Allocation and Binding for Data Path Synthesis Using a Genetic Algorithm Approach

Abstract We have developed a technique for allocation and binding for data path synthesis using a Genetic Algorithm approach. The use of the genetic algorithm is relatively new in EDA tools. The proposed genetic algorithm uses a non-conventional crossover mechanism, relying on a novel force directed data path binding completion algorithm. The developed system has a number of features such as acceptance of some design parameters from the user, use of a bus based topology, use of multiport memories and provision for multicycling and pipelining, among other features. The results obtained on the standard examples have been very promising.

Keywords: Data Path Synthesis, Binding, Multiport Memory, Genetic Algorithm, VLSI.

1 Introduction

Data path synthesis involves first scheduling of operations, and then allocation and binding which consists of several subtasks. These include determining the the mix of functional units, grouping variables and assigning these variable clusters to storage units, port assignment when multiport memories are used in the design [1], mapping operations to the functional units and mapping transfers to buses, when buses are used. All these sub-tasks are known to be NP-Complete. The present work is concerned with the allocation and binding aspects of data path synthesis (DPS).

Several researchers have worked on these problems and several solutions have been proposed [2, 3, 4, 5, 6]. Some of the well known systems for DPS are Facet [7], HAL [3], Splicer [8], STAR [9], SAM [5] and Vital-NS [10, 11]. Some complexity results are available in [12]. Several methods have been developed to perform register minimization, with or without interconnect lookahead [7, 13]. Only register optimization turns out to be inadequate. Nowadays emphasis is placed on interconnect optimization. It has been found to be desirable to handle the sub-tasks in a single integrated framework to ensure better optimality of the design. SAM [5] combines scheduling allocation and mapping in a single algorithm. The algorithm uses the notion of force [14] to measure the effect that a tentative scheduling of an operation would have on the resource requirements. In the scheme proposed in [6] f.u.’s are permitted to house implementations of the same operation with differing speeds. This method also combines scheduling with allocation.

In the proposed scheme a method for allocation and binding of a scheduled data flow graph has been presented, using a genetic algorithm (GA) approach, which is increasingly being for solving EDA problems [15]. The salient features of this method have been described in section 2. The scheme is versatile with facilities for the the user to specify some design parameters, use of a bus based topology, multiport memories and provision for multicycling and pipelining.

The technique described in this paper have been implemented and tested on well known examples, such as Facet, differential equation solver, elliptic wave and elliptic wave filter, which involve both non-pipelined and pipelined schedules. The results compare very favourably with available in the literature. To the best of our knowledge this is the first complete allocation and binding tool based of the genetic approach.

2 Salient Features of the Module

The salient features of this module are as follows:

A bus based interconnection scheme has been chosen. The choice of a bus based scheme is motivated by the fact that in a data path comprising of tightly coupled components the bus based scheme is expected to require lesser number of active interconnect elements –the switches–, than a point to point scheme.

Support for multicycling has been provided. In real life there are frequently used operations whose physical implementations typically vary widely in speed. The slow operations are generally permitted to execute over several clock cycles while the faster operations execute in less, typically single, clock cycles. This design decision permits the use of a smaller clock period to achieve higher throughput.

Storage is implemented using multiport memories and register files in addition to individual registers. A memory is a regular structure. By placing several variables in a single unit the number of independent sources and sinks of data is reduced. Only memories where the port assignment [1] is trivial has been used.

Some user specified design parameters are supported. The user can specify the number of functional unit sites that may be permitted and the number of buses that may be used in the design. The minimum number of f.u. sites is the maximum number of operations in any time step, while the minimum number of buses is the maximum number of transfers in any time step. These parameters permit the user to have a reasonable control over the type of design that will be generated by the system. It may be noted, that each f.u. site leads to additional wiring overhead. The number of f.u. sites is, therefore, an important design parameter. In the absence of a good estimate of the routing area, the number of buses used in the design assumes an important role as an empirical estimate.

The ability to identify a common source of multiple data transfers and route the data from this source through one or more buses to the destination points, depending on the current interconnect configuration. Thus the module is not restricted to map such transfers through a single bus or to map each such transfer through an individual bus. This has been clarified through example 1.

Example 1 In figure 1, a value from source is to be sent to both d_1 and d_2, in the same time step. These are actually two distinct transfer source → d_1 and source → d_2 . Assume that, as a result of some other binding decisions the links indicated by the filled circles are already present. If both these transfers are mapped onto the topmost bus then the existing links will be reused. On the other hand, if source → d1 is mapped onto the next bus then the link indicated by the double circle will also have to be established. 2

3 Data Path Structure

The data path is a bus based interconnection structure. A typical such structure is shown in figure 2. The data path is constructed using f.u.’s, storage elements, system ports, buses and switches to regulate data transfers. All data transfers are restricted to take place over the buses. There is no direct link between the components. As a result of the binding process some of the allocated buses may turn out to have a single source or a single destination or both. The number of f.u.’s and buses are both specified by the user as design parameters.

When any part of the circuit is driven by multiple sources, it is necessary to provide switches between the sources and the destination. For example, if a bus is driven by a memory read port as well as a f.u. output then it becomes necessary to connect these two elements to the bus through switches. When a receiving point has exactly one driving source, it is assumed that there is a hard connection between these two points. For example, when a bus has only one driver, it is assumed that there is a hard link between the bus and the driving point.

d1 t dh

d2 t source

t

Figure 1: Two transfers with a common source.

? 6 ? 6 ? 6

? 6 ?

6 ? 6^{12 13 14 15 16} 21 ports: 2

6

? 1 2 3 17 ports: 2

6

?

