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AbstractThis thesis considers the translation from concurrent guarded actions to sequential code whichis optimized for VLIW architectures. Guarded actions are an intermediate format for varioussynchronous languages, which are convenient for modeling embedded systems. These systemsusually consist of at least one processor, which is described using the synchronous language.Synchronous languages provide implicit parallelism of instructions, i.e. they are a naturaldescription of a set of gates, which physically run in parallel. Before creating a prototype of anew developed processor, it is often simulated by translating it into a software model. There-fore, its description has to be sequentialized to simulate the model on a convential sequentialprocessor. Beside the investigation of e�cient sequentializing algorithms, another challengethat came with the development of parallel processors was to use the parallelism provided bysynchronous languages for a better exploitation of the parallelism of these processors. Besidemulti-core processors, one type of these parallel architectures is the VLIW processor, whichis capable of executing so-called bundles. A bundle is a list of instructions that have beenexplicitly prepared by a compiler for parallel execution.To exploit the capabilites of VLIW architectures and to achieve optimal results, the algorithmpresented in this thesis creates a static schedule of the guarded actions. This static schedulecontains a list of bundles, whereas each bundle contains instructions for a set of data indepen-dent actions that can �re at the same time. For further optimizations, the partial evaluationis applied to the sequentializing algorithm. This technique duplicates the code and �xes thevalue of a variable to a constant. Hence, this application leads to simpli�cations, which canreduce the number of guarded actions in the code blocks. In general, the overall size of thecode will be increased, but the number of instructions that have to be executed for a speci�cinput are reduced. The application of sequentializing using partial evaluation resulted in aspeed-up of the simulation runs, even in small examples.
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1 Introduction1.1 MotivationComputer systems are more and more ubiquituous in our everyday lives. Often they appearas embedded systems, e.g. in cars, aircrafts or multimedia systems. These embedded systemsare usually application-speci�c hardware software systems to get the optimal performanceat low costs. The disadvantage of creating such a system is that early decisions have to bemade about the HW/SW-partition. This problem is often defered by the use of architecture-independent models of the embedded system. The HW/SW partitioning is then done in alater step of the development; in general, after the completion of the system. Hence, partsof a system that was described in a synchronous language needs to be compiled to sequentialcode.A standard approach is to generate equational code, which is very slow because a lot of code isexecuted, even if it is not necessary. For every variable, a new value is calculated, although oneor more output variables might keep their values. Many researchers investigated methods andalgorithms to improve the creation of sequential code. Many of these algorithms remove theentire concurrency of the program although each modern processor makes use of parallelism.We can observe that the computational requirements of embedded systems grow at steadyrate, which leads to the requirement of generating fast code.Another important point is the development of an embedded system. Although veri�cation isthe essential part to show the correctness of a system, testing is still important in the processof developing an embedded system. To be able to run many test cases in a short time thegenerated code for testing purposes should be as fast as possible. Again, the goal is to generatefast code.Synchronous languages o�er explicit concurrency which seems to be perfect for creating soft-ware for multicore processors. A lot of work has been done in creating multithreaded code, butusually the threads that are created of such a synchronous program are very small. The costsfor thread synchronization may be higher than the performance boost gained by executing thethreads in parallel.An alternative processor architecture supporting parallelism is the EPIC (explicitly parallelinstruction computer) architecture which is also known as VLIW (very large instructionword)architecture. An advantage of this architecture aside from the ability to execute instructionsin parallel is the reduction of power consumption, which is very important for most embeddedsystems.
1



1 Introduction1.2 ContributionThis thesis presents a procedure to create sequential code from synchronous programs whichis optimized for VLIW architectures. That means that special care is taken of the implicitparallelism of the synchronous language, but also other optimizations will be implemented togain a speed-up in executing the synthesized program. The main optimization is the so-calledpartial evaluation, which is intended to reduce the size of code that has to be executed in onecycle. However, the disadvantage of the partial evaluation is the increase of the overall size ofthe code. Therefore, the partial evaluation is applied in di�erent ways.1.3 Related WorkEdwards presents in [9] several compiling techniques that are used to compile synchronouslanguages into sequential code. Halbwachs et al. [12] describe an algorithm for compilingLustre programs. Lustre prohibits cyclic dependencies, therefore, they always �nd a scheduleto optimize their logic network. Chiodo et al. [7] attempt to reduce the size of the synthesizedcode by sharing duplicated code. They represent the automaton and its branching programsas a single reduced, ordered BDD [2]. Zeng et al. [32] give an algorithm to produce sequentialcode from arbitrary acyclic program dependence graphs. However, the guarded actions builddependence graphs which may contain cycles; therefore, it does not meet the requirementof Zeng et al. Cyclic dependencies can be removed by the method presented by Malik [18],however this requires the usage of ternary logic, i. e. more variables, and the usage of iterativecalculations. Edwards [10] presents a technique to break up cyclic dependencies for equa-tional systems using BDDs. However, this thesis does not create equational code. Anotherway to break up cyclic dependencies.is the application of partial evaluation, which is actuallyintended to create specialized fast code. In [19], Jones et al. give an introduction to partialevaluation. The idea of partial evaluation is that a function with two arguments is transformedto a function with one argument by �xing the other argument. One can say, that a genericsolution is split into one or more specialized solutions. This technique can also be applied tocode by replacing a variable by a constant value. Furthermore, this has to be applied for eachvalue that can be reached by the variable that has to be replaced. The main disadvantageof partial evaluation is the duplication of code, assuming that Boolean values are applied tothe code. However, the application of partial evaluation can reduce a subblock drastically,giving a high speed-up in the execution of the code. In this thesis, the partial evaluation isonly applied to Boolean variables yielding some subblocks, whereas the decision which has tobe executed is made by a if-then-else-statement. A compiler for a VLIW architecture isable to transform this statement depending on the size of its subblocks to two blocks that arereached by conditional branches or by executing both paths using predicated execution [20].Wall [30] gives an overview of techniques to improve the parallelism in programs. Most ofthese techniques must be implemented by the compiler that has precise knowledges of thetarget architecture, e. g. software pipelining, software branch prediction or trace scheduling.Wenz [31] gives a description of synthesizing synchronous languages. He starts with a de-tailed description of synchronous languages and the problems that are introduced with them,2



1.4 Organization of the Thesisi. e. causality and schizophrenia problems In his work, Wenz creates an equational system ofthe compiled program and outputs it as so-called sequential circuit code. Equational systemsare used to create hardware circuits and allow symbolic model checking of the created circuit.However, the disadvantage of this code is its slowness, when it is executed in software.Another approach of running synchronous code on a processor is given by Li et al. [16], [17].They developed a processor that is capable of execution Esterel code. The core of the proces-sor is called the KEP3a Reactive Multi-threaded Core and is scalable, i. e. depending on theused FPGA board, multiple cores can be connected to increase the speed of the execution ofEsterel code.1.4 Organization of the ThesisThis diploma thesis is organized as follows: Chapter 2 starts with an introduction to syn-chronous languages, in particular Section 2.1 introduces to Quartz, which is a representativefor synchronous languages. Section 2.2 proceeds with an explanation of guarded actions, whichare the input for the synthesis. This is followed by Section 2.4 that gives a short descriptionof VLIW processors. The main part, the description of the implemented algorithm, is splitinto four parts. It starts with a description of the input data for the synthesis in Section 3.This section also describes the rearranging of the input data for a convenient representationof all necessary data. Section 4 describes the sequentialization process that is applied to therearranged data. The sequentialization process creates the so-called bundle code, which canbe optimized after the sequentializing by the algorithm described in Section 5. The optimizedbundle code can be translated into C code as shown in Section 6. Finally, Section 7 gives theresults of the taken benchmarks, and draws the conclusions.
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2 Preliminaries2.1 Synchronous LanguagesSynchronous languages such as Esterel [5], [1], Quartz [22], [25] or Lustre [11] have beendesigned to model real-time systems, no matter whether in hardware or in software. One ofthe key features of these languages is to abstract from time and physical conditions like gatedelays [26]. Hence, the programmer is able to keep the focus on implementing the logic ofa circuit without being de�ected by low-level issues. Another important aim of synchronouslanguages is to be able to create parallel processes without the additional e�ort of threadmanagment, which is necessary in conventional languages like C.QuartzSince all programs in this thesis were written in Quartz, this chapter introduces Quartz asa synchronous language. Before implementing any behavior of a system, we have to de�nean interface to our environment that declares input and output variables. The behavior of amodule is defered by a statement. Statements can be divided into two classes, the so-calledmicro steps and macro steps. The former do not consume time, while the latter consumeexactly one logical unit of time. Consuming no time can be thought of executing an instructionin an in�nitely short time. Macro steps consist of �nitely many micro steps. All micro stepsin a macro step are executed in parallel. To get an impression how this can work, we canimagine a circuit where the current �ows with an in�nite velocity through gates and wiresand where it can be only delayed by latches. The gates and lines represent the micro stepswhile the entire circuit including the latches represents the macro step. Usually macro stepsare indicated by a pause statement. There are many other statements that consume time butthey can all be replaced by micro steps and pause statements.Figure 2.1 shows a full adder in a pipeline of a processor, i.e. latches are appended tothe combinational circuit to store the result. The circuit of the adder is given on the lefthand side and its implementation in Quartz is given on the right hand side. Declarationsof local identi�ers have been removed to focus on the essential code. As can be seen, thegates are represented as logical equations and the latches are programmed with so-callednext-statements.Basic StatementsThis section presents the basic statements of the Quartz language [22], [24], [23]. The corelanguage of Quartz is powerful enough to de�ne many other statements as simple syntacticsugar and consists of the following basic statements: 5



2 Preliminaries
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x module FullAdder(bool x, y, cin, &s, &cout) {a = x xor y;b = a xor c;c = x & y;d = a & c;e = c | d;next(s) = b;next(cout) = e;}Figure 2.1: Full Adder Circuit and Implementation in QuartzDe�nition 1 The set of basic statements of Quartz is the smallest set that satis�es the fol-lowing rules, provided that S, S1, and S2 are also basic statements of Quartz, ‘ is a locationvariable, x is an event variable, y is a state variable, � is a Boolean expression, and � is atype:
� nothing (empty statement)
� y = � and next(y) = � (assignments)
� ‘ : pause (consumption of time)
� if(�) S1 else S2 (conditional)
� S1;S2 (sequential composition)
� S1 k S2 (synchronous concurrency)
� do S while � (iteration)
� [weak] suspend S when [immediate] (�) (suspension)
� [weak] abort S when [immediate] (�) (abortion)
� f� y; Sg (local variable y with type �)
� choose S1 else S2 (nondeterministic choice)
� assume(’) (inline assumption)
� assert(’) (inline speci�cation)
� name(�1; : : : ; �n) (module instance)6



2.1 Synchronous LanguagesThe labeled pause statement is the only basic statement that consumes time. For this reason,pause statements are endowed with unique Boolean valued location variables ell that are truei� the control is currently at location ell : pause. These variables are used to de�ne the control�ow of the module. Using the other statements unless the assignments, the control �ow canbe manipulated.The assignments represent the statements to control the data �ow of a module. There are twokinds of assignments. Immediate and delayed assignments. An immediate assignment assignsa variable y a value that is obtained by the evaluation of � in the same macro step. In contrast,the delayed assignment evaluates � in the same cycle, too, but assigns the obtained value to
y in the next macro step. Furthermore, the language Quartz knows two kinds of variables,namely event and state variables. The former do not store their value. They only keep a valuein the macro step where it was assigned. In contrast, state variables are persistent, i. e. theystore their current value until an assignment changes it.As mentioned, the Quartz language consists of additional statements that are syntactic sugar,i. e. they can be rewritten using the statements de�ned in 1. To give an example consider thestatement ell: await y, which is also known from the language Esterel. As one can see, thestatement is labeled; therefore, it may consume time. The semantics of this statements are towait for the presence of a variable y,i. e. ell: await y waits until y is set, but at least onecycle. Hence, it can be expressed by some core statements as follows: do { ell: pause; }while(!y);. Another example is the always statement, which is de�ned as follows: alwaysS; � do { S; pause; } while(true);.CausalityThe implicit parallelism of synchronous languages introduces some problems that do not occurin sequential languages. The semantics of synchronous languages allow to write programs thatare syntactically but not semantically correct [4].

� Logical correctness: A program is logically correct, if it is reactive and deterministic [5,Chapter 4], [15], [22, Section 3.2.2]. In particular, that means that a program has toreact for each input with exact one output. Synchronous composition of control �owand macro steps can complicate the semantic analysis of a program. As mentioned it ispossible to write programs that are syntactically but not semantically correct. Considermodule P1(bool &o) {if(o) o=true;}Figure 2.2: A non-reactive system.the Quartz programs in Figure 2.2 and 2.3. Module P1 provides two possible outputs(o=false and o=true are correct outputs). In contrast, module P2 does not provideany outputs due to the contradictory if statement. Note that the assignments and the7



2 Preliminaries module P2(bool &o) {if(!o) o=true;}Figure 2.3: A non-deterministic system.if statements are executed in parallel. That means that an assignment in a conditionalstatement can in�uence the result of the conditional statement.
� Constructiveness: A synchronous program is constructive, if its output values can becomputed without guesses. The constructiveness restriction is necessary to be ableto synthesize a module; therefore this restriction is expected for all modules that areintended to be synthesized.
� Write con�icts: Another problem that is introduced by the concurrent execution ofinstructions are write con�icts [15]. Due to the support of immediate and delayedassignments, there are three types of write con�icts (see Figure 2.4,2.5 and 2.6). Allmodule WRCONFLCT1(int &o) {o = 1;o = 2;}Figure 2.4: Write con�ict, type NOW-NOWmodule WRCONFLCT2(bool &o) {next(o) = 1;next(o) = 2;pause;}Figure 2.5: Write con�ict, type Typ NEXT-NEXTtypes of write con�icts are caused by the same reason: two or more variables assigndi�erent values to one variable.Shizophrenia ProblemsThese problems only occur in synchronous languages. In synchronous languages it is possibleto execute a statement more than once in a macro step. Figure 2.7 shows an example for ashizophrenia problem [26]. To �gure out the crucial point, assume that the control is at l1 ,and i holds. First, a = true; is executed. Due to the abort condition the second conditionalstatement is skipped. The next iteration of the loop start immediately and the �rst conditionalstatement is skipped; therefore, a = true; is executed again. However, a is assigned the same8



2.1 Synchronous Languagesmodule WRCONFLCT3(bool &o) {next(o) = 2;pause;o = 1;}Figure 2.6: Write con�ict, type NEXT-NOWmodule Schizo1(bool i, &a) {do {weak abort {if(!i) l1 : pause;a = true;if(i) l2 : pause;} when(i)} while(true);}Figure 2.7: Example for the shizophrenia problem.value; therefore, this is no problem.However, this can result in a problem, if a is a local variable. Figure 2.8 [26] shows the simplestexample for reincarnation. Assume that the control is at l1 . x is emitted; therefore, the secondmodule Reincar1(bool &xOn, &xOff) {do {local x;if (x) { xOn=true; } else { xOff=true; }l1 : pause;x = true;if (x) { xOn=true; } else { xOff=true; }} while(true);}Figure 2.8: Example for the shizophrenia problem.conditional statement emits xOn. The next iteration of the loop is started immediately and anew scope of local is entered, initializing x to zero. For that reason, the �rst conditional emitsxOff and the control stops at l1 . Hence, xOn and xOff are present in one macrostep.SynthesisTo synthesize synchronous programs, they are usually compiled to intermediate formats. 9



2 PreliminariesEquational code [22]: The generation of equational code is convenient for the creation of hard-ware circuits. Additionally, it does not need to be sequentialized, which is an advantagefor software synthesis. However, the whole code is always executed, even for idle sections.For that reason, the equational code runs very slow.Job code: [24], [23] Job code is also an intermediate format for synchronous languages. It isintended to be used on multicore and multiprocessor architectures.Automaton code: The representation of a synchronous program as an automata has the advan-tage that very e�cient code can be created. However, the size of the automata increaseexponentially with the size of the program's state space.Averest intermediate format (AIF): The Quartz compiler creates a format that describes thebehavior of the module using guarded actions, which are explained in the next section.This is the input format for the synthesis tool, presented in this thesis.2.2 Guarded ActionsThe guarded actions represent the input of the synthesis process; therefore, this section givesa basic overview. As already mentioned, one of the available output formats of the Quartzlanguage is the Averest intermediate format (AIF). The AIF contains co-called guarded actions[22], [3], [8].De�nition 2 A guarded action A for the variable x is de�ned by the tuple (’;E) consistingof a guard ’ and an expression E.Care has to be taken of the distinction between immediate guarded actions AI and delayedguarded actions AD. Section 3 will explain the semantics of guarded actions in detail. In thefollowing, it su�ces to consider only immediate actions. Actually, the actions are the expres-sions on the right side of the assignments that occur in the Quartz description of the module.The expression is extended by a guard that de�nes the condition when the expression has tobe assigned to the destination variable x. This guard depends on the control �ow variables,and actually it codes the label where the control �ow must be to execute the correspondingassignment. To given an example, consider Figure 2.9, which shows a simple Quartz moduleon the left side and its guarded actions on the right side. As can be seen, the assignment ofmodule Simple(bool i, int &o1, &o2) {l1: pause;o1 = 100;l2: pause;if(i) { o2 = 10 + o1; }} Guarded action for variable o1:
A1 = (l1; 100)Guarded action for variable o2:
A2 = (l2 ^ i; 10 + l1)Figure 2.9: A simple Quartz module and the generated guarded actions.10



