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The original Pascaline was a mechanical calculator able to sum and subtract integers. It en-
codes information in the angles of mechanical wheels and through a set of gears, and aided
by gravity, could perform the calculations. Here, we show that such a concept can be real-
ized in electronics using memory elements such as memristive systems. By using memristive
emulators we have demonstrated experimentally the memcomputing version of the mechan-
ical Pascaline, capable of processing and storing the numerical results in the multiple levels
of each memristive element. Qur result is the first experimental demonstration of multi-
digit arithmetics with multi-level memory devices that further emphasizes the versatility and
potential of memristive systems for future massively-parallel high-density computing archi-

tectures.

The Pascaline, built by the mathematician Blaise Pascal, is one of the first known mechanical
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calculators to perform the basic arithmetic operations [/ that has been produced on a “large scale”
for its times. The machine, whose picture is shown in Fig. [Ija, uses gears and wheels and is aided
by gravity to transfer the carry of the addition ?. It encodes ten digits in certain positions (rotation
angles) of the wheels (one wheel for each power of the base-ten system), so we could call it a
multi-state machine in the sense that each of the memory elements (wheels) encodes more than
two values of information. In addition, the results of the computation are stored directly in the
states (angles) of the wheels themselves, enabling the user to read out the result of the computation
without any additional device. Although the commercial success of the Pascaline was limited, it is

considered an important step in the development of computing machines.

The Pascaline is of course far less powerful than our present digital computers. However,
these latter ones typically store one bit of information per memory cell, namely our present dig-
ital machines are two-state (binary) machines. In addition, our present computers employ a dif-
ferent unit, other than the memory, to actually perform the computation, thus requiring constant
communication between the memory and this computing unit. It is thus tempting to employ the
multi-state and computing-in-memory features of the Pascaline in future computing architectures.
Indeed, multi-state memory would allow an increased information storage on a single element,
and if the results of arithmetic operations on these multiple states could be stored directly in the
memory itself (like for the Pascaline), there would be no need to transfer information from the

physical location where it is computed to where it is stored (at present, this represents an important

*Practically only addition, since subtraction was performed using the method of nine’s complements, multiplication

as repeated summation, and division as repeated subtraction.



bottleneck in our digital computers ).

For the above reasons, the concept of using memory to process information (memcomputing®)
is now receiving increased attention. Its foundations are supported by the mathematical notion of
a Universal Memcomputing Machine® — an alternative computing paradigm to the Turing Machine
— which shows substantial advantages when realized in hardware. Memory elements that store
multiple levels of information can be fabricated either using active devices (e.g., transistors) or
passive ones. The passive ones, in particular, hold the advantage that they require much less power
to perform computation than active elements ©* and can be realized with a variety of materials and

systems down to nanoscale dimensions 719,

In this paper, we will demonstrate experimentally a memcomputing machine that works like
the Pascaline. We will use emulators of memristive elements (resistors with memory) we have
introduced previously "2 to build such a device. We will show that it is capable of addition and
subtraction directly in memory. We choose to work in base-10 but our machine can easily work in

any base.

We should note that multi-bit information processing and storage with memristive devices

A7 and indeed multi-bit arithmetics with memris-

has been demonstrated in several experiments
tive devices has already been considered in the literature, but in a considerably simpler architecture
than what we show in this work. For instance, in Ref. |15 Wright ez. al. demonstrated a single digit

base-10 arithmetics with phase-change materials. The authors of Ref. |17 reported a “memristive

abacus” based on synaptic Ag-Ge-Se devices that can calculate decimal fractions. All this previous



work is limited to single-digit operations that are certainly not enough for any practical purpose.

The experimentally built memristive Pascaline (see Fig.[Ip) consists of four identical blocks
responsible for four different digits of a number. The blocks are coupled to each other in series so as
to carry over. Each block consists of a memristor M; connected in series with a resistor R; to +2.5
V, a reset circuit Res;, displayed in detail in Fig. 2@, and a pulse generator P; (here, i = 1,2, 3, 4).
The digit value is stored in the state of the memristor and represented by the voltage across the
memristor in the absence of programming and reset pulses. The memristors are connected in
such a way that negative programming pulses from P; increase their memristances and, therefore,
the voltages across the corresponding M;s. We use threshold-type memristors implemented with
memristor emulators ™18 (see Fig. [2b). The memristor model ' parameters are o = 0, 8 = 62
kQ/V-s, Vi = 1.2V, Ryin = 1 KQ, Ry = 10 kQ. Figure [2c presents experimentally measured
pinched hysteresis loops of a single memristor connected to an AC voltage source. The frequency
behavior of these loops is typical for memristive devices ™. The memristive Pascaline is powered
by a 5V voltage source and employs 2.5V as a virtual ground. The outputs of pulse generators P;

in Fig. ljc take —2.5 V during the pulse, and are otherwise in a non-connected state.

