Towards High Order Constraint Representations for the Frequency Assignment Problem

Nick Dunkin, Joe Bater, Peter Jeavons and David Cohen Department of Computer Science Royal Holloway College University of London U.K.

fN.Dunkin, J.Bater, P.Jeavons, D.Coheng@dcs.rhbnc.ac.uk

Abstract

The assignment of frequencies to radio transmitters in a mobile telecommunications network in such a way as to provide total coverage for a designated area is a problem of enormous interest to the telecommunications industry. This Frequency Assignment Problem has traditionally been modelled with binary constraints making it analogous to generalised graph colouring (A well known problem from discrete mathematics).

In this paper we examine the use of non-binary high order constraints for the frequency assignment problem. The high order constraint representation allows small groups of interfering transmitters to be constrained by a single constraint that would have otherwise been constrained by a collection of binary constraints forming a clique. These higher order constraints are then solved by a high arity constraint solver.

The results show that the application of high order constraints to the Frequency Assignment Problem introduces some flexibility at a local level that is not possible with the binary constraint model. This is the first time that high order constraints have been used to model and find solutions to the Frequency Assignment Problem and the results in this paper show that this novel technique may provide a useful new tool for frequency planning.

Keywords : non-binary constraints, frequency assignment, constraint satisfaction, modelling

1 Introduction

A Constraint Satisfaction Problem consists of a set of variables, some subsets of which are constrained to take only certain simultaneous values [13]. A solution is an assignment to all of the variables such that each constrained subset takes an allowed set of values.

This is a straightforward definition and many real world questions can be expressed naturally as constraint satisfaction problems. However, the representation of a real-world question as a constraint problem sometimes requires considerable artistry and skill. It is not always clear from the original formulation of the problem what the variables should be, what their domains of possible values might be, which sets are to be constrained, or indeed, how to specify the constraints.

It has often been observed [16] that any constraint formulation is equivalent to one in which the maximum number of constrained variables in any constraint is two. Such a problem is called a binary constraint problem. The simplicity of their structure makes binary constraints very attractive, and indeed, much constraints work has concentrated on the world of binary constraints.

The wealth of theory that has been produced around the solving of binary constraints means that it is often seen as most natural and effective to model any real-world question with binary constraints. It is our contention that such a simplification is not always helpful, and may sometimes lead to poor models with sub-optimal solutions. We shall argue for this conclusion from a study of the Frequency Assignment Problem.

1.1 The Frequency Assignment Problem

In the classic Frequency Assignment Problem (FAP) we have a geographical area (say England) that we wish to serve with some broadcast service (say television). To achieve this we will erect transmitters that broadcast this service using radio transmission. The strength of any radio signal decreases with distance from the transmitter, so the first obvious requirement is that every member of our intended audience should be close enough to one of our transmitters to receive adequate signal strength.

What makes the problem interesting is that the signals from different transmitters can interfere with each other. If I am in an area that receives signals from two nearby transmitters then my receiver must be able to pick up one signal without undue interference from the other. This imposes constraints on the allowable assignment of frequencies to transmitters. The natural solution to this problem is to assign widely different frequencies to all of the transmitters so that each receiver can tune into its desired signal and filter out all the others.

However, radio spectrum is a limited natural resource, and widely separated frequencies are not always available. In fact, it is increasingly the case that broadcasters have to pay a regulatory body for the radio spectrum that they wish to use [1], so it is in their interest to use fewer frequencies. This means that in many situations it is desirable to re-use frequencies as often as possible over the network of transmitters. It is this requirement - to minimise the number of distinct frequencies assigned to the whole network of transmitters - that makes the FAP hard.

To summarise, in the frequency assignment problem we have to assign frequencies to transmitters in such a way as to provide adequate service without excessive interference over a given geographical area, using the smallest possible range of frequencies.

1.2 Choice of Models

The requirements of the FAP could be modelled in a number of different ways, each leading to distinct solution strategies. The approach we consider in this paper is to model the FAP as a Constraint Satisfaction Problem (CSP) in which the variables are the transmitters, the domain of possible values for each variable is the set of available frequencies for the transmitters, and the constraints restrict the values which can be assigned to some subsets of transmitters.

