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Talk Abstract/Outline

Current Status of (classical) Reversible Computing (RC)
= Since the field’s early developments in the 1970s-1980s,
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significant strides have been made at multiple levels: ngg;;;:;:;{ oput 1 =7} >
= |mproved understanding of the fundamental physics of computing “fgff’m’R“o __________ : ’XOi ........ —
= Clear and rigorous formulations now exist for Landauer’s Principle & vonconpate { Eni. & §;g;§3e_,n,z;ggg; e BEE ”
the fundamental theorems of reversible computing SOOI o e v,
= Analyses of the asymptotic scaling and the associated case for RC e S
from an economic and systems engineering perspective ?
= Bottom line: RC wins, in the long term, despite its overheads gclcic
= Concrete demonstrations of how to implement RC exist for 1666
& @O0

both adiabatic CMOS and superconducting platforms
= The field is now ready for a much more intensive level of
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Thermal noise on gate electrodes of minimum-width
segments of FET gates leads to significant channel PES
fluctuations if E,x < 1-2 eV!

o This increases leakage, impairs practical device performance

° Thus, roadmap has minimum gate energy asymptoting to ~2 eV

Further, real logic circuits incur many compounding overhead
tactors multiplying this raw transistor-level limit:

o Transistor width 10-20X minimum width for fastest logic.

° Parasitic (junction, ef.) transistor capacitances (~2X).

> Multiple (~2) transistors fed by each input to a given logic gate.
° Fan-out of each gate to a few (~3) downstream logic gates.

o Parasitic wire capacitance (~2X).

Due to all these overhead factors, the energy of each logic
bit in real logic circuits is necessarﬂv many times larger than
the minimum-width gate energy!

© 375-600% (1) larger in TTRS’15.

o .. Practical bit energy for irreversible CMOS logic asymptotes to ~1 keV!

Practical, real-world logic circuit designs can’t just magically
cross this ~500X architectural gap!

o .'. Thermodynamic limits imply much /arger practical limits!

o The end is neat!

Energy (in kT, with T=300K)

Semiconductor Roadmap is Ending...
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This is Now!
‘ Only about a decade left...

Data source: International Technology RoaIHmap for Semiconductors, 2015 edition
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Only reversible computing can take us from ~1 keV at the
end of the CMOS roadmap, all the way down to « KT.
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Trace out correlations w. environment——J

Fundamental Physics of Computing—Earliest Roots

This topic can be placed on a firm theoretical foundation using tools from
the field of non-equilibrium quantum thermodynamics NEQT), the
theoretical formulation of which derives from the mathematical foundation

first laid down by von Neumann (1927). =

° However, even before von Neumann, the roots of modern stat. mech.,
thermodynamics and quantum theory were already inseparable.

o What we know today as “Boltzmann’s constant” k was actually first derived by Planck, in the very same
analysis that simultaneously first resolved the value of what we now call “Planck’s constant” h.

o Statistical mechanics could never possibly have become a complete, coherent foundation for
thermodynamics without the concomitant discovery of quantum mechanics! Quantization is crucial.

Some key foundational principles of NEQT are the following:
o Unitary time evolution of all closed systems (including the whole universe U)
o NOTE: von Neumann entropy S = —Tr(p In p) is conserved by unitary transforms.

> Environment € of an open system © is treated as independent and thermal.

o Entropy increase can be viewed as merely a natural consequence of our inability as modelers to track
quantum correlations (incl. entanglement) with (or within) any complex thermal environment E.

Perspective 1s summarized in the definition of thermal operations
derived from the (1955) Stinespring Dilation Theorent:

Unitary evolution
= — [T [T
ping = Elping) = Tre [Ut,csos(/?in,e R 7¢) Ut,e(g]
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Thermal state of environment

Thermodynamik quantenmechanischer Gesamtheiten.

Von

J. v. Neumann, Berlin.

Vorgelegt von Max Born in der Sitzung vom 11. November 1927.

Einleitung.

I. In meiner Arbeit ,Wahrscheinlichkeitstheoretischer Aufbau
der Quantenmechanik“?!) wurde gezeigt, wie die quantenmecha-
nische Statistik aus einigen einfachen und rein qualitativen
physikalischen Grundannahmen?), sowie dem folgenden formalen
Prinzip: die physikalischen Grofen a eines gegebenen Systems &
entsprechen eindeutig und umkehrbar den (hermiteisch-)symmetri-

9. Ueber das Gesetz
der Energieverteilung im Normalspectrum;
von Max Planck.

(In anderer Form mitgeteilt in der Deutschen Physikalischen Gesellschaft,
Sitzung vom 19. October und vom 14. December 1900, Verhandlungen
2. p. 202 und p. 237. 1900.)

Einleitung.
Die neueren Spectralmessungen von O. Lummer und
E. Pringsheim!) und noch auffilliger diejenigen von
H. Rubens und F. Kurlbaum?, welche zugleich ein frither
von H. Beckmann?®) erhaltenes Resultat bestitigten, haben

Hieraus und aus (14) ergeben sich die Werte der Natur-
constanten:

(15) h = 6,55.10-%"erg. sec,
= -16 '8
(16) k=1,346.10 grad

Das sind dieselben Zahlen, welche ich in meiner fritheren
Mitteilung angegeben habe.

B DN $ 39090 e 0090999 ]



Fundamental Physics of Computing—Earliest Roots, cont.

“Shannon’s” 1948 entrog formula H = — ) p log p was historically
rooted in Boltzmann’s 1 %2 “H-theorem” (¢f. E™ quantity below)

o Its importance was well already established in statistical mechanics by the time
of von Neumann’s (1920s) work on quantum thermodynamics.

However, Shannon did introduce ke%/conclspts such as mutual
information, [(X;Y) = HX) + HY) — H(X,Y).
° The concept that information-bearing digital states can be identified with
sets of (digttally interpreted) microstates also dates back to this era.

NOTE: Shannon never once addressed energy dissipated, only invested.
° There is nothing in Shannon’s (or von Neumann’s) work that contradicts RC.

Weitere Studien uber das Wiirmegleichgewicht unter Gas-
molekiilen.

Von Lndwig Boltzmann in Graz.

‘The Bell System Technical Journal

Vol. XXVII July, 1948 No. 3

A Mathematical Theory of Communication
By C. E. SHANNON

INTRODUCTION

HE recent development of various methods of modulation such as PCM
and PPM which exchange bandwidth for signal-to-noise ratio has in-
tensified the interest in a general theory of communication. A basis for
such a theory is contained in the important papers of Nyquist' and Hartley?

