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Abstract

Heterogeneous Process Migration is a technique whereby an active process is
moved from one machine to another. It must then continue normal execution and
communication. The source and destination processors can have a different archi-
tecture, that is, different instruction sets and data formats. Because of this hetero-
geneity, the entire process memory image must be translated during the migration.

“Tui” is a migration system that is able to translate the memory image of a pro-
gram (written in ANSI-C) between four common architectures (m68000, SPARC,
i486 and PowerPC). This requires detailed knowledge of all data types and vari-
ables used with the program. This is not always possible in non-type-safe (but pop-
ular) languages such as ANSI-C, Pascal and Fortran.

The important features of the Tui algorithm are discussed in great detail. This
includes the method by which a program’s entire set of data values can be located,
and eventually reconstructed on the target processor. Performance figures demon-
strating the viability of using Tui to migrate real applications are given.

1 Introduction

1.1 What is Heterogeneous Process Migration?

Process Migration can be defined as the ability to move a currently executing process

between different processors which are connected only by a network (that is, not using

locally shared memory). The operating system of the originatingmachine must package

the entire state of the process so that the destinationmachine may continue its execution.
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The process should not normally be concerned by any changes in its environment, other

than in obtaining better performance.

Research into the field of process migration has concentrated on efficient exchange

of the state information. For example, moving the memory pages of a process from the

source machine to the destination, correctly capturing and restoring the state of the pro-

cess (such as register contents), and ensuring that the communication links to and from

the process are maintained. Careful design of an operating system’s IPC mechanism

can ease the migration of a process.

Most process migration systems make the assumption that the source and destina-

tion hosts have the same architecture. That is, their CPUs understand the same instruc-

tion set, and their operating systems have the same set of system calls and the same

memory conventions. This allows state information to be copied verbatim between the

hosts, so that no changes need to be made to the memory image.

Heterogeneous Process Migration removes this assumption, allowing the source

and destination hosts to differ in architecture. In addition to the homogeneous migration

issues, the mechanism must translate the entire state of the process so it may be under-

stood by the destination machine. This requires knowledge of the type and location of

all data values (in global variables, stack frames and on the heap).

This paper examines an experimental Heterogeneous Migration system known as

Tui. An implementation has revealed the issues involved in translating the data compo-

nent of a migrating process. Tui does not address the issues normally associated with

homogeneous migration, nor does it address the translation of a program’s instructions

between different architectures.

2 Motivations

The traditional reasons for using process migration have been identified [1] as :� Load Sharing among a pool of processors — For a process to obtain as much CPU

time as possible, it must be executed on the processor that will provide the most

instructions and I/O operations in the smallest amount of time. Often this will

mean that the fastest processors as well as those executing a small number of jobs

will be the most attractive. Migration allows a process to take advantage of un-

derutilized resources in the system, by moving it to a suitable machine.
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It has been shown that load sharing is not always beneficial [2]. Since most pro-

cesses only require a small amount of CPU time, with respect to the cost of mi-

grating the process, there is no advantage to using migration over simply execut-

ing a job locally or carefully choosing its initial machine. However, the important

exception is for processes that require a large amount of processing time, for ex-

ample, simulations.� Improving communication performance — If a process requires frequent com-

munication with other processes, the cost of this communication can be reduced

by bringing the processes closer together. This is done by moving one of the com-

municating partners to the same CPU as the other (or perhaps to a nearby CPU).� Availability— As machines in the network become unavailable, users would like

their jobs to continue functioning correctly. Processes should be moved away

from machines that are expected to be removed from service. In most situations,

the loss of a process is simply an annoyance, but at other times it can be disastrous

(such as an air traffic control system).� Reconfiguration — While administering a network of computers, it is often nec-

essary to move services from one place to another (for example, a name server).

It is undesirable to halt the system for a large amount of time in order to move a

service. A transparent migration system will make changes of this kind be unno-

ticeable.� Utilizing special capabilities — If a process will benefit from the special capabil-

ities of a particular machine, it should be executed on that machine. For example,

a mathematics program could benefit from the use of a special math coprocessor,

or an array of processors in a supercomputer. Without some type of migration

system, the user will be required to make their own decision of where to execute

a process, without the ability to change the location during the lifetime of the pro-

cess. Often users will not even be aware of their program’s special needs.

Although process migration has successfully been implemented in several experi-

mental operating systems, it has not become widely accepted. One reason is that the

mainstream platforms (such as MSDOS, MS Windows and most variants of Unix), do

not have sufficient operating system support for migration. Secondly, the benefits of us-

ing process migration are generally not great enough to justify the cost. That is, moving

a process to another machine may be more costly than not moving it.
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Recently, two new areas of computing have created new motivations for the use of

process migration. Both these issues, Mobile Computingand Wide Area Computingwill

now be discussed in more detail. In both cases, heterogeneity plays a significant role.

2.1 Mobile Computing

Mobile Computing is a term used to describe the use of small personal computers that

can easily be carried by a person, for example, a laptop or a hand-held computer. To

make full use of these systems, the user needs to be able to communicate with larger ma-

chines without being physically connected to them, normally done via wireless LANs

or cellular telephones.

It has been proposed [3] that process migration is important in this area. For exam-

ple, a user may activate a program on their laptop, but in order to save battery power or

to speed up processing, may later choose to transfer the running process onto a larger

compute server. The process would be returned to the smaller machine to display re-

sults.

These concepts can be extended to allow a program to move between workstations

as its owner moves. A person may be using a home computer, with a large number of

windows on their screen. By remotely connecting to the computers at their place of

work, they will be able to continue executing those programs in their office. If they

choose to move between offices, the window system (and programs) could potentially

follow them.

2.2 Wide Area Computing

For a computer to be part of the internet, it must understand the internet communication

protocols. Since there are no constraints on other software, such as operating systems

and programming languages, an enormous amount of heterogeneity exists.

The one limitation of global computing which will never be resolved is the propaga-

tion delay that is suffered over wide area networks. At best, data can only be transmitted

at the speed of light, causing noticeable delays. If a program makes frequent use of re-

mote data, its performance will suffer.

Process migration can help alleviate this problem by moving the program closer to

the data, rather than moving the data to the program [4]. Typically, a program would

start executing on the user’s local machine. If it later makes frequent accesses to remote

data, the migration system will reduce the delay by moving the process to a machine that
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is physically closer to the data. This makes the most sense in the case where the program

is smaller than the data.

Wide area processing is a topic that has already been addressed in the Java [5] and

Telescript [6] languages. Java is most commonly used for transmission of programs us-

ing the World Wide Web. Although it supports remote method invocation, it does not

currently support migration of active code. On the other hand, Telescript allows migra-

tion, as its primary purpose is for “agent” programs to move between sites. Because of

migration, a Telescript program may complete its tasks while minimizing long distance

communication costs.

