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Abstract. In this paper, we argue that interacting processes (IP) with
multiparty interactions are an ideal model for parallel programming. The
IP model with multiparty interactions was originally proposed by N.
Francez and I. R. Forman [1] for distributed programming of reactive
applications. We analyze the IP model and provide the new insights into
it from the parallel programming perspective. We show through parallel
program examples in IP that the suitability of the IP model for parallel
programming lies in its programmability, high degree of parallelism and
support for modular programming. We believe that IP is a good candi-
date for the mainstream programming model for the both parallel and
distributed computing in the future.
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1 Introduction

The concept of parallel computing for high performance has been around for
decades. While the technology of hardware and architecture has allowed to build
powerful scalable parallel machines like CM-5, SP /2 and AP3000, the software to
run those machines remains scarce. Parallel programming has proved to be hard.
The productivity of parallel software development is still low. One of the reasons
for the gap between parallel software and machines is the lack of appropriate
model for parallel programming.

The parallel programming models currently accepted include the explicit
communication model, the distributed shared-memory model and the data-parallel
model [2]. All these models try to deal with the fact that an individual processor
of a scalable parallel machine cannot hold the entire memory space of large prob-
lems. The data space of a large problem has to be distributed among physical
local memories of the parallel processors.

The explicit communication model uses the abstraction of direct communi-
cation to allow one processor to access the memory space of another processor.
Careful design and implementation of parallel programs in the explicit com-
munication model can produce efficient parallel codes. However, programming



with explicit communication is proved to be tedious and error-prone, even using
machine-independent interfaces such as PVM [3] and MPI [4]. This programming
model is regarded as assembly language programming for parallel machines.

The distributed shared-memory model is based on the abstraction of virtual
shared memory [5] built on physically distributed memories. Virtual shared mem-
ory can be implemented in hardware as in Stanford DASH machine or through
software [6], providing an illusion of shared memory space. Programming with
distributed shared-memory is easier than explicit communication. However, par-
allel programs in this model do not have enough information about data local-
ity to facilitate compiler’s optimization of memory access. The synchronization
mechanism in this model usually includes barriers and locks. Barrier synchro-
nization can be inflexible and is often stronger than necessary. Handling locks
directly is tricky as shown in many thread packages such as Pthread [7] and Java
8]

In the data-parallel model [9], data domains are divided into sub-domains
assigned to and operated on by different processors in parallel. The drawback
of this model is that it offers little support for programming applications with
irregular data sets. It is unlikely that it would become a mainstream model for
general-purpose parallel programming in the future.

We believe that an ideal model for the mainstream general-purpose parallel
and distributed programming should

— make programming easy (programmability),

— facilitate expressing maximum parallelism in applications (expression of par-
allelism), and

— support modular programming for large and complicated real-world appli-
cations (modularity).

Note that both shared-memory and explicit communication are abstractions
close to machine architectures. It is hard to program at such a low level [2].

Interacting processes (IP) with multiparty interactions are a coordinated dis-
tributed programming model for interactive applications proposed by N. Francez
and I. R. Forman [1]. The model has only three fundamental abstractions: pro-
cess, synchronous multiparty interaction, and team and role. Processes are ob-
jects for concurrency. Synchronous multiparty interactions are objects to achieve
agreement among concurrent processes. Agreement about values of variables and
effect of synchronization is essential for reasoning about parallel and distributed
programs®. Multiparty interactions allow processes to access non-local data with

3 The authors of [1] believe that agreement is fundamental and more important than
communication in distributed programming. They said:

In order to appreciate the importance of multiparty interactions, one must
understand the essence of the problem of designing and implementing concur-
rent systems. It is a mistake to think in terms of communication; instead, one
must go beyond this narrow view and conceive the problem in terms of agree-
ment. ... Of course, communication is part of the problem, but no language
can rise to the challenge without recognizing that agreement is an abstraction



strong agreement. Combined with guard selection and iteration, they allow pro-
grammers to establish the agreement about the states of the parallel processes
easily.

