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Abstract 

Interval constraints is a recently developed method used in numerical computation, and 

has many applications, such as solving systems of non-linear equations, complex function 

plotting, etc. 

An important aspect of solving a problem in terms of interval constraints is the constraint 

propagation process, which aims to eliminate the inconsistent values from the candidate 

intervals for the unknowns by repeatedly applying the constraint contraction operator on 

each primitive constraint. The fac t that there is no restriction regarding the order, in 

which the constraint contractions have to be performed, makes constraint propagation 

suitable for parallel computation. 

Thjs thesis presents a distributed architecture for performing constraint propagation using 

coordination between a set of cooperative communicating agents. More specifically, the 

constraint propagation problem is described as a coordination of a set of cooperative 

agents, each agent having a very specific role in the process of solving the problem. 
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1 Introduction 

1.1 The problem domain 

Numerical computation has many applications in various scientific and engineering fields 

such as mechanics, chemistry, robotics, electronics, weather prediction, economics, and 

graphics, to name just a few. However, there are two main issues when conventional 

numerical computation methods are used to solve such kind of problems. Firstly, many of 

these numerical problems cannot even be effectively formulated in conventional terms. 

Secondly, one of the biggest problems that conventional numerical computation 

encounters is rounding errors. These errors are introduced due to the fact that computers 

have finite representation capabilities, and as a consequence, a real number from an 

idealized representation of a problem is approximated with a floating-point number inside 

a machine. This approximation leads to rounding errors, which in many applications are 

unacceptable and can lead to compromised results. 

Interval constraints is a recently developed numerical computation method, which tries to 

eliminate the above indicated problems. It already has many applications, such as solving 

systems of non-linear equations, function plotting, etc. The main benefit of interval 

constraint is that it allows the potential of solving problems that cannot even be 

effectively formulated in conventional terms. Its main strength is the fact that it provides 

guarantees in terms of correctness and completeness with respect to the yielded result. It 

produces intervals as the solution to a problem, and guarantees, that if there is any 

solution for the unknowns, then it belongs to the computed intervals. 
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In the sphere of interval constraints a problem is described through a large set of 

relations, called primitive constraints, which have a large number of unknowns. Each 

unknown has an interval associated with it as opposed to just a real number, interval that 

indicates the set of values that the unknown can take. Finding a solution for such a 

problem means finding the smallest intervals for all the unknowns for which the given set 

of relations is still satisfied. To accomplish this, interval constraints uses a contraction 

operator associated with each primitive constraint to contract the intervals associated with 

the unknowns. Interval constraints uses the operations on intervals defined by interval 

arithmetic to implement its contraction operators. 

An important aspect of solving an interval constraints system is the constraint 

propagation process. This process aims to eliminate the inconsistent values from the 

candidate intervals for the unknowns by repeatedly applying the constraint contraction 

operator on each primitive constraint. However, for many real world applications the 

interval constraints method does not provide satisfactory results in terms of speed. 

Although, the fact that there is no restriction regarding the order, in which the constraint 

contractions have to be performed, makes the constraint contractions process suitable for 

parallel computation. 

Since the beginning of computers, almost any computation machine was conceived in the 

same vision of the von Neumann architecture: one central processing unit connected to a 

single bank of memory, used to execute one single program at a time. However, things 

have been changing dramatically recently, and parallel architectures have become 

valuable options for developing high performance systems that can be used to solve large 

problems in many fields of applications. 

The main motivation for parallelism is the significant gain in speed that is achieved, and 

the fact that there are plenty of very complex problems that require this gain in 

performance, and for which the single processor machine is still not sufficient. Some 

examples of such kind of applications are: modeling global weather patterns, genetic 

studies, nuclear-level simulations, etc. 

Moreover, there is also an economical reason why parallelism is tempting, and this is the 

fact that one single expensive very fast processor is no longer an attractive solution, as 
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opposed to a cluster of cheap off-the-shelf microprocessors interconnected through some 

kind of wires that offers the equivalent performance. 

The aim of this thesis is to present a parallel architecture for solving the constraint 

propagation problem. The main motivation behind such a parallel architecture is that 

there are many numerical problems for which interval constraints requires a lot of 

computation and the speed-up gained by a parallel approach is worth while. 

1.2 A larger context 

Before proceeding further, it is worth determining the place of solving an interval 

constraints problem in a larger context. 

Constraint programming is a very interesting alternative to conventional programming 

because it can solve problems that conventional programming cannot. It consists of 

specifying and solving a so-called constraint satisfaction problem (CSP) [8,9,10]. A CSP 

consists of a set of unknowns that are part of a problem, a set of associated domains of 

values, and set of constraints, each on a subset of the whole set of unknowns. A CSP has 

the goal of finding values for the set of unknowns, which simultaneously satisfy the 

whole set of constraints. Within a CSP a domain associated with an unknown represents 

the set of possible values that the unknown can take at a certain stage of solving the 

problem. 

Constraint propagation is one of the most widely known ways of solving a CSP by 

finding a solution that satisfies a set of constraints. A constraint propagation algorithm is 

an instance of a more general mathematical framework called chaotic iteration [ 4]. For a 

particular CSP, a set of so-called domain reduction fimctions are constructed, according 

to the domain of computation and the set of constraints of the CSP. During the constraint 

propagation these domain reduction functions are used to reduce the domains for 

unknowns in a way that the restrictions imposed by constraints are always satisfied. 

Considering the above remarks one can easily identify that solving an interval constraints 

problem is just a particular case of solving a CSP. More specific for interval constraints is 
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that the unknowns are real numbers and that their domains are intervals. The domain 

reduction function for interval constraints is the contraction operator. 

1.3 Related work 

The need for parallelism, for constraint solvers in general, and for constraint propagation 

in particular, has recently received wide attention. There are various solutions to this 

problem proposed by different authors. 

In [ 5] a generic framework for distributed constraint propagation based on the notion of 

chaotic iteration [4] is presented. The framework is generic for two reasons. Firstly, in the 

sense that it can be instantiated to do propagation on a particular domain by specifying 

the computation domain and the domain reduction functions for that domain. Secondly, 

because the strategy used to schedule the application of the domain reduction functions 

can also be chosen. Informally, the framework consists of several agents, enhanced with 

communication mechanism, each executing the chaotic iteration algorithm. Locally, each 

agent manages a subset of the domain reduction functions and a subset of unknowns and 

exchanges information through asynchronous message passing with other agents. 

Globally, through cooperation, the system computes the desired solution to the whole 

problem. All agents are identical and execute the same algorithm. 

A similar solution to the one presented in [5] is given in [6]. The difference is that, as 

opposed to [5], where the agents are distributed on a network of machines, here the 

system consists of a collection of parallel agents that communicate through a shared 

memory. 

A more generic framework than the ones presented in [5,6], is presented in [7]. Some of 

the benefits added are the dynamic aspect of repartitioning the problem and the 

possibility of dynamically changing the domain reduction functions. The key idea, on 

which this framework is based, is to describe the constraint propagation as a coordination 

of cooperative agents using coordination languages. The coordination language used is 

MANIFOLD, which is a language for managing complex, dynamically changing 

interconnections among sets of independent, concurrent cooperative processes. The 
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framework exploits the relation between constraint propagation and cooperative agents. 

The components of the constraint propagation algorithm are mapped on components that 

MANIFOLD provides. Unknowns are associated with extended variables, which are 

some predefined processes in the language, and domain reduction functions are converted 

in worker agents. Channels are used to connect variables with workers. Domain reduction 

functions receive requests from variables, whenever the domains of the variables are 

modified, to reapply themselves. Variables are notified when changes appear. This 

process proceeds until no variable can have its domain reduced anymore. 

A study of a parallelized version of an algorithm for constraint propagation, for both a 

multiprocessor and a multicomputer system, is presented in [11,12]. The multiprocessor 

version of the algorithm is suitable for the EREW PRAM model. The distributed version 

of the algorithm has two materializations, one for fine-grained interconnected networks, 

and one for coarse-grained interconnected networks. The distributed version of the 

algorithm is a particular case of the algorithm presented in [5]. 

1.4 Proposed solution 

This thesis presents a distributed architecture for solving the constraint propagation 

process using coordination between a set of cooperative communicating agents. Roughly, 

the proposed solution is a virtually homogenous distributed architecture, in the sense that 

each computation node virtually runs the same propagation algorithm on a part of the 

problem to be solved. Concretely, the constraint system that has to be solved is 

partitioned in a set of subsystems that are solved in parallel, preferably one on each 

computation node. However, this homogenous aspect of the model is just a visualisation 

from the computation point of view that has to be carried out. 

In reality, the constraint propagation problem is described as a coordination of a set of 

cooperative agents, each agent having a specific role in the process of solving the 

problem. Each agent communicates with the other agents so that the entire problem is 

solved as a common cooperative process. Concretely, a particular agent called Worker 
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solves each subsystem by continuously exchanging information about the partial solution 

that it has found with the other Worker agents. 

Solving a constraint satisfaction problem is a process of alternating the constraint 

propagation process with the splitting process. There is no splitting present in the 

proposed architecture. However, due to the modular aspect of the presented architecture 

adding splitting should not be difficult, but it should be just a matter of creating a new 

type of agent and integrating it into the existing model. 

The proposed architecture has been implemented in the coordination language COOL 

[24, 25, 26], and tested on a distributed system of Intel workstations connected through 

an Ethernet network running Linux. 

1.5 Thesis overview 

Chapter 2 contains an informal introduction to interval constraints and some related 

concepts. Chapter 3 introduces concepts and models related with parallel systems 

relevant in the context of this thesis. A brief overview of the most known parallel 

programming paradigms is given. Chapter 4 describes the architecture and a high level 

design of a parallel constraint propagation proposed in this thesis. This chapter starts with 

indicating the suitability that constraint propagation has for parallelism, and continues 

with a detailed description of the proposed model. Chapter 5 describes an implementation 

in C++/COOL of the model presented in chapter 4. The experimental results indicating 

the performance of the implementation given in chapter 5 are described in chapter 6. 

Chapter 7 concludes the thesis by presenting the motivation of this work, the 

accomplishments, and some possible future extensions. 

A comprehensive glossary that aims to eliminate any ambiguity by defining the relevant 

terms and concept used in this thesis is also provided. Appendix A lists the source code 

header files of the classes that implements the core functionality for a constraint 

propagation, and also the interfaces for the main agents used to perform a parallel 

constraint propagation. Appendix B contains a sample program of using the 

Propagator class for a sequential constraint propagation. 



2 Informal Introduction to Interval 

Constraints 

This chapter gives a brief introduction to interval constraints method and some of the 

most important concepts related to it used in this thesis. A comprehensive presentation of 

interval constraints can be found in [ 1]. 

2.1 Real and :floating-point numbers 

This section presents the problem that lead to interval arithmetic and interval constraint 

methods and their use in numerical computation. 

One of the problems that are faced when numerical computation problems involving real 

numbers are to be solved using computers is the finite aspect of computers. The problem 

results from the fact that computers have only a finite representation capability, whereas 

the ideal real number set is an infinite one. As a consequence, in reality only a finite 

subset of the real number set can be represented within a machine. 

To facilitate numerical computations that involve real numbers to be performed using 

computers, the IEEE 754 standard [14] defines floating-point numbers and a set of 

associated operations. 

If we consider R the set of extended reals [ 15] as being the real number set extended with 

the two infinity symbols and the extension of the relation < to this set, then the floating­

point set of numbers is a subset of R that is machine representable. Therefore, the 
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floating-point set of numbers includes --oo, +=, and 0, and moreover it is an ordered set of 

numbers. 

In this context, for any real number r, r+ and ( can be defined [15] as being the smallest 

floating-point number not smaller than r, respectively the greatest floating-point number 

not greater than r. 

There are some problems with floating-point numbers. First of all, it is obvious that a real 

number r might not be represfntable exactly by a floating-point number. Secondly, an 

operation between floating-point numbers might yield a result that is not representable 

exactly by a floating-point number. Therefore, a real number r can be approximated 

either by t or by (. The same thing can be said about the result of an operation (i. e. 

a+b). To overcome this problems, the IEEE 754 standard [14] defines rounding 

operations that allow software to approximate real numbers and results of operations to 

some close corresponding floating-point numbers. More specifically, the standard defines 

four rounding modes: round to nearest, round toward zero, round toward +00, and round 

toward --oo. 

It is worth mentioning that this rounding strategy solves some of the problems but not all 

of them. There are many complex problems where repeated rounding errors can lead to 

severe errors and even to the compromise of the final result. To overcome this kind of 

problems interval arithmetic provides a way of bounding numerical errors automatically, 

by returning as a result an interval that contains the real number, as opposed to just one 

floating-point number that is an approximation of the real number. 

2.2 Interval constraints method 

A problem in terms of interval constraints is described through a set of complex 

constraints. A complex constraint is a mathematical equality or inequality that involves 

an arbitrary number of unknowns. An unknown is the element for which the interval 

constraints method seeks a value. Each unknown has an associated interval, which 

indicates the domain of values that the unknown can take. The result provided by the 

interval constraints method is a set of intervals for the set of unknowns. The goal of the 
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method is to find as much information about the solution as possible. A better result 

means a smaller interval for an unknown, that is, more information about the solution. 

To solve a problem described through a large set of complex constraints, the interval 

constraints method translates each complex constraint into a set of primitive constraints. 

A set of most common primitive constraints is presented in Figure 2.1. 

x+y=z 

x*y=z 

x" = y, where n is integer 

x=y 

X:,; y 

Figure 2.1 Primitive constraints 

To illustrate this process of translation the following set of complex relations are 

considered: 

l(x+2)' +(y-3)2 = 1 

x+ y=I 

2*x+6:o;3*y, 

Using the set of primitive constraints listed in Figure 2.1 the translation process from 

complex constraints to primitive constraints yields the following set of primitive 

relations: 

x+2=x,, 

x+ y = I, 

y-3=x2 , 

2*x=x5 , 

2 _ 2 _ 
Xi -X3, X2 -X4, 

x5 + 6 = x6 , 3 * y = X7 , 

As can be noticed, new unknowns have been introduced, that is, x;, where i =1,7. The 

intervals initially associated with these new unknowns are[-=,+=]. 

Next, the method tries to narrow the intervals associated with the unknowns using a 

propagation algorithm, algorithm described in section 2.3. For each primitive constraint 

there is an associated contraction operator [!], which is used to contract the intervals 

associated with the unknowns that are part of the primitive constraint. The method uses 

this translation because there are no easy ways to find the solution working directly on 



2 Informal Introduction to Interval Constraints 10 

the set of complex constraints, simply because there are no contraction operators 

available for complex constraints. 

Of particular importance are the properties of a constraint contraction operator [2]: 

• Contractance: the contracted intervals are contained in the original intervals, 

that is, the operator always shrinks an interval or leaves it unchanged. 

• Correctness: every solution lies in the contracted intervals. 

• Monotonicity: the contraction preserves inclusion. 

• Jdempotence: applying the contraction operator more than once in immediate 

succession yields the same result. 

Interval constraints relies on interval arithmetic in the sense that the contraction operators 

introduced by interval constraints are defined using interval arithmetic operations. 

Interval arithmetic defines a set of basic operations, such as addition, multiplication, 

division, exponentiation, etc., on intervals. More specifically, each real number is 

replaced by an interval that contains it, and the operations are performed on intervals 

instead on numbers. 

The interval constraints method defines an interval constraint system, which is used as a 

basis in the process of solving problems. An interval constraint system has the following 

components [I]: 

• A set of primitive relations: These are the primitive constraints into which 

the complex constraints are translated. For each primitive relation there is a 

constraint contraction operator defined, which is used to calculate the intervals 

for the variables involved in the constraint. 

• A set of constraints: This is the set that results after the complex constraints, 

which describe the problem, are translated into primitive constraints. 

• A sequence of unknowns: These are the unknowns that appear in the set of 

constraints defined above. 
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• A state: This is the set of intervals associated with the unknowns. The state 

indicates the information about the solution, by specifying a value, as an 

interval, for each unknown. 

Solving a problem translated into an interval constraint system means applying the 

contraction operators on the set of constrains, in a repeated manner, until this process has 

no longer effect in modifying the state of the system. This process is named the 

constraint propagation and is presentesJ in section 2.3. 

To summarize and bring together all the concepts presented so far in this section a UML 

conceptual diagram is shown in Figure 2.2. This diagram illustrates a static structure that 

models all the important concepts encountered in interval constraints and the relations 

between them. 

1 has ► * ConstraintSystem Unknown 

2 .. 3 
1 1 

Floating-Point 

has ... has Number 
T has T 

2 
* 1 

1 .. * 1 has ► Constraint Interval 

I I I 

I Sum I I Prod I I PowerN j I Leq I I Eq I 

Figure 2.2 Interval constraints conceptual model 

The main strength of interval constraints is that it provides certain guarantees with 

respect to the computed result. It is a method that does not produce an exact result for an 

unknown, but instead it yields an interval, and guarantees, that if there is any solution for 

the unknown, then it belongs to the computed interval. 
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2.3 Constraint propagation 

This section describes a c,onstraint propagation algorithm, which represents the key 

aspect in solving an interval constraint system. 

2.3.1 A constraint propagation algorithm 

The view of a constraint system to the constraint propagation algorithm is a network like 

the one presented in Figure 2.3. This is basically a set of constraints that share unknowns. 

The propagation algorithm proceeds by using the dependencies described by this 

network. The key point is the fact that constraints share unknowns, and whenever the 

interval associated with an unknown is changed, as a result of applying a contraction 

operator, all constraints that share that unknown are scheduled for future application. 

Constraints: Pow Sum Prod Leq 

Unknowns: 

Figure 2.3 Constraints network 

A propagation algorithm solves a constraint system by repeatedly applying the 

contraction operator on each constraint until there are no more changes of the unknowns 

associated with each constraint. The aim of the constraint propagation is to eliminate as 

many inconsistent values from the intervals of the constraint system as possible. When a 

stable point is reached, that is, no more intervals are changed by applying any contraction 

operator, the propagation algorithm ends, and the result is the maximum information 

about the solution that the interval constraints method can provide. 

It is interesting and important to note that when a stable point is reached, it does not mean 

that a solution has been found. The only conclusion that can be drawn from the result is 

that, if the system has one or more solutions, then they are somewhere inside the intervals 
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that had been calculated during the propagation. However, this should not be considered 

a disadvantage, but on the contrary it makes the method one that provides certainty with 

respect to the result yielded. The certainty refers here to the fact that the solutions, if any, 

are inside the computed intervals. Moreover, combined with a splitting algorithm the 

computed intervals can be reduced enough, so that the information about the solution is 

practically sufficient. 

A well-known algorithm that is used to perform the constraint propagation process is the 

Waltz algorithm [2]. The sequential version of it is presented in Figure 2.4. 

Q ~ the set of all constraints; 

while Q not empty 

remove constraint C from Q; 

S' ~ 'Ye (S) ; 

if 3 i : ni(S') is empty then stop. The system is 

inconsistent. 

for each variable ui that occurs in C do 

if n;(s') ! = n;(S) then 

endif 

endfor 

endwhile 

for each C' != C in which Ui appears do 

if C' not in Q then add C' to Q; 

endfor 

Figure 2.4 A sequential constraint propagation algorithm 

This algorithm starts with a set Q of active constraints, which initially contains the whole 

set of constraints. During every iteration an active constraint C is extracted from Q and 

the associated contraction 9perator re is applied. As a result of applying the contraction 
' 

operator, some of the unknowns that occur in the constraint might be modified, that is, 

the associated intervals might be narrowed. This is indicated by the fact that the state of 

the constraint system is changed from S to S'. A component of this state is indicated by 
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1t;(S), and represents the interval associated with the unknown i. If at least one of these 

components becomes empty, then the system has no solution and the algorithm stops. 