3 Heterogeneous Migration and the Tui System

3.1 Existing Systems

Before discussing the purpose of this research, it is necessary to look at the various

classes of Heterogeneous Migration or Mobility systems already in existence. The dis-

cussion focusses on the unit of information being migrated and describes how that in-

formation can be moved. Further references are given in section 7.

Heterogeneous migration systems can be classified into the following categories:

1. Passive object – The process (or object) contains only passive data. There is no

executable code to be moved. This situation requires that data can be converted

from the source machine’s format to that of the destination machine.

2. Active object, migrate when inactive – The process has executable code as well

as data. Migration may only occur when the code is not active. For example, in

an object based system, objects will remain inactive unless an outside agent re-

quests some action. Assuming that migration only occurs during these idle peri-

ods, moving a process is simply a matter of translating data. It is assumed that

the executable code is available on the destination machine.

3. Active object, interpreted code – If a process is currently executing code by us-

ing an interpreter, moving the process involves translating the state of the inter-

preter and all the data values it may access. If these values (that is, variables, pa-

rameters, temporaries and other miscellaneous values on the call stack) are stored

in a machine independent fashion, then migration is straight forward.
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4. Active object, native code – If the active program is compiled into native ma-

chine code, then fetching the active state is more difficult. Each machine has its

own method of storing a program’s values. Differences are obvious in the lay-

out of each stack frame, the usage of registers and the structure of the executable

code.

Other issues that should be considered when designing a heterogeneous migration sys-

tem include:

1. Process Originated Migration – The process being migrated makes the decision

of when to migrate, rather than leaving the choice to an external agent such as

the operating system. This ensures that the process is in a well known state (for

example, during a call to a “migrate now” procedure), rather than in relatively

random place within the code. Migrating in a known state will reduce the amount

of information to be migrated, and simplify its retrieval.

2. Additional code within the migrating process – The task of collecting data values

from a process, and then restoring them, can often be simplified by adding code to

the migratible program (explicitly by the programmer, or implicitly by the com-

piler). This can be in the form of a special library that must be linked with the

program, or perhaps in the form of extra code at the beginning and end of each

procedure. The problem of adding this code is the overhead of the additional ex-

ecution time.

3. Type-Safety – All existing heterogeneous migrationsystems known to the authors

require that the migratible program be implemented in either a totally type-safe

language or in a type-safe subset of a language. The migration algorithm requires

complete knowledge of type information, usually generated by a compiler, to cor-

rectly marshall data for the destination machine. If the type data is inconsistent

due to deficiencies in the implementation language, migration become more dif-

ficult or even impossible.

3.2 The Purpose of Tui

The approach taken by the Tui System focusses on supplying a migration mechanism

suitable for general purpose use. By far the majority of existing software, and pro-

grammer experience, is in traditional (and non-type-safe) languages such as C, Pascal,
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COBOL and Fortran. Having the ability to migrate programs written in more common

languages will make migration much more widely available.

For these languages, the data conversion component of the migration algorithm be-

comes more complex. It must allow for difficulties such as the misuse of pointers, type

casting and lack of explicit type information. The less type-safe the language, the more

difficult it becomes to locate and assign a type to the data. These problems do not appear

in type-safe languages.

Although it is possible to say that non-type-safe programming languages tend to

generate non-migratible programs, it is useful to approach each problem on an individ-

ual basis. For example, a program written using C may be non-migratible due to the

way that one small part of the program has been written. Rewriting this section of code

in a different way will ensure that migration is possible. Alternatively, the language

compiler and run-time system could generate extra type information to clarify the type

of a piece of data.

The following example of C code demonstrates this:

main()

{

union {

int a;

float b;

} u;

u.a = 1;

u.b = 23.45;

}

Upon migrating this program, the migration system must be aware of the most re-

cent assignment to the union. Either the integer 1 or the floating point number 23.45 is

translated, but since they share the same memory location, the migration system does

not know how to interpret the data. In this case, several solutions are possible:� Modify the compiler to maintain a ‘union tag’ that records which element of the

union was most recently accessed.� Internally convert unions into structs, so elements have distinct memory loca-

tions.
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� The programmer must refrain from using the union type.

The aim of Tui has been to discover and attempt to solve the problems that make

common languages unattractive for heterogeneous migration. The followinggoals have

been followed as closely as possible:

1. To provide a general heterogeneous migration package capable of functioning on

a wide range of common operating systems, CPU types, and programming lan-

guages. The major limitation being that only operating systems that already sup-

ply homogeneous migration will allow totally correct migration. Other systems

(such as UNIX) will have limited functionality.

2. To minimize the run time overhead of the process being migrated. It is preferable

that the additional overhead due to migration is limited to compile time and mi-

gration time, rather than reducing the efficiency of the program during its normal

execution period. However, it may be considered worthwhile to sacrifice a small

amount of program efficiency if it allows a program to migrate, even though it

was previously considered to be non-migratible.

3. The implementation language should not be restricted, unless totally necessary.

In the previous example of the “union” declaration in ANSI C, converting the

union definition to a similar struct definition is not permitted by the ANSI stan-

dard. However, performing this conversion will allow a much larger number of

existing programs to be migratible.

4. The user should not be required to write extra code or directives to help the mi-

gration system. It is considered undesirable to ask the user to register the data

types and values that need to be migrated. The determination of this information

should be done automatically.

5. The system should not be totally process originated. As well as reducing the ex-

ecution overhead, this also allows an external agent (for example, the operating

system) to request that migration take place at any time. However, allowing the

compiler to suggest suitable places to preempt the process will reduce the com-

plexity of the migration algorithm.

6. To be as efficient as possible so that the migration cost is considered to be negli-

gible.
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Ideally, the final migration algorithm, in conjunction with the language compiler,

must be able to successfully migrate a process with no extra intervention from the pro-

grammer. That is, any existing software should be migratible without the need to alter

the source code. If this is not possible, the compiler or migration system must warn the

programmer of features in the program that are not migratible. As a last resort, a written

document will describe any non-migratible language features that are not detectable by

the compiler.

The eventual aim is to have a complete system where the programmer can take their

existing programs and use Tui to migrate their software, or use Tui’s suggestions to im-

prove its migratibility.

4 The Tui Migration Algorithm

In its current form, the “Tui Heterogeneous Process Migration System” is able to mi-

grate type-safe ANSI-C programs between four different architectures: Solaris execut-

ing on a SPARC processor (i.e. Sun 4), SunOS on an m68020 (i.e. Sun 3), Linux on

an i486 and AIX on a PowerPC. A program is considered to be type-safe if it is possi-

ble to uniquely determine the type of each data value within the program. Some work

has been done to relax the type-safety restriction, although this is mostly left as future

research.

