
Power-e�cient Delay-insensitive Codes for Data TransmissionP. Patra and D. S. FussellDepartment of Computer SciencesThe University of Texas at AustinAustin, TX 78712-1188, USAAbstractWe have introduced and formalized the notion ofdynamic delay-insensitive codes for data communica-tion. We describe several codes and protocols designedto optimize switching energy expended at the data pinsduring data transmission in asynchronous systems.These include adaptations of some existing commu-nication methods as well as some new techniques forreducing energy used in dynamic data communicationbetween delay-insensitive circuits.1 Introduction and backgroundCurrent generations of CMOS VLSI systems havereached the point that power consumption more oftenthan not is the limiting factor in the size and speedthat can be obtained. This is especially true in chipsdesigned for use in battery-powered portable systems,but it is increasingly true for high performance con-ventional systems as well, where exotic and expensivemeans to dissipate the heat generated on chip maybe required to enable the system to operate at all.As a result, low voltage systems with built-in powermanagement features are becoming common for bothportable and desktop use.Power management generally involves power downtechniques to reduce dissipation by disabling portionsof a circuit not currently in use. Dynamic power isthe dominant source of dissipation in digital CMOScircuits (which do not use energy recovery techniques[1]). Dynamic power for clocked circuits is often ap-proximated ([2]) as:Xall gatespt �Cl � V 2dd � fclkwhere pt is probability of a transition at a gate out-put during a clock cycle, Cl is the total loading ca-pacitance of the gate, Vdd is the supply voltage, and

fclk is the clock frequency. Power management tech-niques aim to reduce pt, particularly at nodes withlarge Cl such as I/O pins or internal bus interfaces.The e�ectiveness of this approach has led to increasedinterest in the use of asynchronous circuit design tech-niques, since asynchronous circuits lack a global clockand thus naturally have the property that switchingonly occurs in a portion of a circuit when some com-putation is being performed.The class of \delay-insensitive (DI) circuits"|circuits whose external behaviors make no explicitreference to time and are independent of any (non-negative) delays in their internal components andwires|is a subclass of the class of asynchronous cir-cuits. This class holds a great, although largely un-demonstrated, potential for low-power applicationssince there are no global clock trees to be powered andswitching activity occurs only in conjunction with use-ful computation or communication. For an applicationwhere particularly impressive power savings have beendemonstrated using delay-insensitive circuitry, see [3].DI systems can be expected to employ DI com-munication protocols not only within the computa-tional logic of the system but also on busses usedfor communication between major subsystems. It hasbeen observed that (DI) communication seems to pro-vide better reliability and throughput ([4]) than alter-native protocols for parallel transmission over largedistances and between systems clocked by di�erentclocks. Moreover, the non-synchronized transitions,inherent to DI protocols, tend to even out powerdrains, thereby improving overall noise characteristics.Previous work on DI protocols for parallel bus com-munication has not explicitly dealt with the issue ofminimizing the signal transitions required and thusthe power consumed, although the importance of min-imizing I/O signal transitions by means of coding wasobserved by both [5] and [6]. However, the former of-fered only an initial attempt at the problem, and thelatter focused on synchronous data transmission only.



In this paper we consider ways to reduce transitionsin DI data communication over a parallel bus throughe�cient protocols and codes. Codes and protocols aredevised to reduce the number of voltage transitionsat pins between chips, boards and systems and at businterface points{possibly at the expense of higher com-plexity in encoding and decoding circuitry.2 Theory of delay-insensitive codesIn our model, a transmitter (sender) circuit and areceiver circuit mutually communicate only through aset of wires of two types between them: data wiresand control wires. We assume that arbitrary, undeter-mined non-negative delays are possible in the wires.Because only causal, but not any arbitrary temporal,relationships among events are preserved in a systemin our model, one needs to encode the data-validitywithin the data itself in order to communicate delay-insensitively. The receiver must computationally de-termine if a new piece of valid data is available be-fore consuming/accepting it. Other approaches to cor-rect asynchronous data communication use a delay-sensitive control wire or signal ([7]), (1) which tracksthe delay in the signal path of the data and goes ac-tive whenever data becomes valid, or (2) which goesactive su�ciently late to `practically' ensure that datahas become valid. The former approach is often phys-ically impracticable and the latter is often unaccept-able for performance. Therefore, in this paper we con-sider purely delay-insensitive (but only bit-parallel)data communication.Having decided to encode validity within the data,we also have to ensure `data separation'|i.e. the re-ceiver needs to know when a new piece of valid datais available. We assume that the receiver is capable ofobserving any changes in its input wires. But, whethera particular logic value pattern on its input wires is anew data value or not is de�ned by a protocol betweenthe sender and the receiver, and the associated code.De�nition 1: A code C is a set of subsets of a�nite set W . Each member of C is a codeword. Byidentifying each member of W with a unique wire, wecan mechanistically interpret each subset of W to bea logic state of the data wires, jW j in all, between areceiver and a transmitter. Thus, if the empty set ;denotes a �xed initial state, e.g., the state where alldata wires are logically low, then a subset w 2 2Wdenotes a bit-vector (equivalently, a state of the datawires) where exactly those bits corresponding to thewires represented in w are logically opposite to theirvalues in the initial state vector.