(QQuantities of the form f = —ZX p, log p; (the constant A" merely amounts
to a choice of a unit of measure) play a central role in information theory as
measures of information, choice and uncertainty. The form of H will be
recognized as that of entropy as defined in certain formulations of statistical
mechanics® where p; is the probability of a system being in cell i of its phase
space. [ is then, for example, theIII in Boltzmann’s famous H theorem.l
We shall call H = — X p; log p: the entropy of the set of probabilities

*See, for example, R. C. Tolman, "Principles of Statistical Mechanics,” Oxford,
Clarendon, 1938,

(Mic } Hoizxchnitten.)

(Vorgelegt in der Sitzung am 10. October 1872.)

Communication in the Presence of Noise*

Summary—A method is developed for representing any com-
munication system geometrically. Messages and the corresponding

CLAUDE E. SHANNON{, MEMBER, IRE

1. INTRODUCTION

Die mechanische Wirmetheorie setzt voraus, dass sich die
Molekiile der Gase keineswegs in Ruhe, sondern in der {ebhaf-
testen Bewegung befinden. Wenn daher auch der Krper seinen
Zustand gar nicht veriindert, so wird doch jedes einzelne seiner
Molekiile seinen Bewegungszustand bestiindig veréindern, und

E*=N ([ f*logf* ds do.

signals are points in two ‘‘function spaces,” and the modulation
process is a mapping of one space into the other. Using this repre-
sentation, a number of results in communication theory are deduced
concerning expansion and compression of bandwidth and the
threshold effect. Formulas are found for the maximum rate of trans-
mission of binary digits over a system when the signal is perturbed
by various types of noise. Some of the properties of ‘‘ideal” systems
which transmit at this maximum rate are discussed. The equivalent
number of binary digits per second for certain information sources
is calculated.

* Decimal classification: 621.38. Original manuscript received by
the Institute, July 23, 1940. Presented, 1948 IRE National Conven-
tion, New York, N. Y., March 24, 1948; and IRE New York Section,
New York, N. Y., November 12, 1947, i

t Bell Telephone Laboratories, Murray Hill, N. J.

GENERAL COMMUNICATIONS system is
A shown schematically in Fig. 1. It consists essen-
tially of five elements.

1. An information source. The source selects one mes-
sage from a set of possible messages to be transmitted to
the receiving terminal. The message may be of various
types; for example, a sequence of letters or numbers, as
in telegraphy or teletype, or a continuous function of
time f(¢), as in radio or telephony.

2. The transmitter. This operates on the message in
some way and produces a signal suitable for transmis-
sion to the receiving point over the channel. In teleph-

B DN $ 39090 e 0090999 ]



Landauer’s Principle from Basic Statistical (For further details, see arXiv:1901.10327)
Ph)’SICS & Information Theory Oblivious erasure of subsystem %) when y = x
. 5 . . . X=0 = = = = =

When §tated correctly, proving Lagdauer s Pmnmple is elementary... -©99) fw
o Le., it takes only a small handful of simple logical steps to prove; al(c1o10) \ﬂ e
o i isti i i i (@00 000|000, |000||00e
Depends only on basic facts of statistical physics and information theory. T( L
~000) @0®

Here’s a correct statement of Landauer’s Principle:

> Within any computational process composed out of local, digital primitive transformations, the oblivious (:.e.,
local and unconditional) erasure (to a standard state) of a digital subsystem 2) that possesses marginal digital
entropy H (Y) (entropy after restriction of the joint X%) distribution to 9)) and was deterministically computed
from another subsystem X necessarily increases total physical entropy S by at least H(Y).

o Corollary: Free energy is reduced by AF = —H(Y) - T, and expulsion of entropy to environment results in heat AQ = H(Y) - T

o Generalization: Any local reduction of 2)’s marginal entropy by any amount —AH (Y) affects free energy and heat proportionately.

Here’s a simple proof:

1. The Second Law of Thermodynamics (0S/dt = 0), together with the statistical definition of entropy, imply that
microphysical dynamics »ust be bijective (this is retlected e.g. in the unitarity of quantum time-evolution).

2. Given that 2 was computed deterministically from X, its conditional entropy H(Y|X) = 0, and therefore its
marginal entropy is entirely accounted for by its mutual information with X, z.e., H(Y) = I(X; V).

3. Because microphysics is bijective, local transformations cannot destroy the information [ (X;Y) but can only
eject it out to some other subsystem (if not part of the machine’s stable, digital state, it’s in the thermal state).

4. Thermal environments, by definition, don’t preserve correlation information at all (as reflected by, e.g., thermal
operations « /a Stinespring); therefore, the total universe entropy gets increased by AS = I[(X;Y) = H(Y).

o 'This can be seen through the trace operation over €, or more simply by just observing that joint entropy H(X,Y) = H(X) + H(Y) — I(X;Y)
over two systems increases by I(X; Y) if the original mutual information I(X;Y) is replaced with a new value I'(X;Y) = 0.

)} |
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Basic Reversible Computing Theory

(For full proofs, see arxiv.org:1806.10183)

Fundamental theorem of traditional reversible
computing:

> A deterministic computational operation is
(unconditionally) non-entropy-ejecting if and only if
it is unconditionally logically reversible (injective over its
entire domain).

Fundamental theorem of generalized
reversible computing:

> A specfic (contextualized) deterministic computational
process is (specifically) non-entropy-ejecting if and
only if it 1s specifically logically reversible (injective over
the set of nonzero-probability initial states).

o Also, for any deterministic computational operation, which is
conditionally reversible under some assumed precondition, then the
entropy required to be ejected by that operation approaches 0 as
the probability that the precondition is satisfied approaches 1.

Bottom line: To avoid requiring Landauer costs,
it 1S sufficient to just have reversibility when some specified
preconditions are satisfied.

° Basis for practical engineering implementations.
o Hxemplified by Adiabatic CMOS.

