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MARK CHARLES Davis. A Computer for Low Context-Switch Time (Under the
direction of Frederick P. Brooks, Jr.)

ABSTRACT

A context switch is the suspension of one running process and the activation of an-
other in a multitasking environment. Many applications, such as process control,
require frequent context switches among many processes. A context switch requires
a substantial amount of time: about 1000 microseconds on a VAX 11/780 and about
500 microseconds on Sun 4/280. Recently introduced computer architectures, such
as the Sun 4, have not improved context-switch performance as much as they have
improved throughput. A computer architecture with appropriate: memory hierarchy
can give better support to context switching. The Computer for Low Context-Switch
Time (CLOCS) is a computer with such an architecture. Because the architecture
has minimum state inside the Central Processing Unit, CLOCS can switch context in
less than the time required to execute one instruction. The CLOCS Memory Manage-
ment Unit provides virtual memory without degrading context-switch time as long
as the new process is located in physical memory. Analyses of the architecture show
that CLOCS throughput performance approaches the performance of contemporary
RISC workstations and that it is well suited for real-time applications. Because these
analyses showed promise for the CLOCS architecture, a register-transfer level imple-
mentation was designed and simulated to estimate more accurately the performance
of a feasible CLOCS computer system. Although many standard implementation
techniques were not useful, a technique called short-circuiting reduced memory ref-
erences by 15%. On the Dhrystone integer benchmark program, CLOCS performed
at least 30% as fast as contemporary workstations constructed from the same elec-
tronics technologies, and further significant improvement of CLOCS performance is
possible. By using this lower bound on CLOCS throughput performance, the proper
architecture can be identified for an application with challenging context-switch re-

quirements.
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Chapter I

Introduction

The computer for low context-switch time, CLOCS, is a computer architecture de-
signed to reduce context-switch time by using an unconventional memory hierarchy.
This chapter presents the CLOCS thesis. Then sections define context switching
and detail relevant applications. The chapter concludes with an interpretation of the

thesis and a description of the resulting architectural features.

1.1 Context-Switch Time May Be Reduced by Ar-
chitecture

Many computer applcations require rapid switching between independent tasks; how-
ever, most recent computer architecture research has emphasized throughput more
than context-switch performance. As a result, the new computer designs have worse
relative context-switch performance: the time needed to switch contexts has not de-
creased as much as the time to run programs. Much of the relative performance loss
has come as larger register sets are added to the Central Processing Units (CPU).
Other features of architectures and implementations (for example, caches) improve

throughput at the expense of context-switch time. My thesis runs contrary to this

trend:

For applications with sufficiently high occurrence of context switching
among large numbers of tasks, best performance may be attained from a

computer with fewer, broader levels of memory hierarchy.
Two developments in the last few years have increased the credibility of this thesis:

¢ Real-time operating systems and process-control applications have increased
the frequency of context switching. Faster computers can support more com-

plicated applications; this results in more context switches. Even general pur-

1



pose operating systems such as UNIX have much higher frequency of context

switching than is commonly assumed.

o Advances in Very Large Scale Integrated Circuit (VLSI) technology have re-
duced the speed differential between different sizes of memory. For example,
an eight kilobyte on-chip cache may be accessed almost as rapidly as a 64 byte

register file.

Section 1.6 details the architecture features suggested by the thesis, but the most
important characteristics are that such a computer has no registers and has no cache.
The main question of this study is: How seriously is throughput performance im-
paired by this approach to computer architecture? Reasonable estimates are possible
only through the detailed design of a computer system, including support software
and implementation specification. But, first, let us examine context switching in

more detail.

1.2 Context Switching

A context switch is the suspension of a running program and the activation of an-
other. It differs from a subroutine call in that the running program does not know
specifics about the task to be activated next, and the new program may have different
ownership or other characteristics.

