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e descri e in this paper ho to augment an ar itrary distri uted system so that each of
its processes can reset the system to a prede ned glo al state, hen deemed necessary The
augmentation does not introduce ne processes or ne communication channels to the system
t merely introduces additional modules to the existing processes The added modules, commu

nicating ith one another over existing channels, comprise hat e call the reset su system

deally, resetting a distri uted system to a given glo al state implies resuming the execution
of the system starting from the given state ith this characteri ation, ho ever, each reset
of a distri uted system can e achieved only y a glo al free e of the system This seems
rather limiting and, in many applications, more strict than needed Therefore, e adopt the
follo ing, more lax, characteri ation resetting a distri uted system to a given glo al state
implies resuming the execution of the system from a glo al state that is reacha le, y some

system computation, from the given glo al state

There are many occasions in  hich it is desira le for some processes in a distri uted system to

initiate resets for example,

hen the system is recon gured, for instance, y adding processes
or channels to it, some process in the system can e signaled to initiate a reset of the
system to an appropriate initial state

The system can e designed to execute in di erent modes or phases

f this is the case, then changing the current mode of execution can e achieved y
resetting the system to an appropriate glo al state of the next mode

hen a process o serves unexpected ehavior from other pro

cesses, it recogni es that the coordination et een the processes in the system has

een lost n such a situation, coordination can e regained vy a reset
The system can e designed such that a designated process
periodically initiates a reset as a precaution, in case the current glo al state of the

system has deviated from the glo al system invariant

As processes and channels can fail hile a reset is in progress, e are led to designing a reset
su system that is fault tolerant n particular, our reset su system can tolerate the loss of
coordination et eendi erent processes inthe system hich may ecaused y transient failures
or memory loss and, also, can tolerate the fail stop failures and su se uent repairs of processes

and channels

The a ility to regain coordination hen lost is achieved y ma ing the reset su system

in the follo ing sense fthe reset su system is at a glo al state in hich coordination



et een processes is lost, then the reset su system is guaranteed to reach, ithina nite num er
of steps, a glo al state in hich coordination is restored  nce coordination is restored, it is
maintained unless a later failure causes it to e lost again, and the cycle repeats The
a ility to tolerate fail stop failures and su se uent repairs of processes and channels is achieved
y allo ing each process and channel in the system to eeither up or do n and y ensuring
that the a ility of the system to self sta ili e is not a ected y hich processes or channels are

up or do n

ur reset su system is designed in a simple, modular, and layered manner The design consists
of three ma or components a leader election, a spanning tree construction, and a di using
computation ach of these components is self sta ili ing, can tolerate process and channel
failures and repairs, and admits ounded space implementations These features distinguish our
design of these components from earlier designs , , and redress the follo ing comment
made y amport and ynch , page A self sta ili ing algorithm that translates a
distri uted system designed for a xed ut ar itrary net or into one that or s for a changing
net or using a nite num er of identi ers ould e uite useful, ut e no of no such

algorithm

The rest of the paper is organi ed as follo s n the next section, e descri e the layered
structure of our reset su system This structure consists of three layers a spanning tree layer,
a ave layer, and an application layer These three layers are discussed in Sections , , and

respectively n Section , e discuss implementation issues in particular, e exhi it ounded,

lo atomicity implementations of each layer inally, e ma e concluding remar s in Section

e ma e the follo ing assumptions concerning the distri uted system to e augmented y our

reset su system The system consists of  processes named At each instant, each
process is either or , and there is a inary, irre exive, and symmetric relation de ned
over the up processes e call this relation the relation nly ad acent processes can

communicate ith one another

The set of up processes and the ad acency relation de ned over them can change ith time or
simplicity, ho ever, e assume that the ad acency relation never partitions the up processes in
the system Clearly, if partitioning does occur, then any reset re uest initiated in a partition

ill result in resetting the state of only that partition

ach process in the system consists of t o modules and see igure a The tas

of module is to maintain a set of the indices of all up processes ad acent to Details



of the implementation of are outside the scope of this paper  ne possi le implementation,
ho ever, is for each to communicate periodically ith the module of every potentially
ad acent process and to employ a timeout to determine hether the index of process