Traditional Unconditionally
Reversible “Gates” (Operations)

A
-~ E N\
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cecNOT EEAY
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Generalized Conditionally Reversible Operations
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10 | Latest Work! (with Karpur Shukla, Brown Un

This paper shows rigorously that the results
summarized on the preceding slides are 100%
consistent with the entirety of modern non-equilibrium
quantum thermodynamics, incl. multiple theoretical
treatments of Landauer’s principle based on that

framework that have been developed over the last few

decades. i
d entropy

Article
Quantum Foundations of Classical Reversible Computing

Michael P. Frank "**© and Karpur Shukla >**0

check for

updates
Citation: Frank, M.P’; Shukla, K.
Quantum Foundations of Classical
Reversible Computing, Entropy 2021,
23,701. https:/ /doi.org/103390/
23060701

Academic Editor: Neal G. Anderson

Center for Computing Research, Sandia National Laboratories, Albuquerque, NM 87185, USA
Department of Electrical and Computer Engineering, Brown University, Providence, RI 02906, USA
Correspondence: mplr.lnkw.\nmh‘a.gm (M.PE); L.lrpur,shukla@hm\\‘n.un{u (KS.);
Tel.: +1-505-284-4103 (M.P.F); +1-646-580-5277 (K.S.)

t  These authors contributed equally to this work.
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Abstract: The reversible computation paradigm aims to provide a new foundation for general
classical digital computing that is capable of circumventing the thermodynamic limits to the energy
efficiency of the conventional, non-reversible digital paradigm. However, to date, the essential
rationale for, and analysis of, classical reversible computing (RC) has not yet been expressed in
terms that leverage the modern formal methods of non-equilibrium quantum thermodynamics
(NEQT). In this paper, we begin developing an NEQT-based foundation for the physics of reversible
computing. We use the framework of Gorini-Kossakowski-Sudarshan-Lindblad dynamics (a.k.a.
Lindbladians) with multiple asymptotic states, incorporating recent results from resource theory, full
counting statistics and stochastic thermodynamics. Important conclusions include that, as expected:
(1) Landauer’s Principle indeed sets a strict lower bound on entropy generation in traditional
non-reversible architectures for deterministic computing machines when we account for the loss
of correlations; and (2) implementations of the alternative reversible computation paradigm can
potentially avoid such losses, and thereby circumvent the Landauer limit, potentially allowing the
efficiency of future digital computing technologies to continue improving indefinitely. We also
outline a research plan for identifying the fundamental minimum energy dissipation of reversible
computing machines as a function of speed.

Keywords: non-equilibrium quantum thermodynamics; thermodynamics of computing; Landauer’s
principle; Landauer limit; reversible computing; resource theory of quantum thermodynamics;
Gorini-Kossakowski-Sudarshan-Lindblad dynamics; Lindbladians; von Neumann entropy; Rényi
entropy; open quantum systems

doi:10.3390/e23060701

IMPACT

Indexed in:

FACTOR
2.494 \"ubMed

099-4300



Can dissipation scale better than linearly with speed!?

Some observations from Pidaparthi &
Lent (2018) suggest Yes!

o Landau-Zener (1932) formula for quantum

transitions in e.g. scattering processes with
a missed level crossing...

J. Low Power Electron. Appl. 2018, 8(3), 30; https://doi.org/10.3390
/jpea8030030

Exponentially Adiabatic Switching in Quantum-Dot

Cellular Automata

Subhash S. Pidaparthi & and Craig S. Lent " &0

Department of Electrical Engineering, Univers|

" Author to whom correspondence should be addressed.

Received: 15 August 2018 / Rev
TSptmb r 2018

(This article belongs to the Special Issue

ity of Notre Dame, Notre Dame, IN 46556, USA

sed: 5 September 2018 / Accepted: 5 September 2018 / Published:

Quantum-Dot Cellular Automata (QCA) and Low Power

|

> Probability of exciting the high-energy state SR
(which then decays dissipatively) scales down Pp = e~ 2Tl 100; e 0mAE 5w
exponentially as a function of speed... = . 100 aR= s
., o =010, AE, =10 eV
° This scaling is commonly seen in many quantum systems! 102} \‘igh
° Thus, dissipation-delay product may have no lower bound | e
for quantum adiabatic transittons—ifthis kind of c i i
scaling can actually be realized in practice. LR =
° Le., in the context of a complete engineered system. 100} .55
° . . . . . = \!\
° Question: Will unmodeled details (e.g., in the driving o e ®E ":3\.
system) fundamentally prevent this, or not? =
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FIG. 10. Dissipated energy of an open system as a function of switching speed for different
dissipation time constants. The dashed line is the excess energy of an isolated system. Here, the
environmental temperature kgT/y = 0.5.

Published in: Subhash S. Pidaparthi; Craig S. Lent; Journal of Applied Physics 129, 024304 (2021)
DOI: 10.1063/5.0033633
Copyright © 2021 Author(s). (Excerpted with permission.)
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Motivation from Economics / Systems Engineering

In general, efficiency 1 of any process can be defined as the amount P of some valued product produced by the process, divided by P
the amount C of cost consumed (in terms of resources, or dollars) by the process. n= E
° FPor a computing system,
° P can be amount of useful zunformation processing performed (e.g., number of operations) by the system over its operating lifetime, and — —
C = Ctot - Cmfg + Coper

o ( can be expressed the sum of manufacturing (& deployment) costs, plus operating costs over the system lifetime. . .
o We can also annualize the costs, in terms of, e.g. time-amortized manufacturing cost. (may be time-amortized)

o More sophisticated variations that account for net present value of future returns, depreciation curves, ez, not considered here.

° Operating costs largely amount to energy-proportioned costs: Coper = Cen * Egper 1

°  Cen = operating cost per unit of energy dissipated; Eqper = total energy dissipated during a given period of operation. n=

Cen " Eop + € -t
We can thus reduce the efficiency formula ) = P /(o for computing to the form at right: en ~op 1 devit  *d

° Eyp = Energy dissipated due to oze primitive device operation (or by one primitive device in time tq). =
° Cdevt = Amortized manufacturing cost per primitive device per unit time t. Cen + Cdev,t

tq Eop

Some observations from this equation.:

1. There ate diminishing efficiency returns from decreasing either Eqp, ot the Cgey,¢ * tq term in isolation
o .. Continuing to push non-reversible technologies will ultimately reach a dead end!

2. Note that if both Eqp and Cgey,t Were decreased by N X, overall efficiency would be increased by NX. (All else being equal.)