In many operating systems, system service requests use a trap instruction that
effectively changes the context. The ownership and permission of the operating sys-
tem are assumed as the trap occurs. Sometimes this type of context switch is called
a system call and may be less expensive than activating another separate task. For
example, UNIX minimizes the expense of system calls by the having the kernel share
the virtual address space with all application programs, so no adjustments to the
virtual memory system are required. Although the CLOCS operating system does

system calls by full context switching, when I refer to context switches on existing

computers, I will exclude system calls.

1.2.1 Context Switching on Existing Computer Systems

Switching context requires hundreds of microseconds. Lefler [27] reports that a Dig-
ital Equipment Company (DEC) VAX 11/780 running 4.2BSD UNIX requires 280



Computer Context Switch Time
Type | (in milliseconds)
VAX 11/780 | 1.0
VAX 11/750 2.0
Sun 2/50 1.7- 6.0
Sun 3/75 0.80 - 2.5
Sun 4/280 0.5-1.9
DECStation 3100 0.25

Note: The range of context-switch times for the Sun computers represents the range
of performance when two (shorter time to switch) to 32 (longer time) processes are
active[8].

Table 1.1: Measured Context-Switch Time

microseconds for a system call and 4.4 milliseconds for a context switch. Feder [14]
reports context-switch times for the 780 of 700 microseconds for UNIX 4.0 and of 400
microseconds when running system V on a VAX 780. He also reports context-switch
times of about 500 microseconds for a 3b20S. Our measurements of context-switch
time confirm these figures.

In more recent measurements done at the University of North Carolinal8], a Sun 4
context switch required about 500 microseconds. Less than 100 microseconds were
required to save the hardware state; the remainder was consumed by scheduling and
related activities of the operating system. However, the Sun 4 context-switch time
may increase to over 1250 microseconds due to required adjustments to the memory
management system if more than 16 processes are frequently active. This computer
has room for 16 different virtual memory contexts. When a process is activated
that does use one of the stored contexts, activation takes much longer. If the longer
activations occur frequently, the average context-switch time becomes longer. If each
newly activated process requires a new memory management context, then an extra
750 microseconds are added to each context switch, making the average time 1250
microseconds. The increased speed of the Sun 4 barely compensates for the much
larger amount of CPU state (represented in part by 192 registers) that must be saved
on a context switch. The context-switch time for several types of computers at the
University of North Carolina Computer Science Department is shown in Table 1.1,
Table 1.2 contains representative values for the number of processes and context

switches per second of the department’s computers.



[ Computer Type [ Number of Processes | Switches per Sec]

Shared VAX 250 40-100
Utility VAX 50 35
Workstation 25-50 50 - 600
File Server 35 100 - 500

Table 1.2: Representative Processes and Context-Switch Rates

1.3 Why Does Context Switching Take So Long?
Context switching is time consuming because several things must be accomplished:

1. Save general purpose registers.

2. Save floating-point registers and related state.

3. Save program counter and other CPU state.

4. Adjust memory management (if required).

5. Select next task to run.

6. Restore new task’s state (same as saved in 1, 2, and 3).

7. After the context switch, some performance degradation may occur as cache

fills, adding to the effective time required.

The time required for item 5 depends on the operating system. As mentioned
above, about 80% of the time spent on a context switch goes to task scheduling.
How the remainder of the time is allocated depends on the computer architecture.
For example, a computer without a memory cache does not experience item 7. A
computer with 192 registers will spend more time saving and restoring them than a
computer with 32.

Other operating system approaches[17] may reduce the time required for schedul-
ing during a context switch to as few as one hundred instructions (about 10 microsec-
onds). Reducing the time required for the other items requires a new architecture
based on principles different from the ones used for the VAX, the Sun 4, and other con-
ventional architectures. To find such a better architecture is the purpose of CLOCS

research.



1.4 Why Is Context Switching Important?

Although context switching is quite common, it does not significantly affect general
purpose computers. At the University of North Carolina Computer Science Depart-
ment, the main time-sharing computer in the worst case spends only 10% of its time
on context switching. A radical new architecture to improve performance by elim-
inating that 10% would likely lose 10% performance elsewhere. So what types of

applications need fast context switching? Here are some examples:

1. The Microelectronics System Laboratory, a computer-prototype building group
at the University of North Carolina, has invested considerable programming re-
sources in developing a UNIX compatible real-time operating system. UNIX is

desirable on process-control machines to provide a reasonable program devel-

opment environment.