should e in The tas of the other module, , is application speci ¢ To perform its
tas , can communicate ith module , ,only if isin ne state of is
distinguished Together, the distinguished states of each module comprise the prede ned

glo al reset state of the distri uted system

Augmenting such a distri uted system ith a reset su system consists of adding t o modules,

and , to each process in the system see igure The modules of
ad acent processes communicate in order to maintain a rooted spanning tree that involves all
the up processes in the system enceforth, the t o terms process and up process are
used interchangea ly The constructed tree is maintained to e consistent ith the current
ad acency relation of the system thus, any changes in the ad acency relation are eventually
follo ed y corresponding changes in the spanning tree  ach module eeps the index
of its father process, ,in the maintained tree this information is used y the local

module in executing a distri uted reset

A distri uted reset is executed y the modules in three phases or aves n the rst
phase, some re uests a system reset from its local hich for ards the re uest to
the root of the spanning tree f other reset re uests are made at other processes, then these
re uests are also for arded to the root process t is convenient to thin of all these re uests
as forming one re uest ave n the second phase, module in the root process receives
the re uest ave, resets the state of its local to the state of in the prede ned glo al
state, and initiates a reset ave 'The reset ave travels to ards the leaves of the spanning
tree and causes the module of each encountered process to reset the state of its local

to the state of in the prede ned glo al state hen the reset ave reaches a leaf
process it is re ected as a completion ave that travels ac to the root process this ave
comprises the third phase inally, hen the completion ave reaches the root, the reset is

complete, and a ne re uest ave can e started henever some deems necessary

rom the a ove description, it follo s that the states of di erent modules are reset at
di erent times ithin the same distri uted reset This can cause a pro lem if some hose
state has een reset communicates ith an ad acent hose state has not yet eenreset To
avoid this pro lem, e provide a session num er in each n a glo al state, here no
distri uted reset is in progress, all session num ers are e ual  ach reset of the state of
is accompanied y incrementing e then re uire that no t o ad acent modules
communicate unless they have e ual session num ers This re uirement su ces to ensure our

characteri ation of a distri uted reset that is, a distri uted reset to a given glo al state yields



a glo al state that is reacha le, y some system computation, from the given glo al state

The modules in di erent processes constitute the tree layer discussed in Section = The
modules constitute the ave layer discussed in Section  The modules constitute

the application layer discussed in Section



The program of each process has the form
module module
ach module is of the form
module name
varia le declarations

parameter declarations

action action

Thus, a module of a process is de ned y a set of varia les, a set of parameters, and a set

of actions ach of these is de ned in some detail next

ach varia le in the varia le set of a module can e updated ie, ritten only y modules in
that process each varia le can eread only y modules in that process and modules in ad acent

processes

ach parameter in the parameter set of a module ranges over a nite domain The function of
a parameter is to de ne a set of actions as one parameteri ed action or example, let ea
parameter hose valueis , or then the parameteri ed action in the action set of a

module a reviates the follo ing set of three actions

ach action in the action set of a module has the form

guard assignment statement

A guard is a oolean expression over the varia les and parameters in the module, and the
varia les of one ad acent process An assignment statement updates one or more varia les in

the module

The operational semantics for a system of such processes is as follo s A of the system is
de ned y a value for every varia le in the processes of the system An action hose guard is
true at some state of the system is said to e at that state A computation of the system
is a maximal, fair se uence of system steps in each step, some action that is ena led at the
current state is executed, there y yielding the next state in the computation The maximality
of a computation implies that no computation is a proper pre x of another computation The
fairness of a computation means that each continuously ena led action is eventually executed

in the computation



The tas of the tree layer is to continually maintain a rooted spanning tree even hen there are
changes in the set of up processes or in the ad acency relation n the solution descri ed elo
e accommodate such changes y ensuring that the tree layer performs its tas irrespective of

hich state it starts from

n our solution, the rooted spanning tree is represented y a father relation et een the
processes  ach module maintains a varia le hose value denotes the index of the
current father of process Since the layer can start in any state, the initial graph of the father
relation induced y the initial values of the varia les may e ar itrary n particular, the

initial graph may e a forest of rooted trees or it may contain cycles

or the case here the initial graph is a forest of rooted trees, all trees are collapsed into a

single tree y giving precedence to the tree hose root has the highest index This is achieved

as follo s ach module maintains a varia le hose value denotes the index of the
current root process of f is lo er than for some ad acent process then
sets to and ma es the father of

or the case here the initial graph has cycles, each cycle is detected and removed y using

a ound on the length of the path from each process to its root process in the spanning tree