The Tui software has existed in both a prototype and final form. It is important to

note that several lessons were learned from the prototype, and lead to the creation of

the final implementation. The prototype version made use of a garbage collection style

algorithm for locating blocks of data to be migrated. Practical studies and performance

tests indicated that this method was not sufficient in many situations, and hence moti-

vated a second version.

This section gives a complete description of the revised Tui algorithm, with focus

placed on the interesting features. First, an overview of the algorithm is given, with a

details of how the four major components interact. Next, each of these components is

described in greater detail. Even though this section only discusses the second version,

a comparison between the two systems will be made in section 5.

4.1 Overview of Tui

Figure 1 shows how a process is migrated within the Tui environment. The following

sequence of steps must occur for a program to be compiled, executed on the source ma-
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"migrout" "migrin"

Machine A: SPARC Machine B: Intel 386

Compiler

Original
User Process

Migrated
User Process

Intermediate
Representation

SPARC/prog
386/prog
m68000/prog

Figure 1: The Tui Migration System

chine, then migrated to a destination machine of a different architecture:

1. A program (written in ANSI-C) is compiled, once for each architecture. A modi-

fied version of the Amsterdam Compiler Kit (ACK) [7] is able to produce binaries

for each of the four machine types supported by Tui.

2. The program is executed on the source machine, in the standard way (such as

from the command line).

3. When the process has been selected for migration, the migroutprogram is called

upon to checkpoint that process. Given the Process ID and the name of the ex-

ecutable file (containing type information), migrout will fetch the memory of

the process and scan the global variables, stack and heap to locate all data values.

Finally, all these values are converted into an intermediate form and sent to the

target machine.

4. On the destination machine, the migrin program takes the intermediate repre-

sentation and creates a new process. It is assumed that the program has been com-
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piled for the target architecture so that the complete text segment, and type infor-

mation for the data segment is available. After reconstructing the global vari-

ables, heap and stack, the process is restarted from the same point of execution

as when it was checkpointed.

To make migration in Tui useful, an ANSI-C run time environment exists. Since

each of the four architectures runs a different version of Unix, this library hides any in-

consistencies. It was not possible to use the standard set of libraries, as Tui requires that

processes have the same view of the operating system on both the source and destina-

tion machines. The Tui ANSI-C library operates by directly accessing the machine’s

system calls. This library has not been modified in any way that would slow down the

execution of a program, other than what was needed to make the code type-safe.

Most variants of Unix do not allow migration, so movement of communication links

and files (other than stdin and stdout) is not easy. However, a simple remote file server

that allows migratible clients has been constructed.

The following sections describe the compiler and the executable files it produces,

the migrout program, the migrin program, and the intermediate file format.

4.2 Compiler Requirements and Changes

To create programs that can be migrated by Tui, the compiler must ensure that suffi-

cient type and location information is available to the other components of the system

(migrin and migrout). Also, it must avoid generating code that is inherently non-

migratible.

There were two main criteria for choosing a suitable compilation system. Firstly,

the compiler must support a wide range of target architectures, and hopefully more than

one source language. Secondly, the entire source code for the compiler, assembler and

linker had to be available (for all architectures), so that modifications to their output

could be made.

Three different compilers were considered. The gcc compiler [8] was the obvious

choice as it can generate code for most common architectures. However, modifying

the compiler and its related tools was considered too difficult due to the complexity of

the source code. The lcc compiler [9] was considered, due to its wide range of target

architectures and its ease of modification. However, it became obvious that important

changes had to be made to the assembler and linker, which were not supplied as part of

the package.

11



The compiler that was eventually chosen was ACK (Amsterdam Compiler Kit)[7].

This system is very easy to modify, and contains source code for all components. It has

frontends for languages such as C, Pascal, Modula-2 and Fortran, as well as backends

for architectures such as SPARC, m68020, i386 and PowerPC. The major drawback of

ACK is that it is only available at a cost.

4.2.1 Features of ACK generated code

The structure of ACK has proven to be well suited to generating migratible code. It

is desirable that an executable program has exactly the same structure on all target ma-

chines. That is, each program is compiled to contain the same set of symbols (procedure

and variable names), and each procedure contains the same set of local variables and

temporaries. The storage location and size of these entities may differ widely between

machines, for example, local variables may be stored on the stack or in registers.

Since ACK frontends generate intermediate code [10], the differences between the

various executable files is minimal. The majority of optimizations are performed on

intermediate code, with the backends being primarily responsible for performing target

instructionselection, as well as a small amount of peephole optimization. The optimiza-

tion problems of code motion [11] are not relevant here.

ACK front ends generate stabs format [12] debugging information. These describe

the type and location of all data values, using a compact ASCII encoding. Also, the

mapping between source code line numbers and target machine addresses is recorded.

Normally this information is used by debugging tools to allow the programmer to study

an active program’s data values. Tui uses these values in a similar, but more automatic

fashion.

4.2.2 Modifications to ACK

The basic type information used by debuggers is not sufficient to correctly migrate a

program. There are several important additions to the stabs format that Tui requires

in order to successfully translate all data values. Aside from these additions, there are

several other trivial modifications that were made (for example, the ACK backends were

altered to correctly indicate which machine registers were used to store local variables).

The three major additions will now be discussed in more detail.� Preemption points.
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When a process is migrated to a machine of a different architecture, we must deal

with the fact that the corresponding point of execution (program counter) will

have a different location within the text segment. To solve this, we select a set

of logical points within the program at which migration is allowable. When per-

forming the migrout operation to checkpoint a process, we must ensure exe-

cution stops at one of these preemption points. Upon restarting the process, the

correct program counter value can be determined. Clearly, the program must have

an identical set of preemption points on each target architecture.

Placing preemption points within a program is an interesting issue. Points must

be placed often enough so that the process will stop withinan insignificant amount

of time (excluding the possibility of system calls that could block). However,

having too many preemption points will require an excessive amount of infor-

mation, or may even lead to a situation where the process can not be started at an

equivalent point. For example, if a preemption point for a SPARC processor is

placed within a sequence of instructions that perform a multiply operation, there

is no way of locating the corresponding point within the program on a VAX pro-

cessor, since it only requires one instruction to perform multiplication.

With these limitations in mind, it was decided that it is sufficient to place preemp-

tion points at the beginning of a loop, and at the end of each compound statement.

