
E�cient Building Blocks for Delay Insensitive CircuitsPriyadarsan Patra and Donald S. FussellDepartment of Computer SciencesThe University of Texas at AustinAustin, TX 78712-1188, USAAbstractWe introduce a new set of primitive elements fordelay-insensitive (DI) circuit design. This set isshown to be universal and minimal, that is, any DIcircuit can be constructed using only these primitives,and no proper subset of them is su�cient for con-structing all such circuits. We give area e�cient, fast,and robust switch-level implementations of key primi-tives and show how to use them to construct other DIcircuit elements commonly found in the literature.1 Introduction and backgroundIn recent years, interest in asynchronous circuitshas been on the rise, in spite of the fact that cor-rect asynchronous systems have long been consideredmuch harder to build than synchronous systems in theabsence of rigorous approaches to design. This inter-est is due to the potential advantages of asynchronouscircuits over synchronous circuits in a number of ar-eas ([1, 2, 3]). These advantages include the robust-ness of fully asynchronous circuits to scaling of circuitfeature sizes, metastability, and to large variations inoperating conditions such as temperature and theirpotentially higher power-e�ciency and speed. For ex-ample, a great deal of power can be saved by elim-inating the global clock, which causes transitions atevery storage element in a circuit every time a clocktransition occurs. Similarly, since only those portionsof an asynchronous circuit actually used in perform-ing a particular operation contribute to the delay ordynamic power consumption required to complete anoperation, additional energy savings can be expected,and the average speed required to complete a complexcomputation need not be limited to the speed of theslowest path in the circuit as with synchronous sys-tems.

On the other hand, it seems likely that asyn-chronous circuits generally require more area to im-plement a given function than do synchronous cir-cuits, since the former commonly make use of exten-sive handshaking and parallel signal paths to main-tain the synchronization of computations and data.However, without satisfactory theoretical or practicaldemonstrations, it remains debatable whether or notthe overhead of asynchronous circuit designs counter-balances their potential advantages. Many practition-ers and even researchers on asynchronous circuit de-sign continue to believe that asynchronous circuits en-tail a prohibitively high area penalty when comparedto synchronous circuits and that they are thereforeimpractical to use in most cases.Perhaps surprisingly, there is little existing work onsystematic methods for optimizing the area, speed andenergy requirements of asynchronous circuits. For in-stance, Keller[4] gave one of the �rst and best attemptsto characterize the class of delay-insensitive(DI) cir-cuits, and also provided a universal set of circuitprimitives such that any circuit in this class is re-alizable as a delay-insensitive network of the primi-tives, i.e. a DI decomposition into primitives ex-ists. However, no even moderately e�cient implemen-tation strategy or methodology was provided for ac-complishing this. More recently, [5] formalized classesof delay-insensitive circuits in Trace theory by de�n-ing closure properties of Trace structures representingdelay-insensitive(DI) computations, but did not dealwith the synthesis of e�cient circuits using these ele-ments. [6] and [7] have developed composition oper-ators and algebras to model speed-independence andto verify equivalence of DI speci�cations, respectively.[8] has developed grammars (not provably complete,see [9]) to specify DI circuits that induce a syntax-directed translation into a basic set of primitives. [10]uses most of Keller's primitives and some more com-plex primitives to compile process algebras into DIcircuits. [11, 12, 13, 14] have devised practical syn-