4 6 ports: 1 11 ports: 1

s s s s c s s c c s c c c c c c

⋆ +, −, <

Figure 2: A data path for the Diffeq. example

3.1 Cost of Data Path

The cost of the data path is the sum of the cost of the individual components. The components are broadly categorized in four groups, viz. functional units, storage units, interconnection elements and interface components, (such as the system ports).

The cost of the other components are computed as follows:

Functional units The cost of a functional unit is determined from the capability of the f.u. (i.e., the operators it houses) and the cost of operators for individual operation types. The capability of a f.u. is determined by the operations that are mapped on it, during the binding process. The cost of the f.u. is the sum of the costs of individual operators of the operations that it should realize.

Storage unit Data storage is implemented using memories, in general. The cost of a memory is computed with the knowledge of the number of ports that it has and the number of memory cells that it houses. In order to bound the access time of the memory, the maximum number of cells in a memory is restricted to some predefined ”small” number. The cost is computed as c_m(n, p) = n(αp + β) + γp, where α, β and γ are constants, and c_m is the cost of a memory with n cells and p ports. β is the cost of each cell. α is the cost of the access logic per port per cell. γ is the cost of the driver and other logic per port.

Switch A switch is required whenever there are more than one points in the circuit driving a particular point. The cost of a switch is taken to be a predefined constant. In the circuit there will be a switch for each line of the bus and the cost of a switch for a b bit bus will be bs, where s is the cost of a single switch. An individual switch, in the current technology, is likely to be implemented as a CMOS pass transistor switch.

Interface element A interface element will be a read, write or read/port. The cost of such a port is available to the module as predefined constants.

4 Inputs to Module

The module takes in several inputs. These are the scheduled data flow graph (SDFG), the set of primitive operators, the design parameters and the basic block decomposition of the operations and transfers. Each of these are explained briefly.

4.1 The scheduled data flow graph

This is the most important input to the module and consists of two parts. In the first part the operations that are performed are listed according to the time step where they are scheduled. In the second part all the data transfers that are required are specified, time step by time step. The advantage of expressing the data transfers separately is that transfers, such as variable to variable transfers, which are not directly associated with any operation can be easily specified.

While doing the binding the operations are bound to f.u.’s, the transfers to the buses and the variables to the memories. There is a provision to specify that operations in two or more contiguous time steps should be bound to the same f.u. Similarly, it is possible to specify that transfers in two or more contiguous time steps are to be bound to the same bus.

These features are especially convenient for expressing multicycled operations. An operation needs to be executed over multiple clock cycles if the operator to implement this operation is not fast enough to do the work in a single clock cycle. In this the f.u. which houses this operator has to be dedicated to the completion of the operation for the required number of clock cycles. During this time the inputs to the f.u. must be steadily maintained. These requirements can be satisfied by making use of the above provisions.

4.2 The basic block decomposition

The module is capable of working with multiple basic blocks. The presence of multiple basic blocks is transparent during binding. But the information regarding the basic block boundaries is necessary for determining the variable life times, which is explained in the next subsection. The information regarding the decomposition is available at the beginning of the file where the SDFG is stored.

Preprocessing for memory formation The behavioural variables are classified into two groups which are temporary and permanent. The permanent variables are those variables that cross basic block boundaries, while the temporaries are live only within a single basic block.

While implementing storage two types of operations need to be performed on the variables. One is packing variables into memories, and the second is merging variables into a single storage cell. The first operation requires knowledge of the access times of variables, while the second operation requires knowledge of the their life times.

The access times of variables can be easily determined by inspecting the SDFG, all the variables used or defined are said to be accessed in that time step. While packing a set of variables in a k port memory, it is necessary to ensure that no subset of these variables give rise to more than k accesses to the memory in any time step. This restriction is distinct from the restriction that no more than k variables should be simultaneously accessed in any time step. This is because a variable may give rise to two accesses in some time steps, if is both read and written in that time step. This makes it necessary to use an efficient data structure in the module implementation to reveal the access pattern of the variables. Such a data structure has been used.

Further optimazation is possible by merging variables packed within a memory. Such merging is governed by the compatibility of the variables with respect to their life times [16]. The life time information and the access time information are essentially implied by the SDFG and the basic bloc decomposition.

4.3 The design parameters

The design parameters taken by the module are the number of f.u. sites and the number of buses. The implication of the second parameter is evident from the name. That of the first parameter is now explained.

The module does not require the user to specify a f.u. configuration. The configuration is an outcome of the binding process. What is required is the number of f.u. sites. In each time step, the operations are bound to the f.u. sites. Thus the number of f.u. sites should not be less than the number of operations scheduled in any time step. As explained in section 3.1 the capability of a f.u. is determined by the distinct types of operations mapped on it over all the time steps.

4.4 The primitive operators

A primitive operator is the physical implementation of an operation in the behavioural specification (like adder, etc.). Each such primitive operator (like adder or multiplier) may be fully combinational or pipelined. An operation is required to have exactly one primitive operator. Each primitive operator is associated with a cost. A pipelined operator also carries the information about the number of single time step pipe stages that it has. This information is necessary to avoid output conflict of operations that may be mapped to the same f.u., in different time steps. This information is read in by the module at startup form a user supplied data base. An operation and the corresponding operator are identified by means of a unique operation id.

5 Some Issues in Formulating the Solution Strategy

The problem of allocation and binding consists of three subproblems which can be solved independently, but whose solutions interact strongly in determining the final cost. They are (i) assignment of operations to f.u.’s, (ii) binding of transfers to buses and (iii) assignment of variables to memories or memory formation. It is, therefore, necessary to solve these subproblems in close co-ordination. We briefly describe some issues which complicate the binding problem and which have to be handled carefully while formulating the solution strategy. There are other packages that use full ILP, restricted ILP, heuristic approach on a simplified formulation, and so on.