This is achieved as follo s ach module maintains a varia le hose value denotes the
length of a shortest path from to To detect a cycle, sets to e

henever and The net e ect of executing this action is that if a cycle exists
then the value of each process in the cycle gets umped up repeatedly ventually,
some exceeds , here is the maximum possi le num er of up processes Since the
length of each path in the ad acency graph is ounded y , the cycle is detected To remove
a cycle that it has detected, ma, es its o n father

ecause of our assumption that the initial state is ar itrary, e need to consider all other cases

here the initial values of and  are inconsistent ne possi ility is that these initial
values are locally inconsistent, that is, one or more of the follo ing hold , ut
or , Or is not nor in n this case, ma, es itself locally consistent
y setting to , to and  to
Another possi ility is that may e inconsistent ith respect to the state of the father
process of , that is, may hold n this last case, corrects the value of
to that of

Module is given in igure



ar

ara tr

igure  Module

e sho in Appendix A that starting at any state ie, one that could have een reached y

any num er of changes in the set of up processes and the ad acency relation over them , the

tree layer is guaranteed to eventually reach a state satisfying the state predicate , here
is up
is up
At each state in , for each process | e uals the highest index among all up processes,
is such that some shortest path et een process and the root process passes
through the father process , and e uals the length of this path Therefore, a rooted
spanning tree exists Also, note that each state in isa xed point ie, once the modules

reach a state in , no action in any of the modules is ena led



ur proof employs the convergence stair method e exhi it a nite se uence of state

predicates such that

or each such that
is closed under system execution that is, once holds in an ar itrary system com
putation, it continues to hold su se uently

or each such that

Upon starting at an ar itrary state in the system is guaranteed to reach a state in
e also sho that convergence to a state in  occurs ithin rounds, here
is the maximum degree of nodes in the ad acency graph, is the diameter of the ad acency

graph and, informally spea ing, a round is a minimal se uence of system steps herein each

process attempts to execute at least one action

e conclude this section ith the remar that the pro lems of leader election and spanning tree
construction have received considera le attention in the literature see, for example, ,
Most of these algorithms are ased on the assumption that all processes start execution in some
designated initial state This restriction is too severe for our purposes, and e have lifted it

y designing the tree layer to e self sta ili ing ie, insensitive to the initial state e note
that a self sta ili ing spanning tree algorithm has een recently descri ed in o ever, the
algorithm in  is ased on the simplifying assumption that, at all times, there exists a special
process hich no s that it is the root e have not made this assumption if a root process

fails, then the remaining up processes elect a ne root



As outlined in Section , the tas of the ave layer is to perform a di using computation

in hich each module resets its state The di using computation uses the spanning tree
maintained y the tree layer, and consists of three phases n the rst phase, some
module re uests its local to initiate a glo al reset the re uest is propagated y the ave
modules along the spanning tree path from process to the tree root n the second phase,
module in the tree root resets the state of its local and initiates a reset ave that
propagates along the tree to ards the leaves henever the reset ave reaches a process the
local module resets the state of its local n the third phase, after the reset ave
reaches the tree leaves it is re ected as a completion ave that is propagated along the tree to

the root the di using computation is complete hen the completion ave reaches the root

To record its current phase, each module maintains a varia le that has three possi le
values , , and hen , module has propagated the
completion ave of the last di using computation and is aiting for the re uest ave of the next
di using computation  hen , module has propagated the re uest ave of
the ongoing di using computation and is aiting for its reset ave  hen , module

has propagated the reset ave of the ongoing di using computation and is aiting for

its completion ave

aria le is updated as follo s To initiate a ne di using computation, the local
module updates from to To propagate a re uest ave, li e ise
updates from to To propagate a reset ave, updates from a
value other than to astly, to propagate a completion ave, updates
from to

t is possi le for some to update from to efore the completion ave

of the last di using computation reaches the root process thus, multiple di using computations
can e in progress simultaneously To distinguish et een successive di using computations,