Firstly we observe that the need to avoid interference can be expressed as a requirement that nearby transmitters should use frequencies which are widely enough separated that they will not cause excessive interference. This implies that the nearer transmitters are to each other the further apart their assigned frequencies must be. One obvious way to model this requirement is by using binary constraints on nearby pairs of transmitters which force them to be assigned frequencies at least a certain distance apart [3, 8, 10, 11, 12, 17]. This formulation has had considerable appeal since it represents the problem using a graph in which the edges are labelled with these binary constraints, and when it is formulated in this way the problem is reminiscent of the well-studied graph colouring problem. This similarity has been pointed out many times [2, 3, 4, 14, 19].

We note that a number of recent studies have raised concerns about the adequacy of the standard binary CSP model for some versions of the FAP [3, 5, 15] and have proposed that the requirements of the problem can be more adequately expressed by allowing the use of both hard and soft binary constraints. This means that the problem is reformulated as an optimisation problem, or partial CSP, but all of the constraints are still binary.

A rather different approach, which has so far received much less attention, is to look at small groups of transmitters (containing more than two transmitters) and determine from the original problem specification which assignments are valid for these subsets of transmitters. This information can then be expressed as a constraint on each of these subsets of transmitters, and standard constraint solving techniques can be used to find an assignment to all of the transmitters which satisfies all of these higher order constraints simultaneously. The possibility of modelling the FAP in this way was first suggested in [6].

So, as with many other problems, we can model the FAP as a binary CSP, or as a higher order CSP. The binary model is very well-established, seems very natural, and is similar to a classic problem from discrete mathematics. On the other hand, the higher order model has been considered by very few researchers, and there has been almost no discussion in the literature about how to choose which sets of transmitters to constrain, how to determine the appropriate constraints, or how to represent these constraints efficiently.

In the following sections we will describe one way in which the higher order approach can be carried through, and present some evidence to show that it deserves to be investigated further. We do this by examining a small example problem and showing that even a naive “guess” at the structure of the required high order constraints allows us to find good solutions which are not so easily found using the standard binary model.

2 Defining a FAP

In this section we give a more precise definition of the particular type of FAP that we shall consider.

In general, a radio communications network consists of a set of transmitters and receivers in a given region, where each transmitter has the following properties:

(a) A position in the region.

(b) An output signal which has an associated

{ frequency spectrum, { power, { directional distribution.

Each receiver responds to the signals from each of the transmitters, to a greater or lesser extent. Some of these signals are generally “wanted” or “carrier” signals, which are used for communication, and others are regarded as “interference”.

For the frequency assignment problems we consider in this paper we make the following standard simplifying assumptions, which are appropriate to model systems such as mobile telephone networks and public broadcast services.

(a) The positions of transmitters are fixed.

(b) The output signal from each transmitter has

{ a single frequency to be assigned from a set of uniformly spaced channels, { a fixed power (constant across all transmitters), { a fixed and uniform directional distribution.

(c) The receivers must be able to function at any point in the region.

(d) The desired carrier signal at each receiver is the strongest signal that is available at that receiver, and all other signals are regarded as interference.

The problem we are then faced with is to assign frequencies to the given transmitters in order to achieve some specified minimum acceptable value for the ratio of the carrier signal strength to the combined strength of the interference signals, at all positions in the region of interest. This ratio is generally referred to as the “carrier-to-interference ratio” (CIR).

The strength of the carrier and interference signals at any given position depends on the following factors.

• Signal propagation. The signal strength available from a given transmitter at a given point is dependent on the power and direction of the transmitted signal, the distance from the transmitter, and the terrain in between, as well as unpredictable factors such as atmospheric conditions. In the simplified model used below we shall assume that the signal strength can be approximated as a simple function of distance.

• Signal Frequency. As each receiver may be tuned to respond most strongly to particular frequencies, the effective signal strength from any transmitter depends on the frequency of the transmitted signal. In the simplified model used below we shall assume that the receiver is tuned to the frequency of the desired carrier signal, and the effective signal strength of all signals at different frequencies is reduced by a “filtering” factor, which depends on the (absolute) difference in frequency from the frequency of the carrier signal, and on the design of the receiver.

With these assumptions, the type of problems we consider consist of:

• A region - R.

• A set of transmitters - {T_1; T_2; : : : ; T_n} at fixed positions. • A set of available frequency channels - {1; 2; : : : ; k}.

• A collection of rules governing signal propagation and receiver response. • A required minimum carrier-to-interference ratio - œ.

The rules for signal propagation and receiver response which we shall use throughout the paper are based on values commonly used in the literature for analogue mobile telephone networks [18, 7]:

1. The signal strength at any point is given by 1 d^4 (1) where d is the distance from the point to the transmitter.

2. The strength of all signals on a frequency channel which is separated by an absolute difference of s channels from the wanted signal is filtered at the receiver by a factor of

fi_{-15(1 + log2 s) dB if s ¿ 0}

1 if s = 0 (2) 3. The total strength of the interference signals is obtained by summing the interfering signal from each transmitter.