2.3 Cyclic Dependencies
100 to o1 must be executed if the control is in l1. For that reason, the action's guard is l1and the expression is 100. The action for o1 is de�ned similar. The expression on the left side,i. e. 10+l1 must be assigned if the control �ow is in l1, and due to the conditional statement,i must hold.In general, the translation of synchronous programs to guarded actions is not as easy as shownin this example. Schneider gives in [26] and [22] logical transition rules to translate statementsof a synchronous program to a transition system. This transition system is used to build theguarded actions of the module. However, shizophrenia problems, i. e. the multiple executionof a Quartz statement in one macro step (see Section 2.1), and statements like the abortstatement require the introduction of the so-called surface and depth of a module. A detaileddescription of this problem is omitted, because it requires detailed knowledge of the compila-tion using the logical transition rules. The cruicial point of this problem is that a statementmay be instantaneous and not instantaneous, i. e. it may consume time or not, depending onthe control �ow. Therefore, one has to distinguish between the surface, which is executedwhen entering a statement, and the depth, which is executed if the control �ow stays in thestatement.Beside guarded actions, a variable may also own a reaction to absence. The assignment of thereaction to absence is to describe the reset of event variables. The reaction to absence mayalso be used in the modular compilation of Quartz programs, which is not done in this thesis.However, for the sake of future changes, the reaction to absence is considered and handled inthis thesis. Actually, the reaction to absence is also an action but with an implicitly de�nedguard. The reaction to absence has to be evaluated and to be assigned to the destinationvariable, if in the current macro step no immediate action was �red, and if in the previousmacro step no delayed action was �red.2.3 Cyclic DependenciesTo motivate the usefulness of cyclic dependencies, consider the de�nition of function z from[18]: z =if c then F (G(x)) else G(F (x)).This function can be implemented in two di�erent ways. The �rst possibility is to translatethe expression in the de�nition without any changes. The resulting hardware implementationis shown in Figure 2.10 on the left side. Although one instance of each function is active,two instances for each function are necessary. There is a second possibility to circumventthe waste of resources and to build a more compact circuit. The hardware implementation isshown in Figure 2.10 on the right side. To be able to implement z with only one instance ofeach function, we implement the auxiliary functions yF and yG and modify z as follows:

yF = if c then F (yG) else F (x)

yG = if c then G(x) else G(yF )

z = if c then yF else yGIt is important to recognize that there is no logical feedback, although the circuit has astructural feedback. A description of the circuit in Quartz might look as shown in Figure 2.11.11



2 Preliminaries
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zFigure 2.10: The function z=if c then F (G(x)) else G(F (x)). The left circuit is acyclic butuses two instances of each function. The right circuit needs only one instance ofeach function but has cyclic dependencies.The compilation of the Quartz program will produce an AIF �le that contains the actionsshown in Figure 2.12.module CyclicCombCircuit(bool c, int x, int &z) {local yF, yGwhile(true) {z = (c ? yF : yG);yF = (c ? (F(yG)) : (F(x)));yG = (c ? (G(x)) : (G(yF)));pause;}}Figure 2.11: Implementation of the cyclic combinational circuit in Quartz.Malik presents a solution for constructing the outputs of cyclic circuits [18]. His solutionapplies three-valued logic to the circuit and requires an iterative computation of the outputs.However, three-valued logic introduces additional variables, i. e. in the worst case it doublesthe variable space, and the additional computation e�ort is also a disadvantage.In this diploma thesis, two solutions are given to solve this problem. The �rst solution usespartial evaluation which is introduced in [19] by Jones, Gomard, Sestoft. The partial evalua-tion will be explained in more detail in Section 4.2. The following gives a coarse overview ofits application. The usage of partial evaluation is able to break up the cyclic circuit by settingthe value of a variable to a constant. In general, this has to be done for all values that can beassigned to the variable. In this example, the synthesis tool will generate two blocks of code,one block for c = false and one block for c = true. Applying the partial evaluation to theactions shown in Figure 2.12 yields the simpli�ed actions shown in 2.13. Each subblock of the12



2.4 VLIW
A1:if c then z = yF

A2:if :c then z = yG

A3:if c then yF = F (yG)

A4:if :c then yF = F (x)

A5:if c then yG = G(x)

A6:if :c then yG = G(yF )Figure 2.12: The actions, which are generated by the Quartz compiler.
c

A1: z = yF

A3: yF = F (yG)

A5: yG = G(x)

A2: z = yG

A4: yF = F (x)

A6: yG = G(yF )Figure 2.13: The simpli�ed actions using partial evaluation.partial evaluation is now free of cyclic dependencies; therefore, it can be easily sequentialized.The second solution is presented in detail in 4.4. In fact, the detailed explanation requiresmore knowledge of actions and the �ring rule. Basically, the sequentializing algorithm has to�nd an order, so that no action reads a variable that is written by a succeeding action. Dueto the guard of the actions, it is necessary to consider if a variable can be written under acondition. Paying attention to these conditions, it is possible to �nd a static schedule.2.4 VLIWAlthough, most modern processors have a superscalar architectures with dynamic scheduling,these processors have the disadvantage that they determine dependencies between instructionsdynamically at runtime. This requires complex hardware circuits, and the examination of datadependencies in loops is actually always the same work.To avoid these examinations of data dependencies, the Very Large Instruction Word archi-tecture [28] leaves this work to the compiler. The compiler needs detailed knownledge of thetarget architecture to exploit the maximum performance. In general, a compiler has moretime and more memory. This allows the compiler to apply better optimization algorithms,and to examine the code over large regions, i. e. it can apply global optimizations. However,some dependencies can only be checked at runtime, e. g. if two pointers are equal.Beside the computations, the removal of the complex logic for dynamic scheduling can yield asigni�cant reduction of power consumption. This is more and more a challenging topic in thedevelopment of processors. The reduced power consumption allows to implement more com-putational units, e. g. ALU or multipliers, onto the processor. This gives a potential increasein the number of instructions that can be issued per cycle.
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3 AIF Input

VLIWSynth
esis

bRead AIF dataRearrange AIF dataCreate bundle code Create bundle codeOptimization of bundle code Optimization of bundle codeTranslation of bundle code to C Translation of bundle code to C

(AIF �le)(Module)(rearranged ModuleSurface) (rearranged ModuleDepth)(Bundle Code) (Bundle Code)(Bundle Code) (Bundle Code)(C Method) (C Method)Figure 3.1: The di�erent steps of the VLIW synthesis processThe synthesis process of an AIF �le is shown in Figure 3.1. As can be seen, the VLIWsynthesis process is split into two paths with four tasks on each path.Reading the AIF �le precedes the VLIW synthesis process and is given in a framework. Thefunctionality of the AIF reader is simply mechanical and, therefore, it is not explained indetail. It reads the data from the AIF �le and returns a data structure, called module, whichcontains all information about the module. It is important to know the data structure becauseit is used as input for the VLIW synthesis. The output of the AIF reader, i. e. the input ofthe VLIW synthesis, is explained in Section 3.1.Having determined the input for the VLIW synthesis, the core of the synthesis process canstart. The module structure is not the optimal representation of the module's information,therefore, it is reorganized by the �rst step of the synthesis. Due to the nature of a module,it has to be split into two parts, which are separately synthesized by the same algorithms.The reason for splitting the module is explained in Section 3.1. Each transformed inputstructure is then given to the bundle code creator. This task sequentializes the actions of themodule according to their data dependencies. The output structure is basically a sequentiallist of instruction bundles. Each instruction bundle contains a set of instructions which aredata independent and, therefore, they can be executed in parallel. The input format and theoperation of the bundle code creator permit further optimizations of the bundle code. Thisoptimization is done in the third task of the VLIW synthesis process - in the optimization15



3 AIF Inputtask, which is explained in Section 5. It could also be done in the bundle code creationtask, but the separation of this task keeps the algorithm and the �nal implementation clearand understandable, respectively readable. The main goal of the optimization is to removeneedless instructions to minimize the computation e�ort of the program at runtime. As aresult of instruction removal, the remaining instructions might be rearranged to maximize theparallelism. The result of the optimization is again bundle code and is given to the last task inthe VLIW synthesis process. The objective of the translation to C is to translate the bundlecode is translated into C instructions and operations. The generated code is �nally written toa �le �nishing the synthesis process for the speci�c part of the module. The synthesis of themodule's actions into two methods and a framework completes the synthesis process.Having �nalized the overview of the synthesis process, a detailed description of each task canbe started. The next section deals with the data structure of the AIF reader.3.1 The AIF Input ModuleDeclarations De�nitions BehaviorSurface DepthAction group Action group � � � Action group Action group � � �Figure 3.2: The structure of the input from the AIF readerThe module data structure collects the information about a module. This information isstored either in lists or other substructures (see Figure 3.2). This section explains the moduledata structure.Basically, the AIF input that is necessary for the VLIW synthesis, consists of four lists: tobegin with, the �rst list contains the declarations of the variables of the program. This includesinputs, outputs, but also local variables. First, the AIF module also contains so-called labels,which are used to implement the control �ow of the program. A declaration consists of di�erentcomponents that describe how the variable has to be handled. Before describing a declaration,its components have to be de�ned.De�nition 3 The interface type of a variable can either be input, output, local or label.De�nition 4 The data type of a variable de�nes the variable's representation in memory andthe semantics of the operations that can be performed on it. The following type are available:Booleans, bitvectors, natural and integer numbers. The data type for labels is always Booleanand, therefore, it is not explicit given by an element in the structure.In fact, the AIF format provides more than these four types. Additionally, input variables aredistinguished in controlled and uncontrolled inputs. The distinction of the inputs is not of16



3.1 The AIF Inputinterest. The synthesis assumes that both types of input are always known at the beginningof a cycle and do not change during the calculation of the current cycle. Therefore, bothtypes of input are treated as one type of input without distinguishing between controlled anduncontrolled input. Finally, all provided types can be grouped into the four classes given inDe�nition 3. If the variable's interface type is output or local, it has also a storage type.De�nition 5 � The storage type of a variable is either memorized or event.
� The storage type for label variables is not given because it is always memorized.
� A memorized variable stores an assigned value until it is changed by another assignment.
� An event variable stores an assigned value for only one cycle. At the begin of the succeed-ing cycle, this value is invalidated, and the variable is assigned its default value unlessanother assignment is done to the variable.As can be seen, the storage type de�nes if a writeable variable stores a value or if it emits itsvalue like an impulse, i. e. only for one cycle. Having de�ned the basic types of a declaration,the declaration itself can be de�ned.De�nition 6 A declaration for a variable x consists of the variable's data type, its storagetype and its interface type.The second list of the module data structure contains the so-called AIF de�nitions.De�nition 7 An AIF de�nition (x;E) assigns the temporary variable x in the current cyclethe value of the expression E.This temporary variable can be used in any other expressions. The background of AIF de�ni-tions in a module is based on the collection of shared expressions. During the compilation ofa Quartz program, the compiler collects these shared expressions and adds them as a separatelist to the module description. These AIF de�nitions can be handled in two di�erent ways: thesimplest solution is to replace all occurences of the temporary variables by their correspondingexpressions. However, this method of handling the AIF de�nitions would completely removethe bene�t of AIF de�nitions; therefore, it this is not done. A smarter but still not optimalsolution is explained in Section 3.2. To be able to understand the solution, the concept ofactions has to be de�ned. Actions are used in the third parameter of the module data struc-ture, the behavior, and are explained in the following part. The declaration of the variablesand the AIF de�nitions of shared expressions are the �rst important parts of the module. Tocomplete it, the module's behavior has to be de�ned. The behavior is based on operationson the module's variables - the guarded actions, which were already de�ned in De�nition 2.Of course, input variables can not be written by the module, i. e. only output, local and labelvariables have guarded actions. Moreover, De�nition 2 does not de�ne the behavior of theguarded action. De�nition 10, which speci�es the condition when an action has to be �red,is preceded by two de�nitions. First, a helper function has to be de�ned to determine whichvariables are necessary to evaluate an expression. 17



3 AIF InputDe�nition 8 �(’) = fxjx appears in ’gThe function �(’) returns a list of all variables that are read by the formula ’. This includesoutput, local and label variables but also temporary variables of AIF de�nitions. The secondde�nition is an anticipation of the notion of known variables. It is more an intuitive descriptionthan a precise de�nition. It will be de�ned more precisely by De�nition 37, but for now, thefollowing one su�cies.De�nition 9 A variable is known i� its value in the current cycle can not be changed.Having assigned the function �(’) and the notion of known variables, the condition for �ringa guarded action can be speci�ed.De�nition 10 An guarded action A = (’;E) for the variable x has to be �red i� the variables
�(’)

T

�(E) are known, and ’ can be evaluated to true.Hence, the following de�nition will help to get better bundle code by an early evaluation ofthe guard. If the guard can be evaluated to false, it is not necessary to wait for the availabiltyof the input variables of E.De�nition 11 A guarded action A = (’;E) for the variable x has to be discarded i� thevariables �(’) are known and ’ can be evaluated to false.In the next step, it has to be determined, what to do if an action has to be �red. The exactsemantics of �ring an action A depends on wether it is an immediate action or a delayedaction. An immediate action AI = (’;E) for the variable x has the following semantics:De�nition 12 Let AI = (’;E) be an immediate action for the variable x. I� the �ringcondition holds, then x has to be assigned immediately the result of the evaluation of E.A delayed action AD = (’;E) for the variable x has the following semantics:De�nition 13 Let AD = (’;E) be a delayed action for the variable x. I� the �ring conditionholds then x has to be assigned in the next cycle the result of the immediate evaluation of E.A variable x can, but may not own an absence reaction. If x has an absence reaction and hasnot been assigned a value in the current cycle, i. e. in the current cycle no immediate actionhas �red and in the previous cycle no delayed action has �red, it has to be assigned the resultof the evaluation of the absence reaction's expression.De�nition 14 An absence reaction EabRe for the variable x is an optional expression. If xhas an absence reaction, EabRe has the same type as x, else EabRe has the value NONE.Since an absence reaction has no guard, its �ring condition di�ers from the �ring conditionfor actions by the following rule.De�nition 15 Let EabRe be the absence reaction for x and EabRe 6=NONE. I� in the currentcycle no immediate action of x has been �red and in the previous cycle no delayed action of
x has been �red, the variable x has to be assigned immediately the result of the evaluation of
EabRe.18



3.1 The AIF InputHaving de�ned the basic elements of the AIF input data and their semantics, they can begrouped to an action group.De�nition 16 An action group assigns a destination variable x a list of immediate actions
AI;1;AI;2; : : : ;AI;n, a list of delayed actions AD;1;AD;2; : : : ;AD;l and an optional absencereaction EabRe. An action group is represented by the following tuple:
(x; fAI;1;AI;2; : : : ;AI;ng; fAD;1;AD;2; : : : ;AD;lg; EabRe)At this point, it is important to discuss write con�icts. Output and local variables can havemore than one immediate action or delayed action. Reconsider that actions in synchronouslanguages are executed in parallel and therefore, they have no order. Furthermore, the guardsof the actions of one variable do not have to be disjunctive, which introduces the write con�icts.A write con�ict is present i� two or more actions of the same variable and the same type are�red in a cycle. Write con�icts cause an unde�ned behavior of the module. This also appliesto the sequentialized code of the module. In Averest, the absence of write con�icts can beproved by model checking. This is not part of this diploma thesis; therefore, one can assumethat the module is free of write con�icts - otherwise the module and also the synthesized codewould not make much sense. To de�ne the absence of write con�icts, an anticipation of theexpression reachable states has to be made.In general, every writeable variable can be assigned any value of its type's range, e.g. a Booleanvariable can be true or false. Hence, every con�guration of the variables is possible, but notevery con�guration of the variables makes sense. Consider the expression o = i. One caneasily see that only the con�guration o^ i or :o^:i can be reached. In this case o^ i_:o^:iwould be the symbolic representation of reachable states. This topic is explained later in moredetail (see Section 4.3).De�nition 17 Let r be a symbolic representation of all reachable states. A module has nowrite con�icts i� for all writable x with action group
(x; f(’I;i; EI;i)ji 2 1 : : : ng; f(’D;i; ED;i)ji 2 1 : : : lg; EabRe), one has:
(8i; j 2 f1; : : : ; ng; i 6= j:(’I;i ^ ’I;j ^ r) = false)^