3. Decreasing Eq, - tq (dissipation-delay product, DdP) is offen (but not always!) a win.

o [E.g,in scenarios where total lifetime cost of operation starts out very heavily energy-dominated, total cost can be reduced by lowering
Eop, even in cases where Eyptg stays the same, or even increases somewhat!

4. However, at any given per-device cost, decreasing Eq, (tg) (dissipation as a function of delay) for any given delay value tq is
always a win.
o 'Thus, this will be our focus in future work.




" ‘ Why Reversible Computing Wins Despite Its Overheads!

Bumper-sticker slogan: “Running Faster by Running Slower!” (Wait, what?) More precisely:

> Reversible technology is so energy-efficient that we can overcome its overheads (including longer transition
times!) by using much greater parallelism to increase overall performance within system power constraints.

° This is borne out by a detailed economic/systems-engineering analysis.

Bottom line: The computational performance per unit budgetary cost on parallelizable computing
workloads can become as large as desired, given only that bo#h ferms in this expression for total cosz per
operation Cyp can be made sufficiently small:

Cop = Cg - Ediss,op + Cy (Selem . tdelay)-
where:
° g is the operating cost Cyper attributable to supplying power/cooling, divided by energy delivered.
° Eqiss,op 18 the system energy dissipation, divided by number of operations performed.

° Cp is the total cost Cyyfg for system manufacturing & installation, divided by the number n,, and physical size
Selem (I appropriate units) of individual computing elements, & the system’s total useful lifetime &jfe.

° lgelay 1S the average time delay between instances of re-use of each individual computing element.

Two key observations:
> The cost per operation of a// conventional computing approaches a hard floor due to Landauer.
o Assuming on/y that the economic cost of operation per Joule delivered cannot become arbitrarily small.

° But, there is zo clear barrier to making the manufacturing cost coefficient €y ever smaller as manufacturing
processes are refined (and/or the deployed lifetime of the system increases).

.. Nothing prevents system-level cost efficiency of reversible machines from becoming arbitrarily larger
than conventional ones, eve if we have to scale tyelay and/or Sejem up as we scale Egjsg op down!

Total cost per

System cost-efficiency

computational operation

(operations per unit cost)

Crot = Cmfg + Coper

Amortized Cost Scaling

>

Conventional
computing

Reversible

computing

for non-reversible tech

>

Investment in
technology development

Cost-Efficiency Scaling

>

Reversible
computing

Cost-efficiency ceiling for nonfreversible tech

Conventional
computing

>

Investment in
technology development

| R $3090909 &= B |



16 ‘ Economic Analysis at a Glance

Same charts generated in Excel, using exponential decline in above-floor costs with investment.
> However, any rates of approach to 0 above-floor cost still lead to indefinitely-large long-term efficiency advantages for RC.

Amortized Cost Scaling Cost-Efficiency Scaling

Reversible cost

Reversible cost-efficiency

Conventional cost

Conventional cost-efficiency

- - - - Energy cost floor for non-

reversible tech - = = = Cost efficiency ceiling for

non-reversible tech

Total system-level cost per useful computational operation (arb. units)

Cost efficiency (useful operations per unit system cost, arb. units)

Investment in technology development (arbitrary units) Investment in technology development (arbitrary units)
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What is dissipation-delay efficiency, and why is it important!?

Typically, the zotal cost $1or = S + $p to perform a computation is minimized

when energy-related costs $f and manufacturing-related costs $,; are roughly on

the same order.

° Because, there are diminishing returns from individually reducing either one of these two
cost components far below the other one.

> And, doing so actually makes the total /arger, if the other cost component gets zcreased as a result.
Can express total cost in terms of device parameters: $ior = kg Egiss + Kytael

For any technology that permits tradeoffs between energy efficiency and serial
performance, there will be some region of the energy-delay curve where the
tangent line (on a log-log chart) has slope —1.
° In this region, the energy-delay product 1s roughly constant.
° This 1s even true for voltage scaling in standard irreversible CMOS.
° But, fully adiabatic techniques can extend this scaling region over a much wider range.
o Ditferent operating points in this linear scaling region will be suitable for applications
with different cost coefficients kg, kpy that apply to energy vs. manufacturing cost.

o FE.g.,in spacecraft, the effective cost of energy vs. hardware is much greater than in grid-tied applications.

NOTE: If you can move to a new technology whose energy-delay frontier
(curve) touches a min. energy-delay product line that is N X lower than before,

° Then it follows that #fal cost for some applications is reduced by at least VN |

Energy dissipation/op
(log scale)

«

High-performance”
/ ‘Low-power”

S, E diss (tdel)

Device delg‘y (log scal\é“)\

Dissipation-delay
product:

Cpr = Eqiss * tdel

Dissipation-delay
efficiency:

1

Ngt = —
CEt

| R $3090909 &= B |



13 | Existing Dissipation-Delay Products (DdP)

—Non-reversible Semiconductor Circuits nerey & delay, CMOS FO3 HP
1E-14 &
.
Conventional (non-reversible) CMOS Technology: *df\\\\ 2l
> Recent roadmaps (e.g., IRDS “17) show Dissipation-delay 96/\p
Product (DdP) decreasing by only <~10X from now to the end - N
of the roadmap (~2033). L
°> Note the typical dissipation (per logic bit) at end-of-roadmap is projected to be B On? CMOS \\\
~0.8 f] = 800 a] = ~5,000 eV. : logic gate I
o Optimistically, let’s suppose that ways might be found to lower S eas | [
dissipation by an additional 10X beyond even that point. o S X
> That still puts us at 80 a] = ~500 eV per bit. 5 S Sl i J
> We need at least ~1 eV = 40 £T electrostatic energy at a u
minimum-sized transistor gate to maintain reasonably low NN
leakage despite thermal noise, \(\zfi\\\]
° A-nd,'typical structural overhead factors compounding this within fast random logic Source: IRDS ‘17 \Q\\j}f/.
circuits are roughly 500X, More Moore chapter \«\s*\
° 50, ~500 eV is indeed probably about the practical limit. 1E-16 AR
1.E-12 1.E-11

o At least, this is a reasonable order-of-magnitude estimate.
CV/l delay, s



Performance per-area scaling with machine thickness
Frank & Knight 1997, doi:10.1088/0957-4484/9/3/005

19

Assumptions of this simple analysis include: Entropy flow
° Classic adiabatic (Egjss op % 1/t) scaling

o

Fixed operating temperature

o

Constant volume and mass per device

> Bounded entropy flux density Fg ’ """"""""""""""""
> No algorithmic overheads for reversibility depth d ' .
v device
Later, we will discuss the impact of considering volume
the algorithmic overheads of reversibility.
) - : : PR ‘ o
Spoiler: Reversible computing still wins! Number of devices Nyew = Ad/V
Entropy generation rate Rs = NgevS/top
Entropy removal rate Rs = FsA ¢ Rop = A
Entropyv per operation S = kg/tep
Total rate of operation Ry, = Nyev/top !
Max rate achieved when t,, = /dks/FsV.
. FsksV
Beats irreversible R,, = 4?% whenever d > — S; .

