Symbolic Hazard-Free Minimization and Encoding of Asynchronous

Finite State Machines �

Robert M. Fuhrer Bill Lin Steven M. Nowick Dept. of Computer Science IMEC Laboratory Dept. of Computer Science Columbia University Kapeldreef 75 Columbia University New York, NY 10027 B-3001 Leuven, Belgium New York, NY 10027

Abstract � This paper presents an automated method for the synthesisof multiple-input-change (MIC) asynchronousstate machines. Asynchronousstate machinedesignis subtlesince, unlike synchronous synthesis, logic must be implemented without hazards, and state codes must be chosen carefully to avoid critical races. We formulate andsolveanoptimal hazard-freeandcritical race-freeencodingproblem for a classof MIC asynchronousstate machines called burst-mode. Analogous to a paradigm successfully used for the optimal encoding of synchronousmachines, the problemisformulatedasaninputencodingproblem. Implementations are targeted to sum-of-product realizations. We believe this is the �rst general method for the optimal encodingof hazard-free MIC asynchronousstate machinesundera generalizedfundamental mode of operation. Results indicate that improved solutions are produced, ranging up to 17% improvement.

1 INTRODUCTION Therehasbeenarenewedinterestinasynchronousdesign,because of their potential for high-performance,modularity andavoidance of clock skew. This paper focuses on one class of asynchronous designs: asynchronousstate machines.

Several methods have recently been introduced for the synthesis of asynchronous state machines [9, 17, 8]. These methods have been automated and produce low-latency machines which are guaranteed hazard-free at the gate-level. The design tools have bene�ted from a number of hazard-free optimization algorithms: exact two-level logic minimization [10], multi-level logic optimization [15, 3, 4], and technology mapping [13]. However, none of these methods includes algorithms for optimal state assignment. The contribution of this paper is a general method for the optimal state assignment of asynchronousstate machines.

Optimal state assignment of synchronous machines has been an active area of research. De Micheli [7] formulated and solved an input encoding problem, which approximates an optimal state assignment for PLA-based state machines. Other formulations as an output encoding or input/output encoding problem have also been developed [6, 16, 12, 1].

Synchronousstateassignmentmethodsareinadequateforasynchronous designs, since the resulting machines may have critical races and logic hazards. In this paper, we consider two related problemsinthesynthesisofasynchronousstatemachines: critical race-free state encoding and hazard-free logic minimization. In existing synthesis trajectories [17, 8], these problems are solved separately, where state assignment is typically performed without regard to the optimality of the eventual logic implementation,

�Supported in part by NSF under Grant no. MIP-9308810, by a grant from the IBM Corporation,and by the E.C. under Grant no. ESPRIT-6143 (EXACT).

which may lead to unnecessarily expensive solutions.

Recently, we introduced algorithms to solve two constrained optimal state assignment problems for asynchronous state machines [2]. The �rst solved an optimal critical race-free assignment problem, but ignored hazard issues. The second solved a combined hazard-free/critical race-free assignment problem limited to single-input change(SIC) asynchronousstate machines. In this paper, we generalize this work, and solve a combined hazardfree/critical race-free assignment problem for a class of multipleinput change (MIC) state machines, called burst-mode [9, 17, 8].

Analogous to a paradigm successfully used for the optimal state assignment of synchronous machines, such as KISS [7], the problem is formulated as an input encoding problem. In particular, we solve the combined problem by formulating a symbolic hazard-free minimization problem for asynchronous synthesis. In this formulation, a symbolic logic speci�cation, where states are represented as a multiple-valued variable, is �rst minimized to obtain a minimal multi-valued two-level representation. As in KISS, we assume each output and symbolic next-state is treated as a binary output function, where the co-domain has only the values 0 and 1. Unlike KISS, however, we introduce an exact hazard-free multi-valued logic minimization procedure.

After symbolic minimization, a constrained encoding step is performed. Encoding constraints in the form of dichotomies [14, 12] are introduced, which must be satis�ed in the context of MIC asynchronous state machines. These constraints are related to the critical race-free constraints introduced by Tracey [14] and the face-embedding constraints introduced by De Micheli [7], but subsume both.

Finally, encoding constraints are solved using exact and heuristic techniques (our previous work used only exact techniques [2]). The exact procedure makesuse of an existing tool, dichot [12], andthe heuristic procedureusesthe simulated annealing mode of nova [16]. For the heuristic problem, we propose a novel partitioning of constraints into compulsory and non-compulsory constraints; a weighted annealing algorithm is used to ensure that compulsory constraints are solved.

A key contribution of our method is that it produces exactly minimal hazard-free (two-level) output logic, over all possible critical race-free assignments. This result is signi�cant since the latency of an asynchronous machine is determined by its output logic: there are no clock or latches. For next-state logic, our approach leads only to an approximate solution. However, in practice, high quality solutions are produced for next-state logic as well, ranging up to 17% overall improvement. We believe this is the �rst general method for the optimal state assignment of hazard-free MIC asynchronous state machines.

2 BACKGROUND 2.1 Optimal State Assignment for SynchronousMachines In KISS [7], De Micheli formulated the optimal state assignment problem as an input encodingproblem. The goal is to �nd a binary encodingof symbolic inputs to ensurean optimal sum-of-products implementation. The algorithm has three steps:

1. Generate a minimal symbolic cover 2. Generate a set of encoding constraints 3. Solve these constraints to produce a state assignment The �rst step is symbolic logic minimization. The next-state function is effectively treated as a set of functions, one for each possible next-state value, since no information is yet available as to the relation of the various next-state values to one another. As a result, the symbolic minimization problem can be formulated as a multi-output multiple-valued-input minimization problem and solved using espresso-mv [11]. A minimal symbolic cover is formed, consistingof a set of symbolic implicants. Each implicant has four parts: binary inputs, symbolic present state, symbolic next state, and binary outputs. Present and next state can be represented using either symbolic or positional-cube notation.

A key goal in this approach is to ensure the correctness of the symbolic cover after it is instantiated with binary state codes. To understand the problem, consider the state table of Figure 1, having 2 inputs, 4 symbolic states, and 1 output, and the given 2-variable state assignment. A minimal symbolic cover for the output consists of 2 symbolic implicants: p1 =¡0* {D}⊤ ⊣\⌈ p2 =¡*1 {B⇔C}⊤↙ ∞ I⇕√↕⟩⌋⊣\⊔ p1 contains a single symbolic state D and therefore can be instantiated as binary product <0⇀ 11>▷ However implicant p2 contains a pair of symbolic states B and C forming a state group▷ The smallest single bi nary cube or group face which contains the given codes for B and C is the supercube of the two codes. ∗∗↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ ⊔⟨⌉ ∇⌉∫⊓↕⊔⟩\} ⌊⟩\⊣∇† √∇≀⌈⊓⌋⊔⇔ ℜ⇑∞ ⇑⇑⊤⇔ ⟩∫ ⟩\⊑⊣↕⟩⌈⇔ ∫⟩\⌋⌉ ⟩⊔ ⊣↕∫≀ ⌋≀\↖ ⊔⊣⟩\∫ ⊣\ OFF↖∫⌉⊔ ⇕⟩\⊔⌉∇⇕ ℜ∞∞ ′′⊤ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⊔≀ ∫†⇕⌊≀↕⟩⌋ ⇕⟩\⊔⌉∇⇕ ℜ∞∞ {A}⊤↙

⟩\√⊓⊔∫ ′′ ′∞ ∞∞ ∞′ ∫⊔⊣⊔⌉ ⌋≀⌈⌉∫ A A⇔′ A⇔′ D⇔′ A⇔′ ′′ B B⇔′ B⇔∞ B⇔∞ A⇔′ ′∞ C A⇔′ B⇔∞ C⇔∞ C⇔′ ∞′ D D⇔∞ D⇔∞ D⇔′ C⇔′ ∞∞

F⟩}⊓∇⌉ ∞¬ E§⊣⇕√↕⌉ ∫⊔⊣⊔⌉ ⊔⊣⌊↕⌉ ⊒⟩⊔⟨ ∫⊔⊣⊔⌉ ⊣∫∫⟩}\⇕⌉\⊔ T≀ ⊣⊑≀⟩⌈ ⊔⟨⟩∫ √∇≀⌊↕⌉⇕⇔ ⟩\ ⊔⟨⌉ ∫⌉⌋≀\⌈ ∫⊔⌉√⇔ {⊣⌋⌉ ⌉⇕⌊⌉⌈⌈⟩\} ⌋≀\↖ ∫⊔∇⊣⟩\⊔∫ ⊣∇⌉ ⟩⇕√≀∫⌉⌈¬ F≀∇ ⌉⊣⌋⟨ ∫†⇕⌊≀↕⟩⌋ ⟩⇕√↕⟩⌋⊣\⊔ p with state group Sp the corre sponding group face must not intersect the code of any state s not in Sp▷ ♭7♯ The above encoding constraints can be described using di chotomies ♭1 14♯▷ Given a set of states S a dichotomy is a bipartition (U, V ) of a subset T of states of S▷ In a given state as signment a binary state variable yi covers the dichotomy (U, V ) if yi = 0 for every state in U and yi = 1 for every state in V 1For simplicity we consider only singleoutput implicants in this ex ample though in general the method produces multipleoutput implicants▷

↼or viceversa↽ ♭15 14♯▷ For the given problem a set of nto1 dichotomies is formed i▷e▷ between each state group Sp ↼contain ing n states↽ and each single disjoint state s ∉ Sp▷ In the above example dichotomies (BC, A) and (BC, D) are generated to prevent invalid state assignments with respect to the output implementation. Exact dichotomy solvers have been developed which produce minimum-length assignments [1, 12].

The third step is to ffnd a state assignment satisfying these encoding constraints. A ffnal step, after state assignment, is to produce a binary logic implementation. Typically, espresso or espresso-exact are used, since the resulting cover may have smaller cardinality than the symbolic cover (see [7]).

2.2 Burst-Mode Asynchronous State Machines In this subsection, we give an overview of burst-mode machines, a class of multiple-input change asynchronous state machines.

Burst-Mode Speciffcations An asynchronous state machine allowing multiple-input changes can be speciffed by a form of state diagram, called a burst-mode speciffcation [9] (see example in Figure 2). A burst-mode speciffcation contains a ffnite number of states, a number of labelled arcs connecting pairs of states, and a distinguished start state (initial wire values are either speciffed or assumed 0). Burst-mode speciffcations, and variants, have been used for several recent asynchronous design methods [9, 17, 8].Arcs are labelled with possible transitions, taking the system from one state to another. Each transition consists of a non-empty set of input changes (an input burst) and a set of output changes (an output burst). Note that every input burst must be non-empty; if no inputs change, the system is stable.

In a given state, when all the inputs in some input burst have changed value, the system generates the corresponding output burst and moves to a new state. Inputs in a given input burst may arrive in any order and at arbitrary times. However, once an input burst is complete, no further input changes may occur until the resulting output changes have occurred (see next subsection for details). There are two further restrictions on speciffcations. First, no input burst in a given state can be a subset of another, since otherwise the behavior may be ambiguous. This restriction is called the maximal set property. Second, a given state is always entered with the same set of input values; that is, each state has a unique entry point.

Target Implementation A burst-mode speciffcationcan be realized as a Huffman machine, as shown in Figure 3. The machine consists of combinational logic with primary inputs, primary outputs and fed-back state variables [15]. State is stored on the feedback loops, which may have attached delay elements.

