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COMPUTATIONAL TEMPORAL LOGIC FOR
SUPERCONDUCTING LOGIC CIRCUIT DESIGN

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit under 35 U.S.C. § 119(e) of U.S. Patent
Application No. 62/987,203, filed on 09 March 2020, the entire contents of which is hereby

incorporated by reference herein.

STATEMENT OF GOVERNMENT SUPPORT
[0002] This invention was made with government support under Contract No. DE-AC02-

05CH11231 awarded by the U.S. Department of Energy, under Contract No. 70NANB14H209
awarded by the National Institute of Standards and Technology, and under Agreement No.
1763699 awarded by the National Science Foundation. The government has certain rights in this

invention.

FIELD

[0003] The present invention relates to the superconducting logic circuit design and more

particularly, relates to computational temporal logic for superconducting logic circuit design.

BACKGROUND

[0004] Superconductivity is the phenomenon wherein the electrical resistance of a material
approaches zero as it is cooled to below a critical temperature. Computing with such
superconducting materials continues to be the subject of research.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Figure 1 illustrates CMOS race logic implementation functionality, according to one
embodiment.

[0006] Figure 2 illustrates an example first arrival gate block diagram and an example inhibit
gate block diagram, according to one embodiment.

[0007] Figure 3 illustrates example RSFQ implementations (circuits) of our temporal

operators, state diagrams, and functionality, according to one embodiment.
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[0008] Figure 4 describes an example data-driven self-timing (DDST) scheme, according to
one embodiment.

[0009] Figure 5 illustrates LastArrival gate and spacer period functionality, according to one
embodiment.

[0010] Figure 6 illustrates example timing relationships between pulses in the described
architecture, according to one embodiment.

[0011] Figure 7 illustrates timing analysis for an Inhibit gate and provides simulation results,
according to one embodiment.

[0012] Figure 8 illustrates an example Needleman and Wunsch implementation, according to
one embodiment.

[0013] Figure 9 illustrates example simulation results for a 3x3 DNA sequencealignment
problem, according to one embodiment.

[0014] Figure 10 illustrates an example RSFQ Merge element realizing a stateless
FirstArrival gate, according to one embodiment.

[0015] Figure 11 illustrates simulation results for a statelessimplementation of a sequencing
accelerator, according to one embodiment.

[0016] Figure 12 illustrates decision tree implementations, according to one embodiment.
[0017] Figure 13 illustrates decision tree of Figure 12 simulation results, according to one
embodiment.

[0018] Figure 14 illustrates example specifications, architectures, and simulations of an
example feedforward temporal network implementing an arbitrary function table, according to
one embodiment.

[0019] Figures 15-21 illustrate example circuit implementations, according to one

embodiment.
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DETAILED DESCRIPTION

[0020] Superconductivity is the phenomenon wherein the electrical resistance of a material
disappears as it is cooled below a critical temperature. Superconductivity was discovered in 1911
by K. Onnes, who observed that the resistance of solid mercury abruptly disappeared at the
temperature of 4.2K. Four decades later, D. A. Buck demonstrated the first practical application
of this phenomenon —the cryotron — and soon after, B. Josephson established the theory behind
the Josephson effect, which led to the fabrication of the first Josephson junction (JJ) in the
subsequent years.

[0021] In one embodiment, aJJ may be made by sandwichingathin layer of non-

superconducting material —an electronic barrier —between twolayers of superconducting

material. JJs may be capable of ultrafast (as low as 1ps), low-energy (to the order of 107195 )
switching by_exploiting the Josephson effect: electron pairs tunnel through the barrier without any
resistance up to a critical current. At the critical threshold, aJJ switches fromits superconducting
state to a resistive one and exhibits an electronic “kickback”™ in the form of magnetic quantum
flux transfer — observable as a voltage pulse on the output. To enable stateful circuit
operation, the unit of flux can be temporarily stored in a composite device known as the
superconducting quantum interference device (SQUID), which is built as a superconducting
loop interrupted by two serial JJs and is common to many superconducting circuits.

[0022] Over the years, several ambitious designs of superconducting ALUs and
microprocessors have been presented in an effort to capitalize on the promise of superconductors.
The majority of these implementations are primarily based on simplified architectures, bit-serial
processing, and on-chip memories realized with shift-registers. Bit-serial processing has been
selected over bit-parallel approaches due to its lower hardware cost and complexity. However, this
design choice may compromise the advantage speed of SFQ technology as the number of
execution cycles per instruction increases with the number of bit slices. Moreover, the use of shift
register-based memories — given the lack of dense, fast, and robust cryogenic memory block —

3
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seems to be the only reasonable choice at the moment; which is still possibly not a viable solution
though for large-scale designs.

[0023] More recently, interest has increased in the development of superconducting
computing accelerators. Due to the lack of sophisticated design tools and the limited device
density and memory capacity in superconducting technology, applications with tiny working set
sizes and high computational intensity may be suited for JJ-based accelerators. As a proof-of-
concept, RQL-based accelerator was developed for SHA-256 engines, achieving 46x better
energy-efficiency than CMOS. Toimprove the critical path and the overall energy efficiency of the
implementation, an optimization focus was on two components of the SHA engine: adders and
registers.

[0024] In another stochastic computing-based deep learning acceleration framework
embodiment, stochastic computing’s time-independent bit sequence value representation and
small hardware footprint of its operators may be leveraged to redesign the basic neural network
components in AQFP. Such embodiment may be shown to achieve order of magnitude energy
improvements compared to CMOS. However, the known drawbacks of stochastic computing
(e.g., the calculation accuracy, expressiveness, and performance of stochastic computer circuits
depend on the length and correlation of used bit-streams) raise number of questions regarding the
suitability and efficiency of this method for more general tasks or for precise computing
applications.

[0025] While these implementations succeed at demonstrating the potential of
superconducting computing, the question of “what a more general superconducting design
methodology would look like?” was still pending. To get a better understanding of the reasons that
make superconducting computing so challenging a good idea may be to take a step back and look
closer at the fundamentals of this technology as well as its main differences from CMOS.
[0026] In contrast to CMOS, where an “1” is represented by a steady voltage level in

hundreds of millivolts, in SFQ, picosecond-duration, millivolt-amplitude pulses are used.
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Moreover, SFQ comes with a different set of active (JJs) and passive (inductors) components
and interconnection structures (Josephson Transmission Lines and Passive Transmission Lines)
than CMOS. Clock distribution and synchronization may also be concerns as each Boolean SFQ
logic gate has to be driven by a synchronous clock and all input pulses need to be aligned.
[0027] Giventhedifficultiesthatexistingapproachesfaceandthe unique characteristics of
superconducting technology, the most promising way forward is to come up with innovative
computing paradigms and circuit architectures that (a) use much fewer JJs than transistors for
the same information processing, (b) have low memory requirements, (c) allow for easier
clocking, and (d) can cover a wide range of applications

[0028] Computing with such superconducting materials offers the promise of orders of
magnitude higher speed and better energy efficiency than transistor-based systems.
Unfortunately, while there have been tremendous advances in both the theory and practice of
superconducting logic over the years, significant engineering challenges continue to limit the
computational potential of this approach. In contrast to semiconductor logic, where logic cells are
combinational and their output is (to first order) a pure function of the levels of all the inputs
present at any time, the majority of Single Flux Quantum (SFQ) logic gates are sequential and
operate on pulses rather than levels. Because pulses travel ballistically rather than diffusively
through a channel, once they have transited there is no “record” of their value that can be used in
downstream computations. Implementing a chain of Boolean operations thus may require a very
careful layout and synchronization of timing along each and every path with picosecond-level
precision.