The reset circuit Res (Fig. [2a) compares the voltage across the memristor Vj, with a thresh-
old voltage V; (applied to the minus’ terminal of A;) and generates a positive (+2.5 V) reset pulse
as soon as the voltage on the memristor exceeds V;. The reset pulse width is defined by Rz 2C}
time constant (see Fig. [2a) that needs to be sufficiently long to set the memristor into its R,

state. This pulse is also used for carry over: as it can be seen from Figure[Ip, the output of Res; is



Figure 1: Pascaline machines: from past to present. a. Mechanical Pascaline (machine de la
Reine Christine de Suede, 1652) exhibited in the Musée des Arts et Métiers (Paris). b.
Memcomputing Pascaline. Pulse generators P;-P, (at the bottom) are triggered by push in buttons
or carry pulses from Res circuits. The outputs of P;-P, (top terminals) provide negative voltage
pulses increasing memristances of M;-My in steps. Reset circuits Res;-Res, are used to reset
memristors when their memristances exceed a threshold (at the same time generating the carry

pulse).



connected to the input of P; ;.

The present Pascaline architecture supports different number bases, which are defined by the
length of the memristor programming pulses (from pulse generators P;) and thresholds of reset
circuits V;. For example, using 10 ms programming pulse width, we have obtained a base-5 oper-
ation, as demonstrated in Figure 2jd. The size of the base can be programmed by tuning the pulse
width. For instance, the memristor device emulated here, allows a maximum base size determined
by [(Rimaz — Rmin)/(BATAV)], AT being the pulse width, AV the difference between the pulse
amplitude and the threshold voltage, V7, and [ | denotes the ceiling value. A memristive analog
of a French monetary (nondecimal) Pascaline could be realized by programming pulse widths for
each digit or selecting different values of V;, that, according to the reset circuit configuration in

Figure [2h, introduces additional constraints to the size of the base.

Finally, addition and subtraction with the memcomputing Pascaline is presented in Figure
The decimal operation regime has been obtained using 6 ms wide programming pulses. The
voltage thresholds, indicated by the digital readouts in Figs. 3 (a) and 3 (b), are determined by
the internal parameters of memristors. In the case of the selected device used for emulating the
Pascaline, the resistance levels linearly depend on time and pulse amplitude. As an example of
addition, we show that 1642 (the year when the first mechanical calculator was built) plus 373
equals 2015. The subtraction is implemented using nine’s complements (the same method is used
with the mechanical Pascaline). So, in order to subtract 373 from 2015, we add 373 to the nine’s

complement of 2015 — 7984 — and find the nine’s complement of the addition result (8357) — 1642
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Figure 2: Building blocks of the memristive Pascaline. a. Schematics of the reset circuit
Res; connected to a memristor. R; = Rrp = 10 k€2, Rp; = 470 Q, C; = 10 uF, Ay are
MCP6542 comparators (Microchip), D; is a common silicon diode, D, is a low forward voltage
germanium diode, and V; is approximately 0.8 V. b. Schematics of the memristor emulator. The
microcontroller continuously updates the resistance of digital potentiometer according to a pre-
programmed equation. The applied voltage is measured by the analog-to-digital converter (ADC).
¢. Measured / — V curves of memristor driven by an AC voltage source. d. Response of the circuit
shown in a to a train of -2.5 V amplitude, 10 ms width pulses applied to the top terminal of M;.
Under these conditions, the circuit implements base-5 arithmetics (note that the memristor resets
by the fifth pulse). V), is the voltage on the memristor, V; is the threshold voltage, A, is the

7
output voltage of the op-amp 2 in a.
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Figure 3: Base-10 addition and subtraction with the memcomputing Pascaline. a. Addition:
16424373 = 2015. b. Subtraction (implemented using nine’s complements): 2015 — 373 = 1642.
The complements of the first input number and output number are shown in parentheses. V), ; are

the voltages on each of the four memristors.



—, which is the answer to the subtraction problem.

In summary, we have demonstrated a memcomputing Pascaline that is able to add and sub-
tract using the multiple levels of memory elements (memristors in the present case). Even though
we have used emulators of memristors, this machine can be fabricated with actual nano-scale
devices and operate also with memcapacitors or meminductors ©, albeit in a slightly different ar-
chitecture, potentially offering lower energy consumption. The machine can support any type of
numerical base, and is the first experimental demonstration of multi-digit arithmetics with multi-
level memory devices, an important step forward for future massively-parallel and high-density

computing architectures.
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