thesis techniques, yet they impose several restrictionson the speci�cation unrelated to delay-insensitivity orspeed-independence and provide very limited meansfor composing and decomposing DI modules. An auto-matic compiler in [3] applies some area optimizationtechniques to DI `control' modules built from a largerand more complex set of primitives than we propose.However, in each case, these methods are primarilyconcerned with correctness issues, and often ignore thecost and optimization of the resulting designs.We believe that delay-insensitive (DI) circuits arepotentially the most desirable asynchronous circuits.They make the weakest assumptions about the timingrelationships of elements in the system and thus aremost robust to conditions which may change timingrelationships such as temperature variations. Theyalso most e�ectively eliminate the need to explicitlyreason about time for designing circuits and thus makethe problem of correct design simpler than for othertypes of asynchronous circuits. Thus, they are well-suited for use with formal speci�cation techniques fordesigning asynchronous circuits, which we believe areessential for making it possible to design a large classof correct and e�cient asynchronous circuits.However, there is reason to be concerned that DIcircuits require the greatest overhead of all asyn-chronous designs, enough overhead, perhaps, to pro-hibit their use in practice. Our aim is to mitigate thisconcern by demonstrating that the overhead can bekept quite small. In this paper, we take a signi�cantbasic step toward this goal. First, we de�ne a smallset of basic DI circuit primitives which are e�cient inthe sense that their area and power requirements aresmall with no sacri�ce in speed. We show that thisset of primitives is universal in that any possible DI�nite-state machine can be constructed of such prim-itives. We also show that the set is minimal, i.e. thatno subset of these primitives is universal. Moreover,our primitive set is shown to be optimal in its I/Omodularity, a measure of DI element complexity in-troduced by Keller [4] in 1974. This is the �rst set ofDI primitives we know of that is optimal in this sense.Finally, we demonstrate how to construct some largerDI circuit elements, commonly used in the literature,from our basic set of primitives. [15] was pointed outto us which is another attempt to build purely DI-circuits, but they use much more complex primitives(`Demultiplexors') that embody arbitration as well asdecision-wait functions. They do not show minimalityof primitives or DI-decomposability of arbitrary-sizedJoin modules into a small-set of basic ones, as we do.

2 A formal model and a language ofspeci�cationThe �rst step in functional design of a circuit is toobtain, from the problem requirements, a formal spec-i�cation. A speci�cation is the set of all admissibleand required interface behaviors of a system. A be-havior is an interleaving of input and output events.The speci�cation models a circuit module by help ofa theory: a formal language (or syntax) and a formalinterpretation (or semantics). We chose Trace The-ory ([5, 16, 17]) for exposition of our methods and fordescribing our primitive modules. 1In trace theory, symbols represent events and tracesrepresent behaviors. Lower-case letters (subscriptedor not) serve as symbolic names for communicationevents at similarly named communication ports. Anevent is an occurrence of the corresponding action.In circuit physics, signal (voltage) transitions are ar-guably the simplest and the most natural events ofcommunication. There is a one-to-one mapping be-tween actions and ports of a module. Sets of inputand output actions { equivalently, their symbol sets{ in a speci�cation are implicit and disjoint: we ap-pend `?' or `!' to a symbol-name, to denote that thename stands for an input or output action, respec-tively. We may leave those su�xes out for internalsignals or when no confusion may arise.Symbol names can also be viewed as atomic trace-structures representing simple speci�cations. Amore complex speci�cation is built recursively fromthe primitive speci�cations by applying following op-erations: `pref' is pre�x-closure, `;' is sequential 2composition, `k' is parallel composition, `j' is non-deterministic choice, and `?' is the Kleene-closure orrepetition. A symbol s