The support for modular distributed and parallel programming in IP is pro-
vided through teams and roles. A team is a module to encapsulate concurrency
and interactions among the processes in it. It can be instantiated and referenced
like an ordinary object. Roles in a team are formal processes to be enroled* by
actual processes from outside of the team. Enrolements, like function calls in se-
quential programming models, can pass actual parameters. Therefore, teams can
be used as parallel modules to build large parallel and distributed applications

The IP model is extremely powerful for programming distributed reactive
applications. The purpose of this paper is to argue that IP is also an ideal
model for parallel programming. In section 3, we present the IP programs for
three typical problems in parallel computing to demonstrate the suitability of the
model for parallel programming. We then provide the analysis and argument why
the IP model is ideal for parallel programming in Section 4. We first introduce
the IP model and its notations in Section 2. Section 5 concludes the paper with
a short summary.

2 IP model and Notations

In this section, we introduce the IP programming model and its notations. More
details of the model can be found in [1].

2.1 Teams and Processes

In IP, a program consists of a number of modules called teams, one of which is
the main program. Each team consists of processes or roles. The main program
contains only processes. A process in a team is a separate thread of execution
and it starts to run as soon as the team is instantiated. A role is a formal process
to be enroled by actual processes. It starts to run only when an actual process
outside the team enroles it.

The processes (or roles) of the same type share the common code and are
distinguished by the indices used as the process identifier. For example, we can
use ||i=o0,n—1 process P; to declare n processes of type P in a team. The code
for processes of P can use the index 7 as the process identifier for the process.
One way to implement the processes of the same type in a team is to create an
array of threads and use the array index as the process identifier. The code of
a type of process (role) follows the process (role) declaration. For example, the
code for a team T which consists of n processes of type P and m roles of type
R is written as follows:

that must be achieved.

We believe that this argument also applies to parallel programming.
4 This is a new word suggested by Francez and Forman to mean “enter a role”.



team T'() ::

[

||i=0,n—1 process P;() ::

 (the code for processes P)
”j:O,mfl role R]‘ 4

: (the code for roles R)

The subscripted names such as P; and R; are introduced to simplify the
presentation of IP pseudo codes. Of course, a team can declare many process
(role) types, each of which can have multiple instantiations.

The code of each process or role type is a sequence of assignments, for and
if statements®, function and procedure calls from the sequential programming
model as well as interaction statements, and enhanced CSP-like [10] guard se-
lection and iteration statements.

2.2 Variables

A team can declare team variables which all processes (roles) declared in the
team can read and write. Therefore, team variables are shared variables in the
team. Team variables also include the formal parameters of the team to be bound
to actual parameters when the team is instantiated.

Apart from team variables, each process or role can declare its own local
variables. These variables are “local” in the sense that (1) they can be updated
only by the process which declares them and (2) they reside in the local memory
space of the process. Other processes or roles in the team can read them through
interaction statements to be described shortly. This implies that the scope of
these local variables is the entire team. These local variables are something
between shared variables and strictly local variables with the scope being the
declaring processes. You can call them “controlled shared variables” or “semi-
local variables”, but we simply call them local variables in IP.

Quite often the processes of the same type need to declare similar local vari-
ables. Again, we can use the process identifier to distinguish them. For example,
n processes of type P can declare local variables with the same name & indexed
by the process identifier ¢ as follows:

|i=0,n—1 process P;() ::
int k;;
(the code for processes P)
5 The original TP notations do not have for and if statements. However, they can be

easily realized by using guard iteration and selection statements in IP. We include
them in the IP notations to improve readability.



Again, the subscripted names k; are used to simplify the pseudo code pre-
sentation. They can be implemented by a distributed array across the processes
and k; is actually k[4].

2.3 Interaction Statement

Within a team of an IP program, the synchronization and coordination among
the concurrent processes or roles are captured by multiparty interactions. A
multiparty interaction is defined by (1) a name and (2) p parties, each of which
represents an participant of the interaction and is characterized by the code to
be executed by the participant during the interaction. (Multiparty interactions
are called interactions in the rest of the paper.) A process can participate in an
interaction by executing an interaction statement of format af...], where a is the
name of the interaction and the square brackets enclose the code to be executed
by the participating process during the interaction.