The machine behaves as follows. Initially, the machine is stable in some state. Inputs in a speciffed input burst may then change value in any order and at any time. Throughout this input burst, the machine outputs and state remain unchanged. When the input burst is complete, the outputs change value monotonically as speciffed. A state change may also occur concurrently with the output change. In this case, the machine will be driven to a new stable state. Only a single feedback cycle occurs. Alternatively, no state change may occur. In either case, no further inputs may arrive until the machine is stable. That is, the machine operates in fundamental mode [15]. When the machine is stable, the cycle is complete and the machine is ready to receive new inputs. Throughout the entire cycle, outputs and state variables must be glitch-free.

Figure 2: Example burst-mode speciffcation.

Figure 3: Block diagram of Huffman machine.

3 PROBLEM STATEMENT We can now deffne the synthesis problem:

Problem: Optimal Hazard-Free/Critical Race-Free Assignment for Burst-Mode (MIC) Asynchronous State Machines. Find a critical race-free assignment for a burstmode fiow table having a hazard-free sum-of-products implementation of minimal cost.

Our synthesis method follows the 3 basic steps of the KISS algorithm, but with modiffcations. In the ffrst step, it formulates a hazard-free symbolic covering problem. In the second step, modiffed encoding constraints are generated. These constraints are not the union of the KISS and Tracey constraints, but subsume both. After solving these encoding constraints in step 3, a binary hazard-free minimizer is used to ffnd a hazard-free logic implementation.

4 MULTIPLE-VALUED FUNCTIONS AND HAZARDS For the following, we assume basic familiarity with the terminology of multi-valued logic minimization (see [11]).

4.1 Circuit Model This paper considers combinational circuits having arbitrary ffnite gate and wire delays (unbounded wire delay model [10]).A pure delay model is assumed (see [15]).

4.2 Multiple-Valued Multiple-Input Changes In this section, we generalize the notions of multiple-input changes and transition cubes from the binary domain [10] to the multiplevalued domain.

Deffnition 4.1 (Multiple-valued transition cube) A multiplevalued transition cube is a cube with a start point and an end point. Let A and B be two minterms in a multiplevalued space D▷ The multiplevalued transition cube denoted as [A, B], from A to B has start point A and end point B and contains all minterms that can be reached during a transition from A to B▷ More for mally if A and B are described by products with ith literals A^{SAi}_i and B^{SBi}_i respectively then the ith literal for the product of T = [A, B] is the literal T^{SAi} [^{SBi}_i ▷ Deαnition 4▷2 ↼Multiplevalued open transition cube↽ The ↼multiplevalued↽ open transition cube [A, B) from A to B is deαned as. [A, B] − {B}↙ D⌉⊘\⟩⊔⟩≀\ △↙∋ ⇐M⊓↕⊔⟩√↕⌉↖⊑⊣↕⊓⌉⌈ ⟩\√⊓⊔ ⊔∇⊣\∫⟩⊔⟩≀\⇒ A ⇐⇕⊓↕⊔⟩√↕⌉↖ ⊑⊣↕⊓⌉⌈⇒ ⟩\√⊓⊔ ⊔∇⊣\∫⟩⊔⟩≀\ ≀∇ ⇐⇕⊓↕⊔⟩√↕⌉↖⊑⊣↕⊓⌉⌈⇒ ⇕⊓↕⊔⟩√↕⌉↖⟩\√⊓⊔ ⌋⟨⊣\}⌉ {∇≀⇕ ⟩\√⊓⊔ ∫⊔⊣⊔⌉ A to B is described by transition cube [A, B]. An intermediate state X ∈ [A, B] is potentially reachable during the input transition from A to B if for all variables Xi the corre sponding literal X i is either equal to A i or B i▷ A multipleinput change speciαes what variables are permitted to change value and what the corresponding starting and ending values are▷ Input vari ables are assumed to change simultaneously▷ ↼Equivalently since inputs may be skewed arbitrarily by wire delays inputs can be assumed to change monotonically in any order and at any time▷↽ Once a multipleinput change occurs no further input changes may occur until the circuit has stabilized▷ An input transition occurs during a transition interval t I ≤ t ≤ tF where inputs change at time t I and the circuit returns to a steady state at time tF ▷ Deαnition 4▷4 ↼Static and dynamic transitions↽ An input tran sition from input state A to B for a multiplevalued function f is a static transition if f(A) = f(B); it is a dynamic transition if f(A) ≠ f(B). In this paper, we consider only static and dynamic transitions where f is fully deαned, that is for every X ∈ [A, B], f(X) ∈ {′, 1}↙ △↙∋ M⊓↕⊔⟩√↕⌉↖V⊣↕⊓⌉⌈ F⊓\⌋⊔⟩≀\ H⊣‡⊣∇⌈∫ A {⊓\⌋⊔⟩≀\ f which does not change monotonically during an input transition is said to have a function hazard in the transition▷ Deαnition 4▷5 ↼Static function hazard↽ A multiplevalued func tion f contains a static function hazard for the input transition from A to C if and only if. ↼1↽ f(A) = f(C), and (2) there exists some input state B ∈ [A, C] such that f(A) ≠ f(B).

Deffnition 4.6 (Dynamic function hazard) A multiple-valued function f contains a dynamic function hazard for the input tran sition from A to D if and only if. ↼1↽ f(A) ≠ f(D); and (2) there exist a pair of input states, B and C such that ↼a↽ B ∈ [A, D] and C ∈ [B, D], and (b)f(B) = f(D) and f(A) = f(C).

If a transition has a function hazard, no multiple-valued implementation of the function is guaranteed to avoid a glitch during the transition, assuming arbitrary gate and wire delays. Therefore, we consider only transitions which are free of function hazards (cf. [10]).

4.4 Multiple-Valued Logic Hazards If f is free of function hazards for a transition from input A to B an implementation may still have hazards due to possi ble delays in the logic realization▷ Here we extend notions of static and dynamic logic hazards to multiplevalued functions▷ To do so we will provide these deαnitions in terms of an ab stract multiplevalued sumofproducts implementation▷ That is each multiplevalued product term in the multiplevalued cover is implemented as a single multiplevalued AND gate▷ The circuit output is implemented as a Boolean OR gate that combines the AND gates▷ Deαnition 4▷7 ↼Static ↼Dynamic↽ logic hazard↽ A multiplevalued cover circuit implementing multiplevalued func tion f contains a static ↼dynamic↽ logic hazard for the input transition from minterm A to minterm B if and only if. ↼1↽ f(A) = f(B) (f(A) ≠ f(B)), and (2) for some assignment of delays, the circuit’s output is not monotonic during the transition interval.

That is, a static logic hazard occurs if f(A) = f(B) = 1 (0), but the circuit’s output makes an unexpected 1 → ′ → ∞ ⇐′ → ∞ → ′⇒ ⊔∇⊣\∫⟩⊔⟩≀\↙ A ⌈†\⊣⇕⟩⌋ ↕≀}⟩⌋ ⟨⊣‡⊣∇⌈ ≀⌋⌋⊓∇∫ ⟩{ f(A) = 1 and f(B) = 0 (f(A) = 0 and f(B) = 1), but the circuit’s output makes an unexpected 1 → ′ → ∞ → ′ ⇐′ → ∞ → ′ → ∞⇒ ⊔∇⊣\∫⟩⊔⟩≀\↙ △↙▽ P∇≀⌊↕⌉⇕ A⌊∫⊔∇⊣⌋⊔⟩≀\ T⟨⌉ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ⇕⊓↕⊔⟩√↕⌉↖⊑⊣↕⊓⌉⌈ ⇕⟩\⟩⇕⟩‡⊣⊔⟩≀\ √∇≀⌊↕⌉⇕ ⌋⊣\ \≀⊒ ⌊⌉ ∫⊔⊣⊔⌉⌈ ⊣∫ {≀↕↕≀⊒∫↙ G⟩⊑⌉\ ⊣ ⇕⊓↕⊔⟩√↕⌉↖⊑⊣↕⊓⌉⌈ {⊓\⌋⊔⟩≀\ f and a set T of speciαed functionhazardfree multiplevalued ↼static and dynamic↽ input transitions of f αnd a minimalcost multiple valued cover of f that is free of logic hazards for every speciαed input transition t ∈ T ▷ 5 SYMBOLIC HAZARDFREE MINIMIZATION In this section we present an exact minimization algorithm for producing a hazardfree multiplevalued cover▷ While the stan dard multiplevalued minimization problem without considera tions for hazards has been adequately addressed before ♭11♯ the corresponding problem in the context of asynchronous synthe sis and hazardfree synthesis has not yet been addressed▷ We αrst state the conditions that the cover must satisfy in order to ensure hazardfreeness▷ These conditions will lead to a notion of multiplevalued dynamichazardfree ↼DHF↽ prime impli cants▷ Using these prime implicants a constrained covering step must be solved to select a hazardfree cover▷ These issues are addressed in the sequel▷ 5▷1 Conditions for a HazardFree Transition We now describe conditions to ensure that a sumofproducts implementation is hazardfree for a given input transition▷ Assume that [A, B] is the transition cube corresponding to a functionhazard-free transition from input state A to B for a multivalued combinational function f▷ In the following discussion we assume that C is any multivalued cover of f▷ The following lemmas present necessary and sufαcient conditions to ensure that a multi valued ANDOR implementation of f has no logic hazards for the given transition▷ The following results are extensions from the binary case ♭10♯▷ Lemma 5▷1 If f has a 0 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ ⟩\ ⌋⊓⌊⌉ [A, B], then the implementation is free of logic hazards for the input change from A to B▷