[0029] While some of the challenges in adopting such a novel technology are inherent to the
nature of the exotic materials and environment, others appear to be due to a mismatch between
our computational abstraction and what the devices actually provide. Because many
superconducting logic designs rely on discrete voltage pulses driven by the transfer of magnetic

flux quanta, supporting the combinational abstraction provided by traditional logic requires
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significant design effort and results in unavoidable overheads. If these pulses are instead thought
of as the natural representation of data in a superconducting system, the natural language for
expressing computations over that data would be one that could precisely and efficiently describe
the temporal relationships between these pulses. Here, one may draw upon two distinct lines of
research, both currently disconnected from superconducting.

[0030] Some embodiments show that delay-based encoding has both impressive
computational expression and practical utility in implementing important classes of
accelerators — not to mention the interesting connections toneurophysiology. The principles of
the delay-coded logic apply directly to problems in superconducting. However, the fact that its
primitive operators have been so far implemented only in CMOS under specific assumptions
—e.g., edgesare used to denote event occurrences —makes their realizationinthe much different
Rapid SFQ (RSFQ) technology potentially challenging.

[0031] In one embodiment, the long history of work in temporal logic used for expressing
temporal relationships in reasoning and verification may be leveraged. While temporal logic
systems (e.g. Linear Temporal Logic) deal with the relationship of events in time, they are
fundamentally predicate logics that allow one to evaluate truth expressions (True / False) over
some set of temporal relationships. A temporal logic with computational capabilities that takes
events as inputs and creates new events as outputs based on the input relationships is thus
desirable.

[0032] Advantageously, anew computational temporal logic (which in fact subsumes LTL) is
described herein that gives clear, precise, and useful semantics to delay-based computations and
relates them to existing temporal logics. This approach allows for a trade ofimplementation
complexity for delay, realization of superconducting circuits that embody this new logic, and a
creation of useful new architectures based on these building blocks that encapsulate the

potential of those circuits.
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[0033] To overcome the issues described above and others, the embodiments described
herein are provided. In one embodiment, classical temporal predicate logic is extended to a
computational temporal logic to formally express delay-based computations. This extension
provides the needed abstractions to capture the capabilities of new operators and it sets the
foundation for the construction, analysis, and evaluation of large-scale temporal systems.

[0034] In another embodiment, examples circuits are provided that implement these primitive
temporal operators in RSFQ and evaluate their functionality and performance with SPICE-level
simulations. A method of combining these temporal operators into larger self-timed
superconducting accelerator architectures is also provided. The data-driven self-timing approach
described herein enables the operation of RSFQ designs without the need of clock trees even in
the most general case.

[0035] In another embodiment, the presented hypothesis is validated through (a) a functional
verification of three RSFQ accelerators at the SPICE level, (b) a performance comparison
between superconducting designs described herein and their CMOS counterparts — showing more
than an order of magnitude performance improvements — and (c) a timing analysis necessary to
identify timing constraints that may affect the design flow of superconducting temporal
accelerators.

[0036] Superconducting SFQ technologies are a promising candidate for high-speed and
ultralow-energy operation for certain classes of computation. Though both theunderlying physics
and basic circuit technologies are well understood, many hurdles remain before larger
computations can enjoy the benefits of superconducting materials.

[0037] Described herein isanewfoundationthatbridges the gap between the level-driven
logic traditional hardware designsacceptasafoundation and thepulse-drivenlogicnaturally
supported by the most compelling superconducting technologies. The harmonious interaction
between three different areas of work — superconductinglogic, temporal predicatelogic, and

delay- based codes is advantageous in a variety of contexts. As demonstrated, superconducting
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logic can naturally compute over temporal relationship between pulse arrivals.
Implementation circuits for fundamental operators in temporal logic are provided. An
asynchronous data-driven self-timing scheme is described and a timinganalysis to identify
timing constraints that affect the design flow of superconducting temporal accelerators is
illustrated. Advantageously, three temporal accelerators are implemented in RSFQ and their
performance is compared against their CMOS counterparts, showing more than an order of
magnitude improvements.

[0038] Race Logic

[0039] FIG. 1 illustrates race logic implementation functionality implemented in CMOS
(prior art), according to one embodiment. In one embodiment, race logic may be used to encode
information in the timing of events rather than the amplitude of voltage levels. Events may be
represented by low to high edges and computation emerges through the purposeful interaction
ofthese edges and their relative delays. In one embodiment, the timeittakes for an event to
appear on a wire is what encodes the value. Thus, only a single wire may be needed per
variable.

[0040] In one embodiment, the operators forming the foundation of race logic are Min
(FirstArrival), Max (LastArrival), Add-Constant (Delay), and Inhibit. Figure 1 shows the
implementation of these four primitives with traditional CMOS components. Prior to the next
computation, race logic-driven circuitry must be reset.

Referring to Figure 1, panels (i), (ii), (iii), and (iv) show the implementation of Min, Max, Add-
Constant, and Inhibit functions in race logic with off-the-shelf CMOS components. Panel (v)
provides an example waveform for x =2 and y = 3.

[0041] Regarding its applicability, race logic yields a complete implementation of space-time
algebra, which provides a mathematical underpinning for temporal processing. Any function that
satisfies the properties of invariance and causality complies with space-time algebra, and thus it is

implementable in race logic. In one embodiment, race logic may be used to implement
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Needleman and Wunsch’s DNA sequence algorithm. A low-cost bitonic sorting network circuit
may be demonstrated using temporal processing. Race logic may be demonstrated to accelerate
ensembles of decision trees, while the relationship between temporal codes and spiking neural
networks may be explored.

[0042] In one embodiment, the implementation of this new paradigm, where the order of
events occurrence defines computation, is tied to specific assumptions and the properties of the
underlying CMOS technology, which in some cases may restrict innovation. For example, as
discussed above, when edges are used for event representation, MIN and MAX functions can be
realized with plain OR and AND gates. What happens though when edges are replaced by pulses,
as in the superconducting case? To answer this question and establish a theoretical foundation
that will allow for a better understand of how processing in the temporal domain can unlock the
true potential of emerging technologies, this logic’s formalization is provided herein.