Whenever an unknown U1 is changed, all the constraints that are inactive, and which have 

in their set of unknowns the same unknown u;, that has just been modified, have to be 

reactivated. 

Right after a constraint is applied it becomes inactive, and it is eliminated from the active 

set of constraints, that is, from Q. During this iterative process some constraints can be 

reactivated. The algorithm proceeds in this way, by applying the contraction operator on 

the active constraints, in a repeated way, until the set of active constraints becomes 

empty. This represents the termination condition, and indicates that the state of the 

system is stable and no further contraction can be done. 

Looking at the algorithm, there is no indication regarding the order in which the active 

constraint should be applied. It is possible that the contraction operators for some 

constraints be applied more often than for other constraints. This might be either 

beneficial or inefficient. On the one hand, it might be beneficial when it happens for a 

constraint for which its associated contraction operator produces a significant contraction. 

On the other hand, it might be inefficient when some constraints, that, if applied would 

produce a significant contraction, are waiting very long to be applied for some other 

constraints that do not produce such a large contraction. Normally, in general it is hard to 

establish, and dependent on the problem to be solved, which would be the optimal 

sequence to apply the constraint contraction operators. In a larger context it_ looks 

appropriate to extend the base algorithm with a strategy that will dictate the sequence of 

activating constraints. However, it seems presumably that using a first-in first-out 

strategy for keeping active constraints would lead to an even distribution of activating 

constraints, which should be acceptable in most cases. This suggests that Q should be a 

FIFO queue, and this is the solution that is adopted in this thesis. 

It is worth mentioning some of the properties that the algorithm presented in Figure 2.4 

has [2,3]: 
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• The termination of the algorithm is guaranteed, since the contraction operators 

always narrow the associated intervals and on a machine the number of 

computable intervals is finite. 

• The algorithm reaches a fixed point, which does not depend on the order in 

which the constraints are contracted. Of course, as discussed above, the 

activation order can influence the time required to reach the final result, but 

not the result. 

• The algorithm gives a set of intervals containing all solutions, if any, even 

when it is stopped earlier that it would, had it terminated naturally. This 

makes it suitable for situations when there are time limitations, and when it is 

not desired to let the algorithm run for a very long time. Obviously, in such a 

case the solution would not be the best one, but it still might be sufficient for a 

particular problem. 

• The algorithm is appropriate for dynamic systems, where a constraint can be 

added to the systems after the propagation started. The new constraint will 

have its unknowns updated when its contraction operator will be applied. 

• And finally, but most important for us, the algorithm is suitable for parallelism 

since more constraints can be activated simultaneously. 

2.3 .2 Example of constraint propagation 

Since constraint propagation is the topic of this thesis a detailed example that illustrates 

the way the propagation process works is presented in this section. 

The following constraint system is considered as an example: 

Constraints: X•y=z, x+y=l, z :5 1 

Unknowns: x e [O, 3], y E [-oo, +oo], z E [-oo, +oo]. 

As can be noticed, the constraints are already in primitive format so no translation is 

required. There are three unknowns, x, y and z, for which the initial values are also 

indicated. 
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Figure 2.5 shows the dependencies that are established between primitive constraints and 

unknowns. This network of dependencies shows what constraints have to be reactivated 

when the interval associated with an unknown is changed. 

CJ: x•y=z C2: x+y= I C3: Z:'> 1 

x e [O, 3] 

Figure 2.5 Constraints-unknowns dependency network 

Initially all constraints are active, therefore, a possible configuration for the queue of 

active constraints Q is Q = {CJ, C2, C3}. After each contraction, the order in which the 

constraints are placed/extracted into/from the queue follows a FIFO policy. 

The constraint propagation algorithm proceeds as follows: 

STEP 1: Q = {Cl, C2, C3}, x e [O, 3], ye [-oo,+oo], ZE [-oo,+oo] 

• CJ is removed from Q 

• Since ye [-00, +00] and z e [-00, +oo] the contraction operator associated with 

C 1 produces no contraction. 

STEP2: Q= {C2, C3}, x e [O, 3], y E [-oo, +oo], z E [-oo, +oo] 

• C2 is removed from Q 

• Since (x ;:>: O,y = I-x ⇒ y:;; I) and (x:;; 0,y = 1-x ⇒ y :'> 1) ⇒ye [-2,I] 

• Since y has changed CJ is reactivated. 

STEP 3: Q= {C3, CJ}, x e [O, 3], y E [-2,1], ZE [-oo,+oo] 

• C3 is removed from Q 

• Since z :'> 1 ⇒ z E [-oo, l] 
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• Since z has changed, CJ should be reactivated. However, since CJ is already 

active CJ is not added one more time into Q. 

STEP4: Q= {CJ}, x e [O, 3], y E [-2,l], ZE [-00, I] 

• CJ is removed from Q 

• Sincex E [O, 3] andy E [-2,1] ⇒ z E [-6, 3] n [-00, 1] = [-6, 1] 

• Since z has changed, C3 is reactivated. 

STEP 5: Q= {C3}, x E [O, 3], ye[-2,1], ZE [-6, 1] 

• C3 is removed from Q 

• No contraction is produced. 

• Since Q is empty the algorithm stops and yields the solution 

x E [O, 3],y E [-2,1] and z E [-6, 1]. 

It is worth mentioning that the order in which the constraints are initially placed into the 

queue is arbitrary and does not influence the final result. However, a particular sequence 

may lead to a faster contraction. 

2.4 Interval splitting 

Usually, in many complex problems, constraint propagation alone is not sufficient for 

finding a satisfactory enclosure for all solutions for a constraint system. The reason for 

this lies in the fact that during the constraint propagation process it is possible to reach a 

stable point in which applying the associated contraction operator on any constraint 

produces no change in the state of the system. Moreover, it is possible that at that point 

the calculated intervals for some of the unknowns are too large, that is, the information 

about the sought solution is insufficient. 

To overcome this problem, the constraint propagation process must be enhanced with 

interval splitting. Interval splitting is a step applied each time the propagation process 

stops and the calculated intervals for the unknowns are too wide. It consists of dividing 
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the interval obtained for an unknown, usually in to equal parts, and applying the 

propagation algorithm to the two newly created constraint systems. This procedure is 

repeated until the calculated intervals are sufficiently narrow. Therefore, solving a 

constraint system consists of an interleaved process of propagation and splitting. 

Obviously, splitting is applied to those intervals that are too wide. It can be easily noticed 

that splitting is nothing more than just a backtracking process in which new constraint 

systems are created from existing ones followed by a trial of solving them. 

The main objective of this thesis is a parallel constraint propagation and for this reason 

interval splitting in not taken into consideration and is left as future work. 



3 Parallel Systems 

Before presenting the conceptual model for the parallel constraint propagation solution 

suggested in this thesis, it is worth looking at some terminology used in the context of 

parallelism. This is necessary because there is a wide diversity regarding this 

terminology, and it will allow us to eliminate any possible confusion that might appear 

from using terms that might have a wide variation in meaning. 

3 .1 Granularity 

By definition, granularity is the ratio between the amount of computation and the amount 

of communication within a parallel algorithm implementation [16]. Normally, a parallel 

algorithm is designed in such a way that sections of it can be run concurrently on 

different processors. These parts compose the parallel part of the algorithm. Moreover, 

within the parallel sections, each processor is assigned a specific task. In order to carry 

out its tasks, a processor needs to communicate and coordinate with processors that 

execute other tasks. Therefore, executing a parallel algorithm is a permanent alternation 

of computation-communication. The tasks that are executed might be as simple as 

performing some arithmetic operations, or it may be larger, such as, a subroutine that 

engages many operations. 

A widely accepted classification for granularity is one with three relative levels, that is, 

fine, medium, or coarse. In fine grain parallelism, the task may span tens to hundreds of 

instructions. A vectorizing compiler often exploits this level of parallelism. Medium 

grain parallelism defines tasks at function or procedure level and may span thousands of 

instructions. Achieving this level of parallelism often involves both the programmer and 



3 Parallel Systems 20 

the compiler. Coarse grain parallelism results from the execution of programs that may 

span tens of thousands of instructions and that do not need to communicate too much 

while executing their task. This is the case encountered in loosely coupled systems. 

Granularity is influenced by three characteristics of the algorithm and the hardware used 

to run the algorithm: 

• The structure of the problem. In data parallel programming, few operations 

or possibly a single operation are performed on many pieces of data in 

parallel. We have the case of a small granularity, also called.fine-grained. On 

the other hand, if large subroutines of an algorithm do not share variables, 

they can all be executed in parallel fashion, with little need for 

communication. In this case we have a coarse-grained situation. 

• The size of the problem. Increasing the size of a problem but keeping the 

communication constant increases the granularity also. For instance, Jet's 

assume that an algorithm can be used to perform some simple arithmetic 

operations in parallel. If we use 10 computation nodes to perform I 0 

operations, each node will require I cycle to perform its tasks. However, if the 

size of the task is increase to I 00 operations, while the number of computation 

nodes is not modified, we have a situation in which the time taken by a 

computation node to accomplish a task is longer. Therefore, the granularity is 

increased by a larger task size. 

• The number of computation nodes available. This characteristic is implied 

by the previous one. If the number of processors is reduced while holding the 

size of the problem the same, then the task size increases and the granularity 

becomes coarser. 

The study of granularity is very important when one has to decide which is the best 

suitable hardware paradigm that should be chosen for a particular problem that must be 

solved. For instance, SIMD machine are best suitable for very fine-grained kind of 

problems. A SIMD machine is built to handle very efficiently the communication 

between the computation nodes, and therefore, there will be little or no penalty with 

respect to communication. On the contrary, a MIMD machine is not so efficient for fine-
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grained problems, since message passing involves more overhead for sending messages 

between processes. These kinds of architectures are more suitable for coarse-grained 

parallelism, where communication is reduced and the size of tasks is large. 

Having granularity in mind, it is worth looking back at the problem debated in this thesis, 

and finding out how the constraint propagation can be categorized. 

Firstly, a constraint activation takes only something in the order of 10-20 microseconds 

(Pentium III 733MHz), time dictated by a few floating-point computations, which is less 

than the time required to send a message over a network in a distributed system, or even 

than the time required for a process switch. Secondly, a problem that would produce 

attractive results in tenns of perfonnance, if solved using interval constraints, is described 

through something in the order of ten thousand primitive constraints, and about the same 

number of variables. At a first sight, this suggests that constrain propagation is more 

suitable for a fine-grained/tightly-coupled system than for a coarse-grained/loosely­

coupled one. However, by partitioning the set of constraints in a way that reduces the 

communication fraction, a coarse-grained approach can also become feasible. A 

technique for such a kind of partitioning is presented in section 4.10. Moreover, there are 

already telephone switches for which the switching time is comparable with the 

communication time required by a packet to be sent from one switch to a different one. 

Therefore, it becomes attractive and feasible, especially financially, to have such a kind 

of a distributed system used to execute the propagation process. 

3 .2 Models for parallel processing 

There is wide variety of models for parallel processing. The aim of this section is not to 

make an exhaustive presentation of the existing models, but just to give a brief 

description of some the most widely used ones that have significance in the context of 

this thesis, ahd that will allow a better classification of the model proposed in this thesis. 
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3.2.1 Shared memory paradigms 

A shared memory model is characterized by having multiple processors that exchange 

information by reading and writing a globally shared random access memory space. A 

system that supports this model is called a tightly coupled system or a multiprocessor 

system. This paradigm is very useful for decoupling issue of program control flow from 

issues of communication, data mapping and synchronization. 

The advantage of this model is that it is relatively easy to program since there is no 

explicit communication between processors, communication being handled via the global 

memory. However, the shared memory architecture does not scale well, and the main 

problem occurs when a number of processors attempt to access the global memory at the 

same time, leading to a bottleneck. 

Providing a physical shared memory space, especially for a large parallel system, is quite 

difficult and not always scalable, but the abstraction of having a shared memory space, 

even if the implementation it hides is based on a distributed memory, is for many types of 

applications useful. Examples of such kind of applications are linear equation solving, 

split and merge sorting, distributed speech recognition systems, computer chess, etc. For 

many of these applications there is not necessarily a need for a physically shared memory 

space, but merely a need for logically shared data. Algorithms for such kind of 

applications have been proved to be much harder implemented efficiently using message 

passing than shared data, just because with message passing it is difficult to efficiently 

provide logically shared data. Therefore, regardless of whether the underlying physical 

memory is distributed, the abstraction of having a shared memory space is a valuable 

paradigm. 

There are various approaches to provide a high-level abstraction of a shared memory 

space. One way to do this is the so-called virtual shared memory. In this model a view of 

the whole memory is presented as if were shared, but the underlying physical 

implementation may or may not be. Another way to emulate a shared memory is to 

extend techniques for cache coherence used in multiprocessors to software coherence 

[18]. A different model is based on building systems using a set of useful sharing 

primitives [19]. 
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A well-known example of a shared memory model is Linda [17]. The shared memory in 

Linda, called tuple space, consists of a collection of logical entities called tuples. There 

are two kinds of tuples: process tuples, which are under an active evaluation, and data 

tuples, which are passive. A data tuple is a collection of fields. Each field has a fixed type 

associated with it. A field can be formal or actual. Formals are space holders with types 

but no values, whereas an actual field has a value of its particular type. The process tuples 

are all executing simultaneously and are exchanging data by generating, reading, and 

consuming data tuples. A process tuple that finishes transforms itself into a data tuple. 

The tuple space is the fundamental medium of communication in Linda. Linda processes 

communicate and synchronize themselves through the tuple space. Both the sender and 

the receiver of a tuple interact with the tuple space in an arbitrary order. It is worth noting 

that Linda is a model not a language, and that a particular realization of it is C-Linda, 

which is a tool that extends the C language with support for parallel programming. 

3.2.2 Distributed memory paradigms 

A distributed memory model is composed of a set of processors, each having its own 

memory as opposed to one large memory pool for all processors, as in the shared memory 

model. The system that supports such kind of a model is called a multicomputer, a loosely 

coupled system or a distributed system. 

In a distributed memory model, a parallel program is composed of a set of processes that 

cooperate to solve a common task. Each process owns a local collection of data, which 

cannot be directly accessed by any other process. A key point of this model is that 

processes communicate and synchronize by sending each other messages. A secondary 

aspect of this approach is that because there is no sharing of variables, the problem of 

concurrent writes to the same memory location is eliminated without explicit need of 

synchronization. Due to the way these models operate, by exchanging messages, they are 

also known as message passing systems. 

Although, it has the disadvantage of requiring explicit communication, this model has a 

very important advantage over the shared memory model, and it consists in greater 

scalability. 
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The model is based on the idea of several sequential processes that are running in parallel 

to each other. It is worth to note that in this context it is not important if these processes 

are really running on distinct processors, or if they are scheduled on one processor by a 

multitasking operating system or kernel. In this light, it is easy to realize that a 

distributed-memory model can be used to run a parallel application even on a single 

processor. 

A very delicate and important issue with distributed-memory models is the correct 

detection of termination of the parallel program. While the parallel program is running, 

processes communicate by exchanging messages, and normally, to assure scalability for 

instance, there is no central controller to monitor the state of all processes and decide on 

global termination. Thus, distributed termination must be implemented as a cooperation 

of all processes that are engaged in solving the problem. It is worth mentioning that 

termination detection in a parallel program is not a trivial problem, and it is essential for 

the correctness of the program as a whole. 

An influential role in the distributed-memory paradigm has been played by a model 

developed by Hoare [2 I] called Communicating Sequential Processes. According to this 

model, a parallel program consists of a network of processes, each one with its own local 

private data. These processes are unnamed and can communicate between them through 

communication channels using explicit message passing. The main features of the 

Communicating Sequential Processes model are communication management by means 

of input and output commands and channels, exploitation of parallelism by means of 

parallel commands, and deterministic execution by means of guarded commands. 

A well-known realization of the Communicating Sequential Processes model is the 

Occam language [20] designed by David May at Inmos. Occam was designed for 

transputers and can be used to easily describe concurrent processes that communicate via 

one-way channels. A transputer is a single chip that has a single processor, its own 

memory, and four communication links. This allows transputers to be networked directly 

and used very efficiently for massively parallel programs. The main design goal of 

Occam was to provide a language that could be directly used for a network of processing 
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elements, and in many respects Occam is intended as an assembly language for such 

systems. 

There are many other distributed-memory0based languages, toolkits or frameworks that 

have been developed. Some of them are totally new languages, some of them are just 

extensions of some existing sequential languages. In addition to the above-mentioned 

Occam, another example is High Performance Fortran (HPF). 

An importance place is occupied by the Message Passing Interface (MP!) [22,23], which 

is an effort to provide a general, portable message passing interface standard across the 

whole parallel processing community. In principle an algorithm for a particular paradigm 

is portable on any platform that supports that paradigm. However, when the source code 

is to be ported many problems appear, and the possibility of being able to do this easily is 

a desirable goal. One primary benefit of such an approach would be the protection of the 

investment in the code written for a particular platform. Another one would be the 

flexibility of being able to initially develop the code on one widely, available architecture 

(i.e. a network of workstations), before running it on a very particular, hard-to-access, 

target hardware. As a response for this need MPI was developed. Its primary goal is to 

provide source-code portability of message passing programs written in C or Fortran 

across a variety of architectures. It also offers support for heterogeneous parallel 

architectures. More specifically, MPI comprises a library. An MPI application consists of 

a collection of processes that executes programs written in a standard sequential language 

augmented with calls to an MPI library of functions for sending and receiving messages. 

The MPI routines provide the programmer with a consistent interface across a wide 

variety of different platforms. 

3.3 Coordination languages 

A widely accepted way to describe a parallel program is as a coordination problem 

between a set of separated activities. There are two main aspects in writing parallel 

programs using this kind of coordination approach. Firstly, the set of activities that are 

meant to be executed in parallel must be written. This can be accomplished using a 
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computation language, such as C, Fortran, etc. Secondly, these activities must be 

combined together, and the communication and synchronization issues regarding them 

must be specified. This second set of requirements is provided by a coordination 

language. 

In a broader context, according to David Gelertner and Nicholas Carriero [ 17], a 

complete programming model can always be thought as made of two separate, orthogonal 

components: the computation model and the coordination model. While the first is meant 

to build a sequential computational activity, the coordination model is the "glue" that 

binds separate activities into an ensemble. A coordination language embodies a 

coordination model, and it provides operations to create computational activities ·and to 

support communication and synchronization among them. Examples of coordination 

languages are COOL [24] and Linda [17]. 

Of particular importance is that a coordination language is not an entire environment for 

parallel computation. It is just a new language tbat embodies the coordination model 

only. Theoretically, a particular compiler allows the combination of a coordination 

language with any computing language. 

3 .3 .1 The COOL coordination language 

The solution proposed in this thesis uses as a coordination language COOL, and as a 

computation language C++. COOL [24, 25, 26] is an object coordination language for 

Crisp. Crisp is a highly efficient runtime system for building distributed reactive control 

systems. 