Lemma 5▷2 If f has a 1 → ∞ ⊔∇⊣\∫⟩⊔⟩≀\ ⟩\ ⌋⊓⌊⌉ [A, B], then the implementation is free of logic hazards for the input change from A to B if and only if [A, B] is contained in some cube of cover C▷ The conditions for the 0 → ∞ ⊣\⌈ ∞ → ′ ⌋⊣∫⌉∫ ⊣∇⌉ ∫†⇕⇕⌉⊔∇⟩⌋↙ W⟩⊔⟨≀⊓⊔ ↕≀∫∫ ≀{ }⌉\⌉∇⊣↕⟩⊔†⇔ ⊒⌉ ⌋≀\∫⟩⌈⌉∇ ≀\↕† ⊣ ⌈†\⊣⇕⟩⌋ ∞ → ′ ⊔∇⊣\∫⟩⊔⟩≀\⇔ ⊒⟨⌉∇⌉ f↼A↽/1 and f↼B↽/0▷ ↼A 0 → ∞ ⊔∇⊣\∫⟩⊔⟩≀\ {∇≀⇕ A to B has the same hazards as a 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ {∇≀⇕ B to A▷↽ Lemma 5▷3 If f has a 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ ⟩\ ⌋⊓⌊⌉ [A, B], then the implementation is free of logic hazards for the input change from A to B if and only if every cube c ∈ C intersecting [A, B] also contains A▷ Lemma 5▷2 requires that in a 1 → ∞ ⊔∇⊣\∫⟩⊔⟩≀\⇔ ∫≀⇕⌉ √∇≀⌈⊓⌋⊔ ⟨≀↕⌈∫ ⟩⊔∫ ⊑⊣↕⊓⌉ ⊣⊔ ∞ ⊔⟨∇≀⊓}⟨≀⊓⊔ ⊔⟨⌉ ⊔∇⊣\∫⟩⊔⟩≀\↙ L⌉⇕⇕⊣ ▽↙∋ ⌉\∫⊓∇⌉∫ ⊔⟨⊣⊔ \≀ √∇≀⌈⊓⌋⊔ ⊒⟩↕↕ }↕⟩⊔⌋⟨ ⟩\ ⊔⟨⌉ ⇕⟩⌈⌈↕⌉ ≀{ ⊣ ∞ →′ ⊔∇⊣\∫⟩⊔⟩≀\¬ ⊣↕↕ √∇≀⌈⊓⌋⊔∫ ⌋⟨⊣\}⌉ ⊑⊣↕⊓⌉ ⇕≀\≀⊔≀\⟩⌋⊣↕↕† ⌈⊓∇⟩\} ⊔⟨⌉ ⊔∇⊣\∫⟩⊔⟩≀\↙ I\ ⌉⊣⌋⟨ ⌋⊣∫⌉⇔ ⊔⟨⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⊒⟩↕↕ ⌊⌉ {∇⌉⌉ ≀{ ⟨⊣‡⊣∇⌈∫ {≀∇ ⊔⟨⌉ }⟩⊑⌉\ ⊔∇⊣\∫⟩⊔⟩≀\↙ A\ ⟩⇕⇕⌉⌈⟩⊣⊔⌉ ⌋≀\∫⌉∐⊓⌉\⌋⌉ ≀{ L⌉⇕⇕⊣ ▽↙∋ ⟩∫ ⊔⟨⊣⊔⇔ ⟩{ ⊣ ⌈†\⊣⇕⟩⌋ ⊔∇⊣\∫⟩⊔⟩≀\ ⟩∫ {∇⌉⌉ ≀{ ↕≀}⟩⌋ ⟨⊣‡⊣∇⌈∫⇔ ⊔⟨⌉\ ⌉⊑⌉∇† ∫⊔⊣⊔⟩⌋ ∫⊓⌊↖⊔∇⊣\∫⟩⊔⟩≀\ ⊒⟩↕↕ ⌊⌉ {∇⌉⌉ ≀{ ↕≀}⟩⌋ ⟨⊣‡⊣∇⌈∫ ⊣∫ ⊒⌉↕↕¬ L⌉⇕⇕⊣ ▽↙△ I{ f has a 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ {∇≀⇕ ⟩\√⊓⊔ ∫⊔⊣⊔⌉ A to B which is hazardfree in the implementation then for every input state X ∈ [A, B) wheref(X) = 1, the transition subcube[A, X] is contained in some cube of cover C▷ Lemma 5▷5 If f has a 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ {∇≀⇕ ⟩\√⊓⊔ ∫⊔⊣⊔⌉ A to B which is hazardfree in the implementation then for every input state X ∈ [A, B) where f(X) = 1, the static 1 → ∞ ⊔∇⊣\∫⟩⊔⟩≀\ {∇≀⇕ ⟩\√⊓⊔ ∫⊔⊣⊔⌉ A to X is free of logic hazards▷ Lemmas 5▷2 and 5▷4 are usedto deαnethe covering requirement for a hazardfree transition▷ The cube [A, B] in Lemma 5.2 and the maximal subcubes[A, X] in Lemma 5.4 are called requiredcubes. These cubes deffne the ON-set of the function in a transition. Each required cube must be contained in some cube of cover C to ensure a hazardfree implementation▷ This property can be more formally stated as follows▷ Deαnition 5▷1 ↼Required cube↽ Given a multiplevalued func tion f and a set T of speciαed functionhazardfree multiple valued input transitions of f every cube [A, B] ∈ T correspond ing to a static 1 → ∞ ⊔∇⊣\∫⟩⊔⟩≀\⇔ ⊣\⌈ ⌉⊑⌉∇† ⇕⊣§⟩⇕⊣↕ ∫⊓⌊⌋⊓⌊⌉ [A, X] ⊂ [A, B] where f is 1 and [A, B] ∈ T is a dynamic 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\⇔ ⟩∫ ⌋⊣↕↕⌉⌈ ⊣ ∇⌉∐⊓⟩∇⌉⌈ ⌋⊓⌊⌉↙ L⌉⇕⇕⊣ ▽↙∋ ⌋≀\∫⊔∇⊣⟩\∫ ⊔⟨⌉ ⌋⊓⌊⌉∫ ⊒⟨⟩⌋⟨ ⇕⊣† ⌊⌉ ⟩\⌋↕⊓⌈⌉⌈ ⟩\ ⊣ ⌋≀⊑⌉∇ C▷ Each 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ ⌋⊓⌊⌉ ⟩∫ ⌋⊣↕↕⌉⌈ ⊣ √∇⟩⊑⟩↕⌉}⌉⌈ ⌋⊓⌊⌉⇔ ∫⟩\⌋⌉ \≀ ⌋⊓⌊⌉ c in the cover may intersect it unless c contains its start point▷ If a cube intersects a privileged cube but does not contain its start point it illegally intersects the privileged cube and may not be included in the cover▷ This property can be more formally stated as follows▷ Deαnition 5▷2 ↼Privileged cube↽ Given a multiplevalued func tion f and a set T of speciαed functionhazardfree multiple valued input transitions of f every cube [A, B] ∈ T correspond ing to a dynamic 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ ⟩∫ ⌋⊣↕↕⌉⌈ ⊣ √∇⟩⊑⟩↕⌉}⌉⌈ ⌋⊓⌊⌉↙

▽↙∈ H⊣‡⊣∇⌈↖F∇⌉⌉ C≀⊑⌉∇∫ A ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ⌋≀⊑⌉∇ ≀{ {⊓\⌋⊔⟩≀\ f is a cover of f whose multi valued ANDOR implementation is hazardfree for a given set of speciαed input transitions▷ The following theorem describes all hazardfree covers for function f for a set of multipleinput transitions▷ ↼It is assumedbelow that the function is deαned for all speciαed transitions, the function is undeαned for all other input states▷↽ Theorem 5▷1 ↼Hazardfree covering↽ A sumofproducts C is a hazardfree cover for function f for all speciαed input transitions if and only if. ↼a▷↽ No cube of C intersects the OFFset of f, ↼b▷↽ Each required cube of f is contained in some cube of C, and ↼c▷↽ No cube of C intersects any privileged cube illegally▷ Conditions ↼a↽ and ↼c↽ in Theorem 5▷1 determine the implicants which may appear in a hazardfree cover of a Boolean func tion f▷ Condition ↼b↽ determines the covering requirement for these implicants in a hazardfree cover▷ Therefore Theorem 5▷1 precisely characterizes the covering problem for hazardfree two level logic▷ In general the covering conditions of Theorem 5▷1 may not be satisαable for an arbitrary Boolean function and set of transitions ↼cf▷ ♭15 10♯↽▷ This case occurs if conditions ↼b↽ and ↼c↽ cannot be satisαed simultaneously▷ 5▷3 Exact HazardFree MultipleValued Minimization Many exact logic minimization algorithms such as EspressoMV Exact ♭11♯ are based on the QuineMcCluskey algorithm ♭5♯▷ The EspressoMVExact algorithm solves the twolevel multiple valued minimization problem in three steps. 1▷ Generate multiplevalued prime implicants, 2▷ Construct prime implicant table, 3▷ Generate minimum cover of this table▷ Here we extend an existing exact hazardfree twolevel min imizer ♭10♯ to multivalued functions▷ Theorem 5▷1↼a↽ and ↼c↽ determine the implicants which may appear in a hazardfree cover of a multiplevalued function f▷ Such implicants will be called multiplevalued dynamichazardfree ↼DHF↽ implicants▷ They are deαned as follows. Deαnition 5▷3 ↼Multiplevalued DHFimplicants↽ A multiple valued DHFimplicant is an implicant which does not intersect any privileged cube of f illegally▷ A multiplevalued DHFprime implicant is a multiplevalued DHFimplicant contained in no other multiplevalued DHFimplicant▷ An essential multiple valued DHFprime implicant is a multiplevalued DHFprime implicant which contains a required cube contained in no other multiplevalued DHFprime implicant▷ By Theorem 5▷1↼c↽ only multiplevalued DHFimplicants may appear in a hazardfree cover▷ Theorem 5▷1↼b↽ determines the covering requirement for a hazardfree cover of f. every required cube of f must be covered that is contained in some cube of the cover▷ Thus the twolevel hazardfreelogic minimiza tion problem is to αnd a minimum cost cover of a function using only multiplevalued DHFprime implicants where every required cube is covered▷ The modiαed hazardfree multiplevalued minimization algo rithm is as follows. 1▷ Generate multiplevalued DHFprime implicants, 2▷ Construct multiplevalued DHFprime implicant table, 3▷ Generate minimum cover of this table▷ These steps are detailed below▷

5▷4 Generation of MultipleValued DHFPrime Implicants Multiplevalued DHFprime implicants for function f are gener ated in two steps▷ The new algorithm follows the approach de scribed in ♭10♯ but extended to multiplevalued functions▷ First multiplevalued prime implicants of f are generated from the required cubes ↼which deαnes the onset↽ and the offset using existing algorithms ♭11♯▷ Second these prime implicants are transformed into multiplevalued DHFprime implicants by itera tive reαnement▷ The new algorithm MVIPItoDHFPI checks each implicant p for illegal intersection with any multiplevalued privileged cube q▷ If such an intersection occurs the implicant is reduced in all possible ways to avoid intersection▷ In particular p is replaced by the set {p1, . . . , pn} ≀{ ⇕⊣§⟩⇕⊣↕ ∫⊓⌊⌋⊓⌊⌉∫ ≀{ p which do not intersect q ↼i▷e▷ ∀i ∈ {∞, . . . , n}, pi ∩ q = ϕ↽▷ Note that in the multivalued framework reduction is uniformly performed across both input and output spaces▷ The reduced im plicants may have remaining or new illegal intersections with other privileged cubes▷ The process continues until only dhf implicants remain▷ Nonprime dhfimplicants are removed by a check for singlecube containment▷ 5▷5 Generation of DHFPrime Implicant Table A multiplevalued DHFprime implicant table is constructed for the given function▷ The rows of the table are labelled with the multiplevalued DHFprime implicants▷ The columns are labelled with the required cubes which must be covered▷ The table sets up the twolevel hazardfree logic minimization problem▷ 5▷6 Generation of a Minimum Cover The multiplevalued DHFprime implicant table describes a stan dard unate covering problem▷ It is solved using an existing algo rithm minimumcover ♭11♯▷ 5▷7 Handling MultipleOutput Minimization As in EspressoMVExact ♭11♯ multipleoutput functions are han dled by making the output parts into a single Nvalued MV vari able where N is the number of outputs▷ The transformation is straightforward and is described in ♭11♯▷ Using this transfor mation the symbolic hazardfree multiplevalued minimization procedure can be used to minimize multipleoutput functions▷ 6 CONSTRAINED ENCODING We now consider the constrained encoding problem that must be solved to produce a correct binary logic implementation for an asynchronous βow table▷ 6▷1 Encoding Constraints In this step encoding constraints are generated based on the sym bolic cover▷ These constraints ensure that the cover will be cor rectly instantiated▷ The face embedding constraints used by KISS for synchronous machines are insufαcient for asynchronous machines for two rea sons. ↼1↽ they do not consider the transient behavior of an asyn chronous state machine and ↼2↽ they do not consider hazardfree logic requirements▷ Therefore face embedding constraints must be generalized▷ We consider these two problems in turn▷ A new condition concerns the functional correctness of the output and nextstate implementations in the presence of state transitions▷ During a transition of 2 or more state variables tran sient points in the total input state space are reached which do not correspond to any valid encoded state▷ The possibility arises that the group face for some symbolic product term implementing a binary output may intersect such a transient point thus inadver tently turning on the product term during the state transition▷ If the intended value of that output during the state transition is 0 the output function will be incorrectly implemented▷ Example▷ Consider a binary output symbolic implicant <I1 {S′⇔S∞⇔S∈}⊤ {≀∇ ∫≀⇕⌉ ≀⊓⊔√⊓⊔ {⊓\⌋⊔⟩≀\ z▷ Suppose there is a state transition S3 → S△ ⟩\ ⟩\√⊓⊔ ⌋≀↕⊓⇕\ I∞ ⌈⊓∇⟩\} ⊒⟨⟩⌋⟨ z should be held at 0▷ Assume the following state assignment. S0 0000 S1 1000 S2 1100 S3 0110 S4 0101 Using this assignment the corresponding binary implicant is <I1 ⇀⇀00>▷ As a result during the S3 → S△ ⊔∇⊣\∫⟩⊔⟩≀\⇔ ⊔⟨⌉ ∫⊔⊣⊔⌉ ⊑⊣∇⟩⊣⌊↕⌉∫ ⌋⊣\ ∇⌉⊣⌋⟨ ⊔⟨⌉ ⊔∇⊣\∫⟩⌉\⊔ ⊑⊣↕⊓⌉ ′∞′′ ⊒⟨⟩⌋⟨ ⊒≀⊓↕⌈ ⊔⊓∇\ ≀\ ⊔⟨⌉ }⟩⊑⌉\ ⟩⇕√↕⟩⌋⊣\⊔⇔ ⟩\⌋≀∇∇⌉⌋⊔↕† {≀∇⌋⟩\} ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⊑⊣↕⊓⌉ ⊔≀ ∞↙ T⟨⟩∫ √∇≀⌊↕⌉⇕ ≀⌋⌋⊓∇∫ ⌉⊑⌉\ ⊔⟨≀⊓}⟨ ⊔⟨⌉ {⊣⌋⌉ ⌉⇕⌊⌉⌈⌈⟩\} ⌋≀\↖ ∫⊔∇⊣⟩\⊔∫ {≀∇ ∫⊔⊣⊔⌉ }∇≀⊓√ {S0, S1, S2} ⊣∇⌉ ∫⊣⊔⟩∫⊘⌉⌈↙2 A similar problem occurs for the next-state function. This case requiresa trivial generalizationof the condition: if thevalueof the symbolic function (i.e. the destination state) during the transition differs from that which the product term implements, the machine will be incorrectly realized.

