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Abstract

Analog in-memory computing (AIMC) ac-
celerators enable efficient deep learning di-
rectly within memory using resistive cross-
bar arrays, where model parameters are rep-
resented by the conductance states of mem-
ristive devices. However, effective AIMC-
based training typically requires at least 8-
bit conductance states to match digital base-
lines. Realizing such fine-grained states is
costly and often requires complex noise mit-
igation techniques that increase circuit com-
plexity and energy consumption. In practice,
many promising memristive devices, such
as ReRAM, offer only about 4-bit resolu-
tion due to fabrication constraints, leading
to substantially degraded training accuracy.
To overcome the fabrication constraints, this
paper proposes a purely algorithmic frame-
work - multi-tile residual learning that se-
quentially learns on multiple crossbar tiles to
compensate for the errors from low-precision
weight updates. Our theory shows that
the optimality gap shrinks with the num-
ber of tiles and achieves a linear conver-
gence rate. Experiments on standard image
classification benchmarks demonstrate that
our method consistently outperforms state-
of-the-art in-memory analog training strate-
gies under limited-state settings, while incur-
ring only moderate hardware overhead, as
confirmed by our cost analysis.

1 INTRODUCTION

With the growing adoption of Al across various fields,
the demand for accurate and energy-efficient training
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hardware is increasing. In this context, analog in-
memory computing (AIMC) is an emerging solution
that performs matrix vector multiplication (MVM) op-
erations directly on weights stored in memory, offering
significant efficiency improvements over conventional
von Neumann systems. In AIMC hardware, the pa-
rameters (matrices) of deep neural networks (DNN)
are represented by the conductance states of memris-
tive devices in analog crossbar arrays, while the inputs
(vectors) are programmed as voltage signals. Using
Kirchhoff’s and Ohm’s laws, MVM operations between
a D x D matrix and a vector can be completed in O(1)
time on AIMC hardware (Hu et al., 2016), while a
dense digital MVM requires O(D?) operations. A full
MVM on analog hardware can be executed with en-
ergy in the range of tens of femtojoules (10715 joules),
whereas accessing a 1 kB SRAM block in digital sys-
tems typically costs 1 picojoule (107'2 joules) per
byte (Murmann, 2021). This advantage translates into
higher energy efficiency. A typical commercial digital
accelerator has plateaued around 10 tera-operations
per second per watt (TOPS/W) (Reuther et al., 2022),
which can be significantly surpassed by AIMC accel-
erators. For example, a monolithic 3D AIMC chip
achieves more than 210 TOPS/W (Chen et al., 2022),
and a 4x4 core array reaches 30 TOPS/W (Jia et al.,
2022). However, due to the inherent difficulty in pre-
cisely and reliably changing the conductance of the
memory elements, in-memory analog training presents
significant challenges.

This paper focuses on gradient-based in-memory train-
ing on AIMC hardware. The objective of training is to
solve the optimization problem, formally defined as:

fFw) (1)

W* :=arg min
WeRD XD

where f(-) : RPXP — R is the objective and W is
a trainable matrix stored in analog crossbar arrays.
In digital accelerators, (1) can be solved by stochas-
tic gradient descent (SGD), whose recursion is given
by Wiy = Wy — aV f(We;€). Here, a is the learn-
ing rate and & denotes a sample randomly drawn in
iteration ¢. To implement SGD on AIMC hardware,
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Figure 1: (left) Illustration of rank update via stochastic pulse streams. (middle) Illustration of pulsed weight
updates on 10-state and 20-state softbound devices. Due to asymmetric update, the actual weight increment

follows AwP

min

= AWnin - ¢+ (w), where ¢ (+) represents the device positive response factor. (right) Training fails

to converge under 4-bit conductance states. The experiment is conducted on LeNet-5 (MNIST) using Tiki-Taka.

one needs to update the weights stored in the cross-
bar array using the rank update method (Gokmen and
Vlasov, 2016). This approach leverages two O(D)-
dimensional vectors, the backpropagation error ¢ and
the input z, to perform in-memory updates directly
on the analog array via stochastic pulse streams, as il-
lustrated in Figure 1 (left). Ideally, each pulse adjusts
a weight element w € W by the minimal increment
+Awpin, with the sign determined by the pulse po-
larity. The resulting weight evolution is illustrated in
Figure 1 (middle).

We define the number of device states by dividing the
total weight range w € [Tmin, Tmax] by this minimal
weight change: nstates 1= (Tmax - 7'min)/Awminy where
Nstates determines how many distinct values the weight
can stably represent. A smaller ngates (larger Awmin)
amplifying quantization noise { whose variance scales
with Awmnin- This noise captures the gap between ideal
and actual updates and fundamentally limits training
accuracy. Previous studies have shown that success-
ful training on crossbar-based architectures typically
requires at least 8-bit distinct conductance levels to
achieve competitive accuracy (Li et al., 2018; Chen
et al., 2017). However, some devices struggle to pro-
vide this level of granularity within a single memory
cell. MRAM devices are typically limited to two sta-
ble states per cell, whereas ReRAM is usually con-
strained to 4-bit per cell in practice (detailed survey
in Table 5 and Appendix A), which makes it difficult
to achieve the multi-bit precision required for effec-
tive training. As illustrated in Figure 1 (right), re-
ducing the number of states to 20 or fewer results
in a convergence failure. While ECRAM can support
thousands of states, it remains hindered by practical
challenges, including complex three-terminal design,
CMOS incompatibility, and material instability (Kim
et al., 2023; Kwak et al., 2025), which lack a scalable
fabrication pipeline (Kwak et al., 2024). In contrast,

ReRAM remains one of the most manufacturable and
scalable options (Stecconi et al., 2024). In practice, its
bi-directional update behavior typically involves lim-
ited conductance states together with asymmetric non-
idealities Xi et al. (2021), which form the primary fo-
cus of this paper. Rather than pushing for increasingly
precise devices, our work advocates algorithm innova-
tions to mitigate the limitations of low-state memris-
tive devices, which better align with current fabrica-
tion capabilities and offer energy and area efficiency for
near-term deployment. Importantly, our goal is not to
dismiss high-state devices, but to emphasize the prac-
tical and architectural benefits of training with low-
state memristive technologies.

1.1 Main results

This work addresses the fundamental challenges of
limited precision in gradient-based training on AIMC
hardware, which stem from the limited number of con-
ductance states and the asymmetric update. We ad-
dress these challenges by designing composite weight
representations that integrate multiple low-precision
tiles to represent high-precision weights, and by de-
veloping multi-timescale residual learning algorithms
that enable each tile to dynamically track the residual
training error left by preceding tiles. Together, these
techniques ensure stable convergence and high training
accuracy under low-precision constraints. This moti-
vates our first question:

Q1) How can high-precision weights be represented
using limited-conductance states AIMC devices?

To construct a high precision weight, we define the
composite weight as W = ZTJLO A" W) where W (™)
denotes a low precision weight on an AIMC tile n, and
7 € (0, 1) controls its scaling. This structure increases
the total number of representable values exponentially
with the number of tiles, thus significantly enhancing
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the effective numeric precision. The composite weight
W is then used in both forward and backward passes;
see the details of circuit implementation in Section 3.3.
Given the composite weight T, it raises another crit-
ical question:

Q2) How to ensure that the composite weight W con-
verges effectively under gradient-based training?

To ensure that the composite weight W converges
under gradient-based training, we propose a multi-
timescale residual learning strategy inspired by the
recent advances in single-timescale stochastic approz-
imation (STSA) (Shen and Chen, 2022). However,
different from STSA, which tracks a drifting optimum
at a single timescale, our method employs a multi-
timescale scheme in which each analog tile learns on
a progressively slower timescale to approximate the
residual left by lower-resolution tiles. This recursive
refinement ensures that the composite weight W ap-
proaches the global optimum W* with an exponen-
tially vanishing residual error.

Our contributions. This work makes the following
key contributions:

1. We propose a high-precision in-memory analog
training framework termed multi-timescale resid-
ual learning, which overcomes the precision bot-
tleneck of limited conductance states, without re-
quiring reset operations and relying solely on an
open-loop transfer process between tiles, thus sim-
plifying hardware implementation.

2. We theoretically analyze the non-convergence of
single-tile Analog SGD under realistic device con-
straints and establish both an upper bound and
a matching lower bound. Furthermore, we ana-
lyze the convergence of our multi-timescale resid-
ual learning and show that the error reduces ex-
ponentially by increasing the number of tiles.