[0043] Formalization

[0044] In one embodiment, computing based on temporal relationships may depart from
traditional binary encoding and Boolean logic and may provide a promising pathway for
unlocking the true potential of emerging technologies. To make this computing paradigm a viable
solution the first question that should answer is “what abstractions do we need to establish in order
to capture its capabilities, verify the correctness of temporal implementations independently of
underlying assumptions and technology properties, and build more complex temporal circuits in a
systematic way?”

[0045] To solve this problem and set the foundation for the design and evaluation of large-
scale temporal systems, in this section, formal definitions of its primitive operators and constraints
through an extended temporal logic capable of concisely expressing delay-based computations are
provided.

[0046] Computational Temporal Logic
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[0047] Space-time algebra defines the primitive operators of generalized race logic over the
set of Natural numbers, and thus provides a high-level abstraction to the event-based computation
happening at the circuit-level. This abstraction may in some cases be useful for functional
interpretation or synthesis; however, it may not capture lower-level details that may be critical for
the hardware implementation and reasoning of such systems. Described herein is a formalization
that covers this gap and safely decouples functional from implementation specifications.

[0048] Temporal logic is a tool that may be used for representing and reasoning about
propositions qualified in terms of time; e.g., an event in a system S has happened or will happen
sometime in the past or future. A system S transitions through a sequence of states in time, where
each state St is associated with a time step t belonging to a discrete time domain. Properties are
then expressed as formulas and are evaluated along such sequences of states. Formulas are
constructed recursively from propositional atoms by applying usual propositional connectives

7 Ve Ar =02 and the additional temporal logic operators discussed below.

[0049] In the well-established setting of Linear Temporal Logic (LTL), the future-time

]

temporal operators are used: ™ sometime in the future, always in the future, “~next time
(tomorrow), U until, and R release. Past LTL (PLTL) extends LTL with past-time operators,

which are the temporal duals of the future-time operators, and allows one to express statements

on the past time instances, such as: ¢ sometime in the past, B always in the past (historically), -
previous time (yesterday), S Since, and T Trigger. Even though the past-time operators do not add
expressive power in the sense that any LTL formula with past operators can be rewritten by only
using the future-time temporal operators, the past-time operators are particularly convenient in
practice; they allow one to keep specifications more intuitive and easy to comprehend, and they
can provide significantly more compact representations than their future-time counterparts.
[0050] Each operator operates on a sequence of states, which defines a discrete interval of
time steps — the scope of the operator. In one embodiment, these temporal operators may be
categorized based on their scope at time step t as follows:

10
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» remote past operators ¢ ¥ ST — their scopa i3 {0,2];
« [mmediote post operator = — tz scope 18 {f ~ 1}, or
the empiy mierval tf i =0; ) _

* nresent operstor (all proposfional conneectives) — s

scope 15 {t };
» immediate future operator Y- its scope is {t +1}
« remote future operators ¢, [, U, R — their scope 13
{t, o0}
[0051] In one embodiment, the scope of an arbitrary formula ¢ is defined recursively based
on the scopes of the operators in ¢ and the given time step t.
[0052] In LTL, the notation <S, t> may be used to signify a system S at a time step t. An
event ¢ occurs at time step tin the system S if ¢ holds at time step tin S, demoted by <S, t>

|= ¢. As described herein, the formal semantics of the 4 operator (sometime in the past) may be
primarily relied upon:

1) = +¢ I @kt Sk =

S

[0053] This definition reads as: the temporal formula ¢ holds at time step  in the system S if
and only if there exists a time step k prior or equal to t when the formula ¢ holds. However, this
operator is incapable of encapsulating when ¢ held in the past, which is essential for our case. To

address this issue, the earliest-occurrence function isdescribed below.

[0054] Let = be a special symbol that represents an unreachable time step; in other words,

&< indicates the lack of an event occurrence in a period of interest. The earliest-occurrence

function Est (¢b) receives as input a formula ¢ and returns the earliest time step tmin [[¢]] (s.t) ,
where [[¢]](s.t) is the scope of ¢ at time step t in the system S, such that (S, tmin) = ¢. If ¢ does not
hold at any time step within [[¢p]] (s.z), then the earliest-occurrence function returns. The formal

definition of this function follows:

11
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*“ tmin
&
Eanlpl=_
Hom gtherwise.

[0055] The proposed function is paired with the existential primitives of the classical
temporal logic, extends the notions of “sometime in the past” and “sometime in the future” with the
notion of “when” an event occurred, and it is fundamental for the connection of event-based
formalization, which is presented next, with the existing space-time theory.
[0056] Race Logic Semantics
[0057] In one embodiment, according to space-time algebra, FirstArrival (FA), Inhibit (IS),
and Delay (D) operators are functionally complete for the set of space-time functions. In prior
work, the functionality of these operators at the event-level has been primarily described through
their realization with off-the-shelf CMOS components under the assumption of an edge-based
delay encoding. In this work, we decouple for the first time their specification from their
implementation and provide a formal definition, presented in Table 1, using the above-described
computational temporal logic. Moreover, besides these three basic operators, definitions for

LastArrival (LA) and Coincidence (C) operators are provided, which have been widely used in a

number of accelerators.

(5.t} 1= FAY S, t} = e v ¢
5. t) Fylsgp Dok <t SK =P A gL

S,t1]= Dog Ik (B ck+cstrlSk+ci=4e)
(S, t1 = LAGUI (S, th = e A ¢y

:S tylE Gy 3k 0k s ta {5k |=¢ agda
AYIO 2 j<kn S pGl=egd v ey
Table 1. PLTL-based semantics of the operators FirstArrival (FA), StrictInhibit (IS), Delay (D),
LastArrival (LA), and Coincidence (C).
[0058] Informally, Table 1 reads as follows:
o FA: the formula FA¢y holds at time step t in system S if and only if either ¢ or ¥ hold at

time step t or prior.

12
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o Is: the formula ¥ Is¢ holds at time step t in system S if and only if there exists a time step
k prior or equal to t when ¢ holds and ¥ does not hold at this and any prior time steps.

e D: the formula Dc¢ holds at time step t in system S if and only if there exists a time step k
+ ¢ prior orequal tot when ¢ holds at this (¢ = 0) or any prior time steps (¢ C 0).

e LA: the formula LA¢ holds at time step t in system S if and only if both ¢ and i) hold
independently at time step t or prior.
o (: the formula Cgy holds at time step t in system S if and only if there exists a time step

k prior or equal to t when both ¢ and i hold simultaneously and there are no prior time
steps where either ¢ or y will hold.
[0059] These definitions provide a PLTL-based specification of the basic race logic operators
over temporal events; however, they will always return a proposition: True or False. To extract
the step at which these functions evaluate to True for the first time in their scope the above-
introduced earliest occurrence function E(s) (¢) may be used. For example, E(S ¢ ) (FA¢y ) will
return the first time step that either ¢ or y will hold.
[0060] In summary, the presented formalism, along with the proposed extension to the
classical temporal logic: (a) guarantees that the specification of our operators is independent of
any underlying assumptions; €.g., pulse- vs edge-based encoding, (b) bridges the gap between
the high-level definitions provided by space-time algebra and the event-based computing
happening at the implementation level, and (c) opens up the door to the use of model
checking tools for the formal analysis, validation, and optimization of more complex
temporal circuit designs.
[0061] Superconducting Temporal Architecture
[0062] In one embodiment, the mathematical formalism raised with respect to the formalism
description above lays the foundation for building and verifying the desired temporal operators.