raised to a (natural) N indi-cates sequential composition of N such symbols.The 1-place pref operation, when applied to a setof behaviors, represents all pre�xes of those behav-iors. All module behaviors are pre�x-closed { this for-mally legitimizes the common-sense observation thatall partial interface behaviors (i.e. communications)that lead to an admissible behavior are themselvesadmissible. The sequential composition of u and v,i.e. uv, denotes that behavior v necessarily followsbehavior u. The 1-place `?' operation denotes all �-nite concatenations (i.e. sequential compositions) of1Various other languages based on Temporal Logics existthat capture safety, progress as well as fairness properties ofgeneral systems.2Very often we will use mere juxtaposition to denote sequen-tial composition in order to avoid clutter. For a good introduc-tion to trace theory for specifying circuits, see [18].2



the behaviors in its argument set. The 2-place oper-ation `k' is more complex and denotes concurrency 3between the two argument sets. The parallel compo-sition of two argument sets of behaviors is the set ofall behaviors satisfying the following:1. It has only those symbols that appear in the im-plicit input or output sets of either argument.2. When it is restricted (or projected) to the setof implicit input and output symbols of eitherargument behavior set, the result must be abehavior in that argument set.The 2-place `j' operation denotes the union of the twoargument sets of behaviors: e.g., S = a(b j c), whereall the symbols are either inputs or outputs, speci�esthat after a, either b or c, but not both, is allowed;thus, the complete set of valid traces is f a b, a cg. 42.1 Primitive modules and notationWe need a repertoire of basic devices or primitivesto build general circuits and our choice is given inTable 1. Each primitive's speci�cation is shown nextto it in the form of a speci�cation.A m�n-Join is operationally described as follows:It has m row inputs, n column inputs, and a matrixof m � n outputs| one for each pair of row and col-umn inputs. The device and its environment repeatthe following behavior: The device waits to receiveexactly one row-input and exactly one column-input;upon receiving the two inputs it makes a transition onthe output corresponding to the input pair. (Joinsare equivalent under swapping of the row and the col-umn inputs. this paper.)3Concurrency is used to capture the e�ect of arbitrary delaysallowed in a DI model of communicationwires carrying possiblysimultaneous events. Therefore, all causally unrelated eventsare concurrent, and there is no notion of simultaneity unlike inmany synchronous systems.4This trace-structure is not delay-insensitive [5], because itdoes not contain the trace ba, although ab is a valid trace, andboth the symbols are inputs or outputs (hence, not causallyrelated). Pre�x-closure, a requirement for DI trace-structures,of S is f�; a; a b; a cg.

Example:We illustrate trace-theory notation using, as an ex-ample, a 1�2-Join, whose set of traces is given by:pref(((a?kb0?) c0!) j ((a?kb1?)c1!))?. The sym-bols with the su�x `?' represent transition eventsat the three input ports of this module, namely,a, b0, and b1. Similarly, output symbols c0 andc1 represent two output actions (and their occur-rences). Hence, the input set is h a, b0, b1i and theoutput set is h c0, c1i. Examples of valid par-tial behaviors are: a, a b0, a b0 c0, a b0 c0 b0,b0 a c0, b1 a c1 a b1 c1, a b1 c1 b0 a c0.Some invalid traces are: (1) a b0 b1, (2) a a,(3) b0 c0, (4) a b0 c1. The �rst two traces repre-sent errors in the environment, while the last twoin the module (refer to the operational descriptionof a Join): (1) The environment cannot send bothcolumn inputs b1 and b0 without an intermediateoutput from the Join. (2) a cannot immediatelyfollow itself for the same reason as above. (3) out-put c0 is produced too early. (4) c1 is the wrongoutput, c0 should be produced in stead.A Fork, represented by branched lines, accepts oneinput and then produces two outputs, before repeatingself. A Merge, also known as a 2-input Xor, can ac-cept exactly one input which is followed by an outputtransition, before it repeats itself.A Toggle device dis-tributes an input transition between the two outputsalternately.A `bubble' at an input terminal of a Join deviceimplies an initialization that corresponds to a statewhere a transition at that terminal is assumed to havebeen received initially. We can alternatively imaginea Merge gate at the bubbled input that has an inputport connected to a `START' signal. For instance, thebehavior of a C-element with a bubble at the a-input isa device with the behavior of a 1�1-Join after receiv-ing a transition on a �rst, i.e. pref(b? c!