COOL has a simple semantic for specifying distributed, concurrent, communicating state 

machines. It provides a high-level descriptive language in which it is easy to describe 

active objects interfaces, behaviours, and their coordination. An object in COOL, called 

actor, is a single unit of concurrency tbat has its own thread of control. Actors 

communicate witb each otber through an order-preserving, asynchronous message 

passing mechanism. Atomicity is also provided, which means that a message received by 

an actor will run to completion without interruption. Since Crisp/COOL applications are 

mainly meant to communicate over an environment with a low probability of message 
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loss, such as ATM networks, there is no guarantee of message delivery. However, the 

language provides timers, mechanism that can be used to deal with the issue of loss of 

messages. Since, COOL has also minimal support for data structures and control 

structures it is possible to compile COOL applications into CIC++ very efficiently. 

3.4 Termination detection 

Termination detection is a very important and complicated problem in a distributed­

memory environment, especially because there is no shared data to easily signal this 

condition. This section indicates some of the existing algorithms on this topic. 

In [30], there is a description for an algorithm for detecting termination for a diffusing 

algorithm. A diffusing algorithm is one in which all activity begins at one point and 

"diffuses" through the network via messages. As it will be described in chapter 4, this 

resembles the problem described in this thesis, that is, propagation begins and ends at the 

same agent, that is, the Monitor agent. The algorithm is called Dijkstra-Scholten, and is 

based on augmenting the underlying algorithm A with the construction and maintenance 

of a spanning tree of the graph processes that are currently involved in the computation. It 

is a very interesting and scalable approach. The only drawback that one can see is that for 

a system where there are many messages sent its cost is quite expensive. The total 

number of messages sent in A augmented with the detection algorithm is always 2m, 

where m is the number of messages sent in A. 

A token-based termination detection algorithm proposed by Safra is presented in [34, 35]. 

It assumes all processes connected in a ring and it allows an initially designated process 

to conclude that termination has been reached. This algorithm is a generalization of the 

Dijkstra-Feijen-van Gasteren [34] termination detection algorithm, which assumes a 

synchronous message-passing model, to an asynchronous message-passing model. 

Mattern proposed an algorithm that detects termination very fast based on a credit­

recovery scheme [34]. The algorithm uses an initiating process that assigns each message 

· and each process a credit value, which is always between O and 1. Whenever a process 

sends a message, it assigns it half of the credit that it possesses. Whenever a process 
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receives a message, it collects the credit carried by the message. When a process become 

passive, it sends its credit to the initiator. The algorithm terminates when the initiator has 

recovered its initial credit of I. 

All algorithms indicated above, and also the one used in this thesis, are distributed 

algorithms for detecting termination, using exactly one centralized initiating process that 

initiates the distributed computation and concludes termination. In such a system, 

normally, there is a need for one more phase after the termination is detected, phase in 

which the other processes are announced about the termination. Configurations that use 

an arbitrary number of active processes in the initial configuration are called 

decentralized, and normally they require a decentralized termination detection algorithm. 

Such an algorithm does not require an additional phase in which the termination is 

announced, since each node can individually detect termination. However, these kinds of 

algorithms are more complex and computationally more expensive. An example of such 

an algorithm is the Shavit-Francez algorithm [34], which is a generalization of the 

Dijkstra-Scholten algorithm [30]. 

A comprehensive collection of algorithms for termination detection is presented in [34]. 



4 Parallel Constraint Propagation 

This chapter presents the conceptual model of the parallel constraint propagation 

architecture proposed in this thesis. The proposed architecture is based on coordination 

between a set of cooperative communicating agents. More specifically, the constraint 

propagation problem is described as a coordination of a set of cooperative agents, each 

agent having a specific role in the process of solving the problem. Each agent 

communicates and exchanges information with the other agents, so that the entire 

problem is solved as a cooperative process. 

The proposed model suggests a modular approach based on agents that communicate 

through a message passing mechanism. The agent term in this context is used as a part of 

the conceptual model, and denotes an active entity that has a modular unit of execution, 

encapsulates some private local data, has its own thread of control, and can execute 

concurrently and asynchronously with other agents. 

A concrete implementation of the conceptual model presented in t.his chapter is described 

in the next chapter. The implementation uses C++ as computation language and COOL as 

a coordination language. Even if the implementation was tested on a distributed system of 

workstations, the model is not limited just to that target platform. 

4.1 Suitability for parallelism 

Analyzing the way a constraint contraction operators works [2] there are two properties 

that are important from the parallelism point of view, that is, monotonicity and 

contractance (the complete set of properties that characterizes a contraction operator have 

been given in section 2.2). As a reminder, the contractance property states that the 
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contracted intervals are contained in the original intervals, whereas the monotonicity 

property states that contraction operator preserves interval inclusion. 

As a consequence of these properties, the result for an interval will be always the same 

and virtually there is no restriction with respect to the order in which the constraints 

should be activated while performing constraint propagation. This results from the fact 

that a contraction operator always tries to narrow the intervals that it operates on by 

performing an intersection between the new calculated value for an interval and the old 

value for the same interval. Therefore, this is a guarantee that an interval will never grow, 

but always shrink. This implies that the final result for an interval will be always the 

same, even if the paths that lead to it might be different. Of course, it is possible that 

activating the set of constraints in a particular sequence will lead fastest to the final 

intervals, but this is just a performance matter, because the final intervals will be the 

same regardless of the activation sequence that was followed. These remarks support the 

idea that it is possible to activate constraints in parallel, and by this to speed up the 

constraint propagation process. 

In addition to the obvious suitability for parallelism, which result from the way the 

contraction process is performed, there is also a very simple but powerful motivation for 

using parallelism in the contraction process, which is, the worthwhile speed-up that 

parallelism provides. As mentioned earlier, the gain in performance provided by a 

parallel approach, regardless whether a multiprocessor or a distributed system is used, has 

already been proven in many applications. 

4.2 Proposed architecture 

A simple solution for a distributed constraint propagation algorithm is to have several 

computation nodes executing in parallel the same sequential constraint propagation 

algorithm, each computation node operating on a subset of the whole set of constraints. In 

other words, the whole constraint system is partitioned in several subsystems, each 

subsystem being solved by one computation node. Of course, to be able to solve the 
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problem, the nodes will have to communicate. A high level view of such a solution is 

shown in Figure 4.1. 

Constraint 
System 

partitioning 

propagates 

Computation 
Node 1 

Computation 
Node n 

Figure 4.1 Parallel constraint propagation - high-level architecture 

This approach is very attractive, firstly due to its simplicity, and secondly due to its 

scalability. A desirable feature when designing a parallel algorithm is scalability, which is 

translated in the fact that adding new computation nodes to the system used to solve the 

problem does not require modifying the algorithm, but just increases the computation 

power. The architecture suggested above seems to be a scalable one. If more computation 

power is needed, more computation nodes can be added, the problem can be partitioned 

into smaller subsystems, and presumably, a speed-up is achieved. 

Based on the above remarks, the architecture proposed in this thesis has a number n of 

agents, called Workers, one for each subsystem of the whole constraint system. Naturally, 

there should be one Worker per computation node, but this is not a necessity. 

This approach assumes no central unit of coordination, which makes it even more 

attractive from the scalability point of view. On the contrary, the control is distributed 

among all Workers that take part in solving the problem in a cooperative way. 

The computation process has to be started somewhere. The key idea on which the 

algorithm is based is the following: the computation process starts and stops at the same 

point. In other words, there is an agent from where the computation process is initiated, 
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and where the computation process ends. To be more specific, there is a particular agent, 

called Monitor, which starts the computation process. 

The Monitor has the job to partition the constraint system in subsystems and to spread the 

subsystems between all computation nodes. To preserve modularity and provide 

flexibility, the partitioning process is not performed directly by the Monitor. Instead, the 

Monitor creates a new agent, called ConstraintSystem, which encapsulates a particular 

constraint system that has to be solved, and which is parameterized with the number of 

partitions in which the systems must be split. The ConstraintSystem agent is the one that 

actually partitions the constraint system, distributes it to the Workers, and collects the 

results at the end. 

The Monitor has also the duty to detect the termination of the constraint propagation 

process and to inform the ConstraintSystem to collect the results. 

Apparently, the Monitor might seem like a central entity that breaks the scalability of the 

algorithm proposed here. However, this is not the case, because the Monitor has only 

minor needs with respect to the computation requirements. 

Figure 4.2 shows a UML static diagram that illustrates the conceptual model of a parallel 

propagation process. presented in this section. The diagram shows a static view of the 

presented model and contains the most relevant concepts and the associations between 

them. 
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Figure 4.2 Conceptual model for a parallel constraint propagation 

As can be noticed, the conceptual model presented in Figure 4.2 extends the one from 

Figure 2.2, which gives a view of interval constraints. The most important new concept 

introduced is the notion of partition, and it is brought in by parallelism. New concepts are 

also the propagator, which practically represents the propagation, and the agents used to 

cooperatively perform it. 

4.3 Sharing variables between constraints 

In the context of interval constraints, a variable is regarded as an unknown in the 

implementation domain, and represents an interval containing all values of the unknown 

that might occur in the solution. 

When a constraint system is partitioned in subsystems, two kinds of variables appear. On 

one hand, there are local variables, that is, variables that are local to a partition and that 

are not present in any other subsystem. On the other hand, there are variables that are 

shared across subsystems, called shared variables. The shared variable concept defined 

here, and used in this thesis, should not be confused with the meaning that a shared 

variable has in the shared memory model briefly described in section 3.2.1. 
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To illustrate the distinction between shared and local variables the following simplistic 

constraint system is considered: 

{
(x+1)2 +3 = y 

y 3 +2*z = 7 

The process of translating these complex relations into primitive relations yields the 

following set of primitive constraints: 

x+l=x" 
3 y = x,, 

2 ' 
Xi =X2, 

2*z=x4 , 

X2 +3=y, 

x, +x4 = 7 

If two partitions are considered, the first one consisting of the first three primitive 

constraints, and the second one consisting of the last three primitive constraints, the 

following types of variables can be distinguished: 

X,X1,X2 : 

Z,X3,X4 : 

y: 

local to the first partition 

local to the second partition 

shared between partitions 

A new issue that appears in parallel constraint propagation arises from the fact that 

constraints share variables. Each variable has an associated interval. This implies that 

each time a Worker performs a contraction on one of the variables associated with its set 

of constraints, the other Workers, that operate on constraints which share the same 

variable, have to be informed about the new value for the changed variable. To solve this 

problem, each Worker, for all its variables that are shared with other Workers, has to 

keep a list that indicates which Workers have to be informed when a variables is changed. 

This approach eliminates the need for a central coordinator for Workers by distributing 

the coordination at Worker level. The only action that a Worker has to perform when a 

contraction takes place is to inform the other Workers that a new value has been found 

for a specific variable. 

It is possible for a Worker to perform a contraction using stale values for some variables 

involved in a constraint. This does not destroy the correctness of' the final result, because 

only smaller intervals are taken into consideration by a Worker when it receives new 

values for some of its variables. A Worker achieves this by doing an intersection between 
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the current interval that it has for a variable and the new interval that it receives for that 

variable. Eventually, the node that performs contractions using stale values for some of 

its variables will receive the updated values for those variables and will update its state. 

Another aspect that results from sharing variables among several Workers is the necessity 

of uniquely identifying each variable involved in the constraint propagation process. This 

issue has to be taken into account too, and appears when a Worker changes a variable and 

the other Workers have to identify the specific variable for which they receive the update. 

4.4 Constraint propagation initialization 

The parallel constraint propagation is started with the creation of the Monitor and 

Workers agents. The Monitor is parameterized with the .number of Workers that are to be 

used to solve the problem. This is the only parameterized information that the Monitor 

has to know. 

In order to decouple the creation of the Monitor from Workers, the following protocol is 

used. After the Monitor is created it advertises its presence by registering its identity and 

location with a naming service (COOL/Crisp provides a simple lookup/subscribe naming 

service). The same naming service is used by each Worker to subscribe to the Monitor as 

a Worker. More specifically, each Worker, after it is created and started, periodically 

sends a lookup message to the naming service until it acquires a reference to the Monitor. 

When a reference is acquired, the Worker subscribes to the Monitor by indicating its 

location and availability for work. When the Monitor has received a number of 

subscriptions equal to the number of Workers that it requires, this initial phase is 

completed. At this point a network of connected agents in a star topology with the 

Monitor in the centre exists. 

This approach is very flexible and does not impose any restrictions regarding the order in 

which the Monitor and Workers are created. It is possible to create them sequentially or 

in parallel in an arbitrary order. 

In order to distribute the constraint propagation process among several Workers, the 

constraint system has to be partitioned in a number of subsystems, equal to the number of 
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Workers. Each system contains a subset of the whole set of constraints and the associated 

unknowns. This partitioning process is the next step that has to be performed. To 

accomplish this, the Monitor creates a ConstraintSystem agent that has the knowledge 

about the constraint system that has to be solved. The ConstraintSystem agent received 

from the Monitor the number of partitions in which the problem has to be divided and the 

identity of the Workers that are to be used to solve the problem. The ConstraintSystem 

creates the partitions, and then, distributes them to the available Workers. After the 

distribution process is finished everything is ready for the actual constraint propagation 

process. 

4.5 Termination detection 

Termination detection in a distributed-memory environment is a complicated problem, 

since there is no shared data to easily signal this condition, and moreover, since normally 

there is no central unit of coordination, but on the contrary, the coordination is distributed 

among all participating entities. This problem is faced in the model ·proposed in this 

thesis too. Therefore, an important issue regarding the parallel version of the constraint 

propagation algorithm is the answer to the question "How does one know when the 

algorithm terminates?", since there is no central coordinator for the algorithm. Some 

well-known algorithms for detecting termination are briefly indicated in section 3.4. 

Referring back to the sequential constraint propagation algorithm shown in Figure 2.4, 

termination is reached when the set of active constraints has become empty (it is 

important to emphasize that there is a single set of constraints in this case). This 

corresponds to the situation when applying the contraction operator on any constraint 

does not produce any change to the set of unknowns. Moreover, since there is only one 

single unit of execution, the execution of the propagation algorithm consists of only one 

continuous phase. 

However, the parallel case is more complex than the sequential one. During the parallel 

constraint propagation, a Worker can be in one of two states, that is, it can be either 

active or idle. A Worker is active when its set of active constraints is not empty, that is, it 



4 Parallel Constraint Propagation 37 

has constraints to contract. When the active set of constraints becomes empty, a Worker 

becomes idle. It is possible that during the parallel constraint propagation a Worker 

contracts all its constraints and becomes idle. However, this does not mean that the 

propagation is finished, since it is possible that other Workers are still active contracting 

their sets of constraints. Moreover, a Worker that is idle can become active again when it 

receives new values for some of the variables that it handles. As opposed to the 

sequential case, during the parallel constraint propagation, a Worker can change its state 

dynamically, several times. Therefore, the parallel constraint propagation can be 

considered terminated only when all Workers are idle. 

A simple way to detect termination is to have each Worker, which participates in the 

collective computation, indicate its state to a monitoring entity. Since during the 

propagation process the Monitor is not engaged in any other activity, it can handle this 

monitoring activity. 

The simplest way to detect termination is to have each Worker send periodically an "I am 

active" message to the Monitor as long as it is active. The Monitor will just have to keep 

a timer for detecting termination that is reset any time a message "I am active" is 

received. When all Workers become idle, no "I am active" messages will be received by 

the Monitor anymore, and the timer for detecting termination will trigger indicating that 

the propagation is finished. Even if this approach is attractive, due to its simplicity, it is 

not very efficient since involves many redundant "I am active" messages sent by each 

Worker to the Monitor. Although, by choosing a proper interval for .sending the "I am 

active" message, it seems presumable that the method is valuable and does not affect too 

much the scalability of the system. However, in this thesis, a different, more efficient 

method is used for detecting termination. 

Any time when a Worker changes its status, it indicates this dynamically by sending a 

message to the Monitor signalling its current status. When a Worker becomes active, it 

sends an "I am active" message, and when it becomes idle, it sends an "I am idle" 

message. The Monitor keeps track of the status of each Worker, and whenever it receives 

a message from a Worker, indicating a change in its status, it sets a boolean value 

accordingly. Moreover, if an "I am idle" message is received, it checks to see if all 
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Workers are idle, and if they all are, then, and only then, it sets up a timer, that if it 

succeeds to trigger, indicates to the Monitor that the parallel constraint propagation is 

terminated. The timer that the Monitor sets can only be reset by an "I am active" message 

from a Worker. Therefore, the Monitor needs to cancel the timer whenever an "I am 

active" message is received. 

The use of the timer by the Monitor might seem unnecessary. However, this is not the 

case, since without it, the Monitor might detect a false termination. It is possible to have 

situations in which all Workers seem idle to the Monitor for a short period of time, but, at 

the same time, a message, that will set a Worker active again, is travelling between two 

Workers. To be more specific an example is given. Let's consider a situation in which all 

Workers are idle except Worker WI. WI has only one more constraint to contract. It 

contracts it, and as a result, the value of a shared variable is changed, change that requires 

that an update message be sent to the idle Worker W2. WI sends this update message, but 

it also sends the "I am idle" message to the Monitor. As soon as W2 receives the update 

message, it becomes active, and it sends an "I am active" message to the Monitor. 

However, since the time required by a message to travel between agents has a finite 

variable non deterministic value, it is not possible to say which message will be received 

first by the Monitor. If the "I am idle" message from WI is received first, then the 

Monitor concludes that all Workers are idle, and, without the timer, the propagation 

would be wrongly considered terminated. Therefore, special care must be taken to avoid 

this situation, and the timer is a possible solution. 

In a concrete implementation, the interval of time used by the Monitor to set up the timer 

can be empirically determined, and depends on the time required by messages to travel 

between agents. Normally, this time has to be sufficiently long so that no false 

termination can be detected. 

In a real problem there are a large number of constraint and the Workers are normally 

most of the time active. Presumable, their status does not change very often. Therefore, 

the number of messages sent by Workers to the Monitor during the parallel constraint 

propagation is small and the scalability is not affected. 
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After the Monitor concludes that the propagation is terminated the solution has to be 

collected. The Monitor sends a message to the ConstraintSystem agent indicating that the 

results must be collected. The ConstraintSystem collects the results and indicates the 

accomplishment of this task to the Monitor. At this point the Monitor can. dismiss all 

Workers and the constraint propagation is considered completely finished. 

Regarding the complexity, the additional number of messages sent by the termination 

detection algorithm used in this thesis is m+ 2k, where k is the number of times all nodes 

change status from idle to active, or active to idle, and m is the total number of messages 

that would be sent in the system without the termination detection algorithm. Normally, 

for a system in which many messages are sent, this is a less costly than the Dijkstra­

Scholten algorithm [30]. 

It_ is possible that a constraint system has no solution case in which the constraint 

propagation fails. This situation is described in section 4.11. 

4.6 Communication between agents 

The model described in this chapter assumes a message passing mechanism. The agents 

involved in the constraint propagation process have to exchange information. The 

communication between them is performed using messages. This is the only way through 

which the agents can share data. Messages have to be exchanged between all agents, that 

is, Monitor, ConstraintSystem, and Workers. 