Figure 6.1: Speed limit for reversible machines of minimum-surface area &(A) and
thickness d < A2, The maximum rate of computation scales as @(AvV/d).

§ 00 D e



20 I Accounting for Nonidealities

Earlier analyses assumed that leakage can be engineered to be as small as necessary for it not to be
limiting (which may be an OK assumption for soze technologies) and negligible algorithmic
overheads (which may be an OK assumption for some problems).

° But, can we still show an advantage even when making motre pessimistic/realistic assumptions?

> Answer is yes!

Even for worst-case problems, we can always at least

B DN $ 39090 e 0090999 ]

still use the “Frank ‘02 algorithm (Bennett ‘89 variant). Worst-Case Energy/Cost Tradeoff
° And, even better general “reversiblization” algorithms o e :
may yet be discovered in the future. (Optlmlzed Bennett-89 Varlant)
L . 100000000 ‘ T 70
Then, as the technology is improved, and leakage is 0000000 t — = ”w
reduced, we can adjust the parameters of the algorithm cost x energy o 60

. . . 7 1000000
to minimize the total cost

° Including both energy and spacetime/mfg. associated costs.

100000

10000

We find that we can reduce total lifetime systezz cost by 1000
any factor of N if we just reduce leakage by ~N?%°° and 100
time-amortized per-device manufacturing cost by ~N 59, 10

o Example: To achieve an N = 1,000 X overal/ etficiency boost, 1
reduce leakage by 47.8MX and mfg. cost/device by 59,000%.

> Ambitious but doable!! This gives us a way forward, where otherwise there is none!




Section lll. Reversible Computing
Technologies in Semiconducting
Platforms

Current Status of Reversible Computing




2 | Adiabatic Circuits in CMOS: A Brief History

A selection of some early papers:

Fredkin and Toffoli, 1978 (DOI:10.1007/978-1-4471-0129-1_2) -
o Unfinished circuit concept based on idealized capacitors and inductors \1}1 . gir
> How to control switches to do logic was left unspecified 1 3 _- .
o Large design overhead—Roughly one inductor per gate Figure reproducé with permission
Seitz et al., 1985 (CaltechCSTR:1985.5177-tr-85)

o Realistic MOSFET switches; more compact integration (off-chip L)

> Not yet known to be general-purpose; required careful tuning

Koller and Athas, 1992 (DOI:10.1109/PHYCMP.1992.615554)
> Not yet fully-reversible technique; limited efficiency

> Combinational only; conjectured reversible seguential logic impossible

_ (DOIs:10.1109/PHYCMP.1992.615549;
Hall, 1992; Merkle, 1992 10.1109/PHYCMP.1992.615546)

o General-purpose reversible methods, but for combinational logic only

Younis & Knight, 1993 (http://dl.acm.org/citation.cfm?id=163468)
o First tully-reversible, fully-adiabatic seguential circuit technique (CRL)
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Adiabatic Circuits in CMOS: History, cont.

Younis & Knight, 1994
o Simplified 3-level adiabatic CMOS design family (SCRL) ' FlatTop

> However, the original version of SCRL contained a small non-adiabaticity
bug which I discovered in 1997

o This problem is easily fixed, however

Subsequent work at MI'T, 1995-99
° Myself and fellow students First Fabbed  First Adiabatic

° Various chips designed using SCRIL. = RCPU Y;*]‘h % z FPGA
) ) eversible
° Reversible processor architectures

Substantial literature throughout the late 90s / early 2000s. ..
° Too many different papers / groups to list them all here!
° Most of the proposed schemes were not truly/fully adiabatic, though

Researchers recently active in adiabatic circuits include:
> A couple I know in the US:
> Greg Snider (Notre Dame)
> Himanshu Thapliyal (U. Kentucky)

° Also some groups in Europe, India, China, Japan...
° My group at Sandia (new work reported on slide #18)

XRAM

First
Adiabatic
RAM

First Fully
Adiabatic
CPU



Conventional vs. Adiabatic Charging

For charging a capacitive load C through a voltage swing V

Conventional charging: Ideal adiabatic charging:
> Constant vo/tage source o Constant current source
O=CV 0=CV
o — —

4@ T —— I R
af

° Energy dissipated: ° Energy dissipated:
1 : Q%R RC
conv _ 2 d
Egiss = 2 v E3L2 = I°Rt = B CV?—
. Adi : : ENY 1 ¢t
Note: Adiabatic charging beats the energy g o= ldiss _ 2
efficiency of conventional by advantage factor: gadia 2 RC

diss



Adiabatic Charging via MOSFETs

A simple voltage ramp can approximate an ideal constant-current source.
> Note that the load gets charged up conditionally, it the MOSFET is V{{_ o=CV C
turned on (gate voltage V, £ V + V) during ramp. t

o V., is the transistor’s threshold, typically < 2 volt

Can discharge the load later using a similar ramp.
o Hither through the same path, or a different path.

t » RC = Ediss—>CV2E
t

t K RC = 1 2
Ediss _)ECV

Exact formula for linear ramps:
Egiss = s|1+ s(e7/s —1)|cV?

given speed fraction s = RC/t.

The (ideal) operation of this circuit approaches physical reversibility (Egiss — 0) in the limit £ — oo,
but only it a certain precondition on the initial state is met (namely, V, = Vpax + Vi)

> How does the possible physical reversibility of this circuit relate to its computational function, and to some

appropriate concept of logical reversibility?

o Traditional (Landauer/Fredkin/Toffoli) reversible computing theory does not adequately address this question, so, we need a mote

powerful theory!

o The theory of Generalized Reversible Computing (GRC) meets this need.

See arxiv:1806.10183 for the full GRC model.