An interaction e with p parties will not be executed until there are p processes
ready to participate in it.

The code within the square brackets for each participating process of the
interaction is a set of assignments whose left-hand sides are local variables of the
process only. The right-hand expressions can contain non-local variables of other
participating processes. The execution of the interaction is atomic, meaning that
the right-hand expressions use the old values of the variables involved and the
new values of the left-hand variables are visible only after the interaction is
completed.

process P ::

int x, y; process @ : process R :
wnt z; int w;
T =2 : :
y=1 z=3; w = 4;
alr =z+w,y =z + z; alz =w+y); alw =z +y—z;

print z; print y; print z; print w;
Fig. 1. Example of Multiparty Interaction

Figure 1 shows an example of three-party interaction named a in which pro-
cesses P,  and R participates. Processes P, @ and R have local variables {z,y},
{2z} and {w}, respectively. The three interaction statements of a are executed
atomically in parallel when all the controls of P, () and R reach them. The val-
ues of x and y printed by P after the interaction is 7 and 5, respectively. Note
that the assignment to y uses the old value of z, 2, instead of the new value, 7.



Similarly, the values of z and w printed by ) and R after the interaction is 5
and 0, respectively.

The interaction in IP is an extension of rendezvous type of synchronization in
Ada to allow synchronization among an arbitrary number of processes. It is also
an extension of synchronous communication in Milner’s CCS model [11] to allow
synchronous communication among a group of arbitrary number of processes.

2.4 Guard Selection and Iteration

The IP model has CSP-like guard selection and iteration statements [10] en-
hanced with the interaction statements described above. The format of enhanced
guard selection statements is as follows:

[Bl&al [] — 5:0--- DBn&an[] — Sn]

In the k-th guard (1 < k < n), By, is a boolean predicate of local variables
called guarding predicate and ag[...] an interaction statement called guarding
interaction; both are optional. Sy is a sequence of statements of any type.

A guard is ready if its guarding predicate is true. At least one guard must
be ready in a guard selection statement. The guarding interaction of a ready
guard is enabled if all the guards with the same interaction in other processes
are also ready. An enabled guarding interaction can be selected for execution. If
many guarding interactions in a guard selection statement are enabled, only one
of them can be selected. Whether an enabled guarding interaction is actually
selected depends on the result of coordination among the processes involved.
If none of the enabled interactions is selected, the process is blocked. Figure 2

process P :: process @ :: process R ::
[af.]— - [ B[] = - [ cf] = -
O O O
b[...] = -+ ] = al...] = ---

I
Fig. 2. Coordination for Selecting Enabled Interactions

shows an example of three guarding interactions, a, b and ¢, involving processes
P, @Q and R. Each of a, b and ¢ has two parties. All the guarding interactions are
enabled when P, () and R are executing the guard selection statements, because
there are no guarding predicates in the guards. However, only one of a, b and
¢ can be selected for execution in this example. If a is selected, process @ is
blocked and processes P and R execute it. Symmetrically, if b is selected to be
executed by P and @, R is blocked.



After a guarding interaction is selected and executed, the sequence of state-
ments denoted Sj following the right arrow are executed.
The guard iteration statement is similar and of format:

*[Bl&al [] — Slm s DBn&an[] — Sn]

The difference is that the enclosed guard selection will be executed repeatedly
until none of the guarding predicates is true.

As an example of guard iteration, a team to encapsulate the interactions
in the dining philosophers problem is shown in Figure 3(a). In this problem, a
dining philosopher sitting in a round dining table needs to pick up the two forks
(or chopstics) at his/her both sides before he/she can eat. Each philosopher
alternates between “thinking” and “eating”. In this team, we use n processes,

team TABLE(int n) ::
[
[li=0,n—1 role R;() ::
char[] s; =' thinking';
x| (s; ==' thinking’) — s; =" hungry’
O

get_forks2

(si ==" hungry')&
o

get_forks;[s; =' eating’] - L
— give_forks;| | get_forks3 \RLjj==] get_forksl

[li=0,n—1 process F; ::
*[ get_forks;[ ] = give_forks;[]
O i
get_forks;11]] = give_forks;t1]] get_forksD

] (b) Three-party Interactions get_forks;

(a) Team of Dining Philosophers

Fig. 3. IP Module for Dining Philosophers Problem

F;, to simulate the n forks, because they are part of the table and ready to
be used as soon as the table is set up (instantiated). To simulate more general
situations where possibly different philosophers can sit at the same table position
at different times, we chose to use n roles, R;, to code the behavior of philosopher
and let philosopher processes outside the team enrole these roles.