((a?kb?)c!))?. A heavy dot near a terminal of a device denotes aninitialization where only the thus indicated terminalmay produce the �rst output of the device. We occa-sionally use a circle labeled with `P' as a short-handfor a tree of Merges, in our �gures.A `bubble' at an input terminal of a Join deviceimplies an initialization that corresponds to a statewhere a transition at that terminal is assumed to havebeen received initially. We can alternatively imaginea Merge gate at the bubbled input that has an inputport connected to a `START' signal. For instance, thebehavior of a C-element with a bubble at the a-input isa device with the behavior of a 1�1-Join after receiv-ing a transition on a �rst, i.e. pref(b? c!((a?kb?)c!))?3



. A heavy dot near a terminal of a device denotes aninitialization where only the thus indicated terminalmay produce the �rst output of the device. We occa-sionally use a circle labeled with `P' as a short-handfor a tree of Merges, in our �gures.2.2 A minimal, universal set of primitivesKeller ([4]) characterizes the class of delay-insensitive modules that are �nite DI networks of �niteprimitive modules. We show here that any modulein Keller's class is realizable as a DI network of Fork,Merge,Mutex, 2�1-Join, andMem as primitivemod-ules. We believe that not only do these primitives havefew I/O ports, and have simple, e�cient physical im-plementations under the robust transition signallingconvention, but also they facilitate more e�cient de-compositions of a very large class of DI modules. Fur-thermore, �nding such sets has deeper signi�cance inparallel language design for asynchronous communi-cating processes and data
ow networks in regard tothe necessity and su�ciency of language operators forclasses of computations. The initial intuition behindany choice is to capture the following orthogonal as-pects of computation:� Initiation of parallel processes� Combining of sequential events (`Or-causality')� Arbitration or non-deterministic choice betweenevents� Deterministic choice and synchronization� Storage of valuesNote that the aspect of computation that is sequen-tial is inherent to the `inputs causing outputs' natureof primitives and the structural connections amongthose primitives in a network. Informally, the �rstthree primitives in our set match the �rst three no-tions in the list above. By appropriately hiding a pairof input and output ports, 2�1-Join can be made toachieve synchronization among events. A M�1-Joincan be DI decomposed into 2�1-Joins, Merges, andForks and hence, can essentially support determinis-tic choice among a set of input events. We foundMemto be the simplest module that can support storage ofa boolean value, delay-insensitively. Mem turns outto be identical to the \G module" described in [4].Choosing a minimal set is more of theoretical sig-ni�cance than practical, although it helps as a startingpoint for building a library of VLSI delay-insensitivestandard-cells.