There are different ways in which messages can be delivered in a message passing 

system. Message delivery can be reliable or unreliable. In a reliable scenario there is 

guaranteed that any sent message reaches its destination. On the contrary, in an unreliable 

scenario messages can be lost, and if reliability is required the application itself has to use 

a proper protocol to achieve reliability. This can be accomplished using timers and 

retransmissions. Moreover, messages can be delivered in the order in which they were 

sent or not. This is also a significant aspect since depending on the application it might be 

influential for the correctness of the final result. 
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The positive aspect for a parallel constraint propagation is that there is a large tolerance 

regarding both these characteristics of a message passing system. Order preserving is not 

important because an interval associated with an unknown never grows but always 

shrinks. A Worker that receives an update message for a variable will only update its 

value if the interval is narrowed. Therefore, if a larger interval is received, the message 

that carries it will not have a negative influence on the final result. The message is just 

not useful and it is ignored. For the same reason, if some update messages are lost, the 

final result is also not compromised. In this case, it is possible for the propagation to stop 

with larger intervals, but this is not a problem since by just starting the propagation again, 

from the point where it stopped, eventually the same final intervals will be calculated. 

There are situations where message delivery must be guaranteed, such as system 

initialization or termination detection. For those cases proper care must be taken so that 

messages are reliably delivered. 

A concrete implementation that follows the model described in this chapter is presented 

in chapter 5, and uses the message passing mechanism provided by COOL. Since COOL 

provides an unreliable order-preserving asynchronous message passing mechanism, 

special care has been taken in all places where messages have to be reliably delivered to 

destination. Timers, facility offered by COOL, have been used for retransmissions in 

order to provide guarantee of message delivery. 

4.7 The Monitor agent 

This section describes the role of the Monitor agent in the parallel constraint propagation 

process. 

4.7.1 The activity of the Monitor 

The Monitor has three important functions. First of all, it has to initialize the whole 

system for the constraint propagation process. Secondly, it has to monitor the status of the 

Workers in order to detect the termination of the constraint propagation process. Finally, 

its last function is to request the ConstraintSystem agent to collect the results after the 
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co,nstraint propagation process terminates and to dismiss the Worker agents. Figure 4.3 

shows a state-chart that depicts the behaviour of the Monitor agent. 

Monitor agent 
timeout/ register_as_monitor 

StartDistributlon 

set_nocle_addr 
start_distribution_ack 

register_ack register_ack [succeeded] 
!!ailed] 

subscribe 
[sufficient workers] WaitForEndOIDlstrlbutlon 

subscribe 
[no sufficient workers] 

dismlss_worker I 
send kill to worker 

done_collect_results 

start_collect_results / 
send 

ctone_dismiss_workers start_collect_results 
to ConstralntSystem 

DeregisterAsMonitor 

kill 

Figure 4.3 Monitor agent state-chart 

distributlon_done 

WatchPropagation 

start_:.Propagation 

As presented in section 4.4, firstly, an agent has to become Monitor by registering itself 

with the naming service provided by COOL. This happens while the agent is in the 

ResisterToMom state. Secondly, the Monitor has to wait in the Subscribe state until a 

sufficient number of Workers have subscribed to it as Workers. Since the Worker agents 

need to communicate between them, each one needs to know the identity of the other 

ones. While in SetNodeAddrs state, the Monitor makes a mapping between a unique 

identification assigned to each Worker and the location (address) of that Worker, and also 

distributes these mappings to all participating Worker agents. Next, the Monitor creates 

the ConstraintSystem agent and sends it the number of partitions in which the constraint 

system has to be partitioned and the identity of the Workers that will be used to solve it. 

After this step is completed, the Monitor waits in the WaitForEndOjDistribution state 
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until the ConstraintSystem agent notifies it that the constraint system has been partitioned 

and distributed to the Workers. 

At the end of the initialization phase, after each Worker has the data set that it has to 

operate on, the Monitor has to indicate to each Worker to start the constraint propagation 

process. At this point, the Monitor sends a message to each Worker indicating to start the 

propagation. During the constraint propagation, the Monitor is in WatchPropagation state 

and it has a passive role, that is, it monitors the status of its Workers with the aim to 

detect the termination of the propagation. 

The monitoring function, which the Monitor has to perform, starts after the initialization 

phase is finished. The Monitor has to keep track of the status of all Workers. When all 

Workers are idle, the termination condition is satisfied, and the Monitor can concludethat 

the constraint propagation process is finished. Termination detection is described in 

section 4.5. When this happens, the Monitor sends a message to the ConstraintSystem to 

collect the results, and waits in the CollectResults state until all results are collected. 

Then, it can dismiss the Workers by sending dismiss messages to all of them. This ends 

the parallel constraint propagation. As the last step the Monitor deregisters itself as being 

Monitor. 

4.7.2 Data handled by the Monitor 

The Monitor has a simple structure. It only needs to keep a list that indicates the identity 

and the status.of each Worker. 

The identity of the Workers that participate at the constraint contraction process is 

collected during the initialisation phase. The status of each Worker is required by the 

Monitor for detecting the termination condition. 

4.7.3 Messages handled by the Monitor 

The communication between the Monitor and the other agents is performed using an 

asynchronous message passing mechanism. This section presents the messages handled 

by the Monitor. In addition to receiving messages, the Monitor also sends messages to the 
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other agents. These messages are described in the sections where the corresponding 

agents are presented. 

The most representative messages handled by the Monitor are the following ones: 

• subscribe (): This message is sent by a Worker during the initialization 

phase. The Monitor records the identity of the sending Worker. The Worker 

that sends this message will be used during the propagation phase to solve a 

subsystem of constraints. 

• set_node_status (status): This message is used by a Worker to 

indicate its status to the Monitor, that is, idle or active. When the Monitor 

receives this message it updates its monitoring information and checks to see 

if the termination condition is met. 

• failed () : This message is sent by a Worker to indicate that the constraint 

propagation failed. When received, the Monitor sends ki 11 ( ) messages to 

all agents. This terminates the constraint propagation. 

4.8 The Worker agent 

This section describes the role of a Worker agent in the system used to perform the 

constraint propagation. 

4.8.1 The activity ofa Worker 

One of the main goals of this work is to provide a scalable solution for the constraint 

propagation process. This implies that there should be no central unit of coordination, 

because such a central point would introduce a bottleneck when the system grows very 

large. On the contrary, a homogenous solution in which the coordination is distributed 

among all computation nodes that participate at the computation process, and in which 

each computation node has the same role, does not introduce such kind of scalability 

problems. 
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The solution proposed here provides such kind of scalability due to the fact that there is 

no central coordinator, but on the contrary, the coordination is distributed among all 

Workers agents. A Worker is a modular unit that encapsulates all its internal state. This 

modular approach allows an easy expansion of the system, by simply adding more 

Workers agents when more computation power is required. 

The function of the Worker agent is to run the constraint propagation algorithm on the 

subsystem of constraints that has been assigned to it by the ConstraintSystem agent. A 

state-chart showing the behaviour of a Worker agent is indicated in Figure 4.4. 

timeout I Worker agent timeout/ 
lookup_monitor SubscribeToMonltor 

subscribe_monitor '-------, 

update_wr 
[failed] 

lookup_ack 

kill 

subscribe_ack 

set_node_status 
[to Idle] 

update_var 
[succeeded] 

ReceiwConstraintSystem 
and NodeAddm 

start_prop 

Figure 4.4 Worker agent state-chart 

After a Worker agent is created and started, it has to subscribe itself to the Monitor as a 

worker. Since the creation of the Monitor and Worker is totally decoupled, a Worker uses 

a retry policy until it succeeds to subscribe itself to the Monitor. Right after it starts, a 

Worker enters into a retry loop in which periodically contacts the naming service 

provided by COOL and asks for a reference to the Monitor. This is accomplished while 

the Worker is in the SearchMonitor state. After a reference to the Monitor is acquired a 

Worker subscribes itself to the Monitor and enters into the ReceiveConstraintSystem state 

in which it waits to receive the constraint subsystem that it will have to solve. While in 

this state the Worker also receives the set of mappings that map the unique identification 

of each Worker to its location. A Worker stays in this state until it receives a message 

from the Monitor to start the propagation process. 
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When the message to start propagation is received, a Worker concludes that the 

initialization phase has finished and starts the propagation. The main activity of a Worker 

agent is to apply the contraction operators on its constraints and to inform other Workers 

about changes in its set of variables. The propagation process is performed while the 

agent is in the Propagate state, that is, the Worker is active applying contraction 

operators. Any time a Worker changes its status, that is, becomes idle or active, it has to 

inform the Monitor about its new status. During the propagation the state of a Worker can 

change several times between Idle and Propagate. Eventually, when the propagation is 

terminated, a Worker sits idle and waits in the Idle state. Finally, it may receive some 

requests for the values of some of the variables that it has, and in the end, it receives a 

dismiss message from the Monitor. This dismiss message determines the receiving 

Worker to terminate itself. 

As it was mentioned in the previous paragraph, throughout the propagation process a 

Worker's main activity is to contract its active constraints. During the actual process of 

constraint propagation, any time a new value for a variable is found, the other Workers 

that share that variable have to be informed. At a first sight, it would seem naturally that 

as soon as a variable is changed the other Workers that share it to be informed. However, 

this is not always the best choice from the point view of the overall performance 

delivered by the system. Another alternative would be to perform several contraction and 

only at the end to send update messages for the modified variables to the corresponding 

Workers. This approach might reduce the overall traffic between Workers, on the one 

hand, by carrying updates for several variables in the same message, and on the other 

hand, by eliminating some redundant updates by just sending the most recent one. The 

appropriate choice depends on the target system for which a concrete implementation is 

made. For a multiprocessor system, in which the penalty introduced by the 

communication is comparable with the computation time, the former approach is 

appropriate, since any update can speed-up the overall propagation. On the contrary, for a 

distributed system, the ratio of communication is desirable to be reduced as much as 

possible since it is costly. Moreover, for this case, sending too many update messages 

might cancel the speed-up that is expected from performing propagation in parallel. 

Therefore, the latter approach is more appropriate for this case. 
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4.8.2 Data handled by a Worker 

Each Worker runs the constraint propagation algorithm on a subsystem of constraints. In 

order for a Worker to carry out its activity it needs the following categories of 

information: 

• The set of constraints on which it has to run the constraint propagation 

algorithm, that is, the subsystem that it has to solve. 

• For each shared variable involved in its set of constraints a list of Workers 

·which have to be informed at any time the value of the variable is changed. 

This list is used to communicate to the other Workers the new value for the 

shared variable. 

• For each variable involved in its set of constraints an initial value. 

• A unique identification, used to indicate the status of the Worker, that is, idle 

or active. This status information is required by the Monitor, which keeps 

track of the status of all Workers, in order to detect the termination condition 

of the constraint propagation. 

• The identity of the Monitor, which has to be informed any time the status of 

the Worker changes. 

During the initialization process, a Worker receives a set of constraints that it has to 

operate on. For each constraint it receives the constraint type and the IDs of the variables 

involved in it. Based on this information, the Worker has to construct the actual 

constraint objects and to add them into its internal set of constraints. Therefore, the first 

data structure that a Worker has to keep it a set of constraints. 

Based on the set of constraints and their corresponding variables, a Worker has to build, 

for each local variable, a set of constraints that share that variable. This set is used 

whenever a value for a local variable is modified to find out what constraints have to be 

reactivated. 

The third type of information is the set of active constraints. It seems appropriately to 

keep this set of constraints as a queue that follows a FIFO policy. The motivation for 
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using a FIFO is described in section 2.3.1, but essentially, this will assure an even 

distribution of activating constraints. 

A Worker also has to keep, for each shared variable, a list of Workers that have to be 

informed when that shared variable is changed. This information is received during the 

initialization process. 

4.8.3 Messages handled by a Worker 

A Worker has to communicate with other agents in order to cooperatively solve the 

constraint propagation process. This communication is performed using a message­

passing mechanism. 

The most important messages handled by a Worker are the following: 

• add_constraint (type, id, listOfVarids): This message is 

used by the ConstraintSystem to sequentially send the constraints of the list of 

constraints on which the Worker has to run the constraint propagation 

algorithm. 

• add_node_for_variable (nodeid, varid): This message is sent 

by the ConstraintSystem agent, and informs the receiving Worker about the 

identity of a Worker that has to be notified when the specified shared variable 

is changed. 

• update_ var ( var Id, value) : Initially, this message comes from the 

ConstraintSystem agent. It is used during the initialization process to inform 

the receiving Worker about the value of a variable. Subsequently, the message 

is also sent during the actual propagation process by a different Worker to 

inform the receiving Worker about a new value for a shared variable. 

• start_prop (): This message sent by the Monitor. It indicates to the 

receiving Worker to start the constraint propagation process. 

• get_var (varid): After the constraint propagation is finished, the values 

of the variables must be collected. This message is sent by the 
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ConstraintSystem agent and represents a request to collect the value for a 

variable. The Worker has to send back the value for the indicated variable. 

The receiving Worker replies with a corresponding message. 

• kill (): This message is sent by the Monitor when the propagation is 

terminated. The receiving Worker concludes that the propagation is finished, 

and that its services are no longer required, and as a consequence, it releases 

all resources and terminates itself. 

4.9 The ConstraintSystem agent 

To achieve modularity and gain flexibility a special agent, which encapsulates the 

constraint system that must be solved, exists. This agent is the ConstraintSystem agent. 

4.9.1 The Activity of the ConstraintSystem 

The ConstraintSystem agent has two main functions, one during the initialization phase, 

ancj one after the constraint propagation is finished. A state-chart showing the behaviour 

of the agent ConstraintSystem is given in Figure 4.5. 

Firstly, during the initialization phase, the ConstraintSystem agent has to partition the 

constraint system in subsystems in order to distribute it to the participating Workers. The 

way in which the constraint system is partitioned is presented in section 4.10. The 

ConstraintSystem agent is created by the Monitor agent, which also sends it the number 

of partitions in which the system of constraints must be partitioned, and the identities of 

the Workers that are to be used for the propagation. This information is received while in 

the GetNodeAddrs state. After this information is received, the ConstraintSystem agent 

distributes the identities of the Workers to each Worker. Next, the agent creates the 

partitions and distributes them, one to each Worker. The elements that compose a 

partition are distributed while the agent is in Distribute Variables, DistributeConstraints 

and DistributeNodesFor Vars states. Finally, after the distribution phase is terminated, the 

agent sends a message to the Monitor notifying it about this. Next, the agent waits in the 

DistributionDone state for a confirmation from the Monitor agent. 
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ConstraintSystem agent 
DistrtbuteVartables 

GetNodeAddrs 

distribute_constraints DlstrtbuteNodesForVars 

start_distribution 
distribute_variables distribute_nodes_for_vars 

distribution_done 

DistributeConstraints 

dlstribution_done_ack DistributionDone 

WaitForStartCollectResults 
kill 

Figure 4.5 ConstraintSystem agent state-chart 

Secondly, the ConstraintSystem agent has to collect the results, that is, the values of the 

variables that are part of the constraint system. During the actual propagation, the 

ConstraintSystem agent just waits in the WaitForStartCollectResults state for the 

termination of the propagation. When this happens, a message from Monitor informs the 

ConstraintSystem agent that the results must be collected. Since the ConstraintSystem 

agent has the knowledge about the constraint system, the responsibility of collecting the 

results is its. Next, as the last phase of its existence, while in the CollectResults state, the 

ConstraintSystem agent, for each variable for which it wants to collect a value, sends a 

message to an appropriate Worker requesting the value of that variable. When the values 

for all variables have been collected the final task of the ConstraintSystem agent is 

finished and the Monitor is informed about this. 

4.9.2 Data handled by the ConstraintSystem 

The information that the ConstraintSystem agent has to know, which is actually the core 

of the problem, is a set of constraints that is part of the constraint system that has to be 

solved. 
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Due to the fact that at the end of the constraint propagation the ConstraintSystem agent 

has to collect the results, that is, the values for all variables involved in the constraint 

propagation, the ConstraintSystem agent has to know which variables are involved.in this 

. process. This information is actually an intrinsic part of the constraints themselves. Also, 

because the ConstraintSystem agent is the one who partitions the constraint system, it 

seems appropriate that the ConstraintSystem agent should be the one who assigns unique 

identification numbers to all variables involved in the constraint propagation process. 

For each shared variable the ConstraintSystem agent has to keep a list, which contains the 

Workers that share that variable. This information is required because it has to be 

provided to each Worker, that shares that particular variable, during the initialization of 

the constraint propagation. Therefore, in order to be able to generate these lists, the 

ConstraintSystem agent needs to know the identity of the Workers available for the 

constraint propagation. 

Based on the list of constraints and the number of available Workers, the 

ConstraintSystem agent has to partition the existing set of constraints in a set of 

subsystems equal to the number of Workers. The partitioning procedure is presented in 

section 4.10. 

Finally, the ConstraintSystem agent must know the identity of the Monitor agent. This is 

required since the ConstraintSystem agent needs to inform the Monitor when the 

distribution is terminated, and also, when the results have been collected. 

4.9.3 Messages handled by the ConstraintSystem 

The communication between the ConstraintSystem agent on one hand, and the Monitor 

and Workers on the other hand, is performed using an asynchronous message passing 

mechanism. This section presents the messages handled by the ConstraintSystem agent. 

The most relevant messages handled by the ConstraintSystem agent are the following: 

• start_distribution (): Message sent by the Monitor to indicate that the 

distribution of the subsystems should start. As a result of receiving this 
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message, the ConstraintSystem agent partitions the constraint system in 

subsystems and distributes them to the participating Worker agents. 

• start_collect_results (): This message is sent by the Monitor after 

the propagation is finished. It indicates to the ConstraintSystem agent that it can 

start to collect the results. 

• get_var_ack (id, value): This message is sent by a Worker, as a reply, 

when the ConstraintSystem agent collects the value for the indicated variable. 

• ki 11 ( ) : This message is sent by the Monitor when the constraint propagation 

failed. When this message is received the ConstraintSystem terminates itself. 

4.10 Constraint system partitioning 

,One of the tasks that the ConstraintSystem agent has to perform, during the initialization 

phase, is to partition the constraint system in subsystems, so that the subsystems can be 

distributed among the Workers. The partitioning process consist of creating a set of 

disjoint subsystems of constraints equal to the number of partitions in which the system 

must be partitioned. 

The ConstraintSystem agent has to know the number and the identity of the Workers that 

will be used to perform the constraint propagation process. The number of Workers is 

required because the constraint system is partitioned in a number of partitions equal to the 

number of available Workers. The identity of the Workers is needed because the 

partitions have to be sent to them, and also because after the propagation is finished the 

ConstraintSystem agenthas to collect the results by contacting the Workers. 

4.10.1 Constraints clustering 

An important aspect when performing the partition process is to choose the partitions in a 

way that minimizes the communication between Workers. This is desired because 

normally, for the system that exists today on the market, the cost of communication is the 

one that limits the performance by introducing a bottleneck. The communication between 
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Workers is required because constraints share variables, and each Worker that shares a 

particular variable has to be informed about the most recent value for that variable each 

time a new value is found for that variable. 

Each complex constraint has to be translated in a set of primitive constraints. This 

translation process introduces auxiliary variables. In a real application the result is a large 

set of primitive constraints that has to be partitioned into subsystems. If this partitioning 

is performed randomly, that is, constraints are assigned arbitrary to partitions, it is very 

likely that, at least regarding the volume of traffic required to update shared variables 

between Workers, the partitions are not optimal, that is, the traffic between Workers is 

not as low as it could be. 