Example 1: Let W = fa; b; cg. If ; denotes state000 of the three wires, a and c identi�ed with the �rstand last wires, respectively, then fa; cg denotes thestate 101. If one is interested in only two data values,a possible code C is ffa; cg; fa; bgg. 2We will henceforth use `subset' (of W ), `state' (ofdata wires), or `word' (transmitted) interchangeablydepending on the context.De�nition 2: Suppose there exists an onto map-ping M from C to the set, V , of all the data valueswe are interested in transmitting. Code C is thensaid to be statically delay-insensitive (SDI) if eachcodeword can be unambiguously received in the pres-ence of arbitrary wire delays when the transmitterswitches the wires to the codeword from a �xed initialstate/word assumed not part of C. Equivalently ([8]),(8 x; y 2 C : x � y : x = y) holds.However, one is usually concerned with transmis-sion of sequences of data. Thus, we introduce and for-malize the concept of a dynamically delay-insensitive(DDI) code as follows:Let D;S � 2W such that D\S = ;, C = D[S andI = (2W�C). D and S stand for the sets of codewordscalled datawords and spacers, respectively. I is the setof all words that are `invalid' or non codewords. Sup-pose also that an onto function M exists from D toV , the set of data values to be communicated. Fur-thermore, let graph G be the natural jW j-dimensionalhypercube induced by the powerset ofW , i.e. an edgeexists between vertices u; v 2 2W i� unv is a singleton.De�nition 3: A hyperedge in G exists betweenx; y 2 C if the following holds:(8 z 2 C : x \ y � z ^ z � x [ y : z = x _ z = y)De�nition 4: A hyperpath exists between x; y 2 Cif there is a sequence of one or more hyperedges in Gbetween x and y such that all the intermediate vertices(between hyperedges) are from S.De�nition 5: A data value v is said to be trans-missible at a dataword x if there exists a dataword ysuch that there is a hyperpath from x to y, and M (y)is v.De�nition 6: C is a DDI code if each data valuev 2 V is transmissible at each dataword x 2 D.De�nition 7: A hyperpath consisting of a singlehyperedge is monotone. A hyperpath between x; y 2D is monotone if for some z 2 S; x\ y � z; z � x [ y,there exist monotone hyperpaths between x and z, andbetween z and y.



De�nition 8: C forms a monotone DDI code ifeach data value v 2 V is transmissible at each data-word x 2 D via monotone hyperpaths only.It is noteworthy that DI codes have some unidirec-tional error-detection properties as well.2.1 Communication protocolWith each code is associated a protocol of trans-mission : To send c after d (c; d 2 D), the sender fol-lows a hyperpath from c to d, handshaking (synchro-nizing) with the receiver at each intermediate vertex.The signal transitions from one vertex to the next onthe hyperpath is also monotonic in the sense that awire changes its logic value at most once while wiresswitch from one vertex/state to the next |a generalrequirement on delay-insensitive logic. The receiveracknowledges each received spacer or dataword on thehyperpath that the sender follows, when ready for thenext|perhaps using a separate feedback line to thesender. This way the two communicating parties syn-chronize with each other. Note that self-timed cir-cuits (such as micropipelines [7]) are quite compatiblewith this notion of spacers, as a receiver can receive acodeword and throw it out, if it is a spacer, withouta�ecting the underlying computation.We observe that if the physical signals representinga codeword are sent on the wires and then consumed(i.e. received and removed) by the receiver, then acode which is SDI is also DDI. This is so because thevery act of reception leaves the wires logically at theirinitial state represented by ;|there is no need for ad-ditional synchronization to reset. Another way to turna statically DI code into a dynamic one is to treat ;as a spacer between every two consecutive datawordstransmitted.We will use names of the sets such as W to de-note their sizes, to avoid clutter, when no confusionmay arise. From here on, we speak synonymously ofa word sent over the wires W and its mechanistic in-terpretation as a state bit-vector of size jW j.The map M from D to V is assumed to be one-to-one and onto in rest of the paper except in section 4.1.3 Energy usage properties of DI trans-mission schemesFor large loads and long communication lines, weadopt the reasonable notion that the energy consumedin a transmission is primarily due to transitions onsignal wires (or transmission lines). The computationsnecessary to encode or decode raw data are assumed to