2LAL test chip

Perfectly Adiabatic Reversible Computing in CMOS taped out at

Sandia, Aug. ‘20

To approach ideal reversible computing in CMOS... Shift Register Structure and Timing in 2LAL
. . . 0i1:12:3
W@ must aggr.esswely.ehmm-ate al/ sources of non- o ¢1 ¢ ¢3 %o 5 /TN
adiabatic dissipation, including: ] } ] ] ] & LT
° Diodes in charging path, “sparking,” “squelching,” qu _\_.i ;
o Eliminated by “truly, fully adiabatic” design. (E.g., CRL, 2LAL). S-1 5o o1 5 5 s &N
o Suffices to get to a few aJ (10s of eV) even before voltage optimization. 5. I
° Voltage level mismatches that dynamically arise on floating [ D‘ [ [ [ o —/>
nodes before reconnection. 2L
o ) ) o3 ®o b1 o7 ®3 S3
o Eliminated by static, “perfectly adiabatic” design. (E.g., S2LAL).
We must also aggressively minimize standby power Shift Register Structure and Timing in S2LAL
dissipation from leakage, including: _
1 P2 P3 Ticks #t (mod 8) Ticks #t (mod 8)
o Subthreshold channel currents ®o 1 ¢2 01234567 01234567
o Low-T operation helps with this So S, S, Ss qio So /L .
. . T T ¢1 51
° Tunneling through gate oxide 5 5
o FE.g., use thicker gate oxides B AN

b s TN AT
Note: (Conditional) logical rever- — 4 4 4 BN S

sibility follows from perfect adiabaticity. be 5
b2 b3 b4 & 5
(arxiv:2009.00448)




An SRC-funded study done at the University of Florida (2004)

27
Semiconductor . : UNIVERSITY o
Resesich Simulation Results (Cadence/Spectre) JF ' F1.ORIDA
Seipenstion Power vs. freq., TSMC 0.18, Std. CMOS vs. 2LAL
. Ireq., 19, 9td. VS. = Graph shows per-FET power
Simulation results appeared to 2LAL = Two-level adiabatic logic (invented at UF, ‘00) dissipation vs. frequency
show that 2LLAL in TSMC 180nm 1E-05 — S " Inan 8-stage shift register.
could get to as low as 1 ev (}) =l mode.rate i N::-l 2),
dissipation/FET/ clock cycle. 1506 R, ower of rroversibiel e
. n -
We now believe (thanks to a current E 1.E07 Mg ?1t s\',f,rftr';’r‘]";i';’fg"r’)e Lai
NSCI—fU.ﬁded StU.dy at Sﬁﬂdlﬂ} that ul:_ : Standard = Reversible is 100 X faster than
this specific result was most likely . OB R ST CMOS irreversible!
unrealistic, because the BSIM3 i D < = Minimum energy dissipationI
. . N
models we had in ‘04 (we think) g VB0 s N\ | Ok bR il o s
bablv sionifi d d - ji \'\ : ® 500 X Jower dissipation than
probably significantly under- S e R SO\ | best irreversible CMOS!
estimated the actual gate leakage o /R ; = 500 X higher computational
g g 2
. : T 7 H\\%‘Q K e energy efficiency!
resultmg from tunnehng. E 1E11 RNy ANVIIIEEAN, AS—F ’ » Energy transferred per nFET
o We think that specific BSIM3 model 2 \V‘ 1“; “:i:\ 0.5v per c%\(,:Ie is still on tFP)1e order
did not capture gate leakage at all. & 1E12 % N\ ‘ N l2sy of 1-10 fJ (10-100 keV)
5 >\ \ &\\\;K A = So, energy recovery efficiency
However, we do still believe that,in =~ § 143 N N \Wﬁ" _ is at least 99.99%!
a real prOCGSS that was WCH Optl— = \ %@ﬂ ‘ - C-l—u?\lliltti t:icstgc:e(s2 nit iln(t):'lgt?eoa!ny of
mized for low leakage, we would be 1.E-14 S ‘ | | the parasitic lasses assoclated
. . . . . with power supply and clock
able to achleve Slmﬂarly H‘npresslve 1E+09 1.E+08 1.E+07 1.E+06 1.E+05 1E+04 1.E+03 distribution yet, though

results to this. Frequency, Hz



Latest Results from the Adiabatic Circuits Feasibility Study |
26 | Simulation Efforts at Sandia, funded via NSCI (2017-2021)

) ) ) ) Energy Dissipation/FET in Shift Register (10 fF wire load/signal) I
Created schematic-level fully-adiabatic designs for (1 pJ)
Sandia’s in-house processes, including: LE12
° Older, 350 nm process (blue curve)
, —+—350 nm 2LAL (Vdd = 3.3 V)
o FET widths = 800 nm
> Newer, 180 nm process ( , green curves) 1.e-13 ——180nm S2LAL (Vdd =1.8V) '
o FET widths = 480 nm —— 180 nm 2LAL (Vdd = 1.8V)
Plotted energy dissipation per-transistor in shift 1 EA4

registers at 50% activity factor (alternating 0/1)
o 2LLAL (blue, curves)

Energy Dissipation / Cycle / FET (J)

) 1f)
S2LLAL (green curve) g.E-lg
In all of these Cadence/Spectre simulations,
> We assumed a 10 fF parasitic wiring load capacitance
on each interconnect node. 1.E-16
° Logic supply (V3q) voltages were taken at the
processes’ nominal values. I
> 3.3V for the 350nm process; 1.8V in the 180nm process. 1.E-17 I
We expect these results could be significantly
improved by exploring the parameter space over (1aJ)
possible values of V34 and Vg, (substrate bias). LE:18
1.E403  1.E404  1.E+05  1.E+06  1.E+07  1.E+08  1.E+09
Clock Frequency (Hz) l



See Frank et al. “Exploring the Ultimate

. . Limits of Adiabatic CMOS”, 38t |EEE
Resonator design effort, in progress... nticonf. on Computer Design (1CCD’20),

] 10.1109/1CCD50377.2020.00018
Goal of this effort: -
> Design & validate a high-efficiency resonant oscillator (for low-to-medium RF frequencies) that approximates a Bl
trapezoidal output voltage waveform.
. . c L ol Tle
Innovative design concept: Lo, St
o Transformer-coupled assemblage of L.C tank circuits with resonant frequencies corresponding to odd multiples of the T ?
fundamental frequency, excited in the right relative amplitudes to approximate the target wave shape ! TE
St TF1
o T=1.00
Some detailed requirement specifications: . : I
o Initial target operating point: 230 kHz, 1.8V (optimal point for minimum dissipation in the UF study) (MET.) L Caneor g'[ffm " ? é
> However, our circuit technique should be adaptable over a wide range of frequencies and voltages. '
o Tops and bottoms of trapezoidal wave should be within =5% of flatness throughout "4 clock period. (MET.) L T2 ‘

> The 10-90% rise/fall time should be between 75 & 100% of its nominal value (80% of 1/4 clock period) (MET.) e
o Efficiency goals:

o

Quality factor of resonator during unpowered ring-down should be 21,000. (MET. Simulated value: ~3,000.)