A better approach for building the partitions is one in which the primitive constraints that 

are produced by decomposing a complex constraints are grouped together in a cluster. An 

approach like this is also mentioned in [ 1 ], but its purpose is different. This grouping 

makes sense because the auxiliary variables introduced by the translation process become 

local variables and are used only locally within the group. A way to keep the traffic 

between Workers low is to avoid splitting a group generated from a complex constraint 

by sending the composing constraints to different Workers. Instead, if a group is sent to 

only one Worker, the result is that the Worker does not have to send updating information 

about the auxiliary variables of a group, because those variables are only used locally. 

Therefore, creating partitions based on the complex constraints, before the complex 

constraints are translated into primitive constraints, prevents the introduction of 

additional traffic between Workers after the complex constraints are translated into 

primitive constraints, since all auxiliary variables introduced after translation are local to 

a partition. 

To exemplify the clustering process described previously, the following simple but 

illustrative constraint system composed of two complex constraints is considered: 

{
(x + I )2 + 3xy = y 

2* y 2 +3*z=7* y 
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Translating these two complex relations into primitive relations yields the following set 

of primitive constraints: 

2 
X 1 = X2 , X * y = x3, 3*x,=x4 , x 2 +x4 =y 

2 * x5 = x6 , 3 * Z = X 1 , 7 * y = X8, X6 + X1 = X8 

If two partitions are created, one containing the primitive constrains resulted from the 

first complex constraint, and the other one containing the primitive constraints yielded by 

the second complex constraints, there is only one shared variable, that is, y. All auxiliary 

variables are local variables in this case and an optimal set of partitions is produced. 

However, if instead the primitive constraints xf = x, and 2 * x5 = x6 switch places, that 

is, the first goes into the second partition and the second goes into the first partition (no 

clustering is used), the auxiliary variables x1, x,, x 5 and x6 become shared variables too, 

and as a consequence more variables are shared, which leads to more traffic between 

Workers. Therefore, keeping the auxiliary variables introduced by a complex constraint 

grouped together has a beneficial outcome, and it is the first step in creating some 

partitions that keep the traffic between Workers low. 

4.10.2 Partitioning algorithm 

Clustering is necessary but still not sufficient to keep the traffic low between partitions 

since by just randomly assigning complex constraints to partitions it is very likely to 

produce partitions with many shared variables. Therefore, assigning complex constraints 

to partitions requires an adequate strategy that keeps the number of shared variables low. 

A possible solution is to use a greedy strategy to assign the clusters to partitions. This 

implies creating the partitions based on a local optimization method. The algorithm used 

in this thesis is presented in Figure 4.6. 

ICS ~ the interval constraint system; 

p ~ the set of partitions, initially empty; 

C ~ the set of clusters; 

i = 0; 

while C not empty 
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find cluster j in C that added to P [i] adds a 

minimum cost to ICS; 

remove j from C; 

add j to P[i]; 

i = (i+l) % no_partitions; 

Figure 4.6 The partitioning algorithm 

As the algorithm from Figure 4.6 indicates, the partitions are created as a sequence of 

steps, at each step a cluster of primitive constraints being added to a partition in a way 

that keeps the partitions optimal. The optimality here refers to the communication cost 

between partitions, which is reflected by the number of shared variables between 

partitions. 

The algorithm starts by selecting the partition to which a cluster will be added, that is, the 

partition i. Next, it finds the cluster j that added to the partition i adds a minimum cost 

to the set of partitions already created. The optimal cluster j is removed from C and 

added to partition i. The last statement selects the next partition and the process is 

repeated until all clusters have been assigned to a partition. 

As a local optimization method, this strategy may not produce the best solution, but it is 

one computationally efficient way of approaching the problem, and presumably, yields 

very good ( or even the best possible) results. 

The method used in this thesis to create the partitions is a combination of the two 

strategies presented above, that is, clustering followed by a greedy strategy of assigning 

clusters to partitions. Concrete implementation details are presented in section 5.6. 

As output, the partitioning process yields a number of constraint subsystems. Also, it 

generates, for each shared variable, a list that contains the identity of all Workers that 

share that variable. This information has to be sent to each Worker involved in the 

constraint propagation process, so that when a shared variable is changed the Worker can 

inform all the other Workers about this change. 

It is also worth mentioning that for many real problems there are natural ways of 

partitioning them. For those cases, it is very likely that a natural partitioning process 
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yields better partitioning than an automated partitioning process. However, it is also 

possible that natural partitioning works best only for a particular number of nodes (for 

example even number of nodes). In those cases an automated partitioning process can be 

very useful. 

4.11 Constraint propagation failure 

The constraint propagation fails when a Worker finds an empty interval for a variable. 

When this happens the Worker becomes idle "forever" and ignores any update messages 

that it might receive from other Workers. It also informs the Monitor that the constraint 

propagation failed by sending it a failed () message. When the Monitor receives this 

message it sends a k i 11 () message to all agents, that is, the Workers and the 

ConstraintSystem. This terminates the constraint propagation and releases all agents. 
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This chapter presents an implementation of a parallel constraint propagator that reflects 

the conceptual model presented in the previous chapter. The interfaces for the main 

classes are presented and also the interaction between them. 

C++ is used as a computation language and COOL as a coordination language. The 

implementation follows object oriented practices and principles. The core part of the 

implementation consists of a set of C++ classes that implement the required functionality. 

This approach was used since COOL is a pure coordination and communication language 

and because C++ offers greater flexibility in implementing the required functionality. 

COOL is used to provide the communication and coordination facilities that are required 

for a parallel propagation. The agents are written in COOL and they make use of the core 

C++ classes by creating instances of them. The agents coordinate their activity by 

communicating using a message passing mechanism provided by COOL. As a result the 

whole system is a collection of two kinds of objects: passive objects written in C++, and 

active objects written in COOL as actors. 

The implementation is tested on a distributed network of workstations running RedHat 

Linux 6.2 connected through an Ethernet network. 

5 .1 Variables/Constraints naming scheme 

Since objects, more specifically constraints and variables, are distributed across machine 

boundary, an appropriate naming scheme that provides a unique way of identification is 

required. To accomplish this a simple scheme is used based on unique identification 

numbers. Each variable is assigned an identification number that is unique across the 
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whole system. Similarly, the constraints are also uniquely identified using the same 

scheme. 

Another reason for using this naming scheme is that there is a need to exchange 

information regarding the value of a variable between the C++ objects and the COOL 

agents. COOL does not have pointers, and has only a limited set of primitive data types, 

and it does not allow passing complex objects as parameters to messages. The adopted 

scheme is a simple and convenient solution to this problem. 

5.2 The passive objects 

As indicated in the introductory part of this chapter, the passive objects are written in 

C++, and consists of a collection of classes that implement the core functionality of the 

system. This section presents the most relevant passive objects and details regarding their 

implementation. 

To provide flexibility and especially the benefits of code reuse, two categories of passive 

objects have been created. The first one contains the Real, Variable, Constraint, 

and Propagator, and can be used •either in a parallel or a sequential program. The 

second category includes SharedVar and PPropagator, and they are specific for an 

application that performs a parallel propagation. 

5.2.1 The Constraint class 

The Constraint class is shown in Figure 5.1, and is a simple abstract class that 

contains only two significant methods. 

class Constraint { 

public: 

virtual bool shrink(set<Variable*>&) = O; 

Constraintid getid(); 

Figure 5.1 The interface of the Constraint class 
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There is an abstract method shrink (set<Variable*>&) that is supposed to 

implement the contraction operator for a concrete constraint. The method has an output 

parameter that consists of a set of Variables that have been changed as a result of 

applying the contraction operator. Normally, for a sequential propagator this output 

parameter is not required because the changes that might happen to a Variable can be 

directly propagated by that Variable, since everything is local within the same 

memory space. More details regarding this are given in section 5.2.3. However, for the 

parallel propagation case, a Worker needs to send update messages to the corresponding 

Workers whenever a shared variable is changed. This is the reason why the output 

parameter indicated previously is required. 

The second method, get Id (), returns the unique identification number associated with 

this Constraint. 

Depending on the concrete constraint, the shrink () method implements the 

appropriate contraction operator. There are concrete constraint classes that extend the 

abstract Constraint class for each primitive constraint. Here is the place where the 

core implementation of the interval arithmetic operations and of the constraint 

contraction operator is encountered. As concrete implementation for these operations, this 

thesis uses the same approach as the one presented in [1]. 

A concrete constraint class has a number of pointers to the Variable objects that it 

shares. The pointers to these Variables are supplied to the constructor of a concrete 

constraint, and while the constructor is executed, corresponding references are added to 

the constructed object to each Variable, by calls made to each Variable object. 

The methods addConstraint () and delConstraint () , provided by the 

Variable class, are used for this purpose. 

5.2.2 The Variable class 

The Variable class encapsulates the characteristics of an unknown as it is defined by 

interval constraints, and in addition attributes that are required in the context of using the 

class together with a Propagator. A code snippet of it is shown in Figure 5.2. 
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. 
class Variable { 

private: 

Real value; 

Variableid id; 

set<Constraint*> cons; 

stack<Real> stack; 

protected: 

Propagator *propagator; 

public: 

} ; 

Variable(Variableid id, Real &val, Propagator *p); 

bool addConstraint(Constraint *c); 

bool delConstraint(Constraint *c); 

int getNoRefCons() 

bool update(Real &val); 

Real getValue(); 

vector<Constraint*>& getConstraints(); 

Variableid getid(); 

void store() ; 

void restore(); 

Figure 5.2 Variable class code snippet 
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A Variable has a value, a unique identification number, a set of constraints that share 

it, and a stack that can store its current value. Since a Variable makes sense only in the 

context of a constraint system, the class also contains a pointer to a Propagator, which 

is initialized while the object is constructed. 

The addConstraint () and delConstraint () . methods are used when a 

Constraint object is respectively crated and deleted. Since constraints share variables 
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a Variable object can be referred by more than one Constraint object. Moreover, 

when the value of a Variable is changed, the corresponding Constraints must be 

reactivated. These are the reasons why these methods are required, and why a 

Variable object keeps a set of pointers to Constraint objects. 

The getNbRefCons () method returns the number of Constraint objects that refer 

this Variable object. This method is required by the Propagator object in order to 

decide whether a Variable object must be garbage collected. This situation· arises 

when a Constraint object is removed from the Propagator. Since the 

Propagator object becomes the owner of a Variable after the first Constraint 

object, that shares it, is added to the Propagator, the Propagator has to decide if a 

Variable must be deleted or not. 

The next two methods are used to update the value of a Variable and to retrieve its 

value. The update () method tries to update the current value of the Variable by 

doing an intersection with the old value. The method returns true if the value is changed. 

The next two methods are used to retrieve the set of Constraints shared by the 

Variable and the unique identification number associated with the Variable. 

The last two methods are used to store, respectively, restore the current value of a 

Variable from an internal stack. This feature, of storing the current value, and 

restoring it later, is required by both splitting and probing. 

5.2.3 The Propagator class 

The Propagator class encapsulates a constraint system as it is defined by the interval 

constraints method. The Propagator object uses Variable and Constraint 

objects, connected in a network of constraints, on which it runs the propagation 

algorithm. 

A code snippet of the Propagator class that lists the most relevant methods and 

member fields is shown in Figure 5.3. 

class Propagator { 
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private: 

set<Variable*> v; 

set<Constraint*> c; 

deque<Constraint*> qac; 

stack<deque<Constraint*> > qacStack; 

public: 

void addConstraint(Constraint *c); 

void delConstraint(Constraint *c); 

void activateAll(); 

void variableChanged(set<Constraint*> &cons); 

void store(); 

void restore(); 

bool shrink(unsigned long maxiter, unsigned long 

&actualiters, set<Variable*> &changedVars); 

bool probe(Variable *var, bool propagateChanges); 

bool done () ; 

Figure 5.3 Propagator class code snippet 
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The Propagator class is a holder for a set of Constraint and Variable objects, 

that is, for a constraint system. The first category of provided methods are used for 

adding or removing a Constraint to or from the set of constraints. There is no need 

for some corresponding methods for handling Variable objects since this is done 

transparently for the user of the class while a Constraint is added respectively 

removed. Details regarding this are illustrated in Figure 5.4 . 

. The store () and restore () methods are used to store and restore respectively the 

state of the Propagator at a particular time. The state of the Propagator consists of 

the set of values, one for each Variable, and the contents of the queue of active 
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Constraints. These methods are required if the user of the class intends to implement, 

in addition to propagation, probing and/or splitting. 

The shrink () method implements the actual propagation algorithm. It takes as input 

parameter the maximum number of iterations that it should perform. An iteration 

represents the contraction of one single constraint. The output parameters indicate the 

actual number of iterations performed and a set that contains the Variables that have 

been changed. This set of Variables can be used to• do some probing and if the 

Propagator is used for a parallel propagation to allow the calling entity to notify other 

Propagators about the Variables that have been changed. The method extracts 

constraints from the queue of active constraints and applies .the corresponding contraction 

operator on them. 

The probe () method performs probing for the given Variable. If the probing 

succeeds the method returns true and the value of the Variable is updated. The input 

parameter propagateChanges indicates if the changes should be propagated or not, 

that is, in the case the probing succeeds, if the Constraints dependent on this 

Variable should be activated or not. 

The activateAll () method is used to activate all the Constraints, and is used at 

the beginning of the constraint propagation and when probing is done. The method is also 

required if splitting is implemented. 

The variableChanged () method is a call back from a Variable object when its 

value changes. As a consequence, the Propagator activates all the Constraints 

sharing the calling Variable. 

The done ( ) method indicates if the propagation if finished or not, that is, if the queue of 

active constraints is empty or not. 

A sequence diagram illustrating the way Variable and Constraint objects are 

created and deleted is shown in Figure 5 .4. The diagram also shows the sequence of calls 

that take place when a propagation is performed, that is, a call to shrink () is made, 

and when a Variable is updated. 
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The sequence diagram in Figure 5.4 shows only the relevant method calls and 

parameters. To simplify the diagram, only one Variable object is indicated, even if 
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there are references to more objects. The diagram also shows how the Propagator 

object builds internally the network of Constraints and keeps it updated. 

Due to their modularity, the Propagator, Constraint, and Variable classes can 

be used to execute the constraint propagation algorithm in a sequential or in a parallel 

application. A sample program that shows how they can be used in a sequential 

application is given in Appendix 8. 

5.2.4 The SharedVar class 

The SharedVar class, shown in Figure 5.5, extends the Variable class with 

functionality required for a parallel propagation. The extension consists in adding a list 

that contains the nodes that share the Variable. There are two additional methods 

provided by this class, one used to add a node, and one used to retrieve the list of nodes. 

class SharedVar: public Variable { 

private: 

vector<Node!d> nodes; 

public: 

void addNode(Nodeid n); 

vector<Node!d>& getNodes(); 

} ; 

Figure 5.5 The SharedVar class code snippet 

5.2.5 The PPropagator class 

The PPropagator class encapsulates a constraint subsystem, and is just a wrapper for 

the Propagator class and the other elements required to perform a parallel 

propagation. Each Worker agent creates an instance of this class, and it uses it to solve 

the partition of the constraint system that has been assigned to it. A code snippet of the 

PPropagator class is shown in Figure 5.6. 
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In spite of the fact that the class has a relatively large number of methods, its complexity 

is relatively reduced. The large number of methods is just a set of primitive operations 

that are required since COOL is a pure coordination/communication language and the 

facilities to specify/create object directly is limited. Therefore, the primitive methods 

indicated in Figure 5.6 correspond, to COOL messages. 

Internally, the PPropagator class keeps the current state of the propagation process as 

a Propagator object. All the information encapsulated into the PPropagator class 

is used by the Worker agent to run the propagation algorithm. There are two maps, one 

that maps variable ids into Variable objects, and one that maps constraint ids into 

Constraint objects. There is also a queue that keeps the set of changed variables. This 

is required to keep the list of shared variables that have been changed as a result of 

applying the contraction operator on some active constraints. As a result of a shared 

variable being changed the Workers that share it must be notified. The ccv (current 

changed variable) field is used to indicate a variable whose value has to be sent to the 

other Workers that share it. There is also an iterator, en (current node), that indicates 

· the current Worker to which the update message is to be sent. A very important field 

defined by PPropagator is cpi (constraints per iteration). This field indicates how 

many constraint contractions have to be performed by each call to shrink () . The 

significance of this parameter is described at the end of section 4.8.1. This parameter 

controls how many contractions a Worker performs before any update messages are sent. 

class PPropagator { 

private: 

rnap<Variableid, Variable*> v; 

rnap<Constraintid, Constraint*> c; 

Queue<Variable*> qcv; II q of changed variables 

Variable* CCV; II current changed variable 

vector<Nodeid>::iterator en; II current node 

Propagator p; 

unsigned long cpi; 

public: 

II constraints per iteration 
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} ; 

bool addVariable(Variableid); 

bool addVariable(Variableid, double); 

bool addVariable(Variableid, double, double); 

bool addSum(Constraintid, Variableid, Variableid, 

Variableid) ; 

bool addProd(Constraintid, Variableid, Variableid, 

Variableid) ; 

bool addLeq(Constraintid, Variableid, Variableid); 

bool addEq(Constraintid, Variableid, Variableid); 

bool addPowerN(Constraintid, Variableid, Variableiq., 

int); 

bool addConstraintForVariable(Constraintid, 

Variableid) ; 

bool addNodeForVariable(Nodeid, Variableid); 

void activateAll (); 

bool shrinkDone(); 

bool shrink(bool probe); 

bool hasChangedVariables(); 

Variableid getNextChangedVariableid(); 

double getLBVariable(Variableid); 

double getUBVariable(Variableid); 

bool hasNodes () ; 

Nodeid getNextNodeid(); 

bool updateVariable(Variableid, double, double); 

Figure 5.6 PPropagator class code snippet 
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With respect to the methods defined by this class, there is a first set of add* methods 

that are used during the initialization phase to initialize the Propagator with the 

partition of the constraint system that has to be solved by this Propagator. 

Many methods are just wrappers for calls made to methods defined by the Propagator 

class. After the initialization is terminated, all constraints are activated using a call to the 

acti vateAll () method. The shrink () method is just a wrapper for a call made to 

the shrink () method defined by the Propagator class. The method 

shrinkDone () tests to see if the propagation is finished, that is, the queue of active 

constraints is empty. 

The next set of methods are used to retrieve the new values of the shared variables that 

have been changed, as a result of applying the contraction operator, and also to retrieve 

the identity of the Workers that have to be informed about the change. These methods 

are used by the Worker to send updating messages to other Workers. 

The updateVariable (Variableid, double, double) method is used to 

update a shared variable as a result of receiving an incoming update message. 

5.3 The active objects 

The active objects represent the agents that were introduced in the model presented in 

chapter 4, and are implemented in COOL as actors. The interface of each actor describes 

an object as an asynchronous state machine. An actor can be in one of several states. 

While in a particular state, an actor can receive and handle only the messages listed under 

that state. 