consume negligible power. Consequently, given a setof data values, we de�ne the energy e�ciency of a DItransmission scheme (code plus protocol) as inverselyproportional to the average number of transitions onthe signal wires (hence, energy consumed) per datavalue when a random sequence of data values is to betransmitted.The time taken for a data value is measured in unitsof `handshakes' between the sender and the receiver.The average time is the inverse ratio of the length ofa random sequence of data values to the length of thecorresponding sequence of codewords transmitted.The space resource for a scheme is the number ofwires used.The possibility of multiple spacers between twodata codewords allows us to use a scheme similarto `Hu�man encoding' such that the average area orspace requirement can be minimized.3.1 Some well-known DI codesOne-hot code: The sender sets to high the wiremapped to the data value being sent. After the re-ceiver acknowledges by toggling the `feedback' wire,the sender resets the data wire last turned high. Thisis a spacer condition, and the receiver acknowledgesit by again toggling the lone feedback wire. At thispoint new data can be sent by repeating the proto-col just described. The feedback wire is necessity forsynchronization between the communicating parties.In the following �gures for various metrics, we includethe feedback transitions as well as the feedback wire.The number of data wires is W .For this scheme, Size (number of distinct data val-ues) =W ; Space (total number of wires used) =W+1.Time (to transmit one data value) = 2 which is thenumber of synchronizations needed. Energy (used pertransmission) = 2+2 units where one unit is the energyused to make a logic transition on a communicationwire. Space used is D + 1; D = W because D wiresare needed to permit transmission of D di�erent datavalues, and one wire is used for acknowledgement.Although this scheme is quite e�cient in energy,it is often unacceptable because of very high spaceine�ciency.Dual-rail code: To transmit an n-bit data value,W = 2n wires are used|each bit of a data value isencoded by a pair of wires. One of the protocols usedis called 4-phase handshaking, where each datawordis followed by an `all-zero' spacer. Each dataword hasones in exactly W=2 bit positions. For this scheme:Size = 2W=2; Space = W + 1;



T ime = 2; Energy = W + 2Sperner code: A Sperner code of dimension Wis the largest static DI code for code length W . Eachword with ones at exactly bW=2c bit positions is adataword and represents a unique data value ([8]).The following protocol makes the DI code dynamic:Initially, the wires are in the `all-zero' (reset) state.The following steps are repeated to communicate oneor more data values: The sender switches exactlybW=2c wires, as appropriate, to send a data value(dataword). The receiver acknowledges upon receiv-ing the current dataword. The sender, then, returnsthe wires to the `all-zero' or reset state. The receiveracknowledges seeing this state which in our terminol-ogy is a `spacer'. Then, the sender is ready again totransmit the next data value, if any|by changing thepresent (reset) state of the wires to the next data-word/state.This scheme yields:Size � 2Wp�W=2 ; Space = W + 1;T ime = 2; Energy = W + 2Figure 1 shows the six datawords as vertices with �lledcircles and the \all-zero" spacer as a vertex with emptycircle on the pictured 4-cube. Recall that each vertexof a cube corresponds to a unique state of the datawires W . There exists a bijection from the set of ver-tices marked as datawords to the set of (six) data val-ues.
Figure 1: Sperner code: length 4 and size 44 Spacerless codesThe fastest way to transmit data delay-insensitivelyis to have no intermediate handshakes|that is, no`spacers'. We have observed that the size of the aDDI code which is spacerless is proportional to thenumber of wires used, and hence, greatly limited.