(8i; j 2 f1; : : : ; lg; i 6= j:(’D;i ^ ’D;j ^ r) = false)^

(8i; j 2 f1; : : : ; lg; i 6= j:(((’I;iin cycle l+1) ^ (’D;j in cycle l) ^ r) = false)In Section 2.1, three di�erent types of write con�icts were presented; therefore, the absenceof write con�icts requires to comply with three conditions: the �rst condition ensures theabsence of NOW-NOW write con�icts, the second condition ensures the absence of NEXT-NEXT write con�icts and the last condition exclude a write con�ict by an immediate and adelayed assignment, i. e. the absence of NEXT-NOW write con�icts.In general, a module contains more than one output variable, so the AIF reader will returna list of action groups. In particular, it will return two lists. One list groups the so-calledsurface of the module and the second groups the so-called depth of the module.De�nition 18 The surface of a module contains all actions that can be executed i� the moduleis entered. 19



3 AIF InputDe�nition 19 The depth of a module contains all actions that can be executed i� the control�ow stays in the module, i. e. the module did not terminate since it has been entered.The synthesis only considers one module. This condition simpli�es the de�nitions of thesurface and the depth as follows:De�nition 20 The surface of a single module contains the actions that can be executed atstarting time.De�nition 21 The depth of a single module contains the actions that can be executed afterstarting time.The last two de�nitions express that the synthesized program needs two di�erent methodsto run a module. The surface is used to synthesize the initialization method for the module,while the depth contains the information to synthesize the main method, which is called ineach cycle except for the �rst one. Hence, the synthesis process runs twice with a di�erentset of actions in each run, i. e. the �rst run synthesizes the surface actions to the initializationmethod while the second run synthesizes the depth actions to the main method. Havingde�ned the surface and the depth of a module, an important supplement has to be done.Both, the surface and the depth are split into a control �ow and a data �ow.De�nition 22 The control �ow contains the actions that manipulate the label variables of themodule.A remark has to be done about this de�nition: it has to be taken care about that a macrostep is not a single step in the synthesized program. It is possible to execute several macrosteps in a single cycle.De�nition 23 The data �ow contains the actions that manipulate the local and output vari-ables of the module.For synthesis, there is no necessity to distinguish between �ring an action of the control �owand �ring an action of the data �ow. The only di�erence is that the action group for a control�ow variable will always contain delayed actions only, but no immediate action and no absencereaction. Due to this fact, the control �ow and the data �ow are concatenated so that thesurface and the depth are each represented by one list of actions.3.2 Rearranging the ModuleAIF de�nitions have been explained in Section 3.1, but their handling is still unde�ned. Likeguarded actions, the AIF de�nitions can not be executed in an arbitrary order. They have towait for the availability of the input variables, too. This leads to the �ring condition of theAIF de�nitions which is similar to the �ring condition of the guarded actions.De�nition 24 An AIF de�nition (x;E) for the variable x can be �red i� the variables �(E)are known .20



3.2 Rearranging the ModuleAs can be seen, this de�nition does not force the �ring of an AIF de�nition. The �ringcondition of an AIF de�nition also depends on its usage. Section 4.4 will give a detailedexplanation for determining the exact �ring condition. The exact �ring condition is necessaryto break up cyclic dependencies. However, it may delay the �ring of an AIF de�nition. Fora �rst explanation of the synthesis process, the exact �ring condition is omitted. Due to theintention to �re actions as early as possible, the �ring condition in De�nition 24 is intensi�edto must be �red. Having de�ned the �ring condition, the next step is to de�ne the behaviorof the AIF de�nitions.De�nition 25 Let (x;E) be an AIF de�nition. I� the �ring condition holds, then x has tobe assigned immediately the result of the evaluation of E.Taking a close look to De�nitions 10, 24, 12 and 25, one can see that the behavior of AIFde�nitions is similar to that of immediate guarded actions. AIF de�nitions are a special caseof local variables with exactly one immediate action and no delayed actions and no absencereaction. A question that arises now is the determination of a guard for the immediate action.Intuitively, the guard has to be set to true, because an AIF de�nition does not depend onthe control �ow. Additionally, an always satisfying guard does not delay the �ring of an AIFde�nition; therefore, it meets the requirement that an AIF de�nition must be �red as early aspossible. The solution which suggests itself is to handle AIF de�nitions like guarded actions.Hence, this is a convenient solution for the implementation of the bundle code creation taskbecause the changes concern only the rearranging of the module. However, transforming AIFde�nitions to guarded actions introduces the necessity of optimizations. The explanation ofthis point follows the next de�nition. The �rst step for handling AIF de�nitions is to createan action group for each AIF de�nition.De�nition 26 The action group for an AIF de�nition (x;E) is represented by the tuple
(x; f(true;E)g; fg; NONE).The new list of action groups must not be appended to the conventional list of action groups,neither the surface nor the depth. Although, the AIF de�nitions can be handled like con-ventional guarded actions, one important di�erence still remains. The destination variable ofan AIF de�nition does not have to carry its value of a cycle to the succeeding cycle, i. e. avalue is only valid in the cycle when it is calculated. Handling AIF de�nitions like `real'local variables is not wrong but it is not optimal, either. Creating the bundle code can bedone by the suggested solution, i. e. AIF de�nitions are handled like local variables with oneimmediate guarded action. But it is strongly recommended to optimize the created bundlecode afterwards (see Figure 3.1). To be able to optimize the bundle code after its creation, allassignments to an AIF de�nition variable have to be marked.Having de�ned the handling of AIF de�nitions, the next task is to �nd a convenient represen-tation of the data that is necessary to build the bundle code. In the next step of the VLIWsynthesis process, this bundle code will be generated by �ring the actions one after the other.The �red actions will be translated to assignments which are the basis of the bundle code.During this translation process, some information has to be checked again and again. To avoid21



3 AIF Inputunnecessary computation e�ort by recalculating these values, the action group of a variableis collected with all needed values and constants to one data structure - the so-called actionguide - which has the following members:dataType this is the data type of the destination variable. If a variable gets known accordingto De�nition 9 it is appended to the list of known variables. Section 4.2 will explain thefunctionality of partial evaluation which can be extended according to the descriptiongiven in Section 4.4. In fact, a variable that gets known can also be used for partialevaluation. However, partial evaluation can only be applied to variables of a speci�ctype. dataType is to determine if a variable that gets known has to be appended to thelist of known variables or to be used for further partial evaluation.storageType this is the storage type of the destination variable. It is used for the translationof the sequentialized actions to C code. Events have to be reset after one cycle which isnot handled by the sequentialization algorithm. Resetting events is done by additionalinstructions that are generated in the translation task.actionGroup this is the group of the variable's actions which can be split into the destinationvariable, a list of immediate actions which may be empty, a list of delayed actions whichmay be empty and an optional absence reaction.canBeWrittenDelayed states if the variable can be written by a delayed action. This value isinitialized once and not changed, i. e. it does not show if the variable can still be writtenby a remaining delayed action. This �ag is intended to optimize the �ring of absencereactions. Due to the current approach of the synthesis process this can not be includedyet. The changes that have to be done to implement the optimization can be done in alater step of the implementation. Anyway, the optimization increases the performanceof the program between hardly ever and slightly. Therefore, the mentioned optimizationis explained in a later Section 4.4 to avoid confusions with details.overallGuardImmediate the overall guard is used to build the disjunction of the guards of all�red immediate actions. If the overall guard of immediate actions can be evaluated totrue, all remaining immediate actions and the absence reaction can be discarded due tothe assumption that there are no write con�icts.hasBeenWritten is a state for observing if the variable has been written. The state can havethe following values:has_not_been_written,might_have_been_written orhas_been_writtenIt has the same purpose as overallGuardImmediate, but expresses the result in an intu-itive verbalised way.isDe�nition if the destination variable of this structure is an AIF de�nition variable thenisDe�nition is set to true. After sequentializing the concurrent actions the AIF de�ni-22



3.2 Rearranging the Moduletion assignments in the generated bundle code can be optimized. This optimization isexplained in Section 5.The representation of the module's behavior is now clear. This is done by the action guidesexplained in the last part of this section. Furthermore, in general a set of known variables
Vknown is necessary to �re at least one action. Considering De�nition 9, known variables arevariables that will not change their value in the current cycle. At the beginning of a cycle,these variables will be those that cannot be written immediate or by an absence reaction,i. e. known variables are all input variables and all output variables that can only be writtenby delayed actions.Furthermore, the bundle creation task uses partial evaluation to reduce the code that has tobe executed per cycle. Section 4 gives a detailed description of the partial evaluation. Here,only the fundamentals will be introduced. The goal is to reduce the number of assignmentsthat have to be executed in a cycle. During the sequentialization process, guarded actionshave to be �red. Recall that the guards consist of variables that are known according toDe�nition 9, but their values are not known. Hence, guarded actions are synthesized toconditional assignments. In the worst case, i. e. if no action has a guard that is true, for everyguarded action a conditional assignment is created. To reduce the number of assignments,the evaluation of the guards has to be improved. Instead of regarding the general case for avariable, for each possible value than can be assigned to the variable, a partial evaluation iscreated for the generated bundle code. For each case, all appearances of the variable in anexpression or a guard are replaced by the corresponding value. Using this replacement strategyand applying lazy evaluation to the simpli�ed expressions including the guards, it is possibleto reduce the size of the expressions. The optimal case is that a guard can be completelysimpl��ed to false or true, i. e. the action can be removed or �red without a condition.After the short introduction to the partial evaluation, it has to be declared which variableshave to be used for it. Although, it is possible to use the partial evaluation with each variablethat is known according to De�nition 9, it does not mean that it is reasonable to do that.Recall that the goal is to simplify the guards of the actions. The guards usually consistmostly of label variables, therefore, the obvious choice is to use label variables for the partialevaluation. As described, these variables have to be known, which leads to the method thatcreates the list of variables that are used for partial evaluation. All label variables in the listof known variables Vknown are moved to a new list VCD, which is one of the parameter forthe bundle code creation task. Labels are usually written delayed-only which implies thatthey could be copied directly to the list for partial evaluation. However working with thisindirection has the advantage that it is safe for future changes to this condition. As alreadymentioned, it is possible to apply the partial evaluation to any known variable. Hence, thedecision which variable is used for this technique is left to a simple �lter, which is applied tothe list of known variables. To give an example, the �lter can be chosen depending on the sizeof the list of known variables. For small modules, the �lter will select all Boolean variables.In contrast to that, only speci�c variables will be selected for large modules.

23
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4 Sequentialization
4.1 Bundle Code FormatThe bundle code creation can also be described as the sequentialization process. The basicapproach of the sequentialization algorithm presented in this diploma thesis is based on theapplication of the �ring rules presented in Section 3.1. The main goal is to �nd a static sched-ule for executing the module's guarded actions. Before bundle code can be created, the formatand its meaning has to be described. The basis for the sequentialization algorithm is a listof action guides, which is created by the rearranging task. This task was already describedin Section 3.2. The action guides contain the guarded actions that build the data �ow graphand the control �ow graph. Again, they represent the data dependency graph of the module,which controls the �ring sequence of the actions.The synthesis is however di�erent to the simulation of a data �ow computer. First, there aremethods produce di�erent results. The synthesis creates a static schedule of the concurrentactions while the simulation runs the program directly. The second point is that the synthesiscontains variables, i. e. values are stored permanently and not temporary on a virtual edge.The third and most important di�erence is an advantage that may result of the partial eval-uation. Not all variables in an expression have to be known to compute the �nal result. Asimple example is a C-like if-then-else expression  ?Etrue : Efalse. If  is evaluated to trueor false, then it is known which expression has to be evaluated and which expression can bediscarded. In principle, data-�ow computers know data-driven and demand-driven executions;therefore, it has to regard all actions in a cycle. In contrast to this technique, the synthesismay create code that is optimized to speci�c states and, therefore, not every action has tobe regarded. The last point in that the two techniques di�er concerns the de�nitions thatare used in AIF descriptions to collect shared expressions. Although they have already beentransformed to actions, i. e. they have been integrated into the data �ow graph, the staticschedule can be optimized. It was already mentioned that the bundle creation task is followedby a optimization step, i. e. this optimization needs not to be handled in this section.Before giving a detailed description of the algorithm, a clear description of the bundle code'sdata structure is needed. The bundle code is a list of bundles where the end of the list can bethe end of the program or a fork, created by the partial evaluation. The bundle code can begraphically represented as a tree, treating lists of bundles as leafs or as nodes with exact onesuccessor and treating forks as nodes with at least one successor. The format of the bundle25



4 Sequentializationcode can be easily seen by taking a look to the BNF de�nition of the bundle code.<bundle code> ::= <bundle list>? <partial evaluation>?<bundle list> ::= (<bundle>)+<bundle> ::= (<assignment>)+<assignment> ::= <immediate assignment> |<delayed assignment> |<absence assignment><immediate assignment> ::= (<variable>, �, <expression>)<delayed assignment> ::= (<variable>, �, <expression>)<absence assignment> ::= (<variable>, c, <expression>)<partial evaluation> ::= (’, <bundle code>then, <bundle code>else)The three di�erent assignment types, the immediate, delayed and absence assignment, corre-spond to a �red action of the same type. The BNF for <variable> and <expression> is notgiven in this context because they are only used in the BNF de�nitions of the assignments.These assignments and their behavior are de�ned as follows:De�nition 27 An immediate assignment II = im(x; ’;E) contains a destination variable x,a condition ’ and an expression E.The next de�nition describes the execution of an immediate assignment.De�nition 28 Let II = im(x; ’;E) be an immediate assignment. I� the condition ’ isevaluated to true, the destination variable x has to be assigned immediately the result of theevaluation of E.The next step is to de�ne the delayed assignment and its behavior when it has to be executed.De�nition 29 A delayed assignment ID = de(x; ’;E) contains a destination variable x, acondition ’ and an expression E.De�nition 30 Let ID = de(x; ’;E) be a delayed assignment. I� the condition ’ is evaluatedto true, at the beginning of the next cycle the destination variable x has to be assigned theresult of the immediate evaluation of E.The semantics of the delayed assignment is similar but not equivalent to the semantics of theimmediate assignment. Special care has to be taken of the point of time when the expression
E has to be evaluated and when it has to be assigned. The evaluation of E has to be doneimmediately, i. e. in the same cycle, but the result must be assigned to x at the beginning ofthe next cycle.De�nition 31 An absence reaction assignment IabRe = abRe(x; c;E) contains a destinationvariable x, a state c and an expression E.De�nition 32 Let IabRe = abRe(c; x;E) be an absence reaction assignment. x has to beassigned immediately the result of the evaluation of E, i� c is false or in the current cycle,neither an immediate assignment nor a delayed assignment has been done to x.26



4.1 Bundle Code FormatObviously, the absence reaction assignment must not be executed before any immediate as-signment in the current cycle or a delayed assignment from the preceding cycle. As said inDe�nition 30, the assignment of a value to a variable that was triggered by a delayed assign-ment has to be done at the beginning of a cycle. Therefore, if a variable owns an absencereaction, the absence reaction assignment is always the last potential assignment to x duringa cycle, therefore, it can be �red at the earliest after the last immediate assignment.Although, a BNF de�nition of a bundle and a bundle list is given, they have to be de�nedmore precisely. As can be seen in their BNF de�nition, a bundle list is basically a list ofbundles. Then again, the bundles are a list of assignments. This implies that the bundle listitself is a list of assignments. This raises the question, why the bundle list is split into at leastone sublist of assignments. This question is answered basically by the following explanation:a bundle contains a list of instructions that can be executed in parallel, while the instructionsof di�erent bundles have a data dependency, i. e. they have to be executed in a speci�c order.This implies that the bundle list has a de�ned execution order. This explanation is deepenedby the following de�nitions.De�nition 33 An assignment A1 is data independent of assignment A2 i�
� A2 is a delayed assignment or
� (A1 is an absence assignment abE(c1; x1; E1) and x2 is the destination variable of theassignment A2) ! x2 62 �(E1) or
� (A1 is an immediate assignment im(x1; ’1; E1) and x2 is the destination variable of theassignment A2) ! x2 62 �(’) ^ x2 62 �(E1) or
� (A1 is an delayed assignment de(x1; ’1; E1) and x2 is the destination variable of theassignment A2) ! x2 62 �(’) ^ x2 62 �(E1)With that knowledge one is able to de�ne a group of independent assignments - the bundle.De�nition 34 A bundle B = (assignment1; assignment2; : : : ; assignmentn) consists of ar-bitrary but �nitely many independent assignments.This de�nition of a bundle enforces that the assignments that form the bundle can be exe-cuted concurrently or in an arbitrary order without changing the result. Usually, the numberof assignments in a bundle is limited to the processor architecture, but the code synthesisabstracts from any architectural limits, i. e. the number of assignments in a bundle can beas large as the number of actions in the corresponding module. Additionally, one goal of thesynthesis is to determine the maximum parallelism that a synchronous program can provideby sequentializing the actions.The next de�nition concerns the execution of a bundle:De�nition 35 Let B = (assignment1; assignment2; : : : ; assignmentn) be a bundle. B isexecuted by executing every assignment in the bundle. In particular, the execution of B startswith the execution of the �rst assignment in the set - reconsider that the order does not matter- and ends with �nishing the execution of the last assignment. 27