5.1 Binding step by step

The SDFG, in general, will have pipelined and multicycle operations. The operations and transfers in the sections of the SDFG having multicycle or pipelined operations need to be handled time step by time step, as illustrated in example 2. Where only single cycle operations are present the time steps can be considered in any order to do the binding.

Example 2 Consider the transfers given below: 1. x = a ∗ b y = c − d 2. —-do—- u = c ∗ d

3. z = x + y —-do—-

The multiplications require two time steps. Assume that the above transfers are to be mapped using two f.u.’s, identified as 0 and 1. If the operation mapping is done haphazardly then the substraction in the first time step and the addition in the last time step might both be mapped on f.u. 0, in which case the multiplications cannot be mapped. 2

5.2 Interaction between subproblems

The major link between the three sub-problems is the interconnection cost. In each time step the operations and transfers have to be bound to the f.u. sites and the buses, respectively. The binding of the variables to the memory units, however, remains fixed. This is because the same variable may be used in several time steps. This introduces a major difficulty because, while the operation and transfer binding must proceed time step by time step, the variable binding must proceed independently.

If the variable binding is completed before hand then during operation and transfer binding additional interconnect elements could have to be introduced, which might have been avoided if the variable had been mapped on a different memory unit. If variable binding is deferred then, in a similar way, additional interconnect elements could have to be introduced.

It is desirable to use the interconnect elements introduced in the earlier time steps of a basic block in the subsequent steps. Sometimes, however, the existing interconnetion framework turns out to be inadequate and additional elements have to be introduced.

5.3 Design iteration

It is evident from the discussion of the preceeding section that the initial binding decisions have to be taken in the absence of sufficient information of what additional structures would be required to complete the design. The strategy that we have used is to design a number of data path structures in an iterative manner. The first structure is built without any prior knowledge of the desirable structure. Subsequent structures are developed from a partial structure obtained from the previous iteration. This partial structure is not obtained directly by is implied by a subset of the binding decisions which are used to guide the development of the new data path structure. For reasons explained in section 5.1 the inherited design decisions cannot be used right away, but must be considered in the appropriate time step. However, the partial data path implied by these decisions is used as a guideline for making binding decistions in the current time step.

We have used the genetic algorithm (GA) to solve the problem. GA has been applied to solve the channel routing problem [15]. Its applicaiton in other domains of VLSI design have not yet been widely reported. We now describe in detail the genetic approach that we have used to solve the problem.

6 GA for the Problem

The basic scheme is to maintain a population of solutions and repeatedly generate new solutions by crossing solutions taken from this population. This method of generating a new solution is called crossover. The selection of the parent solutions is governed by the parent selection strategy and the introduction of the new solutions into the population by the replacement policy. The steps of the GA are now explained.

1. Initial population generation: A population of initial data paths created by randomly generating feasible bindings. Care is taken to ensure that a solution generated is always a feasible one.

2. Replacement policy: The basic replacement policy is designed to ensure that all solutions generated stay in the population for at least one iteration. This is done by introducing all the solutions generated through crossover during one iteration of the GA into the population, replacing an equal number of existing solutions. The offsprings are not immediately placed in the main population, but are stored in an adjoint pool, to be introduced in the main population once all the offsprings for the current iteration are generated. The basic replacement policy is to displace the lowest cost solutions. While designing the system we have observed that it is not a good policy to implement the replacement purely as mentioned above. This because the current low cost solution has a tendency to displace other solutions from the population with its copies thus destroying the diversity of the solutions. We have been able to arrest this phenonenon using a two pronged strategy.

First we have made provision for the retension of a minimum number of solutions having the k^{th} best cost, k > 1. This policy is implemented for upto a fixed value of k.

The second provision is specifically aimed at maintaining a good diversity of memory configurations in the population of solutions. The policy is to ensure that the minimum number of distinct memory configurations in the population does not fall below a certain minimum number. This condition may not be satisfied at the beginning, but once sufficient number of memory configurations are produced, it is ensured that this condition is satisfied. When the number of distinct memory configurations is large only the solutions with the best configurations are kept track of for this purpose. The minimum number of solutions for each configuration thus forcibly retained is also a programmable value. The implication of this policy is that a solution with a high cost may be retained because it has a low cost memory configuration. This policy will be revisited when we consider the parent selection strategy for crossover.

3. Parent selection: In each iteration of the GA a specific number of offsprings are generated by crossover.

Each offspring is generated from two parent solutions chosen from the population. The basic policy is to select two solutions from the population at random. Normally a solution is selected only once. This corresponds to sampling without replacement.

The actual policy has a number of modifications to this basic scheme, made with the intention of coercing some crossovers between solutions which are either genetically close or which are more fit. The provision to chose parents that are genetically close had to be made to keep a check on the amount of type II deceptability [17] during crossover, to some extent.

To implement crossover between better fit parents a list of solutions whose cost is less than some threshold, determined on the basis of the distribution of the solution costs in the population, is maintained. Solutions can be picked up from this list at random for crossover.

Genetic closeness is difficult to determine. Some amount of closeness is determined by grouping solutions having the same memory configuration. Such solutions differ only with respect to the operation and transfer bindings. Memory configurations to be considered are chosen using two criteria. The first is the cost of the configuration. A certain number of groups of solutions of low cost memory cost is maintained. Secondly, solution groups of identical memory configuration are also maintained according to minimum cost of solutions. Such groups contain those solutions whose memory configurations are the same as that of some low cost solution.

4. Crossover: This is the most important step in the GA. The traditional single point or multiple point crossovers have been found to be unsuitable for this problem. This is because the individual binding decisions are most not independent. In general, it is not possible to alter one decesion without altering a few others. An algorithmic crossover has been used instead.

While designing the crossover the inheritance mechanism had to be designed so that a tentative partial data path (TPDP) could also be obtained. This structure is to be used to evaluate the quality of a new binding. The heart of the crossover is a completion algorithm which takes the TPDP and other inputs to the module to generate a complete data path. We shall explain the details of the crossover and solution completion in a subsequent section.