Finally, we shall assume that the required minimum carrier-to-interference ratio, œ, at all points in the region of interest is 15dB.

2.1 Example - A hexagonal grid of transmitters

The running example which we shall refer to throughout the paper consists of a collection of 37 transmitters arranged in a regular hexagonal grid, as shown in Figure 1.

Figure 1: A regular grid of transmitters Each of the transmitters in Figure 1 is situated in the centre of a hexagonal cell, as indicated in Figure 2. For any receiver within this cell the desired carrier signal is the signal from the central transmitter.

Figure 2: Some transmitter cells

To find an assignment of frequency channels to all of these transmitters which achieves the required carrier-to-interference ratio of 15dB everywhere we can simply check each possible assignment to see whether it satisfies this requirement. One assignment using 5 channels is illustrated in Figure 3, where the number in each cell represents the frequency channel assigned to the transmitter in that cell.

Figure 3: A frequency assignment for the example problem

When we calculate the carrier-to-interference ratio resulting from this assignment at all points within the region of interest, using the propagation rules and receiver characteristics described above, we find that there are many points at which this ratio falls below the required value of 15dB. This is illustrated in Figure 4, in which the dark areas indicate points at which the calculated carrier-to-interference ratio is below 15dB. In fact, if we consider the central rectangular region between the top and bottom rows of transmitters, then the proportion of points at which the calculated carrier-to-interference ratio is above the required value of 15dB is only 60%. This figure will be referred to as the coverage percentage of the solution.

In order to cut down the search space of possible assignments, by eliminating poor solutions of this kind, we can impose constraints on some subsets of transmitters, and we now examine possible ways in which this can be done.

3 Binary Constraints for the FAP

Binary constraints for the FAP are imposed on certain pairs of transmitters and restrict the frequencies that can be assigned to those transmitters simultaneously.

Figure 4: Results from binary constraint set one

For any pair of transmitters, T_i and T_j, we denote the frequency channels assigned to these transmitters by f_i and f_j respectively. Since the interference caused by signals from T_j in the cell surrounding T_i depends on the absolute difference between f_j and f_i, the standard form of binary constraint that is used in models of the FAP is as follows:

|f_i - f_j | ≥ k

where k is a positive integer.

It is not generally necessary to impose a binary constraint on every pair, T_i and T_j, of transmitters in a network because the interfering signal from a transmitter T_i falls away with distance, so provided that T_j is far enough away from T_i there is no need for any binary constraint between them. Hence in any problem instance we need to decide which pairs of transmitters to constrain.

3.1 Binary Constraint Set One

Reconsider the example problem with 37 transmitters introduced in Section 2.1. Since the strongest interfering signals in the cell around any transmitter T_i, will come from the transmitters in the network that are closest to it, we first consider imposing binary constraints between each transmitter and each of its immediate neighbours in the grid. The positions of some of these binary constraints are illustrated in Figure 5

Figure 5: Placing the binary constraints

We set the binary constraint on each neighbouring pair T_i and T_j as follows:

|f_i - f_j | ≥ 1:

These constraints ensure that neighbouring pairs of transmitters cannot be assigned the same frequency channel.

3.2 Solving the Binary Constraint Problem

We now have a fully defined constraint satisfaction problem to represent our original FAP, and this problem can be solved with any commercially available constraint solution package. For this study we used the package FASoft [9], which is specifically designed to deal with binary constraints of this nature.

The problem is solved quickly (less than 30 seconds) by the package and the first solution returned is shown in Figure 6.

Figure 6: A solution to binary constraint set one

This is a solution to the binary constraint problem, but that does not mean that it is necessarily a solution to the original frequency assignment problem. When we calculate the carrier-to-interference ratio resulting from this assignment at all points within the region of interest, using the propagation rules and receiver characteristics described above, we find that there are still many points at which this ratio falls below the required value of 15dB. In fact, the coverage percentage is still only 68%. This is illustrated in Figure 7, in which the dark areas indicate points at which the calculated carrier-to-interference ratio is below 15dB.

Figure 7: Results from binary constraint set one

3.3 Binary Constraint Set Two

The constraint representation described in Section 3.1 is clearly not restrictive enough. As a first step to increase the percentage coverage we shall try replacing the binary constraints defined in Section 3.1 with a more restrictive set of binary constraints.

