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seems as to require the fewest assumptions possible without considering
specific systemn.?/ A process is considered to be tame over a time interval

ié)’if its speed varies within certain arbitrarily fixed nonzero bounds. i

)

We show our synchronizaticn algorithms have real time responge:

<
IR

Ve If a3 pair of processes are mutually willing to communicate within a
tzme\ggé;rval {A) and the pair are tame on\ﬂdj then they establish communica-~
tion with;;\(ﬁg)vith high lixelihood (for the worst case behavior of the
system) .

we haQe very few assumptions: (1) Tameness is required of a process
only during the interval it is ?thing to communicate (if the tameness property

is violated duriththat_interVaf: then there hay be lower probability of

successful communicatipn); at other times any process may dynamically vary

SRS & e

its speed arbitrarily and may even die. (2) The processes may be willing to

S

communicate with a time varying set of processes which are only -

TR el bl

numbgr. There are 10 probability assumptions about system behavior.

.. Our communication model and synchronization algorithms are quite robust. . i
They are applied to solve a large class of real time resource synchronization
) B

problams, as well as real time implementation of the synchronization

primitives of*Hoare's multiprocessing language CSP. < -— —

+ Note that we do not use any standard high level synchronization construct
such as shared variables with a mulual exclusion mechanism. If we 4id, then we
would have to assume an implementation of such a mechanism and there are no real
time implemantations of such mechanisms (in fact, there is rio bounded time imple-
mentation of such mechanisms when processes run on different proccessors). We
hope in the future that our technigues rather than other “"standard" but inefficient
synchronization mechaniems will be utilized for real time process synchronization.

I e e SR | A LE SRS LT

S




T TR T A i oy

*
REAL-TIME 3YNCHRONIZATION OF INTERPROCESS COMMUNICATION

by

John H. Reif and Paul G. Spirakis
Harvard University
Aiken Computation Laboratory
Cambridge, MA 02138

*

This work was supported in part by the National Science
Foundation Grant NSF-MCS79~21024 and the Office of Naval
Research Contract N00014-80-C~0674,

A

R - et T e—

ikt




SUMMARY

This paper considers a fixed (possibly infinite) set NI of distributed
aaynchronous processes which at various times are willing to communicate
with each other.

We describe probabilistic algorithms for synchrcunizing this communica-
tion with oolean "flag" variables, each of which can be written by only
one process and read by at most one other process. The use of flag variables
seems as to require the fewest assumptions possible without considering
specific systems.t A process is considered to be tame over a time interval
A if its speed varies within certain arbitrarily fixed nonzero bounds.

We show our synchronization algorithms have real time response:

If a pair of processes are .nutually willing to communicate within a
time interval A and the pair are tame on A, then they establish communica-
tion within A with high likelihood (for the worst cage behavior of the
system).

We have very few assumptions: (1) Tameness is required of a process
only during the interval it is willing to commuricate (if the tameness property
is violated during that interval, then there may be lower probability of
successful communication); at other times any process may dynamically vary
its speed arhitrarily and may even die. (2) The processes may be willing to
communicate with a time varying set of processes which ave only bounded in
number. There are 1o probability assumptions about system behavior.

Dur communication model and synchronization algorithms are quite robust.

They are applied to solve a large class of real time resource synchronization

+ Note that we do not use any standard high level synchronization construct
such as shared variables with a mutual exclusion mechanism. If we did, then we
would have to assume an implementation of guch a mechanism and there are no real
time implementations of such mechanisms (in fact, there is no bounded time imple-
mentation of such mechanisms when processes run on different processors). We
hope in the future that our techniques rather than other "standard" but inefficier.
synchronization mechanisms will be utilized for real time process synchronizaticr.
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problems, as well as real time implementation of the synchronization

primitives of Hoare's multiprocessing language CSP,

1l INTRCDUCTION

Recently, [(Rabin, 80]), [Lehman and Rakin, 8l1), and [Francez and Rodeh,
80] have proposed probabilistic algorithms for a number of synchronization
problems. This probabilistic approach (where we make no probabilistic
assumptions about the system behavior, but allow our algorithms to make
probabilistic choices) leads to considerably simpler ulgorithms (perhaps
because of the locality of their decisions) and sghorter proofs (perhaps
because the proofs cf the corresponding deterministic algorithms had to con-
sider complex situations which would have very low probability, if probabilis-
tic choices were taken). The probabilistic approach may also lead to improve-
ment in the efficiency of gynchronization algorithms. An improvement in
space efficiency is seen in [Rabin, 80]. We demonstrate here that a consider-
able improvement in time efficiency can be made by probabilistic synchronization.

This paper takes the probabilistic approach to synchronisation of
communication in a network of distributed, asynchronous processes. We are
interested in direct interprocess conmunication, rather than packet switching
as considered in [Tonag, 80] and ([valiant, 80). Furthermore, we consider
handshake communication (as in Hoare's CSP), rather than buffered communica-
tion (which is very easy to implement by message queues).

Previously [Schwartz, 80] proposed a deterministic synchronization
algorithm for inplementing CSP [Hoafe, 78) on a fixed acyclic distributed
network. Also [Lynch, 80) gave a related algorithm for resource synchroniza-
tion problems. Bcth algorithms are considerably less time efficient than our

proposed algorithm (for a specific comparison of time performance, see

.
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Section 2,E), [Francez and Rodeh, 80] also propose a probabilistic solution
to synchronization of communication, but make no consideration of the time
efficiency of their solution.

Our paper is organized as follows: As is usual in the study of combina-
torial proSléms, we state the problem before giving our proposed solution. We
preseni in Section 2 a model for distributed communication systems; the
moiel ignores the details of message transmission but gives a precise
combinatorial specification (by time varying graphs) of the synchronization
problem of interest. This model also allows a procise definition of the
relevant complexity measures of synchronization algorithms, such as response
time. Section 3 presents our synchronization - gorithms, and in Section 4
we prove various properties of the synchronization algorithms which must hold
with certainty, regardless of probabilistic choice. Sections 5 and 6 give a
probabilistic analysis of the performance of our algorithms. We have taken
considerable affort in the design of our synchronization algorithms to improve
their expected time performance. Nevertheless, our algorithms are very simple
in conception and practice. The Appendix provides a real time implementation
of CSP.

[Reif and Spirakis, 81Cj presents a further application: a real time
resource granting system. We feel these applications demonstrate the broad

applicability of our synchronization algorithms.

2.0 OUR MODEL FOR A DISTRIBUTED COMMUNICATION SYSTEM (DCS) AND ITS COMPLEXITY
MEASURES
Let N={1,2,...} be a fixed, (pussibly infinite) collection of processes.
we assume a (global) time t, on the nonegative real line [0,®], whereby
events of the system are totally ordered. The processes of Il are asyn-

chronous; their speeds may dynamically vary arbitrarily over time and may even




be O. (Thus, we allow processus to die.) The processes have no access to
any global clock giving the time. (In contrast, [Arjomandi, Fischer, Lynch,
81] consider synchronization problems with access to a global clock.)