5. Design representation: Since the splicing type crossover has not been used we do not use a bit vector representation of the solution. Instead, a record structure of three fields, one for each class of binding decisions, is used. Each field is a structured array. For each operation and each transfer, the corresponding field indicates the f.u. index or the bus index to which it is bound, respectively. The binding of a variable indicates the memory index and the number of ports that it has.

6. Stopping criterion: The GA is necessarily run for a certain minimum number of iterations. Everytime there is an improvement it is run for at least another fixed number of iterations, in the hope of another improvement within that time. In the absence of any improvement and expiry of the alloted number of iterations the algorithm is terminated and the data path, based on the binding decisions is output.

7 Details of Crossover

The basic steps to implement the crossover are as follows:

1. Determining the specific bindings of each parent solution which should participate in the crossover.

2. Obtaining a correspondence between the data path structures of the two parent solutions.

3. Constructing the inheritance plan for operations and transfers.

4. Constructing the memories through inheritance.

5. Generating the offspring using the inheritance plan and the tentative partial structure.

Each of these steps are now explained.

7.1 Prominent bindings

The bindings of the offspring are partially formed by inheriting these from the parent solutions. The cost of a solution is very sensitive to the bindings because an unfavourable binding could give rise to additional switching elements. For this reason the bindings in the parent solutions are first graded. A 0/1 gradation is performed for the operation and transfer bindings. In the implementation the better bindings are marked core while the inferior are marked non-core. Variable to memory bindings are graded in a continious scale. The schemes of making the gradation are now explained.

7.1.1 Transfer binding gradation

Each transfer bound to a bus. The aim of this gradation operation is to measure the appropriateness of the mapping. The intuitive notion behind this scheme of gradation is that a bus serves to connect a subset of the set of points in the circuit. The source and destination of a transfer mapped to a bus are included within this subset. The subset should preferably be a small one, but is unknown. Inappropriate transfers mapped to a bus will introduce extraneous points into this set. The first step in the gradation process is, therefore, to estimate which of the points connected to the bus are extraneous.

The points that are connected to a bus are grouped into two sets, which are not disjoint in general. These are the points that drive the bus and the points that are driven by the bus, called source and destination sets. The access frequency of a point in either set of points is defined as the number of transfers that use this point. The point is considered to be extraneous if

(access frequency of point) <

(1 − α_t)(average access frequency) + α_t(minimum access frequency)

, (1)

where α_t is a constant. If α_t ≈ 1 then the minimum access frequency receives more weight and most of the points qualify. If α ≈ 0 then the condition becomes tighter and few points qualify.

The appropriateness of a transfer is measured with respect to either the sources or destination or both, in which case the source point or the destination point or both should be should be non-extraneous.

7.1.2 Operation binding gradation

The binding of an operation to a f.u. has two implications. On the one hand the binding of a variable to a f.u. affects the capability of the f.u. and hence its cost. On the other hand it affects the connectivity of the f.u. to the buses and, therefore, the interconnect cost.

These two aspects may be combined together to determine the appropriateness of the binding. However, we have treated them separately. One routine has been written to consider appropriateness with respect to the f.u. capability, and another for the interconnection.

While consider f.u. capability the frequency of use of each operation type of the f.u. is computed and using a formula similar to 1, the appropriateness of mapping an operation on a f.u. is. computed.

The gradation with respect to connectivity for f.u.s is done using a method similar to that for buses. Instead of considering a single source, now multiple sources have to be considered. The gradation at a particular time, in general, is done with respect to a subset of the ports of the f.u., available as parameters to this routine.

Both the methods are used. The choice of a particular method is random, though not uniform, from generation to generation.

7.1.3 Variable binding gradation

For a particular memory the points that access it are determined. The importance of each such point is defined as the number of variables of the memory that are accessed by that point. The importance of a variable is defined as the ∑ (importance of points that access the variable). The spread of a memory is defined as the total number of points accessing the memory. The relative importance of a variable is defined as (minimum spread among all memories) ∑ (importance of variable) α_v(spread)(maximum importance of variable in memory)

, (2)

where α_v ≥ 1 is a constant.

The value of the relative importance of a variable never exceeds one. This measure has been designed to reflect the homogenity of access of the memory varibles. This measure is not used everytime during memory formation but is used from time to time, at random, from generation to generation.

7.2 Correspondence between data path elements of parent solutions

The representation of a solution is not unique. If the solution uses n_f f.u.’s, n_b buses and n_m memory units then the same solution can be expressed in n_f !n_b!n_m! ways. While performing the crossover it is necessary to resolve this multiplicity. It is necessary to find a correspondence between the data path elements of the same class. The correspondence between the f.u.’s and the buses is found by a fast bipartite matching. The number of buses and f.u.’s are same in both the solutions thus a surjective mapping will exist between these elements. In general the number of memory units used in two distinct solutions will be defferent. The mapping between the memory units will, therefore, be only an injective mapping.

Since the mapping has to be done several times the optimal bipartite matching algorithm, whose complexity is O(n^3) in the number of vertices, is not used. A simpler algorithm, shown in figure 3, is used instead. It will be noted, in line 5, that that ties between equally good choices are broken at random.

The affinity calculation between the elements are done as follows:

1. procedure match vertices /* find a match between n_1 vertices of one set with n_2 vertices of another set */ 2. for (i = 0; i < n_2; i++) 3. for (j = 0, max affinity = −∞; j < n_2; j++) 4. { determine affinity between vertex i and vertex j 5. if affinity > max affinity or (affinity == max affinity and drand48 () > p_t) 6. { affinity = max affinity 7. match_i = j 8. } 9. }

Figure 3: Algorithm used for vertex matching

Affinity between f .u._i of first solution and f .u._j of second solution is computed as |O_i ∩ O_j| |O_i ∪ O_j| , where O_i is

the set of operations of the solution mapped onto alu i. The mapping from f.u.’s of the first parent to those of the second is strored in an array f.u. map.