3. We evaluate the proposed algorithm using IBM
ATHWKIT (Rasch et al., 2021) on CIFAR-100,
Fashion-MNIST, and other datasets, demonstrat-
ing consistent improvements over existing in-
memory analog training methods under limited
conductance states.

4. We analyze hardware costs including storage, en-
ergy, latency, and area on real datasets, showing
that our method achieves an accuracy—efficiency
trade-off compared to baseline methods.

1.2 Related works

Gradient-based training on AIMC hardware.
Gradient-based AIMC training was first explored by
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Figure 2: Algorithm comparison of computation and
storage for per-sample update with model dimension
D = 32 and mini-batch size B = 4 from the statistics
in Table 7. MP incurs substantially higher overhead,
which grows more severe as D and B increase.
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rank-update methods such as Analog SGD (Gokmen
and Vlasov, 2016). Tiki-Taka (TT-v1) mitigates asym-
metric updates and noise by accumulating gradients
on an auxiliary array and periodically transferring
them (Gokmen and Haensch, 2020), while TT-v2
adds digital filtering for improved robustness (Gok-
men, 2021). However, these methods often fail to
converge on larger models under limited conduc-
tance states. Hybrid 3T1C-PCM designs (Ambro-
gio et al., 2018; Cristiano et al., 2018) improve pre-
cision through closed-loop tuning but incur high la-
tency and area overhead (detailed in Appendix A).
Another line of hybrid training paradigms program
high-precision digital gradients into analog weights
(MP (Le Gallo et al., 2018)), with momentum-based
extensions (Wang et al., 2020; Huang et al., 2020),
though these incur substantial digital storage and com-
pute cost, as compared in Figure 2.

Multi-sequence  stochastic  approximation.
Stochastic approximation with multiple coupled
sequences Yang et al. (2019); Shen and Chen (2022);
Huang et al. (2025) has found broad applications in
machine learning such as bilevel learning Lu (2023);
Jiang et al. (2024) and reinforcement learning Zeng
and Doan (2024a,b). Our analog training on multiple
tiles can be naturally viewed as a system of coupled
sequences, since the gradient is computed on all tiles
jointly, and in turn, each tile’s update is driven by
this gradient to ensure that the composite weight
converges to the global optimum.

Low-precision computing. Existing works have
shown how low-precision devices can be combined to
achieve high-precision computation in static settings
such as scientific computing and DNN inference (e.g.,
bit-slicing schemes (Feinberg et al., 2018; Song et al.,
2023, 2024; Le Gallo et al., 2022; Pedretti et al., 2021;
Boybat et al., 2018; Mackin et al., 2022)). However,
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extending this concept to high-precision training on
multiple low-precision tiles is far more challenging, as
it must maintain convergence in the presence of asym-
metric updates while weights are continually changing
under limited-precision gradients. Alternative preci-
sion enhancement strategies fall under hardware-aware
training, which incorporates quantization and other
hardware noise into the digital training process to im-
prove inference accuracy when weights are deployed
on non-ideal analog devices (Klachko et al., 2019; He
et al., 2019; Biichel et al., 2025), in contrast to our in-
memory analog training that updates weights directly
on analog hardware.

2 TRAINING DYNAMICS ON
LIMITED-PRECISION AIMC
HARDWARE

In this section, we analyze how two critical non-
idealities in AIMC hardware, limited conductance
states and asymmetric updates, affect the training dy-
namics. We derive an analog update rule that captures
these effects, and show that under this rule, Analog
SGD exhibits an asymptotic error determined by both
the gradient noise and the quantization noise.

Asymmetric pulse update. Rank-update-based
training updates the weights on the crossbar array by
simultaneously applying two stochastic pulse streams
to its rows and columns, with weight increments occur-
ring at pulse coincidences. Ideally, each pulse coinci-
dence induces a minimal weight change Awy,;,. How-
ever, practical updates depend nonlinearly on both
the current weight and the pulse polarity, causing
deviations from this idealized increment and result-
ing in asymmetric updates. Specifically, given the
weight W, € RP*P at iteration ¢, the asymmet-
ric pulse update for an element w; is modeled as:
Wy + AWpin - ¢4 (W),
wy + Awmin cg— (’LUt),
where ¢4 (w) and ¢_(w) denote the device response
factors to positive and negative pulses, respectively.
Following the decomposition introduced in (Gokmen

and Haensch, 2020), we define the symmetric and
qf(w);rlu(w)

for a positive pulse,
Wi41 = .
for a negative pulse,

asymmetric components as F'(w) := and

G(w) = M, yielding a compact element-
wise update form triggered by each pulse coincidence:
Wiy1 = Wi + Amin © F(wi) — [Awmin| © G(wy).

Quantization noise from limited conductance
states. During the rank update process (see Figure 1
(left) ), each weight element w;;, located at column g
and row j of the crossbar array, is updated by aw;d;,
where z; is the i-th entry of the input vector z, §; is the
j-th entry of the backpropagated error vector §, and «

is the learning rate. We implement the update using
stochastic pulse streams, where the amplitude of each
pulse is generated from a Bernoulli distribution with
parameters p; o< x; and g; o< 6;. This scheme guaran-
tees that the expectation of the actual weight change
Aw;; is equal to the ideal update awx;0;. However,
due to the limited number of conductance states, each
pulse induces only a discrete weight increment of mag-
nitude Awyi,. This discretization introduces a mis-
match between the actual update and its ideal target.
We capture this discrepancy by defining a stochastic
noise term (;;, such that Aw;; = ax;6;+ (5, and show
its statistical properties in the following.

Lemma 1 (Statistical properties of pulse update
noise). Under the stochastic pulse update in (Gokmen
and Viasov, 2016), the random variable (;; has the fol-
lowing properties:

E[Cz]] = 0, and Var[gj] = @(O& . Awmin).
The proof of Lemma 1 is deferred to Appendix D.1.
Since analog crossbar arrays update all weight ele-
ments in parallel, the matrix update rule combining
asymmetric pulse updates and quantization noise from
limited conductance states can be succinctly repre-
sented as:

Wis1 = Wi+ AW, @ F(Wy) — | AW 0G (W) +¢
(2)

where the operations | - | and ® denote element-wise
absolute value and multiplication, respectively. The
specific form of AW, depends on the chosen optimiza-
tion algorithm. By substituting AW, with the gradient
used in digital SGD, the update rule for Analog SGD
under (2) becomes:

Wi =Wi —aV f(Wi; &) © F(Wy) (3)
—aV (W &) © GIW) + (.

Based on (3), we establish the upper and lower bounds
on the convergence of Analog SGD on a single tile with
limited conductance states. Our analysis shows that
asymmetric pulse responses and the quantization noise
term (; arising from limited conductance states pose
fundamental challenges to convergence and lead to a
non-negligible asymptotic error.

Theorem 1 (Convergence of Analog SGD, short ver-
sion). Under a set of mild assumptions, with o* de-
noting the variance bound of the gradient noise, if the

learning rate is set as o = (9(\/;), then it holds that:

2
Br < 0(\/ %) + 4027 + RpAwmin
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where Ep = % tT;Ol]E[HW* - WilI?], St =

171 W2 /2 1T 2L
T Xm0 T WLt B = 7 2ico w2

max

Theorem 1 suggests that the average squared Eu-
clidean distance between W; and W* is upper bounded
by the sum of three terms: the first term vanishes at
a rate of O(4/02/T), which also appears in the dig-
ital SGD’s convergence bound; the second and third
terms contribute to the asymptotic error of Analog
SGD, which does not vanish as the number of itera-
tions T increases. Intuitively, the second term arises
from the absolute gradient term |aV f(W;, &)| in (3),
which introduces variance scaling as ao?. The third
term originates from the quantization noise (;, which
has variance O(aAwpi,). In the convergence anal-
ysis, after normalizing by the descent coefficient «,
these two terms result in residual errors of order o?
and Awpiy, respectively. In contrast, in digital SGD,
the variance of sample noise scaling as a?c? vanishes
under diminishing learning rates. We next present a
matching lower bound.

Theorem 2 (Lower bound of the error of Analog SGD,
short version). Under a set of mild assumptions, if the
learning rate o = i, there exists an instance where
Analog SGD generates a sequence {W;}1—," such that
the iterates converge to a neighborhood of the optimal

solution W*, satisfying:
Er > Q(O‘QST + RTAwmin).

The full versions of Theorem 1 and 2 with their proofs
are deferred to Appendix E. These theoretical insights
underscore the importance of addressing quantization
noise, which stands as a key obstacle to fully realizing
the potential of analog neural network training.