This section describes the interfaces, and some implementation details, for the most 

relevant actors used within the system. The behaviour of each of these agents is described 

also, at a conceptual level, in sections 4.7, 4.8 and 4.9. 
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5.3.1 The Monitor actor 

The functionality of the Monitor agent was presented in section 4.7, and is implemented 

in COOL as an actor whose interface is presented in Figure 5.7. The Monitor actor can 

be in one of several states, as indicated in Figure 5. 7. 

actor class Monitor { 

Start: 

message INIT(string m); 

RegisterToMom: 

message register_as_monitor(); 

message register_ack(bool succeded); 

Subscribe: 

message subscribe(Worker w); 

SetNodeAddrs: 

message set_node_addrs(); 

message set_node_addr_no_ack(int wid); 

message set_node_addr_ack(int wid); 

StartDistribution: 

message start_distribution(); 

message start_distribution_ack(); 

WaitForEndOfDistribution: 

message distribution_done(); 

WatchPropagation: 

message start__prop(); 

message start__prop_ack(int wid); 

message set_node_status(int wid, bool s); 

message propagation_done(); 

message failed(); 

CollectResults: 

message start_collect_results(); 

message start_collect_results_ack(); 

message done_collect_results(); 



5 Implementation issues 

DismissWorkers: 

message dismiss_workers(); 

DeregisterAsMonitor: 

} 

message deregister_as_monitor(); 

message deregister_ack(bool succeded); 

message kill(); 

Figure 5. 7 The interface of the Monitor actor 
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After the actor is created and initialized, it enters in the RegisterToMom state, in 

which it tries to find Mom and to register as Monitor. Next, after the registration is 

completed successfully, the Monitor enters in the Subscribe state. The Monitor 

stays in this state and processes subscribe messages from Workers until a sufficient 

number of actors register as Workers. Since each Worker needs to know the identity of 

the other Workers, the Monitor distributes this information to Workers while in 

SetNodeAddrs state. At this point, from the Monitor point of view, the distribution 

can be started. Next, the Monitor waits until the distribution is terminated. This stage is 

reached when it receives the message distribution_done (). 

During the actual propagation, the Monitor actor is in the WatchPropagation state. 

While in this state, a set_node_status (int wid, bool s) message is used to 

track the status of its Workers. This message indicates a change in status, to idle or 

active, for a particular Worker. When the termination condition is reached, that is, all 

Workers are idle, the Monitor self-triggers a propagation done () message, 

which eventually changes its state to CollectResults. While in this state, the 

Monitor waits for the ConstraintSystem actor to collect the results of the 

propagation. 

Eventually, the Monitor receives the done_collect_results () message, which 

indicates that all results have been collected and that the Workers can be released. This 

is accomplished while in the DismissWorkers state. During the last phase of its life, 
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the actor deregisters itself as Monitor from Mom and self-triggers a kill () message 

that terminates itself. 

The CollectResul ts state can be skipped when the failed () message is received. 

This indicates that the constraint propagation performed by the sending Worker has 

failed. As a consequence, the Mani tor sends a kill() message to the 

ConstraintSystem actor and then goes directly into the DismissWorkers state. 

As can be noticed, there are many acknowledgement messages. This is due to the fact 

that COOL assumes that messages are transmitted over an unreliable medium. Therefore, 

a proper mechanism of acknowledgement/retransmission has been implemented where 

necessary. 

5.3.2 The Worker actor 

The Worker actor is one of the most important within the system. The Worker actor is 

the one that caries on the actual propagation process. The description of the Worker agent 

is presented in section 4.8, and the interface of the actor that implements it is shown in 

Figure 5.8. During its lifetime, a Worker can be in one of several states. 

actor class Worker { 

Start: 

message INIT(string m); 

SearchMonitor: 

message lookup_monitor(int n); 

message lookup_ack(actor a); 

SubscribeMonitor: 

message subscribe_to_monitor(); 

message subscribe_ack(int i); 

ReceiveConstraintsSystem: 

message set_node_addr(int nodeid, Worker addr); 

message addVar(int varid, real lb, real ub); 
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message addSum(int conid, int vlid, int v2Id, int 

v3Id); 

message addProd(int conid, int vlid, int v2Id, int 

v3Id); 

message addLeq(int conid, int vlid, int v2Id); 

message addEq(int conid, int vlid, int v2Id); 

message addPowerN(int conid, int vlid, int v2Id, int 

n) ; 

message add_node_for_variable(int nodeid, int varid); 

message start_prop(); 

Propagate: 

} 

message propagate(); 

message update_var(int vid, real lb, real ub); 

message send_node_status(); 

message set_node_status_ack(); 

message get_var(int vid); 

message kill(); 

Figure 5.8 The interface of the Worker actor 
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During the initialization, the Worker receives the name of the Monitor actor. Then, it 

goes into the SearchMoni tor state. While in this state, the actor tries to -find a 

reference to the Monitor actor by periodically sending a lookup_monitor () 

message to the Mom actor, until it receives acknowledgement. The Mom actor is used by 

the Monitor and the Workers to find each others. Next, the Worker goes into the 

SubcribeMoni tor state where it tries to subscribe to the Monitor as a Worker by 

repeatedly sending a subcribe _to_ monitor () message. 

After the Worker actor successfully subscribes to the Monitor actor, it goes into the 

Recei veConstraintsSystem state where it is ready to receive its partition of the 

constraint system on which it will have run the propagation algorithm. While in this state, 

the actor can handle different kind of messages that allow it to step-by-step build the 
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constraint network that it will work with. The Worker stays in this state until the 

start_prop () message is received, which indicates that the propagation can be 

started. 

The next state of its lifetime is the Propagate state. This is the state during which the 

actual propagation process takes place. While in this state, the actor can handle several 

messages. The most significant one is the propagate ( ) message. This is a self­

triggered message that handles the contraction of one or more active constraints. During 

the execution of this message, care is taken, so that all required Workers are informed of 

the new value of any shared variable that may change as a result of applying the 

contraction operator. 

Another significant message that a Worker may receive, while in the Propagate state, 

is update_var (). This message indicates that the Worker might have to update the 

value of a variable that is referred within the message. Whenever the state of the Worker 

changes (idle/active), the send_node_status () message is self-triggered. This 

message informs the Monitor actor that the status of this Worker has been changed. 

The current value of a variable can be obtained by sending a get_ var () message to the 

appropriate Worker. The Worker stays in the Propagate state until a kill () 

message is received. This message indicates to the Worker that the propagation is 

finished and that it can terminate itself. 

5.3.3 The ConstraintSystem actor 

The model that the ConstraintSystem actor follows is described in section 4.9, and 

as indicated there, the ConstraintSystem actor encapsulates a constraint system, and 

takes care of partitioning it, distributing it, and eventually collecting the results. The 

interface of the ConstraintSystem actor is shown in Figure 5.9. 

actor class ConstraintsSystem { 

Start: 

message INIT(); 

GetNodeAddrs: 
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message set_node_addr(int nodeid, Worker addr); 

message start_distribution(); 

DistributeNodeAddrs: 

message distribute_node_addrs(); 

message resend_node_addr(int i, int j); 

message set_node_addr_ack(int ackNo); 

DistributeVariables: 

message distribute_variables(); 

message variable_distributed_ack(int ackNo); 

DistributeConstraints: 

message distribute_constraints(); 

message constraint_distributed_ack(int ackNo); 

DistributeNodesForVariables: 

message distribute nodes_for_variables(); 

message node_for_variable_distributed_ack(int ackNo); 

DistributionDone: 

message distribution_done(); 

message distribution_done_ack(); 

StartCollectResults: 

message start collect_results(); 

message kill(); 

CollectResults: 

message collect_var(int vid, int nodeld); 

message get_var_ack(int vid, real lb, real ub); 

EndCollectResults: 

} 

message done collect_results(); 

message done_collect_results_ack(); 

Figure 5.9 The interface of the ConstraintSystem actor 
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The ConstraintSystem actor is created by the Monitor actor. Right after it is 

created, the actor has to load the constraint system that has to be solved and to partition it 
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in a number of partitions equal to the number of Worker actors. To accomplish this, it 

uses a set of passive objects that implement the required functionality. The concrete 

implementation uses a configuration file that indicates the name of a text file that 

contains the constraint system and the number of Workers that must be used to solve it. 

The ConstraintSystem actor uses this information as input, opens the file, loads the 

constraint system, and creates a network of constraints by partitioning the constraint 

system in the corresponding number of partitions. The partitioning process is a 

combination of clustering and greedy strategy, and follows the model presented in section 

4.10. Details regarding the ~oncrete implementation are presented in section 5.6. 
' 

Next, the actor has to distribute the partitions of the constraint system to the participating 

Workers, and for this, it needs the addresses of all Workers. This information is 

received at the beginning of its lifetime, while it is in the GetNodeAdrs state. 

In spite of the fact that its interface is quite large, having many states and messages, the 

ConstraintSystem actor is not a complex one. During the early stage of its lifetime, 

represented by the set of Distribute* states, the actor distributes the partitions to the 

participating Workers. After the distribution is finished, the actor waits idle during the 

whole propagation process for the end of the propagation, when it receives the 

start_collect_results () message, from the Monitor, indicating that the 

results must be collected. Since the ConstraintSystem has the knowledge of the 

way the system is partitioned, it is the one that collects the results. This is performed 

during the Col lectResul ts state. Eventually, after all results have been collected, the 

Monitor is notified about this and that the Workers can be dismissed. This is 

accomplished by self-triggering the done_ collect_ results () message. After this, 

the actor terminates itself. 

The ConstraintSystem actor can terminate its execution earlier, without the need to 

collect the results, when the constraint propagation fails. This happens when the kill () 

message is received, while the actor is in StartCollectResul ts state. 
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5.4 The overall interaction between actors 

Figure 5.10 contains an UML sequence diagram that shows the overall interaction 

between the main actors that compose the system. This diagram shows nicely the way the 

actors are brought to life, and also the way they interact during their lifetime. This is still 

a high level diagram, in the sense that only the most representative messages are 

indicated. The part that contains the distribution of the constraint system is just 

schematically indicated through the distribute {) message. In reality, there are a set 

of messages that are sent during this phase, between the ConstraintSystem actor 

and the Worker actors. The diagram does not show the case when the constraint 

propagation fails. 
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Figure 5.10 The overall interaction diagram between actors 
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5.5 Monitor - Workers interaction 

This section describes the interactions between the Monitor and the Worker actors, 

starting from the moment the propagation is initiated, until all Workers become idle, 

that is, the moment the propagation process terminates. A UML sequence diagram that 

shows this is shown in Figure 5.11. The interaction diagram shows both the activity of 

the Monitor actor and the activity of the Worker actors. 

The propagation is started by the Monitor by sending start _prop () messages to 

each Worker. As a consequence of receiving this message, each Worker starts the 

propagation process, which keeps going as long as there are active constraints in its 

corresponding queue of active constraints ( qac) . This propagation is kept alive by each 

Worker by self-triggered self-addressed propagate () messages. During each 

propagate () message, a parameterized number of constraint are contracted. The 

propagate () messages are interleaved with the update_ var () messages received 

from other Workers. 

Whenever a Worker changes its state, it sends an appropriate message to the Monitor 

indicating its new state, that is, idle or active. A Worker can change its status several 

times during the entire propagation process as perceived by the Monitor actor. For 

instance, Figure 5.11 shows the way the Worker w2 changes its status according to the 

following sequence: active-idle-active-idle. In the example presented in Figure 5.11 only 

w2 changes its status twice, wl being active during the whole propagation process. 
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Figure 5.11 Monitor - Workers interaction diagram 
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The diagram also shows the way the termination condition is detected. Whenever the 

Monitor receives a set_node_status (wid, status) message, it checks to see 

the status of all Workers, and if they are all idle, then the propagation is considered 

terminated. There is an important aspect that is not captured in the diagram, and that is 

the way the Monitor concludes that all Workers are idle. When the 

set_node_status (wid, status) message is received, and all Workers are idle, 

a timer is started. This timer can be cancelled only by a new 

set_node_status (wid, status) message that indicates that a Worker has 

become active again. The reason why this can happen is presented in section 4.5. If the 
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timer succeeds to reach the timeout state, then, and only then, the Monitor considers 

the propagation terminated. 

5.6 Constraint system partitioning 

A theoretical description of the procedure of partitioning a constraint system is presented 

in section 4.10. The partitioning process is accomplished by the ConstraintSystem 

actor. 

A configuration file specifies the number of partitions to be created and the name of a 

text file that contains the constraint system to be partitioned. Based on this information, 

the ConstraintSystem actor opens the file, loads the constraint system, and then 

creates a network of constraints by partitioning it in the corresponding number of 

partitions. To accomplish this, the ConstraintSystem actor uses a set of objects as 

indicated in Figure 5.12. 

ICS as text constraints c.partition NodeForVar 

ICSParser ICSPartftlonar ICSDlstrlbutor 
variables v.partitions 

Figure 5.12 The partitioning modules and their interaction 

The file that contains the interval constraint system (ICS) specifies it as a set of clusters 

of primitive constraints. The content of the file is parsed by the ICSParser module that 

creates as output a set of constraints and set of variables. Each constraint has associated a 

cluster id from which is part of. The constraints indicate the variables that they share 

through some unique ids. 

Next, the partitions are created. The ICSPartitioner module takes the list of 

constraints and the list of variables, and generates the partitions, using a greedy strategy, 

to assign clusters to partitions, as presented in section 4.10. Each constraint c is assigned 

to a partition, situation illustrated in Figure 5.12 by generating the output c.partition. 

Moreover, for each variable v, a set of partitions where the variable is to be distributed is 

calculated. This is indicated in Figure 5.12 by illustrating the output v.partitions. 
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Finally, the ICSDistributor module creates the network of constraints and the 

associated shared variables. A set of NodeForVar pairs is generated, each pair 

indicating a node that has to be informed when a shared variable is changed. 

All this information constitutes the network of constraints and the associated shared 

variables, and are used by the ConstraintSystem actor to distribute the partitions to 

the participating Worker actors. 



6 System's performance 

This chapter presents some experiments and measurements that reflect the perfonnance 

of the implementation of the model proposed in this thesis. 

6.1 Premises 

Typically, in terms of computation costs, performing a constraint contraction requires 

only a small number of floating-point operations, which takes about 10-20 microseconds 

(Pentium III at 733MHz). On the other hand, to perform the experiments, due to lack of 

availability of faster connections, a distributed system of Linux workstations connected 

through a IOMbps Ethernet network has been used. For this system, the round-trip 

. communication time was in the range of 500-1000 microseconds. This lead to a situation 

in which there was a huge discrepancy between the time required to perform an 

elementary operation, that is, a constraint contraction, and the communication time 

required to transmit the changes between the computation nodes. In addition, due to 

difficulty of coding some very large problems as test cases, the problems to be solved 

were quite small. As a consequence of all these settings, a Worker was most of the time 

idle, waiting for update_ var () messages, and the performance of the system was very 

poor. 

The problem is the huge discrepancy between the time required to perform a contraction 

and the communication time required to transmit a change, due to the poor 

communication time of the system used as a test platform. However, the target system for 

the proposed model is a system in which these two times are about the same, since only 

.. in that case the changes produced by performing contractions in parallel can be 
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transmitted as soon as possible from one Worker to a different one and be beneficial for 

the receiving Worker. 

Since a system for which this requirement is met was not available, the time required to 

perform a constraint contraction was "stretched", so that it became about the same with 

the time required to transmit changes. In other words, the whole computation process was 

deliberately made slower, in order to emulate the target configuration. The measurements 

presented in this chapter have been made for these settings. 

6.2 Measurements significance 

The results are summarized in Table 6-1 and show the measurements for four different 

test cases. The table shows a comparison between the performance of the system running 

with 1, 2 and 3 Workers. Each Worker is executed on a separate machine. To provide a 

better understanding of the results, a brief explanation of how the system works and how 

the times are calculated is given. 

After the Monitor starts, it waits until the required number of Workers subscribe to it. 

This time is not included in measurements. Then, the Monitor starts the distribution of the 

constraints system. The 3rd column of the table indicates this time, that is, the distribution 

time. When the distribution is finished, the Monitor starts the propagation by sending a 

start_prop () message to each Worker. The time elapsed from this moment until all 

Workers become idle is required to perform the constraint propagation process, as it is 

perceived by the Monitor. This time is indicated in the 4th column of the table. 

As described in chapter 4, each Worker can be either idle or active. A Worker becomes 

idle when it has contracted all the constraints that it possesses, that is, its queue of active 

constraints is empty. A Worker is active when it is contracting constraints, that is, its 

queue of active constraints is not empty. A Worker can change its status several times 

during the propagation. For instance, a Worker can become idle and later be reactivated 

because of some shared variable that are changed by a different Worker. The number of 

times a Worker changes its status during the propagation process is indicated in column 

9. Columns 10 and 11 indicate the time a Worker is idle, respectively active, during its 
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eg 
M: Monitor 

Wi: Worker i, where i=0 .. 2 

Monitor 

Distr: Distribution time 

Prop: Propagation time 

Total: Total time 

Worker 

Total: Total number of update_variable messages 

Succ: Succesfull update_variable messages 

Chg: Number of times the status of a worker has been changed (from idle to 
propagation or propagation to idle) 

Contr: Number of constraint contractions performed by this Worker 

Idle: Idle Time 

Proo: Prooaoation time 

lifetime. These elements can be used to give an indication of how well the computation 

capacity of a Worker is used. As will be seen later in this chapter, it is desirable that a 

Worker is idle as little as possible during the constraint propagation process as it is seen 

by the Monitor. 

A Worker receives update messages from a different Worker when a shared variable is 

changed. Such a message is useful, causing the receiving Worker to successfully update 

its local copy of the shared variable, only when it carries a smaller interval for the 

variable. Therefore, from the total number of update messages that a Worker receives 

( column 6), only a fraction is successful ( column 7). 

The total number of constraint contractions performed by a Worker is indicated in 

column 8, and depending on the size of the problem, this can show if a problem requires 

a large or a small number of contractions to reach the final result. 

When all Workers become idle, the Monitor stops the timer that measures the 

propagation time. This time, indicated in column 4, includes the time a Worker is active 

and the time a Worker is idle. The time indicated in column 5 is the total time required to 

solve the problem and includes both the distribution time (column 3) and the propagation 

time ( column 4). This time is used to make a comparison between the performance of the 



6 System's pe,formance 85 

system with 1 node and 2 or 3 nodes. The speed-up indicated in column 12 is calculated, 

using the following formula: 

Total. 
Speedup= ' 

Total1 

In the above formula Total I is the total time required to solve the test case with i nodes, 

where i = 1..3. 

6.3 Test cases interpretation 

This section presents the four test cases used to perform comparisons and also gives an 

interpretation of the results shown in Table 6-1. 

6.3.1 Test case 1 

The following system of equations cited in [31] has been used as test case 1: 

X1 + X2 + X3 + X4 -1 = 0 

X1+X2 -X3 +x4 -3=0 
2 2 2 2 4 0 x1 +x2 +x3 +x4 - = 
2 2 2 22 30 X1 + X 2 + X3 + X4 - X 1 - = 

This test case illustrates a problem that requires a small number of contractions to 

perform a complete propagation, and as a consequence, it converges very fast to the final 

result. As can be noticed, there is no speed-up for this particular problem. The reason for 

this is not only that the problem converges fast, but also that the penalty in time required 

to perform the distribution of the partitions to the participating Workers is very large 

compared with the time required to perform the actual constraint propagation. 