DI Code Size Space Time EnergyOne-hot W W + 1 2 4Dual-rail 2W=2 W + 1 2 W + 2Sperner � 2Wp�W=2 W + 1 2 W + 2Table 1: Summary of some well-known DI Codes4.1 Spacerless code: type IOne approach to designing a spacerless DDI codeis the following:Given W wires, consider the W -dimensional cube allof whose vertices are datawords, i.e., each word is adataword. These vertices are partitioned such thata one-to-one mapping is established between the par-titions and the set of data values to be transmitted.(That is, map M from D to V is not necessarily one-to-one.)We can show that one can form a spacerless DDIcode to transmit W distinct data values using Wwires, where jW j is a power-of-two. Abstractly, wecolor the vertices of a W -dimensional cube with Wcolors such that each vertex is adjacent to all the dif-ferent W colors. Each color stands for a distinct datavalue and the coloring scheme is the convention forboth reception (decoding) and transmission (encod-ing). It can be further shown that such a coloring isnot possible when W is not a power-of-two.Theorem 1: Vertices of a W -cube is col-orable with W colors s.t. each vertex is adja-cent to exactly W di�erently colored vertices, i�(9 k : k natural : W = 2k). 2Example 2: Figure 2 is an example for W = 4with R, G, B and Y being the four \colors." 2
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4.2 Spacerless code: type IIYet another approach to a spacerless DDI code is toassociate exactly one dataword to each data value|in contrast to Spacerless Code I. The goal is to buildthe largest code of length W such that the smallestsubcube containing any two datawords does not covera third dataword|meaning that a direct transmissionof an dataword following any other is possible. Thiseliminates the intermediate handshakes (synchroniza-tions) associated with spacers. Now, each dataword,except one, is associated with a distinct data value.The lone special dataword represents a \repetition,"i.e. when the sender needs to repeat the last datavalue sent via an ordinary dataword, it simply sendsthis special \repetition" dataword.More precisely, this spacerless DDI code has S = ;,and satis�es the following:(8x; y; z 2 D : x \ y � z ^ z � x[ y :z = x _ z = y)The above may be viewed as a coloring problemwhere some of the vertices of the W -cube are colored.The idea is that the remaining vertices of the smallestsubcube containing a pair of colored vertices must allbe uncolored, and we wish to maximize the number ofcolored vertices in the cube.The upper and lower bound on the size jDj of thelargest spacerless DDI code of length W in this ap-proach is conjectured to be W + 1, for all W 6= 2. ForW = 2, the size is 2. An example of such a code forW > 2 is where each word with exactly W � 1 ones isa dataword. (The all-zero codeword is special|it maybe interpreted as to stand for whatever the previousdata value was. This requires storage of the last datavalue. Alternatively, two codewords may be assignedfor each data value in order to allow back-to-back rep-etition of a data value. See next subsection.)Unfortunately the size of such a code is very small|linear in code length|just as the one-hot code and thecode in the previous subsection are.For an illustration of this approach, see Figure 3.Four vertices of the 4-cube are marked R, G, B, or Yto indicate four datawords representing the four dif-ferent data values. The all-zero spacer is indicated byan empty-circled vertex. Note that there is a naturalequivalence relation among codes of a particular type,size and length that we are not dealing with here.4.3 Further discussionOne need not assign two codewords for each datavalue (anticipating back-to-back transmission of adata value). In stead, just one codeword may be allo-
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Figure 3: Spacerless code: type II, length 4 and size 4cated to each (distinct) data value, and either of thefollowing approaches may be taken to allow back-to-back repetition.� An extra control wire is employed to indicatewhether the last data value is being repeated.This control information can be `event' or `level'based, i.e. a 2-phase or a 4-phase handshake pro-tocol, respectively, may be adopted for the controlwire.� A codeword is designated as special (not boundto a �xed data value), and it is sent only whenany dataword is to be repeated.In case of the one-hot code, both the approachesabove essentially call for an extra data wire|keepingthe set of data values V �xed.5 Adaptive Sperner codeWe have seen how the Sperner Code introduces the\reset" handshake to allow code sizes exponential inthe number of data wires used. In the following, weexploit this idea for high code size e�ciency while try-ing to reduce the individual voltage switchings on thewires to minimize energy loss. The key to the fol-lowing is the clever use of spacers (i.e., intermediatehandshakes).First note that the (minimum) energy (hence, thenumber of signal transitions) to switch the wires fromone dataword to another is directly proportional to theHamming distance ([9]) between them. When at anystep all data values are equally likely to occur, thefollowing lemma gives the mean Hamming distancebetween two consecutive datawords. The mean Ham-ming distance is also the expected Hamming distancewhen datawords are uniformly distributed (i.e., eachdataword is equally likely to be the next one for trans-mission.)



