remote mount, and a send right to the

port associated with the remote mount structure .

The real information for the mount is contained in

the remote mount structure . It also contains a send

right to the port associated with the local mount

structure in order to support pathname traversal of

" . ." .

1993

Winter USENIX – January 25 -29, 1993 – San Diego, CA 41

Internal pointer

File Server A File Server B

 mount

 vnode

covered
 vnode

 vnode

             mount mount

                                vnode

                                vnode

                                vnode

                                         M_REMOTE_DIR

                M_REMOTE_FS

      Mach port

Server Stubs For

Client Stubs For

Base OSF/1 AD TNC Code

vproc ops

pvproc Code

pvproc ops

Code For Local Procs Remote Procs

Base Physical Process Code

Remote Procs