The program will be halted within a very small amount time since no loop can re-

peat without passing through a preemption point (assuming the process was not

blocked inside the operating system). Also, each machine’s target optimizer is

permitted to manipulate any code within a basic block, but it must not move code

across preemption points.� Call points

Although careful placement of preemption points can minimize the number of

temporary values (partial results of a computation) that we must know about when

the program is checkpointed, there is still the possibility that temporaries might

exist across procedure calls. The following example illustrates this:

x = foo(y) + bar(y)

In this code fragment, the result of foo(y) needs to be saved somewhere while

bar(y) is being calculated. However, if the process is preempted during the
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call to bar, it is necessary to retrieve the value of foo(y) from its temporary

location (on the stack or in a register). Upon reconstructing the process at the

target machine, the temporary is restored so that the calculation will complete

correctly.

This is achieved by generating a call point stabs at each procedure call. This spec-

ifies the address of the call instruction, the number of temporaries (partially eval-

uated expressions), the number of parameters being passed, and the type and lo-

cation details of each of these values. Although the information about parameters

is already specified as part of the callee’s stabs information, there are some proce-

dures (such as printf), where only the caller is aware of how many parameters

are being passed and what their types are.� Stack frame details

During the migrin process, Tui must reconstruct each stack frame that existed

before migration occurred. At compile time, a special stabs string is output at the

beginning of each procedure. This specifies the size of the stack frame (that is,

how many bytes are used for information such as local variables) as well as which

registers were saved on the stack upon entry to that procedure.

4.3 “Migrout” : Checkpointing the Process

The following description of the migrout process is divided into four main phases.

Firstly, the type and location information (generated by the compiler), is entered into

Tui’s internal data structures. Next, the migrating process is halted, and its memory im-

age is copied into Tui’s address space for easy access. Thirdly, the type information is

used as a guide for scanning this memory, and locating all data values. Finally, these

values are translated into an intermediate format for transmission to the migrin com-

ponent of Tui.

4.3.1 Reading the type information

The stabs debugging information associated with a program is specified in a manner

that follows the structure of that program. The executable file’s symbol table contains a

section for each object file (.o file) that makes up the executable. Within each section,

the global variables and procedures are listed, with their appropriate type and location

information. For procedures, the same type of information is given for parameters, lo-
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cals and temporaries. Although the type information is specified in a one dimensional

format within the file, Tui creates a multidimensional structure for internal use.

The stabs debugging format strings are converted (at compile time) into more appro-

priate type structures. These structures, known as type trees, are similar to those used

inside most compilers. They are able to represent all of the basic types as well as point-

ers, arrays and structures. To prevent name clashes, each symbol is prepended with the

name of its enclosing file, and for local values, the procedure name.

Figure 2 shows the ASCII stabs strings for the given set of C declarations. It then

shows the corresponding type tree entries.

Global: i
Type: 

Global: ch
Type:

Global: a
Type: 

Pointer to:

Basic type:
    char

array 0 to 15
of type:

Basic type:
    int

C declarations
    char *i;
    char ch;
    int a[16];

stabs strings

    a:G14=ar1;0;15;1;

    i:G13=*2;    
    ch:G2;

Type Tree

Figure 2: stabs strings and the type tree

In addition, two extra tables are required. The first table records the preemption

points, each entry containing a single address for that point. The second table performs

a similar operation, but for call points. In both cases, the table index is used as machine

independent representation of the point’s address.

4.3.2 Halting the Process

Haltinga program is more complex than in homogeneous migration. The Unixptrace

system call is used to place the process into the trace state. migroutmay now make

a copy of the memory and registers. However, we must ensure that the process is in a

consistent state (at a preemption point). The exact code for implementing this is ma-

chine dependent.
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The current version of Tui stops the process, places a breakpoint instruction at every

preemption point, then continues execution of the process until a breakpoint trap occurs.

For large processes, it would be more efficient to insert only one breakpoint, but it is not

always easy to determine which preemption point will be reached next.

As a final step, Tui fetches copies of the stack and data segments of the process,

which includes the heap segment, into its own address space. The process can now be

killed.

It is probable that altering the Unix kernel would allow Tui to have faster access to

the information it needs, rather than using the ptrace system call. However, we have

performed all of our research without modifying the operating system.

4.3.3 Scanning the memory

While searching the memory of the process in order to locate all the data values, we

must ensure that each value is detected exactly once. This is done by maintaining a

value table that records the starting address, size and type of each piece of data. The

value table is implemented as an expandable data structure where the only way to add

a new value is to append it to the end. Therefore, the memory is scanned in a linear

fashion, so that values are appended to the table in the correct order.

Firstly, the procedure entry points and global variables are scanned, and their details

are entered into the value table. Global variables are very simple to deal with since their

locations are fixed and their types are well defined.

For the heap data to be scanned in linear order, it was necessary to alter the malloc

andfreememory allocationprocedures so they would record all the blocks (empty and

used) in linear order. This addition costs one extra pointer per memory block. Also, the

compiler must generate a small amount of extra code for recording the data type of each

block that is allocated. This issue will be discussed further in section 5.

Local variables (contained within stack frames) are scanned in a similar way. The

frames are examined, starting at the most recent procedure activation. At each point, Tui

queries the program’s type information to obtain a list of the procedure’s stack or register

based values. Since stack based values are specified as offsets from the procedure’s

frame pointer, the absolute addresses must be calculated. Special care is also taken to

maintain a correct idea of the current register set, especially since they are often saved

on the stack across procedure calls.

At each point where a procedure call was made, Tui locates the associated call point

information to determine which temporaries and arguments were stored on the stack
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for the duration of that call. A procedure’s arguments will be scanned from the caller’s

perspective to correctly handle procedures that allow a variable number of arguments.

Finally, the command line arguments and environment variables are scanned. This

must be done separately from the stack frames since this information is not always de-

scribed by an explicit variable name as would a normal stack variable.

4.3.4 Marshalling to the Intermediate Form

The final stage ofmigrout is to traverse the value table and encode all data values from

the memory of the process into the intermediate file. This potentially requires that data

format conversion take place (for example, little endian to big endian integer formats).

Section 4.5 gives full details of the intermediate file format.

The only difficulty of this phase is that we must represent the relationship between

the different data items. That is, some data values will be (or will contain) pointers to

other data values. When marshalling a pointer value, Tui performs a binary search on

the value table to locate the information about the object being pointed to.

Each entry in the value table is assigned a unique number. When a reference is made

to a data item, the pointer is encoded by specifying this machine independent number,

rather than the machine specific address. Also, in the case where a pointer refers to

a location that is part-way through a composite data item, an offset states how many

indivisible subelements must be skipped in order to locate the correct value.