In this section, their implementation in RSFQ is described, and the corresponding circuit

13
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simulation results are provided, and finally a self-clocked RSFQ architecture that alleviates the
clock distribution and skew problems met in traditional digital designs ported from CMOS to the
RSFQ world is described.

[0063] Temporal Primitives in RSFQ

[0064] In one embodiment, the way in which events are encoded plays an important role in
selecting the hardware that most efficiently implements logic operators. For example, given the
conventional rising edge-based realization of events, FIRSTARRIVal and LASTARRIVal functions
can be implemented with a single OR and AND gate, respectively. As shown in Figure 1, an OR
gate fires when its first high input arrives, while an AND gate fires only when all its inputs are
“1”. An important property of edge-based event encoding is that it automatically keeps track of
the input state at all times — a signal that has made a transition from a “low” to “high” state will
not make a transition back to a “low” state in the same computation. This feature may break
down when dealing with pulses. Pulses naturally return back to their “low” state, preventing
downstream nodes from implicitly knowing the state of its predecessors. To address this issue we
propose embedding the state into each gate, instead of relying on the input to “hold” state.
Interestingly, the majority of RSFQ elementary cells have both logic and storage abilities, and
thus they provide several unique design opportunities. In Figure 3, the schematics of example
circuit designs are illustrated, along with Mealy machines describing their operation, and
WRSPICE simulations showing their functionality. A detailed description of their implementation
also follows.

[0065] According to its formal definition, the FIRSTARRIVal gate FA emits an output pulse
when its first input arrives. For its implementation in RSFQ, a MERGE element along with a D
FLIP-FLOP are used — see Figure 2 (i) and Figure 3 (i). Referring to Figure 2: FIRSTARRIVal gate is
built out of a MERGE element and a D FLIP-FLOP; a reset signal 77 is connected to the D FLIP-

FLOP’s data input, while the output of the MERGER serves as its clock signal. Panel (ii): to

14



WO 2021/183344 PCT/US2021/020695

implement INHIBIT a latching INVERTER is used; the data signal ¢ serves as the INVERTER’s clock
signal and the inhibiting signal v as its data signal.

[0066] In one embodiment, a MERGE element can be thought of as a non-latching OR gate
that produces an output SFQ for each incoming pulse from any of its input ports. However, in
race logic, at most one event is allowed to occur per “wire” across the entire computation. To
ensure that all but the first arriving pulses will be filtered out a D FLIP-FLOP may be used. A D
FLIP-FLOP is built around a direct current (DC) SQUID and has two stable states: Init and Loaded,
which correspond to the lack or presence of a flux quantum, respectively. When a data signal
arrives at its input port the latch switches to/remains in the Loaded state and returns to the Init
state only when a clock signal is received. When transitioning from Loaded to Init the flux
quantum stored in the quantizing SQUID loop is released; thus, an output pulse is emitted and the
quantizing loop gets cleared. While in state Init, a clock pulse will not cause any state change or
output activity. So, to achieve the desired functionality a reset signal rst may be connected to the
D FLIP-FLOP’s data “in” port, while the output of the MERGE element plays the role of the clock
signal.

[0067] In one embodiment, the INHIBIT operator Is may receive two input signals: one for the

inhibiting signal 1 and one for the data signal ¢b. As described in Section 2.2, an output pulse is
emitted only if ¢ arrives before . To implement INHIBIT in RSFQ a single INVERTER may be
used — see Figure 2 (i1) and Figure 3 (ii). According to the INVERTER’s specification, if a data
pulse arrives, the next clock pulse reads out “07; otherwise, it reads out “1”. Thus, if a signal ¢ is
routed to the inverter’s clock port and ¥ to its data port, this component will act exactly as an
INHIBIT operator in the logic.

[0068] In some SFQ circuits, Josephson Transmission Lines (JTLs) may be used for the
interconnection of logic cells over short distances. More specifically, a JTL is a serial array of
superconducting SQUIDs and operates in the following way. Because magnetic flux cannot be

absorbed or dissipated by a superconducting circuit, an incident flux quantum is only allowed to
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pass along the JTL and does so by switching each JJ in turn. In our case, these interconnection

structures are not used just for pulse transmission purposes but also realize our DELAy operator D

— Figure 3 (iii). As described earlier, delaying a race logic event by a fixed amount of time
corresponds to CONSTant ADDITION. For the implementation of the LASTARRIVal gate, a C-
element is used — Figure 3 (iv). A C-element has two input ports and consists of two SQUIDs. In
the circuit’s initial state, no persistent superconducting current is present in the quantizing loops.
When an input arrives, the corresponding junction gets triggered but the generated pulse is not
sufficient to trigger an output pulse. When the second input pulse arrives, the total current
exceeds the threshold of criticality, an output pulse gets emitted, and the element returns to its
initial state. The order of input pulse arrivals does not matter.

[0069] Finally, a COINCIDENCE gate is supposed to fire only if its inputs arrive

“simultaneously”. In edge-based implementations, a COINCIDENCE gate is composed of FA, LA,
Is, and D gates. In the pulse-based superconducting logic though, a single RSFQ AND gate is all

that may be needed to implement COINCIDENCE — Figure 3 (v). As known, an RSFQ AND gate
produces an_output pulse only if both its input pulses arrive within the same cycle; thus, it

performs in an easy way the desired functionality.

[0070] Referring to Figure 3: Panel (1): FIRSTARRIVal FAab. Panel (ii): strict INHIBIT alsb.
Panel (iii): DELAy Dca, where t jrr is the delay that each JTL causes. Panel (iv): LASTARRIVal

LAab. Panel (v): COINCIDENCE Cab.

[0071] Area and latency results for each of these operators are pro- vided in Table 2. The

shown estimates are based on WRSPICE simulations using the MIT-LL SFQ5ee 10 kA/cm?

process.
Function [ Area (#]Js)| Latency (ps)
FA 10 13
I; 3 11
D 2/JTL 5IJTL
LA 6 8
C 11 9
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Table 2. Area and latency results for temporal operators implemented in the MIT-LL SFQ5ee 10

kA/cm? process and simulated with WRSPICE.