There are n three-party interactions named get_forks; and another n three-
party interactions named give_forks; to encapsulate the interprocess synchronization®.

6 One weakness of IP syntax is that it lacks explicit declaration of multiparty
interactions.



Again, we use subscripted names for the interactions here to simplify presenta-
tion. The participants of interaction get_forks; and give_forks; are R;, F; and
F;_17. Figure 3(b) illustrates the three-party interactions get_forks; (thick bars)
and their participating processes and roles.

When interaction get_forks; is enabled and selected for execution, the philoso-
pher process enroling (invoking) R; gets both forks managed by F; and F; ; and
eats. Since a philosopher process gets both forks in one atomic action, deadlock
is not possible.

2.5 Roles and Their Enrolement

Roles in a team are formal processes to be enroled by actual processes. A role
can be enroled by only one process at at a time. When multiple processes try to
enrole a role, only one can succeed.

The code of the role is executed by the enroling process in the context of the
team. The enroling process can pass parameters to the role, in much the same
way as function calls with parameters. The enrolement is finished when the code
of the role exits.

The format of enrolement statement is

< role_name > Q < team_designator > (< actual_parameters >)

Figure 4(a) shows an IP main program which creates a dining table team of
size n and n philosopher processes to enrole the n roles in the team repeatedly.
Figure 4(b) illustrates the enrolements with dash lines for the team of size 4.

team MAIN (int n) ::
[
team designator table = TABLE(n);
[|k=0,n—1 pProcess Py ::
for (;;) RyQtable();

(a) Main Program

(d) Enrolements of Roles

Fig. 4. Simulation of Dining Philosophers Problem

We could create twice as many philosopher processes as the number of dining

7 All the addition and subtraction in the indexes are modulo arithmetic operations
with respect to n.



positions in the table and let two philosophers to compete to eat in the same
position. The code would be as follows:

team MAIN (int n) :
[
team designator table = TABLE(n);
[|k=0,2n—1 pProcess Py :
for (5;) Rk mod n@table():

3 IP Parallel Programming Examples

To demonstrate the suitability of IP for parallel programming, we present three
IP parallel programs in this section. They are parallel sorting, parallel dy-
namic programming for optimal binary search tree and parallel successive over-
relaxation (SOR). The algorithms for parallel sorting and parallel SOR, are from
[12]. The dynamic programming algorithm for optimal binary search tree is de-
scribed in [13].

3.1 Parallel Sorting

To sort an array of n elements, b[1..n], the odd-even transposition parallel sorting
algorithm [12] goes through [n /2] iterations. In each iteration, each odd element
b[4] (4 is odd) is compared with its even neighbor element b[j + 1] and the two
are exchanged if they are out of order. Then each even element b[i] (i is even) is
compared and exchanged with its odd neighbor element b[i + 1] if necessary.

The algorithm can be easily implemented in IP with n parallel processes,
each of which holds a data element. The compares and exchanges can be done
through the interactions between neighbor processes.

The IP program for the parallel sorting is as follows, assuming the type of
data to be sorted is char:

team OESort(int n, char[]b) =
[
[lj=o0,n—1 process P; ::
char a; = b[j];
for (int i = 1; i <= [n/2]; i++) {
//odd compare and exchange
if (j < n—1Aodd(j))
comp[a; = min(a, a;+1)};
else if (j > 0 A even(y))
compj-1[a; = max(a;_1,a;)];

//even compare and exchange
if (j < n—1Aeven(j))



compjlaj = min(a;, a;i1)];
else if (j > 0 Aodd(j))
compj—1la; = max(aj—1,a;)];
}

blj] = aj;

Here, each process P; holds a data element, a;. The odd compares and ex-
changes are done through interactions comp; (j is odd, i.e. odd(j) is true) be-
tween processes P; and Pji;. All these compares and exchanges can be done
in parallel, because they use different interactions comp; (j is odd). The even
compares and exchanges are similar.