Total energy dissipation per cycle during steady-state powered operation should be =1% of magnetically-stored energy in the resonator, when the
oscillator is running in isolation. (Still needs validation.)

o

o Total energy dissipation per cycle during steady-state powered operation should be <10% of the capacitively-stored energy on an appropriately-sized
model (RC) load, P\)xzhen tﬁe os};illator is gCouple}é to thep load. (N elgds validation.) P . & pprop ’

A number of significant design challenges that have been encountered so far:
> How to tune the relative amplitudes of the component resonant modes (Solved.)

> How to prevent phase drift and transfer of energy between modes (Solved.)

o Identifying/tailoring components to have precise-enough I, C values

o Designing a driver circuit that meets efficiency goals during steady-state operation
Packaging & integration for a complete system including a resonator & a 2LLAL die.

Vout, V

o

N TN T S T T T
A provisional patent application has been filed on our resonator design. 5 + £ = § E & £ 8 £ B
> We invite industry firms to partner with us under NDA/CRADA. = - = 8 % B & = & % B8

time, msec



Section lll. Reversible Computing
Technologies in Superconducting
Platforms

Current Status of Reversible Computing




Work along this general line has roots that go all
the way back to Likharev, 1977.

Most active group at present 1s Prof. Yoshikawa’s
group at Yokohama National University in Japan.

Logic style called Reversible Quantum Flux Parametron

(RQFP).
Shown at right 1s a 3-output reversible majority gate.

Full adder circuits have also been built and tested.

Simulations indicate that RQFP circuits can
dissipate < £T'In 2 even at T = 4K, at speeds on
the order of 10 MHz

31 | Adiabatic Reversible Computing in Superconducting Circuits

RQFP

)b

A

| e

a
-

a—>

B

b ——>

o

C

C—>

(@]

hes l J2 ,Ii
L, § L, Lyire
A= 2T
Lwnre Lin Lx§ L1 Loul Lwnre
= Lwire
AQFP-SPL

X
> X
= ab+bc+ca
Y
—y _ _
= ab+bc+ca
b 4
e Z
= ab+bc+ca

AQFP-MAJ




32 ‘ Existing Dissipation-Delay Products (DdP)—
Adiabatic Reversible Superconducting Circuits

Reversible adiabatic superconductor logic:

o State-of-the-art is the RQFP (Reversible Quantum Flux
Parametron) technology from Yokohama National
University in Japan.

o Chips were fabricated, function validated.

o Circuit simulations predict DdP is >1,000X /ower than
even end-of-roadmap CMOS.

o Dissipation extends far below the 300K Landauer limit (and even
below the Landauer limit at 4K).

o DdP i1s szl better than CMOS even after adjusting by a conservative
factor for large-scale cooling overhead (1,000X).

Question: Could some ozher reversible technology
do even better than this?

> We have a project at Sandia exploring one possible
superconductor-based approach for this (more later)...

o But, what are the fundamental (technology-independent) limits, if any?

RQFP =
Reversible
Quantum Flux

Parametron
(Yokohama U.) <

energy aissipation for full adder operation, J

Energy & delay for full adder cell

1E-13
CMOS FA
- 2;);}{"10 nm")
2033 ("1 nm")
1E-15 }
1E-16
1E-17
N e
1E-18 3
2 :
=
1E-19 =
o-«
—
¥
1E-20
T kT@T=300K W % |
1E-21
Data from
B2 ==m=—ua——o T. Yamae, "\
kT@ T=4K ASC ‘18
1E-23
1612 1E11 1E-10 1E-09 1E-08 1.E-07

Full adder delay / Clock period, s
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Ballistic Reversible Computing

Can we envision reversible computing as
a deterministic elastic interaction process?

Collision-Based

Computing

Historical origin of this concept:

o Fredkin & Tofttoli’s Billard Ball Model ot
computation (“Conservative Logic,” IJTP 1982).

> Based on elastic collisions between moving objects.
o Spawned a subfield of “collision-based computing.”

o Using localized pulses/solitons in vatious media.

No power-clock driving signals needed!
> Devices operate when data signals arrive.
> The operation energy 1s carried by the signal itself.

> Most of the signal energy is preserved in outgoing signals.

Andrew Adamatzky (Ed.)

%) Springer

However, all (or almost all) of the existing design concepts for ballistic computing invoke implicitly
synchronized arrivals of ballistically-propagating signals. ..
o Making that approach work in reality presents some serious difficulties, however:
o Unrealistic in practice to assume precise alignhment of signal arrival times.
o Thermal fluctuations & quantum uncertainty, at minimum, are always present.
o Any relative timing uncertainty leads to chaotic dynamics when signals interact.
> Hxponentially-increasing uncertainties in the dynamical trajectory.

o Deliberate resynchronization of signals whose timing relationship has become uncertain incurs an inevitable energy cost.

Can we come up with a zew ballistic model of reversible computing that avoids these problems?

| R $3090909 &= B |
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Problem: Conservative (dissipationless) dynamical systems generally tend to exhibit chaotic
behavior...

° This results from direct nonlinear interactions between multiple continuous dynamical degrees of
treedom (DOFs), which amplify uncertainties, exponentially compounding them over time...

o E.g, positions/velocities of ballistically-propagating “balls”

> Or more generally, any localized, cohesive, momentum-bearing entity: Particles, pulses, quasiparticles, solitons...

Core insight: In principle, we can greatly reduce or eliminate this tendency towards
dynamical chaos...

> We can do this simply by avezding any direct interaction between continuous DOFs of different
ballistically-propagating entities

Require localized pulses to arrive asynchrononsh—and furthermore, at clearly distinct, zon-
overlapping times

> Device’s dynamical trajectory then becomes zndependent of the precise (absolute and relative) pulse
arrival times

o As a result, timing uncertainty per logic stage can now accumulate only /Znearly, not exponentially!