The proposedsolution is to add dichotomy constraints to avoid problems resulting from such state transitions. Unlike the face embedding constraints, these dichotomies are n-to-2: between (i) a state group of an symbolic product (e.g., {S0, S1, S2} ⟩\ ⊔⟨⌉ √∇⌉⌋⌉⌈⟩\} ⌉§⊣⇕√↕⌉⇒ ⊣\⌈ ⇐⟩⟩⇒ ⊣ √⊣⟩∇ ≀{ ∫⊔⊣⊔⌉∫ ⌈⌉⊘\⟩\} ⊣ ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\ ⇐⌉↙}↙⇔ {S3, S4}⇒↙ T⟨⌉ ∇⌉∫⊓↕⊔⟩\} }⌉\⌉∇⊣↕⟩‡⌉⌈ ⌉⇕⌊⌉⌈⌈⟩\} ⌋≀\∫⊔∇⊣⟩\⊔⇔ ⇐{S0, S1, S2}⇔{S3, S4}⇒⇔ ⌉\∫⊓∇⌉∫ ⊔⟨⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⊒⟩↕↕ ⌊⌉ ⌋≀∇∇⌉⌋⊔↕† ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊣{⊔⌉∇ ⟩\∫⊔⊣\⊔⟩⊣⊔⟩≀\↙ T⟨⌉ ⊣⌊≀⊑⌉ ⌈⟩∫⌋⊓∫∫⟩≀\ ≀\↕† ⊣⌈⌈∇⌉∫∫⌉∫ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌈⌉∇⟩⊑⌉⌈ {∇≀⇕ ⊣ ∫†⇕⌊≀↕⟩⌋ ⌋≀⊑⌉∇↙ I⊔ ⌈≀⌉∫ \≀⊔ ⌋≀\∫⟩⌈⌉∇ ⌋∇⟩⊔⟩⌋⊣↕ ∇⊣⌋⌉↖{∇⌉⌉ ⌉\⌋≀⌈⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫↙ I\ S⌉⌋⊔⟩≀\ ⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⟩⊔ ⊒⟩↕↕ ⌊⌉ ∫⟨≀⊒\ ⊔⟨⊣⊔ ⊔⟨⌉ ⊣⌊≀⊑⌉ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⟩\ {⊣⌋⊔ ∫⊓⌊∫⊓⇕⌉ ⊣↕↕ T∇⊣⌋⌉† ⌋≀\∫⊔∇⊣⟩\⊔∫⇔ ⊣\⌈ ⊔⟨⌉∇⌉{≀∇⌉ ⌉\∫⊓∇⌉ ⊣ ⌋∇⟩⊔⟩⌋⊣↕ ∇⊣⌋⌉↖{∇⌉⌉ ⊣∫∫⟩}\⇕⌉\⊔↙ I\ ∫⊓⇕⇕⊣∇†⇔ ⊣∫†\⌋⟨∇≀\≀⊓∫⌈⌉∫⟩}\∫⌈⟩{{⌉∇ {∇≀⇕ ∫†\⌋⟨∇≀\≀⊓∫⌈⌉↖ ∫⟩}\∫⇔ ∫⟩\⌋⌉ ∫⊔⊣⊔⌉ ⌋⟨⊣\}⌉∫ ⇕⊣† √⊣∫∫ ⊔⟨∇≀⊓}⟨ ⟩\⊔⌉∇⇕⌉⌈⟩⊣∇† ∫⊔⊣⊔⌉∫↙ W⟨⟩↕⌉ {⊣⌋⌉ ⌉⇕⌊⌉⌈⌈⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌉\∫⊓∇⌉ ⊔⟨⊣⊔ ⊣\ ⟩⇕√↕⟩⌋⊣\⊔ ⌈≀⌉∫ \≀⊔ ⟩\⊔⌉∇∫⌉⌋⊔ ⊣\ OFF↖∫⌉⊔ ⇕⟩\⊔⌉∇⇕⇔ }⌉\⌉∇⊣↕⟩‡⌉⌈ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊣∇⌉ \⌉⌉⌈⌉⌈ {≀∇ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⇕⊣⌋⟨⟩\⌉∫ ⊔≀ ⌉\∫⊓∇⌉ ⊔⟨⊣⊔ ⊣\ ⟩⇕√↕⟩⌋⊣\⊔ ⌈≀⌉∫ \≀⊔ ⟩\⊔⌉∇∫⌉⌋⊔ ⊣ ∫⌉⊔ ≀{ OFF↖∫⌉⊔ ⇕⟩\⊔⌉∇⇕∫ ⊔⟨⊣⊔ ⇕⊣† ⌊⌉ ⊔∇⊣⊑⌉∇∫⌉⌈ ⌈⊓∇⟩\} ⊣ ∫⊔⊣⊔⌉ ⌋⟨⊣\}⌉↙ T⟨⌉ ∫⌉⌋≀\⌈ ⌈⟩{{⌉∇⌉\⌋⌉ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ≀∇⟩}⟩\⊣↕ {⊣⌋⌉ ⌉⇕⌊⌉⌈⌈⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊣\⌈ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌋≀\⌋⌉∇\∫ ⊔⟨⌉ \⌉⌉⌈ ⊔≀ ⊣⊑≀⟩⌈ ↕≀}⟩⌋ ⟨⊣‡⊣∇⌈∫↙ I\ KISS⇔ {⊣⌋⌉ ⌉⇕⌊⌉⌈⌈⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌉\∫⊓∇⌉ ⊔⟨⊣⊔ ⊣\ ⟩⇕√↕⟩⌋⊣\⊔ ⌈≀⌉∫ \≀⊔ ⟩\⊔⌉∇∫⌉⌋⊔ ⊔⟨⌉ OFF↖∫⌉⊔↙ H≀⊒⌉⊑⌉∇⇔ ⟩\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ∫†\⊔⟨⌉∫⟩∫⇔ ⊣ \≀\↖√∇⟩⇕⌉ DHF↖√∇⟩⇕⌉ ⟩⇕√↕⟩⌋⊣\⊔ ⇕⊣† \≀⊔ ⟩↕↕⌉}⊣↕↕† ⟩\⊔⌉∇∫⌉⌋⊔ ⊣ √∇⟩⊑⟩↕⌉}⌉⌈ ⌋⊓⌊⌉ ⊣∫ ⊒⌉↕↕↙ E\⌋≀⌈⟩\} ⌋≀\↖ ∫⊔∇⊣⟩\⊔∫ ⇕⊓∫⊔ ⌊⌉ ⊣⌈⌈⌉⌈ ⊔≀ ⌉\∫⊓∇⌉ ⊔⟨⊣⊔⇔ ⟩{ ⊣ ∫†⇕⌊≀↕⟩⌋ ⟩⇕√↕⟩⌋⊣\⊔ ⟨⊣∫ \≀ ⟩↕↕⌉}⊣↕ ⟩\⊔⌉∇∫⌉⌋⊔⟩≀\∫⇔ ⊔⟨⌉ ⌉\⌋≀⌈⌉⌈ ⟩⇕√↕⟩⌋⊣\⊔ ⊒⟩↕↕ \≀⊔ ⌉⟩⊔⟨⌉∇↙ F≀∇ ⊔⟨⌉ }⟩⊑⌉\ ⌋↕⊣∫∫ ≀{ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⇕⊣⌋⟨⟩\⌉∫⇔ ⊔⟨≀⊓}⟨⇔ ∫⊓⌋⟨ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊣∇⌉ ⌈⌉}⌉\⌉∇⊣⊔⌉↙ A∫ ⟩\⌈⟩⌋⊣⊔⌉⌈ ⌉⊣∇↕⟩⌉∇⇔ ⟩\ ⊣ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⊙≀⊒ ⊔⊣⌊↕⌉⇔ ⌈†\⊣⇕⟩⌋ ⊔∇⊣\∫⟩⊔⟩≀\∫ ≀\↕† ≀⌋⌋⊓∇ ⌈⊓∇⟩\} ⟩\√⊓⊔ ⌊⊓∇∫⊔∫¬ ⊔⟨⊣⊔ ⟩∫⇔ ⊒⟩⊔⟨⟩\ ⊣ }⟩⊑⌉\ ∫⊔⊣⊔⌉↙ T⟨⌉∇⌉{≀∇⌉⇔ ⌉⊣⌋⟨ √∇⟩⊑⟩↖ ↕⌉}⌉⌈ ⌋⊓⌊⌉ ⟨⊣∫ ⊣ ∫⟩\}↕⌉⊔≀\ ∫⊔⊣⊔⌉ }∇≀⊓√↙ I{ ⊣ DHF↖√∇⟩⇕⌉ ⟩⇕√↕⟩⌋⊣\⊔ ⟨⊣∫ ∫⊔⊣⊔⌉ }∇≀⊓√ {S0, S1, S2} ⊣\⌈ ⟩⊔ ⇕⊓∫⊔ ⊣⊑≀⟩⌈ ⟩\⊔⌉∇∫⌉⌋⊔⟩≀\ ⊒⟩⊔⟨ ⊣ √∇⟩⊑⟩↕⌉}⌉⌈ ⌋⊓⌊⌉ ⟩\ ∫⊔⊣⊔⌉ S3 a simple nto1 dichotomy must be generated▷ However such a dichotomy is already generated as a faceembedding constraint▷ Therefore no further constraints need to be generated for this class of machines to avoid dynamic hazards▷