Figure 5 illustrates the execution of this IP program for a char array: b[ | =
{'D')C' B'/ A'}. The boxes in the figure represent the three interactions,
compy, comp; and comps, reused many times. The dotted vertical lines show
the progress of the processes (from top to bottom).

Fig. 5. Example of OESort

It can be proved that after passing through k pairs of odd and even inter-
actions, the data held by each process is no farther than n — 2k positions away
from its final sorted position. After process P; finishes [n/2] iterations, the data
which it holds in a; must have passed through [n/2] pairs of odd and even
interactions. Therefore, the array is sorted when all processes are terminated.

Note that there is no global barrier synchronization across all processes in
this program. The interactions and their synchronization are restricted between
adjacent processes.

3.2 Optimal Binary Search Trees

As the second example, we present the IP program to find the optimal binary
search tree (BST). Given n keys, Ky < --- < K,, with their probability of



occurrence, pi,---,Pn, the problem is to find the binary search tree for those
keys so that the average search time is minimized.

The optimal binary search tree problem is best solved by dynamic program-
ming [13]. The optimal BST with n keys can be obtained if the optimal BSTs
with n — 1 consecutive keys have been found. Let the optimal BST containing
Jj—i+1keys, K;,---,K; (j > i— 1), be denoted BST; ; and its mean search
time M ST; ;. Note that BST;;_; is an empty tree and, thus, MST;;_1 = 0.
BST ;, can be obtained by comparing n binary search trees with the root nodes
holding different keys K; (I =1,---,n), and BST; ;1 and BST;11,, as their left
and right subtrees. The mean search time for BST} , with root node Kj is

-1 n
(MSTy1+ Y pe) +pi+ (MSTipai+ Y, pi)
k=1 k=1

Therefore, the optimal mean search time M ST ,, is as follows:

n
MSTy = min (MSTi,1 + MSTis1,0) + I; P

Subtrees BST) ;—1 and BSTj41,, can be found recursively in the same way. In
general, the formula to find M ST; ; is as follows:

J
MSTij = min (MSTii-1 + MSTisrj) + ; P (1)

The working data structure for finding M ST(1,n) is an (n+1) x (n+1) upper-
triangular matrix M as shown in Figure 6. The matrix element M[i][5] is used
to store MST(i,5) (i < j). Note that the index ranges of the first and second
dimensions of M are [1..(n + 1)] and [0..n], respectively. M[k][k] (1 < k < n)
and M[k][k — 1] (1 < k < n + 1) are initialized to p and 0, respectively.
The dynamic programming algorithm computes M[i][j] (1 < i < j < n) by
using vectors® M[i][(i — 1)..(j —1)] and M[(i + 1)..(j + 1)][j] in M according to
Equation (1). Figure 6(a) uses thick bars to show vectors M[¢][(i — 1)..(j — 1)]
and M[(i+1)..(j +1)][4], both of which contain (j — i+ 1) elements. Obviously,
the computations of M[i][j] on the diagonal j —¢ =k (1 <k <n—1) can be
done in parallel, because they are data-independent. The result of the algorithm
is stored in an (n — 1) x (n — 1) integer matrix R, where R[i][j] (2 <i < j < n)
is the index of the root node of optimal binary search tree BST; ;.