Affinity between bus_i of first solution and bus_j of second solution is computed as |T_i ∩ T_j| |T_i ∪ T_j| , where T_i is the

set of transfers of the solution mapped onto bus i. The mapping from buses of the first parent to those of the second is stored in an array bus map.

Affinity between memory_i of first solution and memory_j of second solution is computed as |V_i ∩ V_j| |V_i ∪ V_j| , where

V_i is the set of variables of the solution mapped onto memory i. If both the solutions have the same number of memories then the mapping is from the first parent to the second, otherwise from the parent with smaller number of memories to the other. Mapping is stored in an array mem map.

7.3 Inheritance plan

A correspondence between the data path elements of the two parent solutions is first computed. The plan consists of two parts, operation inheritance plan and transfer inheritance plan. Both the plans are constructed time step by time step. In a particular time step either the operator inheritance is computed first, followed by transfer inheritance, or vice-versa. The two methods are explained below. While constructing the inheritance plan of a solution one of the two schemes is followed; the choice is made probabilistically.

Before applying these procedures in a time step the multicycle operations and transfers are processed. Bindings of multicycle operation or transfer initiated in an earlier step which spills into the current step are retained without change.

7.4 Handling Operations before transfers

Under this scheme a decision is made regarding which f.u.’s will be used to guide operation inheritance from the first parent and the second parent solutions. This is indicated in a vector asvec; an entry of 0 indicates first parent and 1 indicates second parent. In each time step the f.u.’s are processed one by one. While processing f.u._i, if asvec[i] indicates the first parent, then the operation in the first solution that is mapped onto f.u._i is considered. If this operation happens to be a core operation of that f.u. and it has not already been mapped then it is tentatively mapped to f.u._i of the child solution.

If asvec[i] indicates the second parent then a similar sequence is carried out with the second solution. The only difference is that instead of considering f.u._i, f.u.f .u. map[i] is considered.

Transfer inheritance plan is carried out by inspecting the buses one by one. The first parent is processed and then the second parent is taken up. The transfer mapped on the bus is inspected. Only core transfers which have not already been inherited are considered for inheritance. If the transfer is associated with an operation and that operation has been inherited from the parent being considered now, then the transfer is inherited on that bus.

7.5 Handling Transfers before Operations

This case is handled in a similar way. An array bsvec indicates the parent from which the transfer of a bus should be considered for inheritance. The transfers, under this scheme, are inherited just the way operations are inherited under the previous scheme.

For operation binding the buses are scanned and the transfer, if any, that is planned to be inherited is examined, to determine the parent from which it is inherited. If it is associated with an operation then the f.u. binding of that operation is tentatively inherited from the parent from which the transfer has been inherited, provided that the operation has not already been mapped and the target f.u. has not already been used up in the current time step.

7.6 Memory formation

The memories are formed one by one. Some of the variables to be placed in the memory are first inherited from the corresponding memories of the first parent and then from the second parent. Since multiport memories are permitted, it is necessary to specify how many ports will be there in the memory being constructed. Initially, the actual number if ports is taken to be one. The tentative maximum number of ports to be used is inherited from one of the parent memories.

The decision to attempt inheritance of a variable from a memory of the parent solution is taken in one of the following two ways, both of which are probabilistic in nature. The inheritance may be governed by the register inheritance probability parameter, which is a fixed value. Alternatively, it is governed by the importance of the variable in the memory, as defined in section 7.1.

The actual introduction of a variable into a memory is attempted by the mem intro procedure. This procedure first checks whether the candidate variable can be placed in the memory without increasing the number of ports currently required by the memory. It increases the number of ports after repeated attempts to introduce variables into the memory have already failed. The maximum number of ports that a memory can have is restricted to three. When the option to use memories with trivial port assignment only is active, then the maximum number of ports automatically is restricted to two and the variables that are to be placed in the memory are selected so that there will never be two simultaneous read and write accesses to the memory.

After inheritance is completed, in general, there will still be variables to be mapped to memories. These remaining variables are packed into the memories already constructed during inheritance. Those variables which could not be packed into these memories are packed into new memories. The choice of memories to be packed is governed by a simple heuristic. The heuristic is to choose the variable for which the number of unmapped variables that can still be packed into this memory without increasing the number of ports is maximum.

8 The tentative partial structure

The tentative inheritance plan implies a tentative partial structure. The plan is said to be tentative because the bindings therein are not guaranteed to be incorporated into the parent solution. While constructing the parent solution these bindings are given priority. The inheritance plan implies a partial data path. The structure of the data path is tentative because the plan itself is tentative. The implication of the data path is now explained.

It will be noted that the number of f.u.’s and buses in the data path is fixed and the memories have already been formed. Only two aspects remain, and these are f.u. formation and formation of switched and unswitched links between the ports of the f.u.’s and the memories, to the buses of the data path. As noted earlier, links between the memory and the buses can be formed at this stage only if the port assignment of the memory is trivial. For the non-trivial case the links have to be obtained through explicit port assignment.

The tentative capability of a f.u. is determined by the types of the operations tentatively mapped onto that f.u. If a transfer is planned to be mapped onto a bus then links might be tentatively formed. If the transfer involves access to a memory port or to a system port then a tentative link will be formed between the bus and that port of the memory or to that system port. If the transfer involves an operation which has been tentatively mapped onto a f.u. then a tentative link will be formed between between the bus and the port of the f.u. with which the transfer is associated.

