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ABSTRACT

This paper develops a formal model of process migration
that describes programs, processes, and the migration of
those processes within a migration realm. A migration realm
is a group of processors modeled as finite state machines.
The model is motivated by a migration application between
software and Field Programmable Gate Array (FPGA) hard-
ware, and the theorems of the model guide the use of FPGA
resources while guaranteeing complete and correct execu-
tion of a process. By defining different types of migration
realms this paper also develops a migration realm taxonomy.

1. INTRODUCTION

The goal of this paper is to present a formal model that de-
scribes in general the migration of processes among proces-
sors. It defines a program and a process, which is an in-
stance of a program. A process is migrated within a migra-
tion realm, which is a collection of computing devices mod-
eled in terms of Finite State Machines (FSMs). The instruc-
tions of a process are divided into sequences that are serially
executed on one or more processors within the realm until
the process completes. A process exists in an abstract form
that can be translated as needed into a form used by concrete
processors. This model also forms the basis for a migration
system taxonomy, and its theorems present a set of criteria
which guarantees the correct completion of programs in a
set of heterogeneous processors.

While the model is generally applicable to many forms
of migration systems, its impetus is the migration of pro-
cesses between software and FPGA hardware. Run-time re-
configuration of FPGAs provides the means of implement-
ing a migration realm within an FPGA, and one application
is the acceleration of digital circuit simulation. FSMs were
chosen as the basis of the model primarily because digital
circuits are often described in the form of FSMs, so the mi-
gration of FSM state is natural in this context. However, the

"This work was graciously funded through a Virginia Tech College of
Engineering Fellowship and a Bradley Fellowship.

1-4244-1060-6/07/$25.00 ©2007 IEEE.

104

model defines its components in general enough terms to be
applicable to Turing Machines as well.

Section 2 presents related work, and Section 3 estab-
lishes the foundational definitions of strings and FSMs re-
ferred to in subsequent sections. Section 4 describes a mi-
gration realm, a program, and a process. Section 5 elabo-
rates on how to simplify migration realms by requiring cer-
tain similarities between FSMs. Section 6 describes an ap-
plication to run-time reconfiguration of FPGAs in light of
this model, followed by Section 7 which gives an overview
of future work and the conclusion.

2. RELATED WORK

Brand and Zafiropolu, in the foundational work on commu-
nicating finite state machines, model FSM communication
through a protocol [1]. The object is to detect missing or
“unexecutable” messages. Pétrot er al. have modeled dig-
ital simulation with FSMs [2], but this model is essentially
a communicating FSM problem rather than state migration.
Similarly, Milner ef al. have developed the m-calculus [3],
which describes a set of communicating mobile processes
that can change their communication link structure. This
paper describes the migration of machine state without con-
sideration of communication with other machines. Commu-
nication between collaborating FSMs is orthogonal to the
migration of each machine’s state.

Migration has also been studied in ad-hoc networks in
projects such as MobileUNITY [4], but such work focuses
on sharing, synchronization, and security of mobile com-
puting systems rather than the state migration itself. More
closely related to our work is the MAIL [5] language which
formalizes itineraries of a process through a network, but it
does not address translation of code and state. It also fo-
cuses upon autonomous mobile agents rather than passive
processes, the object of our work. Operating system pro-
cess migration has also been studied extensively [6], but this
type of migration is an application at a higher level than that
addressed here.



3. FOUNDATIONAL DEFINITIONS

A program is modeled as a string of input symbols to an
FSM, and there must be a means to represent which symbols
have been processed and which have not. A string, then, is
a sequence of symbols such as abcdef, and a substring is a
string that forms a part of another string. For example, cde
is a substring of abcdef. The empty string is €, and the set of
all strings over set A is denoted A*. The elements of a string
are identified using zero-based subscripts, so if ¢ = abcdef,
6o = a. The length of string G is denoted |G|. The concate-
nation of two strings is the juxtaposition of each sequence
of symbols from each string. A string ¢ concatenated with €
is ©, so € is the identity under concatenation.