3 MULTI-TILE RESIDUAL
LEARNING ON NON-IDEAL
HARDWARE

As discussed in Section 2, single-tile training on non-
ideal AIMC hardware inevitably results in a non-
vanishing error. We propose a multi-timescale resid-
ual learning strategy for non-ideal AIMC hardware,
where each additional scaled tile iteratively corrects
the asymptotic residual error left by the preceding
lower-precision tiles due to limited conductance states
and asymmetric updates.

3.1 Multi-tile residual learning formulation

Denote the weights stored on a single analog tile at
iteration t by Wt(o)7 the optimal weight by W*, and

the non-vanishing error as E := lim;_,, W* — Wt(o).

To mitigate this error, we introduce a second analog
tile W) scaled by a factor 7, to iteratively compen-
sate for it. As illustrated in Figure 3 (left), rather
than directly approximating F, the second tile ap-
proximates a scaled target E/v. Although W still
suffers from similar device non-idealities and incurs
a non-vanishing error when tracking its target (i.e.,
lim; oo E/vy— Wt(l) = F), the combined output of the
two tiles nonetheless converges to a smaller residual:

: * (0) (1)
tlirrolo(W - (W7 W ))

= lim (W* = W) — AV

t—o0

= lim E— W = E.
t—00

This shows that the use of an additional tile reduces
the asymptotic residual by a factor of +. Extending
this idea further, we introduce N more analog tiles
W W) each tile W™ is scaled by a geomet-
ric factor 7. We define the geometric sum of the first
n tiles as W™ = ZZ/_:lo AW ne {1,...N}, so
that the residual left by the first n tiles is W* — w.
We define the local optimal point for tile W™ as
P;{(W(n)) ;= argminp, f(W(n) + ~4"P,). Assuming
that f(-) is strongly convex with a unique minimizer
W*, the optimal solution is P} (W(n)) =y (W* —
W(n)), with P} := W*. To optimize each tile W™, we
minimize the objective ||[W (™) — P (W(n))HQ, so that
"W ™) approximates the residual left by the first n
tiles. Applying this process to all tiles finally yields
an exponentially reduced error between the composite
weight W and the optimal weight W*. Formally, we
solve the multi-layer problem as:

w© ::argr%in \Uo — PEI?, Pf:=w* (4a)
0
. « (1

WO =argwin [0, - P (W )2, (4b)

s.t. Py (W(l)) = arg n})in f(W(l) +~P)
1
(N) .— S e V) 2

W .—argrll}lnHUN Py(W )%, (4c)

N

s.t. P]’Q(W(N)) = arg ngin f(W(N) + N Py)
N
where U, P, € RP*P for n € {0,...,N}.

3.2 Multi-tile gradient-based update

The optimization problem (4) is challenging because
the drifting optimum P (W(n)) is an implicit function

of W(n). To decouple this dependency when optimiz-
ing W™ we freeze tiles {IW(©) ... W=D} 0 ensure
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Figure 3: (left) Illustration of residual learning, where Winitjenotes the initial composite weight. (right) Circuit
implementation of forward process using composite weight W.

that W(n) remains fixed. To optimize each tile W (™)
in the (4), we aim to update via an approximate de-
scent direction of its objective ||IW () — P (W(n))H2 .
The negative gradient of the objective is :

Voo [W = P72 = 2P (W) — W)
(5)
—=(n)

which implies that P*(W" ') — W™ is the descent
direction to update W™, For n = N, since

7 (V)

P W™y —w™ = =N Yy

N
=y N = W) =N W - W)
n=0

and E¢[-Vf(W;8)] = —Vf(W) x W* — W un-
der strong convexity assumptions, we directly use the
stochastic gradient —V f(W;&) as the descent direc-
tion to update W), For n € {0,...,N — 1}, since
the optimization on W+ (see (4)) ensures that
W)~ pr (WYY = 1 (pr ™) — ),
we use WD to update W™, Following the update
rule in (2), for tile W), the update is given by:

Wi =W —av Wi &) o F(W™)
—|aViTse) | oW + ¢ (6)
For W™, n € {0,...,N — 1}, the update is given by:
I/Vt(:LJ)r1 _ Wt(:) + ﬁW(nH) ® F(Wt(:))
— W o aW) + ¢, (7)

where [ is the learning rate, and the transferred weight
is defined as W+ = D We show

tn41+Tn41—1"
in Section 4 that each tile W™ requires an inner
loop of T,, = ©(y~!) steps to converge to its op-

timum P} (W(n)). We thus adopt a multi-timescale
training schedule to coordinate these updates, with
each tile W) maintains a local step counter t, =
L(t + 1>/H7]:[’:n+1 T, |. A detailed algorithm is pro-
vided in Algorithm 1.

Remark 1. The optimization problem in (4) resem-
bles the STSA framework (Shen and Chen, 2022),
where each sequence tracks a drifting optimum that
evolves with the updates of other sequences, denoted
as y»*(y" 1) in STSA and P} (W(n)) in our setting.
However, directly applying STSA to our problem en-
counters two main difficulties: C1) STSA relies on
rapid convergence of each sequence to its drifting op-
timum wvia a single update step, but in our compos-
ite weight structure, a single-step update on W™—1)
causes P (W(n)) to drift approzimately ©(y~1) times
faster than a single-step update on W) ; C2) STSA
considers that y™*(y"~1) depends only on sequence

Y"1, while our scenario involves P (W(n)) depend-

ing on multiple sequences W(n).

Remark 2. Our update dynamics for each tile natu-
rally supports an open-loop transfer process. As shown
in (5), what needs to be propagated is only the descent
direction of each tile rather than its exact weight value.
This eliminates the need for closed-loop tuning, thereby
reducing control overhead and highlighting the hard-
ware efficiency of our algorithm.

3.3 Analog circuit implementation

Figure 3 (right) illustrates how the composite weight
W is formed in the analog domain by combining low-
precision tiles W™ € RP*P n € {0,..., N}. For the
forward pass y = 2 ' W, each input x4 is encoded by a
voltage pulse on the d-th row of each tile W), with
duration proportional to z4. By Ohm’s and Kirch-
hoff’s laws, each tile produces a current of the j-th
column as [' = 25:1 Wéz)xd. Each I7' is fed into
an inverting op-amp with feedback resistor R} to ap-
ply scaling 4", yielding Vi, = —R}I". The voltage
outputs are summed in hardware to produce the final
result y; as:

N

N
I SEN YT
n=0 n=0
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A toy example illustrating that training loss decreases along both the epoch and tile-count dimensions. The
results demonstrate that each tile converges successfully, meanwhile more tiles also improves accuracy.

N D D
- Z R;L Z Wéz)xd = — ZWdJJ)d.
n=0 d=1 d=1

A similar operation is used during the backward pass,
where the output is given by § = W' , with &’ de-
noting the error signal propagated from the next layer.
Table 7 compares the computational complexity and
estimated update latency of MP, Analog SGD, TT-v2,
and our method. Our algorithm achieves a low up-
date latency, upper bounded by 95.9 ns even with an
infinite number of tiles, which is more than 30x faster
than MP, while requiring only O(2D) digital storage
for the input x and error ¢ and O(1) digital memory
operations for reading and writing, which is compara-
ble to the cost of Analog SGD. Please see Appendix H,
where we discuss the circuit-level implementation and
present a detailed comparison of digital storage, run-
time, energy, and area costs across algorithms.

4 STOCHASTIC APPROXIMATION
THEORY FOR RESIDUAL
LEARNING

In this section, we present a proof sketch for the
convergence of our proposed multi-timescale residual
learning algorithm. Before analyzing the algorithm,
we introduce four assumptions concerning the objec-
tive function, the gradient noise, and the device re-
sponse characteristics.

Assumption 1 (Unbiasness and bounded variance).
The sample & is independently sampled from a distri-
bution D, Vt € [T, and the stochastic gradient is un-
biased with bounded variance, i.e., E¢, [V f(We; &)] =
V(W) and Ee, [|[Vf (Wi &) — V(W) < 02
Assumption 2 (Smoothness and strong convexity).
f(W) is L-smooth and p-strongly conve.
Assumption 3 (Bounded weights). The weights are
bounded as |W|loo < Winax < Tmax for all t.

Assumption 4 (Response factor and zero shifted
symmetric point). (Continuity) q.(-) and q_(-) are

continuous; (Saturation) qi(Tmax) = 0, ¢—(Tmin) =
0; (Positive-definiteness) qy(w) > 0 for all w <
Tmax, and q_(w) > 0 for all w > Tmin; (Symmetric
point) G(w) =0 if and only if w = 0.