Constraint Generation Algorithm In addition to the KISS face embedding constraints we use the following algorithm. for each implicant p in the symbolic cover { {≀∇ ⌉⊣⌋⟨ ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\ t { ⟩{ p intersects the input column of t { ⟩{ ∫≀⇕⌉ ≀⊓⊔√⊓⊔ o that p implements has value 0 during t { }⌉\⌉∇⊣⊔⌉ ⌈⟩⌋⟨≀⊔≀⇕† { ∫⊔⊣⊔⌉}∇≀⊓√⇐p↽, states↼t↽ } }}}} T⟨⟩∫ ⊣↕}≀∇⟩⊔⟨⇕ }⌉\⌉∇⊣⊔⌉∫ \↖⊔≀↖∈ ⌈⟩⌋⟨≀⊔≀⇕⟩⌉∫⇔ ⊒⟨⌉∇⌉ t is a state transition from an unstable to a stable state▷ 6▷2 Solving Constraints and HazardFree Logic Minimization Since all constraints are described as dichotomies they can be solved using a dichotomy solver▷ The resulting constraints ensure that products can be safely instantiated with respect to both stable and transient points in the symbolic βow table▷ Constraints are solved using two methods. exact solution ↼us ing dichot ♭12♯↽ and heuristic solution ↼using novaφs simulated annealing mode ♭16♯↽▷ The goal of the heuristic method is to solve as many constraints as possible given a αxed codelength▷ However a problem arises in the straightforward application of the heuristic method▷ Unlike synchronousapplications a heuristic solution of our asynchronousconstraints may result in an incorrect implementation▷ In particular as a bare minimum we require that every state assignment be critical racefree▷ These critical race free constraints are described by dichotomieswhich are subsumed by our optimality constraints ↼see Section 7↽▷ Since a partial constraint solver may not satisfy all dichotomies the resulting state assignment may have critical races▷ Our solution is to partition dichotomies into two classes. com pulsory and noncompulsory▷ Critical racefree constraints are compulsory and must be satisαed▷ Remaining constraints are concerned with logic optimality, these are noncompulsory or optional▷ Different weights are assigned to the dichotomies in the two classes to ensure that all compulsory constraints are satisαed▷ In practice such an approach has worked well on a number of examples▷2 Finally once a state assignment is produced the symbolic ma chine is instantiated with the resulting encoding▷ The result ing binaryvalued function is then passed through a multioutput binaryvalued hazardfree logic minimizer to produce a αnal ma chine implementation▷ 7 THEORETICAL RESULTS We now sketch the basic theoretical results for our synthesis al gorithm▷ First we deαne a Ψpseudocanonicalν state assignment roughly analogous to the use of a Ψcanonicalν 1hot assignment in KISS▷ We then formally deαne the instantiated asynchronous ma chine speciαcation ↼encoded βow table↽ and binary implementa tion ↼cover↽ under this assignment▷ Second we summarize results on the correctness and cardinality of the binary cover▷ Finally we present results on the optimality of the binary cover▷ 7▷1 Machine Instantiation PseudoCanonical State Assignment In ♭7♯ DeMicheli indicates that for synchronous machines any symbolic minimized cover can be assigned a 1hot canonical en coding▷ The result is a 1 → ∞ ⇕⊣√√⟩\} ≀{ ∫†⇕⌊≀↕⟩⌋ ⊔≀ ⌊⟩\⊣∇† ∈I⊔ ⟩∫ √≀∫∫⟩⌊↕⌉ ⊔⟨⊣⊔ ⊣ ∫≀↕⊓⊔⟩≀\ ⊒⟩↕↕ \≀⊔ ∫⊣⊔⟩∫{† ⊣↕↕ ⌋≀⇕√⊓↕∫≀∇†⌋≀\∫⊔∇⊣⟩\⊔∫↙ I{ ⊔⟨⟩∫ ≀⌋⌋⊓∇∫⇔ ⊔⟨⌉ ⊒⌉⟩}⟨⊔∫ ⌋⊣\ ⌊⌉ ⇕≀⌈⟩⊘⌉⌈⇔ ⊔⟨⌉ ∇⊓\ ⌋⊣\ ⌊⌉ ∇⌉√⌉⊣⊔⌉⌈ ⊔≀ ∇⊣\⌈≀⇕↕† ⌉§√↕≀∇⌉ ⊣\≀⊔⟨⌉∇ √≀∇⊔⟩≀\ ≀{ ⊔⟨⌉ ∫≀↕⊓⊔⟩≀\ ∫√⊣⌋⌉⇔ ≀∇ ⊔⟨⌉ ⌋≀⌈⌉ ↕⌉\}⊔⟨ ↕⟩⇕⟩⊔ ⌋⊣\ ⌊⌉ ∇⊣⟩∫⌉⌈↙

⟩⇕√↕⟩⌋⊣\⊔∫⇔ †⟩⌉↕⌈⟩\} ⊣ ⌋⊣\≀\⟩⌋⊣↕ ⌋≀⊑⌉∇ ⊒⟨≀∫⌉ ⌋⊣∇⌈⟩\⊣↕⟩⊔† ⟩∫ ⟩⌈⌉\↖ ⊔⟩⌋⊣↕ ⊔≀ ⊔⟨⊣⊔ ≀{ ⊔⟨⌉ ∫†⇕⌊≀↕⟩⌋ ⌋≀⊑⌉∇↙ F≀∇ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⇕⊣⌋⟨⟩\⌉∫⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⊣ ∞↖⟨≀⊔ ⌉\⌋≀⌈⟩\} ⟩∫ \≀⊔ ⟩\ }⌉\⌉∇⊣↕ ⌋∇⟩⊔⟩⌋⊣↕ ∇⊣⌋⌉↖{∇⌉⌉ ∪∞▽⊎∅ {⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ⟩⊔ ⊒⟩↕↕ \≀⊔ }⌉\⌉∇⊣↕↕† ∫⊣⊔⟩∫{† ⊔⟨⌉ ⌉\⌋≀⌈⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫ ≀{ S⌉⌋⊔⟩≀\ ↙̸ A∫ ⊣ ∫⟩⇕√↕⌉ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉⇔ ⊔≀ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ ⊔⟨⌉≀∇⌉⊔⟩⌋⊣↕ ∇⌉↖ ∫⊓↕⊔∫⇔ ⊒⌉ √∇≀√≀∫⌉ ⊔⟨⌉ {≀↕↕≀⊒⟩\}¬ ∫≀↕⊑⌉ ⊔⟨⌉ ⌉\⌋≀⌈⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊔≀ √∇≀⌈⊓⌋⌉ ⊣\ ⊣∫∫⟩}\⇕⌉\⊔↙∋ T⟨⟩∫ ⊣∫∫⟩}\⇕⌉\⊔ ⊒⟩↕↕ ⌊⌉ ⌋⊣↕↕⌉⌈ √∫⌉⊓⌈≀↖ ⌋⊣\≀\⟩⌋⊣↕ {≀∇ ⊔⟨⌉ }⟩⊑⌉\ ⇕⊣⌋⟨⟩\⌉↙ S†⇕⌊≀↕⟩⌋ M⊣⌋⟨⟩\⌉ I\∫⊔⊣\⊔⟩⊣⊔⟩≀\ A\ ⌉\⌋≀⌈⟩\} ⌈⌉⊘\⌉∫ ⊣ ⇕⊣√√⟩\} {∇≀⇕ ⊣ ∫†⇕⌊≀↕⟩⌋ ⇕⊣⌋⟨⟩\⌉ ∫√⌉⌋⟩↖ ⊘⌋⊣⊔⟩≀\ ⊔≀ ⊣\ ⌉∐⊓⟩⊑⊣↕⌉\⊔ ⌊⟩\⊣∇† ≀\⌉↙ T⟨⌉∇⌉ ⊣∇⌉ ⊔⊒≀ ⌋≀⇕√≀\⌉\⊔∫ ≀{ ⊣\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⇕⊣⌋⟨⟩\⌉ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\¬ ⟩⊔∫ {⊓\⌋⊔⟩≀\⊣↕ ∫√⌉⌋↖ ⟩⊘⌋⊣⊔⟩≀\ ⊣\⌈ ⊣ ∫⌉⊔ ≀{ ∫√⌉⌋⟩⊘⌉⌈ ⊔∇⊣\∫⟩⊔⟩≀\∫↙ F≀∇ ⊔⟨⌉ {⊓\⌋⊔⟩≀\⊣↕ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\⇔ ⟩⊔ ⟩∫ ⊣∫∫⊓⇕⌉⌈ ⊔⟨⊣⊔ ⌊≀⊔⟨ ON↖∫⌉⊔ ⊣\⌈ OFF↖∫⌉⊔ ⊣∇⌉ ⌉§↖ √↕⟩⌋⟩⊔↕† ⌈⌉⊘\⌉⌈↙ T⟨⌉ ⊔∇⊣\∫⟩⊔⟩≀\∫ ⊣∇⌉ ⇕⊣√√⌉⌈ ⟩\ ⊔⟨⌉ ≀⌊⊑⟩≀⊓∫ ⊒⊣†¬ ⌉⊣⌋⟨ ∫†⇕⌊≀↕⟩⌋ ∫⊔⊣∇⊔√≀⟩\⊔ ⇐⌉\⌈√≀⟩\⊔⇒ ⟨in, present⟩ ⇕⊣√∫ ⊔≀ ⊔⟨⌉ ⌊⟩\⊣∇† ∫⊔⊣∇⊔√≀⟩\⊔ ⇐⌉\⌈√≀⟩\⊔⇒ ⟨in, code(present)⟩↙ W⌉ ⌋⊣\ ⊑⟩⌉⊒ ⊔⟨⌉ {⊓\⌋⊔⟩≀\⊣↕ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\ ⊣∫ ⊣ ∫⌉⊔ ≀{ ON↖ ∫⌉⊔ ⊣\⌈ OFF↖∫⌉⊔ ⌋⊓⌊⌉∫↙ E⊣⌋⟨ ∫†⇕⌊≀↕⟩⌋ √∇≀⌈⊓⌋⊔ p ↼a 4tuple ⟨in, present, next, out⟩⇒⇔ ⇕⊣√∫ ≀\⊔≀ ⊣ ⌊⟩\⊣∇† √∇≀⌈⊓⌋⊔ ♠p as fol lows. p. in present next out ⇓ ⇓ ⇓ ⇓ ♠p. in supercube(codes(present)) code(next) out For example under the state assignment S0 = 000, S1 = 011, S2 = 100, and S3 = 101, the symbolic product ¡011— {S′⇔S∈} S∈ ♣∞′′⊤ ⟩∫ ⇕⊣√√⌉⌈ ⊔≀ ⊔⟨⌉ ⌊⟩\⊣∇† √∇≀⌈⊓⌋⊔ ℜ′∞∞♣↖′′ ∞′′♣∞′′⊤↙ W⟩⊔⟨ ⊔⟨⌉ ⊣⌊≀⊑⌉ ⊑⟩⌉⊒⇔ ⇕⊣√√⟩\} ⊣\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ∫†⇕⌊≀↕⟩⌋ ⊙≀⊒ ⊔⊣⌊↕⌉ ⊔≀ ⊣\ ⌉\⌋≀⌈⌉⌈ ⊔⊣⌊↕⌉⇔ ⌋≀↕⊓⇕\ ⊔∇⊣\∫⟩⊔⟩≀\∫ ∇⌉∐⊓⟩∇⌉ ∫√⌉⌋⟩⊣↕ ⌋⊣∇⌉↙ I\ ⊣ ∫†⇕⌊≀↕⟩⌋ ⊔⊣⌊↕⌉⇔ ⊣ ⌋≀↕⊓⇕\ ⊔∇⊣\∫⟩⊔⟩≀\ ⟩∫ ⌈⌉⊘\⌉⌈ ≀\↕† ⊣⊔ ⟩⊔∫ ∫†⇕⌊≀↕⟩⌋ ∫⊔⊣∇⊔√≀⟩\⊔ ⊣\⌈ ⌉\⌈√≀⟩\⊔↙ H≀⊒⌉⊑⌉∇⇔ ⟩\ ⊣\ ⌉\⌋≀⌈⌉⌈ ⊔⊣↖ ⌊↕⌉ ⊒⟩⊔⟨ ⊣ USTT ⌋∇⟩⊔⟩⌋⊣↕ ∇⊣⌋⌉↖{∇⌉⌉ ⊣∫∫⟩}\⇕⌉\⊔⇔ ⊣↕↕ ⟩\⊔⌉∇⇕⌉⌈⟩⊣⊔⌉ ⇐⊔∇⊣\∫⟩⌉\⊔⇒ ⌉\⊔∇⟩⌉∫ {≀∇ ⊔⟨⌉ ⊔∇⊣\∫⟩⊔⟩≀\ ⇕⊓∫⊔ ⌊⌉ ⌈⌉⊘\⌉⌈ ⊣∫ ⊒⌉↕↕↙ T⟨⟩∫ ↕⊣⊔⊔⌉∇ √∇≀√⌉∇⊔† ⌋⊣\ ⌉⊣∫⟩↕† ⌊⌉ }⊓⊣∇⊣\⊔⌉⌉⌈ ⌊† ⌋≀\∫⊔∇⊣⟩\⟩\} ⊔⟨⌉ ∫†⇕↖ ⌊≀↕⟩⌋ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\¬ ⊣ ∫⟩\}↕⌉ √∇≀⌈⊓⌋⊔ ⇕⊓∫⊔ ⌊⌉ ⊓∫⌉⌈ ⊔≀ ∫√⌉⌋⟩{† ⌉⊣⌋⟨ ⌋≀↕⊓⇕\ ⊔∇⊣\∫⟩⊔⟩≀\↙ T⟨⟩∫ ⌋≀\∫⊔∇⊣⟩\⊔ ⌉\∫⊓∇⌉∫ ⊔⟨⊣⊔⇔ {≀∇ ⌉⊣⌋⟨ ⌋≀↕⊓⇕\ ⊔∇⊣\∫⟩⊔⟩≀\ ⇐⟩↙⌉↙⇔ ∫⊔⊣⊔⌉ ⌋⟨⊣\}⌉⇒⇔ ∫≀⇕⌉ √∇≀⌈⊓⌋⊔ ⊒⟩↕↕ ⌊⌉ ⟩\∫⊔⊣\⊔⟩⊣⊔⌉⌈ ⊒⟨⟩⌋⟨ ⌈⌉⊘\⌉∫ ⊣↕↕ ⟩\⊔⌉∇⇕⌉⌈⟩⊣⊔⌉ ∫⊔⊣⊔⌉∫ ⟩\ ⊔⟨⌉ ⌉\⌋≀⌈⌉⌈ ⊔∇⊣\∫⟩⊔⟩≀\↙ S†⇕⌊≀↕⟩⌋ C≀⊑⌉∇ I\∫⊔⊣\⊔⟩⊣⊔⟩≀\ G⟩⊑⌉\ ⊣ ∫†⇕⌊≀↕⟩⌋ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ⌋≀⊑⌉∇ ⊣\⌈ ⊣ ∇⌉∫⊓↕⊔⟩\} ∫⊔⊣⊔⌉ ⊣∫∫⟩}\↖ ⇕⌉\⊔⇔ ∫†⇕⌊≀↕⟩⌋ ⟩⇕√↕⟩⌋⊣\⊔∫ ⌋⊣\ ⌊⌉ ⟩\∫⊔⊣\⊔⟩⊣⊔⌉⌈ ⌊† ∫⊓⌊∫⊔⟩⊔⊓⊔⟩\} ⌊⟩↖ \⊣∇† ⌋≀⌈⌉∫ ⊓∫⟩\} ⊔⟨⌉ ⇕⊣√√⟩\} ⌈⌉∫⌋∇⟩⌊⌉⌈ ⊣⌊≀⊑⌉⇔ †⟩⌉↕⌈⟩\} ⊣ ⌊⟩\⊣∇† ⌋≀⊑⌉∇ C▷ Note that instantiating a symbolic implicant may produce an empty binary implicant if its symbolic nextstate is mapped to the binary 0vector▷ Such an implicant can be dropped from the binary cover▷ Unfortunately the sharing of 1bits by different state codes may cause static transitions for nextstate to appear in the binary machine where only dynamic transitions appeared in the symbolic machine▷ To avoid hazards extra terms must be added to the binary cover. static1 transitions must each be completely covered by some implicant while the symbolic dynamic transitions clearly would not have been▷ Example▷ To understand the problem consider an input transi tion in a machine with one output. 3In fact a state assignment which satisαes all possible Nto1 and Nto2 constraints can always be found for a given number N of states▷ However such an assignment is prohibitively expensive, for simplicity we consider a more practical assignment here▷