A Finite State Machine (FSM), also called a finite au-
tomaton, provides the basis upon which strings and sub-
strings are applied to establish the notion of a program and a
process. An FSM is a machine that processes input strings,
changing its state for each symbol, and it can be classified
as either an acceptor or a transducer, depending on what the
output of the FSM is considered to be. FSMs are often de-
scribed with directed graphs whose vertices are the states,
and whose arcs are the state transitions labeled with the sym-
bol causing the transition, such as that shown in Fig. 1. It
shows a simple FSM that processes a series of input sym-
bols and determines if the they spell “computer.” Arithmetic
computation can be represented with an FSM, but the num-
ber of states easily becomes large. For example, a machine
with twelve storage bits has a state space of 4,096 states.
To limit the examples in this paper to a reasonable number
of states, only simple FSMs are used in the examples, but
the principles apply for computational machines with much
larger state spaces.

Migration involves the states of FSMs rather than the
output of those FSMs, and the initial states become a prop-
erty of “programs” rather than the machines themselves.
Therefore, we use semiautomata, which are reduced FSMs
that omit initial states and anything related to output such as
acceptor states and output functions. For the remainder of
this paper, we use the term FSM as a synonym for a reduced
FSM, unless stated otherwise.

Definition 1. A reduced finite state machine is a triple
A=(5.A,9) (1)

where S is a finite set, and 8: S X A* — S is a function such
thatforalls € S,a € A, and 6 € A*,

8(s,e) =s and
d(s,0a) = 6(8(s,0),a) .

2
3)
The set S is the set of states, A is the input alphabet, and

the elements of ¢ and symbol a are the input symbols. The
function 0 is the transition function of the FSM. O
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Fig. 1. An acceptor FSM recognizing “computer”

For the remainder of this paper, when an FSM 4 is ref-
erenced, S, A, and & are assumed to be the elements of 4,
though not explicitly mentioned. Similarly, a reference to
A; infers S;, A;, and §;.

4. MIGRATION REALMS AND PROCESSES

The migration of a process requires a source processor and
a destination processor, so any group of processors can pro-
vide a “realm” within which a process may migrate. Intu-
itively, if there is a set of processors that are identical in
every respect, the migration of state is direct. But what if
there is a need to migrate a process between two processors
that use different instruction sets or have different numbers
of registers? Such differences are shown in this model using
unequal alphabets, states, and transition functions.

Definition 2. A migration realm R_is a set of FSMs

R ={A,4,2,...}. “

|R | is the number of FSMs in the realm. A homogeneous
migration realm R_is a migration realm such that for all
Ae R

S=5,A=A" and 5=19, 4)

for arbitrary S, A’, and &'. Otherwise, the migration realm
is heterogeneous. O

Within a realm a process, which is an instance of a pro-
gram, is executed and migrated.

Definition 3. A program P = (4,s¢,0) is a triple con-
sisting of a finite state machine 4 = (S,A,d), an initial
state so € S, and a string of input symbols ¢ such that
A ={00,...,O|g|—1}. A process p of program P is a quadru-
ple p = (4,s,0,c) where

{so, forc=0
S =

6
S(So,G[O’c,l]),f0r0<C§ lo]. ©

s is the current state, and c is the input counter. The process
is complete when ¢ = |G]|. O
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Fig. 2. Process migration through multiple concrete FSMs

Each machine in a realm is not required to be able to pro-
cess an entire program, so Def. 3 incorporates an abstract
FSM into a program to serve as a reference. This abstract
machine is guaranteed by definition to be able to execute the
entire program, but it may not have a complete implementa-
tion in the realm. The program itself is also abstract. It has
not begun execution, and it can be instantiated as multiple
processes. In later definitions, the superscribed hat notation
(e.g., ffl) identifies abstract elements to differentiate between
abstract and concrete elements. Computer source code is
compiled into sections such as “text” and “data.” The text is
the instructions, analogous to an input string & in this model,
and the data section is the initial state of the program, anal-
ogous to s in this model.