Assumptions 1-2 are standard in convex optimization
(Bottou et al., 2018). Assumption 3 assumes that W,
remains within a small region, which is a mild con-
dition that generally holds in practice. Assumption 4
defines the response function class observed in resistive
devices (Wu et al., 2025) and adopts the widely used
zero-shifted symmetric point in analog training (Gok-
men and Haensch, 2020). We begin by presenting Lem-
mas 2 and 3, which describe how each tile tracks its
drifting optimum within an inner loop and serve as the
basis for our convergence analysis. Their full proofs
are given in Appendix F. Here P} (WEZL) =: P} for
convenience.

Lemma 2 (Descent lemma of the main sequence
W(N)). Under Assumptions 1-4, the update dynam-
ics (6) ensures that after a single inner loop of length
Tn, the expected distance between WN) and its opti-
mum decreases as:

E[|W 2y 1 — Pill?]
T N %
< (1-6(M) Y W — P2

4N

+ 0%y N 4475 (0 Awmi)?).

Lemma 3 (Descent lemma of the sequences W ().
Under the same assumptions as Lemma 2, for n €
{0,..., N — 1}, the update dynamics (7) ensures that:

n % Ty n *
E[|W ")y — P < (1 —0(m)™ W™ - P

+ O WY — Pr |1 + Awin).
Lemmas 2 and 3 yield contraction terms (1—0(+?))%»
with p = 1 for W and p = N for W), Us-
ing (1 -\ < e weset T, = O(yv7 1), T
O(y™V) so that (1 — ©(y?))T» = O(p), where p is
the contraction rate in the Lyapunov analysis below.
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Dataset TT-v1 TT-v2 ‘ MP ‘ Ours (3 tiles) Owurs (4 tiles) Ours (6 tiles)
Fashion-MNIST (#4) 10.0140.07 47.5140.91 | 75.61+0.69 68.09+0.49 73.35+0.13 75.11 +o.07
MNIST (#10) 78.65+2.36  95.43+0.17 | 99.13+0.02 95.07+0.35 97.10+0.17 98.53+0.09

Table 1: Test accuracy on MNIST and Fashion-MNIST with analog LeNet-5 under 10 and 4 states. Compared
methods include MP, TT-v1, TT-v2 and different versions of our algorithm.

Dataset TT-vl TT-v2 ‘ MP ‘ Ours (4 tiles) Owurs (6 tiles) Ours (8 tiles)
CIFAR-10 (#4) 11.65+0.68  87.43+0.10 | 93.31+0.04 90.45+0.28 92.02+0.14 90.65-£0.09
CIFAR-100 (#4)  9.75+247  11.28+0.62 | 70.25+0.61 63.26+0.45 68.46+0.23 69.63+0.40
CIFAR-10 (#16)  58.00+0.26  84.30+0.09 | 95.04+0.05 92.98+0.62 93.29+0.64 94.36+0.08
CIFAR-100 (#16) 26.69+0.17 65.17+0.36 | 73.16+0.07 68.11+0.35 69.62+0.53 72.20+0.11

Table 2: Test accuracy on CIFAR-10 and CIFAR-100 under 4 and 16 conductance states on ResNet-34. Compared
methods include MP, TT-v1, TT-v2 and different versions of our algorithm.

To this end, we now analyze the optimization prob-

lem in (4) by introducing a Lyapunov sequence as

N n * —==(n) .
o= Son o IW gy = Pr(W, L, )II?, which ag-

gregates the squared distances between each tile and
its drifting optimum after completing & inner loops. In
particular, when the slowest tile W () has completed k
inner loops, the fastest tile W) will have performed
t = ng:O T, = O(y~?Nk) gradient updates, which
we take as the reference measure for evaluating the
overall convergence rate. By balancing the learning
rates and inner-loop length across all tiles, we establish
a linear convergence rate for the Lyapunov sequence
with an asymptotic error induced by device imperfec-
tions. This result is formalized in the following theo-
rem.

Theorem 3 (Convergence of residual learning). Sup-
pose Assumptions 1-4 hold. Let the scaling parameter
satisfy v € (0,1/+/6]. For alln € {0,...,N — 1}, set
the learning rate 3 = ©(72) and the inner loop length
T, > @(’y*l), except for To = ©(1). Forn = N, set
the learning rate o = O(1) and Ty > O (v~ ). Given
t =0 "2Ek), p € (0,1), the Lyapunov function Jj, is
bounded as:

AN
3

E[J:] < O((1—p)"" DE[Jo] + O(v % (0 Awmin) 3 ).

Theorem 3 shows that the Lyapunov function con-
verges linearly up to an asymptotic upper bound
O(y " (0 Awmin)?/?) determined solely by quanti-
zation and sample noise. Corollary 1 follows from
Theorem 3 by applying the the bound of Lya-
punov function as an upper bound on the component
||VVt(Z]VV+)kTNi1 — P} (Wiszﬁk)ﬂg. Then using the defi-

nition of Py, (W(N)) and multiplying both sides by v2V

yields the optimality gap of the composite weight.

Corollary 1 (Optimality gap of residual learning).
Under the same conditions as in Theorem 8, the limit

of the composited weight W, satisfies:

2N
3

limsup E[[|W* — W,[|2] < 075 (0 Awmn)3).

t— o0
The proofs of Theorem 3 and Corollary 1 can be found
in Appendix F. Intuitively, increasing the value of N
reduces the upper bound @(’y%(aAwmin)%), demon-
strating the effectiveness of multi-timescale residual
learning under a limited number of conductance states.

5 NUMERICAL SIMULATIONS

In this section, we evaluate our method using the Al-
HWKIT toolkit on the SoftBounds device class, which
models bi-directional memristive devices by capturing
saturation effects and limited update precision. We
compare against the MP, TT-v1, and TT-v2 baselines.
Detailed algorithms are provided in Appendix G.

5.1 Training performance on real dataset

We train an analog LeNet-5 model on the MNIST and
Fashion-MNIST datasets for 100 epochs with 4 and 10
conductance states, respectively. We also train the
ResNet-18 model on CIFAR-10, and the ResNet-34
model on the CIFAR-10 and CIFAR-100 datasets with
4, 10 or 16 conductance states, covering both an ex-
treme low-precision case and the widely adopted indus-
trial setting. Training is performed for 200 epochs in
CIFAR-10 and 400 epochs in CIFAR-100, with 1layer3,
layer4, and the fully connected layer mapped to ana-
log. The parameter configurations for TT-vl, TT-
v2, MP, and our method are provided in Appendix J.
As shown in Tables 1, 2 and 3, our residual learning
method steadily improves accuracy as the number of
tiles increases, surpassing both TT-v1 and TT-v2 with
only 3 to 4 tiles, and reaching accuracy comparable
to MP while incurring far lower storage and runtime
overhead, demonstrating both scalability and robust-
ness across larger networks.
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# States TT-v1 TT-v2 ‘ MP ‘ Ours (4 tiles) Owurs (6 tiles) Ours (8 tiles)
4 53.83+0.14 87.89+0.06 | 92.77+0.05 87.35+0.08 89.79+0.14 90.45+0.09
10 84.18+0.06 89.17+0.11 | 93.45+0.08 90.76-+0.06 91.07+0.06 90.88+0.05

Table 3: Test accuracy on CIFAR10 under 4 and 10 conductance states using analog ResNet-18. Compared
methods include MP, TT-v1, TT-v2 and different versions of our algorithm.

Dataset | TT-vl TT-v2 MP | Ours (3 tiles) Owurs (5 tiles) Owurs (7 tiles)
CIFAR-10 10.04+0.04 75.65+0.17  87.32+0.10 82.59+0.27 83.97+0.20 84.96+0.08
CIFAR-100 | 11.27+0.04 34.80+0.16 58.06 +0.07 42.12+0.47 45.14+0.13 50.82 +0.14

Table 4: Test accuracy on CIFAR-10 and CIFAR-100 using 80-state devices with layer2, layer3, layer4, and
the fully connected layer in ResNet-34 converted to analog. Compared methods include MP, TT-v1, TT-v2 and

different versions of our algorithm.

We further conduct experiments on 80-state Soft-
Bounds devices with larger analog deployment in Ta-
ble 4. We observe that as the proportion of analog
layers increases, for example, when further converting
layer?2 in ResNet-34 to analog, TT-v1l and TT-v2 de-
grades severely due to error accumulation across lay-
ers even with a higher number of conductance states.
In contrast, our method maintains higher accuracy,
surpassing TT baselines with only 3-4 tiles and ap-
proaching MP performance with 8 tiles. We believe
this accuracy collapse is a general challenge in scaling
analog training to larger models, and our algorithm
offers a practical solution. We also provide additional
results with extensions to NLP tasks in Appendix I,
to further demonstrate the scalability of our method.