[0072] Self-clocked Temporal RSFQ Circuits

[0073] Clocking and synchronization are two of the concerns and limitations in the design
process of an RSFQ design. The majority of RSFQ Boolean gates are sequential in nature. Hence,
each gate in a Boolean RSFQ circuit needs to be synchronized with all other gates and the clock
network. The complexity and overhead introduced by the clock network are far from negligible,
primarily because an additional SPLITTER is required for each latched gate for clock fan-out.
These additional SPLITTERs affect a design both in terms of area (3 JJs per element) and speed
(each SPLITTER introduces a delay on the order of a single JTL), while they also contribute to a
higher static and dynamic current.

[0074] Moreover, device variations can promote disproportionate clock timing skews, which
can critically affect the functionality of a Boolean RSFQ design; all pulses between a gate and
each of its fan-in gates must arrive in the same clock cycle (as defined by the clock network). To
mitigate these issues, advanced path-balancing techniques and customized RSFQ logic synthesis
tools are needed.

[0075] In the superconducting temporal logic described herein, many of these concerns are
naturally alleviated as FIRSTARRIVal, INHIBIT, and DELAy, which form the minimal functionally
complete operator set, are asynchronous — the “clock” signal of the latching building blocks used
for their realization has been repurposed, as described in Section 4.1. However, in some cases,
such as COINCIDENCE, the use of a synchronous gate/block makes sense. To avoid costly clock
trees and the clock skew problems that come with them, a data-driven self-timing scheme is
described herein.

[0076] In a data-driven self-timed (DDST) system, timing information is carried by data. In
one embodiment, data are carried by complementary signals, generated by using complementary

D flip-flops; two parallel lines are required for each bit. The clock signal is generated by a logical
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OR function between these lines. Because each functional block is now locally clocked, there is
no need for a global clock network. Therefore, the system becomes more robust to process
variations and has better control over clock timing. Besides its advantages, this embodiment, may
have a high cost; the method may introduce a significant overhead for routing as well as
additional circuitry for generating complementary signals for each logic gate.

[0077] Figure 4 describes an example data-driven self-timing (DDST) scheme. The clock
signal can be locally generated from input data at each gate. If no input pulse arrives, it is safe to
assume the operator is idle, and thus no clock pulse is required.

[0078] In one embodiment, the DDST method shown in Figure 4 targets temporal rather than
binary systems and is able to provide similar benefits at a much lower “price”. In contrast to
Boolean logic, where for example a NoT gate has to be clocked even in the absence of an
incoming pulse, when processing in the temporal domain, an operator can be safely considered
idle for the time steps that no input pulse arrives. Thus, complementary data are no longer
required. This characteristic of temporal codes significantly simplifies the implementation of our
DDST approach, reduces its area overhead, while still allowing one to have the desired fine-
grained timing control.

[0079] Resetting: Given the absence of an independent clock and the stateful nature of RSFQ
operators, resetting must also be rethought. For example, an RSFQ INVERTER, which implements
INHIBT, may not return to its initial state until a pulse arrives to its clock port, while a C-element,
used as a LASTARRIVal gate, may not reset until both its inputs arrive. One possible solution is to

add an additional reset signal to Is and LA gates, merged with their input data signals; as can be

seen in Figure 3, the rest of the temporal operators return to their initial state without the need for
external signals. This additional signal allows the immediate reset of such a gate but it comes with
additional circuitry too. For example, the MERGER that has to be used in the case of INHIBIT may
cost at least 5 JJs, while the overhead in the case of a LASTARRIVal gate may be much higher as

the reset signal must be forwarded to the input ports that have not received a data pulse yet.
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[0080] In one embodiment, when such a reset signal is used, the target gate may return to its
initial state; however, in many cases an output pulse is generated too. This output pulse
propagates through_the circuit in a downstream fashion and may affect the state of other
subsequent gates. So, resetting a deep temporal circuit may have to be done sequentially — one
stage of gates at a time.

[0081] To avoid the interference of data pulses that relate to the actual computation with the
ones generated by resetting, a spacer period may also be utilized. Figure 5 illustrates this scenario
for a plain LASTARRIVal gate. Once the “compute” period ends, a reset pulse is sent to its input
port b. Any output pulse observed until the next compute period starts should be ignored. If the
LASTARRIVal gate is connected to other gates, the generated output pulse may also affect their
state even if they have already been cleared. So, resetting in that case must happen step-by-step
and the duration of the spacer period will have to be adjusted accordingly.

[0082] An alternative method that may be relied upon for resetting is to adjust the amount of
applied bias current; setting the applied bias current to zero will release the stored flux quanta and
return the gates to their initial states. This solution does not require additional hardware and
comes without the concerns related to the propagation of reset-generated pulse. However, it is
still not “free.” Choosing between these two options depends on the structure of the constructed
circuit, possible resource constraints, and the corresponding delay associated with each of these
methods.

[0083] Evaluation

[0084] In the previous sections, a framework for understanding the proposed RSFQ-based
temporal computing paradigm at the logic, primitive gate, and device-levels has been presented.
We may now leverage this understanding to functionally validate our design methodology
through a number of accelerator designs. For the timing and functional validation of the

developed circuits, we first identify timing constraints that affect the design flow and then provide
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corresponding SPICE-level simulation results. Finally, we compare their performance against
their CMOS counterparts, showing more than an order of magnitude improvements.

[0085] Experimental setup: Analysis is performed based on the open-source WRSPICE
circuit simulator using the MIT-LL SFQ5ee 10 kA/cm” process. For these designs’
interconnections, JTLs along with SPLITTERSs (s) and MERGERSs (m) were used.

[0086] Timing Analysis

[0087] Computing based on temporal relationships is in many cases naturally immune to
noise as the final outcome often depends on the interval or the order in which events occur and
not precise arrival times. Under conventional binary encoding, an early or late pulse translates to
a bit-flip and its effect on the computation’s accuracy depends on the bit’s position. Under delay
representation though, a time-skewed pulse may or may not affect the encoded value — in reality,
an interval rather than a specific time is used to represent a value — and that may not even change
the rank order of the occurring events.

[0088] To ensure the robustness of the designs described herein, one should not rely solely on
the properties of the encoding and temporal logic. Understanding the various timing constraints is
important for reasoning about the circuits’ behavior and developing a systematic way for the
design of temporal RSFQ accelerators. To address this concern, in the following, we first
introduce the required terminology for our timing analysis and then proceed with the description
of the timing constraints of temporal circuits and the quantification of our primitives’ robustness
to the timing skew of pulses.

[0089] Figure 6 provides an illustration of the main timing relationships between pulses in the
described architecture. In one embodiment, Figure 6_supports Figure 4, where the delay element

(+0) introduced after the merger (m) stretches the input window.

[0090] Data-to-data (tpap) window represents the time difference between two input data

signals. Clock to Q (tc20) denotes the delay between clock signal arrival and the occurrence of the

output event. The propagation delays of the SPLITTER and MERGER are shown as ts and tm,
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respectively. Finally, tsu represents the setup time, which denotes the minimum amount of time
required between the arrival of data and clock signals, while tc is the time window where input
pulses are forbidden to arrive.