The following C code demonstrates:

{

struct {

int a;

int b;

} c[10];

int *p = &c[2].b;

}

In this case, the offset for the pointer p would be 5, since the structure contains two

subelements, and p refers to the second element of the third instance of that struct within

the array c.
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4.4 “Migrin” : Reconstructing the Process

To restart a process on the destination machine, the migrin algorithm must obtain the

program’s type and location information in the same manner as for migrout. Next,

it reads through the intermediate file and places all the data values in their appropriate

locations. This phase reads the intermediate file sequentially, and therefore can mostly

be done in parallel with the migrout phase.

Global variables are placed directly into their absolute memory locations. Virtual

stack and heap pointers are maintained, with all new values being added to the end of

the appropriate segment. Clearly, it is vital that the data items on the stack are restored in

the correct order. Also, due to the linear fashion in which the value table is constructed

during the migrout phase, the heap must maintain its correct ordering as well.

Pointers also cause problems when placing data values into memory. It is not possi-

ble to determine the final value of a pointer until the object it refers to has been assigned a

memory location. Consequently, a table is used to record all pointers, and once all data

values have been dealt with, the pointers are converted from their (Object ID, offset)

pairs into machine addresses.

As a last step, the process is restarted by loading the program’s binary file into mem-

ory, then writing the newly constructed data and stack segments into the address space

(using ptrace). The preemption point number that represents the continuation ad-

dress of the process is converted into the correct machine dependent address. Finally,

the correct register values are given to the process, and it continues execution.

4.5 The Intermediate Representation

The intermediate file is a machine independent representation of the value table. It lists

all data values in a well defined storage format, and if necessary, states the type of the

values and the relationship between them. The file format has not yet been optimized

to any great extent.

All data values (int and float) are encoded using the native storage format for

Sun 4 machines. That is, big endian two’s complement integers and IEEE floating point

values. Since Sun 3 and PowerPC machines also use this format, the Intel 386 is the only

machine that needs to perform any format conversion.

The data items are listed in the order: procedures, global variables, heap values and

stack. This is the order in which they appear within the address space of all architectures

currently supported by Tui.
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� Procedures — The name of each procedure is listed, since it is possible for a

pointer to refer to a procedure. No other information is given about the text seg-

ment.� Global variables — The variable’s name and value are specified. It is neces-

sary to include the name, since variables may appear in a different order on dif-

ferent architectures. Also, some symbols may exist on one machine, but not on

the other; these will typically be machine dependent values and are not normally

meaningful to migrate.� Heap values — These do not have names, and the destination machine can not

determine the type of the data in advance. Therefore, values are listed alongside

their stabs type number. It is necessary that all architectures use a common type

numbering system.� Stack values — These are listed within their respective frames. Each frame is

identified by the name of the procedure and the number of the call point that cre-

ated the frame. Parameters, local variables, temporaries and arguments are listed

in an order that is consistent among all machines. No variable names are needed.

One interesting optimization has been made to the way in which integers are en-

coded. The number of bytes used to represent integers depends entirely on the value of

the number, and not the size that it had on the source machine, or will have on the des-

tination machine. That is, small values (such as 5) can be encoded in one byte, whereas

larger values require more.

5 Comparison: The Prototype of Tui and the Current
Version

The implementation of Tui, as described in the previous sections, is now considered to

be complete. However, it is worth discussing the earlier prototype version to show the

important discoveries that were made, as well as the tradeoffs between the two different

systems.

The original version of Tui used a different approach to scanning the memory of

a process. To locate the data stored on the heap, a traversal algorithm (similar to those

used in garbage collection systems) was used. While scanning the global and stack data

area, any pointers that refer to data in the heap area were followed and the details added
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to the value table. If the heap data itself contained pointer references, the traversal pro-

cess continued until all reachable heap data had been located.

Although the prototypealgorithm functionedcorrectly for most programs, there were

two major limitations identified. Firstly, it was possible that when migrating non-type-

safe programs, a “type conflict” could occur. Secondly, the performance of the value

table was not satisfactory. These limitations will now be examined in more detail.

5.1 Problems Due to Lack of Type-Safety

When a pointer was followed in order to locate a data item in the heap, the base type of

that pointer was used to determine the type of that heap data. After much analysis, this

approach appeared insufficient given that Tui should function correctly for a non-type-

safe language. The following examples will clarify this problem.

Example: Determining Array Sizes

If an array is dynamically allocated on the heap, there is often only a pointer to the be-

ginningof the array. In ANSI C, there is no way of automatically determining its length.

As an estimate, the total size of the heap block could be divided by the size of a single

array element. However, this is not totally reliable since the programmer may not intend

to use the entire heap block for storing the array.

Example: Type Conflicts

If a pointer refers to a heap block that has already been discovered (by following a pre-

vious pointer), both pointers must agree on the data type. If the pointer types differ,

there is no way for Tui to ensure that it will correctly interpret the data values.

The following fragment of code is non-migratible since it violates this property.

Pointer a refers to an integer value (or array of integers) while point b suggests that

this same area of memory stores characters.

{

int *a = malloc(100);

char *b = (char *)a;

}

When this program is migrated, a “migrate-time” error would be reported.

A similar difficulty appears if we vary the ordering in which values are discovered.

In the following fragment of code, the pointer b refers to a element of the array a.
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{

int a[10];

int *b = &a[5];

}

Ifa is entered into the value table first, bwill refer to a known element of the array a.

On the other hand, if b is discovered first, the value table must be carefully rearranged

to record that a is in fact the most significant data value. This functionality is not im-

possible to deal with, but the complexity of the necessary code has proved to negatively

affect its performance.

Solutions

The solution to these two problems is to require the programmer to more carefully spec-

ify the type and size of each malloc block at their time of creation. In each call to the

malloc library function, the programmer must use the form:

malloc(size * sizeof(type))

The C compiler will incorporate this size and type into a call to a special version of

malloc that will record the information for later use by Tui.

Now that extra information is available, there can be no ambiguity over the type of

heap data. A pointer of any type may refer to heap data of any other type, as long as it

refers to the beginning of an atomic data value. For example, a character pointer may

refer to the first byte of a four byte integer, but not to any of the remaining three bytes.

With the new (current) implementation, “type conflicts” have been reduced to “align-

ment conflicts”, and it is always possible to determine the size of an array. It is ex-

pected that these changes will greatly expand the number of programs that are migrat-

ible. However, future work is needed to prove this.

Aside from the extra cost of storing type information with each heap block, there

is a requirement that all calls to malloc be put in the correct form. Experience has

shown that this is often a simple matter of including a suitablesizeof expression, but

occasionally more work must be done. For example, the following structure definition

may occur:

struct foo {

int len;
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char buf[1]

}

The programmers intention is that at run time they will know the length of buf and

will then be able to allocate appropriately sized storage. However, this violates Tui’s

rules on using malloc. The solution is to rewrite the definition as follows:

struct foo {

int len;

char *buf;

}

With these changes, two calls to malloc are required (one for struct foo and

one for thebuf array), in each case, the size and type of each object are correctly stored.