No implicant in the symbolic cover covers the entire transition since both output and nextstate undergo dynamic transitions▷ In particular the nextstate function S0 has a 1 → ′ ⊔∇⊣\∫⟩⊔⟩≀\ ⊣\⌈ ⊔⟨⌉ \⌉§⊔↖∫⊔⊣⊔⌉ {⊓\⌋⊔⟩≀\ S1 has a 0 → ∞ ⊔∇⊣\∫⟩⊔⟩≀\ ⇐⊣∫ ⌈≀⌉∫ ⊔⟨⌉ ≀⊓⊔√⊓⊔⇒↙ H≀⊒⌉⊑⌉∇⇔ ∫⊓√√≀∫⌉ ⊔⟨⊣⊔ S0 is assigned code 011 and S1 is assigned 110▷ In the instantiated machine the second state bit will then make a 1 → ∞ ⊔∇⊣\∫⟩⊔⟩≀\↙ H≀⊒⌉⊑⌉∇⇔ ∫⟩\⌋⌉ \≀ ∫†⇕⌊≀↕⟩⌋ ⌋⊓⌊⌉ ⌋≀⊑⌉∇⌉⌈ ⊔⟨⌉ ⌉\⊔⟩∇⌉ ⊔∇⊣\∫⟩⊔⟩≀\⇔ \≀ ⟩\∫⊔⊣\⊔⟩⊣⊔⌉⌈ ⌊⟩\⊣∇† ⌋⊓⌊⌉ ⊒⟩↕↕ ⌉⟩⊔⟨⌉∇⇔ ⊣\⌈ ⊔⟨⌉ ∫⌉⌋≀\⌈ ∫⊔⊣⊔⌉ ⌊⟩⊔ ⊒⟩↕↕ ⟨⊣⊑⌉ ⊣ ∫⊔⊣⊔⟩⌋↖∞ ⟨⊣‡⊣∇⌈↙ 2 In sum, a naively instantiated cover will fail to properly implement certain static transitions of the next-state variables. A solution is to add one product term to the instantiated cover for each such static-1 transition. For the above transition, the implicant ¡0- 011 010 0¿ would be added, where 011 corre- sponds to state S0▷ As a result the canonical cover may have greater cardinality than the symbolic cover. Property 7▷1 ↼OptHFCRF Cardinality of Cover↽ Let |S| ⌊⌉ ⊔⟨⌉ ⌋⊣∇⌈⟩\⊣↕⟩⊔† ≀{ ⊔⟨⌉ ∫†⇕⌊≀↕⟩⌋ ⌋≀⊑⌉∇⇔ |C| ⌊⌉ ⊔⟨⌉ ⌋⊣∇⌈⟩\⊣↕⟩⊔† ≀{ ⊔⟨⌉ ⌊⟩\⊣∇† ⟩\∫⊔⊣\⊔⟩⊣⊔⌉⌈ ⌋≀⊑⌉∇⇔ ⊣\⌈ k is the number of unstable state transitions in the βow table, then |C| = O(|S| + k). Note that this result is a theoretical upper bound only. In practice, k additional products need not be added▷ Instead the instantiated cover C is passed to a binary hazardfree minimizer and rerun to improve results▷ By analogy KISS produces a theoretical upper bound on cardi nality based a 1hotinstantiated cover ↼although in KISS the upper bound is the cardinality |S| ≀{ ⊔⟨⌉ ∫†⇕⌊≀↕⟩⌋ ⌋≀⊑⌉∇∅ \≀ ⊣⌈⌈⌉⌈ ⊔⌉∇⇕∫ ⊣∇⌉ ∇⌉∐⊓⟩∇⌉⌈⇒↙ T⟨⟩∫ ∞↖⟨≀⊔↖⟩\∫⊔⊣\⊔⟩⊣⊔⌉⌈ ⌋≀⊑⌉∇ ⟩\ KISS ⟩∫ \⌉⟩⊔⟨⌉∇ }⊓⊣∇⊣\⊔⌉⌉⌈ ⊔≀ ⟨⊣⊑⌉ ⇕⟩\⟩⇕⊓⇕ \⊓⇕⌊⌉∇ ≀{ √∇≀⌈⊓⌋⊔∫ \≀∇ ⇕⟩\⟩⇕⊓⇕ ⌋≀⌈⌉ ↕⌉\}⊔⟨ ∪⊎↙ I\ √∇⊣⌋⊔⟩⌋⌉⇔ ∫⟨≀∇⊔⌉∇ ⌋≀⌈⌉∫ ⊣∇⌉ ∫≀⊓}⟨⊔⇔ ⊣\⌈ ⊔⟨⌉ ⟩\∫⊔⊣\⊔⟩⊣⊔⌉⌈ ⌋≀⊑⌉∇ ⟩∫ ↕⟩‖⌉⊒⟩∫⌉ ∇⌉↖∇⊓\ ⊔⟨∇≀⊓}⟨ ⊣ ⌊⟩\⊣∇† ⇕⟩\⟩⇕⟩‡⌉∇ ⊔≀ ⟩⇕√∇≀⊑⌉ ∇⌉∫⊓↕⊔∫ ∪⇔ ∞⊎̸↙ I\ ⌊≀⊔⟨ KISS ⊣\⌈ ≀⊓∇ ⇕⌉⊔⟨≀⌈⇔ ⊔⟨⌉ ⟩\√⊓⊔ ⌉\⌋≀⌈⟩\} {≀∇⇕⊓↕⊣⊔⟩≀\ ⊣\⌈ ∫≀↕⊓⊔⟩≀\ †⟩⌉↕⌈ ≀\↕† ⊣√√∇≀§⟩⇕⊣⊔⟩≀\∫ ⊔≀ ≀√⊔⟩⇕⊣↕ ∫⊔⊣⊔⌉ ⊣∫∫⟩}\↖ ⇕⌉\⊔↙ I\ √∇⊣⌋⊔⟩⌋⌉⇔ ⊔⟨≀⊓}⟨⇔ ⌊≀⊔⟨ ⇕⌉⊔⟨≀⌈∫ ⌋⊣\ ∇⌉∫⊓↕⊔ ⟩\ ∫⟩}\⟩⊘⌋⊣\⊔ ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫ ⇐∫⌉⌉ S⌉⌋⊔⟩≀\ ∀⇒↙ ↙∈ C≀∇∇⌉⌋⊔\⌉∫∫ ≀{ B⟩\⊣∇† C≀⊑⌉∇ D⊓⌉ ⊔≀ ∫√⊣⌋⌉ ↕⟩⇕⟩⊔⊣⊔⟩≀\∫⇔ √∇≀≀{∫ ⊣∇⌉ ≀⇕⟩⊔⊔⌉⌈ {≀∇ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⊔⟨⌉≀∇⌉⇕∫↙ I\ ⊔⟨⌉ {≀↕↕≀⊒⟩\}⇔ ↕⌉⊔ C be the instantiated cover derived using the pseudocanonical assignment▷ Theorem 7▷1 Cover C is a correct functional implementation of the encoded βow table▷ Furthermore our encoding constraints subsume all critical race free constraints ♭14♯ and the resulting implementation is hazard free▷ Theorem 7▷2 Any state assignment satisfying the encoding con straints of Section 6 is critical racefree▷ Theorem 7▷3 The cover C is hazardfreefor every speciαedinput and state transition▷ 7▷3 Optimality of Binary Cover A αnal key result is that our algorithm produces state assign ments and hazardfree realizations which are exactly optimal with respect to output logic ↼if outputs and nextstate are minimized separately↽▷