each module maintains an integer varia le denoting the current session num er of

ecall that the operation of the ave layer is su ect to changes in the set of up processes and
in the ad acency relation As efore, e accommodate such changes y ensuring that the layer
performs its tas irrespective of hich state it starts from n our solution, starting from an
ar itrary state, the ave layer is guaranteed to reach a steady state here all the values
are e ual and each has a value other than n particular, if no di using computation

is in progress in a steady state, then all the values are e ual and each has the value



urthermore, if a di using computation is initiated in a steady state here all

have the value  then it is guaranteed to terminate in a steady state here all

This is achieved y re uiring that, during the reset ave, each module increments
hen it resets the state of the local module
Module is given in igure The module has ve actions Action propagates the

re uest ave from a process to its father in the spanning tree hen the re uest ave reaches
the root process, action starts a reset ave at the root process Action propagates the
reset ave from the father of a process to the process Action propagates the completion

ave from the children of a process to the process

The a ove four actions of all modules collectively perform a correct di using computation
provided that the ave layer is in a steady state The steady states of the ave layer are those

here each satis es ,

Action ensures the self sta ili ation of the ave layer to steady states
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e sho in Appendix that starting at any state, the ave layer is guaranteed to eventually
reach a steady state satisfying for some integer ur proof of this

consists of sho ing that

Starting at an ar itrary state, the system is guaranteed to reach a state in , here
is up
The state predicate is closed under system execution
Starting at an ar itrary state in here the root process has , the system
is guaranteed to reach a state in
e also sho that each di using computation that is initiated at a state in ill terminate
ie, starting from a state satisfying , for some integer

the system is guaranteed to reach a state in



astly, e sho that convergence to a state occurs ithin rounds and that di using
computations terminate ithin rounds, here is the height of the spanning
tree constructed y the tree layer, is the maximum degree of nodes in the spanning tree, and

is the num er of up processes in the system

The application layer in a given distri uted system is composed of the modules as sho n
in igure n this section, e discuss t o modi cations to the application layer y hich our

reset su system can e correctly added to the given distri uted system

The rst modi cation is to augment each module ith actions that allo it to re uest
a distri uted reset as discussed in Section , these actions set the varia le to and
are ena led hen holds and a distri uted reset is necessary The situations in

hich distri uted resets are necessary are application speci ¢  ne such situation, ho ever, is
hen the glo al state of the application layer is erroneous  rroneous states may e detected
y periodically executing a self sta ili ing glo al state detection algorithm To ards this
end, e note that it is possi le to implement a self sta ili ing glo al state detection ith minor

modi cations to our reset su system

The second modi cation is to restrict the actions of each module so that the application
layer can continue its execution hile a distri uted reset is in progress ecall that one o ective
of our design is to avoid free ing the execution of the given distri uted system hile performing
resets This modi cation is ased on the o servation that, during a distri uted reset,
modules can continue executing their actions as long as there is no communication et een
modules one of hich has een reset and another hich has not een reset uivalently, if
modules communicate they should have the same session num er values Therefore,
e re uire that the expression e con oined to the guard of each action that
accesses a varia le updated y The net e ect of this modi cation is that upon
completion of a distri uted reset the collective state of all modules is reacha le y some

application layer execution from the given collective state that the modules are reset to

n this section, e discuss t o issues related to implementations of modules and
irst, e sho that the state space of each process can e ounded and, second, e sho ho

to re ne the high atomicity actions employed thus far into lo  atomicity ones



ach module, , updates three varia les each re uiring its n contrast,
module uses an un ounded session num er varia le A ounded construction is also
possi le can e transformed y ma ing of type , here isan ar itrary
natural constant greater than , and replacing the increment operation in the rst action ith
an increment operation in arithmetic Thus, each module can e implemented
using a constant num er of its The proof of correctness of the transformed module is similar

to the proof presented in Appendix , and is left to the reader

Thus far, our design of the and modules has not ta en into account any atomicity
constraints Some actions in these modules are of high atomicity these actions read varia les
updated y other processes and instantaneously rite other varia les e no re ne our design