Lemma 1: The mean Hamming distance betweentwo datawords is26666666Pni=0 2i �� ni �2!� 2nn � 37777777Lemma 2: The expected Hamming distance be-tween two consecutive datawords is djW j=2e.Proof: We consider the case where jW j = 2n and leaveout the very similar proof for jW j = 2n+ 1.By the binomial theorem we get the following twoequations: (1 + x)n = nXi=0 � ni �xn�i (1)(1 + x)n = nXi=0 � ni �xi (2)Di�erentiating and then multiplying both sides ofEqn 2 by x,nx(1 + x)n�1 = nXi=0 i� ni �xi (3)Multiplying the corresponding sides of Eqns. 1 and 3,nx(1 + x)2n�1 = 2nXk=0 kXi=0 i� ni �2 xk (4)Equating the coe�cients of xn on the two sides ofEqn 4, n� 2n� 1n� 1 � = nXi=0 i� ni �2 (5)Therefore,Pni=0 2i �� ni �2!� 2nn � = 2n� 2n� 1n� 1 �� 2nn � = n = jW j=2(6)The claim follows from the above and Lemma 1 whenwe note that the expected Hamming distance is themean distance between any two datawords.(End of Proof)

5.1 Reworking the codeUsing the original Sperner scheme, the number ofsignal transitions made to complete transmission ofone data value is W + 2, for even W . (We will hence-forth, without loss of generality, consider only evenW .) The much lower value of the expected Ham-ming distance provides the motivation to devise a newscheme to conserve signal transitions. In the follow-ing, we will often abbreviate the Hamming Distancefunction of two words as HD.First, we observe that wires representing a data-word can be switched to another dataword at Ham-ming distance 2 without a risk of incorrect reception,i.e. there is no need for synchronizing on an inter-mediate spacer. Second, we propose to include a fewmore spacers in C so that while going from a data-word to the next, one does not always have to usethe `all-zero' spacer. One method to achieve this is toaugment the original Sperner code with spacers thatare all the words with exactly W=2 +K ones in theirbit-vector representations, assuming W > 3. We cannow state:Lemma 3: The augmented code above is a mono-tone DDI code for K = 2.Suppose that this speci�c (K = 2) adaptive Spernercode is used and that the sender uses hyperpaths with-out the all-zero spacer. Then, it can be shown thatx+x=2 signal transitions and x=2 handshakes are nec-essary and su�cient to transmit any dataword b aftera with HD(a; b) = x, x > 2. A possible protocol forthe sender, in pseudo-code:IF HD(a; b) = 0 (* the next data value is sameas the current *)THEN Send a spacer l with HD(l; a) = 2; thensend a.ELSE Follow a monotone hyperpath from a to bnever using the `all-zero' spacer.For Hamming distance x, x > 2, this scheme im-plies x=2 handshakes hence, dx=2e acknowledgementtransitions from the receiver. So, the total numberof signal transitions involved is Max(2 + 1; x+ x=2),for x > 0. For x = 0, the energy used is that for2 + 1 + 2 + 1 = 6 signal transitions.The adaptive Sperner scheme for K = 2 makes asimpler case in a hierarchy of codes with diverse timeand energy tradeo�s. Relative to the original Spernerscheme, the expected time is increased by W=4 � 1,while expected switching energy is decreased by W=4even when feedback transition from the receiver iscounted in.



Lemma 4: For x < (2W+4)=3, the protocol abovealways uses fewer signal transitions than the Spernerscheme.For x >= (2W + 4)=3, the Sperner scheme of us-ing the all-zero spacer is preferred for better time andenergy performance. With this in mind, the sender'sprotocol now is:IF HD(a; b) = 0 (* the next data value is sameas the current *)THEN Send any spacer l with HD(l; a) = 2;then send a.ELSE Follow a shortest, monotone hyperpathfrom a to b.In Fig 4, we show the above scheme for W = 6.The datawords are indicated by �lled circles and thespacers by empty circles on the vertices of the hy-percube. To transmit the dataword 001110 after theword 111000, the adaptive scheme requires 6 signaltransitions as opposed to 6+ 2 transitions in the non-adaptive case.
000000Figure 4: An adaptive Sperner code of dimension 6(some cube edges not shown)One can design a family of such schemes for 2 �K � W=2.6 Separable codesMost algorithms for arithmetic circuits assume theinput values to be in binary format. Hence, using acode such as Sperner's involves complex encoding anddecoding circuitry. One approach to address this prob-lem is to encode a condition for data validity outsidethe data bits. This way complexity for data validitymay actually increase somewhat, but data decoding isalmost trivial. For example, we can take the binaryrepresentation (x) of a data and concatenate anotherset of bits (y) encoding the data-validity condition togive a codeword (x : y). Decoding such a codeword in-volves stripping o� the y bits that encode the validity