We also assume a global oracle « which directs the willingness of
procasses to communicate with each other. (Note that, in applications of
DCS occuring in practice, no such oracle f exists, but instead each process
is running some program which requires from time to time communication with
other processes. An implementation of the DCS synchronizes this communica-
tion. The oracle & {s utilized as an artificial device for specifying
worst case situations of our system where communications are required by .af
to be made at times most difficult for our implementation.)

Intuitively, each process i wishes at various times to communicate
with processes in Il-{i}. All communication required by the oracle is
implemented by i rather than a global centralized synchronirzation mechanism.
Thus system-wide communication is implemented by a distributed scheduler, the
processes of II.

The formal model DCS (for Distributad Communication System) described

below, has been designed with as few assumptions as possible and as general

as possible. We are not concerned with the values of the messages communicated

between the processes, but instead, with simply the gstabiitshment of communi-
ocaticn. This allows us to avoid any message system dependent assumptions
which may vary for any given application. Also, we are concerned only with
direot (two way) communication between processes; we are not concerned with
packet switching, as in [valiant, 80] and [Tonag, 80].

We now introduce some graphs to precisely describe the DCS model. These
graphs allow us to state the synchronization problums precigely as comhina-
torial problems on time varying graphs. We give an intuitive description of

the importance of these graphs as they are defined.

. r— ——
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We assume a possibly infinite undirected graph H, the comneotions
graph with vertices II, and undirected edges given by symmetric antireflexive
relation ew c(Ix)={(i,i) : i€}, Then ie=j denotes that itll <& physic-
cally able to commmicate with 3eN-{i}. H is fixed for all time and can be
considured to be essentially the hardware connections between processes of Il.
We assume H has finite valence (i.e., only a finite number of processes are

connected to any given process icll).

For each time t>0, we assume a possibly infinite directed graph Gt:'
the willingness digraph with vertices I and directed edges given by relation
2SI, Then i —— j denotes that icll is willing to commmicate with
jell-{i} at time t. (In that sense we say i is the source and j is the
target). We require that iemj is i < so i is willing to communicate
only with processes which i is able to communicate with,) 2also, let i .—t—.j
if both i Toj and j - i .+ Thus, io—T:-Dj denotes that i,j are both

willing to communicate at time t. For each time interval 4 on (0,%), let

i —=+3j if i —+ 3 for all t€A, and let ie—>j if both i = j and

A t A A
3 = i. Thus = and OK-b denote that the willingness to communicate holds

over time intervals. The edges of Gt departing from iell are assumed to be
stored locally at i, in the form of a set Ei whose elements are the names
of the targets of i at time ¢t. The set Ei is specified by the oracle
and read only by i. o
Assumption Al We assume that two-way communication between any two
processes 1i,3j€ll requires only one step of i and j. (Thus, i,] are ;

assumed to communicate in short "bursts.")




-

2.A, Implementation of a DCS

An {mplemertation of a DCS assigns a fixed program to each of the
processesof Il. The implementation is symmetric if the programs are independent
of the position of 1 in the connactions graph H.

For each t> 0, we assune a (possibly infinite) directed graph Mt
with vertices I and directed edges given by relation -,\:"*gﬂx . Then
i ‘A:J\“ 3 denotes i opens commnication with 3€N-{i} at time t. Let

i e/‘:"-j ifboth 1 93 ana 3 il men, 1 Ny denotes 1,3
achieve mutual conmumication at time t. (Also, we extend the notation to

intervals & on (0,%) as for Gt)‘

Assumption A2 We also assume that if i I 3 and not i o 3,
1 2
t2>t1. then iON:\-Dj for some t, t,<t<t,; i.e., the oracle uf can withdraw

willingness to communicate only after communication has been established,

For each 1,381  such that i%j we assume a commmication port flag

e e

pon'ri'j (controlled by process i) which is 1 at time t >0 if i -N::I\-' 3
(i.e., process i has opened its port for communication with j) and 0O other-
wise (indicating the communication port from i to j is cloged). Thus,

i Qﬁ:A* 3 if and only if PORTi'j and P()!l.'.l‘j'i are simultaneocusly 1 at -

time t. We assume 2-way communication between i,J is possible at any time

both POR'ri'j and PORT .1 are simultaneously 1, but we make no particular
assumptions (beyond assumptions Al, A2) about this communication.

An implementation is proper if it satisfies the following restricticus:

Rl 1-"':'\5 only if i € 3

R2 iﬁt«-o is a (partial) matching; if 1“’?4 j then not

i ‘/\.:4\_. j* for any 3'€ H-{j}.

Note that RL implies that the poller of i opens communication with
J only if 4i,j are gimultaneously willing to communicate. R2 implies
that i does not communicate with more than one process at a time,

It 1ig standard in the study of combinatorial algorithms to specify

the combinatorial problem before giving algorithms for the solution. We have

AR b masmesy s
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precisely described the problem of determining a DCS implementation as a
combinatorial problem on dynamic graphs. Llater we shall propose two imple-

mentations satisfying both these restrictiongs. 8till another implementation

is described in [Reif, Spirakis, 81a]).

2.B. Global State of the DCS

For each t > 0, let Rt be a mapping from I to the reals giving the
speed of each process of ' at time t. We assume the speed schedule
R= {Rtlt > 0} is chosen by an oracle f (our scheduler's worst “enemy")

at time t = 0. Also, we assume for each t > 0, M chooses (for the

processes of [I) the willingness digraph Gt at time t. (Thus, Gt may

vary dynamically in time, depending on the choicés of the oracle f). How-

ever, for each t > 0, the digraph Mt is defined by the processes of II,

{which attempt a distributed synchronization of the DCS, depending on our

given implementation). In addition, we allow the processes of Il to make 3
independent probabilistic choices.

Let L., the luck wp to time t, be the probabilistic chrices made by

the processes of 1, up to time t. Then, the global system state at time

t is given by

Ly = <RiGe: M., L.,t>

and the global history up to time t is

r, = {0t <t} .

Thus, we have a pr~bzoilistic multiplayer game of incomplete information,

where the omnipotent oracle .f plays against the team of processes of I

e e A kAt oA B g AT o -
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(whichAhave only incomplete information onkthé'éurrent state of the system).t4

We wish measures of the success of the processes of T.

2.C. Complexity Measures on DCS Implementations

In the following we assume that there exists a given fixed integer . : Sf
cnnstant v > 0 such.thatA vi€ll, Vé >0, the-butdegree of i in Gt A(i.e,
the cardinality of {jli “E; 3}) is bounded above by wv.