so as to implement these modules using lo atomicity actions only

Consider the follo ing transformation or each varia le updated y process , introduce
a local varia le in each process that reads eplace every occurrence of  in
the actions of ith , and add the read action to the actions of ased
on this transformation, read rite atomicity modules for and are presented next,

along ith proofs of correctness
The code for read rite atomicity implementation of module issho nin igure

e sho in Appendix C that starting at any state, the tree layer is guaranteed to eventually

reach a state satisfying the state predicate , here

The structure of our proof is identical to the proof presented in Appendix A e exhi it a nite

se uence of state predicates such that

or each such that
is closed under system execution that is, once holds in an ar itrary system com

putation, it continues to hold su se uently



or each such that

Upon starting at an ar itrary state in the system is guaranteed to reach a state in
ar
t r
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igure mplementation of using ead rite Atomicity
The code for read rite atomicity implementation of module issho nin igure

e sho in Appendix D that starting at any state, the ave layer is guaranteed to eventually

reach a state satisfying for some integer =~ The structure of our
proof is identical to the proof presented in Appendix e exhi it a state predicate such
that

Starting at an ar itrary state, the system is guaranteed to reach a state in

is closed under system execution
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igure mplementation of using ead rite Atomicity
Starting at an ar itrary state in here the root process has , the system

is guaranteed to reach a state in

e also sho that each di using computation that is initiated at a state in ill terminate
ie, upon starting from a state satisfying for some

integer the system is guaranteed to reach a state in

e note that a similar proof exists for a ounded construction of the lo atomicity
module in  hich is replaced ith a varia le of type , here is an ar itrary
natural constant greater than , and the increment operation in the rst action is replacing ith

an increment operation in arithmetic



e have presented algorithms that ena le processes in ar itrary distri uted systems to perform
distri uted resets These algorithms are novel in that they are self sta ili ing and can tolerate
the fail stop failures and repairs of ar itrary processes and channels even hen a distri uted

reset is in progress

T o comments are in order regarding our choice of fair, nondeterministic interleaving semantics
irst, the re uirement of fairness ith respect to continuously ena led actions is not necessary,
ut is used only in simplifying the proofs of correctness Second, our design remains correct

even if e ea en the interleaving re uirement as follo s in each step, an ar itrary su set of

the processes each execute some ena led action, as long as no t o executed actions access the

same shared varia le , ,

A comment is also in order regarding our methodology for achieving fault tolerance in dis
tri uted systems ne ay to achieve system fault tolerance is to ensure that hen faults occur
the system continues to satisfy its input output relation Systems designed thus mas the
e ects of faults, and are hence said to e mas ing fault tolerant An alternative ay to achieve
system fault tolerance is to ensure that hen faults occur the input output relation of the sys
tem is violated only temporarily n other ords, the system is guaranteed to eventually resume
satisfying its input output relation n this paper, it is the latter nonmas ing approach to

fault tolerance that e have adopted

e give three reasons for sometimes preferring nonmas ing fault tolerance to mas ing fault
tolerance hen designing distri uted systems irst, in some distri uted systems, mas ing
fault tolerance may e impossi le to achieve or example, there is no mas ing fault tolerant
distri uted system hose up processes communicate asynchronously and reach consensus on a

inary value even hen one or more of the processes fail Second, even if it is possi le to
implement mas ing fault tolerance, the cost of doing so may e prohi itive or example, the
amount of redundancy or synchroni ation re uired may e infeasi le to implement And third,
re uiring mas ing fault tolerance may e more strict than is desira le or example, a call ac
telephone service that eventually esta lishes a connection may e uite useful even if it does not

mas its initial failure to esta lish a connection

f course, to e of practical use, nonmas ing fault tolerant distri uted systems should e de
signed so that the time ta en to resume satisfying the desired input output relation, hen faults

occur, is ithin accepta le ounds

e envisage several applications of distri uted resets here their nonmas ing fault tolerance

is useful e are currently implementing distri uted operating system programs ased on dis



tri uted resets including, for example, system programs for multiprocess resynchroni ation e

are also currently studying recon guration protocols for high speed net or s

e note that distri uted resets provide a systematic method for ma ing ar itrary distri uted
systems self sta ili ing cf application layer modules can e augmented to perform a self
sta ili ing glo al state detection periodically, and to re uest a distri uted reset upon detecting
erroneous glo al states there y ma ing the distri uted system self sta ili ing Distri uted resets
can also e used to transform an ar itrary self sta ili ing program into an e uivalent self