2. The MegaOne, a state-of-the-art integrated circuit tester has two microproces-
sors: one runs UNIX to provide a good user interface and program development
system; the other processor runs custom software to control the tester. In this

case, additional hardware has been added to handle general purpose and real-

timne functions.

3. When the Andrew system[30] file manager, VICE, was originally designed, the
file server assigned each client a separate process. Later, significant reprogram-

ming was required because this elegant design spent too much time on context

switching.

4. A six-legged walking machine has been built at Qhio State University[35] that
relies on sixty processes to control the legs. The controller is constructed of a

large amount of specialized computing equipment, and the software was difficult

to write.

Each of these applications can benefit from a computer system that handles many
independent processes and frequent switching between the processes. More aggressive
applicatioﬁs will require even more processes and faster context-switch rates. For
example, a bipod walking machine with arms will require more processes than the
six legged model because of higher articulation is required for a bipod, and faster
context-switch time because of the dynamic requirements to maintain balance. Such

a system may require several hundred independent tasks and thousands of context

5



Conventional Architecture
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Figure 1.1: Memory Hierarchies

switches per second. Also notable, each of the applications listed above requires a
general purpose operating system to support development or provide services such
as protection. '

Perhaps most notable are the criteria used by the Army/Navy Computer Fam-
ily Architecture Committee in its study of computer architectures[16]. The criteria
clearly emphasized fast context switching; several criteria valued low memory traffic
for context switches and short interrupt latency. However, other criteria included
features such as virtual memory, protection, and large address spaces to support
sophisticated operating systems. The computers they sought had to run powerful

operating systems and switch context quickly.

1.5 The Impact of Memory Hierarchy on Context
Switching

Most recently designed computer architectures have several levels of memory hier-
archy. Figure 1.1 shows the levels of memory hierarchy in a generic, modern computer
system. In general, the items at the top of the hierarchy are smaller and faster to

access than lower items.

The diagram at the top of the figure shows a memory hierarchy for a conventional



architecture. At the very highest point on the memory hierarchy is the program
counter and status. Normally, this is only one or two words long and indicates the
current instruction location, permissions of the running process, and status flags
such as the result of the last comparison. If the computer is highly pipelined, several
instructions may be held in the CPU. The third level of hierarchy is the set of reg-
isters. The Memory Management Unit (MMU) contains virtual memory addressing
and protection information for one or more processes. The cache contains some of
the most recently referenced instructions and data. The main memory is the next
level of hierarchy and is much larger than the cache. Finally, the disk storage (which
also represents the virtual memory) is the foundation of the hierarchy. This diagram
describes a generic computer; actual designs will differ. For example, some architec-
tures may not have visible instruction pipelines or support instruction continuation,
so the pipeline level would not exist. Some cache memories contain only information
for one process and move higher on the hierarchy than the MMU. However, these mi-
nor differences in architectural approaches do not directly bear on the context-switch
discussion.

The memory hierarchy at the bottom of Figure 1.1 represents an architecture
based on the CLOCS principles. Several of the levels of the hierarchy have been
I'femoved, and the MMU has expanded to be the same width as the memory.

The conventional architectures have very successfully used memory hierarchy be-
cause of the locality of reference of programs. Most programs use the same data
objects repeatedly and execute the same instructions several times. This locality
in time and space results in efficient use of smaller, faster memories, supported by
larger, slower {and cheaper) memory systems. Thus a program can run with most
of its instructions in cache and most of its data in registers or in cache. Transfers
from the larger, slower main memory to the faster ones are rare, so the improved
performance from using the faster memory dominates.

When context switching occurs frequently, many programs are using information
instead of just one. Even though each program may have good locality of reference,
the combination of all of the programs references more information than can be held
by the upper levels of the hierarchy. In this case, the time to transfer information
between the levels of hierarchy may dominate performance. With several programs
switching context frequently, the higher levels of hierarchy impede performance, and

fewer levels would give higher performance.