4 SequentializationThe detailed de�nition of bundles enables to de�ne the bundle list:De�nition 36 A bundle list is a list of bundles with a speci�ed sequential execution order.
Blist = fB1;B2; : : : ;Blg with 8i = 1; : : : ; l:8j > i:Bi has to be executed before BjThe previous de�nitions allow a precise de�nition of whether a variable is known or not.De�nition 37 A variable x is known in a bundle Bl $ 8k � l::(9I 2 Bk; ’; c; E:II =

im(x; ’;E) _ IabRe = abRe(x; c;E)).A variable x is known in a bundle i� this bundle and all following bundles contain neitherimmediate assignments nor an absence assignment to x, i. e. i� the variable x can not bechanged by the bundle or any succeeding bundle. This applies to the intuitive De�nition 9.The next section gives a detailed description of the goal and task of the partial evaluationwhich has already been mentioned in this section.4.2 Partial EvaluationA short introduction to the partial evaluation was already given in Section 3.2. Reconsiderthe format of the bundle code. Basically, it represents a static schedule of guarded actions.Obviously, the less actions are in a schedule the faster the program will run. This leads tothe approach of the partial evaluation. In general, it is not possible to reduce the number ofactions. Due to the guards which are �nally the condition for �ring an action, not every actionis really �red. One could say that usually only a few of the guarded actions can �re in a cycle.This depends mainly on the con�guration of the labels in a cycle. Hence, the goal is to reducethe number of actions for a speci�c schedule. Speci�c schedules, in this terms means a schedulewith de�ned values for a set of variables. Hence, in general, a schedule has to be generated foreach set of values that can be assigned to a set of variables, i. e. a program consists of severalspeci�c schedules. Each schedule can be synthesized to a fragment of the whole program.Each fragment can consist of one or more assignments and it is possible that for a speci�cconstellation no action has to be executed, i. e. the corresponding fragment is empty. Finally,all fragments are connected by if-statements to a complete program. However, in general, thenumber of assignments that have to be executed in a step does not change, but the numberof assignments that have to executed in a fragment can be reduced.The usage of partial evaluation modi�es the code in two points: �rst, actions with the sameguard or with a partially similar guard are grouped, i. e. the guard, respectively the part ofthe guard, is checked only once. This leads to the second point that concerns the VLIWoptimization. To explain the acceleration that can be achieved by the partial evaluation,consider the following example. Let l1 and l2 be some labels that are exclusive, i. e. at mostone variable is set to true. Additionally, assume that action Ai;j is an assignment Ii;j withthe predicate ci. The semantics of the actions can be described as follows:
8j = 1 : : : n:8i = 1 : : : 3:Ai;j =if ci then Ii;j.Hence, the data dependency can be seen from the bundles that are generated by the genericschedule (see Figure 4.1, left side). In particular, it is de�ned by28



4.2 Partial Evaluation
B1 = fA1;1;A2;1;A1;2;A2;2g

B2 = fA1;3;A2;3;A1;4;A2;4g...
Bn = fA1;2n�1;A2;2n�1;A1;2n;A2;2ng

if l1 then
B1 = fI1;1;I1;2g

B2 = fI1;3;I1;4g...
Bn = fI1;2n�1;I1;2n�2gelse if l2 then
B1 = fI2;1;I2;2g

B2 = fI2;3;I2;4g...
Bn = fI2;2n�1;I2;2n�2gend ifFigure 4.1: Left: a generic schedule for a module, right: the same module, but scheduled usingpartial evaluation1. 8k = 1 : : : n:A1;k;A2;k;A3;k are data independent and2. 8l = 0 : : : n� 1:A1;3l+1;A1;3l+2;A1;3l+3 are data independent.A generic schedule is shown on the left side of Figure 4.1. The right side shows the correspond-ing speci�c schedules for l1 and l2. As already mentioned, the label variables are exclusive.That implies that only one if-block is executed per cycle. As can be seen, the number ofbundles that have to be executed in a cycle does not change, but their sizes have been halved.At this point, it is important to emphasize that in both methods, the number of assignmentsthat have to be executed per bundle are equal. In the generic schedule, only two of four in-structions are executed in a bundle due to the mutual excluding labels. Whereas, the speci�cschedule contains only two instructions that are always executed since the corresponding labelhas been checked before.This optimization can be useful in two ways: as already mentioned, the reorganized speci�cschedule can contain less resources than the original schedule. Using a speci�c VLIW ar-chitecture with a limited number of instructions per bundle, the speci�c schedules lead toa smaller number of bundles. This is explained as follows: the bundles that are created inthe bundle creation task are not limited in their size. They can have an arbitrary number ofassignments. But in practice, the size of a bundle is limited by the processors architecture,e.g. the Intel Itanium takes three instructions per word. With reference to this example, fora VLIW processor that takes less than four instructions per word, each bundle in the genericschedule has to be split into two bundles. This results in a code that is twice as large as theoriginal one and than the code of a speci�c schedule. Finally, this could end in a speed-up ofthe program.A set of variables is needed for the partial evaluation. This set is created by the task thatrearranges the module (see Figure 3.2). Now, the partial evaluation can be done in two slightlydi�erent ways. The �rst method makes an own partial evaluation for each variable while the29



4 Sequentializationif :a thenif :b then
: : :else
: : :endifelseif :b then
: : :else
: : :endifendif

if (:a ^ :b) then
: : :else if (:a ^ b) then
: : :else if (a ^ :b) then
: : :else
: : :endif

Figure 4.2: Two methods to apply the partial evaluation. (left: a separate partial evaluationfor each variable; right: a partial evaluation for each state in the complete statespace).second method builds a partial evaluation for each state in the complete state space that isbuild by the variables for the partial evaluation. Figure 4.2 shows the abstracted results of asynthesized program with the labels a and b. The former method can be described as a binarysearch for the current state, whereas the latter one applies a linear search. Due to the lack oftime only one method has been implemented. The choice was to use the �rst method, whichis justi�ed by following reason: two nested if-blocks may be �unrolled� quite easily by creatinga copy of the lower-level if-block and adding the condition of the higher-level if-block to the�rst copy and adding the negated condition of the higher-level if-block to the second copy.This can be done recursively to an arbitrary number of nested if-blocks. Vice versa, creatingnested if-blocks of a sequence of if-blocks with disjunctive conditions needs more e�ort dueto the necessity of analysing the conditions. Let V be a set of variables that is intended forthe partial evaluation. Assume that this set contains n variables, i. e. jV j = n. Consider thefollowing two cases:
� First case: n is a small number, i. e. n < 6. Hence, the number of states is 2n <

26 = 64. At this point, it has to be emphasized that the �nal compilation is doneby a compiler that is independent of the synthesis tool. The following observationscan be made executing the synthesized program on a real processor. Considering theIntel Itanium as the target plattform for the program, all states could be stored in theItanium's predicate registers. Hence, all instructions could be executed in parallel usingthe predicate registers. The �nal usage and application of predicate registers dependson the compiler and may depend one the number of instructions in the paths.� Assuming that each path consists of many instructions, we can reconsider the ex-ample presented in Figure 4.1. The processor usage will be high, but only a few of30



4.3 Reachable Sstatesthe calculated results are applied. Again, it has to be mentioned that the goal isto use the bene�t of VLIW processors, i. e. executing instructions in parallel, butnot to waste it.� However, if the paths consist of only a few instructions, the usage of predicatedexecution avoids conditional branches that might stall the pipeline due to mispre-dicted branches. In this case, the second presented method would be the betterchoice, but a check with the Intel IA-64 C++ compiler and the VEX compiler hasshown that the same code is generated for both methods. This means that theoptimizations that can be done by synthesizing code with the second method, canalso be done with the �rst method.Therefore, the �rst case does not in�uence the decision about the choice of the method.
� Second case: n is a large number, i. e. n > 10. The Intel Itanium processor owns 64predicate register. By far, this is not enough to cover all cases. Moreover, for each case,an additional expression has to be generated to calculate one predicate register. Even,if a part of the partial evaluation can be done by predicated execution, some if-blocksstill remain. As already mentioned, the �rst method that can be compared to a binarysearch, whereas the second method is a linear search for the current state. Therefore,the better choice is to use the �rst method. The second method might be of interest,if probabilities for each path are considered. Ordering the if-blocks according to theirprobability could improve the latter methodTo summarize: the goal of partial evaluation is to avoid stupidly build code that wastes thebene�ts of VLIW processors. It is used to get a better schedule which makes a more e�cientusage of the resources of a VLIW processor. A side e�ect is the potentially reduction of thenumber of assignments that have to be executed in a cycle and the potentially reduction ofthe number of bundles that are necessary in a speci�c schedule.4.3 Reachable SstatesThe use of partial evaluation introduces a new problem: currently, it is necessary to buildfor each case a separately build schedule, i. e. bundle code is generated for each case. Inparticular, each Boolean variable that is used for partial evaluation doubles the state space;therefore, the number of cases that have to be considered are doubled, too. This emphasizesthe disadvantage of the partial evaluation, which can lead to large code when synthesizinglarge modules. Of course, this can be avoided by limiting the maximal number of variablesthat are used for the partial evaluation. This solution is not satisfying; therefore, anothermethod has to be found. In general, all possible states have to be considered. However, insome programs, it is not possible to reach every state. Hence, it is not necessary to createbundle code for these states. This section discusses this problem and gives a basic approachto get the reachable states.Reconsider that synchronous languages have been de�ned to simplify the implementation of31



4 Sequentializationparallel programs. Due to a speci�c timing, some processes, e.g. communication protocols,have to execute a group of instructions in a de�ned order, i. e. a sequential list of instructions.Therefore, it is usual to build sequences of macro steps in synchronous programs. Figure 4.3module WaitForI_2(event i, event&o) {loop {do {l1: pause;} until(i);emit o;l2: pause;}}Figure 4.3: The program WaitForI waits for the presence of i and emits o if it is set.shows a Quartz implementations of a program that waits for a signal i and emits o if i is set.
l1 and l2 are the control �ow locations, i. e. they control which macrostep has to be executed.Basically, the �rst macro step waits for the presence of i, but waits at least one cycle. Thesecond macro step simply emits o. An important point is that the program can not wait for
i and emit o at the same time. This means that only one of the labels l1 and l2 can be activeat the same time. Obviously, it is a good idea to generate code only for the reachable stateswhich might reduce the size of the generated code.Combining the Reachable States with the Partial EvaluationFinally, the partial evaluation has to be restricted to the reachable states. Reconsider twopoints: �rst, the partial evaluation in this diploma thesis is applied to variables and not to thestates (see Section 4.2). Second, the partial evaluation is done by replacing all occurrences ofa variable by a constant value. To restrict the partial evaluations to the reachable states, thisreplacement has also to be done in the expression that contains all reachable states. If thisreachable states expression is evaluated to false, the state is not reachable; therefore, no codehas to be generated for this path. In particular, this means that the variable must not havethe value that is assigned by the replacement. Then again, this builds a constraint for thevariable, i. e. the variable must have the alternative value. Due to this reachable constraint,the if-block for this partial evaluation can be omitted. An alternative way to combine thereachable states with the partial evaluation is to enumerate all reachable states and to builda sequential list of if-blocks. This is similar to the second method presented in Section 4.2,i. e. it corresponds to a linear search and, therefore, it is rejected.Anyway, the generated code of the previous described method may result in larger conditions.To explain that, reconsider the example in Figure 4.3. The control �ow must stop either in
l1 or in l2. Therefore, the reachable states are l1 ^ :l2 _ :l1 ^ l2. The �rst method will make32



4.3 Reachable Sstatesif l1 then
: : :else
: : :end if if l1 and (not l2) then

: : :else if (not l1) and l2 then
: : :end ifFigure 4.4: Left: partial evaluation of labels with reachable constraints, right: partial Evalu-ation of states with reachable constraintsa partial evaluation for l1. In particular, a copy is created of all actions and the reachablestates. In the �rst copy all occurrences of l1 will be replaced by true, and in the secondcopy all occurrences of l2 will be replaced by false. The actions will be now neglected. Theremaining states will be :l2 for the l1-path, and l2 for the :l1-path, respectively. For each ofthese paths, the partial evaluation for l2 is applied. In the l1-path, this leads to the result that

l2 is not reachable, therefore, l2 must be false and then again, code will be generated only forthe :l2 path. Due to the constraint, no if-statement is necessary for this partial evaluation.The :l1 path is analogous. The result is shown in Figure 4.4 on the left side. In contrast, thesecond method would create a list of states and make a partial evaluation for each state. Theresult of this approach is shown in Figure 4.4 on the right side.Reachability AnalysisA detailed description of the calculation of the reachable states exceeds this thesis; therefore,only the basic procedure is given. However, this requires the knowledge of Kripke structures,symbolic representation and the application of a so-called �xpoint iteration. Furthermore, themodule's guarded actions have to be translated to a single equational system. See [22], [6],[21], [29] for a detailed description of the calculation of the reachable states of guarded actionsand the used methods.The reachability analysis is done using Kripke structures [27]. A Kripke structure is a tuple
K = (I;S;R;L), where S is a set of states, I � S is a set of initial states, R is the transitionrelation and L is a so-called label function. L(s) returns the set of variables that hold inthe state s. To calculate the reachable states, one needs the set of states, which is givenby the module's variables. The initial states are given by the initial values of the module'scontrol signals. Furthermore, the transition relation is required. In fact, the transition relationassignes a successor state to a state. In particular, a function calculates in dependence of thecurrent con�guration of the variables the con�guration of the variables of the succeedingstate. The transition relation is received as follows: the module's actions are translated intoa single equational system according to [22], Section 5.2. The variables on the left side of theequational system are the successors while the variables on the right side contain the currentvalues. Actually, the equational system represents the transition relation. Usually the setsare represented using symbolic descriptions [6]; therefore, the label function is not necessary.Having built the Kripke structure, one is able to calculate the reachable states. This is doneas follows: one assigns �0 = I and calculates �0 successor states by applying the transition33



4 Sequentializationrelation to it. �0 is added to its successor states yielding �1. In general, this procedure hasto be repeated several times, i. e. the transition relation is applied to �n to gain the succesorstates of �n. The union of these states and �n yields �n+1. Note that �n � �n+1 � S. A�xpoint iteration applied to this procedure yield the reachable states. The set of reachablestates is represented using symbolic descriptions, i. e. as a Boolean formular. This is exactlythe representation that is required in the following sections.4.4 Sequentialization AlgorithmIn the beginning of this section, the BNF of the bundle code format was presented. Until now,only the distinctions have been handled. Although, they can in�uence the number of actionsthat have to be handled for a speci�c case, no code has been generated to execute a guardedaction. Sequentializing the guarded actions to a list of bundles is the task that is explainedin this section.The sequentialization algorithm operates similar to the scheduler of a data �ow computer,except for the number of actions that are scheduled. The bundle creation task is intendedto create VLIW optimized code; therefore, the maximal parallelism provided by the programshould be used. In particular, that means that not any action but all actions that can �reaccording to De�nition 10 in Section 3.1 have to be �red. For the bundle code creation thatmeans that all actions that can �re at the same point of time are grouped to a bundle.Starting with an ExampleFigure 4.5 shows an example for the sequentialization. The partial evaluation makes the expla-nation of the example more extensive, but it is not necessary to explain the sequentialization;therefore, it is neglected. Assume that a module with input variable i and the output variables
x; y; z has to be synthesized. Let i; x; y; z be of the same type, either integer or natural. Fur-thermore, the module has some labels which do not need to be enumerated for this example.It is only necessary to make the following constraints: 8i = 1; : : : ; 5:�(’i)

T

fi; x; y; zg = fg,i. e. all variables that are listed in the module's interface must not be needed by the actions'guards. The second constraint is ’2 ^’3 = false^’4 ^’5 = false. This implies the absenceof write con�icts, i. e. a variable can not be assigned more than one value in one cycle. Stepone in Figure 4.5 shows the data that comes from the preceding task that rearranges themodule structure. The upper node contains the known variables, which are listed in Vknown.According to Section 3.2, Vknown must contain all variables that are inputs, and all outputvariables that have no immediate action and no absence reaction. In this case, this applies tovariable i, which is an input and x which has only a delayed action.Step two builds the data �ow graph by adding edges to the set of action groups. Hence, thisillustrate the data dependencies between actions that read a variable and actions that can po-tentially change a variable. Reading a variable is always done in the current cycle; therefore,only those actions that change a variable in the current cycle are of interest when creatingthese dependency edges. According to De�nitions 12, 13 and 31, only immediate actions andabsence reactions can change a variable in the current cycle. Assignments of delayed actions34