Let process i ‘be tame on the interval A, if its speed (steps per j

real time unit) of i at times t on A is on the interval [rl ' rl ]
max min

where r . are fi al constan <r . <r. wit
min’ ‘max 2F xed real stants and 0 <.r . < Trhax. (Wwithout

loss of generality we assume that r__ /r is én integer). A}Btep consists

max’ “min
of either an assignment of a variable, a test, a logical or arithmetic
operator, or a no-0p.
We shall Mot assume that processes are tame at all times. Our DCS

implementation will be proper irregardless of whether processeca are tame as

long as their speeds are nonzero.

Let processes 1i,j have successful communicatiion at interval A if
i*J:rL‘j and A contains at least one step of both i and j. We say A
is a response interval for processes i,j if 4 is a maximal time interval
such that
(1 133,
(2) i,J are both tame on A, and i
{(3) 4i,j have successful communication at most just at the end of A, l
if at all,
{Note that since A is maximal, either i,j were not mutually willing to

communicate immediately before A, or A begins at time 0. Also note that

RS Y . . et s e s e e .
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an oracle can make a response interval infinite if 1,3 do notAeve:'héve

- successful communication,)

" Let the resgponse tiiie of a DCS implementation, for any oracle ./,

~ be the.random variable T,# 9iving the length of a response interval.

Let T = max{mean(7,,)/all oracles }. For each €, 0 <€ <1, let the

g-erron réépbnse T(e) (note: this is a function, not a random variable) be

the least pppef bound on the inverse of the cumulative distribdtionAfunEtion

of T,. Thus, if we have a finite interval A, |A] > T(g) and any two

processes 1i,j which are tame on A, for all oracles ., i ‘7{* § .implies
i,j have successful communications sometime within A, with probability

> l-g. Note that time response as defined above for pairs of processes also
holds for communication between sets of processes. Suppose we have finite

sets of processes “1' H2 € I such that for all i in Hl and all j: in

i

all‘oracles o and all i€ II1 and 3€ H2. i and j have successful communicationa

sometime within A with probability >1l-¢ for each pair of processes.

This implies a very robust type of fairress. Each pair of Hlx‘.né

- are guaranteed >1-g¢ probability of succegsful communication within 4,

independent of the success of communication by other processes.

The DCS implementation is real time if for all ¢, O < g <1, T(€)
is a constant dependent only ¢n v, assumed to be a constant upper bound on
the outdegree og‘vertices of Gt) and T 1is bounded above by a fixed

constant. (Note that ?'5 [1 T(e) + € de).

2.D. Insisting DCS Impleme: tations

We also consider the cases w.«re any given process i€l may assign

a priority to the processes J€[l-{i} which { wishes to communicate with.

2 i'-z" j for the same finite interval A of length > 1ig). Then, for

b
3
H
!
i
I
'
i
H

o e e e et =

b
i
3
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In the simplest.ésée; i Jisztinguighes the fi?st.tavget of coﬁmunication,
§a§ Ei(l)( which 1 inaéafs énrcommunicating>with (grocebs i may eventually
; comnmnicate with thé other processes of Ei' but i 1nsiB§s‘on communicating
with Ei(l) wifh pighest priority). For each t > 0{ -E*; is the
relation on T x I such that Vi, €1 1 - j iff E (1) =3 at time ¢
also let 1 3 if 4 =y e,
We say a is an insiéting resporse interval for ,j if A is a maximal

interval such that .

(1) i'z"'j and § 3 4

(2) 4i,j are both tame on 4, and

(3) 1i,3J have successfu) conmunication at most just at the eﬁﬁ of A,

if atAall.: |
(Note. that only the first procéss has to.distinguisﬁ tﬁe cther as the first
target.) . |
‘Lét the iné;gt{ng résp&nae timéloflh DCS impléméﬁﬁatién be fhe random

variable T' ;vfor-each‘orgcle 7, giving the length 6f anlinsisting responge

1

interval. Let = T' = max{mean{T" )/all oracles «}; For each £, 0 <

o

“

<1
letfthezE-errqp{{ﬁaisting recvponse T'(Qi be thévleast upﬁerAbbund.on ;he
inverge of the cuﬁ&létive distfibufiun funétion of T,. | |

Thugs, if we have a finite. interval A, !Al > T'(€) and any two'processes
i,jb which are tame on A, for every oracle ., (1 "Z*i j and j ‘K‘ i)
implies 1i,j have successful communication sometime within A, with probability
> 1-€.

The DCS implementation has real time ineisting response if for all ¢,
o<e€<1, Tt'(c) is a constant, independent of any parameter of H (execpt V)

and T' is bounded above by a fixed constant.

R

It is useful to observe that, given T'(€), any given process 1€ll may

determine (with any given probability) whether any other process J€N-{i} is

RISV R L atan i pa ;. O
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willing to communicate with i over a given time interval in which beth
i, are tame.

FROPOSITION 2.1, Let »f be any oracle and A be any time interval
of finite length > T'(e). Suppcse i,j are tame on A. If i ‘Z”' 5
but there is no t€A such that i “A:q* j , then j 1is not willing to
communicate with i sometime during A, with probability >1-e. This propo-
sition may be used for iiming oui ingieting requests to communicate with a
specific process.

(Note: Suppose we are given a process 3, a set of processes
ML ek and an interval A > 1'(e) such that for all i€, ,
i ‘Z*' j and 3 “K* i. Assune also, all processes in ﬁl U {j} are tame
on A. Then, for each 1en1 zand for all oracles ,dp i,3 ihaVe successful

communication sometime with A, with probability 3}-é;)

2.E. Results and Previous Work

The primary results fur this paper are:

b e ¢ i i

There is a veql time implementation of DCS such that

(1) the worst case mean response T is 0(v?);

T

(2) the c-error response T(€) is '0(v2 log(l/€)).
Also, there is a reaql time implementation of DCS such that
(1) worst case mean ingisting response T is O(v);
(2) the c-error insisting response 1'(g) 1is O(v log(l/€)).

These results follow from a single general theorem of Section 4.

e R

Our implementations are proper, symmetric, and are completely independent
; of the comnnection graph H (H may be any finite or infinite grxaph with
f finite valence). Our innovation, which results in real time response, is to
i
ﬁ allow processes to make probabilistic choices.
E
";
1

© e Nt

et e e
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Thé best previous result is due to [Schwartz, 80] and is rest;ic;ed to
the case H is finite and its edges can be directed to form a digraph H'
which is acyclic. Let x(H) be the minimum vertex coloring of any such FP'.
Essentially, the technique of [Schwartz, 80) is to color #' and order the
precedence of méssage transmissions by the col§ring. Delays in message
transmissions can be as long as ¥ (H) since chains ofprocesses (of length
X{H) can be formed in which each process waits for the next to reply. So
the deterministic DCS implementation of [Schwartz, 80] has insisting
response time T' lower bounded by ve}(H). Note that his implementation is
not real time, since in general ¥(H) is of ordef || . also, his DCS
implementation is not 8y metric, since processes are required to know their
color in H', |

Also [Lynch, 80] gives“a solution to a distributed resource allocation
problem, which in [Reif, Spirakis, 81C) is adopted to yiéld a DCS implementation
with response time vX(H). (In [Reif, Spirakis, 81C] we show that a class
of generalized resource allocation problems related to those of [Lynch, 80]
may be efficiently solved by our DCS implementation.)