Property 7▷2 ↼OptHFCRF Optimality of Output Cover↽ The binary instantiated output coverOC ⇐⊒⟨⌉∇⌉ ≀⊓⊔√⊓⊔∫ ⊣∇⌉ ⇕⟩\⟩⇕⟩‡⌉⌈ ∫⌉√⊣∇⊣⊔⌉↕† {∇≀⇕ \⌉§⊔↖∫⊔⊣⊔⌉⇒ ⟩∫ ⌉§⊣⌋⊔↕† ⇕⟩\⟩⇕⊣↕↙ T⟨⟩∫ ∇⌉∫⊓↕⊔ ⟩∫ ⌉∫√⌉⌋⟩⊣↕↕† ⟩⇕√≀∇⊔⊣\⊔ {≀∇ ⊣∫†\⌋⟨∇≀\≀⊓∫ ∫⊔⊣⊔⌉ ⇕⊣↖ ⌋⟨⟩\⌉∫↙ S⟩\⌋⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⇕⊣⌋⟨⟩\⌉∫ ⟨⊣⊑⌉ \≀ ⌋↕≀⌋‖ ≀∇ ↕⊣⊔⌋⟨⌉∫⇔ ⊔⟨⌉ ⟩\√⊓⊔↖⊔≀↖≀⊓⊔√⊓⊔ ↕⊣⊔⌉\⌋† ⟩∫ ⌈⌉⊔⌉∇⇕⟩\⌉⌈ ⌊† ≀⊓⊔√⊓⊔ ↕≀}⟩⌋ ⌈⌉↕⊣†↙ O⊓∇ ⊣↕}≀∇⟩⊔⟨⇕ ⊘\⌈∫ ⊣ USTT ∫⊔⊣⊔⌉ ⊣∫∫⟩}\⇕⌉\⊔ ⊒⟨⟩⌋⟨ ∇⌉∫⊓↕⊔∫ ⟩\ ⊣ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ≀⊓⊔√⊓⊔ ⌋≀⊑⌉∇ ⊒⟩⊔⟨ ∫⇕⊣↕↕⌉∫⊔ ⌋⊣∇⌈⟩\⊣↕⟩⊔† ≀⊑⌉∇ ⊣↕↕ √≀∫∫⟩↖ ⌊↕⌉ ⌋∇⟩⊔⟩⌋⊣↕ ∇⊣⌋⌉↖{∇⌉⌉ ⊣∫∫⟩}\⇕⌉\⊔∫↙ ∀ EXPERIMENTAL RESULTS A √∇⌉↕⟩⇕⟩\⊣∇† ∫⌉⊔ ≀{ ⌉§√⌉∇⟩⇕⌉\⊔∫ ⊒⊣∫ ∇⊓\ ≀\ ⟩\⌈⊓∫⊔∇⟩⊣↕ ⌉§⊣⇕√↕⌉∫ ⊓∫⟩\} ≀⊓∇ ≀√⊔⟩⇕⊣↕ ⌉\⌋≀⌈⟩\} ⊣\⌈ ↕≀}⟩⌋ ⇕⟩\⟩⇕⟩‡⊣⊔⟩≀\ ⊣↕}≀∇⟩⊔⟨⇕∫↙ R⌉∫⊓↕⊔∫ ⊣√√⌉⊣∇ ⟩\ F⟩}⊓∇⌉ △↙ F≀∇ ⌉⊣⌋⟨ ∫⌉⊔ ≀{ ∇⊓\∫⇔ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ∫⊔⊣⊔⌉ ⊑⊣∇⟩⊣⌊↕⌉∫ ⇐↓⌊⇒ ⊣\⌈ \⊓⇕⌊⌉∇ ≀{ ⌋⊓⌊⌉∫ ⇐↓⌋⇒ ⟩\ ⊔⟨⌉ ⊘\⊣↕ ⌋≀⊑⌉∇ ⊣∇⌉ ∇⌉√≀∇⊔⌉⌈↙ T⟨⌉ ⌋≀↕⊓⇕\ ↕⊣⌊⌉↕↕⌉⌈ ≀√⊔⟩⇕⊣↕ ↕⟩∫⊔∫ ∇⊓\∫ ⟩\ ⊒⟨⟩⌋⟨ ⊣↕↕ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊒⌉∇⌉ ∫≀↕⊑⌉⌈↙ A √⊣∇⊣↕↕⌉↕ ∫⌉⊔ ≀{ ∇⊓\∫ ⊓∫⟩\} ⊣ ⊖∇⊣\⌈≀⇕⪰ ⇐⌊⊓⊔ ⇕⟩\⟩⇕⊣↕ ↕⌉\}⊔⟨⇒ ⌋∇⟩⊔⟩⌋⊣↕ ∇⊣⌋⌉↖{∇⌉⌉ ⌉\⌋≀⌈⟩\} ⊒⊣∫ ⌈≀\⌉ ⊣∫ ⊒⌉↕↕⇔ ↕⊣⌊⌉↕↕⌉⌈ ⌊⊣∫⌉↖⌋∇{⇔ {≀∇ ⌋≀⇕√⊣∇⟩∫≀\ ⊒⟩⊔⟨ ⊔⟨⌉ ≀√⊔⟩⇕⊣↕↙ F⟩\⊣↕↕†⇔ ⊣ ⊔⟨⟩∇⌈ ∫⌉⊔ ≀{ ∇⊓\∫⇔ ≀√⊔↖⊘§⌉⌈⇔ ⊒⊣∫ √⌉∇{≀∇⇕⌉⌈ ⇐{≀∇ ⌋⊣∫⌉∫ ⊒⟨⌉∇⌉ ≀√⊔⟩⇕⊣↕ ⊣\⌈ ⌊⊣∫⌉↖⌋∇{ ⌈⟩{{⌉∇⌉⌈ ⟩\ ⌋≀⌈⌉ ↕⌉\}⊔⟨⇒⇔ ⊓∫⟩\} ⊣ ⊘§⌉⌈ ⌋≀⌈⌉ ↕⌉\}⊔⟨ ⊣\⌈ √⊣∇⊔⟩⊣↕ ⌋≀\∫⊔∇⊣⟩\⊔ ∫⊣⊔⟩∫{⊣⌋⊔⟩≀\↙ F≀∇ ⊔⟨⟩∫ ∫⌉⊔⇔ ∇⊓\∫ ⊣⊔ ≀∇ \⌉⊣∇ ⊔⟨⌉ ⌋≀⌈⌉ ↕⌉\}⊔⟨ ≀{ ⊔⟨⌉ ⌊⊣∫⌉↖⌋∇{ ⌋⊣∫⌉ ⊒⌉∇⌉ √⌉∇{≀∇⇕⌉⌈∅ ⊔⟨⌉ ⌊⌉∫⊔ ≀{ ∫⌉⊑⌉∇⊣↕ ⟩⊔⌉∇⊣⊔⟩≀\∫ ⟩∫ ∇⌉√≀∇⊔⌉⌈↙ T⟨⌉ ≀√⊔↖⊘§⌉⌈ ⊣↕}≀∇⟩⊔⟨⇕ ⊣⌋⟨⟩⌉⊑⌉∫ ∇⌉∫⊓↕⊔∫ ⊣⊔ ↕⌉⊣∫⊔ ⊣∫ }≀≀⌈ ⊣∫ ⊔⟨⌉ ≀√⊔⟩⇕⊣↕ ⊣\⌈ ⌊⊣∫⌉↖⌋∇{ ⊣↕}≀∇⟩⊔⟨⇕∫↙ A∫ ⟩\ KISS ∪⊎ ⊣\⌈ NOVA ∪∞⊎̸⇔ ⊔⟨⟩∫ √⟨⌉\≀⇕⌉\≀\ ≀⌋⌋⊓∇∫ ⌊⌉⌋⊣⊓∫⌉ ⟩\√⊓⊔ ⌉\⌋≀⌈⟩\} ⟩∫ ⟩⊔∫⌉↕{ ⊣\ ⊣√↖ √∇≀§⟩⇕⊣⊔⌉ {≀∇⇕⊓↕⊣⊔⟩≀\↙ H⌉\⌋⌉⇔ ⌊† ⊓∫⟩\} √⊣∇⊔⟩⊣↕ ⌋≀\∫⊔∇⊣⟩\⊔ ∫⊣⊔⟩∫↖ {⊣⌋⊔⟩≀\ ⊒⟩⊔⟨ ∇⌉∫⊔∇⟩⌋⊔⌉⌈ ⌋≀⌈⌉ ↕⌉\}⊔⟨∫⇔ ⊣ ↕⊣∇}⌉ √⌉∇⌋⌉\⊔⊣}⌉ ≀{ ≀√⊔⟩⇕⊣↕↖ ⟩⊔† ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌋⊣\ ⌊⌉ ∫⊣⊔⟩∫⊘⌉⌈ ⊒⟩⊔⟨ ↕⌉∫∫ ≀⊑⌉∇⟨⌉⊣⌈ ⟩\ ⊔⟨⌉ \⌉§⊔↖∫⊔⊣⊔⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\↙ F≀∇ ⊣↕↕ ∫⌉⊔∫ ≀{ ∇⊓\∫⇔ ⊔⟨⌉ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ⇕⊓↕⊔⟩↖≀⊓⊔√⊓⊔ ↕≀}⟩⌋ ⇕⟩\⟩↖ ⇕⟩‡⊣⊔⟩≀\ ⊣↕}≀∇⟩⊔⟨⇕ ⊒⊣∫ ⊓∫⌉⌈ {≀∇ ⊔⟨⌉ ⌊⟩\⊣∇† ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ∫⊔⌉√↙ I⇕√∇≀⊑⌉⇕⌉\⊔∫ ∇⊣\}⟩\} ⊓√ ⊔≀ ∞↗ ⊣∇⌉ ≀⌊∫⌉∇⊑⌉⌈↙ A⌋‖\≀⊒↕⌉⌈}⇕⌉\⊔∫ T⟨⌉ ⊣⊓⊔⟨≀∇∫ ⊔⟨⊣\‖ G⟩≀⊑⊣\\⟩ D⌉ M⟩⌋⟨⌉↕⟩ {≀∇ ∫⊓}}⌉∫⊔⟩\} ⊔⟨⊣⊔ ⊒⌉ ⌋≀\∫⟩⌈⌉∇ ⊔⟨⌉ √∇≀⌊↕⌉⇕ ≀{ ≀√⊔⟩⇕⊣↕ ∫⊔⊣⊔⌉ ⊣∫∫⟩}\⇕⌉\⊔ ≀{ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⇕⊣⌋⟨⟩\⌉∫↙ REFERENCES ∪∞⊎ M↙J↙ C⟩⌉∫⟩⌉↕∫‖⟩⇔ J↙J↙ S⟨⌉\⇔ ⊣\⌈ M↙ D⊣⊑⟩≀↙ A ⊓\⟩⊘⌉⌈ ⊣√√∇≀⊣⌋⟨ ⊔≀ ⟩\√⊓⊔↖≀⊓⊔√⊓⊔ ⌉\⌋≀⌈⟩\} {≀∇ {∫⇕ ∫⊔⊣⊔⌉ ⊣∫∫⟩}\⇕⌉\⊔↙ I\ DAC↖∃∞⇔ J⊓\⌉ ∞∃∃∞↙ ∪∈⊎ R↙M↙ F⊓⟨∇⌉∇⇔ B↙ L⟩\⇔ ⊣\⌈ S↙M↙ N≀⊒⟩⌋‖↙ A↕}≀∇⟩⊔⟨⇕∫ {≀∇ ⊔⟨⌉ ≀√⊔⟩⇕⊣↕ ∫⊔⊣⊔⌉ ⊣∫∫⟩}\⇕⌉\⊔ ≀{ ⊣∫†\⌋⟨∇≀\≀⊓∫∫⊔⊣⊔⌉ ⇕⊣⌋⟨⟩\⌉∫↙ I\ ∞∃∃▽ C≀\{⌉∇⌉\⌋⌉ ≀\ A⌈⊑⊣\⌋⌉⌈ R⌉∫⌉⊣∇⌋⟨ ⟩\ VLSI⇔ √⊣}⌉∫ ▽∃∘▽↙ IEEE C≀⇕√⊓⊔⌉∇ S≀⌋⟩⌉⊔† P∇⌉∫∫⇔ ∞∃∃▽↙ ∪∋⊎ D↙S↙ K⊓\}↙ H⊣‡⊣∇⌈↖\≀\↖⟩\⌋∇⌉⊣∫⟩\} }⊣⊔⌉↖↕⌉⊑⌉↕ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\ ⊣↕}≀∇⟩⊔⟨⇕∫↙ I\ ICCAD↖∞∃∃∈↙ ∪△⊎ B↙ L⟩\ ⊣\⌈ S↙ D⌉⊑⊣⌈⊣∫↙ S†\⊔⟨⌉∫⟩∫ ≀{ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ⇕⊓↕⊔⟩↕⌉⊑⌉↕ ↕≀}⟩⌋ ⊓\⌈⌉∇ ⇕⊓↕⊔⟩√↕⌉↖⟩\√⊓⊔ ⌋⟨⊣\}⌉∫ {∇≀⇕ ⌊⟩\⊣∇† ⌈⌉⌋⟩∫⟩≀\ ⌈⟩⊣}∇⊣⇕∫↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ CAD⇔ ∞△⇐∀⇒¬∃△∘∃∀▽⇔A⊓}⊓∫⊔ ∞∃∃▽↙ ∪▽⊎ E↙J↙ M⌋C↕⊓∫‖⌉†↙ L≀}⟩⌋ D⌉∫⟩}\ P∇⟩\⌋⟩√↕⌉∫↙ P∇⌉\⊔⟩⌋⌉↖H⊣↕↕⇔ ∞∃∀↙̸ ∪⊎̸ G↙ D⌉ M⟩⌋⟨⌉↕⟩↙ S†⇕⌊≀↕⟩⌋ ⌈⌉∫⟩}\ ≀{ ⌋≀⇕⌊⟩\⊣⊔⟩≀\⊣↕⊣\⌈ ∫⌉∐⊓⌉\⊔⟩⊣↕ ↕≀}⟩⌋ ⌋⟩∇⌋⊓⟩⊔∫ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⌊† ⊔⊒≀↖↕⌉⊑⌉↕ ↕≀}⟩⌋ ⇕⊣⌋∇≀∫↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ CAD⇔ CAD↖ ▽⇐△⇒¬▽∃∘∞̸⇎ O⌋⊔≀⌊⌉∇ ∞∃∀↙̸ ∪⊎ G↙ D⌉ M⟩⌋⟨⌉↕⟩⇔ R↙ K↙ B∇⊣†⊔≀\⇔ ⊣\⌈ A↙ S⊣\}⟩≀⊑⊣\\⟩↖V⟩\⌋⌉\⊔⌉↕↕⟩↙ O√⊔⟩⇕⊣↕ ∫⊔⊣⊔⌉ ⊣∫∫⟩}\⇕⌉\⊔ {≀∇ ⊘\⟩⊔⌉ ∫⊔⊣⊔⌉ ⇕⊣⌋⟨⟩\⌉∫↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ CAD⇔ CAD↖ △⇐∋⇒¬∈∄∘∈∀▽⇔ J⊓↕† ∞∃∀▽↙ ∪∀⊎ S↙M↙ N≀⊒⟩⌋‖ ⊣\⌈ B↙ C≀⊣⊔⌉∫↙A⊓⊔≀⇕⊣⊔⌉⌈ ⌈⌉∫⟩}\ ≀{⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉⊓\⌋↕≀⌋‖⌉⌈ ∫⊔⊣⊔⌉ ⇕⊣⌋⟨⟩\⌉∫↙ I\ ICCD↖∞∃∃△↙ ∪∃⊎ S↙M↙ N≀⊒⟩⌋‖ ⊣\⌈ D↙L↙ D⟩↕↕↙ A⊓⊔≀⇕⊣⊔⟩⌋ ∫†\⊔⟨⌉∫⟩∫ ≀{ ↕≀⌋⊣↕↕†↖⌋↕≀⌋‖⌉⌈ ⊣∫†\↖ ⌋⟨∇≀\≀⊓∫ ∫⊔⊣⊔⌉ ⇕⊣⌋⟨⟩\⌉∫↙ I\ ICCAD↖∞∃∃∞↙ ∪∞′⊎ S↙M↙ N≀⊒⟩⌋‖ ⊣\⌈ D↙L↙ D⟩↕↕↙ E§⊣⌋⊔ ⊔⊒≀↖↕⌉⊑⌉↕⇕⟩\⟩⇕⟩‡⊣⊔⟩≀\≀{ ⟨⊣‡⊣∇⌈↖{∇⌉⌉↕≀}⟩⌋ ⊒⟩⊔⟨ ⇕⊓↕⊔⟩√↕⌉↖⟩\√⊓⊔ ⌋⟨⊣\}⌉∫↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ CAD⇔ ∞△⇐∀⇒¬∃∀∘̸∃∃⇔ A⊓}⊓∫⊔ ∞∃∃▽↙ ∪∞∞⊎ R↙ R⊓⌈⌉↕↕ ⊣\⌈ A↙ S⊣\}⟩≀⊑⊣\\⟩ V⟩\⌋⌉\⊔⌉↕↕⟩↙ M⊓↕⊔⟩√↕⌉ ⊑⊣↕⊓⌉⌈ ⇕⟩\⟩⇕⟩‡⊣⊔⟩≀\ {≀∇ PLA ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ CAD⇔ CAD↖⇍▽⇒¬∈∘▽′⇔ S⌉√⊔⌉⇕↖ ⌊⌉∇ ∞∃∀↙