4.4 Sequentialization Algorithmare always delayed until the start of the next cycle. Hence, the edges are directed from asource node to a destination node. The destination node is an action that needs a variable.The source node is either Vknown if the needed variable is known according to De�nition 37or, if the needed variable has any immediate actions or an absence reaction, the action groupof the needed variable. The data dependencies are always given implicitly and are drawn inthis example to simplify some explanations. Reconsider, that De�nition 10 can be seen asa rule for �ring actions. To visualize this rule, one can imagine that an action that has noincoming edge or only input edges from the Vknown node can �re. The actions which complyto this condition are marked by a frame with a thick dotted line. At this point, one can alsosee the implicitly given data independence between the actions. For example, between theaction group of x and the actions of z, no edge is drawn. This means, that all actions of zare data independent of the actions in x. Although both actions of z read the value of x,the current value of x can not change, because the action group of x contains only delayedactions which can not modify the current value of x. Note that the data independence is givenfor actions that are marked at a step. Knowing which actions can be �red, one can generatecode for these actions. This is done in Step 2b of the example. An assignment is created foreach action that can be �red and all created assignments are grouped to a bundle. At thispoint, care has to be taken about three important points: �rst, an assignment is syntacticallyan action with the destination variable, but one has to respect the semantics di�erence. Anassignment is assumed to consume time in contrast to an action. Second, the already men-tioned data independence which is implicitly given for all actions that are �red at one stephas to be considered. Therefore, their corresponding assignments can be executed at the sametime or in an arbitrary order which full�lls De�nition 34. Then again, they build a bundle.Finally, another kind of data dependencies has to be considered. As seen in Figure 4.5, bothactions of z are �red in Step 2. The generated assignments are of immediate type, i. e. theyhave a potential immediate write access to z. As already mentioned in Section 3.1, one canassume that the module is free of write con�icts. Therefore, ’4 ^ ’5 = false is required,i. e. the guards of the actions are exclusive; therefore, the conditions of the assignments aredisjunctive. Then again, this means that in one cycle at most one write access is done to z.Now, one can proceed to Step 3a. After the creation of the assignments, the source, i. e. theactions that have been �red, have to be removed. The actions that have been marked inStep 2a are removed and so are all their incoming and outgoing edges. The action group of
z does not contain anymore any immediate actions or an absence reaction, i. e. z can not bechanged by an assignment anymore in the current cycle. Therefore, it is now known and, thenagain, z is put into Vknown. Therefore, the start of all outgoing edges of the action group of zhave to be moved to the Vknown node. Hence, the action group of z is left empty; therefore, itcan be removed. In the action group of y, only one immediate action is removed. Hence, theaction group of x remains unmodi�ed.The creation of a bundle can be summarized as follows:1. Mark all actions that apply the �ring rule (see De�nition 10)2. Create assignments for all marked actions. 35



4 Sequentialization3. Remove the �red actions.4. Remove empty action groups.5. Check for variables that are now known according to De�nition 37.To proceed with the creation of bundle code, the next set of actions that can �re has to bedetermined. The start of some edges has been moved, therefore, other actions are unlocked,i. e. other actions can �re now. In particular, as already done in Step 2a, all actions are checkedagain if they have no incoming edge or only edges coming from Vknown. In Step 3a, only oneaction full�lls the requirements. This action is marked by a thick dotted frame.In Step 3b, an assignment is created for the marked action. Because only one action isable to �re, the created bundle contains only one assignment. Note that the new bundle isprinted in black, while bundles that have been created in preceding steps are printed in gray.Having created the assignment for this action, the action itself can be removed from the graph.Because in the action group of y no immediate actions and no absence reaction left, y can notbe changed anymore in the current cycle. Therefore, it is now known and added to Vknown.Having completed another creation of one bundle, the creation of the next bundle can bestarted. Working through each point of the check list, the results can be seen in Steps 4a and 4bof the graph. After the completion of the third bundle, one can see in step 5a that no actiongroups are left. Therefore, Step 5b is the �nal bundle code for the synthesis. This previousexample gives an impression, how bundle code has to be created. Note that, if the partialevaluation applied, for each case a separate bundle code has to be created.
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4.4 Sequentialization Algorithm
Vknown = fi; xg

x : f Ax;D;1 = (’1; y) g
y : f Ay;I;1 = (’2; 5) ,

Ay;I;2 = (’3; 3z) g

z : f Az;I;1 = (’4; x+ i) ,
Az;I;2 = (’5; x� i) g

Vknown = fi; xg

x : f Ax;D;1 = (’1; y) g

y : f Ay;I;1 = (’2; 5) ,
Ay;I;2 = (’3; 3z) g

z : f Az;I;1 = (’4; x+ i) ,
Az;I;2 = (’5; x� i) g

B1 = fII;11 = im(y; ’2; 5);

II;12 = im(z; ’4; x+ i);

II;13 = im(z; ’5; x� i)g
Vknown = fi; x; zg

x : f Ax;D;1 = (’1; y) g

y : f Ay;I;2 = (’3; 3z) g B1 = fII;11 = im(y; ’2; 5);

II;12 = im(z; ’4; x+ i);

II;13 = im(z; ’5; x� i)g

B2 = fII;21 = im(y; ’3; 3z)g

Vknown = fi; x; z; yg

x : f Ax;D;1 = (’1; y) g
B1 = fII;11 = im(y; ’2; 5);

II;12 = im(z; ’4; x+ i);

II;13 = im(z; ’5; x� i)g

B2 = fII;21 = im(y; ’3; 3z)g

B3 = fID;31 = de(x; ’1; y)g

Vknown = fi; x; z; yg

B1 = fII;11 = im(y; ’2; 5);

II;12 = im(z; ’4; x+ i);

II;13 = im(z; ’5; x� i)g

B2 = fII;21 = im(y; ’3; 3z)g

B3 = fID;31 = de(x; ’1; y)g

1
2a

2b3a 3b4a 4b5a 5b
Figure 4.5: Example for sequentialization of a list of action groups.
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Figure 4.6: The di�erent tasks of the bundle code creation process.HierarchySection 4.4 gave an example which anticipated a basic description of the sequentializationalgorithm. Now, we are going to describe the creation of bundle code in detail. Start with anoverview of the sequentialization process. As can be seen in Figure 4.6, the creation of a list ofbundles is splitted into several subtasks. First, these subtasks are roughly described to get anoverview of the hierarchy of the methods that are used in the algorithm. Then, these subtaskswill be described in more detail. It is important to note that the resulting algorithm will notyield the optimal result for a generic VLIW processor. Therefore, the detailed description isfollowed by some improvements. Having an overview of the sequentialization algorithm withsome details, these improvements are easier to understand. In most cases, a simple examplewill show where the algorithm has to be improved.Now, consider Figure 4.6 to get a graphical overview of the algorithm's hierarchy.
� First, CreateBundleCode applies the partial evaluation which has already been dis-cussed in 4.2. The partial evaluation yields a list of action groups for each case. Then,each list of action groups has to be synthesized to a list of bundles, which is done byCreateBundleList.38



4.4 Sequentialization Algorithm
� A list of bundles is created as follows: CreateBundleList starts with an empty list.Iteratively, CreateBundle is called yielding a bundle that is appended to the list ofbundles and the remaining actions that could not be �red. This is repeated until noactions are left.
� Cleary, the task of CreateBundle is to create a bundle. Therefore, assignments haveto be created for all actions that can �re. For sake of a better structure of the im-plementation, this task is also splitted. The creation of assignments is separately donefor each action group. This simpli�es the check for new known variables which is donein CreateAssignmentsForActionGuide immediately after �ring the actions of an ac-tion group. The results of all calls to CreateAssignmentsForActionGuide, i. e. the listsof assignments are concatenated to one list which builds the new bundle. The callsto CreateAssignmentsForActionGuide yield also a list of new variables that is alsoreturned.
� As mentioned, the creation of a bundle is split into the creation of assignments forevery action group (CreateAssignmentsForActionGuide). Again, this task is split-ted into subtasks, i. e. the �ring of the actions is done by separate methods. Firingthe immediate actions and the delayed actions is done by FireImmediateAction andFireDelayedAction, respectively. Each of these functions return a list of assignmentsfor the actions that have been �red and a list of remaining actions. In dependenceof the return values, CreateAssignmentsForActionGuide decides whether to �re theabsence reaction by FireAbsenceReaction or not. This task has to return all cre-ated assignments and the remaining actions. Additionally, it has to check if the vari-able of the processed action group has to be returned as a known variable. There aremany cases that have to be checked when processing this task. They will be describedin detail in Section 4.4. The subtasks FireImmediateAction, FireDelayedActionand FireAbsenceReaction are responsible for creating assignments from the actions.The functionality of these tasks is quite easily described: the input is a list of ac-tions. For each action the �re condition has to be checked. If an action can be �red,an assignment has to be created for it, and the action is removed from the actionlist. FireImmediateActions, FireDelayedActions and FireAbsenceReaction returnall created assignments and the remaining actions. The reason to decide between thetypes of actions is, FireImmediateActions, FireDelayedActions di�er in the returnvalues and FireAbsenceReaction takes care about some special cases that occur when�ring the absence reaction. This is explained in the next section in more detail.Detailed DescriptionHaving an overview of the hierarchy of the sequentialization process, a more detailed de-scription of the subtasks will be given. In contrast to the description of the hierarchy,this description will be in bottom-up order. Therefore, it starts with the explanation ofFireImmediateActions, FireDelayedActions and FireAbsenceReaction.
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4 SequentializationFiring of Immediate ActionsGenerateCodeForImmediateAction(parameter: var x, action (’;E), list of known vars Vknown)
’ = false ? (simpExpr = fg,

assignment = fg

action = fg,
guard = false)

�(’) � Vknown ^ �(E) � Vknown

’ = true ^ E = const?(simpExpr = fg,
assignment = fg

action = f(’;E)g,
guard = false) (simpExpr = f(x;E)g,

assignment = fim(x; ’;E)g,
action = fg,
guard = true) (simpExpr = fg,

assignment = fim(x; ’;E)g,
action = fg,
guard = ’)Figure 4.7: Firing a single immediate action for a variable xFireImmediateActions �res a list of immediate actions. Each immediate action is processedby the function GenerateCodeForImmediateAction. This function has to consider di�erentcases that can occur when �ring a single immediate action. Figure 4.7 shows the decision treefor �ring a single immediate action. The function GenerateCodeForImmediateAction has toreturn the following information:

� simpExpr (simplifying expression): A pair (x; c), where x is the destination variableand c is a constant. This pair is only returned if the assignment expression can beevaluated to a constant and the guard is true. In a later step of the �ring algorithmthis pair is used to replace all occurrence of this variable in all remaining actions by thecorresponding constant.
� assignment: If the action can �re, an assignment is generated and returned.
� action (remaining action): If the action can not �re, it has to be returned.
� guard: If the action can be �red, the guard is returned. The returned guard is used tobuild the overall guard of all �red immediate actions.As can be seen in Figure 4.7, it is �rst checked if the action is a dud, i. e. an action that canbe removed, because its guard is false. If the guard is not false, the next step is to check if theaction can �re, i. e. if all variables that appear in the guard and the expression are known. Ifthe action can not be �red, it has to be returned, otherwise an assignment has to be created.Additionally, it is checked if the expression is a constant. In this case, a simplifying expressionhas to be created and returned.40



4.4 Sequentialization AlgorithmThe element-wise compound of all returned values of GenerateCodeForImmediateActionyields the return value of FireImmediateActions. In particular, the assignments are groupedto a list. The same is done with the remaining actions which yields a list of remaining actionsthat could not �re. The guards will be compound by a disjunction yielding an overall guardfor all actions that have been �red. The semantics of the overall guard are that the destinationvariable will be assigned a value i� this overall guard is evaluated to true. Hence, if this overallguard can be evaluated to true, the evaluation of the guards of the remaining actions must be
false. Due to the assumption that the module is free of write con�icts, no other action willbe able to �re; therefore, all remaining actions can be removed.Firing of Delayed ActionsFiring immediate and delayed actions is very similar. Firing delayed actions can be simpli�edbecause some return values are not used. To start with is the simplifying expression. Onlythe values of the variables in the current cycle are of interest, but delayed actions have onlyin�uence on the values in the next cycle. Therefore, the check for constant values (’ =

true ^ E = const?) and the simplifying expression can be removed.Firing of the Absence ReactionGenerateCodeForAbsenceReaction(parameter:var x, absence reaction E, overallGuardim;next, canFireDelayed,list of known vars Vknown) (simpExpr = fg,
assignment = fg,
Enext = E,
Vknown;new = fg)�(E) � Vknown

� = ((overallGuardim;next = false) ^ :canBeWrittenDelayed)

�

E = const(simpExpr = fg,
assignment = fabRe(�; x; E)g,
Enext =NONE,
Vknown;new = fxg) (simpExpr = f(x;E)g,

assignment = fabRe(�; x; E)g,
Enext =NONE,
Vknown;new = fxg)Figure 4.8: Firing the absence reactionThe absence reaction can be �red at the earliest when all immediate actions have been �red.This point of time has to be found by CreateAssignmentsForActionGuide, which is describedin the next section. However, the ability to �re depends on more factors (see Figure 4.8), which41



4 Sequentializationare handled by the subtask FireAbsenceReaction. The return values of this function arepartially the same as the return values of the subtasks GenerateCodeForImmediateAction:
� simpExpr (simplifying expression): A pair (x; c), where x is the destination variableand c is a constant. This pair is only returned if the assignment expression can beevaluated to a constant and the guard is true. In a later step of the �ring algorithmthis pair is used to replace all occurrence of this variable in all remaining actions by thecorresponding constant.
� assignment: If the action can �re, an assignment is generated and returned.
� Enext (remaining absence reaction): If the absence reaction can not �re, it has to bereturned.
� Vknown;new (new variable): If the absence reaction can be �red, the function declares thedestination variable as known.To be able to �re the absence reaction, all necessary variables have to be known. This checkis done �rst. Although an absence reaction has no guard, it has an implicitly de�ned �ringcondition that was described in De�nition 32. The �ring condition depends on the state if animmediate action has been �red in the current state or if a delayed action has been �red inthe last state. While the former can be checked by the overall guard of the immediate actions,the latter can not be checked that way. The overall guard of the delayed actions determinesif a delayed assignment is done in the next cycle, but not in the current cycle. The solutionis given by the introduction of a state variable for each variable in the synthesized code. Atthe beginning of each cycle, this state variable has to be reset. The state variable has to beset as soon as an assignment is done to a variable. Hence, the �ring condition can be checkedat runtime. The absence reaction for a variable has to be �red i� its state variable is notset. Nevertheless, if the variable has no delayed actions at all, and all immediate actions havebeen rejected, because their guards were evaluated to false, the absence reaction can be �redunconditionally. In this case, the expression can be checked for a constant value. In particular,if the expression that has to be assigned is a constant, a simplifying expression can be createdand returned.Because the absence reaction is the last action of a variable that might change its value, it isat the function to declare the variable as known. This is quite simple because the variable hasto be made known as soon as the absence reaction can �re.Firing Actions of an Action GuideCreateAssignmentsForActionGuide manages �ring the actions for a variable x. The functiongets an action guide for that variable and has to return the following values:
� simpExpr (simplifying expression): A pair (x; c), where x is the destination variableand c is a constant. This pair is only returned if the assignment expression can beevaluated to a constant and the guard is true. In a later step of the �ring algorithm42



4.4 Sequentialization Algorithmthis pair is used to replace all occurrence of this variable in all remaining actions by thecorresponding constant.
� assignments: For all actions that are �red, assignments are created. These assignmentsbuild a list that is returned.
� modi�ed action guide: The action guide that is given as an input parameter is modi�ed.All actions that are �red are removed from the action lists. Hence, the overall guards forimmediate and delayed actions may be modi�ed if one ore more actions are �red. Thishas also to be considered for the absence reaction. If the absence reaction was �red, itis deleted by setting EabRe;next to NONE. However, this appears in only one case andin all other cases EabRe;next is implicitly set to EabRe.
� Vknown;new (new variable): If all immediate actions and the absence reaction have been�red, the variable has to be declared as known. In particular, if x has to be declared asknown, it has to be returned as Vknown;new, otherwise Vknown;new is empty.In general, this function has to �re the immediate and the delayed actions of variable x. Addi-tionally, if all immediate actions have been �red, the absence reaction has to be �red accordingto the �ring rule, i. e. if all necessary variables are known. Due to the fact that the more thegenerated code is optimized, the more information about a variable's value can be obtained,the goal is not only to �re the variable's actions. Care has to be taken of unconditional actions,i. e. actions whose guard is true, or the overall guard which might be true; therefore, rejectthe absence reaction. There are many cases that might improve the code generation.Figure 4.9 shows a decision diagram of the process of handling the action guide of a vari-able. The function starts with �ring the immediate and the delayed actions that are given inthe action guide of x. This is done using FireImmediateActions and FireDelayedActions.Reconsider that a function does nothing, if the given list of actions is empty. Each functionreturns a list of assignments for all actions that have been �red. Both lists will be added to thebundle that will be created in the CreateBundleCode function which was already introducedin Figure 4.6. In general, both lists are concatenated and returned. If the absence reactionhas to be �red, the assignment for it has to be added to the list, too.The next part give a basic description of the further process and deepens the cases that are con-sidered after having �red a variable's immediate and delayed actions. The �ring of the absencereaction for the variable x depends on the current list of immediate actions Asim;current of x,which is given in the action guide of x, the next list of immediate actions Asim;next of x, whichis returned by the call to FireImmediateActions and the overall guard overallGuardim;nextof x of all �red immediate actions including Asim;current n Asim;next, i. e. the actions that havebeen �red for the creation of the current bundle. Since the last state is unknown, one can notrefer to the delayed actions that might have been �red in the previous state; therefore, havechanged the value of x in the current state. Only, the general case can be considered, i. e. thestate if the variable x has delayed actions is of interest.In detail, CreateAssignmentsForActionGuide starts with a check if the current list of imme-diate actions, i. e. Asim;current of x, is empty, FireAbsenceReaction can be called if an absence43