8.1 Final generation of the offspring

At this stage the memory formation is completed. The actual operation and transfer bindings are now made. This proceeds time step by time step and consists of three phases.

8.1.1 Implied bindings

The first phase involves making the bindings that are implied by bindings of multicycle operations in earlier time step. A multicycle operation stays bound to the same f.u. in all its cycles; the transfers which supply its source operands remain bound to the same buses. The result of the multicycle operation is available in the last cycle of its operation, and its transfer to the destination is not an implied transfer.

8.1.2 Bindings by inheritance

The bindings of operations and transfers in the inheritance plan are now considered. First the operations are processed and then the transfers are handled. For each operation binding in the plan if the corresponding f.u. is not busy then the actual binding is recorded, and the f.u. capability is updated, if necessary. In case the binding cannot be made and the f.u. is currently not equipped to implement that type of operation, then the possibility of having that operation type on that f.u. is reduced. It may be noted that in the tentative data path the capability of each f.u. was built up on the basis of the operation bindings in the inheritance plan.

Similarly, transfer bindings are inherited but with some addition processing. While making a transfer binding if the existing links between and f.u.’s, system ports and the memories with the buses suffice to support the transfer then the binding is directly made. If new links need to be introduced at both the source and the destination of the transfer then the inheritance is not made. If only one new link is needed then the inheritance is done probabilistically. Whenever a new link is introduced the data path is updated.

8.1.3 Completion of the pending bindings

In general some operations and transfers will still remain unmapped. These are bindings are made using a force directed completion algorithm. First the operations and then the transfers are bound. The decisions are made in a best first approach, selecting the binding that leads to the least force. The completion algorithm is explained in the next section.

9 The Completion Algorithm

This is based on a force directed approach which has been pioneered in HAL for scheduling and SAM for allocation and binding. The following definitions will be useful in explaining the algorithm. However, we use a completely new set of forces which are now explained. This algorithm uses the partial structure to guide the actual bindings in the new solution. In this process the actual data path structure is found by augmenting and appropiately modifying the initial partial structure.

XCOST Cost of a multiplexer switch.

LKY A constant used with likely cases.

ULK A constant used with unlikely cases. DEF A constant used with a case that has occurred.

Total unmapped operations (U_o) Number of operations in the current time step which are yet unmapped. Total unmapped operations of type y (U^y_o ) Number of unmapped operations of type y. Number of available f.u.’s (A_f ) No operation has yet been mapped onto these f.u.’s. Cost of operation type y (C[y]) The cost of a f.u. will increase by this amount to be able to implement an operation of type y.

Distribution graph of operations (D_o[u, y]) Distribution graph of operations of type y on f.u. u.

D_o[u, y] = if operation type y is present in f .u. u then − U^y_o A_f .C[y]

else if likely to be present then U^y_o A_f .C[y].LKY else U^y_o A_f .C[y].ULK

.

Total unmapped transfers (U_t) Number of transfers in the current time step which are yet unmapped. Total unmapped transfers associated with port p of f.u.’s (U^p_t ) Number of transfers in the current time step associated with port p of f.u.’s which are yet unmapped.

Total unmapped transfers associated with memory m (U^m_t ) Number of transfers in the current time step associated with memory m which are yet unmapped.

Number of available buses (A_b) No transfer has yet been mapped onto these buses.

Load-1 (L_1) Switch load when only operation is not f.u. mapped. L_1 =

XCOST A_f . Load-2 (L^p_2) Switch load when neither operation is not f.u. mapped nor transfer is bus mapped. L_2 = XCOST.U^p_t A_f .A_b .

Load-3 (L_3) Switch load when only operation is f.u. mapped but transfer is not bus mapped. L_3 =

XCOST A_b . 9.0.4 Forces due to operation mapping While considering an operation (in column r of the specification) of type y to map on f.u. u two types of forces are computed. These are the self force and other forces. These force are exerted on f.u. u and other f.u.’s l, l ≠ u.

The forces on f.u. u are as follows:

self force : F^{uy}_{os} =

A_f − 1 A_f .D_o[u, y]. The force due to other operations of type y_o is as follows:

other force : F^{uyo}_{ox} = if y ≠ y_o − U^{yo}_o A_f .D_o[u, y_o] else −

U^y_o − 1 A_f .D_o[u, y] .

The forces on f.u. l, l ≠ u are as follows:

self force : F^{ly}_{os} = ( −1 A_f + U^y_o A_f (A_f − 1) ) .D_o[l, y],

others : F^{lyo}_{ox} = U^{yo}_o A_f (A_f − 1) .D_o[l, y_o]. The total force due to operations when an operation of type y is considered for mapping onto f.u. u is:

F^{uy}_o = ∑ z ∑ w (F^{zw}_{os} + F^{zw}_{ox} ), computed over all the available f.u.’s.

9.0.5 Lookahead forces between f.u.’s and buses due to transfer distribution pertubation

The lookahead is to measure the effect on interconnect when the operation in column r of the specification is mapped onto f.u. u. The transfers associated with the ports of the operation are considered for mapping on the available buses. As usual the self force as well as the other forces are computed. Thus the lookahead is on f.u. port p and bus s, while trying to map operation of column r in f.u. u, and considering the effect on f.u. l and bus b. This involves the computation of force on the link between bus b and the port p of f.u. l. The computation of these lookahead forces is now explained. First a number of values are computed using which the forces are found. The values are determined using the algorithm mentioned below.

if (the link is surely present) then ff = DEF else if (likely)

then ff = LKY

ff = ULK

if (bus b is not available) then dg = ff ⋆ L_1 else if f.u. l is available

then dg = ff ⋆ L_2 else dg = ff ⋆ L_3

if (the transfer of operation on column r on port p is bus mapped) /* In this case bus s will be only this bus */ { if (bus l is unavailable or b ≠ s)