Hence, we now set the binary constraint on each neighbouring pair of transmitters T_i and T_j to the following:

|f_i - f_j | ≥ 2:

This constraint states that the corresponding transmitters must be allocated frequency channels that differ by at least 2, i.e., they cannot use the same frequency channel or even an adjacent frequency channel. This constraint should have the effect of reducing interference around each transmitter as the neighbouring transmitters will be contributing a reduced level of interference.

This second formulation of the problem was also solved using the FASoft [9] package. A first solution was again found quickly by the package and is shown in Figure 8.

Figure 8: A solution to binary constraint set two

The coverage percentage for this solution at 73% is an improvement on the previous solution but not by a great amount. The coverage pattern shown in Figure 9 illustrates that there are still large dark areas where the interference is too high, and hence the carrier-to-interference ratio is too small.

Figure 9: Results from binary constraint set two

Hence this assignment is still not acceptable as a solution to the original problem. There are a number of possible remedies which could now be adopted:

1. The binary constraints on neighbouring transmitters could be further tightened. This would have the effect of increasing the number of channels required to find a solution and may not increase the coverage percentage very significantly.

2. More binary constraints could be included to constrain transmitters at a greater distance than the immediate neighbourhood. This is the standard approach taken when only binary constraints are used. Note that even in this simple case it is not clear how to choose an appropriate mix of constraints for a variety of distances.

3. More flexibility could be introduced into the constraints on immediate neighbours by introducing higher order constraints. This approach has not been described in any previous study, and is the approach considered in the next section.

4 High Order Constraints for the FAP

There are a number of different ways to represent a constraint over an arbitrary set of transmitters:

Absolute Values

Any constraint on an (ordered) set of transmitters, say (T_0; T_1; T_2; T_3; T_4), can be defined by giving a set of lists of frequency channels that can be simultaneously assigned to the transmitters, e.g., {(4; 5; 6; 7; 8); (2; 6; 4; 3; 6); : : : ; (8; 8; 8; 8; 8)} For most typical instances of the FAP the size of the appropriate constraints represented in this way is too large to be practicable, and for this reason we shall not represent the high order constraints used here in this way.

Relative Values

In the signal propagation model described above, the interference caused by one transmitter in the cell around another depends only on their distance apart and the absolute difference of their assigned frequency channels. Hence, a more compact way to express most constraints we might wish to impose on a set of transmitters in the FAP is to represent the set of allowable frequency channel assignments as relative values with respect to some reference transmitter. This method significantly reduces the number of tuples required to represent the constraint.

Using this representation, a constraint on the (ordered) set of transmitters (T_0; T_1; T_2; T_3; T_4), where the reference transmitter is T_0, is represented as a set of allowed tuples of the form (d_0; d_1; : : : ; d_4) where each d_i specifies the absolute difference in frequency channels between the assignment to transmitter T_i and the assignment to the reference transmitter T_0. (The first value in the tuple will always be 0 as the channel assigned to the reference transmitter will always be 0 frequency channels away from itself.) For example, the tuple (0; 2; 2; 2; 3) states that transmitters (T_1; T_2; T_3) must all be exactly 2 frequency channels away from the channel assigned to T_0, and that T_4 must be exactly 3 channels away. So, any constraint whose representation contains this tuple allows the assignment (4; 6; 2; 6; 7), but not (4; 6; 2; 6; 8), as in the latter case the channel assigned to T_4 is 4 channels away from the channel assigned to T_0 rather than 3.

Minimal Relative Values For some forms of constraint it is possible to reduce the number of tuples in the representation of the constraint still further. To do this, we impose, a standard partial ordering on tuples of relative values, by setting t ≤ t^0, for any pair of tuples t and t^0, if t[i] ≤ t^0[i] for each co-ordinate position i. Now we can represent the set of all allowed tuples by storing only the minimal allowed tuples according to this ordering. When we are using this representation, we say that an assignment is allowed by the constraint if and only if the corresponding tuple of relative values is greater than or equal to some tuple in the constraint representation.

For example, if the constraint representation contains the tuple (0; 2; 2; 2; 3), then the constraint allows the assignments (4; 6; 2; 6; 7), (4; 6; 2; 6; 8), (4; 7; 1; 6; 8), and (3; 1; 1; 6; 7),(along with a great many others).

4.1 A High Order Constraint Set

Consider again the example problem with 37 transmitters introduced in Section 2.1. On which groups of transmitters would it be helpful to impose higher order constraints?