1.6 How CLOCS Meets the Thesis Goals

CLOCS is a computer architecture that reduces memory hierarchy. This computer
architecture meets the requirements of the thesis and is otherwise simple enough for
easy implementation so realistic comparisons may be made with existing machines.

The CLOCS CPU has the minimum possible state; a single word contains a
program counter and other program information. To switch context, the CPU simply
stores that status word and loads another. As a result, there are no other registers
in the CPU, and all operations must have operands in memory. A large instruction
size allows addresses to be fully specified in the instruction.

In order to support a general purpose operating system, a MMU is required. The
guiding principle for the MMU is that if information (data or program) is in main |
storage, the MMU must support access to it without delay. This means that the
MMU must be able to address any memory location, and that all locations must be
treated equally. Thus, fetching the contents of a memory location always takes the
same amount of time regardless of the preceding events. We adopted this principle
to prevent the undesirable slow downs we had observed on the Sun 4’s with more
than 16 active tasks, but this approach does require a very powerful (and therefore
expensive) MMU.

As stated before, cache memory adds to the context that must be switched, and
is therefore omitted. Another argument against using cache is that it makes perfor-
mance less predictable. Many real-time applications place as much importance on
predictability as on performance. The combined factors of increased context-switch
time and lack of predictability excluded most cache designs.

CLOCS is designed to be a complete computer architecture. Simpler computer
architectures can handle multiple tasks by combining them into a single program;
embedded systems frequently use techniques such as polling to complete several tasks
with a single program. However, such systems are expensive to build and maintain,
and are often not robust. On the other hand, the CLOCS design includes all of
the facilities to run a sophisticated operating system because such capable operating
systems are valuable to program development and maintenance. As a result, CLOCS
meets the requirement in Fuller’s study that a computer must be able to test a new
program without endangering any other running programs. CLOCS is an architecture

that can support a general purpose operating system.



1.7 The Tradeoff: Throughput vs. Context Switch-
ing
CLOCS cannot support faster context switching without compromising elsewhere.
For a computer system of the same cost, it is reasonable to expect that CLOCS will
have lower throughput performance than an architecture optimized for throughput.
The central question is: How big is the degradation? How long must a program
run during each activation before the lower throughput of CLOCS overcomes the
advantage gained by a faster context switch? If CLOCS has slower throughput but
faster context switching than a conventional computer, as long as the tasks run for a
long time during each activation, the conventional architecture will activate and run
the application in less time, therefore providing more activations per second. But
when the application runs for a sufficiently short time, CLOCS wiil perform better.

Figure 1.2 shows this tradeoff. When the work done by activation of a process is
small, CLOCS takes less total time to activate it and do the work. But as the ap-
plication run time each activation increases, the total time for CLOCS will increase
at a steeper rate because the throughput performance of the conventional design is
better. At the point indicated by the dashed line, CLOCS and conventional archi-
tectures perform the activation and work of the task in the same amount of time.
To the right of this line, the conventional architecture is faster. To the left, CLOCS
is superior. The point of this study is to find this crossover point. To calibrate Fig-
ure 1.2 with numbers requires estimates of CLOCS throughput and context-switch
performance. This study provides those estimates. It may be used to evaluate the
best kind of architecture for a given application.

Recent advances in integrated-circuit technology may have improved the perfor-
mance compromise. VLSI implementations allow for large, fast memories to be closer
than ever before to the CPU. Although the trench capacitors used in dynamic memeory
integrated circuits are not commonly used on logic chips such as microprocessors, the
most of the other components are the same for -all types of digital integrated.circuits.
Since the memory and CPU fabrication processes are identical or very similar, we can
expect little additional relative change in the speed of CPU logic and memory. As a-
result, today it is more economical than ever before to build computer systems with
low latency, high bandwidth memory systems. Although conventional designs also

benefit from such memory systems, this implementation technology makes CLOCS
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Figure 1.2: Comparison of CLOCS and Conventional Architectures
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