We let each M ST; ; be computed by a separate process F; ;. The matrix M
is implemented through local vectors in these processes. Each P; ; has two local
vectors h;; and v; ; both with j — i + 2 elements. The index range of h;; is
[(i —1)..7]. Its sub-vector h; ;[(i —1)..(j —1)] is used to store M [i][(i —1)..(j — 1)]

& Given a two-dimensional matrix A[ ][], we use A[i][j1..j2] to denote the sub-vector
on the i-th row (A[¢][j1], - - -, A[é][j2]). Similarly, the sub-vector on the j-th column
(A[ia]ljl, - - Ali2]l]) is denoted Afir..ia][j]
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Fig. 6. Data Structure and Interactions for Computing BST

and element h; ;[j] is used to store M[i][j] computed. Similarly, the index range

of v; ; is [i..(j + 1)]. Its sub-vector v; ;[(i + 1)..(j + 1)] is used to store M[(i +

1)..(j + 1)][4]. Element v; ;[i] is the same as h; ;[j] and used to store M [i][5].
Basically, each process P; ; does three things in sequence during its life time:

1. Tt inputs M[i][(i—1)..(j —1)] from P; ;_; and M[(i+1)..(j +1)][j] from P;y, ;
and stores them in h; ;[(i — 1)..(j — 1)] and v; ;[(¢ +1)..(j + 1)], respectively.

2. It computes M ST; ; using (1) and stores it in both h; ;[j] and v; ;[i]. It also
stores the index of the root node of BST; ; in RJ[i][j].

3. It outputs h; ;[(i —1)..5)] and v; ;[i..(7+1)] to P; j4+1 and P;_4 ;, respectively.

The data transmissions from P; ; to P; j41 and P;_; ; are done through the
interactions named H;; and V; ;, respectively. Figure 6(b) illustrates the data
transmissions in which P; ; is involved and the corresponding interactions used.

The IP program to compute the optimal binary search tree is as follows:

team Optimal BST (int n,
float[1..n] p,
float[1..(n + 1)][0..n] M,
int[2..n][2..n] R)
[
[i=i,n—1 j=2,n j>i+1 Process P;; ::
float[(i — 1)]] hi,]’;
float[i..(j + 1)] vi j;
boolean h_in,v_iin = false;
boolean h_out,v_out = false;
float mst; int root;

if (j =i+ 1) { //take initial values
hii[(i = 1)..(j = D] = M[[(Z — 1)..(G = D)];
1}%;’[(@' +1)..G + D] = M[@+1)..(5 + DI];



else //input from P;;_; and P11 ;
*[ (j>i+1A-hin) &
Hija[hi;[(i —1)..(j = D] = hi,j—1[(i = 1)..(7 — 1)] ]
— h_in = true
O
(j>i+1A-win) &
Vierjvii[(0+1)..(G + D] = vig1,5[(1 +1)..(G + 1)] ]
— wv_in = true

l;

mst = min]_, (hi;[l - 1] +vi; [l + 1)) + 34, plK;
root = the value of I which makes the mst above;
hi i3] = vi,;[¢] = mst;

//output local vectors to P; j+1 and P;_1 ;

*[ (j <nA-hout) & H;;[] = h-out = true
O
(i >1A-wvout) & V;;[] = v_out =true

I

RJ[i, j] = root; M[i, j] = mst;

Note that the assignments in the square brackets of interactions H; ;_; and
Vit1,; are vector assignment statements.

3.3 Parallel SOR

Successive Over-Relaxation (SOR) is a sequential iterative method to solve par-
tial differential equations using finite difference. This method is also known as
the Gauss Seidel method. It has faster convergence rate than the Jacobi method,
which requires only en/3 iterations to reduce the error by a factor 107¢ for a
problem of n? grid points. A parallel SOR algorithm called odd-even ordering
with Chebyshev acceleration has the same convergence rate as the Gauss Seidel
method [12].

Consider an (n+2) x (n+2) array a[0..(n+1)][0..(n+1)] for the grid points in
the parallel SOR. Each iteration has two phases to first update even grid points
ali][§] (i + j is even) and then odd grid points a[é][j] (¢ + j is odd), both using
the values of neighbor grid points. Figure 7(a) uses hollow and filled circles to
show the even and odd grid points, respectively. The updates in each phase can
be done in parallel because there are no data dependencies between them. Since
the computing formula and data access pattern are the same in both phases, it
is better to encapsulate them in a common module. The IP model provides a
perfect framework to do this through its parallel module, team. The IP program
of the team to update even or odd grid points is as follows:

Team Update(int n)
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[

lli=zo,n+1 j=0,n+1 role W; ;(float b, boolean eo) :
float a; ; = b;
boolean eastDone, southDone, westDone, northDone = false;

if ((eo Aeven(i+j)V-eoAodd(i+ 7)) A0<i,j<mn+1)
Ci,j[ai,j — ai—l,j+ai,j—i+ai+1,ai,j+1]; //update ai
else if (eo A odd(i+ j)V —eo Aeven(i+j) ) {

//decide which neighbors to pass a;,;

if (i == 0) northDone = true;

else if (i == n+ 1) southDone = true;
else if (j == 0) westDone = true;
else if (j ==n+ 1) eastDone = true;

// pass a;,; to all neighbors
*[(-northDone Ai > 0) & Ci_1,;[] — mnorthDone = true

O
(meastDone A j <n+1) & C;j+1[] — eastDone = true
O
(msouthDone Ai < n+1) & Ciy1,;[] — southDone = true
O
(~westDone Aj > 0) & C; j—1[] — westDone = true
I
}
b= ai;;

There are (n + 2) x (n+ 2) formal processes, W; ;, each of which holds a grid
point value a; ;. Depending on the situation, W; ; either updates its a;; using
the grid points of its neighbors or contributes the value of a; ; to the neighbors
for their grid points updates. The data exchange and computing for updating
a;,; are done through interaction Cj ;. Boolean variables eastDone, southDone,
westDone and northDone are used to make sure that the value of a; ; is used by
all its neighbors before the code exits. If the argument eo of W; ; is true, even
grid points are updated; otherwise odd grid points are updated.



The main IP program for the parallel SOR is as follows.

team ParallelSOR(int n, float[ ][] A4, int e) ::
[

//create a team of Update
team designator update = new Update(n);

[li=0,n+1 j=0,n+1 pProcess P;; :
float ai; = A[i, jl;
for (int k = 1; k <= [en/3]; k++) {
Wi jQupdate(a; ;, true);
W;,;Qupdate(as,;, false)
b
if (0<4,j <n+1) Afli,j] = ai;

This program creates a team of Update and (n + 2) x (n + 2) processes P; ;.
During each iteration, process F; ; enroles W; ; of the team twice with same data
argument a; j, but different boolean values for the second argument.

The IP program above can be easily extended to the blocked parallel SOR
as illustrated in Figure 7(b). The grid points are grouped into blocks. The even
and odd blocks are update alternatively. The updates of all even (odd) blocks
can be done in parallel. The updates of grid points within each block are done
sequentially as in the Gauss-Seidel method.

4 Suitability of IP for Parallel Programming

In this section, we analyze the IP programming model and show why it is a good
model for parallel programming.

A good model for parallel programming should be easy to program, allow to
express the maximum parallelism and support modular programming,.

4.1 Ease-of-Programming

Since processes in IP are allowed to read non-local variables of other processes in
a team, the union of the all local variables forms a shared name space. Since each
variable can be updated only by its local process, data race is not possible in
this shared name space. For instance, the local variables a; ; of all roles in team
Update in the parallel SOR example form a shared name space for the grid points.
As in the shared memory model [5], explicit interprocess data communication is
not necessary.

Another feature of memory access in IP is that it restricts non-local variables
accesses in interaction statements. All the code sections outside of interactions
statements use only local variables and shared team variables. Combined with
the synchrony and atomicity of the interaction statement in IP, this controlled



non-local variables access enables programmers to establish the agreement about
values of all local variables easily. Consider the TP program for parallel SOR
in Section 3.3 for instance. The programmer can easily establish the following
agreement about all grid points values:

— Each grid point a; ; is updated [en/3] times, once for each iteration.

— The update of grid point a; ; by an even process in the k-th iteration uses
the values of the grid points of its odd neighbors calculated in the (k —1)-th
iteration (or the initial grid values if k¥ = 1). The update of grid point a; ;
by an odd process in the k-th iteration uses the values of the grid points of
its even neighbors calculated in the same k-th iteration.

— The new value of each grid point a;; calculated in an iteration is used to
calculate the grid points of its all neighbors before it is updated in the next
iteration.