[Francez, Rodeh, 80] proposed a probabilistic synchronization algorithm
which can be considered to be a DCS implementation. An important difference
between our implementation and theirs is that in the responding phase, in'our
algorithms, each process responds to all processes to which it is willing to
communicate, while in [Francez, Rodeh, 80] only one process is considered at
a time. Although [Francez, Rodeh, 80) make no explicit timing assumptions,
they do assume that setting and resetting of shared variables takes only a
negligible time compared to the waiting time of processes, which is a much

stronger assumption than ours. The careful consideration of timing in our

P
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paper is crucial to our achievement of real time response (see algo the

unalysis) and such timing considurations were essentially noi considered in

any previcus papers on synchronizatinn. Also, we utilize probabilistic

choice in new ways than those utilized in [Francez, Rodeh, 80). In particalar,

we utilize random waite to ensure that the oracle cannot make the behavior

of waiting processes depend on choices of partners made by >ther processes

(see the analysis of the insisting algorithm).

3 OUR IMPLEMENTATION OF A DCS

To implement a DCS, we must give an algorithm for each process in ]I.

We present here two such implementations. Both satisfy restrictions Rl,R2

required by proper implementations, and both are symmetric: Each process has

the same algorithm regardless of its position in the graph H. Processes

have Algorithm 1 in our "noninsisting" implementation, and Algorithm 2 in our

"insisting” implementation. We show in Section 4 that both implementations

have real time response.

Each program variable X of the system may be written by exactly one

process i€ ] and either X 1is read by only one other process

(in this case x is a flag from i to J)

read only by 1{).

J€m -{i}

or X is looal to i (x is

Our following description of the DCS implementations will be given top-
down with a high level specification of the algorithms given first and then a

specification of the procedures ASK,RESPOND which they call. (The procedures

ASK,RESPOND utilize numerous flag variables which are irrelevant to the super-

fluous understanding of our algorithms.) Also, before giving the formal speci-

fications of any algorithm or procedure, we give in FEnglish an informal

© e S
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description of itz aci.’ons. The actual form;i algorithms have been written
carefully to satisfy certain timing restrictions required by our analysis to
achieve real time response.

In both algorithms, each process repeatedly throws a fair coirn and then
executes a phase. Fach phase is either gsking or responding and is chosen by

the coin throw with a probability 1/2. . : i

Algorithm 1 (Non-ingisting)

In the responding phase, process 1 repeats a loop v times. On each
iteration of the loop, process i chooses at random a process j from the
processes 1 1is willing to communicate with, and executes procedure RESPONDi(j).
This procedure takes constant number of steps (namely CR) and during it

process i tests a flag to determine if j {is currently 'willing to talk to

ot s o -

i and then sets a flag to determine if j pays attention to i (these tesis

e s

have the form of a handshake). 1If so, processes i and J synchronize their

steps and then both open communication to each other. 1In either case, i

repeats the loop until the responding phase finishes.

In the asking phase, process 1 chooses only once at random a process 3
to which { 4is willing to communicate with, and the i executes procedure
ASKi(j). This procedure takes c, = Cp°v steps (so that both phases take
exactly the same number of steps. As a consequence, process i is in each
phase half of the time on the average. This is important to the analysis).
During procedure Asxi(j)’ process i raises a flag to show to J that it is
willing to communicate currently with 3j, and then pays attention to j for
a limited number of steps to test if J responds to the attempt and wants to

proceed in communication. If so, then procesgses i and J synchronize

their steps and then both open communication to each other. If not, then i

finishes its current phase by clearing its flags.

il qade v 1
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Algorithm 2 (Insisting)

Each process executes forever the following loop: It begins by
choeszing a random integer w from {0'1'2""'CA}' It then waits for w

steps and then it chooses with probability 1/2 to execute a respond phase

or a (modified) ask phase. The respond phase is identical to that of Algo- { f
rithm 1. However, in the modified ask phase, process i chooses the dis-
tinguished first process E,(l) as the process to which it will apply the

procedure Asxi. After executing one or the other of the phases, process i

B LTI N

then waits for Cp~W steps. (This guarantees that, at any time ¢t, a process
is not waiting with probabilizy 1/2, and that a process is asking (given it

is not waiting) with probability 1/2).

We now give Algorithms 1 and 2 in full detail.
Algorithm 1 (noninsisting implementation)
Program for process i€ll
INITIALIZE; ( );

WHILE TRUE DO
BEGIN

T

L2: CHOOSE a random be{0,1}
IF b= 0 THEN
BEGIN
COMMENT: respond phase
L3: FOR x=1 to v DO
BEGIN
CHOOSE at random j € Ey
RESPONDy (3):
END
END
ELSE
BEGIN
COMMENT: ask phase
1.4: CHOOSE at random 3§ € E,
ASK, (3)

END

END

L R
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Algorithm 2 (the insisting implementation)
Program for process i € Nl

INITIALIZE; ( )
WHILE TRUE DO
BEGIN

Ll: CHONSE w at random from {0'1""'°A} _
DO w no-ops . a

L2: CHOOSE a random be{0,1}
IF b =0 THEN
BEGIN
COMMENT: respond phase
L3: FOR x=1 to v DO
BEGIN
CHOOSF a random j € By
RESPOND; (3)
END

——

o lathede

END
ELSE
BEGIN
COMMENT: ack phase
L4: Ask; (Ej (1))

END
DO cp -w no-ops l
END E
o E
4
F
: . 'g"'
; 3.A. Intuitive Description of the Procedures ASK,RESPOND L
The procedures ASK;, RESPONDj are utilized by both algorithms. |
For each 1i,3j€ll such that iej, there are three flags (boolean
variables) Qij' Aij' Bij which are written only by i and read only by 3j.
(1) Flag Qij: Just before each phase, Qij = O, Then { asks Jj by
setting Qij to 1 1in the ask phase. Qij is reset to 0 before
the end of the ask phase. :
: |
; (2) Flag Aij: Just bafore each phase, Aij =0, If {1 is in the .
answer phase and detects jS = 1 (indicating J "asks"™ i) then i
i answere j by setting Aij a 1, Eefore the end of the answer g

phase, i resets Aij to O, ;

3}
g
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{3) Flag B j' This variable is set to 0 by 1 only during the
"oatehing window" which is the interval when i is in the asking
phase anu is watching for an answer (Aji = 1) from 3Jj. At all
other times, Bij is set to 1 to indicate i is blind to
answers by J.