5.2 Performance

The second limitation of the original garbage collection style algorithm was that due to

the potentially random ordering of insertions into the value table, it was not possible to

use a linearly expanding data structure. The prototype version used a splay tree [13] that

allows randomly ordered insertions. Although a splay tree will typically give excellent

performance for random accesses, there were circumstances where the performance was

less than satisfactory.

As an example, when migrating a program that contained a large number of stack

frames, each new data item that was added to the value table was guaranteed to be in-

serted at the end of the table. At the same time, this value was being “splayed” to the

root of the splay tree, leading to a very unbalanced structure. It was clear that using the

linear table of the new version would give better performance for many programs.

The revised scanning algorithm will always give linear performance (based on the

number of data items), but introduces the restriction that the memory of the process must

be scanned in order of increasing (or decreasing) address. This is not a significant re-

striction since all the architectures supported by Tui have their text, data, heap and stack

segments layed out in the same order, although at different memory locations. The in-

troduction of a new architecture may cause a minor problem.
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6 Performance Tests

To fully test the performance of the Tui algorithms, three different test programs (for

Tui to migrate) have been created. Each is designed to test the complexity of the various

components of Tui.

The three programs are:� fibonacci – An inefficient recursive implementation of the Fibonacci algo-

rithm that creates a large number of stack frames, each with a small number of

local variables and temporaries. A single preemption point is placed so that mi-

gration will occur when n stack frames are active (n is the input parameter). This

program tests migrout’s efficiency when scanning the stack.� tree – Buildsa binary tree ofn nodes (n is a command line parameter). Numeric

values are selected randomly and then inserted into the tree. Once construction

of the tree has completed, migration will occur. This program tests Tui’s ability

to scan the heap space in a random order.� arrays – 50 character arrays (of user specified size) are dynamically allocated

on the heap and then filled with characters. This test demonstrates the efficiency

of encoding and reconstructing large areas of memory.

6.1 Components of the migrin and migrout algorithms

To demonstrate that Tui can correctly function on the four supported architectures, each

of the programs was migrated. Figures 3 to 6 show the time taken by the main compo-

nents of both the migrin and migrout algorithms for the tree program. In these

tests, the number of tree nodes varies from 1000 to 8000. Although only the tree pro-

gram is analyzed, fibonacci and arrays were similar.

The exact machines are:� Sun 4/75 (SPARCStation 2)� Sun 3/60� i486 running at 50Mhz� PowerPC 601 running at 66 Mhz
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Figure 3: “tree” on Sun 4
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Figure 4: “tree” on Sun 3
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Figure 5: “tree” on i486
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Figure 6: “tree” on PowerPC
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All measurements are averaged over 5 runs on an otherwise idle CPU. The machines

have sufficient memory to avoid paging.

In this analysis, the total execution time is divided into the major components of

both migrout and migrin. We must pay attention to the relative costs between the

components and the growth of each component as the problem size increases. The fol-

lowing list gives an explanation of each cost.� Miscellaneous – The time required to read the migrating program’s memory

image into Tui’s address space, as well as the time to read the program’s type

information from disk. The memory image size will vary depending on the size

of the program, but the amount of type information will remain constant.� Scanning – The scanning of the memory segments and the construction of the

value table. This cost depends on the number of individual data values that are

located, not the size of those values.� Encoding – The data values must be marshalled into the intermediate file. This

cost depends on the total size of all data values, as well as the operating system’s

performance when writing to files.� Rebuilding – This is the only component of the migrin algorithm that has

been analyzed. Given the intermediate file, the new data and stack segments are

constructed. The other components of migrin, such as reading the type infor-

mation and reading/writing core memory is the same as for migrout.

Note that the final rebuilding of migrin can almost entirely occur in parallel

with the scanning and encoding of the migrout phase. Therefore the total mi-

gration time will be less than the total time required over all components.

It can be seen that scanning, encoding and rebuilding are the major components of

the migration cost. The miscellaneous costs of reading type information and the mem-

ory image is small enough to ignore. We next study how the cost of the three major

components increases as the input size becomes extremely large.

6.2 Asymptotic Growth in Migration time

To examine Tui’s performance when migrating realistically sized programs, each of the

three tests was configured so that it would create a large memory image. Figures 7 to 9

show the contributionof the major costs (scanning, encoding and rebuilding) for various

26



0

5

1 0

1 5

2 0

2 5

3 0

5
0

0
0

1
0

0
0

0

1
5

0
0

0

2
0

0
0

0

2
5

0
0

0

3
0

0
0

0

3
5

0
0

0

4
0

0
0

0

4
5

0
0

0

5
0

0
0

0

Number of Nodes

S
ec

on
ds

Rebuilding

Marshalling

Scanning

Misc

Figure 7: Growth of “tree”

input sizes. The following list gives an explanation of the performance for each of the

three programs. To avoid paging problems, all tests were performed on the same large

machine (the PowerPC).� tree – This program has close to linear performance for all three components.

The makes sense for scanning and rebuilding, but for encoding we expect a slightly

higher complexity due to the binary search that is done on the value table for every

pointer. In these results, this extra complexity does not appear to be significant.� fibonacci – The complexity is roughly the same as for tree, but the overall

running time is lower.� arrays – Since there are only 50 arrays, the scanning component requires an in-

significant amount of time to locate them. However, since each array can be large

(up to 50000 characters in our case), the encoding and rebuilding components are

significant, although they will always have linear complexity.

6.3 Migrating Realistic Programs

The three test programs discussed so far were designed to determine the performance

of the major components of Tui. However, to demonstrate that Tui is not limited to a
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small set of contrived programs, two applications that were not designed for migration

have been used. A matrix multiplication package and a popular text editor demonstrate

how easily “real” programs can be migrated.

Matrix Multiplication

A matrix manipulation package is a very practical piece of software that often requires

extensive amounts of memory and CPU time. The particular package that was used [14]

contains approximately 1000 lines of code written in ANSI-C. Other than altering the

program’s main loop (to allow for user selected matrix sizes), no modifications to the

code were necessary. This is clearly a desirable feature as our goal is that migration

should be transparent to the programmer.

In figure 10, the migration time is shown in relation to the dimension of each matrix.

Since the matrices are two dimensional, a doubling in dimension will result in four times

the memory usage. In the largest test shown, the memory usage of the program was

approximately 4 megabytes, requiring a total of 20 seconds to migrate. The asymptotic

growth of Tui’s execution time remains linear, as expected.