4 Sequentializationreaction is given. FireAbsenceReaction checks further �ring condtions for the absence reac-tion, e.g. if all necessary variables are known. CreateAssignmentsForActionGuide does nothave to check the return values of FireAbsenceReaction, because they are constructed foran unmodi�ed return. However, the potentially created absence assignment has to be addedto the list of the assignments that might be created by FireDelayedActions. Because thelist of immediate action is empty, the list of immediate assignments must also be empty. If
x has no absence reaction, the given action guide contains only delayed actions. Hence, onlydelayed assignments might have been created; therefore, have to be returned.If the list of immediate assignments is not empty, then one has to consider the cases thatappear on the right side of Figure 4.9. If the next list of immediate assignments Asim;nextis not empty, the absence reaction can not �re; therefore, the function terminates. Other-wise, if Asim;next is empty, one has to consider the following cases: the new overall guard
overallGuardim;next is the disjunction of the guards of all �red actions. It might be theexpression true, therefore, the absence reaction will not be �red, i. e. a check for �ring theabsence reaction is not necessary and the absence reaction can be rejected. Hence, there is noimmediate action and no absence reaction that might change the value of the variable in thecurrent cycle; therefore, the variable is known, i. e. it can be returned as a known variable.Additionally, any simplifying expression that has been created by FireImmediateActions hasto be returned. If the overall guard overallGuardim;next is not the expression true, and vari-able x owns an absence reaction, the function can return the created assignments and theremaining delayed actions. The absence reaction can not �re at this point of time, becauseit is possible that an immediate assignment is executed in the current bundle. As mentioned,the �ring of the absence reaction is triggered by an additional state variable that might bechanged by the last created assignments. Therefore, the absence reaction can not be �redwith the execution of the last immediate assignment, but after its execution. If x does notown an absence reaction, the function can declare the variable x as known and return thecreated assignment. But there is still one special case that has to be handled. If x is an eventvariable, i. e. an assigned or more precise an emitted value is only valid for exact one cycle.If overallGuardim;next is the expression false, then no immediate assignment will be doneto x. Additionally, if x has no delayed actions, i. e. if canBeWrittenDelayed is false, thevariable x will not be assigned a value by a delayed action; therefore, it must be the eventsdefault value. In particular, if x is a Boolean variable it must be false, otherwise it has to beassigned 0. Hence, a simplifying expression can be created for x.Creation of a Single BundleHaving a function that manages the �ring of actions and the extraction of information for anoptimized generation of code, it is quite easy to proceed the creation of a bundle. CreateBundleapplies CreateAssignmentsForActionGuide to each action guide yielding a list of assign-ments, a list of modi�ed action guides, a list of variables that got known and a list of simpli-fying expressions. The list of assignments is returned as a bundle. The modi�ed action guidescontain the remaining actions.44



4.4 Sequentialization AlgorithmCreation of a Bundle ListThe next function in the hierarchy of the sequentialization process is CreateBundleList. Thisfunction make iterative calls to CreateBundle to create single bundles. This function startswith an empty list, and each new created bundle is appended to the consisting list of bun-dles. The simplifying expressions that are returned by CreateBundleList are applied to theremaining actions yielding potentially simpl�ed expressions and guards. The union of thereturned list of new known variables and the list of already known variables yield the new listof known variables. This list is required by CreateBundleList as an argument. The creationof bundles is repreated until all actions have been �red. However, due to cyclic con�icts, whichmay appear when using the sequentialization algorithm presented so far, it is possible that notall actions can be �red. Hence, if CreateBundleList returns an empty bundle, the bundlelist creation has to stop, too.As already mentioned, the CreateBundleCode method applies the partial evaluation thathas been discussed in Section 4.2. A description of its functionality has been given in Section4.4. First, the reachable states have to be calculated. A state is in this case a con�guration ofa set of variables that can be assumed as known. The function creates for each con�gurationa separate list of bundles by using the action guides that come from the rearranging task andreplace all occurrences of the variables that have a de�ned value in the con�guration by thecorresponding value. Each generated bundle list has to be bounded by an if-statement, whosecondition is the check for the corresponding con�guration of the variables.ImprovementsThe sequentialization algorithm that was presented in the last section is not optimal w.r.t.the obtained parallelism. The algorithm can be improved in several points: this section willunhide the crucial points where the current algorithm is not optimal and will explain therelated improvements.The improvements that have been implemented are
� Removal of duds: The sequentialization algorithm is constructed to get as much infor-mation as possible from the �ring of guarded actions. In some cases, a variable mightbe assigned a constant value, which causes the creation of a simpli�cation expression.Applying these simpli�cation expressions to the remaining actions can simplify a guardto false, i. e. the corresponding action must not �re. The separation of the removal ofthese actions from the �ring of actions can gain a higher degree of parallelism.
� Improving the �ring rule: This improvement begins with a modi�cation of the de�nitionof `a variable is known'. This modi�cation takes care of the condition under which avariable is needed. This may also increase the degree of parallelism and can also breakup cyclic dependencies.
� Fixpoint iteration on simpli�cation expressions: Simpli�cation expressions are used toreplace variables by a constant value. Actions that depend on such a variable might45



4 Sequentializationbe �red earlier when the variable is replaced by a constant. Again, this improvementintends to increase the degree of parallelism.
� Applying partial evaluation to new known variables: Currently, the partial evaluationis only intended to be applied to variables that are known at the beginning of thesynthesis process. This improvement will extend the application to variables that getknown during the synthesis process.
� Delayed Partial Evaluation: Applying the partial evaluation duplicates the code; there-fore, the synthesized program can be very large. The presented improvement delays thepartial evaluation to extract common assignments yielding smaller programs. However,this technique reduces the used parallelism. Anyway, the reduction of the program'ssize is only interesting for large programs and large programs may provide such a largeamount of parallelism that only a small amount of it can be used due to the limits ofthe target architecture.
� Taking Care of Delayed Actions: This improvement explains the correct calculation ofthe action guide's member canBeWrittenDelayed and reconsiders its usage.Removal of DudsThis section concerns the removal of actions whose guards are false. In the following, theseactions will be called duds. Currently, the removal of duds is done concurrently with the �ringof the actions. Removing them in a separate step can improve the code generation in two ways:assume a variable that has immediate actions whose guards are false. The guards of theseactions are not considered and, therefore, if the variable has no absence reaction, it is stillunknown according to the current algorithm, because the variable still has immediate actions.Removing these duds in a separate step, the variable can be made known one bundle before.Analogously, this is valid if the variable has an absence reaction, which can be �red as soon asno immediate action is left. If the duds are removed in a separate step, the absence reaction can�re one bundle before; therefore, the variable gets known one bundle before. Making it knownearlier might unlock actions of other variables, i. e. other actions might be �red one bundleearlier. Then again, this increases the average of parallelism, which is the primary goal. To im-plement a separate step that removes all duds is quite easy. The methods for �ring the actions,i. e. FireImmediateActions, FireDelayedActions and FireAbsenceReaction, need a statebit that de�nes the �ring rules that have to be used. In the following, this state bit will be called

removeDuds. Note that only the removal of duds of the list of immediate actions will improvethe synthesis, but introducing the state removeDuds in the FireDelayedActions and theFireAbsenceReaction is necessary to suppress the �ring of delayed actions or the absence reac-tion. The advantage is that CreateBundle, CreateAssignmentsForActionGuide only have toforward the removeDuds argument to the functions that are responsible for �ring the actions.Otherwise, if the state removeDuds is not handled by the functions FireDelayedActionsand the FireAbsenceReaction, CreateAssignmentsForActionGuide had to decide, whetherthe delayed actions and the absence reaction can �re or not. Although this is possible, it46



4.4 Sequentialization Algorithmneeds more programming e�ort and makes CreateAssignmentsForActionGuide more com-plex than FireDelayedActions or FireAbsenceReaction. Hence, CreateBundleList is mod-i�ed so that it calls CreateBundle twice. The �rst call removes all duds by setting the state
removeDuds to true yielding an empty bundle that can be ignored. The important point isthe list of new known variables that have to be added to the list of known variables. Anotherimportant point is the simpli�cation expressions that have to be applied to the remainingaction guides. Reconsider that there is only one case that creates a simpli�cation expression,when duds are removed. If no immediate action of an event variable has been �red, and thevariable has neither delayed actions nor an absence reaction, then the variables value must befalse or 0. The possibility that the removal of duds may produce simpli�cation expression,introduces another problem. As mentioned, these simpli�cations are applied to the remainingaction guides. Hence, the simpli�cation of the guards of the remaining actions may result toa guard that is the expression false, i. e. the simpli�cation may expose an actions as a dud.This requires to call CreateBundle with setting the state removeDuds to true, again. Inparticular, the removal of duds is done in a loop until the call to CreateBundle returns nosimpli�cation expressions.
Improved Firing RuleAnother improvement that might increase the average parallelism concerns the �ring rule.Currently, the variables that are necessary to �re an action have to be known according toDe�nition 37. To modify the �ring rule, this de�nition has to be extended to De�nition 38.De�nition 38 A variable x is known in a bundle Bl under the condition � i�
8k � l::(9I 2 Bk; ’; c; E:(II = im(x; ’;E) _ IabRe = abRe(x; c;E)) ^ (’ ^ �) = false)This allows to improve De�nition 10 to De�nition 39.De�nition 39 A guarded action A = (’;E) for the variable x has to be �red i� the variables
�(’) are known and �(E) are known under the condition ’, and ’ can be evaluated to true.Reconsider that the evaluation of ’ has to be done at runtime while the other condition hasto be evaluated statically with the synthesis tool. This improvement of the �ring rule canalso break up cyclic dependencies unless they have not been broken by the partial evaluation.However, due to the current way of the translation of de�nitions to actions, the current solu-tion is not correct: currently, an AIF de�nition (x;E) is represented by the immediate action
(true;E). This is su�cient if the module that has to be synthesized has no cyclic dependen-cies. However, consider the following example.
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4 Sequentialization
II;1 := true ! def1 = a+ b

II;2 := true ! def2 = c+ y

II;3 := true ! def3 = x+ a

II;4 := true ! def4 = b+ c

II;5 := mode ! x = def1
II;6 := :mode ! x = def2
II;7 := mode ! y = def3
II;8 := :mode ! y = def4def1 : : : def4 are AIF de�nition variables, mode is a Boolean input variable, a, b and c arenatural input variables and x and y are natural output variables. Furthermore, the modulehas the following immediate actions, where the AIF de�nitions have been transformed to ac-tions according De�nition 26. For a better understanding, the representation of the actionshas been abstracted from the internal representation, which was explained and de�ned in theprevious section.Applying the sequentialization algorithm as de�ned so far to these action will yield the fol-lowing bundles and remaining actions.

B1 := fdef1 = a+ b; def4 = b+ cg

B2 := fmode ! x = def1;:mode ! y = def4g

II;2 := true ! def2 = c+ y

II;3 := true ! def3 = x+ a

II;6 := :mode ! x = def2
II;7 := mode ! y = def3After the creation of second bundle, no further actions can be �red. The variables x and

y are unknown under the condition true, therefore, the actions of def2 and def3 can not be�red. The actions for x and y depend on def2 and def3 which are also unknown. Due to thiscyclic dependencies, the module can not be synthesized with the current algorithm. As onecan see, the solution is quite easy. The guards of the AIF de�nitions have been chosen by thealgorithm and are therefore not �xed. Instead of setting the guard for AIF de�nitions to true,it is set to the condition of its usage. In particular, if the AIF de�nition variable d is used inthe expression E of a guarded action (’;E), the guard of d has to be set to ’. If d appearsin the expressions of several actions, the guard of d is the disjunction of the guards of theseactions. Hence, if d appears in a guard of an action, the guard of d has to be set to true. Toreturn to the example, the guards of the AIF de�nitions have to be adapted according theprevious presented rule, e.g. def1 appears only in II;5 which has the guard mode, therefore,def1 conceives the guard def1.48



4.4 Sequentialization Algorithm
II;1 := mode ! def1 = a+ b

II;2 := :mode ! def2 = c+ y

II;3 := mode ! def3 = x+ a

II;4 := :mode ! def4 = b+ c

II;5 := mode ! x = def1
II;6 := :mode ! x = def2
II;7 := mode ! y = def3
II;8 := :mode ! y = def4Applying the sequentialization algorithm to the modi�ed actions will yield the following bun-dles.

B1 := fmode ! def1 = a+ b;:mode ! def4 = b+ cg

B2 := fmode ! x = def1;:mode ! y = def4g

B3 := f:mode ! def2 = c+ y;mode ! def3 = x+ ag

B4 := f:mode ! x = def2;:mode ! y = def3gTo complete the description of this improvement, a formal de�nition for the determination ofthe guard for an AIF de�nition has to be given.De�nition 40 The action group for an AIF de�nition (x;E) is represented by the followingtuple
(x; f(�(x;A�); E)g; fg; NONE), where

� A� is the set of already existing actions.
� �(x;A�) =

W

A2A�

a(x;A)

� a(x;A := (’;E)) =

8

>

>

<

>

>

:

true , if x 2 �(’)

’ , if x 62 �(’) ^ x 2 �(E)

false , if x 62 �(’) ^ x 62 �(E)Note that in general, it is not possible to assign to each AIF de�nition a guard variable at once.The expression that has to be assigned to an AIF de�nition variable may contain other AIFde�nition variables, i. e. the guard of an AIF de�nition variable a may depend on the guardof an AIF de�nition b. Only if the condition of b has already been calculated, the conditionof a can be determined. Therefore, the action groups for the AIF de�nition variables have tobe calculated with respect to their mutual dependencies. Due to the fact that AIF de�nitionscan basically �re unconditional, they must not have any cyclic dependencies;therefore, theiteration for calculating the guards always has to terminate.
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4 SequentializationExploitation of Simpli�cation ExpressionsThe �ring rule that creates assignments can also create simpli�cation expressions. Thesesimpli�cations can also unlock other actions which might �re simultan with the action thatcreated the simpli�cation expression. This can be easily explained with the following example.Given is a module with the output variables x and y and the following actions. Again, therepresentation of the actions and assignments is abstracted from the internal representationfor a better understanding.
II;1 := true ! x = true

II;2 := x ! y = 123Applying the sequentialization algorithm to these actions, two bundles will be created. Thealgorithm starts with an empty list of known variables. The �ring condition is applied toboth actions yielding the result that II;1 is able to �re, while II;2 has to wait until x isknown. Therefore, the �rst bundle contains an assignment that is created of II;1. The nextstep is to remove II;1 from the list of actions. Due to the unconditional assignment of xto a constant, x must be true in all following bundles. Hence, the algorithm creates ansimpli�cation expression, i. e. all occurrences of x in the remaining action will be replacedby true. Then again, the list of remaining actions is fII;2 := true ! y = 123g. Thecurrent algorithm will then create the next bundle. The action which remains does not needany variables;therefore, an assignment will be created of it. The �nal step is to remove II;2yielding an empty list of remaining actions, i. e. the sequentialization process has �nished. Thecreated bundles are shown in the following:
B1 := fx = trueg

B2 := fy = 123gAs can be seen, the assignment in B2 is data independent of the assignment in B1;therefore,both assignments should have been put into a single bundle as follows:
B1 := fx = true; y = 123gThis problem can be avoided by applying a �xpoint iteration to the creation of a single bundle.In particular, the call to CreateBundle in CreateBundleList has to be put into a loop. Thisapplies to the second call of CreateBundle because the �rst call to CreateBundle removes theduds from the list of actions. Reconsider that CreateBundle returns a list of simpli�cationexpressions, that is intended to be applied to the remaining actions. Instead of applying themto the remaining actions, they have to be applied to the original list of actions. The assign-ments and the new known variables have to be ignored. The next step is to call CreateBundleagain. Then again, this will return the previous list of simpli�cation expressions and mightcreate new simpli�cation expressions. Therefore, the simpli�cations and the creation of abundle have to be put into a loop. This loop must run until no new simpli�cation expressionsare created. The further process in CreateBundleList does not have to be modi�ed. Theassignments and the new known variables returned by the last call to CreateBundle can beprocessed as explained in Section 4.4.
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4.4 Sequentialization AlgorithmExtending Partial EvaluationThe partial evaluation was already explained in detail. Until now, it was only intended forBoolean variables, which are known at the beginning of the synthesis process. This can beeasily extended to Boolean variables that are unknown at the beginning of the synthesis. Con-sider the following module with the Boolean output variable x and the natural input variable
y and the following actions.