sta ili ing program implemented in read rite atomicity

There are several issues that need to e further investigated  ne such issue is the transformation
of our read rite atomicity programs cf igures and into message passing programs, and
the analysis of the resulting programs  ote that for message passing programs the prede ned
glo al reset state includes, in addition to the states of each module, the state of each
channel in the system Therefore, in addition to resetting the local state of the module ,
each module has to send some  possi ly empty se uence of application messages,

each tagged ith the ne session num er, on every outgoing channel of

Another issue for further study is the design of an e cient mechanism for maintaining a timely
and consistent state of neigh oring process indices A third issue is the security pro lems
involved in allo ing any application process to reset the distri uted system, and the protection
mechanism necessary to enforce that application processes interact ith the reset su system
in the desired manner inally, o serving that self sta ili ing systems are only one type of
nonmas ing fault tolerant systems, it is desira le to investigate alternative nonmas ing fault
tolerant solutions to the distri uted reset pro lem that are less ro ust than our self sta ili ing

solutions ut are even more e cient

e than  eorge arghese for helpful discussions on this paper and the anonymous referees for

their suggestions
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et dummy varia les and range over the indices of up processes et denote the up
process ith highest index amongst all up processes ie, is up et

e the length of the minimal length path from to in the ad acency graph e de ne

The set of states is closed under system execution
ur o ligation is to sho for each state in and for each action ena led at
that executing the assignment statement of the action in yields a state in e meet this
o ligation y rst noting that the varia les , and are modi ed only vy the actions
of module Second, for , no action of is ena led at since
holds in inally, for , executing the assignment statement of any action of
that is ena led at preserves since
the value assigned to is at most , and if that value is identically then the value assigned

to exceeds

Upon starting at an ar itrary state, ie, a state in , the system is guaranteed

to reach a state in

e rst sho that starting at an ar itrary state , the system is guaranteed to
reach a state in To see this, consider the variant function
, here

is a se uence of three natural num ers,

, and

emar ur proofs of progress properties ill typically involve exhi iting a variant function
hose range is a set of xed length se uences of natural num ers e de ne a lexical ordering

et een such se uences of length, say,

ote that isa ell founded relation thus, there is no in nitely descending chain of elements

in the range of the variant function = nd of remar

rovided , the value assigned y to is, under system execution, ith




respect to That is, for ar itrary natural num er constants and the set of

states  in is closed under system execution The last
claim follo s from the o servation that each action of assigns to a value that is at
most , and if that value is identically ~ then the value assigned to is strictly greater than

Moreover, provided , the value assigned y to s is, under system execution,
guaranteed to eventually ith respect to To see this, consider any process such
that As long as the variant function value does not change,
either the rst or the second action of is ena led y fairness, e have that continuously

ena led actions are eventually executed thus, the variant function value eventually decreases

ith respect to As isa ell founded relation, the system is guaranteed to eventually reach

a state in hich and, therefore, is true
ext, from module code, e see that the set of states satisfying is closed
under system execution o , in an ar itrary state satisfying either
holds or the rst action of is ena led y fairness, e can
conclude that the rst action of ill eventually e executed yielding a state in the set

hich, in turn, is seen to e closed under

system execution

inally, for an ar itrary process , , some action of is necessarily ena led as long
as the system state satis es

y fairness, some action of ill eventually e executed there y yielding a

state in This

set of states is closed under system execution As the argument holds for an ar itrarily chosen

process , the system is guaranteed to eventually reach a state in

De ne vy induction over |,

or each such that the follo ing proposition holds

is closed under system execution

e prove Yy induction on that
, and

is closed under system execution



ase Case
Since , and , follo s Assertion follo s from
emma,

nduction Step

The induction hypothesis is

, and
is closed under system execution
A proof of follo s
from the de nition of
from and the de nition of
arithmetic
from the second con unct of
To prove , e note that the set of states is closed under system execution ecause
is preserved under system execution according to
f , it follo s from that Also, it follo s from that
Thus, no action in module is ena led and the
second con unct of is preserved under system execution, and
f , it follo s from that
ence, is preserved under system
execution
or each such that the follo ing proposition holds
Upon starting at an ar itrary state in , the system is guaranteed to reach a state in
Consider an ar itrary process such that At each state in , either
holds or the third action of is ena led for parameter such that y
fairness and the fact that is closed under system execution, the third action ill e executed