5.2 Ablation studies

Effect of asymmetry. For a given number of con-
ductance states, the degree of asymmetry in an ana-
log device is determined by the saturation bound Tyax
(with Timin = —Tmax). We evaluate training accuracy
with Tiax varying in (0,1) in MNIST and show that
our algorithm consistently maintains high accuracy at
different levels of asymmetry in Figure 4 (left).

Effect of geometric scaling factor. The geomet-
ric scaling factor « plays a critical role in determining
the effectiveness of residual representation across mul-
tiple analog tiles. Intuitively, if each tile has a dynamic
range [—Tmax, Tmax), then 7 should be chosen such that
~ - (2Tmax) & Awpin to ensure that the representable
range of the next tile fully lies within the resolution
of the previous tile. In practice, device non-idealities
such as conductance saturation and asymmetric up-
date dynamics reduce the usable dynamic range of
each tile. To account for these effects, we heuristically
choose 7 slightly larger than S%min. — —1__  We per-
form an ablation study on LeNet-5 using ngiates = 4,

(2Tmax) ~ Mstates
and show the corresponding ablation results in Figure

4 (middle), where the peak « value is consistent with
our hypothesis, while the large ~y severely degrades ac-
curacy. These results support the need for selection of
the scaling factor based on device characteristics.

Effect of number of tiles. To validate the con-
vergence behavior of our residual learning mechanism,
we construct a toy example based on a simple least-
squares problem of the form (w — b)?. The target out-
put b is quantized to 16-bit resolution, and each tile
has 2-bit update granularity. The parameter config-
urations are provided in Appendix J. Figure 4 (right)
presents the log-scaled training loss. This visualization
highlights two aspects of the learning dynamics. First,
the composite weight converges to the target w* = b.
Second, the loss decreases steadily with more tiles,
confirming the effectiveness of the multi-tile strategy.

6 CONCLUSIONS AND
LIMITATIONS

We propose multi-timescale residual learning, an in-
memory analog training framework that enables reli-
able DNN training under limited conductance states
by modeling device non-idealities and proving conver-
gence, achieving strong results on standard image clas-
sification tasks. Future work will focus on further ex-
tending our framework to enhance its robustness to
device-level variability and noise, and to scale the ap-
proach to large language models. We acknowledge the
lack of real hardware evaluation and plan to validate
our method through future chip-level experiments.
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Supplementary Materials

A LITERATURE REVIEW

This section briefly reviews the literature related to this paper, as a complement to Section 1.2.

Gradient-based training on AIMC hardware. Since the introduction of rank-update-based Analog
SGD (Gokmen and Vlasov, 2016), various techniques have been proposed to improve its robustness under
non-ideal device behavior. To mitigate asymmetric updates and noise accumulation in Analog SGD, TT-v1
uses an auxiliary array to accumulate a moving average of gradients, periodically transferring them to the main
array (Gokmen and Haensch, 2020). TT-v2 enhances this approach with digital filtering to improve robustness
against noise and low conductance (Gokmen, 2021). However, despite these refinements, rank-update meth-
ods still struggle to converge reliably when scaling to larger models under limited conductance states. Some
in-memory analog training approaches employ hybrid 3T1C-PCM synapses, which rely on closed-loop tuning
(CLT) with about 20 write—verify retries to transfer gradients from the linear 3T1C capacitor to the non-ideal
PCM device (Ambrogio et al., 2018; Cristiano et al., 2018). While precise, CLT introduces substantial latency,
energy, and control overhead, and the bulky 3T1C CMOS cells also limit array density compared to compact
memristive devices, which has motivated a shift toward more compact, modestly linear NVMs. Moreover, the
volatile nature of CMOS capacitors means that the effective number of valid states is ultimately determined
by the non-volatile PCM, preventing extension to arbitrary precision beyond the intrinsic limits of memristive
devices. Our approach avoids the use of auxiliary CMOS components and iterative CLT, and instead employs
fully asymmetric and limited-precision memristor-based synapses, which are trained in-memory through a simple
open-loop transfer mechanism between tiles (i.e., without the need for verification following each pulse) without
requiring reset operations after transfer compared with (Ambrogio et al., 2018; Cristiano et al., 2018), mean-
while can achieve high-precision training. Meanwhile, another class of in-memory training approaches known as
hybrid training paradigms has emerged. The MP approach (Le Gallo et al., 2018), for example, computes gra-
dients digitally and directly programs these high-precision gradients into low-precision analog weights, enabling
high-accuracy training even with very few conductance states. Subsequent extensions (Wang et al., 2020; Huang
et al., 2020) incorporate momentum to further suppress gradient noise. However, these methods often incur
higher storage, memory access, and computational costs.

Low-precision computing. Ex- Device Name # States Mature
isting works have mainly demon-

strated how low-precision devices Capacitor (Li et al., 2018) 400 4
can support high-precision com- ECRAM (Tang et .al., 2018) 1000 X
puting in scientific computing and ECRAM (MO) (Kim et al., 2019) 7100 X
DNN inference. In scientific PCM (Nandakumar et al., 2020) 200 v
computing, algorithmic techniques RERAM (OM) (Gong et al., 2022) 21 4
have been proposed to achieve RERAM (HfO,) (Gong et al., 2022) 4 v
high-precision arithmetic on binary RERAM (AIO,/HfO;) (Woo et al., 2016) 40 4
devices Feinberg et al. (2018); Song RERAM (PCMO ).(Park et al., 2013) 50 v
et al. (2023), and residual program- RERAM (HfO,) (Jiang et al., 2016) 26 v

ming strategies sequentially ap- ]
proximate the residuals of previ- Table 5: Comparison of representative analog memory devices used for

ously programmed tiles Song et al. DNN training. Here, Mature indicates whether the device technology has
(2024). The residual concept has been demonstrated with stable fabrication (Joshi et al., 2020).

also inspired precision-enhancing strategies in DNN inference, where multiple cells are used to encode high-
precision weights Le Gallo et al. (2022); Pedretti et al. (2021); Boybat et al. (2018). Varying the significance
of these devices has been shown to yield further accuracy improvements Mackin et al. (2022). Unlike these
approaches that operate on static weights, our method tackles the more challenging setting of training, where
weights dynamically evolve under asymmetric and low-precision updates across multiple coupled tiles, and must
still converge jointly toward the optimal solution. Alternative precision enhancement strategies include incorpo-
rating hardware specific noises into the training process to improve inference accuracy Klachko et al. (2019); He
et al. (2019). Other approaches include logarithmic weight-to-conductance mappings that bias encoding toward
more stable device states Vasilopoulos et al. (2023), and inference Zhang et al. (2017) through weighted majority

15



voting after offline learning of binary weights and column-specific scaling factors.

Memristor devices. To provide an intuitive overview of conductance granularity in current analog memory
devices, we survey recent reports on ReRAM (Stathopoulos et al., 2017; Chang et al., 2011), PCM (Burr et al.,
2014, 2016), MRAM (Apalkov et al., 2013; Rzeszut et al., 2022), and ECRAM (Fuller et al., 2019), and summarize
their reported numbers of accessible conductance states in Table 5. In this work, we focus on the algorithmic
implications of limited conductance granularity under bidirectional updates, a regime that is practically relevant
to several analog training device classes and is frequently discussed in the context of ReRAM-based training
hardware. Based on the device reports summarized in Table 5, experimentally demonstrated analog memory
devices often expose well below ideal high-precision conductance control, with many practical demonstrations
often clustering around a few-bit regime. This motivates studying training methods that remain effective without
relying on unrealistically fine conductance resolution. As illustrated in Table 4, where we conducted experiments
on ResNet-34 with a larger portion of the model converted to analog and using 80 states, accuracy collapses
for TT-v1l and remains far below our method even when TT-v2 is given the same device with only three tiles.
These results suggest that a residual multi-tile mechanism can play an important role in scaling analog training
to larger models under low-state device constraints.