The binary constraints described in Section 3.1 constrain pairs of neighbouring transmitters, so a natural first step is to consider imposing constraints on the complete set of neighbours of each transmitter. See Figure 10.

Figure 10: Immediate neighbourhood of transmitter T_0

How should the transmitters T_0; T_1; T_2; T_3; T_4; T_5; T_6 be constrained? It is possible to represent a mixture of the two different binary representations described above (Section 3.1 and Section 3.3) by requiring that, out of the six transmitters around the central transmitter T_0, half of them must be assigned channels at least one channel away from the channel assigned to T_0, and the other half must be assigned channels at least two channels away from the channel assigned to T_0. This constraint can easily be represented by using minimal relative values, giving the following set of tuples:

{(0; 1; 1; 1; 2; 2; 2); (0; 1; 1; 2; 1; 2; 2); (0; 1; 2; 1; 1; 2; 2); (0; 2; 1; 1; 1; 2; 2);

(0; 2; 1; 1; 2; 1; 2); (0; 2; 1; 2; 1; 1; 2); (0; 2; 2; 1; 1; 1; 2); (0; 2; 2; 1; 1; 2; 1);

(0; 2; 2; 1; 2; 1; 1); (0; 2; 2; 2; 1; 1; 1)}

Note that this set of 10 tuples is much smaller than the set of all allowed assignments for these transmitters which it represents.

We will apply this constraint to all groups of seven transmitters that are centered on a transmitter that is not on the perimeter of the hexagonal grid. See Figure 11.

It should be noticed that this constraint cannot be applied to the neighbourhood groups of all transmitters in the region.In particular, the transmitters on the boundary of the hexagonal grid that have only four neighbouring transmitters need a different constraint. The constraint we shall use for these groups of transmitters is a 5-ary projection of the 7-ary constraint described above, and is represented by the following set of minimal tuples:

{(0; 1; 1; 1; 2); (0; 1; 1; 2; 1); (0; 1; 2; 1; 1); (0; 2; 1; 1; 1)}:

Figure 11: Placing the arity 7 constraints

This constraint will be applied to the groups of transmitters shown in Figure 12

Figure 12: Placing the arity 5 constraints

Finally, the groups of transmitters on the corners of the hexagonal grid that are adjacent to three other transmitters will also require a different constraint. Again, we simply take a 4-ary projection of the 7-ary constraint described above, giving a constraint which is represented by the following set of minimal tuples:

{(0; 1; 1; 1)}:

4.2 Solving the High Order Constraints

We do not have access to any suitable commercial software tool for solving these high order constraints, so this representation was solved with a software tool developed by the authors specifically for the task of solving constraints of arbitrary arity. This tool solved the particular high order constraint problem described in the previous section in approximately 3 minutes. A simple backtracking method was used, incorporating some heuristic pruning methods. The first solution found is shown in Figure 13.

This solution gives a coverage percentage of 91% without any increase in the number of frequency channels required. The coverage pattern shown in Figure 14 illustrates that there are still some dark areas but the overall coverage is significantly improved. Figure 15 lists the coverage results from all of the methods we have described so far.

Figure 13: A solution to the high order constraints

Figure 14: Results from high order constraint representation

5 Binary Constraints Revisited

Examining the solution obtained to the high order constraint model above suggests that simply breaking the symmetry of the binary constraint representation may result in a better quality of solution. To test this idea we constructed a new binary constraint representation containing a random mixture of the previously used binary constraints. The constraints were chosen as follows:

|f_i - f_j| ≥

fi_{1 if Rnd ¿ 0.5}

2 otherwise

where Rnd is a random number in the range [0::1], generated for each constraint.

One such randomized binary constraint representation was solved with FASoft and gave a coverage percentage of 90%, which represents a considerable improvement over both previous binary representations. However the effect of introducing this random variation is naturally rather unpredictable. When the experiment was repeated many times, the coverage percentages ranged in value from 76% to 90%.

Representation Coverage (Percentage) Binary Set One 68 Binary Set Two 73 High Order 91

Figure 15: Table of coverage statistics

6 Conclusions

In this paper we have begun to explore the use of higher order constraints for representing the FAP. We have chosen one simple candidate for a higher order constraint which is a natural generalisation of the standard binary constraints, and has the merit of being simple to represent and to manipulate. Hence we have overcome the objection that high order constraints would be hard to generate and represent.