II;1 := true ! c = (y
?

� 99)

II;2 := c ! x = 1

II;3 := :c ! x = 2

II;4 := c ! y = 3

II;5 := :c ! y = 4The sequentialization algorithm will create the following two bundles:
B1 := fc = (y

?

� 99)g

B2 := fc ! x = 1;:c ! x = 2; c ! y = 3;:c ! y = 4gThe variable c gets known in the �rst bundle, i. e. it is known in the second bundle. Theexpression that is assigned to c can not be evaluated statically. Therefore, the value thatis assigned to c can not be determined. Due to the fact that variable c is known at thispoint of time, a partial evaluation could be applied. This partial evaluation works ex-actly as described in Section 4.2. This section also explains the advantages and disad-vantages of the partial evaluation. To implement this improved application of the partialevaluation, one has to modi�y CreateAssignmentsForActionGuide and CreateBundleList.CreateAssignmentsForActionGuide has to check if a variable can be used for partial evalu-ation. This decision comes with De�nition 41.De�nition 41 x is intended for partial evaluation i� x gets known and x is Boolean and xhas no simpli�cation expression.Additionally, CreateAssignmentsForActionGuide has to return a list of variables that areintended for the partial evaluation. This list has also to be returned by CreateBundle andCreateBundleList. Then again, CreateBundleList has to check if this list is not empty.If it is not empty, the sequentialization process has to be interrupted and the list has to bereturned to CreateBundleCode which applies the partial evaluation to the remaining actionsand then resumes the sequentialization process. However, applying the partial evaluation tomore variables increases the size of the generated code.Simpli�cations using BDDsAs already mentioned, some methods rewrite and simplify guards and expressions of actions.Of course, familiar logic simpli�cations are used to minimize formulas, e.g. false^x = false,51



4 Sequentialization
true^x = x, false_x = x, true^x = true and ::x = x. Due to the simplicity, the resultingrepresentation of formulas may be not optimal. To improve the resulting expressions, one canconvert an expression to a BDD (see [2]) and then convert it back by using di�erent formularepresentations. In this diploma thesis, the BDDs are converted into DNF and the ShannonNormal Form. In general, the latter representation will result in a large formula becauseit creates large sub-terms. The application of BDDs makes sense when calculating guardsfor AIF de�nitions according to the improvement of the �ring rule that has been explainedat the beginning of the section. However, the application of BDDs to simpli�ed expressions,respectively to a guard, will not reduce the size of expression because more complex expressionsare split by the Quartz compiler into sub-expressions, whereas each sub-expression is calculatedseparately using AIF de�nitions. That means, that in general, expressions and guards willconsist of only one operation; therefore they are minimized and do not have to be reduced.Delayed Partial EvaluationA disadvantage of the partial evaluation is the duplication of code, which yields large synthe-sized programs. To reduce the size of the synthesized programs, one could search for commonbundles in the bundle code tree and move them up. In general, the bundles will always be atleast partially di�erent; therefore, they are not equal, and they can not be moved up in thebundle code tree. Anyway, two bundles can only be moved up if the sub paths, where the twobundles are, are connected by exact one partial evaluation. Otherwise, the program wouldcause the execution of instructions, which are intended for one speci�c sub path, in a wrongsub path. The approach that is explained in the following, gives a more con�dent code sizereduction. However, it may reduce the used parallelism.Currently, the partial evaluation is applied as soon as possible. This yields the minimum ofguarded actions for a speci�c path. Since the code is duplicated every time a partial evaluationis applied, it may yield a large number of overall guarded actions; therefore, the synthesizedprogram's size may be exponentially to the number of guarded actions and AIF de�nitions ofthe module. Instead of applying the partial evaluation as soon as possible, it may be appliedafter the creation of a bundle list. In particular, the order of partial evaluation and bundlecode creation is swapped. All variables that are intended for partial evaluation have to betreated as unknown. The algorithm starts with creating a list of bundles. The bundles arecreated until the remaining guarded actions are not able to �re. If the bundle code creationleft any action, the partial evaluation must be applied. This yields two groups of remainingactions, where all occurences of a variable have been replaced. After that, the algorithm isrestart for each sub path. As already mentioned, the delay of the partial evaluation delaysalso the �ring of guarded actions. Hence, the parallelism may be reduced. Another importantpoint is the ordering of the variables. This problem occurs also in BDDs. The size of thesynthesized program depends on the ordering of the variables that are intended for partialevaluation. At the moment, the ordering can not be modi�ed. Hence, it is not possible tomake any tests on this subject.Finally, this technique is intended to be used with very large systems that provide a level of52



4.4 Sequentialization Algorithmparallelism that can not be exploited on regular VLIW processors. In particular that meansthat, the reduction of theoretically provided parallelism may barely in�uence the practicallyused parallelism, but the overall size of the code may be reduced.Taking Care of Delayed ActionsSection 3.2 gave a description of the action guides. One member of this structure is can-BeWrittenDelayed. Its intention, which was already anticipated, is the usage for optimizingthe �ring of absence reactions. The optimization has been explained in Section 4.4. can-BeWrittenDelayed is used in the following two cases: if a variable can not be written by adelayed action and no immediate action was able to �re, then an absence reaction can be�red without a condition. The second case concerns the implicite absence reaction of eventvariables, which is handled in CreateAssignmentsForActionGuide. However, this requires acorrect calculation of canBeWrittenDelayed. In all cases, canBeWrittenDelayed represents thestate, whether in the last cycle a delayed action could have been �red or not. Therefore, onehas to check the guarded actions of the last cycle to calculate canBeWrittenDelayed. Thismeans that the task that rearranges the module data needs also all actions that can be �redin a cycle before. Then again, this requires the creation of three methods for simulating onecycle. One method simulates the �rst step, i. e. the surface, which is preceded by no actions.The second method simulates the second step, i. e. the depth that is preceded by the surface.The last method simulates all succeeding steps, i. e. the depth that is preceded by itself. Ingeneral, this increases the size of the code again. The increase of the program's size can becompensated by applying a multi pass synthesis. The �rst run has to check the e�ciency ofthe synthesis of three methods, e.g. by counting the number of the mentioned cases, whichuse the canBeWrittenDelayed �ag. Then a decision has to be made, whether to synthesizetwo or three methods, and �nally, the second run applies the desired synthesis. Due to a lackof time, this improvement has not been implemented yet.
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4 SequentializationGenerateAssignmentsForActionGuide(parameter: action guide, list of known variables Vknown)
(simpExprim; assignmentsim;Asim;next; guardim) =FireImmediateActions

(assignmentsde;Asde;next; guardde) =FireDelayedActions
Asim;current 6= fg

Asim;next
!
= fg

EabRe 6=NONE
Asim;next 6= fg

overallGuardim;next
?
= true

EabRe 6=NONE
isEvent^

overallGuardim;next = false^

:canFireDelayed

Vknown;new = fg

simpExpr = fg

Vknown;new = Vknown;abRe

simpExpr = simpExprabRe

Vknown;new = fxg

simpExpr = f(x; 0)g

Vknown;new = Vknown;imAcs

simpExpr = fg

Vknown;new = Vknown;imAcs

simpExpr = simpExprimAcs

EabRe;next = NONE

Figure 4.9: Firing actions for a variable x
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5 OptimizationThe task of the optimization step is to remove unused AIF de�nition assignments and to movethem within paths to sub-paths to force the execution of these AIF de�nition assignments onlyif it is necessary. Additionally, single occurrences of an AIF de�nition variable can be replacedby the expression that has to be assigned to it.One thing the synthesis process di�ers from original data �ow graphs is the use of de�nedvaraibles in AIF. They can be handled by creating actions that are added to the actions ofthe surface, and to the actions of the depth. In particular, AIF de�nitions are handled likelocal output variables. To create VLIW code for a program, an action group is created foreach AIF de�nition. This action group contains exactly one immediate assignment, no de-layed assignment and no absence reaction. The guard of the immediate action can be chosenin two ways. The �rst way is to assign true, because an AIF de�nition can be treated asan unguarded action. The second way determines the guard according to its appeareances(see Section 4.4, second improvement). Each method has advantages and disadvantages. Theformer may �re the AIF de�nition assignment earlier but �res it even if it is not read by anysucceeding assignment. This case appears if the guards of the actions which read the AIFde�nition variable are simpli�ed to false; therefore, this might result in non-optimal code.We know that the value of an AIF de�nition is only used in the same cycle of its calculation,i. e. it does not have to be calculated if it is not used in the same cycle.Furthermore, if the partial evaluation is applied after the creation of a list of bundles
B1; : : : ;Bn (see Section 4.4, fourth improvement), the control �ow is split into two paths P1and P2. If Bk; 1 � k � n contains an AIF de�nition assignment for an AIF de�nition variable
x and x is only needed in one of the two sub paths P1 and P2, the AIF de�nition assignmentfor x can be moved into the sub path that needs x. This avoids the execution of the AIFde�nition assignment in the other sub path. Assuming a high execution probability for thelatter sub path, this might give a good speed-up in the execution of the synthesized code.However, this kind of optimization introduces the following problem: if an AIF de�nitionvariable appears only in sub path P1 of path P , and the �rst bundle in P1 needs this AIFde�nition variable (see Figure 5.1, top), then two possiblities are given to handle this AIFde�nition. The AIF de�nition can be inserted before the �rst bundle in P1 (see Figure 5.1,bottom) or appended to a bundle before that fork, that splits P in P1 and P2. The formersolution forces the execution of the AIF de�nition assignment only if it is necessary. However,this solution adds an additional bundle and increases the number of steps that are necessaryto execute path P1. The second solution circumvents the problem of inserting a new bundleby moving the AIF de�nition assignment up to the next bundle. Note that this does not haveto be the original bundle of the AIF de�nition assignment. As mentioned, the advantage is toavoid the creation of extra bundles but executes the AIF de�nition assignments also if it is not55



5 Optimization ...
Bl := fd = 10; c = (a

?

� 25)g

c

BL;l+1 := fy = d+ 1; z = d � 2g... BR;l+1 := fy = 7; z = 9g......
Bl := fc = (a

?

� 25)g

c

BL;l+1 := fd = 10g

BL;l+2 := fy = d+ 1; z = d � 2g...
BR;l+1 := fy = 7; z = 9g...

Figure 5.1: Top: An example for bundle code, Bottom: moving de�nition assignment d = 10using insertion modenecessary. Recall, that the synthesis process generates code for a generic VLIW architecturethat can execute arbitrary large bundles. In practice, the bene�ts of the applied solutiondepend on the used VLIW architecture and also on the case itself. Even the knowledge of thetarget architecture does not imply that one of the presented solutions is always better than itsalternative. In this diploma thesis, both approaches have been implemented but only one isalways applied, i. e. currently, there is no smart algorithm that tries to �nd the best solution.Another point that o�ers for optimization, is the replacement of single occurrences of an AIFde�nition variable by the expression that has to be assigned. To avoid multiple calculations ofthe same expression, the AIF de�nitions have to be kept. However, the replacement of a singleoccurrence does not multiply the number of calculation of an expression but has the advantageto remove one memory write-access. VLIW processors usually have only a few memory units.If this single-occurrence-replacement rule can be applied to many AIF de�nition assignments,this can result in a high speed-up of the execution of the generated code.The algorithm for the optimization of bundle code is applied recursively, starting at thebottom of the code. The optimizations that can be applied to the AIF de�nition assignments56



in a bundle depend on the succeeding bundles; therefore, it potentially depends on other suc-ceeding AIF de�nition assignments. Hence, it is a good idea to start with the optimizationof any succeeding AIF de�nition assignments. In particular, the optimization algorithm tra-verses the bundle code in postorder, i. e. if a node is a bundle, the optimization is applied tothe successing bundle code and then to the visited bundle itself. If the node is a fork, i. e. apartial evaluation, the optimization is applied �rst to all subtrees. The fork itself contains noassignments and does not have to be handled. Having de�ned the traversing order, the nextstep is to apply the optimization to a speci�c bundle. As described, the optimization will beapplied �rst to the succeeding bundle code; therefore, one can assume that only the �rst nodemay contain AIF de�nition assignments that have to be optimized. Only if the �rst node is abundle, it may contain AIF de�nition assignments. All AIF de�nition assignments have to beremoved from the �rst bundle. The next step is to insert each AIF de�nition assignment thathas been removed separately into the bundle code by the optimization method o. The task ofthe optimization method o is to move an AIF de�nition assignment, so that it is �red as earlyas possible but only if it is needed in the path where the AIF de�nition assignment is located.As mentioned, the optimization o�ers two ways to handle an AIF de�nition assignment whosevariable is needed in the �rst bundle of one sub path of a fork but nowhere else.
� Method one, the insertion mode, creates a new bundle and inserts it before the corre-sponding bundle.
� Method two, the maximal parallelism mode, appends the AIF de�nition assignment tothe �rst bundle in the �rst preceding path that contains bundles, maintaining a higherdegree of parallelism but accepting the execution of potentially unused assignments.Both methods work very similar but to get a better overview, each process is shown in an owngraph (see Figures 5.2 and 5.3).Method oI uses the insertion mode, oMP uses the maximal parallelism mode for the opti-mization of bundle code. Both methods get the AIF de�nition assignment �, the destinationvariable x of the AIF de�nition assignment and the bundle code where the AIF de�nitionassignment has to be inserted. The bundle code is represented as a list of bundles, that can beempty, and an optional fork at the end. Hence, each of C1 : : : Cn�1 will always be a bundle.

Cn can be also a bundle, but it can also be a partial evaluation with two separate bundle codesfor the sub paths. The optimization methods returns two parameters: the �rst parameter isthe AIF de�nition assignment itself if it could not be inserted. Method oI forces the insertion,therefore, the AIF de�nition assignment will never be returned, i. e. the return parameter isset to NONE. The second parameter is the modi�ed bundle code if the AIF de�nition assign-ment has been inserted. Otherwise, the original bundle code is returned. Having declared theinterface, it remains to de�ne the behavior of the optimization methods.In the following oMP , i. e. the method that uses the maximum parallelism mode will be ex-plained in detail. First, the method loops up the occurrences of � in the bundle code. Note,that not the exact number of occurrences is of interest but the occurrences in the path andsub paths. In particular, for the occurrence of x the following three cases are considered: 57