A process is a program instance, and the input counter
tells how far into the program the process has executed to
arrive at the current state. A process is still abstract because
it exists in terms of its program’s abstract FSM. That is, it is
not necessarily in a form that can be executed on a concrete
FSM, so the superscribed hat notation is employed to iden-
tify it as such when the context requires. The flow of a pro-
cess from its abstract form to concrete forms is illustrated
in Fig. 2. Through “binding,” shown as B(p), the process
is translated into a form that a concrete FSM can process.
When the FSM has processed its portion of the program, it
is unbound (U (p)), or translated back into terms of the ab-
stract FSM. So a process is abstract, and a bound process is
concrete. A binding function is the means of producing a
bound process, and there are binding functions for the input
string and for state. The binding of the state is straightfor-
ward. Determining if the input string can be bound, how-
ever, is a more difficult problem since the target FSM is not
required to process all of the remaining input string.

Definition 4. Binding, Unbinding, and Migration

a) Let ¢ be a string. G is a bindable string to A4 if there
exists an injective function By : {G} — A* such that B4(0) #
€. The image B4 (o) is the bound string.

b) Let p = (:‘Zl, §,6,¢) be a process of program P =
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Fig. 3. Migration through a Greek acceptor FSM

(:‘Zl, $0,6). The six-tuple p = (/Aq,G,lAc,/‘Zl,s,G) is a bound
process of p to 4 if there exists a bindable string T = 6[5,1271]
such that 6 = B4(%), and there exists a function By : {§} — §
such that s = Bs($). k is the input counter marking the end
of the bindable string. The relationship between p and p
is denoted p = B(p). If Bs and G exist, then both p and P
are bindable to 4. Process p’ is the unbound process of p
if p = (2,§,6,k) such that § = Ug(8(s,0)) = 8(3,%). The
relationship between p’ and p is denoted p' = U(p).

c¢) Function M : {p} — {p} is a migration function such
that p’ = M(p) = B(U(p)). M;; denotes the migration func-
tion from 4; to A4;. 0

For the sake of brevity, further references to a process p
or a program P infer the constituents }Azl, S0, §, 6, and €.

Example. The program of Fig. 1 is defined as P =
(4, start, computer), where 4 contains the states and tran-
sition function shown, with an input alphabet of the 26 En-
glish letters. Suppose that a migration realm consists of the
single FSM shown in Fig. 3 with an input alphabet of the 24
Greek letters (ignoring diacritical marks). The state bind-
ing function Bg maps the English FSM start state to the
Greek FSM start. The unbinding function Us maps the
Greek FSM true to the English FSM true, and it maps
all other Greek FSM states to false of the English FSM.
The input string binding function By4 is an English-to-Greek
dictionary. When the input string computer is translated
to VToAOY1GTHG, the concrete FSM in Fig. 3 processes it,
and the final unbound state is t rue. Through this sequence,
the program is executed in a completely different FSM from
which it was defined, but the result is the same.

The definition of an unbound process (Def. 4b) also ad-
dresses correctness. A process may be bindable to a con-
crete FSM, but that does not guarantee that the final state
may be mapped back to the abstract FSM’s states, nor does it
guarantee that it is correct. The unbinding requirement that
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Us(8(s,0)) = 0(8,%) ensures that the result is correct. That
is, if the final state of the bound process—when mapped
back into the abstract state space—is the same as the state
that the abstract FSM produces, then the final state is correct.
Otherwise the process is stranded. It is a waste of resources
in an implementation to strand processes, so execution to
completion must be ensured. We must guarantee that the
realm can complete a process before it begins running.

Definition 5. Let p be a process of program P. P is realm
executable in R if there exists a finite sequence of bound
processes P = (p1, p2,..., pn) such that
B(p), fori=0,
pi =4 20 . )
M(p;), for0 <i<n,

and there exists p’ such that p’ = U(p,). The sequence of
ordered pairs of FSM and bindable string from P is the ex-
ecution path. The sequence of FSMs from P is the FSM
path. O

Theorem 1. Given a homogeneous migration realm R =
{4,...,2,}, a program P that is realm executable in R_is
also realm executable in any non-empty subset of R.