{ del prob s = 0

} else { del prob s = (l == u ? ds1 prob1 : ds0 prob1) if (l == u) then sf = (ff == DEF ? -c_1 : (ff == LKY ? -c_2 : c_3)) else sf = (ff == DEF || ff == LKY ? c_4 : c_5) } if (bus b is unavailable) { if (b == s)

then del prob ow = 0 else del prob ow = (l == u ? dow1 prob : dow0 prob) } else /* bus b is unavailable */ { if (f.u. l is available)

then del prob ow = (l == u || b == s ? dow1 prob1 1 : dow0 prob1 1) else del prob ow = 0

} } else /* the transfer is unmapped */ { if (f.u. l is unavailable or bus b is unavailable)

{ del prob s = 0

} else

{ del prob s = (l == u && b == s ? ds1 prob2 : ds0 prob2)

if (l == u && b == s)

{ sf = (ff == 1 ? -c6 : (ff == LKY ? -c7 : c8))

} else if (l == u || b == s) then sf = ((ff == DEF || ff == LKY) ? c_9 : −c_{10} else sf = 1 } if (bus b is unavailable) { if (l == u || b == s)

{ del prob ow = dow1 prob

} else if (f.u. l is available) then del prob ow = dow0 prob else del prob ow = 0 } else /* bus b is available */ if (f.u. l is available)

{ del prob ow = (l == u || b == s) ? dow1 prob2 1 : dow0 prob2 1)

} else

del prob ow = (l == u || b == s) ? dow1 prob2 2 : dow0 prob2 2) } if (l == u && b == s)

{ of = (ff == DEF ? -c11 : (ff == LKY ? -c12 : c13))

} else { if (ff == DEF)

then of = 1 else if (ff == LKY)

then of = c_{14} else of = c_{15} } else

of = c_{16}

This force component is computed as

F^{lb}_{fp} = dg ⋆ (del prob s ⋆ sf + del prob ow ⋆ of ).

The total lookahead force from f.u. ports to bus links is computed as

F^{us}_f = ∑ z ∑ w ∑ u F^{zw}_{fu} .

9.0.6 Lookahead forces between memories and buses due to transfer distribution pertubation

Following the earlier convention, the transfer of port p of the operation in column r is considered for mapping on bus s. It is assumed that the transfer involves memory m. The forces developed at the links between bus b and memory z are computed. The value ff is defined as before.

self force : F^{bz}_{vs} = if b == s if m == z : ff .

A_b − 1 A_b . U^m_t A_b else : 0

else if m == z : ff . −1 A_b . U^m_t A_b else : 0 .

other force : F^{bz}_{vs} = if b == s if m == z : ff . max(0, U^m_t − 1). −1 A_b . U^m_t A_b else : ff .U^z_t . −1 A_b . U^z_t A_b else if m == z : ff . max(0, U^m_t − 1). −1 A_b(A_b − 1) . U^m_t A_b else : ff .U^z_t . −1 A_b(A_b − 1) . U^z_t A_b

.

9.0.7 Forces for transfer to bus mapping

Force on bus b due to transfer f when transfer r is mapped onto bus s. The value ff is as defined earlier.

if (s == b) { if (r == f) /* self force */

{ delprob =

A_b − 1 A_b cf = (ff == DEF ? − c_{17} : c_{18}) } else /* other */

{ delprob = −1 A_b cf =

(ff == DEF ? − c_{19} : (ff == LKY ? − c_{20} : c_{21})) U_t − 1 } } else if (r == f) /* self */

{ delprob = −1 A_b cf = (ff == DEF ||ff == LKY ? − c_{22} : c_{23}) } else

{ delprob = 1 A_b(A_b − 1) cf = (ff = DEF ? − c_{24} : (ff == LKY ? − c_{25} : c_{26})) } This component of the force is computed as F^{rs}_{bf} = XCOST A_b ⋆ delprob ⋆ cf .

The overall force of mapping the transfer f to bus b is

F^f_b = ∑ r ∑ s F^{rs}_{bf} . 10 Experimental Results

The techniques described in this paper have been tested on some well known examples. The results have been tabulated along with results of some other well known systems available with us, which include Facet, Diffeq. and elliptic wave filter. In the tables the result of our system have been labelled ours.

System # mux. # link # cell memory config. Facet 11 — 8 —- Splicer 8 — 7 —- HAL 6 13 5 —- Vital-NS 6 12 5 —- our 5 11 6 < 2, 3, 4 >, < 1, 2, 2 >

Table 1: Results for Facet example for 4 time steps and using 3 f.u.’s.

Using 2-cycle multipliers and 5 f.u.’s System # mux. # link # cell memory config. Splicer 11 — 6 —- HAL 10 25 5 —- Vital-NS 12 22 5 —- our 8 18 5 < 2, 5, 7 >, < 1, 1, 1 > Using single cycle multipliers and 3 f.u.’s our 12 16 6 < 2, 4, 5 >, < 1, 2, 4 >

Table 2: Results for Diffeq. example for 4 time steps with an operation distribution: 2⋆, +, −, <.

The first column gives the name of the system. The second column gives the number of multiplexer switches required and the third column the number of links. In general our system generates using memory elements. The fourth column is titled # cell. For other systems this represents the number of registers, for our system it represents the number of distinct storage slots, normalized for comparison with other systems. This is done because constants and some some other storage elements are usually not included while counting the register usage by most systems. These could be either individual registers or the cells of a memory. We also give a summary of the memory configuration in the column titled memory config.. Each entry is of the form < x, y, z >, where x represents the number of ports, y is the number of memories having x ports and z is the total number of cells in the y memories of x ports in the data path.