condition. The Berger code [10] is an example of sucha `separable' code (it is a statically DI code, too.)6.1 Code interpretation in terms of bit-transitionsWe have two choices as to how we transmit acodeword. So far we have implicitly assumed \level-encoding," i.e., a wire is set to High (Low) if the cor-responding bit in the codeword to be transmitted is 1(0). The other method, which is emphasized in thissection, is to toggle the state of a wire if and only ifthe corresponding bit of the codeword is 1. This ap-proach to transmission is called \transition-encoding."For example, assuming the initial state is 10101, the�nal state upon (complete) reception of the codeword11000 is the state 01101. As before, because of arbi-trary transmission delays in wires, no particular orderof reception among causally unrelated transitions isguaranteed. The receiver acknowledges upon recep-tion of a codeword and enters into the `clear' state,ready for a new data value. Conceptually, the receiverremoves a codeword from the channel (wires) upon re-ception. The sender does not have to `erase' the pre-vious data, by resetting the state of the data wires, inorder to transmit the next data value.Under the interpretation above, two datawords ofa Sperner code can be transmitted back to back with-out a spacer, and each value transmitted accounts forexactly bW=2c transitions. Two disadvantages of sucha scheme are: (1) the scheme cannot exploit any lo-cality property within the data stream to reduce thetotal number of transitions, and (2) the sender andreceiver circuits tend to be more complex because ofthe `event or transition logic' implied in the scheme.6.2 A separable DDI codeWe propose a scheme, based on Berger code, for aDDI code that has the nice property of `separability'mentioned above while the code length is still loga-rithmic in code size.Suppose the sender wants to send data value bafter a, both binary values being of length L (i.e.jaj=jbj=L). A subcode y, in binary, is formed suchthat y, y = L�HD(a; b), is the number of bit posi-tions where the two data values match. The binarysubcode y is transition-encoded, while the data part bis level-encoded for concurrent transmission on theirrespective wires. Note that the length of a subcode islog(L + 1) if the number of data wires is L.Correctness of the scheme above follows from theseobservations: While receiving b, only those wires



where a and b di�er switch. On the other hand,the transitions on the subcode part are made to in-dicate, in binary, how many data wires won't switch.If transmission is complete, eventually the number(count) of transitions on the data wires will mono-tonically match up with the monotonically increasing(transition-encoded, binary) number represented bythe subcode wires. Upon match-up, the codeword'svalidity for reception is complete. An example shouldclarify the process:Example 3: Suppose b = 1100101 is the next datawhile a = 0100011 is the present. Moreover, supposethat the present state of the subcode wires is 101. Thenew (to be transition-coded) value of the subcode to gowith b is 100, because jaj�HD(a; b) = 100. Therefore,the sender needs to set the data and subcode wires to1100101 and 101� 100 = 001, respectively. 2The space used for this scheme is W = L+log(L+1)+1 wires. The expected Hamming distance betweentwo datawords of length L is L=2, when each data-word is equally likely to be transmitted next. Conse-quently, the expected transitions on the subcode bitsis no more than logL (not a tight bound). The ex-pected energy per transmission of a data value in thisscheme is bounded from above by d(L=2+logL)e. Thesize metric is 2L and the time metric equals 1.6.2.1 An easy extensionIf the circuit complexity of transition-encoding of alarge subcode y is undesirable, then one may recur-sively apply the separable coding scheme, describedabove, to encode y. When a subcode is small enoughin length (e.g. jyj = 2), no further recursive applica-tion of the coding scheme is made. Note that eachapplication of the coding scheme increases the totalnumber of wires used to transmit a �xed set of datavalues.7 Concluding remarksWe introduced & formalized dynamic codes for DIdata transmission E�ciencies of several codes and pro-tocols were characterized. We exploited two ideas: (1)trade in additional complexity in `local computation'for energy-e�ciency in `non-local communication' and(2) trade o� time by increasing synchronizations toreduce communication energy. Several new codes andextensions such as spacerless codes, adaptive Sperner,and delay-insensitive Berger code, etc. were also pro-vided.If a dataword is interpreted in light of the spacer(s)preceding it, further optimization in transmission en-
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