Proof. Let A = (4,...,4,) be an arbitrary FSM path of 2.
Let R’ = {4}, a non-empty subset of K. Because R is
homogeneous, for all 4 € R, 4= 4;,s0 A = (4;,..., 4).
Therefore, P is realm executable in R

5. REDUCING HETEROGENEITY

Def. 2 defines a heterogeneous migration realm as a realm
in which any of the three elements of the FSM triple dif-
fer between automata. Definitions 4 and 5 formalize the
requirements that must be satisfied in order for a program
to be realm executable. These are general requirements
for all realms, and the correctness requirement of Def. 4—
Us(3(s,0)) = 8(8,%)—implies that the program must be
processed by the abstract machine’s transition function ®)
in order to know for certain if the result is correct. This re-
quirement defeats the purpose of having a realm. However,
a close examination of Def. 4 shows that the requirements
depend on two sets of functions: the binding/unbinding
functions (Bg, B4, and Uy), and the state transition func-
tions (& and d). The difficulty of satisfying the correctness
requirement can be reduced by applying constraints that
simplify the binding functions.

Let us constrain the state binding and unbinding func-
tions to be identity functions. In other words, the ma-
chines use the same states and alphabets. Now, the cor-
rectness criterion from Def. 4 is summed up as follows:
Us(8(Bs(8),Ba(1))) = 0(§,%). When using the identity
binding functions, this criterion is simplified significantly:
8(5,%) = 8(§,%). But this equality, by Def. 1, can only be
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true if § and % are elements of the domains of both & and §.
That is, § € (SNS) and 2 € (ANA)*. So correctness is guar-
anteed if 8 and & are equivalent when limiting their domains
to (SNS) x (ANA)*. Limiting the domain of a function to
a subset of its defined domain is called a restriction, and it
is denoted, in this case, 8‘(Sﬁ§)><( APA)*- There are several

relationships between S and S and between A and A that can
satisfy this correctness criterion, and we investigate them in
Def. 6.

Definition 6. A migration realm R _is a restricted realm of
program P if for all 4 € R,

~

8‘(Sﬂ§)><(AﬂA)* = 6|(Sﬂ§)><(AﬂA)*’

and Bg, By, and Uy are the identity functions. A realm & of
P is a state-equivalent (SE) realm if for all A€ R, S = S.
Consider the following three constraints for FSMs of a state-
equivalent restricted realm ®_of P:

1. A=A (identity machine)
2. (A OA) CA  (SE subset machine)
3. ADA (SE superset machine)

If for all 4 € R, constraint 1 is true, then R is an identity
realm. If for all 4 € R, constraint 2 is true, then & _is an SE
subset realm. If for all 4 € R, constraint 3 is true, then X
is an SE superset realm. O

Note the state-equivalent realm defined above. It is ubig-
uitous in computing systems that state is stored in binary
digits. While there are differences in byte order and float-
ing point representation, we assume that mappings between
them are isomorphic, so state equivalency is a reasonable
simplification. The actual migration system that is motivat-
ing the development of this model consists of a set of virtual
machines run in software and real machines run in hardware,
and they share identical instruction sets and memories. They
form an SE realm. We therefore focus on SE realms for the
remainder of this model, but future work includes the study
of restricted realms that are not state equivalent, a much
harder problem. The migration system implementation can
be extended to support the compilation of processes directly
to hardware which will not necessarily be state equivalent,
and so we must investigate how to guarantee correct com-
pletion.

Theorem 2. For every bound process in an SE restricted
realm, there exists an unbound process.

Proof. Let p=(4,6,k,4,s, ©) be a bound process in SE re-
stricted realm & . Since By is the identity function, G is both
the bindable string and the bound string. Let p = (4, §,6,k)
be a process. From Def. 4, p is an unbound process of p if
§=19(s,0) = 9d(s,0), since Uy is the identity function. Since
8| (5n8)x (and)r = §| (5n$)x (and)+ Tor arestricted realm, it must

be shown that s € (SN S) and 6 € (ANA)*.