Table 1 presents the results for the Facet example. Results for the differential equation example with pipelined and non-pipelined multipliers have been tabulated in tables 3 and 2 respectively. Figure 2 is actually the data path for the pipelined multiplier version of Diffeq. whose results are tabulated in table 3. Tables 4, 5 and 6 present the results for elliptic wave filter for 17, 18 and 19 time steps respectively.

It is evident from the tables that the system developed by us is comparable in performance to the reported systems. For 19 time steps the resulf reported for SAM is exceptionally good, however, the memory formation is done manually, in the reported literature. Our system, in general uses a slightly larger number of cells for storage. For Facet and Diffeq. examples our system produces a data path with less number of multiplexer switches consistently. The number of links is also quite low. This is mainly due to the use of memories which results in less number of distinct modules.

11 Conclusions

We have developed a technique for allocation and binding for data path synthesis using a GA approach. The use of the genetic algorithm is relatively new in EDA tools. We believe there is some scope of improvement in the way the way GA has been used to solve the problem of allocation and binding. The developed system has a number of features such as specification of some design parameters, use of a bus based topology, use of multiport memories and provision for multicycling and pipelining, among other features. The results obtained on the standard examples have been very promising.

System # mux. # link # cell memory config. HAL 13 19 5 —- Vital-NS 13 17 5 —- our 7 13 5 < 2, 2, 5 >, < 1, 2, 1 >

Table 3: Results for Diffeq. example for 8 time steps with an operation distribution: 1 pipelined ⋆, 1 alu.

System # mux. # link # cell memory config. f.u. config. HAL 31 — 12 —- 3+, 2⋆ SAM 31 50 12 —- 3+, 2⋆ Vital-NS 32 50 11 —- 3+, 2⋆ STAR 26 — 11 —- 2+, 1⋆ our 28 29 14 < 2, 5, 14 >, < 1, 1, 1 > 2+, 1⋆

Table 4: Results for elliptic wave filter example for 17 time steps, with pipelined multiplier.

System # mux. # link # cell memory config. f.u. config. HAL 34 — 12 —- 3+, 1⋆ SAM 30 40 12 —- 3+, 1⋆ Vital-NS 33 40 10 —- 3+, 1⋆ STAR — — — —- —- our 31 35 11 < 2, 6, 11 >, < 1, 1, 1 > 3+, 1⋆

Table 5: Results for elliptic wave filter example for 18 time steps, with pipelined multiplier.

System # mux. # link # cell memory config. f.u. config. HAL 26 — 12 —- 3+, 1⋆ SAM 21 40 12 —- 3+, 1⋆ Vital-NS 29 40 11 —- 3+, 1⋆ STAR 28 — — —- —- our 27 33 14 < 2, 4, 12 >, < 1, 2, 3 > 3+, 1⋆

Table 6: Results for elliptic wave filter example for 19 time steps, with pipelined multiplier.

References

[1] T. C. Wilson, A. Basu, D. K. Banerjee, and J. C. Majithia, “Interconnect minimization in data path synthesis using multiport memories.” Department of Computing and Information Sciences, University of Guelph, Guelph, Ontario, N1G 2W1.

[2] A. C. Parker, “Automated synthesis of digital systems,” IEEE Design and Test, November 1984.

[3] P. G. Paulin and J. P. Knight, “Algorithms for high-level synthesis,” IEEE Design & Test, December 1989.

[4] F. Brewer and D. D. Gajski, “Chippe: A system for constraint driven behavioural synthesis,” IEEE Transactions on Computer Aided Design, pp. 681–695, July 1990.

[5] R. J. Cloutier and D. E. Thomas, “Thc combination of scheduling, allocation and mapping in a single algorithm,” in Proceedings of the 27th ACM/IEEE DAC, pp. 71–76, June 1990.

[6] M. Balakrishnan and P. Marwedel, “Integrated scheduling and binding: A synthesis approach for design space exploration,” in Proceedings of the 26th ACM/IEEE DAC, pp. 68–74, 1989.

[7] C. J. Tseng and D. P. Siewiorek, “Automated synthesis of data paths in digital systems,” IEEE Transactions on Computer Aided Design, vol. CAD-5, July 1986.

[8] B. M. Pangrle, “Splicer: A heuristic approach to connectivity binding,” Proceedings of the 25th ACM/IEEE Design Automation Conference, 1988.

[9] F.-S. Tsai and Y.-C. Hsu, “Star, an automatic data path allocator,” IEEE Transactions on Computer Aided Design, September 1992.

[10] A. Kumar, A Versatile Data Path Synthesis Approach Based on Heuristic Search. PhD thesis, I.I.T.

Delhi, January 1993.

[11] A. Kumar, A. Kumar, and M. Balakrishnan, “Heuristic search based approach to scheduling, allocation and binding in data path synthesis,” in Proceedings of VLSI Design ’95, pp. 75–80, 1995.

[12] B. M. Pangrle, “On the complexity of connectivity binding,” IEEE Transactions on Computer Aided Design, vol. 10, pp. 1460–1465, November 1991.

[13] C. A. Mandal, P. P. Chakrabarti, and S. Ghose, “Register–interconnect optimization in data path synthesis,” Microprocessing and Microprogramming, vol. 33, pp. 279–288, 1991.

[14] P. G. Paulin and J. P. Knight, “Force–directed scheduling in automatic data path synthesis,” Proceedings of the 24th Design Automation Conference, 1987.

[15] J. Lienig and K. Thulasiraman, “A new genetic algorithm for channel routing,” in Proceedings of VLSI Design ’94, pp. 133–136, 1994.

[16] A. V. Aho, R. Sethi, and J. D. Ullman, COMPILERS Principles, Techniques and Tools. Addison-Wesley Publishing Company, June 1987.

[17] M. D. Vose, “Generalizing the notion of schema in genetic algorithms (research note),” Artificial Intelligence, vol. 50, pp. 385–396, 1991.