Another reason for the ease-of-programming of IP is that it maintains the
sequential programming model as a sub-model of computing for processes. With
the agreement on the global view of the values of all local variables established
by synchronous and atomic interaction statements, the reasoning about code
sections outside interaction statements are purely sequential. We believe that
this sub-model of sequential computation is very important for the ease of pro-
gramming. While the real world is inherently parallel and distributed, each indi-
vidual process in it is still sequential. Although some functions of human brains
are parallel in nature (e.g., recognition of a human face), the reasoning process
by human is mainly sequential. This is probably one of the reasons why some
high-level parallel programming paradigms that conceal sequential computations
(e.g. functional or logic programming) have never been widely accepted.

4.2 Parallelism and Efficiency

A good parallel programming model should also allow compilers to generate
efficient parallel codes. To achieve this, the following qualities of the model are
important.

— Programmers should be able to express the maximum parallelism in appli-
cations and algorithms.

— Programmers should be able to provide sufficient information about data
distribution to enable compilers to optimize memory access and data com-
munication.

Maximum Parallelism

The IP model supports the expression of maximum parallelism through its
multiparty interaction and enhanced guard statements. Barrier synchronization
[6, 14, 15] in the shared-memory parallel programming model is, in fact, a spe-
cial case of multiparty interaction, where all the codes in the square brackets of
the interaction statements are empty and the participants include all the par-
allel processes. Multiparty interaction is, therefore, more flexible and enforces



synchronization only among the relevant processes. In the both examples of par-
allel sorting and parallel SOR, synchronization occurs only among the processes
that engage in the data flows and no global barrier synchronization is used. By
using multiparty interactions we can minimize synchronization and maximize
asynchrony in the parallel program. The cost of synchronization of multiparty
interaction is also less than that of barrier synchronization involving all pro-
cesses.

The IP model supports the expression of maximum parallelism also through
its enhanced guard statement which allows enabled guarding interactions to
be selected for execution in the nondeterministic order. For instance, in the
parallel SOR example in Section 3.3 each process F;; has to pass the value
of its grid point a;; to its neighbor processes through the interactions. The
enhanced guard iteration statement does not specify any order of execution for
these interactions. This allows the interactions to be completed in the shortest
time. The same argument applies to the example of parallel optimal binary search
tree in Section 3.2. Each process P; ; takes two inputs through interactions H; j_1
and Vji1,; before computing its M ST; ;. The enhanced guard iteration allows
these inputs to take place in any order.

Memory Locality Information

Locality of memory access has a significant impact on the performance of
parallel codes. In abstract high-level parallel programming models, the memory
locality information is usually lost in the abstract address space such as virtual
shared memory. The compilers have use to the run-time memory access patterns
to optimize the memory access and it is a difficult task. As a result, abstract
high-level models can hardly be implemented efficiently [2].

The IP model retains the memory locality information while providing the
shared name space through restricted accesses in interaction statements. It seems
to strike a good balance between the easy-of-programming through shared name
space and the efficient compiler implementation.

4.3 Support for Modular Programming

Support for modular programming is essential for any programming model if
it is to be used to develop large complicated applications. The IP model pro-
vides true parallel modules to encapsulate concurrency and interactions among
the processes. Processes in a parallel module are first-class objects and can be
parameterized. In the example of parallel SOR in Section 3.3 for instance, the
parallel computation of new values for grid points as well as the interaction
and data communication among the neighbor processes are all encapsulated in
a parallel module which is used twice in each iteration.

The parallel modules in the IP model allow parallel algorithms and design
patterns to be re-used. This enables parallel programmers to develop large com-
plicated parallel applications in accordance with the well-established software
engineering methodologies.
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Conclusion

We have presented three parallel programs in the IP programming model to
demonstrate the suitability of this model for parallel programming. We analyze
the IP model and provide the new insights into it from the parallel programming
perspective. We have shown that that IP with multiparty interaction is an ideal
model for parallel programming. It suitability lies in its ease-of-programming,
its capability to express the maximum parallelism and its support for modular
parallel programming.
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