Contribution relative to prior works. Our work extends Wu et al. (2024, 2025) by introducing a new setting
that accounts for limited conductance state non-idealities and by addressing it through a new algorithm called
multi-timescale residual learning. Both prior studies focus on asymmetric non-idealities: they model the analog
update dynamics and establish convergence analyzes for Analog SGD and the Tiki-Taka algorithm. Specifically,
Wu et al. (2024) considers only an asymmetric linear device, while Wu et al. (2025) extends the analysis to
general asymmetric devices to demonstrate the scalability of the approach. Building on their foundation, we
incorporate another widespread device non-ideality, limited conductance states, by modeling a quantization noise
term that introduces a new non-vanishing error component in Analog SGD. To mitigate this error, we generalize
the two-tile residual learning scheme in Wu et al. (2025) to a multi-tile regime, where each tile approximates
the residual left by lower-resolution tiles, leading to an exponentially reduced error floor as the number of tiles
increases. The key challenge is that this residual keeps drifting as lower-resolution tiles are updated, which we
resolve by a multi-timescale learning strategy that freezes the lower-resolution tiles while the current tile runs a
sufficiently long inner loop to track its quasi-stationary residual.

B MAPPING COEFFICIENT SETTING

In AIMC, each logical weight W is physically represented by mapping the difference between two physical con-
ductance values: a main conductance Cp iy and a reference conductance Cler. Specifically, the mapping takes
the form

W =xrC = /€<Cmain - Crcf) (8)

where k is a fixed scaling constant that determines the logical weight range based on the physical conductance
range of the device.

This representation scheme allows the hardware to represent both positive and negative weights using non-
negative conductance values, which are physically realizable. Before proceeding with the analysis, we clarify a
slight abuse of notation used in the main text. In our notation, we do not explicitly distinguish between the
physical conductance C' of the memristive crossbar array and the corresponding logical weight W, which are
related by a fixed mapping constant. However, it is important to note that the device-level response functions
q+(+) as well as symmetric and asymmetric components F(-) and G(-) are defined over the conductance domain.
In the following theoretical analysis, we will reintroduce this mapping explicitly when necessary to ensure math-
ematical correctness. In fact, the conductance-update rule is derived using the same approach as the update rule
presented in (2) of the main text:

Cip1=Cr + AC, © F(Cy) — [AC | © G(Cy) + % (9)

where (; is a stochastic quantization noise term introduced by the finite weight resolution Awpyi,, with E[(;] =
0, Var[¢;] = ©(c - Awpin). Here a is the learning rate. See details in Lemma 1. We rewrite (2) in its exact form

16



-7 0 +7
(a) A 10-state memristive device with range [—7,+7] and increment
ACmin-
ACmin Wi |l oo
«— A K
I 1 Il Il ] Il Il 1] ]
]
-7 0 +7
(b) With k = O(1), weights span most of the conductance range.
ACmin Wil oo
R d K
I Il Il Il Il [l Il Il Il Il ]
| T T T T T T T T T T 1
-7 0 +7

¢) With k = O(yv~N*), weights lie well inside the range.
(c) ¥ , weig g

Figure 5: Comparison of dynamic ranges and weight distributions under different «.
by multiply x on both sides of (9):

All theoretical guarantees in Section E.2 and F are proved using (10); the shorthand (2) is retained elsewhere
to keep the notation compact. Furthermore, although the logical weight W € RP*? in the main text, the proof
part focuses on a vector-valued W € RP while retaining the same uppercase notation to distinguish it from
scalar elements w. This simplification is justified because, in analog updates—whether during gradient updates
or transfer updates—each column of the weight matrix behaves identically. Specifically, during gradient updates,
all elements in a column are updated in parallel, and during transfer updates, updates are applied column-wise
from one tile to another. Therefore, the vector setting captures the essential behavior without loss of generality.
Table 6 summarizes the notations that appear in both the main text and the proofs, especially those where
conductance and weight representations may be easily confused.

In section F, the mapping constant « is set as (’)(7’%) to make Theorem 3 hold. This setting is feasible because
increasing the mapping coefficient x narrows the physical conductance range used to represent the same logical
weight values. Figure 5 illustrates that when the logical weights are concentrated well within the conductance
boundaries, the impact of non-ideal device behaviors such as saturation, nonlinearities, or non-monotonicity is
significantly reduced. This makes the training process more robust.

C NOTATIONS

In this section, we define a series of notations that will be used in the analysis.
Pseodo-inverse of diagonal matrix or vector. For a given diagonal matrix U € RP*? with its i-th diagonal
element [U];, we define the pseudo-inverse of a diagonal matrix U as U, which is also a diagonal matrix with

its i-th diagonal element

1y, UL #£o,
[UT]i o {07 [U]; = 0. (11)

By definition, the pseudo-inverse satisfies UUTV = UTUV for any diagonal matrix U € R” and any matrix V €
RP. With a slight abuse of notation, we also define the pseudo-inverse of a vector W € R as W1 := diag(W)T.

Weighted norm. For a given weight vector S € Rf, the weighted norm | - ||s of vector W € RP is defined by

(12)
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Symbol Meaning

Conductance domain

[—7, 7] Physical conductance range

Cy Matrix of physical conductance at step ¢

ct Scalar conductance value of a single element at step ¢
AcCmin Minimum conductance increment from one pulse at ¢ = 0

F(c),G(¢)  Symmetric and asymmetric components of conductance
q+(c),q—(c) Upward and downward pulse response factors at conductance ¢
Ule, Ac) Approximate analog update over conductance

UEL(C, s) Pulse-based update using bit-length pulses in conductance domain

Weight domain

[Tmin, Tmax] ~ Logical weight range used in training

W, Matrix of logical weights at step ¢

Wy Scalar logical weight of a single element at step ¢

W lloo Maximum absolute value among all elements in W,
Winax Upper bound of ||Wy||« for all ¢, lies in [||W¢|co, Tmax)
AWpnin Minimum weight increment from one pulse at w =0

F(w),G(w) Symmetric and asymmetric components evaluated as F(w/k), G(w/k)
g+ (w), g—(w) Pulse response factors evaluated as ¢+ (w) := g+ (w/k)

U(w, Aw) Approximate analog update over logical weights

UEL(w, s)  Pulse-based update using bit length in weight domain

Shared / Mapping

K Mapping constant: W = kC

Table 6: Notations in the conductance and weight domains

where diag(S) € R?_XD rearranges the vector S into a diagonal matrix.

Lemma 4. ||W|s has the following properties: (1) |[Wlls = ||[W © \/§||7 2) [Wlls < IWIlv/TSTee; (3)
|Wlls > [|[W||/min{[S]; : i € Z}.

D USEFUL LEMMAS

D.1 Lemma 1: Pulse update error

Lemma 1 (Statistical properties of pulse update noise). Under the stochastic pulse update in (Gokmen and
Viasov, 2016), the random variable (;; has the following properties:

E[¢i;] =0, and Var[(;] = O(a - Awnin).

Proof of Lemma 1. Each weight update Aw;; is the sum of BL independent Bernoulli trials , with BL large
enough to satisfy Balwi“sj‘ <1:

L-Awmin
BL
t=1
where:
7 = AWy - sign(z;0;), with probability p := %7 (14)
! 0, with probability 1 — p.
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Then:

E[Z;] = Awmin - sign(z;6;) - p = aéfj, E[Z?] = Aw?,, - p. (15)
The equality holds for sign(x;d;) - |;0;| = z;0;. So the variance of a single trial is:
Var(Z] = E[Z] — E[Z,]* = Awpyi,p(1 - p). (16)
Then summing over BL trials:
E[Aw;;] = BL - E[Z;] = ax;0;, Var[Aw;;] = BL - Aw2,, -p- (1 —p). (17)
Thus,
E[¢i;] = E[Aw;;] — o605 = 0. (18)
Moreover, substituting p = M into Var[Aw;;], we get:
BL - Awpin
Var[Aw;;] = BL - AwZ;,, - 7BI|JC@AZ'(ZLH . <1 - BiéaZszin) . (19)
Thus,
Var([(;;] = Var[Aw;;| = a|z;0;] - Awmin - <1 — oz|a:l(5]|> = O(a - AWmin)- (20)
BL - Awpiy

D.2 Lemma 5: Lipschitz continuity of analog update

Lemma 5. Under Assumption 4, the analog increment defined in (2) is Lipschitz continuous with respect to
AW in terms of any weighted norm || - ||s, i.e., for any W,AW,AW’ € RP and S € R, it holds

1AW ® F(W) — |[AW| © G(W) — (AW’ © F(W) — |[AW'| © G(W))||s (21)
S FmaxHAW - AW’”S

The proof of Lemma 5 can be found in (Wu et al., 2025, Section C).