5 OptimizationNo occurrences in the given bundle code: If x does not appear in the list, it is not needed;therefore it does not have to be insert in the bundle code. The given bundle code isreturned, i. e. the assignment is indirectly removed from the given bundle code.Appearances on some paths in the given bundle code: This implies that Cn is a partial eval-uation. The optimization has to be applied to the subtrees of the partial evaluation,i. e. oMP has to be called for each sub path. However, it has to be checked if C1 is abundle, i. e. if n > 1, because in maximum parallelism mode, the optimization methodmay return the AIF de�nition assignment. If it is returned, it could not be added to abundle; therefore, it has to be added to C1. Note, that the AIF de�nition assignmentcan be appended to another bundle C2 : : : Cn�1 but the goal is to �re the actions asearly as possible.Appearances on all paths in the given bundle code: The last case sounds trivial, but actuallyit can be tricky.
� If the bundle code starts with a bundle, i. e. C1 is a bundle, one has to check ifthe bundle reads the AIF de�nition variable. oMP must not create new bundles;therefore in dependence of the occurrence of x in C1, the AIF de�nition assignmentcan be appended to C1 or has to be returned.
� If C1 is a partial evaluation, one has to check if x is part of the expression thatdescribes the condition of the partial evaluation.� In the positive case, � has to be executed before the condition is evaluated;therefore it has to be returned with the unmodi�ed bundle code.� The alternative case (if x does not appear in the condition of the partial eval-uation) is the most interesting part. x must appear in both sub paths, i. e. theAIF de�nition assignment must be executed. Instead of returning it, the op-timization method tries to insert a copy in each sub path. The reason forthis approach can be found by considering the circumstances that cause thiscase. If the partial evaluation is preceeded by a bundle, the exploration of thebundle code for the occurrences of x would have been on all paths, too. Thenagain, the corresponding AIF de�nition assignment � would have been ap-pended to the bundle and the optimization method would have been returnedthe modi�ed bundle code; therefore, this case would not have been reached.This implies that the current case must be preceeded by another partial evalua-tion. It appears only in nested partial evaluations, and at least the �rst partialevaluation in this sequence of partial evaluations must have been a x appearson some paths-case. Returning the AIF de�nition assignment � at this pointcauses it to be appended to a bundle with the condition that x appears onlyon some paths. This can be avoided by trying to insert a copy of � into eachsub path. However, this can fail, and � has to be returned.Optimization oI works very similar to that of oMP . It is not necessary to repeat the explaina-tion of the cases that can appear during the optimization. The only di�erence is the handling58



of the AIF de�nition assignment �, if it is needed in the bundle code but can not be appendto a consisting bundle. Instead of returning �, a new bundle containing the � is created andinserted at the current position, i. e. before C1.The optimization methods are called with the origin bundle code, starting with the bundlewhere � has been removed. Hence, if � can not be inserted or appended in another bundle,it will be appended to the �rst bundle. Due to the creation of bundle code, the �rst bundlemust not have any data dependencies with the AIF de�nition variable x. Then again, thereturned code will always contain the AIF de�nition assignment � unless it is not used in thebundle code at all.As already mentioned, it is possible to replace single occurrences of x by the expressionthat has to be assigned to x. In this diploma thesis, this was implemented as an option. Thereplacement of single occurrences is executed at the beginning of the optimization methods
oI and oMP . First, a check of the number of occurrences of x in the bundle code C is done.If the number of occurrences of x is not 1, the optimization proceeds as already described. Ifthe number of occurrences of x is 1, the bundle code is searched for the occurrence of x and
x is replaced by the corresponding expression. The modi�ed bundle code is then returned bythe optimization method oI , respectively oMP .So far, the replacement of single occurrences of AIF de�nition variables by their expressionmight sound easy and uncomplicated. However, it introduces the following problem: assumea single occurrence of an AIF de�nition variable x that follows directly the AIF de�nitionassignment �, i. e. � is in bundle Bj and x appears in an assignment A in bundle Bj+1.The replacement of x by the corresponding expression removes a dependence of A to thepreceding bundle. Hence, A has to be moved from Bj+1 to the preceding bundle Bj if no otherdependencies exist to Bj. Note, that this movement has to be done to keep the bundle codeconsistent to the �ring rule which implies that the actions are �red as soon as possible. Thenagain, the movement of the assignment A to the preceding bundle can cause the movementof assignments in bundle Bj+2. Hence, after each movement of an assignment, it is necessaryto check the assignments in the succeeding bundle for their data dependencies to the currentbundle and to move them up if no dependencies are given. At this point, it is important torealize that an assignment can be moved at most to the preceding bundle. This is explainedas follows: the AIF de�nition assignment � in bundle Bj must either have at least one datadependency to the preceding bundle Bj�1 because actions are �red as soon as possible, or Bjhas no preceding bundle or Bj is the �rst bundle after at least one partial evaluation. Thelatter case implies that � needs the value of the variable that is checked in one of the partialevaluations. Note that not the variable is needed but its value. The data dependency can becaused by the expression that has to be assigned to the AIF de�nition variable x or by theguard of the AIF de�nition assignment. In the former case, the data dependency is given tothe assignment where x is replaced; therefore, the assignment can be moved at most to Bjwhich contained the assignment �. The latter case implies that the guard of the AIF de�nitionassignment must be equal to the guard of the assignment A that reads x. The guard is createdas the disjunction of the guards of the actions that read x. Additionally, the assignment A is59



5 Optimizationthe only assignment that reads x, and this implies that either there was no other action whichreads x or all other actions could not �re because their guard was evaluated to false; thereforethe guards must be equal and must have the same dependencies to preceding assignments.Then again, this implies that the assignment A can not be �red earlier than the AIF de�nitionassignment �.To proceed with the explaination why assignments in succeeding bundles can only be movedup at most one bundle, reconsider again the condition that actions are �red as soon as possible.This implies that an assignment A2 in bundle Bj will always have at least one data dependencyto an assignment A1 in bundle Bj�1. Hence, if the destination variable of A1 is the only datadependency of A2 in bundle Bj and this data dependency is moved up on bundle, A2 can bemoved up one bundle, too. Otherwise, A2 has other data dependencies and can not be moved.If A1 is moved up one bundle, A2 can moved up at most one bundle, too.Applying these methods to all AIF de�nition assignments yields bundle code, that is free ofunused AIF de�nition assignments. The remaining AIF de�nition assignments that are usedmay be replaced to reduce the computation e�ort in several paths. The resulting bundle codeis now ready for the next step in the synthesis process - the translation to C.
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oI(parameter: de�nition assignment �, code block list C = fC1; C2; � � � ; Cng), let x =destination_variable(�)appearances of de�nition assignment �remove assignment case C1 of case C1 ofnone on some paths on all paths
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5OptimizationoMP(parameter: de�nition assignment �, code block list C = fC1; C2; � � � ; Cng), let x =destination_variable(�)appearances of de�nition assignment x in Cremove assignment case C1 of case C1 ofnone on some paths on all paths
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6 Translation to CThe task described in this chapter translates the bundle code that was created by the pre-ceding steps of the synthesis process into C code. The translation to C provides also creatingdeclarations for all needed variables.The translation starts with the declaration of all variables required by the module. Eachvariable that appears in the declaration list of the module will also appear in the declarationsin the C code. For handling the di�erent data types, the translation task is able to use severalC data types. E.g. a natural number can be translated into unsigned, unsigned long or anNatural, which is a package for handling arbitrary large natural numbers. The C declarationof a variable also depends on the type. For each input exactly one C declaration is necessary.Outputs, local variables and labels, i. e. all writeable variables, need additional informations.A writeable variable needs a present �ag, indicating if it has been written in the current cy-cle and a temporary storage for delayed assignments - the next value. Reconsider, that theexpression of a delayed assignment has to be evaluated immediately at runtime but the resultis assigned in the succeeding cycle. However, delayed assignments need some special care toavoid high computation e�orts.The basic idea for handling delayed assignments is to evaluate the expression on the right sideof the assignment and to store it in the temporary storage. At the start of each cycle, a checkis done if a variable contains a next value that has to be assigned. In the positive case, thevalue is copied and the present state is set to true, otherwise to false. However, this methodrequires to check each writeable variable; therefore, modules with many variables waste a lotof computations, even if no delayed assignments are done. To circumvent this problem, anarray is created that logs all delayed assignments that have to be done for the next cycle.Each entry of this array contains three pointers, one for the destination, one for the sourceand one for the present �ag, an information �ag about the data type to apply the correctassignment and a �ag if the destination is an event variable. An event variable has to be resetto zero after a cycle, i. e. an assignment of a value unequal to zero to an event variable causesimplicitly to create a new delayed assignment of the value zero to the same variable. In thisdiploma thesis, the explicit triggered delayed assignments are separately executed from theimplicitely delayed assignments, i. e. the reset of event variables. The reset of event variablesmust be done before the execution of explicitly triggered delayed assignments to avoid thata new delayed assignment is overwritten by a reset. When creating an entry in the log fordelayed assignments, one can also start a search for delayed assignment to the same variable,�rst, but this will not be worth the e�ort. A search will cost more computation e�ort as theexecution of at most two assignments.However, it still remains to reset all present states for writeable variables. The present �agis only read by absence reaction assignments; therefore, the present �ag can be omitted for63



6 Translation to Cvariables that do not own an absence reaction.After the declaration, the translation task starts with the translation of the created bundlecode. Reconsider that a module has a surface and a depth; therefore the sequentializing pro-cess must run two times yielding two bundle codes. The translation tasks creates two methods.The �rst method is an initialization method which executed the actions of the surface. It hasto be called for the �rst cycle. For all succeeding cycles, one has to call the second methodwhich represented the main method and executes the actions of the depth. The next step isto create method of a given bundle code.To get a detailed description of bundle code, reconsider Section 4.1. Bundle code is a possiblyempty list of bundles with an optional partial evaluation at the end. The partial evaluationrefers to two bundle codes. The translation of bundle code to C is simply the translation of theassignments in the bundle to an assignment in C syntax. The partial evaluation is realized byan if-then-else block and two recursive calls to the C translation task with the bundle codesfor the then and else path as argument. To translate an assignment to C, reconsider De�ni-tion 27 et. seq. for the assignments in Section 4. An immediate assignment II = im(x; ’;E)or delayed assignment ID = de(x; ’;E) consists of a destination variable x, a condition ’ andan expression E that has to be evaluated and to be assigned to x. Hence, the translation to Cis if(’) x=E; for immediate assignments, respecitvely if(’) setDelayedAssignment(x,E);for delayed assignments where setDelayedAssignment is an inline function or a macro thatcreates an entry for the array that lists all delayed assignments that have to be done in thenext cycle. An absence reaction assignment IabRe = abRe(x; c;E) consists also of a destina-tion variable and an expression E. But in contrast to the other assignments it has only a�ag that decides wether the assignment has to be done conditionally. The condition itself isrepresented by the variables present �ag; therefore, the translation to C is if(!x_present)x=E; if c is true, otherwise x=E;.Care has to be taken of the used types, when translating expression to C code. Using thepackages for arbitrary large numbers, operators have to be replaced by calls to speci�c func-tions provided by these packages.To �nish the translation task and the synthesis process, one can also create an additionalmethod that automatically calls the initialization method at the �rst call and the main methodfor all other calls.As one can see, the synthesis process creates no program ready for simulation. The integrationof a module into a system is application-speci�c and has to be done manually; therefore, nomain-method is created.To get a better impression how the synthesized code looks like, the best is to consider anexample of a synthesized module. The following example shows the synthesized module thatrepresents a variant of the schedule problem (see Section 2.3). Some parts have been ab-stracted to reduce the size of the code, e.g. the loop for setting the delayed values onlyconsiders Boolean variables. The focus has been set on the functionality of the methodswhich simulate one cycle, i. e. initializationSimpleSchedule, doMainSimpleSchedule anddoStepSimpleSchedule.
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simpleschedule.c#de�ne VARTYPE_BOOL 1#de�ne bool char#de�ne true 1#de�ne false 0// declarations#de�ne NUM_OUTPUT_VARS 4#de�ne NUM_OUTPUT_EVENT_VARS 3#de�ne NUM_VARS NUM_OUTPUT_VARS#de�ne NUM_EVENT_VARS NUM_OUTPUT_EVENT_VARSunsigned a; // inputunsigned b; // inputunsigned c; // inputbool mode; // inputunsigned x; // storagetype=eventunsigned y; // storagetype=eventunsigned s; // storagetype=eventbool ell1; // labelbool __next__ell1; // labelbool __present__ell1; // label// additional variables used to manage delayed assignmentsvoid *DelayedAssignmentsDst[NUM_VARS + NUM_EVENT_VARS];void *DelayedAssignmentsSrc[NUM_VARS];bool *DelayedAssignmentsPresentState[NUM_VARS];int DelayedAssignmentsType[NUM_VARS + NUM_EVENT_VARS];bool DelayedAssignmentsHasToBeReset[NUM_VARS];int whichStep = 0;int numDelayedAssignments;int numResetDelayedAssignments;void setDelayedAssignment(dst, src, presentState, type, hasToBeReset) {DelayedAssignmentsDst[numDelayedAssignments] = dst;DelayedAssignmentsSrc[numDelayedAssignments] = src;DelayedAssignmentsPresentState[numDelayedAssignments] = presentState;DelayedAssignmentsType[numDelayedAssignments] = type; 65



6 Translation to CDelayedAssignmentsHasToBeReset[numDelayedAssignments] = hasToBeReset;numDelayedAssignments++;}void seta(unsigned value) { a = value; }void setb(unsigned value) { b = value; }void setc(unsigned value) { c = value; }void setmode(bool value) { mode = value; }unsigned gets() { return s; }void initializationSimpleSchedule() {// de�nition variablesunsigned _var1; // nat, de�nition (a + b)unsigned _var2; // nat, de�nition (c + y)unsigned _var3; // nat, de�nition (x + a)unsigned _var4; // nat, de�nition (b + c)bool _var5; // bool, de�nition (ell1 & mode)bool _var6; // bool, de�nition (ell1 & !mode)numDelayedAssignments = 0;numResetDelayedAssignments = 0;// bundle code - start// bundle #0__next__ell1 = true;setDelayedAssignment(&ell1, &__next__ell1, &__present__ell1,VARTYPE_BOOL, false);// bundle code - end}void doMainSimpleSchedule() {int currentDelayedAssignment;// de�nition variablesunsigned _var1; // nat, de�nition (a + b)unsigned _var2; // nat, de�nition (c + y)unsigned _var3; // nat, de�nition (x + a)unsigned _var4; // nat, de�nition (b + c)bool _var5; // bool, de�nition (ell1 & mode)bool _var6; // bool, de�nition (ell1 & !mode)// delayed actions66



for(currentDelayedAssignment=NUM_VARS;currentDelayedAssignment < NUM_VARS+numResetDelayedAssignments;currentDelayedAssignment++) {switch(DelayedAssignmentsType[currentDelayedAssignment]) {*((bool*)(DelayedAssignmentsDst[currentDelayedAssignment])) = false;break;}}numResetDelayedAssignments = 0;for(currentDelayedAssignment=0;currentDelayedAssignment < numDelayedAssignments;currentDelayedAssignment++) {switch(DelayedAssignmentsType[currentDelayedAssignment]) {*((bool*)DelayedAssignmentsDst[currentDelayedAssignment]) =*((bool*)DelayedAssignmentsSrc[currentDelayedAssignment]);if(DelayedAssignmentsHasToBeReset[currentDelayedAssignment] &&*((bool*)(DelayedAssignmentsSrc[currentDelayedAssignment]))) {DelayedAssignmentsDst[NUM_VARS+numResetDelayedAssignments] =DelayedAssignmentsDst[currentDelayedAssignment];DelayedAssignmentsType[NUM_VARS+numResetDelayedAssignments] =DelayedAssignmentsType[currentDelayedAssignment];numResetDelayedAssignments++;}}if(DelayedAssignmentsPresentState[numDelayedAssignments]!=0)*((bool*)DelayedAssignmentsPresentState[numDelayedAssignments]) = true;}numDelayedAssignments = 0;// bundle code - startif (mode) {if (ell1) {// bundle #0__next__ell1 = true;setDelayedAssignment(&ell1, &__next__ell1, &__present__ell1,VARTYPE_BOOL, false);x = (a + b);// bundle #1s = x;// bundle #2y = (x + a);} 67



6 Translation to C} else {if (ell1) {// bundle #0__next__ell1 = true;setDelayedAssignment(&ell1, &__next__ell1, &__present__ell1,VARTYPE_BOOL, false);y = (b + c);// bundle #1s = y;// bundle #2x = (c + y);}}// bundle code - end// no present states to reset}void doStepSimpleSchedule() {if(whichStep==0) {whichStep=1;initializationSimpleSchedule();} else {doMainSimpleSchedule();}}// EOF
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7 Results7.1 Synthesis BenchmarksThe quality of the synthesized programs was measured with some hand-made AIF modules.Table 7.1 shows the examples and some numbers to get a weak estimation of the size of theexamples. The numbers of writable variables exclude the state variables which are listed sep-arately. Furthermore, the table lists the number of actions of the data �ow in the depth.The number of actions in the surface are omitted because the direct in�uence of the surfacecomplexity considers only one cycle. The last column gives the number of de�nitions that areused in the corresponding modules. Due to the creation of actions for de�nitions, this is alsoof interest.The �rst matrix multiplication reads two matrices element-wise and multiplies them in one cy-cle. This is not usual for processors but many vector processors can apply several multiplication-and-addition at once. Furthermore, the benchmark of this example represents modules thatprovide a high level of parallelism. The second matrix multiplication can be interpreted asrepresentant for an economical processors. This example applies the multiplication element-wise, i. e. an element of the target matrix is calculated in each cycle. This saves gates andreduces the size of the chip. The simple schedule is the Quartz implementation of the cyclicexample shown in Section 2.3. It checks the functionality of the improved �ring rule and thepartial evaluation. Each of these techniques must be able to break up the cyclic dependencies.The last two modules generate a sequence of square number and the Fibonacci numbers, re-spectively. Each starts with the �rst element in its sequence, i. e. 0, and outputs one elementin each cycle.Figure 7.2 shows the results of the synthesis of the presented examples. The examples wereprogram wv sv a def3x3 matrix multiplication 1-cycle 5 3 12 53x3 matrix multiplication multi-cycle 5 3 4 5simple schedule 3 1 6 6squares 2 1 2 4�bonacci 2 1 2 1Figure 7.1: The AIF examples for the benchmark. (wv) number of writeable variables; (sv)number of state variables; (a) number of actions; (def) number of de�nitionssynthesized using three di�erent con�gurations. The �rst con�guration just sequentializes thegiven module without applying the partial evaluation. A goal of the benchmarks is to show69