eventually for such a parameter value, there y esta lishing
This set of states is closed and

no action of is ena led in it Since is chosen ar itrarily, e can repeat this argument

to esta lish that eventually the system is at some state in



ext, consider an ar itrary process such that ecall that, y de nition,

Thus, if executing some

action sets to , then is set to a value that is greater than Also, if
does not hold, then the second or third actions of are continuously ena led
and ill eventually e executed due to fairness there y esta lishing Since is chosen

ar itrarily, e can repeat this argument to esta lish that eventually the system is at a state
here holds, and hence holds

Closure of

The set of states  is closed under system execution

The theorem follo s from emma

Convergence to

Upon starting at an ar itrary state, the system is guaranteed to reach a state in

y transitivity, using emmas and , and

t no remains to analy e the rate of convergence of the system to a state in ecall that
in any system computation, the nondeterminism in the choice of actions to e executed is con
strained only y fairness airness is a lax constraint in that it allo s for computations herein
execution of some actions is attempted infre uently compared to other actions Conse uently,
some computations may converge slo ly for example, the tree layer may converge slo ly hen
execution of the rst action of is attempted infre uently To ensure uic convergence, e
therefore propose to implement the follo ing constraint on the choice of actions to e executed

or each module, execution of its actions involving neigh oring processes is attempted in
an ar itrary ut =xed cyclic order also, execution of the rst action of is attempted once

in every t o consecutive attempts at executing actions of

elo , e sho that the system thus implemented is guaranteed to converge to a state in
ithin rounds, here is the maximum degree of nodes in the ad acency
graph, is the diameter of the ad acency graph, and a round of a computation is a minimal

se uence of steps  such that each process in the system that is ena led at some state along

executes at least one action in

irst, e sho y induction that after rounds in a computation, if process
isdo nthen  isatleast The ase case is trivially true or the induction

step , € o serve that isdo ni the action that last updated the state of
involved accessing the state of a neigh or such that as do n thus as set to

a value at least ence, after  rounds, if is do n then is at least t no



follo s from the actions of that after rounds, is up for each process

ext, esho that after more rounds, a state in  is reached rom the constraint on
execution of actions, it follo s that once a state is reached here for for each process
is up then ithin the next rounds a state is reached here holds
Su se uently, ithin the next rounds, each neigh oring process updates its state
ased on the state of  , and thus holds epeating this argument

times, it follo s that the system state is in ithin rounds

ence, the convergence rate is rounds

et dummy varia les and  range over the indices of up processes, and range over
the integers et denote the up process ith highest index amongst all up processes ie,

is up
Closure of
The set of states is closed under the execution of the system
The varia les and of an ar itrary process are modi ed only y
T the actions of module , and
T the action s of module that atomically change from to , and

do not change

Therefore, to prove that is closed under system execution, it su ces to sho that for each

action oftype T or T the follo ing oare triples hold

guard of a assignment statement of a ,
and for all  such that
guard of a assignment statement of a

e meet this o ligation y considering the follo ing cases
xecuting the rst action of maintains the relation and does not change

rom this and follo The same argument applies to all actions of type T

The second action of is ena led for only is trivially true  ence,
follo s The precondition of the oare triple in implies that
Thus, holds upon executing the

second action, there y esta lishing

Upon executing the third action, holds Therefore,



is valid Also, the precondition of the oare triple in implies
and so holds in

the postcondition This validates

hen the fourth action is ena led, is necessarily true
Upon execution, this action leaves unchanged Thus, istrue or , e note that
the precondition of the oare triple in implies rom this,

is seen to hold upon executing this action
The fth action is not ena led at any state of n this nal case, and are

trivially true

Convergence to

Upon starting at an ar itrary state, the system is guaranteed to reach a state in

et denote the system state et denote the predicate that is an ancestor

of in the spanning tree e de ne a variant function

holds at
lements in the range of are related y the ell founded relation that e introduced previ
ously
serve that the set of states is closed for each choice of