A second objection to the use of high order constraints has been the belief that solutions would take considerably longer to find for a network of high order constraints than they do for networks of simple binary constraints. Our work does not support this view. In fact both representations were computationally tractable.

We have obtained significantly better results using our naive high order representation than we obtained using a standard binary model. We have used this information to feedback into the choice of binary models, by using a randomised mixture of simple binary constraints to simulate the “balance” of the high order representation. Our success here motivates further research into finding optimal binary constraints.

Clearly further work is needed before a fair comparison of high order and binary models for the FAP can be made. What we have done here is established the feasibility of the high order approach and provided a first piece of motivation for that research.

References

[1] U.K. Radiocommunications Agency. Managing the radio spectrum. Technical report, U.K. Radiocommunications Agency, http://www.open.gov.uk/radiocom/rahome.htm, 1996.

[2] L.A. Berry. Potential contribution of optimum frequency assignment to efficient use of the spectrum. In Proceedings of the IEEE International Symposium on Electromagnetic Compatibility, pages 409–412, 1990.

[3] J.F. Boyce, H.D. Dimitropoulos, G. vom Scheidt, and J.G. Taylor. GENET and Tabu search combinatorial optimisation problems. In World Congress on Neural Networks (WCNN95), Washington DC, 17-21 July 1995.

[4] G.R. Bradbeer. Graph colouring for frequency assignment of combat radio. Technical Report DRA/CIS(CIS1)/P132/D/06/002, Defence Evaluation and Research Agency, December 1996.

[5] M. Carlsson and M. Grindal. Automatic frequency assignment for cellular telephones using contraint satisfaction techniques. In D.S. Warren, editor, Proceedings of ICLP’93, pages 647–665, Budapest, 1993. MIT Press.

[6] N.W. Dunkin and P.G. Jeavons. Expressiveness of binary constraints for the frequency assignemnt problem. In A. Ferreira and D. Krob, editors, Proceeedings of the IEEE/ACM Workshop, Dial M for Mobility, The Palace of the Hungarian Academy of Sciences, Budapest, October 1 1997. ACM SIGMOBILE and Mobitel d.d.

[7] R. Gower and R. Leese. The sensitivity of channel assignment to constraint specification. In EMC97 Symposium, pages 131–136, Zurich, 1997.

[8] W.K. Hale. Frequency assignment: Theory and applications. Proceedings of the IEEE, 68(12):1487–1514, December 1980.

[9] S. Hurley, D.H. Smith, and S.U. Thiel. Fasoft: A system for discrete channel frequency assignment. Radio Science, 32(5):1921–1939, 1997.

[10] A. Kapsalis, V. Rayward-Smith, and G.D. Smith. Using genetic algorithms to solve the radio link frequency assignment problem. In Proceedings of the 2nd international conference on artificial neural networks and genetic algorithms, pages 37–40, 1995.

[11] A. Knälmann and A. Quellmalz. Solving the frequency assignment problem with simulated annealing. In Proceedings of the Ninth International Conference on Electromagnetic Compatibility, pages 233–240, 1994.

[12] R. Leese. Tiling methods for channel assignment in radio communication networks. In Proceedings of the 3rd International Conference on Industrial and Applied Mathematics, 1995.

[13] A.K. Mackworth. Constraint satisfaction. In S.C. Shapiro, editor, Encyclopedia of Artificial Intelligence, volume 1, pages 285–293. Wiley Interscience, 1992.

[14] E. Malesińska. List colouring and optimization criteria for a channel assignment problem. Technical Report 458/1995, Technische Universita̋t Berlin, 1995.

[15] G. Ottosson and M. Carlsson. Using global constraints for frequency allocation. Technical Report TR-97-07, ASTEC, 1997.

[16] F. Rossi, V. Dahr, and C. Petrie. On the equivalence of constraint satisfaction problems. In Proceedings. European Conference on Artificial Intelligence, E CAI90, Stockholm, August 1990. Also: MCC Technical Report ACT-AI-222-89.

[17] D.H. Smith, S. Hurley, and S.U. Thiel. Improving heuristics for the frequency assignment problem. European Journal of Operations Research, To Appear.

[18] S-W. Wang and S.S. Rappaport. Signal-to-interference calculations for balanced channel assignment patterns in cellular communications systems. IEEE Transactions on Communications, 37(10):1077–1087, 1989.

[19] J. Žerovnik. Experiments with a randomized algorithm for a frequency assignment problem. Technical Report 97-27, Ecole Normale Supérieure de Lyon, September 1997.