We have found certain other primitives to be veryhandy in many design situations and also while prov-ing equivalences between sets. Therefore, our strategyis to show transformations between sets of these prim-itives. Speci�cally, we exhibit DI realizations of themodules in Keller's universal sets as networks of ourprimitives. First, we show some useful constructionsbefore we give the necessary decompositions. We givethe decompositions which are easy to check, but weprovide no formal veri�cation.2.3 Decomposing Larger JoinsWe show here that an arbitrary M�N -Join canbe decomposed, with asymptotic optimality, into a setof Fork, Merge, 2�2-Join, 2�1-Join, and 1�1-Joinprimitives. Consider Figure 1 which is a decompo-sition of M�N -Join into four `balanced binary de-coders' (BBD) and aM�N -Tjoin (dotted box) mod-ule, described below.Column and row inputs of the M�N -Join, to bedecomposed into the primitives, are each divided intonearly equal halves, and the resulting four halves arefed into four BBDs. A BBD is a conventional binaryparity tree ofMerges but, all the intermediate as wellas input nodes of the parity tree are also made visibleas output ports { it decodes an input signal in a specialway. So, a BBD with K inputs has 2K � 1 outputs.A M�N -Tjoin module assimilates exactly 2N �2 column inputs and 2M � 2 row inputs concur-rently from the BBDs to generate the output thata M�N -Join is supposed to produce. The Tjoin re-peats this behavior to simulate the M�N -Join. Asimple strategy is used to determine the `quadrant' ofthe M �N output matrix of a M�N -Tjoin to whichthe output belongs { corresponding to the pair (rowand column) of inputs of the simulated M�N -Join.The structure of the Tjoin is described now:Nominally, the M�N -Tjoin consists of a `cen-tral' Join, a 2�bN=2c-Tjoin, a bM=2c�2-Tjoin, a2�dN=2e-Tjoin, a dM=2e�2-Tjoin, two row and twocolumnTree-Muxes. The four most signi�cant outputs{ Cl; Cu; Rl; Ru { from the four BBDs are fed to thecentral Join which is usually a 2�2-Join. (If thereis only one column or one row input, then the corre-sponding central Join is a 2�1-Join, a 1�2-Join, or a1�1-Join.) This central Join steers the decoder out-puts to the appropriate quadrant with the help of theTree-Muxes. The lower column (row) Tree-Mux steersthe decoded signals, Cll; Clu, ... (Rll; Rlu, ...), to leftor right (up or down) quadrant under the `control' ofthe central Join. A Tree-Mux is a binary (preferably4
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biter. But, we have demonstrated constructions ofmulti-way Sequencers and resource arbiters in Fig-ure 5. Moreover, note that a Sequencer implementsa 2�1-Join directly, if we interpret the column in-put of 2�1-Join as input c? of the Sequencer.6 AToggle is a specialized 2�1-Join. Therefore, multi-way Sequencers can be delay-insensitively composedfrom 2-way Sequencers, Merges and Forks. Hence,Theorem 2: The set fFork, Merge, Select,Sequencerg is wbw-universal for Keller's class of DImodules. 2To the extent that low I/O-modularity and low car-dinality of a universal set signify simplicity, we havepartially answered some pertinent philosophical ques-tions raised in [4], by discovering wbw-universal setswhich have a lower I/O-modularity in comparison toKeller's wbw-universal sets with same cardinality.Theorem 3: The set fFork, Merge, Sequencer,Memg is wbw-universal for Keller's class of DI mod-ules. 2Proof: A Sequencer implements a 2�1-Join whichin turn implements a Toggle upon proper con�gura-tion, as noted before. A decomposition of a 2�2-Joinis demonstrated in Figure 6. This theorem followsfrom our previous discussion of transformations toKeller's set. 2Theorem 4: The set fFork, Merge, Sequencer,Memg is wbw-universal for Keller's class of DI mod-ules, and is of IO-modularity 5 and cardinality 4. 2Proof: A Sequencer implements a 2�1-Join whichin turn implements a Toggle upon proper initializa-tion, as noted before. A decomposition of a 2�2-Joinis demonstrated in Figure 6. Theorem follows fromour previous discussion of transformations to Keller'sset 2Theorem 5: The set fFork, Merge, Mutex,2�1-Join, Memg is wbw-universal for Keller's classof DI modules. 2Proof: This theorem follows from the previous the-orem, and the previously shown decomposition of aSequencer into fFork, Merge, Mutex, 2�1-Joing.2 Finally we observe that a 2�2-Join can be decom-posed, albeit ine�ciently, into fSelect, ATS, Mergeand Forkg.6This points out that an implementation could be `better,'by being able to `tolerate' a worse environment than the spec-i�cation requires. But, bear in mind that the constructions inthis section are not necessarily what we will use in practice.with e�cient transistor-implementations is currently being in-vestigated.