node  The proof for this o servation is essentially the same as the proof of Theorem and is
left to the reader t follo s from this o servation that the is nonincreasing under system

execution

Aslong as is not a steady state, there exists a node such that

holds urthermore, as long as satis es , the fth action of

is continuously ena led ence, y fairness, the system is guaranteed to eventually reach a state
here holds n other ords, is guaranteed to eventually

decrease under system execution And thus the system is guaranteed to eventually reach a state

in

rom the proof of Theorem , it follo s that if each process attempts to execute the fth action
of once in every t o consecutive execution attempts, then the rate of convergence of
the system to a state in is rounds, here denoted the height of the spanning tree
constructed y the tree layer Thus, the system can e implemented to ensure convergence

to a state in

The next t o theorems imply that each distri uted reset re uested at a state in is performed

correctly



Upon starting at an ar itrary state in , the system is guaranteed

to reach a state in

et e a system state in e consider t o cases
holds in
rom , the state is seen to already satisfy

holds in

The proof is y structural induction on the height of node in the spanning tree  ote that

the only action of hich can e ena led at a state in is its fourth

action

is a leaf
f is a leaf then the fourth action of process is ena led at every state in

y fairness, the fourth action is eventually executed and the resulting state

satis es
The height of node exceeds
et e an ar itrary process such that e consider three cases

Since the system state satis es , the third and fth actions of

are not ena led The second and fourth actions of are not ena led either Therefore,
as long as holds, the system state satis es

Since the system state satis es , the fourth action of is the
only one that can e ena led as long as the system state is in y

the inductive hypothesis, the system is guaranteed to eventually reach a state that satis es

, at hich point the previous case applies

The third action of is ena led continuously as long as holds o other
ena led action of falsi es y fairness, the third action of is eventually

executed, yielding a state in  hich one of the previous t o cases applies

Since the argument presented a ove holds for an ar itrary choice of , e conclude that the
system is guaranteed to reach a state in hich

holds The fourth action of is then ena led continuously and, vy fairness, it is
eventually executed there y yielding a state in The previous case no

applies



Upon starting from a state in , the system

is guaranteed to reach a state in

et e a system state in e consider t o
cases
holds in
The result follo s directly from Theorem
holds in
n this case, , holds at  Due to the previous case,

it su ces for us to sho that the system is guaranteed to reach a state in

Consider the variant function , here

is a se uence of natural num ers,

7

, and

lements in the range of are related y the ell founded relation that e introduced previ

ously
f then the value assigned y to the system state is, under system execution,
ith respect to To see this, note that the second, third and the fth actions
of cannot e ena led at xecuting the rst action or an action of type T  decreases
and does not increase inally, the fourth action preserves and ut decreases
Thus, the system is guaranteed to reach a state in hich that is,
holds hen , the second action of is ena led and remains ena led until,

y fairness, it is eventually executed to yield a state that satis es

astly, e analy e the time ta en to complete a distri uted reset serve that a re uest

ave reaches the root ithin  rounds Also, a reset ave propagates from the root to the

leaves ithin  rounds Since each node has to ait for messages from each of its children
in a completion ave, the completion ave propagates from the leaves to the root ithin

, here is the maximum degree of nodes in the spanning tree and is the num er

of up processes Thus, a distri uted reset initiated at any state in is completed ithin

rounds



De ne

The set of states is closed under system execution

Upon starting at an ar itrary state, ie, a state in , the system is guaranteed

to reach a state in

De ne, y induction, for

or each such that the follo ing proposition holds

is closed under system execution

or each such that the follo ing proposition holds
Upon starting at an ar itrary state in , the system is guaranteed to reach a state in
roofs of emmata appear in
Closure of

The set of states  is closed under system execution

The theorem follo s from emma

Convergence to
Upon starting at an ar itrary state, the system is guaranteed to reach a state in

y transitivity, using emmas and , and



De ne

and

Closure of

The set of states is closed under the execution of the system

Convergence to

Upon starting at an ar itrary state, the system is guaranteed to reach a state in

Upon starting at an ar itrary state in , the system is guaranteed

to reach a state in

Upon starting from a state in ,

the system is guaranteed to reach a state in

roofs of Theorems appear in