[0091] To avoid setup time violations, Zp2p has to be less than #m- £ if the two input pulses
represent the same value. To increase this time window, delay elements can be added after the
MERGER. In the case where two input pulses represent two consecutive values (e.g. din0 =2 and
dinl = 3), tp2p has to be greater than #» + fc. If #pop is smaller than £ + 1., either the second input
pulse will get “lost” (timing violation) or both pulses will be considered to represent the same
value (e.g. din0 = 2 and dinl = 2), which is incorrect.

[0092] Stretching the “valid” data time window of a cycle is possible with the use of
additional JTLs; e.g., if we want the “valid” data time window of a cycle to go from 10 ps to 20
ps, four rather than two JTLs have to be used for the realization of D1¢. In one embodiment, this
change comes at the cost of area (more JTLs mean more JJs) and performance (each cycle will
last longer); but, it results in a much smaller chance of a pulse getting lost in a synchronous
component due to imprecision associated with variability or noise. To better understand and
quantify the tolerance of our designs to time skew, we perform a number of detailed SPICE-level

simulations. These simulations allow us to analyze the sensitivity of temporal gates to pulses
under various tpzpD S.
[0093] As expected, imprecise pulses do not affect the correct operation of FA, D, and LA,

which are implemented with MERGE, JTL, and C-element components; all of these circuits are by
nature clockless. The case of INHIBIT is of particular interest though as although its clock signal
has been repurposed, still the timing constraints described earlier apply.

[0094] Figure 7 illustrates timing analysis for an INHIBIT gate and provides simulation

results of this case — P Is¢h — for various tpap s: -5, 0, and 2 ps. As can be seen, if ¢ arrives 5 ps

before ¢, the output of the INHIBIT gate remains “0” (the correct value), while an output spike gets
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produced for tpap > -5 ps. So, if two input pulses representing two different values are always

more than Sps apart, INHIBIT is guaranteed to work as expected. However, if two variables have

the same value, D1x has to be greater than 5 ps and the data input pulse ¢ may need to be

delayed — so it will appear towards the end of the assigned interval — in order to avoid the
occurrence of an undesired output pulse.

[0095] For the verification of more complex designs under timing uncertainty, the formalism
introduced earlier may be used. Besides model checking, with the help of the proposed function
E(s:) events occurrences can be translated to numbers and incorporated into an interval analysis.
Such an analysis is beyond the scope of this disclosure; however, we foresee its potential for the
reasoning of superconducting temporal designs in noisy settings, where understanding (and
quantifying) how timing skews add up may be critical for the correct behavior and efficiency of
the system.

[0096] Proof-of-Concept

[0097] As a proof-of-concept, we design and simulate temporal RSFQ accelerators for (a)
DNA sequencing, (b) decision trees, and (c) arbitrary function tables. “Race” decision trees are an
interesting application. Race trees demonstrate the utility of temporal logic to classification
problems. For the realization of their decoders the use of a NOT gate is required; NOT is not one
of temporal logic’s primitives and its functionality in the temporal domain is different than in
Boolean logic. Finally, in contrast to these two designs that are purely asynchronous, for the
implementation of the circuit realizing an arbitrary function table the use of both synchronous and
asynchronous components is needed, providing a great opportunity to showcase the effectiveness
of our data-driven self-timing scheme.

[0098] Needleman-Wunsch Sequence Alignment

[0099] Needleman and Wunsch’s algorithm was one of the first applications of dynamic
programming to compare biological sequences. The algorithm assigns a score to every possible

alignment and its purpose is to find all possible alignments having the highest score. In more
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detail, the main idea behind this algorithm is that initially a 2D grid will be constructed out of two
arbitrary strings P and Q — Figure 8 (i) — and then, for each individual pair of letters a score will
be chosen; each operation — deletion, insertion, match — is associated with a different directed
edge, where each edge can have its own score/weight.

[00100] In the algorithm’s temporal realization, each score associates to a delay. Hence, the
total time required for a single “pulse” to propagate from the array’s input to the output reveals
the desired similarity score. The architecture of this circuit can be generally thought of as a
systolic array, where each cell is implemented in RSFQ, as shown in Figure 8 (iii); Figure 8 (ii)
shows its CMOS implementation. The penalties for deletion, insertion, and match are in the
shown example setto 1.

[00101] In contrast to the synchronous CMOS case, where the similarity score is incremented

by one as the first arriving pulse goes through a flip-flop, in the described asynchronous RSFQ

implementation, D1x matches the propagation delay of each unit cell. Thus, every time a pulse

goes through a unit cell the score will increment by one. To control the propagation of a pulse
across the diagonal, which should happen only when a match occurs, a JJ is used. The switching
operation is performed by changing the value of the bias current applied to the JJ; if the current is
too low, an incoming RSFQ pulse cannot cause the JJ to fire, which allows for the CMOS control
of the circuit.

[00102] Figure 9 illustrates shortest path and simulation results for a 3x3 DNA sequence
alignment problem. Panel (i): P= ACT and @ = ACT. Panel (ii): P= ACT and Q = GAT. In Panel
(1), P= ACT and Q = ACT are compared. Considering that the two strings perfectly match, the
shortest path from the grid’s input to output cell will be across its diagonal — consisting of four
unit cells — and results in a delay of 153 ps. In Panel (ii), where the strings P= ACT and Q = GAT
are compared, the propagation delay of a pulse across the grid is 192 ps; the shortest path now

consists of five rather than four unit cells. These results match our expectations; in our
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experiments, the penalties for deletion, insertion, and match are set to 1 and correspond to a 38 ps
delay — equal to the propagation delay of each unit cell.

[00103] Figure 10 illustrates: Panel (i): schematic of an RSFQ MERGE element realizing a
stateless FIRSTARRIVal gate. Panel (i1): WRSPICE simulation results._In some cases, where race
logic constraints can be safely relaxed, superconducting hardware can also provide a trade- off
space that enables optimization for select parameters, such as area, latency, power consumption,
and complexity (which can play a role in the susceptibility of the circuit to variability). One
example of this can be employed in the sequencing accelerator, in which a stateless FIRSTARRIVal
gate — composed of just a MERGER, as depicted in Figure 10 — may be used as an alternative to the
stateful version presented above. The outcome is an accelerator with fewer JJs (28 rather than 36
JJs are now required per unit cell) and a 14% lower latency. Corresponding simulation results for
the two example cases discussed above are shown in Figure 10.

[00104] More performance results and a comparison between RSFQ sequencing accelerators

and their CMOS counterparts can be found in Table 3.