≀√⊔↖⊘§⌉⌈ ≀√⊔⟩⇕⊣↕ ⌊⊣∫⌉↖⌋∇{ DESIGN I∝S∝O ↓⌊ ↓⌋ ↓⌊ ↓⌋ ↓⌊ ↓⌋ ∫⌊⊓{↖∇⌉⊣⌈↖⌋⊔↕ ∋∝∋∝∋ ∈ ∋ ∃ ∈ ∀ ∫⌊⊓{↖∫⌉\⌈↖⌋⊔↕ ∋∝△∝∋ ∈ ∞∞ △ ∞∈ ∈ ∞∞ ∇{↖⌋≀\⊔∇≀↕ ∝̸∝̸▽ ∋ ∞∋ ̸∞▽ ∋ ∞▽ ⟩⊔↖⌋≀\⊔∇≀↕ ▽∝▽∝ ∋ ∞▽ ̸∞▽ ∋ ∞▽ √⌉↖∫⌉\⌈↖⟩{⌋ ▽∝▽∝∋ ∋ ∞∀ ∈ ∋ ∈∞ ∫⌈↖⌋≀\⊔∇≀↕ ∀∝∞∋∝∞∈ ▽ ∈∃ ∞′ ∋△ △ ∋▽ ⌈∇⊣⇕↖⌋⊔∇↕ ∝∋∝ ̸↖ ↖ ∈ ∈∈ ∈ ∈∈ √∫⌋∫⟩↖⟩∇⌋⊑ △∝△∝∋ ∈ ∃ △ ∞∈ ∈ ∞′ √∫⌋∫⟩↖⟩∫⌉\⌈ △∝∝̸∋ ∋ ∞ ∈∋ ∋ ∞∃ √∫⌋∫⟩↖⊔∇⌋⊑ △∝△∝∋ ∋ ∃ △ ∞∋ ∈ ∞∞ √∫⌋∫⟩↖⊔∇⌋⊑↖⌊⇕ △∝△∝△ ∈ ∞∈ △ ∞▽ ∈ ∞△ √∫⌋∫⟩↖⊔∫⌉\⌈ △∝∝∋ ∋ ∞∀ ∈∈ ∋ ∞∀ ∫∫⌋∫⟩↖⟩∫⌉\⌈↖⌊⇕ ▽∝△∝△ ∈ ∈∞ ▽ ∈∈ ∈ ∈△ ∫∫⌋∫⟩↖⟩∫⌉\⌈↖⌋∫⇕ ▽∝∋∝△ ↖ ↖ ∈ ∞∈ ∈ ∞∈ ∫∫⌋∫⟩↖⊔∇⌋⊑↖⌊⇕ ▽∝△∝△ ∈ ∞∀ ▽ ∈△ ∈ ∞∀ ∫∫⌋∫⟩↖⊔∇⌋⊑↖⌋∫⇕ ▽∝∋∝△ ∈ ∞∈ ∋ ∞∈ ∈ ∞∈ ∫∫⌋∫⟩↖⊔∫⌉\⌈↖⌊⇕ ▽∝▽∝△ ∋ ∞ ̸∈′ ∋ ∞∀ ∫∫⌋∫⟩↖⊔∫⌉\⌈↖⌋∫⇕ ▽∝△∝△ ∈ ∞△ ▽ ∞▽ ∈ ∞△ ∫⊔⌉⊔∫≀\↖√∞ ∞∋∝∞∈∝∞△ △ ▽∋ ∞∃ −� 4 55 stetson-p2 8/13/12 4 31 10 37 4 36

*Exact logic minimization failed due to insuf�cient virtual memory in prime generation.

Figure 4: Experimental Results

[12] A. Saldanha, T. Villa, R.K. Brayton, and A.L. Sangiovanni-Vincentelli. A framework for satisfying input and output encoding constraints. In DAC-91, June 1991.

[13] P. Siegel, G. De Micheli, and D. Dill. Technology mapping for generalized fundamental-modeasynchronousdesigns. In30thACM/IEEEDesignAutomation Conference, June 1993.

[14] J.H. Tracey. Internalstate assignments for asynchronoussequential machines.

IEEE Transactions on Electronic Computers, EC-15:551�560,August 1966. [15] S.H. Unger. AsynchronousSequential Switching Circuits. New York: Wiley- Interscience, 1969.

[16] T. VillaandA.Sangiovanni-Vincentelli.NOVA:state assignmentof�nitestate machines for optimal two-level logic implementation. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 9(9):905�924, September 1990.

[17] K.Y. Yun, D.L. Dill, and S.M. Nowick. Synthesis of 3D asynchronous state machines. In ICCD-1992.