Since © is the bound string, then by Def. 3a, ¢ € A*.
Since © is also the bindable string, ¢ € A*. Thus, ¢ € (A*N
A*). Therefore, 6 € (ANA)*.

The definition of a bound process indicates that s € §,
and for a state equivalent realm, S = S. Hence, s € S. Con-
sequently, 8(s,6) = 8(s,0). Therefore, there exists an un-
bound process for every bound process in an SE restricted

realm. O

Theorem 3. Given program P, let R = {4y,...,4,} be an
SE restricted realm of P. P is realm executable in R if A C
AlUAYU...UA,.

Proof. For this proof, a sequence of bound processes is con-
structed that meet the requirements of Def. 5. The sequence
contains one bound process for each input symbol.

L. It must be shown that for every input symbol there
exists a machine to which it is bindable. Let A = A UA, U
...UA,. The definition of a program shows that for all T €
6,1¢ A. Since A C A, for all & € 6, & € A. Therefore, for
every symbol in & there exists a machine to which it is a
bindable string.

I Because the realm is state-equivalent, S = $. Because
the realm is restricted, By and Uy exist and they are the iden-
tity functions.

III. Now let us show that for every adjacent pair of
bound processes, one can migrate from the first to the sec-
ond. Let

5 {{0, fori =0 )

6(§0,6[OJ_1]), for0<i<|6].

Let 4; be a machine to which symbol &; is bindable.
Let bound process p; (:‘7[,6,1'—1— 1,4;,8;,6;). Let P =
(Po,P1;---,P|s|-1) be a sequence of bound processes, one
per input symbol. To satisfy Def. 5, it must be proven
that p;1 = M(p;), for 0 < i < |o| — 1. That is, it must
be proven that there exists a process p such that p is the
unbound process of p;, and p;.; is a bound process of p.
Theorem 2 indicates that p; = (4,8(S;,67),6,i+ 1) exists
as the unbound process of bound process p;. Next is proven
that p;11 is a bound process of p;. As defined above for P,
piv1 = (4,6,(i+1)+1,4:,1,S11,6i41). From Def. 4, the
bound form of p; is (4,6, (i+ 1)+ 1, ip1,8(51,6,),6:41).
These are identical except for the state.

Siv1 = 8(S:,6))
=8(8(s0,600,1),69) (Def. of S))
= 8(30. 60,1161 (Def. 1)
= §(50, 6(0,(i+1)-1)) (Def. of concat.)
=Sin (Def. of S;)

Therefore, p;1 is a bound process of p;.
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IV. Finally, to satisfy Def. 5, it must be shown that
po = B(p) and that there exists p’ = U(p|g|—1). As the
elements of P are defined, pg = (le,é, 1,4y,50,60). Now
from Defintion 4, B(p) with a single input string of & is
(4,6,1,4,50,60), and this equals py. By Theorem 2, p/
exists.

Therefore, the requirements of Def. 5 are met, and Pis
realm executable in . O

Theorem 3 serves an important role for migration sys-
tems. It states that for a state-equivalent restricted realm, if
the realm as a whole supports the entire input alphabet of a
process, then that process is executable to completion within
the realm. For an implementation, an SE restricted realm’s
processors differ only in the extent to which they support
the instruction set. In a subset realm, any given machine
supports a subset (including the empty set) of the program’s
input symbols. A homogeneous subset realm is an interest-
ing variation, but provides no value. By definition, no single
machine can execute the entire program, but also, since all
machines are identical, the entire realm cannot execute the
entire program. Formally, it does not fulfill the requirements
of Theorem 3.

Theorem 4. A homogeneous subset realm is never realm
executable.