6.3.2 Test case 2 

Test case 2 is the following one [37]: 
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This test case shows a very small problem that requires a larger number of contractions, 

to converge to the final result, than the previous one. Similar as the previous case, there is 

no speed-up achieved for this case either. As can be noticed, the time a Worker is idle is 

very large compared with the time a Worker performs contractions, and this is the reason 

for such a poor performance. The reason for this is that the problem is very small, and as 

a consequence, a Worker is most of the time idle waiting for update_ var () messages 

from other Workers. However, compared with the previous test case, despite the problem 

has a smaller size it performs better for the parallel case, and the reason for that seems to 

be the fact that the problem converges slowly, that is, it requires a large number of 

contractions to reach the final result. 

6.3.3 Test case 3 

Test case 3 shows an increase of performance when using 3 Workers. This is due to the 

fact that the problem converges slowly, and as a consequence, the time required to 

perform the constraint contractions is large. A speed-up is also obtained. The high 

number of successful update_ var ( ) messages are very important for the receiving 

Workers not only because the assure progress, but also because they act as shortcuts to 

the final result, and they shorten the propagation process. 

Known values: 
X =5 X =3 0 1 

X2 X3 X4 X5 X2 = 17 X5 = - I 
x

6
=2 x9 = 7 

x 10 = 3 XU= -2 

x6 X7 Xg 

X10 Xu 

Figure 6.1 Test case 3 
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Test case 3 is built as a grid of 4 by 4 nodes. The values of the nodes on the edge of the 

grid are known. The value of a node inside the grid is unknown but is calculated as a 

mean of the values of the neighbouring nodes. Figure 6.1 shows the grid, the unknowns 

assigned to each node and the values for the known nodes. 

The unknowns for the grid given in Figure 6.1 are x3 ,x4 ,x7 and x8 • The following 

system of equations can be built: 

4x, = Xo + Xz + X4 + X7 

4x4 = x1 + x5 + x3 + x, 
4x7 = X 3 + X8 + X6 + X10 

4x8 = x4 +x1 +x9 +xu 

This proves to be a slowly convergent problem, ideal for our experiments. Another 

advantage of this problem is that the grid can be enlarged as much as required without too 

much difficulty. 

6.3.4 Test case 4 

This test case is the largest one. It shows a gain in performance for both the two and three 

node cases. As can be noticed, the problem requires a great amount of computation time, 

denoted by the large number of contractions that have be performed. 

x, X4 x, 

Xs X9 XIO 

x1, X14 XIS 

XIS Xl9 

Known values: 
x

0
= 9 x1 =2 

x. X3 =-3 
xs=7 
X13 = I 

X11 XIS= -4 X19 = 1 

X1• 

X20 

Figure 6.2 Test case 4 
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This test case is similar with the previous one except that a 5 by 5 grid is used. Figure 6.2 

shows the used grid and also the values for the known nodes. 

The unknowns for the grid given in Figure 6.2 are x4 ,x5,x6,x9,x10 ,x11 ,x14 ,x15 andx16 • 

The system of equations used to calculate their values is the following one: 

4x4 = x, +x9 +x0 +x3 

4x, = xI +x4 +x6 +x10 

4x6 =x, +x11 +x2 +x1 

4x9 = x4 + Xw + x8 + x14 

4xw = x, + x11 + x9 + x15 

4xll = x. + x,2 + X10 + X16 

4x14 = x, + X15 + X13 + Xis 

4X15 = X10 + X16 + X14 + X19 

4xl6 = X11 + X15 + x,1 + X20 

6.4 The CPI parameter 

As shown by the test cases, successful update_var () messages are beneficial for 

reducing the time required to perform propagation. This suggests that as soon as a 

Worker finds a new value for a variable it should send update_ var ( ) messages to the 

other Workers that share the same variable. However, as was described at the end of 

section 4.8.1, for a distributed system it is desirable to reduce the communication 

between nodes and to increase the computation time between consecutive 

communications. Therefore, there are two contradictory requirements. On the one hand, 

update_var () messages should be sent as much as possible, not only because they 

lead to progress, but also because they produce shortcuts in the propagation process. On 

the other hand communicating too often, and reducing the ratio between computation and 

communication, reduces the performance of a distributed system. 

The CPI ( constraints per iteration) parameter is used to allow a compromise between the 

two contradictory elements. As described in section 5.2.5, CPI indicates how many 

constraints a Worker contracts before it sends update_ var() to the other Workers. 
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The results indicated in Table 6-1 are for a CPI equal to I. As explained in section 6.1 the 

experiments have been performed in a special context in which the communication time 

is about the same as the contraction time, so the CPI is not of much relevance. However, 

if the problem to be solved is very large, it is very likely that a distributed system in 

.'which the communication time is larger than the time required to perform a constraint 

contraction can also be used with success in solving it. In that case, CPI can be used to 

tune the system. 

6.5 Conclusions 

There are several conclusions that ca be drawn from analyzing the results produced by 

the four test cases indicated in Table 6-1 and also from performing some experiments 

without the special settings indicated in section 6.1: 

• Successful update_ var() messages are very important in reducing the 

time required to perform propagation. Not only that they assure progress, but 

they also act as shortcuts for the receiving Workers. 

• However, for a distributed system, in which there is a large communication 

time compared with the contraction time, it is not appropriate to send 

update_ var ( ) messages after each constraint contraction. 

• Slowly convergent problems benefit from a distributed propagation since they 

require more contractions to reach the final result. 

• The larger the problem to be solved, the shorter the time a Worker is idle, and 

more likely a speed-up will be obtained. 

• In order to have a real gain in performance when using a larger number of 

computation nodes, there is a need for a system for which the communication 

time is comparable with the time required to contract a constraint. 



7 Conclusions 

This chapter presents the conclusions of the research carried out for this thesis. Firstly, 

the motivation of this research is presented, followed by the major accomplishments. The 

chapter concludes by indicating some potential improvements and ways of extending the 

current work and its results. 

7 .1 Research motivation 

Interval constraints is a numerical method that has remarkable properties with respect to 

the result yielded. However, there are many complex numerical problems for which the 

time required by intervals constraints to produce a result is relatively long. Although, 

there is still a positive aspect that consists of the fact that the way the primitive 

constraints must be activated is practically unconstrained, which makes the constraints 

propagation process suitable for parallelism. 

On the other hand, parallelism, in the form of some cheap hardware interconnected 

through some kind of cheap high-speed communication medium, has been proved to be a 

very attractive and ubiquitous solution for solving complex problems, for both 

economical and performance reasons. 

The goal of this research was to present a flexible parallel architecture for an interval 

constraints propagator that can be implemented on a cheap distributed system, motivated 

by the intrinsic suitability for parallelism that constraints activation have, and by the gain 

in performance provided by a parallel approach. 



7 Conclusions 91 

7 .2 Accomplishments 

This thesis presents a distributed architecture for solving the constraint propagation 

process based on coordination. The presented model is based on a set of communicating 

agents that cooperatively participate in the process of solving the constraint propagation. 

One of the main advantages that the proposed model has is flexibility. This characteristic 

results from the fact that the architecture is a modular one, based on agents that 

encapsulate their data and communicate through a message passing mechanism. The 

message passing mechanism is a very flexible and elegant model that can be used to write 

parallel programs not only for a real distributed memory model, but also for a system that 

underneath uses a shared memory model. This allows that the proposed architecture be 

implemented on different kind of concrete systems. More specifically, in addition to the 

main target, that is, a distributed system composed of a set of workstations connected 

through a communication network, it is possible to have implementations, following the 

same model, for other kind of systems, such as a tightly-coupled parallel system that 

emulates a message passing model. 

The thesis also presents a concrete implementation of the proposed model that runs on a 

distributed system, consisting of a set of workstations, running Linux, and connected 

through an Ethernet network. The core functionality specified by the architecture is 

implemented in C++ as a collection of passive objects. The passive objects are used by a 

set of agents that communicate and coordinate their activity using facilities provided by 

COOL. The whole constraint propagation process is solved as coordination between the 

agents. 

The experimental results, for the distributed system used as a test platform, show that the 

parallel approach is worthy for large problems, in which the time Workers are idle is 

reduced. This requirement is a result of the fact that the communication time required to 

send an update message from a Worker to another one is much greater than the time 

required to perform a contraction. If the problem is large, the penalty introduced by 

communication is compensated since the Workers are busy anyway with doing 

contractions. Therefore, the optimal preferred situation is the one in which a Worker is 
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busy most of the time performing contractions on a large set of constraints and, the time 

it waits, blocked, for update messages from other Workers, is a lot Jess, ideally null. 

Moreover, it is desirable that the communication time required to send an update message 

for a variable be comparable with the time required to perform a few contractions. In 

order to have a speed-up, for an implementation of the model described in this thesis for a 

distributed system, the ratio between computation and communication has to be 

sufficiently large (CPI parameter). Finally, the experiments show that slowly convergent 

problems benefit from a parallel approach, since they require many contractions to be 

solved, that is, long computation time. 

On the other hand, the experimental results presented in chapter 6 show that update 

messages are beneficial in reducing the propagation time by acting as shortcuts for the 

propagation. However, as indicated in the previous paragraph, for a distributed system, to 

accomplish a speed-up, it is desired to have a large ratio between computation and 

communication. These two conclusions are contradictory and might suggest that a 

multiprocessor system is more appropriate for a parallel constraint propagation. However, 

today's hardware is changing very fast and there are already fast telephone switches, 

interconnected through high-speed optical fibers, for which the computation time is 

comparable to the communication time. Therefore, the proposed model is valuable for 

such kind of systems. 

Another significant conclusion, indicated by measurements also, shows that grouping 

together the primitive constraints that are produced by the same complex consti:aint is 

also very important when a constraint system is partitioned in subsystems. The groups 

that are formed must not be broken and must be assigned to the same partition. In this 

way, no additional communication between Workers is introduced when shared variables 

need to be updated. Moreover, clustering combined with a greedy strategy for assigning 

the clusters to partitions lead to the creation of some optimal partitions for which the cost 

of communication is reduced, as opposed to the situation when the partitions are 

randomly created. 
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7 .3 Future work 

As presented in section 2.4 solving a constraint system implies an alternation of 

constraint propagation and splitting. However, the solution presented in this thesis 

includes only propagation. Therefore, a natural next step would be to extend the current 

architecture with splitting capabilities. The modular aspect of the proposed architecture 

should make the addition of splitting a reasonable task in terms of complexity. A possible 

solution would be to have a new Split agent that would implement the functionality 

required to perform splitting. 

The propagation process assumes a set of primitive constraints. However, a problem is 

normally described through a set of complex constraints. Therefore, the complex 

constraints have to be translated into a set of corresponding primitive constraints that are 

used by the propagator. This process of translation can be done manually, but for large 

and complex systems of equations it becomes tedious and error prone. Thus, an 

appropriate module that does the translations would be beneficial. The translator could be 

implemented as a parser that takes as input a complex constraint as string and generates 

"as output a list of primitive constraints. In this way, the primitive constraints that are 

yielded by a complex constraints can be grouped together, situation preferred, as 

presented in section 4.10, in order to avoid additional overhead introduced by updating 

shared variable. 

As indicated by the experimental results, the system performs better if the 

communication between Workers is minimized. This goal can be achieved while the 

constraint system is partitioned in subsystems, by creating some partitions between which 

the number of shared variable, that is, the messages required for updates, is minimized. In 

the current implementation, the partitions are created using a greedy strategy combined 

with clustering. This local optimization method produces good results, but may not 

produce the best ones. A possible improvement would be to envisage a system that 

always produces the most optimal partitions, that is, the ones in which the number of 

shared variables is minimum. 



Glossary 

Active constraint 

Active entity 

Active object 

Actor 

Agent 

Channel 

Chaotic iteration 

Complex constraint 

A constraint for which its associated contraction operator has to 

be applied or reapplied. 

An entity that can execute concurrently and asynchronously of 

other entities. For example, a process, a thread, an agent, or an 

active object. 

An object that has its own thread of control and that can 

execute independently of other active objects. 

A concrete implementation in COOL of an agent from the 

conceptual model. 

In the context of this thesis an agent is an active object that is 

part of the conceptual model. 

A way of designating the source and the destination of a 

message, in a message passing scheme, used in Occam [20]. A 

channel connects two and only two processes, providing ·a one­

to-one communication, that is, a single process can send to the 

channel and a single process can receive from the channel. 

A general mathematical framework that formalizes constraint 

propagation algorithms used in solving several kinds of 

constraint satisfaction problems. 

A constraint which is not primitive, and which usually specifies 

a more complicated mathematical relation, but which can be 
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Computation node 

Concept 

Concurrency 

Consistent 

Constraint 
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decomposed in a set of primitive constraints. See also 

constraint and primitive constraint. 

Also shortly called just node. A machine or a processor, 

equipped with computation power. For this application a node 

has to be equipped with a floating-point unit required for the 

computations that have to be performed in the process of 

solving a constraint system. 

An abstraction of a set of phenomena (ideas or things) which 

have common properties. 

Some authors consider concurrency as a synonym for 

parallelism. However, it might be useful to see it not as 

execution of source program text, but execution of machine 

instructions. Compare parallelism. 

A constraint system is consistent if all its unknowns have 

domains for which all constraints are satisfied. Compare 

inconsistent. 

A mathematical relation (an equality or an inequality) that 

involves a number of unknowns, and that specifies a restriction 

that the unknowns must satisfy. There can be primitive or 

complex constraints. 

Constraint propagation The procedure of solving a constraint system by repeatedly 

applying the contraction operator on each constraint until there 

are no more changes of the intervals associated with the 

unknowns of each constraint. 

Constraint satisfaction A CSP consist of a set of unknowns that are part of a problem, a 

problem set of associated domains of values, and set of constraints, each 

on a subset of the whole set of unknowns. A CSP has the goal 

of finding values for the set of unknowns, which simultaneously 

satisfy the set of constraints. 
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Constraint subsystem Synonym for partition. 

Constraint system The basis used by the interval method in the process of solving 

a problem. A constraint system consists of a set of primitive 

relations, a set of constraints, a set of unknowns, and a state. 

ConstraintSystem 

CPI 

CSP 

Contraction operator 

Data parallelism 

Distributed memory 

Distributed 

Domain 

Art agent that encapsulates a particular constraint system. It 

takes care of partitioning it, of distributing it to the Worker 

agents and eventually of collecting the results. 

Constraints Per Iteration. Represents the number of constraints 

a Worker contracts before it sends update messages for the 

changed variables to the corresponding Workers. 

See Constraint satisfaction problem. 

An operator associated with each primitive constraint used to 

contract the intervals associated with the unknowns that are part 

of the constraint. 

A parallel programming paradigm that exploits the 

concurrency that derives from applying the same operation on 

multiple elements of the same data structure. In its simplest 

form the data parallel programming model extends a sequential 

programming language with parallel constructs for handling 

large aggregates of data such as arrays. It is specific for the 

SIMD model. 

A MIMD parallel processing model composed of a set of 

processors, each having its own private memory as opposed to 

one large memory pool for all processors, as in the shared 

memory model. 

See loosely coupled system. 

The set of values that an unknown can take, so that the 

constraints the unknown is part of are still satisfied. In the strict 
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EREW 

Inconsistent 

Interval 

Interval constraint 

system 

Independent 

Lightweight process 

Loosely coupled 

system 

Message passing 
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context of the interval constraints method it is the interval 

associated with the unknown. 

Exclusive Read Exclusive Write. A subclass of the PRAM 

model, in which only one exclusive operation of reading or 

writing is permitted to a particular location of memory address 

at a given time. 

A constraint system is inconsistent if it has at least one 

constraint whose unknowns have domains of values for which 

the constraint is unsatisfied. Compare consistent. 

A continuous set of ordered values delimited by a lower and an 

upper bound. 

See constraint system. 

Executing independently means executing concurrently and 

asynchronously with the rest. It refers to the execution of a 

process, thread, or any other active entity. 

Also known as thread. A process that has its own registers, 

stack, and program counter, but which shares other data, such 

as the heap and file descriptors, with other threads. See also 

process. 

Also know as multicomputer or distributes system. In contrast 

to the tightly coupled system, the processors of this system do 

not share memory or a common clock. Instead, each processor 

has its own memory and communicates with other processors 

through different kind of communication lines, such as high­

speed networks or telephone lines. Compare tightly coupled 

system. 

A parallel computing paradigm in which a problem is solved 
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MIMD 

Model 

Multicomputer 

Multiprocessor 

Monitor 

Node 

Object 

Paradigm 

Parallelism 

Partition 

Passive object 

PRAM 
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by a set of cooperating processes for which the only way to 

communicate and synchronize is sending each other messages. 

Multiple Instructions Multiple Data. An architecture consisting 

of several processors capable of executing individual 

instruction streams on different sets of data. Compare SIMD. 

An abstraction of a system that contains only essential details, 

and which is aimed at simplifying the reasoning about the 

system. 

See loosely coupled system. 

See tightly coupled system. 

An agent that initializes, starts, monitors, and decides when the 

results of the constraint propagation must be collected. 

Short name for computation node. 

An instance of a class that has an identity and encapsulates 

attributes and behaviour. Informally, an example of a concept. 

Synonym for model. 

In the context of this thesis, refers to computation performed 

concurrently, regardless if the performing system is a 

multiprocessor or a multicomputer, of a textual representation 

of a program. Some authors use it just to refer to the 

computation performed by a multiprocessor system. See also 

concurrency and distributed. 

In the context of parallelism, a constraint system must be split 

in several parts called partitions or constraint subsystems. 

An object that has no thread of control. 

Parallel Random Access Machine. An idealized model, often 

used in theoretical studies of parallel algorithms, in which any 
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Primitive constraint 

Process 

Program 

Propagator 

Scalable 

Shared memory 

Solution 

SIMD 
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processor can access any memory location in the same amount 

of time. 

A simple mathematical relation that has a contraction operator 

associated. See also constraint and complex constraint. 

Also known as heavyweight process. The execution of a 

program. A process might require internal concurrency, need 

satisfied by lightweight processes or threads. See program and 

lightweight process. 

A computational activity written in a programming language 

and represented as text. 

A class that encapsulate and is able to solve a partition of a 

constraint system. 

The greatest floating-point number not greater than r. 

The smallest floating-point number not smaller than r. 

A system is scalable if it is capable of delivering an increase in 

performance proportional to an increase in size (resources). 

A MIMD parallel processing paradigm characterized by having 

multiple processors that exchange information by reading and 

writing a globally shared random access memory space. 

Compare distributed memory. 

A set of values, one for every unknown, such that every 

constraint is satisfied. See unknown and constraint. 

Single Instruction Multiple Data. A widely accepted way of 

classifying computer architectures based on the instruction 

streams and data streams a specific hardware handles. A SIMD 

model is composed of many processors, each with its own 

memory. Each processor executes the same instruction 

simultaneously on its set of data. Compare MIMD. 
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Sound 

State 

Task 

Thread 

Tightly coupled 

system 

Transputer 

Tuple 

Unknown 

Variable 
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In the context of interval constraints it refers to the properties 

of the interval method. It indicates that the solution provided by 

the interval method is correct and complete. 

The fourth component of an interval constraint system. This is 

the set of intervals associated with the unknowns. The state 

indicates the information about the solution, by specifying a 

value, as an interval, for each unknown. See also constraint 

system. 

Some authors use task as synonym for process. However, in 

this thesis a task has its primary meaning of an assigned piece 

of work (activity) that has to be performed. 

See lightweight process. 