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2.3.3 MinimalityDe�nition 4: A set of modules is minimal if none ofthem can be realized by the rest. In other words, aset S is minimal if no proper subset of S is universalwith respect to S.Lemma 1: fFork, Merge, Mutex, 2�1-Join,Memg is minimal.Proof: 2�1-Join is the only component that as-similates more events than it produces | the numberof input events exceeds the number of output eventsunboundedly with increasing length of a valid trace.So no �nite composition of only the rest of the prim-itives in the given set can correctly extend a traceto produce this property. Therefore, 2�1-Join is ir-redundant. (The above comment about a 2�1-Joinapplies to Tria also.)None in the set other than a Fork produces moreevents than it assimilates. Hence, Fork is irredun-dant.Merge is the only primitive such that an event atits output does not identify the actions directly caus-ing (i.e., the immediate predecessors of) this event.Identi�cation through events means separate outputchannels, because an event itself does not carry infor-mation. Hence, no �nite (DI) network of the otherprimitives in the set can realize a Merge.TheMutex clearly is the only primitive for mutual-exclusion between two concurrent events.Mem is the only module capable of producing oneof two events (viz, t0 and t1) each having exactly oneand the same immediate predecessor event (viz, t). Inother words, it exhibits memory. 2A weaker version of the following was cited as openin [4].Theorem 6: No �nite set of primitives with I/O-modularity less than 5 is universal with respect to theclass of serial modules. 2Proof: A single boolean value cannot be distributedon more than one atomic DI module (i.e., the bit ofinformation is `indivisible'). Transfer of information,if any, between modules takes place in bits.Consider implementing the serial module Mem.Any �nite network of DI primitives realizing Memneeds to have a primitive capable of storing and read-ing a boolean value. For modules communicatingdelay insensitively, an event (transitions or pulses,whichever the system is based on) by itself carries noinformation. It is the association of an event with a`channel' that carries this information. In other words,to communicate 1 bit of information, there needs tobe at least two channels, each one representing one of

the two di�erent states of a bit. Hence, at least one`write' input, one `read' input, and two `value- indicat-ing' outputs are necessary in a primitive implementinga bit of read/write storage. In addition, we need a sep-arate event to acknowledge delay-insensitive comple-tion of a write operation. This means at least 5 portsunless the `write acknowledge' is multiplexed (merged)with one of the two value outputs. If this multiplexingis done, then it needs to be demultiplexed elsewhereto separate the acknowledge and the value signals inorder to guarantee Mem's speci�ed behavior. But,this demultiplexing module will nominally need 5 I/Oports: a pair to set the `control state' and to acknowl-edge it, the input signal to be demultiplexed, and thetwo demultiplexed outputs. If one tries to multiplexthe two outputs with the acknowledge, it leads to a cir-cularity. Hence, due to the �niteness of the network,the theorem holds by contradiction. 2It, therefore, follows that the universal set fFork,Merge, Mutex, 2�1-Join, Memg is strongly mini-mal in that it is irredundant, it has the lowest I/O-modularity. The primitives are orthogonal in the sensethat each one addresses a unique issue given in 2.2.(For a proof why Tria is not redundant in fFork,Merge, Mutex, Triag, see [20].)3 Switch-level design[4, 8] show delay-sensitive implementations for a2�2-Join that are too ine�cient in transistor countsand/or require insertion of several delay-elements fora safe operation. Here we show signi�cantly areaand time e�cient and, yet, robust transistor-designschemes by examples. Figure 8(c) shows an implemen-tation for one of the three symmetric cells (outputs)of a Tria. This can be adapted for other Join prim-itives ([20]). Figure 9 shows a novel implementationfor the Mem module using combinational Muxes. Weomit the implementations of initialization (reset) logicas well as of other primitives.4 Summary and ConclusionsWe have investigated a set of primitives and con-structions to design purely delay-insensitive (DI) mod-ules in a large class based on a fairly general model ofdelay-insensitive hardware. We have chosen our uni-versal set of DI primitives such that their VLSI imple-mentations are simple and their number is small.In practice, we use several other building blocksdirectly implemented, or built from the primitive8
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Figure 9: Implementation of a Memset if they facilitate the design in certain situations.Take for example the C-element, the Toggle andthe 1�2-Join which can all be realized from a Triaby appropriately hiding or reconnecting the moduleports. But, we prefer to build them separately fore�ciency. Note that a Sequencer is a sort of arbi-trating 2�1-Join and is too complex and slow to beconsidered a fundamental block. However, we �nd theSequencer useful in some designs adopting 2-phasetransition signalling. Similarly, 2�2-Join serves wellas a block for data processing circuits.The fundamental issues of minimality and univer-sality of DI primitives to implement DI speci�cationsare addressed which answer several questions left openin [4]. Our primitives allow concurrency as well asavoid arbitration when only a deterministic choice iscalled for { unlike Keller's.Several new modules and constructions are intro-duced that are helpful in implementing larger mod-ules. An interesting and energy e�cient decompo-
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