Proof. Theorem 3 presents the requirement for realm ex-
ecutability in a subset (restricted) realm, where ACAU
...UA,. For ahomogeneous realm, A| =A; =...=A,, and
the requirement simplifies to A C A;, which can never be
true because it is mutually exclusive with the subset realm
requirement that (A; NA) C A. O

Let us next consider an SE superset realm. This is a
realm composed of machines that all process a superset of
the program’s alphabet. This is the type of realm in existing
implementations that is often called a homogeneous cluster.
A superset realm can be either homogeneous or heteroge-
neous, and the properties are identical: From the perspec-
tive of the process, all machines in the realm might as well
be homogeneous because they can all execute the entire pro-
gram.

One final type of realm to consider is the identity realm.
An identity realm is a homogeneous realm consisting of
one or more FSMs that implement exactly the abstract FSM
of a program. Theorem 1 proves that a program is realm
executable in an identity realm consisting of a single ma-
chine. The fact that it supports the minimum required alpha-
bet translates into the smallest processor in an implementa-
tion that can complete the program. Using the characteris-
tics of the realms defined above, we form a taxonomy shown
in Fig. 4.

During the explanation of this model, the input symbols
are viewed as being analogous to instructions for a micro-
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processor, but the level of abstraction is not relevant to the
model. For instance, a PowerPC processor and an x86 pro-
cessor are considered heterogeneous because they have dif-
ferent instruction sets, among other things. However, if the
programs are modeled at a higher level of abstraction, then
those two machines can be considered homogeneous. Two
practical examples of abstraction which can make two het-
erogeneous processors behave in a homogeneous fashion are
Remote Procedure Calls and the Java Platform.

6. APPLICATION TO HW/SW MIGRATION

In our application, the desire is to improve the performance
of digital logic simulation by running the processes describ-
ing the behavior of the circuit in parallel in an FPGA. Since
the parallel hardware resources are limited, they must be
used efficiently by migrating idle processes out and busy
processes in. The performance of a process migration sys-
tem depends upon the implementation, and there are three
penalties that need to be considered: instantiation overhead,
migration overhead, and area utilization. The instantiation
overhead is the time required to reconfigure a portion of the
FPGA at run time to create or remove a processor. The mi-
gration overhead is the time to bind and unbind a process to
a processor in the FPGA. The area utilization is a measure
of the use of the logic structures of the FPGA. Minimizing
the area utilization maximizes the number of processors.
This model shows that a completely heterogeneous
realm provides no value to the execution of a process be-
cause of the problem of knowing if the result is correct. But
fully heterogeneous systems are only theoretical: Computer
systems all share homogeneous concepts such as add and
multiply. Through requiring certain homogeneous char-
acteristics, some of the most expensive requirements for
correctness are eliminated. In contrast to full heterogeneity
is full homogeneity, typically in the form of a superset realm
for which a compiler ensures that the program is a subset of
the supported states and alphabet. A homogeneous superset
realm, however, does not maximize the use of an FPGA’s
area. A more efficient use is to place a process within
a processor that supports just the instructions the process
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Fig. 5. An example of subset migration

utilizes—an identity realm. The instantiation overheads,
however, must also be considered. If there already exists
one or more processors in the FPGA that support the pro-
cess’s instruction set (an SE subset realm), then completion
is guaranteed without incurring instantiation overhead.

Example. Continuing the example of the “computer”
acceptor, Fig. 5 shows that a subset realm can provide the
means to complete the recognition of “computer” while also
providing recognition of “compare.” Sharing an acceptor
for the common prefix “comp” reduces the area used within
the FPGA compared to two separate FSMs for “computer”
and “compare.” Fig. 5 shows 24 arcs in the migration realm,
which would correspond directly to processing logic. Two
separate FSMs would require a total of 32 arcs.

The type of realm that is used is highly dependent on
the implementation and the trade-offs between performance
and area utilization. Fig. 6 shows a qualitative arrangement
of the three useful types of migration realms. The most effi-
cient in migration and instantiation overhead is the superset
realm because no instantiation is required, and only one mi-
gration is required for program completion. Also shown,
however, is that the superset realm requires the greatest area
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resources in the FPGA because it contains more than is nec-
essary to execute the program to completion. The smallest
area to support a single program is provided by the identity
realm where by definition only the required instructions are
supported. But an identity realm potentially requires an in-
stantiation of a processor for every migration, thus incurring
two overheads. The subset realm may require less instantia-
tion overhead because of processor reuse, but the migration
overhead increases because no single processor can execute
the program to completion. Any optimal solution based on
migration realms is likely to use a hybrid approach.