Lemma 6. Under Assumption 4, the following statements about the response factors are valid; (1) the symmetric
part F(-) is upper bounded by a constant Fiax > 0, i.e. F(w) < Fpax, Vw € R; (2) The following inequality holds

—F(w) < G(w) < F(w) (22)
where G(w) = —F(w) and G(w) = F(w) hold only when w = Tyin and w = Tmax, respectively.
D.3 Lemma 7: Element-wise product error

Lemma 7. Let U,V,Q be vectors indexed by . Then the following inequality holds

(U,Vo) =2 UV)-CAUlV]) (23)
where the constant Cy and C_ are defined by
01 = (max(1Q1) + min([0]1 ). en
1 .
C- = (max(1Q)) - mip(iQl) ) (25)

The proof of Lemma 7 can be found in (Wu et al., 2025, Section C).
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E PROOF OF ANALOG STOCHASTIC GRADIENT DESCENT
CONVERGENCE

E.1 Convergence of Analog SGD

In this section, we derive the convergence guarantee of Analog SGD under the hardware-constrained update rule
in (10). In this section, we derive the convergence guarantee of Analog SGD under the hardware-constrained
update rule in (10).

Theorem 4 (Convergence of Analog SGD, long version of Theorem 1). Suppose Assumptions 1, 3, 4 hold. Let
a=0( W) Then it holds that:

T—1
1 . 2 2(f(Wp) — f*)o? 2
T ;E[HW — W < (’)(RT\/ - + 40287 + Ry Awmin

where St and Ry denote the amplification factor given by :

T-1
W23 1 2L
Tinax . Rp:= (26
Z e T2 T Wi/ )
Proof of Theorem 4. The L-smooth assumption (Assumption 2) implies that:
L
Ee, ¢, [f(Wi1)] < FW2) + Be, . (VF(W0), Wepr = Wil + S Be, ¢, [IIWegr = Wil ?]. (27)

(a) (b)

The term (a) in (27) can be bounded by Assumption 1 that E¢, ¢, [Vf(Wy;&)] = V(W) and 2(U, V) = |U +
V2= Ul = v

e, o (VA7) Wers — W) (29)
= e, <Vf<wt>@ F<VZ>W+ F<V?>@(Vf<wt;ft>—w<wt>>—%Ej(%ﬂ
-3 F(T)QW(WOZ

1 Wip1 — W, Gt 2

F(=— ) (Vf(Wis6) = V(W)

— 5 Eec, - T
20 H 3 Wt F(%)

2

1 Wil — W, W,
+ —Ee, ML S F(—t)G)Vf(Wt;&)— e

2 F(Y) " F(4)

K K

The second term in (28) can be bounded by

r 2
B g, (|| [P 0 (W) - VW) - (29)
T P : P
r 2
! B W1 = Wi + V(Wi &) *Vf(Wt))QF(%)*Ct
- % Et,Ct W
F(5E)




Wi
> — [
— 2aFmax gt Cf K ) Ct

2]
The last inequality holds by defining a constant Fyax such that ||F(W)|lco < Fimax. The third term in (28) can
be bounded by variance decomposition and bounded variance assumption (Assumption 1)

me Wi+ a(VF(Wi&) — VFWL) o P

2

(30)

1 W1 — e Wt e Gt
2atE§t || \/Tt )Qvf(wtvgt) F(M)

2
_ o )

2 |Vf(Wt;ft)| ©

t

2 2

Oét0'2

2

G(%)

K

P(%)

G(*%)

K

VW)l o
IV (W) o

oo

Define the saturation vector the saturation vector H(W;) € R as:

H(W,) = F(ﬁ)®2 - G(%>®2 (31)

K K

- () +e(5)) o (¢ () -¢(3)
~a (5 e (5)

Note that the first term in the right-hand side (RHS) of (27) and the second term in the RHS of (30) can be

bounded by
9 2
Wt Qg Wt G(m)
— VW) 0/ F(—)|| + = ||IVf(—)| 60 ——= 32
wyoFCY| + % livsthh) F(%‘ (52)
(677 2 Wt [G(I/Kt)]3>>
= -2 VW [F(2L)]y — S
M ([ o) ([ (= Gt
o (P15 — [G(Wi))
= -2 VW) 5 D
9 Py ([ f( )]d ( [F(%)}d
< — g 3 (wsom (1w - ez ) )
maxX je (D]
=~ S VSV B,y <O
Plugging (29) to (32) into (28), we bound the term (a) by
Ee, . (Vf (W), Wip — W) (33)
2
a0? || G(H)
= 2Enax||vf(Wt)||H(Wt)+ T%)
1 Wt

)G

i

QQFmaXE& Ce HWt+1 Wi+ (VW &) — VW) © F(—
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The term (b) in (27) can be bounded by Ee,[||[Vf(Wy; &) — Vf(Wy)|?] < o2

L
S Ee Wi — Wi %] (34)
e 2
< LE¢, ¢, ‘ Wit = Wi+ ar(V (Wi &) — V(W) © F(Tt) =Gt 1
W, 2
+ LE¢, |||w(Vf(Wi;6) — V(W) © F(— ) + Gt
W 2
< LE¢q, | [|Wert = Wi+ a(VF(Wis &) = V(W) © F(—2) = ]
+ 2a2Fr%1axLU + 2LFr%1ax . G(QtAwmin)-
Substituting (33) and (34) back into (27), we have
Ee, ¢, [f(Wis1)] (35)
2
ao? || G(¥x
< JOV) = 2 [TV ey + 203 L2 0? + S | S ar 2 0o M)
2Fmax 2 F(M)
1 /1 W, ’
-7 Y LFvax | Ee, o, | (|Wi1 = Wi + (VW &) — VW) © F(—) — ¢
max Qi K
W 2
Lo o? || G(Zx
< f(W) = IV W)z w,) + 20 L0 + — el + 2LF] 0 - O( Awpin).-
2Fmax 2 F(M)
The last inequality holds when a; < ﬁ Taking average over t, we get:
1 Il
T Z E(IV (W)l ow,)] (36)
=0
2
T-1 W
G( W
S 2 max(f(WO) f(WT)) +4LFI§1aXatO_2 +02Fmaxl Z ( K ) +4LFriaX®(Awmin)
T = F(%%)
_ fx\ 42

f(Wo)

The second inequality holds by choosing o = O( m) St denotes the amplification factors given by:

2

L || G6CE)
Sp = — - . 37
T= 5 ; o (37)

o0

Adopting the bounded saturation (Wu et al., 2025, Assumption 3), we assume there exists a non-zero constant
Hpin > 0 such that min{H(W})} > Hpy for all t. Since p(W — W*) < Vf(W), we multiply both sides by u
and normalize by the constant H;,. This yields the upper bound for Analog SGD on general response factors:

T-1 r 3 W r r
1 * 2 I?laX \/8 (f( O) f*)o-Q ST max 2 r?lax
— — <
T ;:0 E[|W Wi“] < (’)( T + + 4L 22O (Awpmin)- (38)

min Hrmn min
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For concrete illustration, we now analyze the asymmetric linear device (ALD) model, in which the pulse response
factors are defined as ¢4 (¢) = 1— <% and ¢_(¢) = 1+ % (Rasch et al., 2023). Here, ¢® denotes the symmetric
conductance point, at which the upward and downward pulse responses are equal, i.e., ¢4(c®) = ¢g—(c°®); in
other words, a positive and a negative pulse induce the same magnitude of conductance change at this point. By
Assumption 4, we set ¢® = 0 due to zero-shifting of the conductance domain. Under these settings, the symmetric
and asymmetric components simplify to F(¢) = 1 and G(c) = ‘Cl Correspondingly, in the weight domain, we

have F'(¥) = 1and G(%) = M = T\wl where Tiax = KT. Substltutlng the matrix-form expressions (%) = 1

and G(%) = % into (10), the Analog SGD recursion on ALD reduces to:

Wipr =Wy — e V(Wi &) —

V(W &) © Wi + G, (39)

max

We can naturally get that Fiyax = 1, Hyine = 1 — % Rearranging (35) as
E&t;(t [f(Wt+1)] (40)
o a2 | Wil
< f(Wo) — WHW(WHQ +207Lo” + % +2L - O Awpnin).

max

Divide both sides of (40) by 1 — ||[W;||%, > 0 and average over t:

/ maX

T-—1
1 2 “E
=3 wlvrwy)) < VIR ZBIWVID | oo 140291 4 Rr6(Bun)
T =0 atT
< 2RT(f(aW;) — ) + Rroyo® + 462St + RrO(Awmniy ). (41)
t

Here, ST and Ry denote the amplification factors given by :

T-1

W2 /2 | oL
, Ry = . 42
Z = ||Wt||2 TS T T WL (42)

/ max / max

Choosing oo = O(4/ %), when T — oo, it satisfies that o < 5= and (41) becomes:

T-1

Nl

E HVf Wt || ] <RT\/2<f(WO)T_ f*)02) + 40‘25T + RrAwmin- (43)

t=0

Since p(W — W*) < V f(W), multiplying p on both sides, we get:

T—1
1 x 2 2(f(Wo) — f)o? 2
T ; E[JW* - WiF] <O (RT\/ T +40°St + Ry Awnin. (44)
which completes the proof. O

E.2 Lower bound of asymptotic error for Analog SGD

Under the convergence of Analog SGD with hardware-constrained update rule in Theorem 4, we derive a lower
bound on the asymptotic error floor that arises when training with a single analog tile on non-ideal AIMC
hardware.