> Only relatively occasional re-synchronization will be needed

o For devices to still be capable of doing logic, they must now maintain an internal discrete (digitally-
. ; p glc, they \ Yy
precise) state variable—a stable (or at least metastable) stationary state, e.g., a ground state of a well

No power-clock signals, unlike in adiabatic designs!
> Devices simply operate whenever data pulses arrive
o The operation energy is carried by the pulse itself

> Most of the energy is preserved in outgoing pulses

o Signal restoration can be carried out incrementally, or periodically

Goal of current effort at Sandia: Demonstrate BARC principles in an implementation
based on fluxon dynamics in Superconducting Electronics (SCE)

(BARCS £) effort)

Ballistic Asynchronous Reversible Computing (BARC)

—i') A —

; A
1 g N

—— = 1B

exact
alignment gap >0

Synchronous Ballistic Asynchronous Ballistic

|

Rotary Toggled
(Circulator) Barrier

Example BARC device functions

C C
— ? —
o CD
D@Z (initilallly NC) -
— CD

—
Example logic construction



N ‘Simplest Fluxon-Based (bipolarized) BARC Function

One of our early tasks: Characterize the simplest nontrivial BARC device functionalities, given a few simple

design constraints applying to an SCE-based implementation, such as: RM Transition Table
> (1) Bits encoded in fluxon polarity; (2) Bounded planar circuit conserving flux; (3) Physical symmetry.

: : : . . Input Output
Detf.:rmmed through t;heoretlcal hand-analysis that the simplest such function is the Syndrome Syndrome
1-Bit, 1-Port Reversible Memory Cell (RM):

> Due to its simplicity, this was then the preferred target for our subsequent detailed circuit design efforts. .. +1(+1) —  (+1)+1
+1(-1) —  (+1)-1

RMicon:. ——() 1D - (D

D) - ()l

Stationary

Some planar, unbiased, reactive SCE circuit w. a continuous
e superconducting boundary

* Only contains L’s, M’s, C’s, and unshunted JJs
 Junctions should mostly be subcritical (avoids Ry)

» Conserves total flux, approximately nondissipative

Desired circuit behavior (NOTE: conserves flux, respects T
symmetry & logical reversibility):
» If polarities are opposite, they are swapped (shown)
 |f polarities are identical, input fluxon reflects
back out with no change in polarity (not shown)
» (Deterministic) elastic ‘scattering’ type interaction: Input
fluxon kinetic energy is (nearly) preserved in output fluxon




36 ‘ RM—First working (in simulation) implementation!
Erik DeBenedictis: “Ity just strapping a JJ across that loop.”

° This actually works!

“Entrance” J] sized to = about 5 LJ] unit cells (~1/2 pulse width)
o I first tried it twice as large, & the fluxons annihilated instead...

9 (O F

o “If a 15 pA JJ rotates by 2r, maybe "2 that will rotate by 4™ (&

Loop inductor sized so =1 SFQ will fit in the loop (but not *2)
o ] is sitting a bit below critical with & 1

WRspice simulations with =1 fluxon initially in the loop
o Uses 1c parameter, & uic option to . tran command
> Produces initial ringing due to overly-constricted initial flux

o Can damp w. small shunt G

Polarity mismatch - Exchange Polarity match - Reflect (=Exchange)

Q wrspice plot 45 _oox|Q wrspice plot 46 ]

Loop current -6UA ' |oop current +6uA Loop current +6uA

Junction-current-|

Junction current 1

Junction phase 0 /Jjunction phase 41

«— 2®, flux crossing junction

300

“Junction current
o | \dunction-phase 0 \/\ \ NN

))
Zero net flux transfer




37 | Resettable version of RM cell—Designed & Fabricated!

Apply current pulse of appropriate sign to flush the stored flux (the pulse here flushes out positive flux) I
o 'To flush either polarity = Do both (f) resets in succession
;f:curfem‘ ulse activating SUNY DC-SFQ converter - Fabrication at SeeQC
Ny e e with support from ACI

+10y stored in cell 0o stored in cell DC-S FQ & LJJ

AAAAAAAAAAAA A AR
w/ «— Input JJ rotates by +211 > +1®, enters cell

«—Pulses on reset bias line—

i
L
B DN 09090 e

« Flush JJ rotates by +211 > +1®, exits cell

RE— \2.%
\%% (Note no effect
A{a.?se _______| from 2 reset)

Read-out SQUID LJJ has I L < @,
RMhas I L = @,

e I S RM Cell & SQUID

Reversible Memory Cell
+ SQUID Detector

“1 SQuID

Detector

SFQ-to-DC DC
DC-to-SFQ Converter ‘readout

Converter

LJJ will contain ol

many segments, 1

only 3 are drawn ] !
— = &8l )0 Reversible Memory Cell |{1 3| [




Section V. Conclusion
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Current Status of Reversible Computing




39 ‘ Conclusion

The theoretical underpinnings behind Landauer’s Principle and reversible
computing rest solidly on the most unshakable, bedrock, foundational principles of
physics (as well as its very most cutting-edge, modern formulations).

> .. No other method for general digital computing except for (various forms of) reversible

computing can possibly circumvent the thermodynamic limits of the conventional (non-
reversible) paradigm, within the laws of physics.

Simple analyses from economics/systems engineering/asymptotic complexity imply
that reversible computing can also yield ongoing improvements in system-Ilevel
cost-efficiency, despite its various overheads.

> No Ilimit to the long-term cost-etficiency advantages that can be provided through the use

of RC techniques along this new scaling trajectory is yet known.

Clear, compelling,.energy—efﬁcient engineering implementations of the principles of

reversible computing have already been developed and demonstrated for both
semiconducting and superconducting technology platforms.

> Nothing prevents the field from much more guickly continuing to make progress towards
commercial applications—except for funding]

I would strongly encourage SRC (and industry more broadly) to soon begin
investing heavily 1n this area, for the benefit of humanity.

a(clelc)

2 ©JoJo)

N,

System cost-efficiency
(operations per unit cost)

Cost-Efficiency Scaling

\

Reversible
computing

Cost-efficiency ceiling for nopfreversible tech

Conventional
computing

Ny,
>

Investment in
technology development