All the useful realms developed in this paper are state-
equivalent restricted realms. Using Theorem 3, we can pro-
pose an algorithm that allows us to guarantee complete exe-
cution of a process within such a realm. Execution units in
the FPGA will be configured, reconfigured, defragmented,
and removed during execution, but if a list of the instruc-
tions supported by the realm at any given time is maintained,
the system can check a process against the list to determine
realm executability. Another method of ensuring realm exe-
cutability is always to maintain one machine that is a super-
set machine of all the processes. Then, regardless of what
kind of subsets are in the remainder of the realm, there is
always this superset machine to fall back on.

Theorem 5. An SE restricted realm of P having one super-
set machine is realm executable.

Proof. Let 4’ be a superset machine of P in the SE restricted
realm R = {4, ..., 4,}. Since A C A’, then it follows that
AC (A'UAgU...UA,), satisfying Theorem 3. Therefore P
is realm executable in . O

The latter method is the one employed in our migration
system. Because of the limited FPGA resources, it is possi-
ble that all of the processes in the realm cannot fit into par-
allel execution units in the FPGA, and so the system main-
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tains the remainder of the processes in software superset ma-
chines, thus guaranteeing realm executability regardless of
the contents of the FPGA.

7. FUTURE WORK AND CONCLUSION

The model is complete enough to draw some conclusions,
but future work is required. Of special interest is the de-
velopment of theorems for non-state-equivalent migration
realms, a more difficult problem to address. The area uti-
lization of an FPGA can be reduced by using a subset of
the state space (e.g., smaller memories), but we must still be
certain of correct execution.

Furthermore, a migration realm and a program can be
represented as a directed graph with FSMs as nodes and arcs
as migrations. In Def. 5, realm executability is expressed
in terms of a finite sequence of bound processes, and the
execution path can be used to construct the arcs and nodes
of a graph. The graph starts at the program’s abstract FSM,
and each element of the execution path forms the arc and
the endpoint for each hop of the path. The labels on the arcs
denote the substrings of the input string bindable to the FSM
at the arc’s endpoint. A path through the graph represents
the executability of the process through the realm.

This paper presents a model that describes programs,
processes, and the migration of those processes among a
group of finite state machines. It establishes the criteria that
must be met in order for the execution of the process to be
correct and complete. The definition of different types of
realms results in a simple migration realm taxonomy, and
the theorems guide us in the development of algorithms to
guarantee complete and correct execution, while still main-
taining a flexibility in the utilization of the FPGA.

8. REFERENCES

(1]

D. Brand and P. Zafiropulo, “On communicating finite-state
machines,” J. ACM, vol. 30, no. 2, pp. 323-342, 1983.

[2] F. Petrét, D. Hommais, and A. Greiner, “Cycle precise core
based hardware/software system simulation with predictable

event propagation,” Euromicro, vol. 00, p. 182, 1997.
[3]

R. Milner, A Calculus of Communicating Systems.
Springer-Verlag New York, Inc., 1982.

G.-C. Roman, P. J. McCann, and J. Y. Plun, “Mobile UNITY:
reasoning and specification in mobile computing,” ACM
Transactions on Software Engineering and Methodology,
vol. 6, no. 3, pp. 250-282, 1997.

(4]

[5] S.Luand C. Xu, “A formal framework for agent itinerary
specification, security reasoning and logic analysis,” in Dist.

Computing Systems Workshops, 2005, 2005, pp. 580-586.

D. Milojici¢, F. Douglis, Y. Paindaveine, R. Wheeler, and
S. Zhou., “Process migration,” ACM Computing Surveys,
vol. 32, no. 3, pp. 241-299, 2000.

(6]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