Also know as multiprocessor systems. Such a system has more 

than one processor that are closely connected and that share the 

computer bus, the memory and the peripheral devices. Compare 

loosely coupled system. 

A single chip that has a single processor, its own memory, and 

four communication links. It can be networked directly with 

other transputers and used very efficiently for massively 

parallel programs. 

The components of the Linda [ 17] memory model ( called tuple 

space). There two kinds of tuples: process tuples under active 

evaluation and data tuples that are passive. 

A placeholder for one value. The interval constraints method 

seeks a value for it. Occurs in a constraint. See solution. 

Compare variable. 

Occurs in a computer program; its value might vary even if it 

might not do so. Compare unknown. 
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Vector processing 

Vectorizing compiler 

Worker 
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Is a style of program execution that exploits the large potential 

for concurrency present in loops. A vector processor provides 

special hardware for operating on vectors of data. 

A compiler which locates expressions within a loop that can be 

evaluate for the entire iteration space at once, by reordering 

statements in a loop so that such execution is equivalent to the 

initial code. 

An agent that performs the actual constraint propagation on a 

partition of a constraint system. 
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Appendix A Source code 

This appendix contains the source code for the most relevant parts of the system. First 
part contains the header files for the passive objects. The second part contains the source 
code for the actors. 

A.l The passive objects 

This section contains the header files for the passive objects. The passive objects are 
described in section 5 .2, and implement the core functionality of the constraint 
propagation. 

A.1.1 The Variable class header file 

#ifndef VARIABLE_H 
#define VARIABLE H 

#include 11 Constraint.h 11 

#include 11 real.h 11 

#include 11 cptypes.h 11 

#include 11 Propagator.h 11 

#include <set> 
#include <Stack> 
#include <deque> 

class Constraint; 
class Propagator; 

class Variable 
{ 
private: 

Variableld id; 
Real val; 
set<Constraint*> c; // constraints that share this variable 
std::stack<Real> stack; 

protected: 
Propagator •propagator; 
Variable () {} 

public: 
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} ; 

Variable(Variableld, Propagator *prpg); 
Variable(Variableld, canst Real&, Propagator *prpg); 
Variable(Variableld, canst double, Propagator *prpg); 
Variable(Variableld, canst double, canst double, 

Propagator *prpg); 
virtual -Variable() {} 

Variableld getid() { return id; } 
Real getValue() { return val; } 
double getLB() { return val.getLB(); } 
double getUB() { return val.getUB(); } 
set<Constraint*>& getConstraints() { return c; } 

bool update(const double lb, canst double ub); 
bool update(const Real &v); 

void addConstraint(Constraint* con); 
void delConstraint(Constraint* con); 
int getNoRefCons() { return c.size(); 

// gets the number of refering Cons 

void store () ; 
void restore(); 

#endif 

A.1.2 The SharedVar class header file 

#ifndef SHAREDVAR H 
#define SHAREDVAR_H 

#include 11 real.h 11 

#include 11 cptypes.h" 
#include "Variable.h" 
#include <vector> 

class SharedVar public Variable 
{ 
private: 
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vector<Nodeid> nodes; // ids of nodes that share this variable 
SharedVar() {} 

public: 
SharedVar(Variableid i, Propagator *p) : Variable(i,p) {} 
SharedVar(Variableld i, canst Real& v, Propagator *p) 

: Variable(i,v,p) {} 
SharedVar(Variableld i, canst double lu, Propagator *p) 

: Variable(i,lu,p) {} 
SharedVar(Variableid i, canst double lb, canst double ub, 

Propagator *p) 
: Variable(i,lb,ub,p) {} 

void addNode(Nodeld n) { nodes.push_back(n); } 
vector<Nodeld>& getNodes() { return nodes; } 
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bool local() { return nodes.size() 
} ; 

#endif 

A.1.3 The Constraint classes header file 

#ifndef CONSTRAINT H 
#define CONSTRAINT H 

#include 11Variable.h 11 

#include "cptypes.h 11 

#include <set> 

class Variable; 

class Constraint 
{ 
public: 

virtual -constraint() {}; 

0; } 

virtual bool shrink(set<Variable*>&) = O; 
// if shrink succeeds set contains the changed variables. 

virtual void getVariables(set<Variable*>&) O; 
Constraintid getid() { return id; } 

protected: 
Constraintid id; 

} ; 

!•• 
* Primitive constraint of type x + y z 
*I 

class Sum: public Constraint 
{ 
private: 

Variable *x, *Y, *z; 
public: 

}; 

/** 

Sum (Constraintid, Variable*, Variable*, Variable*); 
-sum() ; 
bool shrink(set<Variable*>&); 
void getVariables(set<Variable*>&); 

* Primitive constraint of type x * y z 
*I 

class Prod public Constraint 
{ 
private: 

Variable *x, *y, *z; 
public: 

} ; 

Prod(Constraintid, Variable*, Variable*, Variable*); 
-Prod() ; 
bool shrink(set<Variable*>&); 
void getVariables(set<Variable*>&); 
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/** 
* Primitive constraint of type x <= y 
•! 

class Leg : public Constraint 
{ 
private: 

Variable *x, *Y; 
public: 

} ; 

!•• 

Leg(Constraintid, Variable*, Variable*); 
-Leg() ; 
bool shrink(set<Variable*>&); 
void getVariables(set<Variable*>&); 

• Primitive constraint of type x y 
*I 

class Eg: public Constraint 
{ 
private: 

Variable *x, *y; 
public: 

} ; 

!•• 

Eq(Constraintid, Variable*, Variable*); 
-Eg () ; 
bool shrink(set<Variable*>&); 
void getVariables(set<Variable*>&); 

* Primitive constraint of type xAn y 
*/ 

class PowerN: public Constraint 
{ 
private: 

Variable *x, *y; 
int n; 

public: 

} ; 

#endif 

PowerN(Constraintid, Variable*, Variable*, int); 
-PowerN (); 
bool shrink(set<Variable*>&); 
void getVariables(set<Variable*>&); 

A.1.4 The Propagator class header file 

#ifndef PROPAGATOR_H 
#define PROPAGATOR H 

#include "Variable.h" 
#include 11 Constraint.h 11 

#include <Set> 
#include <Stack> 
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#include <deque> 

class Variable; 
class Constraint; 

class Propagator 
{ 
private: 

set<Variable*> v; // the set of variables 
set<Constraint*> c; // the set of constraints 
deque<Constraint*> qac; // the queue of active constraints 
stack<deque<Constraint*> > qacStack; 

Constraint *crtActiveCon; 
bool propagateChanges; 

public: 
Propagator() ; 
-Propagator() ; 

void addVariable(Variable •var) { v.insert(var); 
void addConstraint(Constraint *con); 
void delConstraint(Constraint *con); 

void activateAll(); 
void variableChanged(set<Constraint*> &cons); 

void store(); 
void restore(); 

bool shrink(unsigned long maxiter, unsigned long &actualiters, 
set<Variable*> &changedVars); 

bool done() { return qac.empty(); } 

bool probe(Variable •var, bool propagateChanges); 
private: 

} ; 

#endif 

bool tryLeft(int fraction, Variable •var); 
bool tryRight(int fraction, Variable •var); 

A.1.5 The PPropagator class header file 

#ifndef PPROPAGATOR H 
#define PPROPAGATOR H 

#include 11 SharedVar.h 11 

#include 11 Constraint.h 11 

#include 11 cptypes.h 11 

#include "Propagator.h" 
#include <map> 
#include <vector> 
#include <deque> 
#include <iostream> 
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class PPropagator 
{ 
private: 

map<Variableid, SharedVar*> v; // map[variableid,variablel 
map<Constraintid, Constraint*> c; // map[constraintid,constraint] 
set<SharedVar*> cv; // set of changed variables 
SharedVar* ccv; // current changed variable 
vector<Nodeid>::iterator en; // current node 

Propagator p; 
unsigned long cpi; // contractions per iteration 

public: 
PPropagator(unsigned long cpi) { this->cpi = cpi; } 
-PPropagator(); 

} ; 

bool addVariable(Variableid); 
bool addVariable(Variableid, const double); 
bool addVariable(Variableid, const double, const double); 

bool addSum (Constraint Id, Variableid, Variable Id, Variableid).; 
bool addProd(Constraintid, Variableid, Variableid, Variableid); 
bool addLeq(Constraintid, Variableid, Variableid); 
bool addEq(Constraintid, Variableid, Variableid); 
bool addPowerN(Constraintid, Variableid, Variableid, int); 

bool addNodeForVariable(Nodeid, Variableid); 

void activateAll(); 
bool shrinkDone() { return p.done(); } 
bool shrink(bool probe); 

bool updateVariable(Variableid, const double, const double); 

SharedVar* getVariable(Variableid); 
double getLBVariable(Variableid); 
double getUBVariable(Variableid); 

bool hasChangedVariables() { return cv.size() > O; } 
Variableid getNextChangedVariableid(); 
double getUBChangedVariable(); 
double getLBChangedVariable(); 

bool hasNodes () ; 
Nodeid getNextNodeid(); 

#endif 

A.1.6 The ICSParser class header file 

#ifndef ICSPARSER H 
#define ICSPARSER H 

#include 11 ICSTypes.h 11 



Appendix A Source code 

#include <vector> 
#include <string> 

class ICSParser 
{ 
public: 

void parse(const char fName[], vector<Con>& c, int& noClusters, 
vector<Var>& v, vector<int>& varsToColl); 

ICSParser(); 
-ICSParser (); 

private: 

} ; 

#endif 

bool readVar(const string &s, Var &v); 
bool readcon(const string &s, Con &c); 
bool readVarsToColl(const string &s, vector<int> &v); 
void errorAtRead(const char* fName, int lineNo); 

int crtCluster; 
int crtid; 

A.1.7 The ICSPartitioner class header file 

#ifndef ICSPARTITIONER_H 
#define ICSPARTITIONER_H 

#include "ICSTypes.h 11 

#include <vector> 
#include <algorithm> 
#include <map> 
#include <set> 

class ICSPartitioner 
{ 
public: 
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void partition(vector<Con>& c, vector<Var>& v, int noPartitions); 
int cost(); 
ICSPartitioner(); 
-ICSPartitioner(); 

private: 
struct SimpleVar 
{ 

} ; 

int id; 
set<int> partitions;// the partitions sharing this variable 
SimpleVar() {} 

void assignVarToPartition(int vid, int partition); 
void addCon(Con c, int toPartition); 
void restore(); 
void store(); 

// the current state of the system; 
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// used to calculate a possible new best state 

} ; 

set<Con> cl; 
map<int,SimpleVar> vl; 

// the best partitions 
// used to restore the 
set<Con> co; 
map<int,SimpleVar> vO; 

#endif 

// the set of constraints 
// the set of variables 

found so far; 
state of the system 
// the set of constraints 
// the set of variables 

A.1.8 The ICSDistributor class header file 

#ifndef ICSDISTRIBUTOR_H 
#define ICSDISTRIBUTOR_H 

#include 11 ICSTypes.h 11 

#include <vector> 

class ICSDistributor 
{ 
public: 

ICSDistributor(); 
-ICSDistributor(); 
void distribute(vector<Var> &v, vector<Con> &c, 

vector<NodeForVar> &nfv); 
} ; 

#endif 

A.1.9 The ICSTypes header file header file 

#ifndef ICSTYPES_H 
#define ICSTYPES_H 

#include "real.h" 
#include <set> 

struct Con 
{ 

int id; 
int type; 
int vlid, v2Id, 
int n; 
int cluster; 
int partition; 

v3Id; 

Con() { id=type=v1Id=v2Id=v3Id=n=cluster=partition= -1; 
Con(int id, int type, int vlid, int v2Id, int v3Id, int n, 

int cluster, int partition) 
{ 

this->id = id; 
this->type = type; 
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}; 

thiS->Vlid =Vlid; 
thiS->V2Id =V2Id; 
this->v3Id =V3Id; 
this->n = n; 
this->cluster = cluster; 
this->partition = partition; 

friend bool operator<(const Con& cl, const Con& c2) { 
return cl.id<c2.id; 

} 

struct Var 
{ 

} ; 

int id; 
Real val; 
bool isConst; 
set<int> partitions; 

Var() {} 

struct NodeForVar 
{ 

int node; 
int var; 
int destNode; 
NodeForVar(int n, int v, int d) { node=n; var=v; destNode=d; } 

#endif ICSTYPES H 

A.2 The active objects 

This section contains the source code for the actor interfaces. 

A.2.1 The Monitor actor interface 

actor class Monitor 
{ 
Start: 

message INIT(string m); 
RegisterToMom: 

message register_as_monitor(); 
message register_ack(bool succeded); 

Subscribe: 
message subscribe(Worker w); 

SetNodeAddrs: 
message set_node_addrs(); 
message set_node_addr_no_ack(int wid); 
message set_node_addr_ack(int wid); 

StartDistribution: 
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message start_distribution(); 
message start_distribution_ack(); 

WaitForEndOfDistribution: 
message distribution_done(); 

WatchPropagation: 
message distribution_done(); 
message start_prop(); 
message start_prop_no_ack(int wid); 
message start_prop_ack(int wid); 
message set_node_status(int wid, bool s); 
message propagation_done(); 

CollectResults: 
message start_collect_results(); 
message start_collect_results_ack(); 
message done_collect_results(); 

DismissWorkers: 
message done_collect_results(); 
message dismiss_workers(); 

DeregisterAsMonitor: 
message deregister_as_monitor(); 
message deregister_ack(bool succeded); 
message kill() ; 

A.2.2 The Worker actor interface 

actor class Worker 

Start: 
message INIT(string m); 

SearchMonitor: 
message lookup_monitor(int n); 
message lookup_ack(actor a); 

SubscribeMonitor: 
message subscribe_to_monitor(); 
message subscribe_ack(int i); 

ReceiveConstraintsSystem: 
message set_node_addr(int nodeid, Worker addr); 
message addVar(int varid, real lb, real ub); 
message addSum(int conid, int vlld, int v2Id, int v3Id); 
message addProd(int conid, int vlid, int v2Id, int v3Id); 
message addLeq(int conid, int vlid, int v2Id); 
message addEq(int conid, int vlid, int v2Id); 
message addPowerN(int conid, int vlid, int v2Id, int n}; 
message add_node_for_variable(int nodeid, int varid); 
message start_prop(); 

Propagate: 

} 

message start_prop(); 
message propagate(); 
message update_var(int vid, real lb, real ub); 
message send_node_status(bool s); 
message set_node_status_ack(); 
message get_var(int vid); 
message kill() ; 
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A.2.3 The ConstraintSystem actor interface 

actor class ConstraintsSystem 
{ 
Start: 

message INIT () ; 
GetNodeAddrs: 

message set_node_addr(int nodeid, Worker addr); 
message start_distribution(); 

DistributeNodeAddrs: 
message start_distribution(); 
message distribute_node_addrs(); 
message resend_node_addr{int i, int j); 
message set_node_addr_ack(int ackNo); 

DistributeVariables: 
message distribute_variables(); 
message variable_distributed_ack{int ackNo); 

DistributeConstraints: 
message distribute_constraints(); 
message constraint_distributed_ack(int ackNo); 

DistributeNodeaForVariables: 
message distribute_nodes_for_variables(); 
message node_for_variable_distributed_ack(int ackNo); 

DistributionDone: 
message distribution_done(); 
message distribution_done_ack(); 

StartCollectResults: 
message start_collect_results(); 
message kill () ; 

CollectResults: 
message start collect_results(); 
message collect_var(int vid, int nodeid); 
message get_var_ack(int vid, real lb, real ub); 

EndCollectResults: 
message done_collect_results(); 
message done_collect_results_ack(); 
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AppendixB Propagator usage 

As described in section 5.2.3, the Propagator class has a modular implementation that 

allows to be used in either a parallel or a sequential constraint propagation. This appendix 

contains the source code that shows how the Propagator can be used in a simple C++ 

program to perform a sequential constraint propagation. 

B.1 The problem 

The following simple system is used to show the usage of the Propagator class. 

B .2 The source code 

#include 11 Propagator.h 11 

#include 11Variable.h 11 

#include "Cbnstraint.h" 
#include "flpt .h" 
#include 11 real.h 11 

#include <Cassert> 
#include <Set> 
#include <iostream> 
#include <iomanip> 

int main() 
{ 

{
(x + 3)* (y-2) = I 
X* y=l 

set<Variable*> changedVars; 
setc::Variable*> vars; 
set<Variable*>::iterator i; 
setc::Constraint*> cons; 
unsigned long iterations= O; 
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Propagator p; 

Variable *x, *Y, *xl, *x2, *x3, *x4, *xS; 

cout << setprecision(18); 

x new Variable(O,O,flpt::Posinf, &p); 
y new Variable(l, &p); 
xl new Variable(2, &p); 
x2 new Variable(3, &p); 
x3 new variable(4,3.0, &p); 
x4 new Variable(S,-2.0, &p); 
xS new Variable(6,1.0, &p); 
vars.insert(x); 
vars.insert(y); 

p.addConstraint(new Sum(O,x,x3,xl)); 
p.addConstraint(new Sum(l,y,x4,x2)); 
p.addConstraint(new Prod(2,xl,x2,x5)); 
p.addConstraint(new Prod(3,x,y,x5)); 

p.activateAll(); 

cout << 11 \nJust Propagation: 11
; 

p. store() ; 
p.shrink(lOOO,iterations,changedVars); 

for (i=vars.begin(); i!= vars.end(); i++) 
{ 

cout << 11 \n v[ 11 << (*i)->getid() << 11
] [

11 

<< (*i)->getLB() 
<< ", 11 << (*i)-:>getUB() << 11

]
11

; 

} 

cout << 11 \n Terminated in 11 <<iterations<< 11 iterations"; 
p. restore() ; 
iterations= O; 

cout << "\n\nPropagation and probing:"; 
cout << 11 \n - probing failed; ! probing succeeded\n "; 
do { 

unsigned long iter; 
if ( ! p.shrink(l, iter, changedVars) 
{ 

} 

cout << 11 \nEMPTY solution\n"; 
exit(O); 

for (i = changedVars.begin(); i!=changedVars.end(); i++) 
{ 

if p.probe(•i, false) 
cout << 11 ! 11

; 

else 
cout << 11

-
11

; 

changedVars.clear(); 
iterations++; 
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} 

} while ( ! p.done() ); 

for (i=vars.begin(); i!= vars.end(); i++) 
{ 

cout << "\n v[" << (*i}->getid() << nJ [" 
<< (•i)->getLB() 
<< 11

, 
11 << (*i)->getUB() << "]"; 

cout << 11 \n Terminated in"<< iterations<< 11 iterationsn; 
cout << endl; 

B.3 The result 

The program produces the following output: 

Just Propagation: 
V [OJ = [O, 436491673103 7084, 0. 436491673103 708511] 
V [l] = [2, 29099444873580538, 2, 29099444873580582] 
Terminated in 45 iterations 

Propagation and probing: 
- probing failed; ! probing succeeded 
----!-! 11 ! ! ! l ! ! ! ! ! 11 ! ! I!!!!!!!!!-!---
v[O] = [0.4364916731037084, 0.436491673103708511] 
v[l] = [2.29099444873580538, 2.29099444873580582] 
Terminated in 36 iterations 

ll8 

As can be noticed, probing helps at reducing the number of iterations required to reach 
the same result. An iteration represents the contraction of a single constraint. 
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