Another flag PORTij is utilized by the low level procedure OPEN=-COM

to specify the state of the communication port from i to Jj. As defined in

Section 2, i JA:“‘ i iff PORTij =] at time t. (OPEN-COM is called by

Asxi and RESPONDi as the final act in a successful communication attempt.)

If process i executes Asxi(target) then it first sets a flag variable
Qi'target to 1 (to indicate to J that it asks) and sets another flag
Bi,target to O (to indicate to 3j that it pays attention to it, i.e,, i |is
not blind to answers by j). It keeps these flags raised for at most a constant
numbar gy steps and during these steps it continuously examines the flag
A, . : (the ansver rflag of target). 1If the interval finishes with no answer

arget,i

, S .
from target, then i fire? sets Bi,tarqet to 1 (to show that it stops

paying attention to target) and them it sets Qi,target to 0 to drop the
question, This order of actions guarantees that process target will interpret

correctly what it sees fro. the flags of i.

If i gets an i:sver from 3 (that is, if Atarget,i is set to 1)
during the (previously discussed) c, steps, then i firs. sets Q, target
’

to 0 (but keeps Bi,target to its current value to i1 licate that it con-
tirues to pay attention to Jj). Process 1 waits until target also zeros

its flag Atarget,i and then process 1 calls OPBN-OOM1 (target) immediately.

As the analysis shows, the events leadin; to this call guarantee that communica-
tion is achircved between i and target during the execution of OPEN-COM,

assuming 1 and target are tame (we do not use a handshake protocol within

o -

U
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OPEN-COM since unfortunately our timing constraints would be violated if we
were to require that communication between i and target be successful
irregardless of whether they are tame)., At the end of OPEN-JOM, i sets

Bi,target to 1 (showing that it stops paying attention to target) and

exits procedure Asxi.
If proceas 1 executes procedure RESPOND1 (asker), then it first

examines if Q is 1 (i.e., if asker is interested in communicating

asker,i

with 1i). If =m0, then i sets A to 1 and waits until process

i,asker
agker rzeros its question flag (this is the "hands! ake" technigque). When this

happens, then i tests B to see if prncess asker still pays atten-

asker,i

tion to i. If not, then i &zeros its answer flag A and exits.

i,asker
Else, 1 knows that asker waits for step synchronization and communication.

So, i zeros its flag A, and calls OPEN--COMi (asker). TlLe analysis

1asker
shows that the events leading to this call guarantee that communication will

be achieved.

We now introduce some terminology and then develop the algorithms in
full detail.

A process i is in the asking mode when it executes procedure ASK(j),
and it is in the regponding mode when it executes the procedure RESPOND. If
i is executing ASK(j) and Bij-o then i is in a watching window for
process J else i is blind with respect to j. We say 1 18 answered by
J if i is in its watching window for j and i exits loc; A3 with a=l,
A phage of the algorithms consists of the steps between random choices of the
variable b €{0,1}. If b=0 the process is in an answering phase and else
it is in an aeking phase. .

We have not elaborately commented on our procedures because of the

extensive informal description preceding them.

- e e e e g e o
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The variakies of process 1 are initialized as follows:

, , INITIALIZE, ( ) |

. BEGIN 1
f for 11 j € I such that iej ac

. BEGIN

‘ : Qi4+0
Bij*l
PORT i j+o

END
END

e

In the following two procedures, we assume a register CURSTEP which gives
. the current number of the steps executed by process i since it was last zerced.
(CURSTEP is assumed here only as a convenience, it is clear that we could

substitute instead a new variable that is incremented on every atep of the

p original Algorithm.)

We have made extensive use of time outs to guarantee that the number of

steps of the execution of procedures RESPOND, ASK are each always exactly

the same. (This is crucial to our proof of real time response.)

We define the constants appearing in the procedures:
r

Let Cg = 6 + 20 22X 1 this will be precisely the number of steps always
min

required by procedure RESPOND.

§e O - e

? Let CA *Cp Vi this will be the number of steps required by procedure
ASK.
; Fmax
Let Cp ™ Cp " (6 + 20 - ) ; this is the number of steps required for
min
a watching window.
r |
Let cp = 2+ 3 rmax i this is the number of steps required in proc2adure i
min

Let cD = cA-cP-2; this constant is used in our algorithms.
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F #CCEDURE Asxi(tarqct)
local a

BEGIN 1

Al

A21

Ad:

PROCEDURE  RESPOND, (asker)
locel q

BEGIN CURSTEP+0

Bl:

B5:

i
:
i
3
§
i
|
.
I
i
/]
I
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CURSTEP+0

Qi ' target‘l
a+o,

Bi.tarqet*o j
COMMENT: Begin watching window for target i

WHILE CURSTEY < s AND a=0 DO a*A

target,i
-
IF CURSTEPicB AND a=0 THEN Bi.target 1
Qi.target‘-o
IF a=l THEN
BEGIN
. < <

Ad: WHILE (Ay, ., (%0 AND CURSTEP < ¢ AND a=l) DO &%Ri  caeg
AS5: JIF a=0 AND CURSTEP < cp THEN OPEN-COMi(tarqet)
END
COMMENT: End watching window for target
B, +1
i,target
WHILE CURSTEP < ¢, DO no-op

masker o1

IF qel THEN
BEGIN

i
Ai ;asker+ 1 I

B2: WHILE (cgns'rEP < ¢ AND q=1) DO q*Q,qper,g |
q°(q OR By .sker = 1 OR CURSTEP c)
B3: A1,asket‘.o |

IF yq THEN B4: OPEN-COM, (asker)

WHILE CURSTEP < ¢, DO no-op
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PROCEDURE OPEN-COMi(j)

BEGIN
PORTij*l

DO cp=2 no ops

PORT15+0

END

4.A. Correctness Properties of the Algorithms which Hold with Certainty

Our algorithme arw probabilistic and therefore some of their properties
(such as response time) only hold with a certain probability, and not with
certainty. A probabilistic analysis of these properties is given in the next
sections. However, in this section we prove properties of the algorithms
which hold with certainty, regardless of prababilistic choice. We show
restrictions Rl,R2 are satisfied by our implementati >ng, and thus they are
proper. (Of course, we assume either all the processes in I execute
Algorithm 1, or they all execute Algorithm 2.)