The MicroEMACS Editor

The second realistic program is a cut-down version of the popular EMACS editor, called

MicroEMACS [15]. This C program contains approximately 20,000 lines of code (that
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were relevant when running under UNIX). Figure 11 shows the time required to migrate

the editor while it was editing a text file. The file size ranged from 200Kb to 1Mb.

Although an editor is not normally a compute intensive application, it is desirable to

move the program between different machines in a mobile environment. As an exam-

ple, a user may wish to migrate a set of desktop applications between their workstation

and their laptop. For this purpose, a transfer delay of up to a minute would be accept-

able.

Unlike the matrix program, several minor changes were required. Firstly, the pro-

gram was converted into ANSI-C by altering the function headings and adding function

prototypes. Secondly, there were 10 uses of the “malloc” function that were missing the

“sizeof” operator. In all cases, the compiler warned about the missing type information.

Finally, there were 3 additional situations where a heap block was being allocated as a

variable sized structure. Each of these occurences was fixed by using the technique dis-

cussed in section 5 (that is, adding a second call to “malloc”).

7 Related Work

Until recently, heterogeneous process migration was considered as an interesting topic,

but no mature implementation had been developed. However, current interest in world-

wide and mobile computing has lead to several implementations, although only with

limited use within research environments.
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This section briefly lists previous work in homogeneous migration, both on a per-

process and per-object basis. Next, a discussion of other heterogeneous migration sys-

tems will show the different the range of approaches, in particular, how they compare

to Tui. Finally, other supporting areas such as garbage collection and debugging will

be surveyed.

Traditional Migration Systems

Process migration (in its homogeneous form) is not a new topic, and has been studied ex-

tensively since the late 1970s. Much of the previous research has involved finding new

and improved methods of transferring the state of the process from one machine to an-

other. Examples of homogeneous process migration systems are V [16][17], Charlotte

[18], DEMOS/MP [19], Sprite [20], Condor [21] and Accent [22]. A good summary of

these and other systems is given in [23] as well as a more recent survey in [24]

Object mobility

The idea of process migration has been incorporated into distributed object oriented

systems. However, it has become more relevant to migrate on a per-object basis (or in

groups of objects), rather than moving a whole program. Migration in this form is more

commonly known as Mobility, that is, the object is mobile. Examples of such systems

are: Emerald [25] [1] [26], DOWL [27], DCE++ [28], COMET [29], and COOL [30].

Other heterogeneous migration systems

All of the followingsystems supports migration of native code across different architec-

tures, however, they each differ from Tui in some significant way. Many of them solely

support “process-originated” migration, whereas Tui also allows an external agent to

make a request. Secondly, it is common to incorporate the data marshalling code into

the migrating process itself (either created by the compiler, or specified by the program-

mer), whereas Tui is a completely separate program. Finally, Tui has addressed and

resolved some of the type-safety issues that could limit migration in other systems.

Possibly the first heterogeneous migration system [31][32] was a prototype built on

top of the existing migration features of the V system. This system uses templates to de-

scribe the layout of the various memory segments. These (compiler created) templates

specify the size of each data element (for example, whether it is a 2 byte or 4 byte inte-

ger) for global data, stack and heap blocks. The type templates are similar, but simpler
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than, Tui’s type tree.

The primary limitation of this system is the assumption that data will reside at ex-

actly the same address on all architectures (possible in the V system). This simplifies

migration since there is no requirement to adjust pointer values. However, data types

must be of the same size, and data structures must be padded to the largest size required

by any of the architectures.

Later work (related to this system) [33] has lead to a more formal analysis of the

points at which a process may be migrated (known in Tui as preemption points). “Point-

wise Equivalence” is required between two computations (that is, executable programs

on different architectures) if migrating between the computations is to be guaranteed

correct. They discuss issues relating to the granularity of migration points, especially

in respect to optimization of program’s code. Placement of preemption points in Tui

could benefit from this type of analysis.

A second system [34], that was never implemented, introduces the idea of migration

by recompilation. At migration time, a source level program is automatically created,

transferred to the destination machine, and then recompiled. When the program is ex-

ecuted, it restores the state of the process and then continues execution at the correct

location.

The motivation for this method was that the machine dependent knowledge (such

as register usage and stack frame layout) is already embedded into debuggers and com-

pilers. Therefore, a process can be migrated to and from any architecture that supports

commonly available debugging and compilation tools. The main disadvantage is that

migration time is greatly increased because of the need for source code compilation.

Another approach [35] requires that the migratible program check a state variable

at various points throughout its execution (specifically at the beginning and end of each

procedure). If the state variable indicates that normal execution should occur, no mi-

gration code will be executed. However, when migration is requested, the variable is

set to indicate that the contents of the currently active procedure should be saved to, or

restored from, an alternate address space. A source to source C language translator is

used to insert the additional code.

The Emerald system [25] [1] [11] is an object oriented language and environment

that permits fine-grained migration of native code objects. The Emerald compiler cre-

ates a template describing the internal structure of an object as well as the format of

each method’s stack frames. Whereas most heterogeneous migration systems make use

of the C language, Emerald is itself a type-safe language, so correct migration will al-
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ways be possible.

The HMF (Heterogeneous Migration Facility) system [36] requires the program-

mer to explicitly register the data to be migrated. The migration library is linked with

the migrating program and provides procedures for registering data values (given their

address and a type description), for initiating migration, and for converting to external

data formats.

Checkpointing

Checkpointing and migration are very similar. The main difference is that checkpoint-

ing requires that a process can be restarted after a long period of time, whereas migration

assumes that the current external state will not change. For example, a checkpointing

system may need to rollback any files that were being written to. A migration system

would assume that the files remained consistent.

In most cases, a checkpointing algorithm assumes that the process will be restarted

on exactly the same machine that it started on. This implies that heterogeneity is not an

issue. However, if we wish to restart it on a different machine, with a different archi-

tecture, then the problem is identical to that of heterogeneous process migration.

Several checkpointing systems have been created for Unix systems [21] [37], but

they only function in a homogeneous environment. The recent concept of “Memory

Exclusion” [38] demonstrates that careful selection of data values to be saved can reduce

the cost of checkpointing. Another system [39] divides programs into modules that can

be individually checkpointed. Each module is initialized by supplying it with either a

fresh (empty) checkpoint file, or a checkpoint file from a previous execution.

Debugging

Source level debugging is also closely related to heterogeneous process migration. Com-

pilers generate extensive amounts of information describing such things as the type and

location of all variables, and the location of each source code statement. A debugger

such as dbx or gdb uses this information to aid the programmer in studying a process.

Recently, work has progressed in the field of debugging optimized code [40] [41].