Btrings CMGS RSFQ Latency | Improv.w! | RSFQ Latency Emprov. wf
Length Latency w/ statefuf FAs | stateful FAs | w/ stateless FAs| stateless FAs
48 S0 ns - 106 ns Ians-31ns NERE 1d4ns-27ns ~ 37w
a8 Fans- 30 ns 23ns-48ns 2ns-dna ~3Fw
] 0008 -200ne| 3ins-87me 2¥ns-54ns 3w

Table 3. Estimated (best and worst) latency results for DNA sequencing accelerator in both
CMOS (0.5um) and RSFQ.

[00105] It should be noted that while replacing one or more of the basic temporal RSFQ
primitives with simpler ones may in_some cases be appealing, it is not always safe. For example,
when using a plain MERGER as a FIRSTARRIVal gate, more than one output pulses may be
generated, which violates race logic’s constraint for the existence of at most one pulse per “wire”.
In the case of the sequencing accelerator, this “relaxation” does not cause any malfunction.
However, if, for example, COINCIDENCE or INHIBIT gates followed a MERGE-based FIRSTARRIVal

gate then the possibility of an error exists; the first spike coming out of a FIRSTARRIVal or a
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DELAy gate is always valid, this is not the case though for all gates. To verify whether such a
replacement is safe or not the formalism introduced in Section 3.2 can be used.

[00106] Figure 11 illustrates simulation results for a stateless implementation of the
sequencing accelerator depicted in Figures 8 and 9. Panel (i): P = ACT and O = ACT. Panel (ii):
P=ACT and Q0 = GAT.

[00107] Race Trees

[00108] Figure 12 illustrates: Panel (i): a decision tree with three nodes. Panel (ii): temporal
RSFQ implementation of that tree. In a variety of embodiments, an ensemble of decision trees can
be implemented in race logic. In the case of Race Trees, each tree node can be considered an
independent temporal threshold function and be realized with a single INHIBIT operator.

[00109] Figure 12 (i) shows the RSFQ equivalent of a CMOS implementation provided herein
— realizing the decision tree shown in Figure 12 (i). For the design of the “label” decoder, the use
of a NOT gate is required. In contrast to Boolean logic though, NOT is not a primitive temporal
operator. For its construction, we use INHIBIT and an upper bound reference signal #.», which
denotes the end of a specific time interval of interest (directly related to the inputs resolution in
this case). Hence, NOT will fire at 7 =t if and only if the gate has received no input spikes from
time reference O until that moment.

[00110] Figure 13 illustrates: Panel (i): WRSPICE simulation results for x =2, y =3, and #u» =
5. Panel (i1): WRSPICE simulation results for x =4, y =1, and tu» = S.

[00111] WRSPICE simulation results are provided in Figure 13. In the first case, inputs x and y
are equal to 2 and 3, while in the second one, x and y are set to 4 and 1. Moreover, the upper
bound reference signal #s is set to 5 and D1x corresponds to a 25 ps delay. Associating a smaller
delay with D1x may be possible. As expected, the final outcome is Label B for the former and
Label C for the latter. The total latency is 150 ps and the design consists of 166 JJs.

[00112] More performance results and a comparison with its CMOS counterpart can be found

in Table 4.
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# Trees | Depth | Inp. res. | CMOS KSFQ | Improvement
Latency | Latency
1 & 4 bits 17 ns 0.464 ns A7x
1 & 8 bits 257 ns | 646403 40x
1 8 4 biis 17 ns 0.490 ns 35«
1 8 8 bils 237 ns | 6.490 ns 40

Table 4. Estimated latency results for hardwired Race Trees in both CMOS (f = / GHz) and
RSFQ (D1x =25 ps).

[00113] Arbitrary Function Table
[00114] The feedforward temporal network previously described is implemented below. Figure
14 (1) provides the specification of the example feedforward temporal network. Considering that
the function has three input variables and given the limited fan-in of the basic operators, the main
building block (3 (shown in Figure 14 (i1)) of the architecture (shown in Figure 14 (ii1)) will
consist of two 2-ary COINCIDENCE gates; in contrast to the original design, where COINCIDENCE
consists of LASTAR- RIVAL, FIRSTARRIVal, INHIBIT, and DELAy gates, we opt for the AND gate-
based implementation described in Section 4.1.

[00115] For its clocking, apply the data-driven self-timing scheme proposed in Section 4.2
may be applied. To successfully handle time-skewed inputs a delay ¢ = 10 ps is introduced after
each MERGER. A delay element 6 ' is also used to balance the delays of the two parallel paths that
feed the second COINCIDENCE gate.

[00116] Simulation results can be found in Figure 14 (iv). In the simulation, D1x is set to 50 ps
and the inputs provided area =0, b =1, and ¢ =2. As expected, a spike will appear at the output
of the upper block mo, colored in red, at # = 209 ps and will go through the succeeding 3-input
FIRSTARRIVal gate (stateless rather than stateful FIRSTARRIVal gates are used again); the

propagation delay of (3 is 60 ps, so if we subtract that from the total delay we will end up with

149 ps of delay which corresponds to the desired value 3. No spikes will come out of the other
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two “blocks”, colored in blue and green, corresponding to two bottom entries of the function
table. The circuit design consists of 565 JJs and its latency is 219 ps.

[00117]  As described, with respect to Figure 14: Panel (i): specification of an example function
table. Panel (ii): Block diagram of a self-timed 3-input CoINCIDENCE gate. Panel (iii): Block
diagram showing the accelerator’s architecture. Panel (iv): WRSPICE simulation results for a = 0,
b=1andc=2.

[00118] The following example circuits are described with respect to Figures 15-21. Presented
are example circuit designs of multiple race logic element primitives and example
accelerators/circuit designs built using those primitives. The list of the new circuits realizing the
race logic primitives are: RSFQ circuit design for the First Arrival Primitive, RSFQ circuit design
for the Last Arrival Primitive, RSFQ circuit design for Inhibit Primitive (non-strict), and RSFQ
circuit design of Inhibit primitive (strict). Next, three example accelerator/larger logic block
blocks are built using the above primitives, namely: RSFQ circuit design for 3 x 3 DNA
accelerator array, RSFQ circuit design for Race Tree, and RSFQ circuit design for Delay
Function Table.

[00119] Detailed descriptions of these new design inventions are provided next. The circuits
built may be derived from the SUNY RSFQ primitives merely as an example. In various
embodiments, the circuits may be implemented to realize the race logic functionality with the
following new capabilities: the proposed design has reset capability; and asynchronous execution
by using synchronous clock signal as one of the data input signal of the race logic primitive (ex.
Inhibit race logic primitive is realized/implemented using synchronous inverter design).

[00120] Figures 15-21 illustrate example circuit implementations, according to one
embodiment. It should be noted that the design and description corresponding to Figures 15-21
are not the same (e.g., they are other designs of the same primitives) as the ones previously
mentioned, such as those in paragraph 66 with respect to Figure 2 and in paragraph 100 with

respect to Figure 8
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[00121]  Figure 15 illustrates an example first arrival gate. The first Arrival gate shown in
Figure 15 is built in the same manner as a synchronous OR gate in RSFQ built for Boolean logic
with two DC Squids connected in parallel to each other to enable the flow of flux through either
of them when there is an input pulse on either one of these squids.