LEMMA 4.1. For both algorithms,
i MMy only if 2 "‘t" j.
Proof. Process i calls OPEN-COMi(j) and opens its channel to j
only if either (a)i was executing an asking phase and exited the loop A3
with a=l or (b)i was executing a respond phase and exited the busy wait:

B2 with B, .=0. 1In both cases, i wasg willing to communicate with j in

2
the start of the execution of its phase, since 1 asks (or responds) only to
processes it is willing to communicate with. So, i —E1 j where t' was

the time of start of i's phase. By assumption (A2) then, i —/ .

t
In case (a), a=1 means that j responded by setting Aj i to 1 to
’
i's question. So, J T3 1 for some t"< t and by assumption (A2),

t“

e
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j t'i' . . . L
In case (b), J was the process setting Qj i to 1 at the beyinning
14
of i's phase. Hence J -E7 i and, by (A2), 3 &= {.

t
In both capes, i ‘Atﬂa j =» i o 3

LEMMA 4.2, For both algdrithms,
<JY:\» is a partial matching.
Proof. Since each process opens communication to at most one prucess
each time, (this is so since the programs in both algorithms are sequential
and each neighbor is asked or responded to separately), the relation S,

t
is one to one. Hence GJN:\* cannot be more than a matching. o

COROLLARY 4.1. Both algorithms give a proper implementaticn of DCS.

Proof. By the Lemmas 4.1, 4.2 both Rl,R2 hold.

4.B. Timing Lemmas Which Hold With Certainty

LEMMA 4.3. For both algorithms, if i ig in its watching window

for j and is answered by 3, then i,j have successful communication,
within 20 steps of the slowest of i,3, given both 4i,j are tane.

Proof. If i exits the A3 loop, then (since no process but j can
assign to Aj,i) at the same time 3j must be executing RESPONDj(i) at the
B2 1loop. Process i will arive at A4 within 7 of its steps and will
have, by then, set Qij to 0. Within 7 rmax/rmin steps of J, 3§ will
have exited the B2 loop. Also at this time, the assumption that i exits
the loop A3 with a=l implies that Bij=0. So, j will arrive at B3
and set Aj,i to 0 in at most 7 cof its steps from the time it exited the
B2 loop. Within ¢ /r . =~ steps of i, process 1 exits the A4 loop.

Then, within two of its steps 1 will call opEN-coui(j) and within one
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of j's ‘steps ¥ will call OPEN-COMj(i). Note that both 4i,j will set
their gespect‘ive"‘port f;&gs., -POR_'I‘ij-, POR'rji to 1 within one step of the o ‘

slowest pz'ocess (or, within at most rmax/tmin - steps of the fastest). They
keep their ports open for cp-z = 3 rmax/r:ﬁin _ gteps each. This implies

that both procegses will overlap for at least 2r_ _ /r

t e ¥ = 2
max” “min r

min max o
time, guaranteeing at least 1 stepv_overiap of vboth'processes. Thus, {,j %

e i

' have successful communication. Note that OPEN-COM takes ¢y steps. The e

Lemma follows by-counting steps. ' o

LEMMA 4.4, For both algorithms, if i,j tame on A and i"’YZ\" 3
for a maximal interval A, then A contains a step of both i and j, but
|A|> = 0(1). (This ensures that A is jus‘t long envoug.hAfo: i emd j. to
cemmunicate.) : ' | |
Proof. . il-/vl:"‘-'j __implie.s iﬂz\-’j . 'The only s'equencg Aof ew{gnts_ J.e_ading
to that is the sequence in which one of i,j is in its watching windo;v for \

the other and is answered by the other. By Lemma 4.3 then, & contains a

‘ | step of both 1i,j. Also, by Lemma 4.3, IAI <20 ;mai/rmin o ’ \
LEMMA 4.5*%., For both algorithms, if i, j are tame on 4 and i -/\21\-' ‘j-.
for a maximal interval A, then i‘/\zl,'\"j for some A' < A. Furfhermcre
i,J have successful communication during A’'.
Proof. The only sequence of events leading to i’/zl\"j is the |
' sequence in which one of 4i,j was in its watching window for the other and :
. is answered by the other. By Lemma 4.3, 3 A' < A such that i,j have ,
j successful communication during A°‘, =] [
i *Not:e: Lemma 4.3 means that a tame process never opens its channel : l

to another tame process without communicating with it.
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In the following lemma, we do not necessarily agsume i is tame.

Lemma 4.6, If 1 € erxecﬁtes-proceQure ASK, ‘then precisely c, steps of -

;1A§;q;xe§§§red-fori£he éiéqgéién-of this brocedure.f Execution éf RﬁSPOND
Pyii-téqﬁi?eplﬁrbciseiy cr §teps of i. Also, each phase of Algorithm 1

"i;eéﬁifes exactl}'.cA + 2 steps and eachrphase of Algorithm 2 requires
?cAZ+72 steps. _ ‘ .

. Proof, By_obsér§ation;ofitiheoutq\within.the procedures ASK and RESPOND.

Corollary 4.2. Let cv be the number of steps;fequired for each phase

(¢ ='cp + 2 for Algorithm 1 ana ¢ = 2c_ + 2 for Algorithm 2, as implied

by Lemma 4.6). Then the maximum time required for each phase is €ovr ot
5. PROBABILISTIC ANALYSIS .OF THE RESPONSE TIME OF THE ALGORITHMS.

The analysis done here holds for both Algorithms 1 and 2 (except
that they diffgr in the parameter omin defined below). We assume here
the terminology of section 4.

Intuitively, in both algorithms, the ASK or RESPOND phrases take
O(v) time each, 1In the worst case of the non-insisting algorithm, it
regquires 0(v) expected executioﬁs of the ASK phrase to choose any given
willing neighbour, if the set of willing neighbours is O{v). Given that

"a given neighbour is chosen and he is willing, ccmmunication will be
achieved with probability bounded below by a constant. Hence, we expect
the average time of response of the non-insisting algorithm to be Otvz).

On the other hand, in the asking phase of ﬁhe ingisting algorithm
we ask a specific neighbour and we have a constant probability to
communicate with him, if he is willing. Thus, the expected total
number of phases will be 0(1) and so the expected response time of the

insisting algorithm will be O(v} in the worst case.
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A formal analysis follows.
Let I be a time interval of length >2cwm“ (i.e., at least two . A
v phases), such that i*—f'j and i,j both tame on I. Fix some |
time t 30. Let I‘t be the global system bistory up to t,
derived from oracle . and "luck up to time t" as'defined in Sec-tion 2B,

Note that (s, I‘t) essentially specifies everything of the system's ‘ T

\ : immediate future except the pollers' "“luck" Lt-, for time t' > t. .For“all
i,j€N let °ij (Jt,l‘t) be the probability that the poller of i is answered

by j some time within A, given i i8 in a watehing window for j during time

1y
v
{
v
1
¢

interval A start.ng at time %, and assumind both i,3 are Eame on A , where AC I

In the following analysis, we assume constants gmn, d?ax such that i

min

(*) 0< g max .

< Gij(.d.l't) £ _c <1l for slil_i,jf_'_én,-"for all t » 0,
all oracles ., and any global system 'hiétory I‘t, consistent with
o . |

In the next ‘section weA show

THEOREM 5.1: For Algorithm 1, we may let

min _ 1 i
T -
o 3

THEOREM 5.2: For Plgorithm 2,

in 1 rmin
g . = c!
r
max

where

-c
c' = ] -~ ’é];‘ (l-e R) - I ' .
R !