Whereas traditional debuggers have only been able to correctly debug unoptimized pro-

grams, it has been recognized that many errors do not become obvious in this situation.

The DWARF debugging format [42] is a newly developed format that is capable of ex-

pressing the structure of an optimized program.
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Data Marshalling Packages

For software that is expected to function correctly in a distributed environment, it is

vital that the heterogeneity present in the data storage formats be taken into account.

Any data that is externally visible must be in a form that all consumers can interpret.

Several general packages are available to automate the data translationprocess. Given

some form of data description, these systems will generate suitable functions for trans-

lating between a machine’s native data format and some intermediate format. Two of

the most common systems are Sun’s XDR [43] and ISO’s ASN.1 [44].

Tui does not take advantage of any standard system, since the packaging of the whole

data structure is handled as part of migrout, and the translation of single data values

is trivial in the four machines supported by Tui.

One solution [45] has addressed the issue of transmittingcyclic data structures within

the CLU programming environment (XDR and ASN.1 cannot correctly deal with cy-

cles). This problem has also been solved by Tui through the use of the value table and

the method of encoding pointers.

Garbage Collection

A garbage collector is capable of scanning through the program’s memory, searching

for, and freeing areas that are no longer being used. A good overview of uniprocessor

garbage collection methods is given in [46].

The prototype version of Tui made use of garbage collection techniques to help lo-

cate data. However, most existinggarbage collection algorithms are not accurate enough

to correctly migrate a program. In many cases, it is assumed that all data items are dis-

tinct (as in object oriented programming), and that marking the data is somehow possi-

ble. Also, it is necessary for pointers to be clearly identified in some manner (such as

tagging), so they are not confused with other data values.

One system [47] allows garbage collection to function within C programs, but with-

out proper type information, an educated guess must be made to identify pointers. Any

pointer sized data value in a register or on the stack is considered to potentially be a

pointer. The memory allocator is used to decide whether the value points to a valid

memory block or not. The limitation of this system is that we can never be totally sure

of whether a data item is a pointer, or simply an integer. Although an incorrect guess is

not fatal for a garbage collection system, it will not suffice for a migrator.

In considering type-safety, [48] discusses garbage collection for Modula-3. They
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introduce the idea that although the source code for a program is type-safe, the com-

piled executable code may not be. For example, in an array that is not zero based, a

“virtual array origin” pointer often refers to a memory location before the start of the

array. This improves performance when calculating array offsets, but also gives a mis-

leading indicator of which memory is in use.

A second important issue raised in this paper is that of determining how to locate the

“derived” pointer variables at garbage collection time. That is, if one pointer variable

is derived from a second pointer variable (for example, it may point to a field within

an object), that derived pointer must be updated if the object is relocated. This require-

ment is only an issue if objects are moved individually, as opposed to moving an entire

program.

In a final paper [49], an efficient method of marshalling data structures via garbage

collection techniques is discussed. This approach provides linear time collection (and

hence transmission) of general graph structures. Unfortunately, their algorithm is not

suitable for use in Tui, since it assumes that memory blocks can be reordered as well as

corrupted (that is, marked with a forwarding address to indicate the new location).

Heterogeneous Distributed Shared Memory

The Mermaid system [50] [51] allows distributed shared memory (DSM) to function

between heterogeneous machines. That is, a group of processes residing on different

machines are able to share a consistent view of a segment of memory. Unlike tradi-

tional DSM, the machines may have different data formats, requiring that the segment

is translated as it is moved between machines.

This system uses information provided by the compiler to determine the types of the

data being shared. It then generates stubs to perform the necessary conversion. Using

customized conversion code is said to be more efficient than using general conversion

facilities such as XDR and ASN.1. Problems with unconvertible data values, pointer

correctness and variations in data sizes are raised, but not addressed.

The methods used in Mermaid will be useful for process migration, although they

are for a rather simplified environment. Primarily, Mermaid does not address the vital

aspect of converting the active components of the process (such as registers and stack).

Secondly, it is limited to a well defined segment of memory, rather than the whole pro-

cess image.
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Binary Translation

Binary Translation is a technique that is used to convert machine code from one archi-

tecture to another. For example, one of its main uses was in the introduction of DEC’s

Alpha processor [52]. There was a desire to convert existing VAX software to the Al-

pha platform, without using the original source code. Another system [53] talks about

emulating complex instruction set machines by using binary translation within a RISC

environment.

In the context of heterogeneous process migration, binary translation could be used

to migrate the executable program code to a different architecture. Even though the

simple solution of recompiling the program from the source code has been chosen, Tui

could also take advantage of binary translation.

8 Ongoing Work

Even though the current implementation of Tui has been successful, the followingtopics

are seen as necessary additions to the work.� A more detailed survey of non-migratible languages features will be made. We

have already shown that for a program to be successfully migrated, type-safety

is not always a requirement. Since we are not totally sure of the extent of “mi-

gratibility”, a survey of common programs (for example, compilers, editors and

scientific software) will be made. This work will act as a guide for those who

wish to use Tui to migrate their own programs.� The current implementation of Tui will be extended to deal with a wider range of

programming languages. ACK already supports Pascal, Modula-2 and Fortran,

so the coding requirements should be minimal. Since C is generally considered

to be one of the least type-safe languages, it is expected that other languages will

present fewer problems for migration.� Realistic performance tests will be performed to demonstrate that migration is

beneficial in wide area and mobile computing. A single program will be used to

compare the cost of data access across the internet (while keeping the program at

a fixed location), versus the cost of migrating that program closer to the data.
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9 Summary

The Tui Heterogeneous Process Migration system is able to move a process between

machines of different architecture, with minimal programmer intervention. It uses type

information that is generated when the migratible program is compiled. The bulk of the

algorithm’s work involves locating and determining the type of each data value within

the process. This data is marshalled into an intermediate form so that the process may

be reconstructed on the destination machine.

The algorithms for checkpointing and reconstructing a process image have been de-

scribed, with most focus placed on those features that are unique to heterogeneous mi-

gration. Performance measurements of several programs, including two real applica-

tions, have shown that migration is possible within an acceptable amount of time. This

is especially true if we consider the potential cost of not migrating a program across a

wide area or mobile link.

Tui has been designed to migrate ANSI-C programs, although other languages such

as Pascal and Fortran could be supported. The required compiler changes are fairly min-

imal, so new languages can easily be incorporated into the system. A common problem

is that most practical languages are not type-safe, so determining the correct type of

each data item, therefore migrating successfully, is not always possible.

Experience with two versions of Tui has shown that some type-unsafe programs can

be migrated, as long as the programmer is required to be more specific about the type

details of dynamically allocated memory. Proposed future work will involve categoriz-

ing non-migratible language features, and attempting to eradicate them.
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