[00122] The conventional OR gate in RSFQ holds the state of the flux until the clock signal
arrives and generates a pulse after that. In our design, another extra input signal is added called
“Reset” as shown in the Figure 1 which can also activate/reset the state of the flux stored in this
gate in the similar fashion as the clock pulse signal. This signal is necessary to reset the first
arrival gate in the race logic circuit operations otherwise the first arrival gate will hold the past
signal more than the valid computation time.

[00123] Figure 16 illustrates an example Last Arrival Gate using RSFQ. Figure 16 shows an
example circuit design of the second Race logic primitive called Last Arrival gate. This primitive
may be realized as an asynchronous gate and used as a C-element in Boolean logic circuits and
does not have a clock signal. In the proposed design, two reset signals to reset the state of the
circuit is introduced. This way, we can reset this asynchronous gate primitive during the spacer
period of the race logic circuit execution.

[00124] Figure 17 illustrates and example Inhibit (strict) Gate using RSFQ. The strict inhibit
primitive in race logic has the functionality of inhibiting a one input signal using the second
signal. In this invention, this functionality is implemented using a boolean inverter gate built in
RSFQ by adding extra delay to allow for the proper inhibition of the signal of interest. Another
aspect of this disclosure is that, the clock signal of the inverter may be used as the data/input
signal, which is the inhibiting signal.

[00125] Figure 18 illustrates an example Inhibit (non-strict) Gate using RSFQ. Figure 18
shows an example inhibit (non-strict) race logic primitive implemented as a RSFQ gate. This gate
is an extension of the inhibit circuit but implementing the non-strict behavior of the inhibit

primitive. The embodiment in this circuit focuses on implementing a new gate in RSFQ circuit
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which, realizes the non-strict behavior. This is the first time this non-strict inhibit gate has been
implemented in RSFQ.

[00126] Figure 19 illustrates an example 3x3 array of DNA Accelerator using RSFQ. Here is
demonstrated an RSFQ implementation of Needleman and Wunsch’s DNA sequence algorithm
with our superconducting temporal logic. The architecture of this circuit can be_generally be
thought of as a systolic array, where each cell is implemented using various delay elements and
merge and forks. Rather than using costly synchronous components for the implementation of our
circuit we opt again for asynchronous ones. A MERGE gate functions as a "tying together" of two
superconducting input lines.

[00127] Whichever input arrives first passes through the MERGE gate and presents itself at the
output. This functions as first arrival selection but with a slight modification. Not only does the
first pulse pass through, but so do the second and following pulses. If both pulses arrive at the
same time, one of the pulses gets swallowed and only a single pulse is propagated. This allows for
the detection of not just the first-arrival but the k-first- arrivals. It should be noted that the
multiplexing operation for the diagonal signals is performed by changing the value of the current
in the first branch of the Josephson Transmission Line (JTL). If the current is too low, an
incoming RSFQ pulse will not cause the JTL to fire, which allows for CMOS control of the MUX
circuit. The 3x3 array built to implement this accelerator in RSFQ is shown in Figure 5. Any
circuits of size nxn array are contemplated herein.

[00128] Figure 20 illustrates an example Race Tree using RSFQ. Flat Trees are the decision
trees, where each tree node is considered an independent temporal threshold function and it can
be realized with a single INHIBIT operator. Processing in that case_happens in a parallel way and
each path from the tree root to a leaf corresponds to a unique conjunction of these attribute tests.
[00129] The RSFQ implementation of the race tree circuit is shown in Figure 6. This circuit is
the implementation of the circuit shown in Figure 14, which is built using seven inhibit gates and

four Last Arrival gates.
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[00130] Figure 21 illustrates an example Function Table using RSFQ. In one embodiment, the
function table introduced in the concept of space-time algebra is implemented as a RSFQ circuit
as shown in Figure 7. The function table consists of two input signals and one output signal. The
functionality defined by the table is dictated by the order of arrival of the input signals.

[00131] Depending on the order and delay of the signal arrival, the output pulse is generated at
a certain delay. In one embodiment, the circuit was built using the asynchronous design of the
logic using synchronous RSFQ AND gates. The clock signals of the synchronous RSFQ AND
gate may be clocked using the DDST schemed proposed in this disclosure using merge and fork
circuits.
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CLAIMS

What is claimed is:

1. A primitive race-logic temporal operator, comprising superconducting logic single flux
quantum (SFQ) cells.

2. The temporal operator of claim 1, wherein the temporal operator is a FIRSTARRIVAL
operator.

3. The temporal operator of claim 2, wherein the FIRSTARRIVAL operator comprises a
merge element.

4. The temporal operator of claim 3, wherein the FIRSTARRIVAL operator further
rcomprises a D flip-flop element

5. The temporal operator of claim 1, wherein the temporal operator is a STRICTINHIBIT
operator.

6. The temporal operator of claim 5, wherein the STRICTINHIBIT operator comprises an
inverter element.

7. The temporal operator of claim 1, wherein the temporal operator is a DELAY operator.
8. The temporal operator of claim 7, wherein the DELAY operator comprises a constant
addition element.

9. The temporal operator of claim 1, wherein the temporal operator is a LASTARRIVAL
operator.

10. The temporal operator of claim 9, wherein the LASTARRIVAL operator comprises two
Superconducting quantum interference devices (SQUIDs).

11.  The temporal operator of claim 1, wherein the temporal operator is a COINCIDENCE
operator.

12.  The temporal operator of claim 11, wherein the COINCIDENCE operator comprises an
SFQ AND gate.

13. The temporal operator of claim 1, wherein combining the temporal operator with another
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temporal operator results in a self-timed superconducting accelerator architecture.

14.  Thetemporal operator of claim 13, wherein operations of the accelerator architecture are
performed with a reduced clock tree.

15. The temporal operator of claim 1, wherein the temporal operator is a FIRSTARRIVAL
operator, further comprising an INHIBIT operator and a DELAY operator, and wherein the
FIRSTARRIVAL, INHIBIT, and DELAY operators are asynchronous.

16. The temporal operator of claim 15, wherein the FIRSTARRIVAL, INHIBIT, and DELAY

operators form a set of computational primitives that are functionally complete.

17.  The temporal operator of claim 1, wherein the INHIBIT operator comprises a reset
element.
18. The temporal operator of claim 1, wherein the superconducting logic SFQ cells are rapid

single flux quantum (RSFQ) cells.

19. The temporal operator of claim 1, wherein the superconducting logic SFQ cells are
Adiabatic Quantum Flux Parametron (AQFP) cells.

20. The temporal operator of claim 1, further comprising a data-driven self-timing (DDST)

scheme, comprising clock signal generated at each gate and a delay element.
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