Also, for simplicity we let o™®* » 1 for both Algorithms 1, 2. Let
Aij(.d,f‘t) be the probability that the poller of i is answered by j ; |

gsome time within AC€I and i is in a watching window for 3 during ; !'

-
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time interval A starting at t, where A c1I.
From the definitions of qij‘ J,l‘t) and )‘ij( ,,(,I't) it immediately
follows that

1
Aij(d.l‘t) -3 cij( J(,l"t) for Algorithm 2

1,1,
Aij(""rt) =3 a:' cij(d,l‘t) for Algorithm 1

where dt' = D, (the outdegree of i) at the time instant t' < t at which
i selects a neighbour to ask.

Since by Al, 1 ¢ dt' € v, it follows that
1 c,m:i.

2v

n 1l max .
€ )‘ij( .,J,I‘t) <3 O for Algorithm 1

and

min

1 1l max
3 0 < Aij(""rt) €50

for Algorithm 2 .

Let € L2 the class of oracles .f for which the outdegree dt' is set

equal to v for all nodes i in A and for all instances t'.

Proposition 5.1. The response time of Algorithm 1 increases with

increased requests to communication.
Proof. The probability that a specific process is chosen in the ASK
or RESPOND phases decreases monotonically with the number of processes
to which the process executing ASK or RESPOND is willing to communicate. O
By Proposition 5.1, the class of oracles ¥ gives an upper bound in
the response time of the system, since adding requests to communicate
" cannot decrease the response time. |
For each oracle #f€ € with Algorithm 1,

! 1 in 1l ax
i 5—;0‘“ €A (A,TY) <55 O .

3
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Let us define
AN . %; o™™  (for Algorithm 1)
and let
)‘min = % omin (for Algorithm 2) .
Also let

amax 1 gnax (for Algorithm 1 and oracles €)
1 max :
=350 (for Algorithm 1 with all oracles but those
of ¥ and Algorithm 2 for all oracles)
For all i, €1 let Pij (k/( d.l‘t)) be the probability it takes emctly k
phases for procese i to be answered by j, given that i*Ej for a time
interval A starting at t, such that Acl.

Lemma 5.1: For any nracle .,

R e M DRI e Dl

Proof. It suffices to observe that the process of i be answered by j is

a geometric stochastic process, with success probability bounded by

[)‘min ')\max] o

By using Lemma 5.1 and calculating the mean, we get
Lemma 5.2:

Amin Amax
__(Amax)Z € mean (k) < -———O‘min)z

By Lemma 5.2 and known expressions for the tail of the geometric,

Lemma 5.3: Ve 0 ¢ € < 1, Prob{k > kmx(e)} < €,

where
« ¢) - log A"

log | 1_kmin)

log o‘min

Kpay (€} =

Let cv be the number of steps required for each phase. Icmmas

5.1 and 5.2 imply

o~
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Theorem 5.3: If 1 is the response of the system, mean(t) ¢ cv rmax
max ,,,.min, 2
A/ and if t(e) is the g-~error regponse, T(e) ¢ cv Trax ° kmax(

Finally, Proposition (5.1) and the above theorem, together with theorems

5.1 and 5.2, imply the following corollaries, as claimed in Section 2E.

max

By using the value of ) for Algorithm 1 and oracles ¥ and the

value of Am:.n for Algorithm 1, we get

cmm:_
(Umin)Z .

2
mean({t) < <2cv rmax

mi

By using omax =1, ¢ n o 1/4 we have

Corollary 5.1: mean(y) ¢ 3:2c1:'ma‘xv2 = 0(v2) for Algorithm 1. Since

log(_e_omin)_ log—l—omx
K (e) = —— 2 2y +8v log 3
max ' © o9 ¢

os(i - 5, )

for v >> 0.

2 4 2 1
Corollary 5.2: t(g) € Bc ax’ log T" 0 (v log E)

for Algorithm 1.

Also, by using the derived A™'P, A™X for Algorithm 2,

Corollary 5.3: For Algorithm 2, .

3
r
max

mean (1) <€ 16

o v = 0(v) .
min (c')

Algso, we get for Algorithm 2,

log(-g—omin - log %)

kmax () = 1 min)_

(logl—zd
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log (%

log (1 - % ;ﬁiﬁ c')

Corollary 5.4: <t(e) ¢ crmakau(c)v

= 0(vlog-2-)

6. ESTIMATION OF g™

6.1 Analysis of the Non-insisting Algorithm 1

Algorithm 1 is non-tngigting: if i € Il is in its asking mode,
it chooses to ask a random j from the set of pollers to which i is
willing to communicate. Observe that the probability of i,j communicating
monotonically increases with the rate of the responding process and
decreases with the rate of the asking process. However, if both i,j are
willing to communicate, both of the i,j will attempt to establish
communications. Because of this symmetry in the way processes ask, it
follows that the worst case oij( .,(.I‘t) is when the oracle f sets the
rates 1,j egual, but not necessarily constant (recall that by our model
of Section 2B, f determines the rates {Rt|t » 0} at time O and .f cannot
influence the probabilistic choice of processes). Let ch+2 be the
fixed number of steps between phases, as given in Lemma 4.2. Let x be
the number of steps by which i executes each phase before j, where
0¢cx« CAS Let S(S') be the event: 4 answers i is in its asking
mode after (before) j assuming i,j both willing to communicate.

Then

flpoioner

it

' e e .
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1 1 ;
°1j“"'rt’ = 5 Prob(s) +(1 - 3 Prob (S)) 1-

. %Prob {s")

since Prob(j is in answer mode) = 1/2 and j may answer i either in j's

current phase (in the phase where j got the question) or, at most in the

£

next phase of j. Note that the length of the watching window of i

does not allow for more than two phases of j (see Figure 1).

x/cR
1
f(xDY) 1 < - 9’) .

We have Prob(s) = f(x.dt.) where dt' is the outdegree of j at time t' when j

Let

selected the v neighbours to answer. Let

l
gi(x,y) = % £(x,y) + (1 - 3 E(x,y)) * %-f(cnv-x- 7.v).

Then, since g is monotonically decreasing with y and x is bimodal,

cij(.:l,r’t) > MIN {gtx,y)}
0<x<ch

OCy<€v

v
o=

6.2 Analysis of the Insisting Algorithm 2

Algorithm 2 is tnsigiting: poler i always asks that j which ic the

target of the first edge of Gt departing from i. The worst case oij is
where the oracle .fsets the speec of the asking process to be i

1,/rmi , and the speed of the answering process to be 3./rma « Let S and x

n X

and f(x,y) be as in 6.1. Because of the random wait in the beginning of

each phase, x now can be any step in [O,CR\-] with equal probability, and so
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FIGURE 1
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Prob{j is in answering mode}

= Prob{j is not waiting} o

1
> -Z

[$715
[ ]
(S

We have ( by considering only case 1

1
oij(v‘prt) b4 4‘P!‘Ob (S) o

to get the answer). However, due to

choice of x

-32-

Prob{j is answering/j not waiting}

of Figure 1)

Prob(i's window was large enough

the uniformly distributed random

ch
Prob(S) 3 ] £(v,d,,) * Prob(xey)
L Y=0
c§v .
b f(y,v) » —
¥=0 “rY
‘ chi-l 1 1 ch4-l
3 - - 1 -41 -~ v
R R
2c¢c' for v >> 0
where
-C
c''=1 - é}- l-e R .
R

Also, Prob(i's window is large enotgh to get the answer)

c.r
> ]H min
o)
r .
max
hence
r .
1l min
cij(dlrt) ) 5‘ r - C'
max

dt

Cc.Vv
R’ ‘max

for v > 0,

g e

.
5 reap—————— et e o s

P e
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7. CONCLUSION

We have provided two real time implementations for the DCS system,
A key assumption on our time analysis is that processes have to be tame
during attempts to communicate, but at other times processes need not
be tame. This improves a previous version of this paper [Reif, Spirakis,
1981a), where we required processes to be tame at all times.

A referee has suggested a modification of our algorithms which may
be of practical use in speeding up the expected time response in some
practical cases. The modification presumes that the connections graph
has fixed valence (otherwise, an infinite number of variables per process
is required). The idea is to allaw each process to have additional flag
variables which indicate to other processes its willingness to communicate
with them. (We had presumed that the set Ei can only be read by process i), .
80 the idea requires additional flag variables. The modified algorithms %
will have worst case performance identical to those given in our paper.

In a further paper, [Reif, Spirakis, 1981B], we have relaxed our

assumption of tameness. 1In that paper we require conly bounds on the '

relative azceleration of ratios of speeds of neighbour processes. We

propose there synchronization algorithms which have relative real time

response, where communication is established with high probability
between any palr of processes within constant number of steps of the
slowest ,rocess. However, these algorithms are less efficient than those '

given in this paper. Also, we are applying our synchronization techniques

to ADA for a relative real time implementation.

i b A 8 L
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APPENDIX
A REAL-TIME IMPLEMENTATION OF CSP

[Hoare, 19781'introducedAa ébncugféhﬁ programming language CSP '
(for Communicating Sequential Processes). The CSP language is notable I ;
for the elegance of iis 3y£¢h?oniiétién cqnsﬁ%uqﬁs: They are powerful . ; a
and yet simple. [Bernstein, 1980]1deécfibés“agééXténéion of CSP which

allows both input command and output commands as guardé. Here we briefly

describe CSP with Bernstein's extension and present a real-time implemen- ' ' w

tation of the synchronization constructs.

CSP Synchronization Constructs

The relevant aspects of CSP concern its process structure and com=

munication mechanisms. Concurrent execution of processes Pl' Poy wees Pp

is denoted

eyl oyl ... 0l e

Each process has its own set of variables which are inaccessible to all

P L L L L

other processes. The comaunication primitives are the output command
Pj!u that reguests that Pj receive the value of u and input commend
Pi?x which requests that Pi send a value which is then assigned to «x.

There are two relevant compound statements. The aliernative statement

[Gl*clncz+czn...uck+ck]
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contains guards Gl.a..,Gk X’

of a list of elements which may be a sequence of booleans, followed by at most

one input command or (in Bernstein's extension of CSP) an output ppmmggd.; T
The execution nondeterminately chooses a guard Gi which is satisfied

(to test that, it executes each element of Gi from left to right) and then
executes the corresponding command list Civ If no guard is satisfied, the

alternative statement fails. The repetitive statement

D oG, -
*[Gl*Cl con Gk ’Ck]

results in the repeated execution ¢f the alternative statement

[G,+C.0...0G +C ], until no guards are satisfied.
1 k

1 k

Note that the crucial problem in implementing CSP is to synchronize
executions of input commands Pj?x py process Pi with output commands “Pi!u
by process Pj Qo that the value u is transmitted toAbx.

It is very easy to implement CSP by DCS. (In fact, this was the
original motivatiop foerur work on DCS). Let € be a system-vide constant,
which may be fixed to any arbitrarily small constant on the interval (0,l).
We assume a real time DCS implementation with €-error response time T(g).
Let v be the maximum number of guards appearing in any alternative or
repetitive'statement; we assume that Vv is constant relative to the total
number n of processes. We also asgume that the length of the guard lists
is bounded by a small fixed coﬁstgnt. We alsoAassume all processes reliably
execute their programs and satisfy assumptions Al and A2.

Our CSP implementation is redl-time in the sense that there exists a

positive integer 2 (which is independent of the number of processes r)

such that if in some alternative or repetitive statement S some guard G

and command lists cl,..;,c~ Eacﬁ guard-consiétgi“ff'°
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'-is'éontinuously satisfied for a time interval A of length 2% and if the

"proc'és'é'és of G and the prbceﬁﬁvz'éxecﬁting the statement are tame on A,
‘than the c:br_mn&nd,-list_, associated with some satisfied guard is immediately.
executed with probability # 1-€ and otherwise, a faiZuré'ea.‘it"is always
made 1mediatn1yafteta time interval of“;i_'éngth L. 'rhe:x"é}fo'ré;.fwe. allow
a-failuzfe};-'éxit wlth probabllity <é', even .izhoﬁgh::'éqme .g_ua’.ric,’ ‘may be satisfied.
To aﬁtempﬁ-tb_eﬁe'cu-tg an output cdﬁtman‘d Pj!u'-‘ inlv:process Pi, Pi
sets Pi—»Pj, .iﬁ.dicatihg. Pi is wilj_l_ing to cqmm\{hlicat‘?: with Pj.. Also, to
attempt to execute a.n inpAut.c.;omandA'A Pi?x in proc:ess P;, P, sets P.—)Pi.
;f suc~essful communication i'sv"jestablished by Pi and Pj' the process P,
immediately transmits value u to variable x in 'Pi; and immediately
thercafter Pi sets Pi—f-) Pj ‘and Pj sets Pj~7l-g Pi'
An alternative or remetitive statement § may contain the execution
of one pf several guarded input co‘m\énds and output commands, say
Gl,.;;,Gs where s€v. To execute the statement 8, P, first executes the
booleans appearing in each guard. Let R be the set of processes appearing
in those guards of $ all of whose booleans évaluate to true. Pi must set
Pi—ij for each 1=E-j€R for a time interval of length £=7T(€). At the
first time that an appropriate communication is established between P:i. and

some willing process P_€ R, P, must immediately set Pi#—’P for all

3 i 3’
Pj' €R and then Pi must execute the command list associated with the now
satisfied guard in the statement §S. Otherwise, if no appropriate commurica-

tion is established within time T(£), Pi must then exit the statement S

with failure. Note that the probability of an incorrect failure exit is <e.
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