Theorem 5 (Asymptotlc error bound under quantization, long version of Theorem 2). Suppose Assumptions

1-4 hold, o = 2L’ there exists an instance where Analog SGD generates a sequence {Wt}t o such that:

T-1

]' *

7 O BlIW" = Wi*) > Q(0*Sr + R Atwnin)
t=0
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This section provides the lower bound of Analog SGD on noisy asymmetric linear devices with limited conduc-
tance states under Assumptions 1-4. The proof is completed based on the following example from (Wu et al.,
2024, Section G.2).

(Example) Counsider an example where all the coordinates are identical, i.e., Wy = w;1 for some w; € R where
1 € RP is the all-one vector. Define W* = w*1 where w* € R is a constant scalar and a quadratic function
f(W) = L||W — W*||? whose minimum is W*. Initialize the weight on Wy = W*. Furthermore, consider the
sample noise & defined as & = ;1, where random variable ¢; € R is sampled by:

+._ o [l-p:
& = s/ ot WP P 1
=4 '~ VPV I ' with p, = = <1 S ) : (45)

€t :_%\/ 1ftpt7 W.p. 1_pta 2

Tm ax

As a reminder, it is always valid that |w¢| = [|[Willeo < Tmax (see (Wu et al., 2024, Theorem 5)) and 0 < p; < 1.
Therefore, the noise distribution is well-defined. Furthermore, without loss of generality, we assume [w*| < T
and o < %. We define the objective f(w;e;) == £ (w—w* + %)2, whose minimum is wi, = w* — %. The
noise &; satisfies (Wu et al., 2024, Assumption 7).

Proof of Theorem 5. Consider the example constructed above. Before deriving the lower bound, we demonstrate
Assumption 1-2 hold. It is obvious that V f(W) = L(W — W*) satisfies Assumption 2. In addition, Assumption
1 could be verified by noticing (45) implies E¢,[¢;] = 0 and Eg, [[|&]|?] < 0. Assumption 3 is verified by (Wu

et al., 2024, Lemma 2). We now proceed to derive the lower bound. Manipulating the recursion (39), we have
the following result:

Ee, [ Wi = W] (46)
= Be, ¢ [IWe = s VF(Wis &) — — [VF(Wis &) © Wy = W + Gi[]

max

= Ee,[|Wi — au V(W &) — Tat V(Wi &) @ Wy — W] + O(cs Awmin)
v
= B¢, [[|W: — e VF(We &) — W] + Ee, || . LAVEW &) © Wi

(0%
— 2B [(Wy — u V(Wi &) = W", —

max

|Vf(Wt7£t)| O] Wt>] + @(atAwmin)~

The second equality holds for ||U + V|| = |U||> + ||V ||* + 2(U, V) with E¢, [2(U, V)] = E,[0(¢)] = 0 here, and
E¢, [¢?] = O(atAwmin). The first term on the right-hand side (RHS) of (46) can be bounded as:

Ee, [IW: — iV F (Wi &) = W] (47)
= Wy = W2 = 2uBe, [(Wi = W™, V(Wi €))] + o Be, | IV S (Wi &)
> (1= 20 L)|| W = W + ofEe, [ V5 (W)

Here the second equality uses the unbiasedness of the stochastic gradient, i.e., E¢, [V f(Wy;&)] = Vf(Wy), and
the inequality follows from the Lipschitz condition (W, — W*, V f(W,)) < L||W; — W*||%. The second term in the
RHS of (46) can be bounded as:

Qg

B2 [V F(Wis )] © Wil (48)
a?|Wi|%, a?|Wil|%
= Wl 1w ows o) = S g v w17

where the first equality uses Wy = w;1. From (45), we have E¢,[|Vf(Wi &)1 = [[VFW)|1? + Ee, [[|&)1%]) =
L?||W; — W*||2 4 02, substituting the equation into (47) and (48) yields:

(07

Ee [[[Wi — i,V f(Wis &) = W] + Ee, [| : V(Wi &)l © W] (49)

Tm
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Wil Wil
H 2t||oo))||Wt_W*H2_|_at20,2(1_|_ H 2t||c>0).

max max

The third term in the RHS of (46) can be bounded as:

> (1 -2 L+ a; L*(1+

— 2B, [(W; — , V f(Wi; &) — V(Wi &)l © W) (50)
tWt %Wt
= —2B¢, (W, = W*, 2L 0 |V f(Wis €))] + Z— B¢, [(V F(Wis &), [V F (Ws; &)

max max

AWy

= *QZ we = w, ——(p([VF(W)]i +ef) = A =p) (V)i +e;)))]

max

+ Q‘fnw i PV FVOL: + ) = (U= p) (TS (Wo)li + 7))

> MHW W2 + 204,5||Wt||2( LW, — W*|? + 02)
R AN R e AN (S A EVEERS
—2(1+atL)atLHWt”°°||W W*Hz w

where the first equation uses W; = w,;1, the second equality holds for (Wu et al., 2024, Lemma 4), which shows
that Vf(W;) +¢ef > 0 and Vf(W;) + &, < 0, the last equation holds by settlng ap =

2L’ the third equation
holds by simplifying the second term as:

D
Dl — ', S (VS (W)l + ) = (L= p) (VWi +-2,)] (51)
D
_ wr — w* QWi o 1—p o o Dt
= Dl =, DRV AWl + 754 ) = (1= OV AWl = 5 200
D
=2 lwe—w" S = VIOV + = pp)
S e s A L
S R = LAV e ARz

The inequality holds for (W,—W*, —V f(W;)) = —(W,—W*, V(W) < [|We=W*||-[[VF (W) || < L|W—W*|%.
Simplifying the second term as:

D
Z pe([VIW)i + &) = (L =) ([VF(Wo)li + 67)%] (52)

%

=

= 22 VSOV + 20 Wiy [P (7 1_p’5>)

<.
—

(1 — i) ([Vf(Wt)] + 2[Vf(Wt)] (

o Dt 9
\/> 1*pt)+( \/> 1*Pt))]

+ wwm]i%m Wil /2]

%)+

(1= 2p) (= [VF(W)]; +

Mo

=1
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L2|W, . Wil oo
LWl g, — e IWVellee” L B, — wt) T TR 7).

max Tmax

Substituting (49) and (50) into (46), we get:

Ee, ¢, [[Wir1 — W*|?] (53)
W12 L||W,||?
Z (1—2@15[/4—0(?[/2(1—"- ” 2t||oo) —2(1+atL)at ”2 tHoo)HWt_W*”Z
5 Wl | 207 1Wili5o
+a?o?(1+ = <)+ = + O (s Awmin )-
L Wy|? 3| W2
= (1—2atL(1—%)(1 ” t” 2N Wy = WP + ofo 2(1+”27t”°°)+@(atmmm).
max max
Rearranging (53) as
Wy — W2 (54)
o W= W2 = Be, ¢, [[Wega — W% (1 + 3| W3/ Tinax) 0
200 L(1 — oy L/2)(1 = W [|2 /Tha)  2L(1 — au L/2)(1 = [[We]3 /T Rax)
n O (Awmin)
2L(1 - OétL/2)(1 — [Well3/Tax)
HVVt”2 / Tmax? 2®(Awm1n)
h L2(1 - ||I/Vt||2 / max) (1 - ”WtH2 / max)

The inequality holds since oy = 5, and ||[W;, — W*||2 > Eg, ¢, [||Wiy1 — W*[|?] from (Wu et al., 2024, Theorem
8). Taking the expectation over all &, (; and take the average of (54) for ¢ from 0 to T'— 1, we obtain:

1 T—1
= E[|W, — W*|?] (55)
t=0
1 = HWt||2 /72 1= 20(Awmin)
7 Z 2 2max + = 2
L2(1 — [Wil|2 /m20) T = 3L(1 — W%, /720x)

t

Il
=}

= Q((TQST + RTAwmin).

The proof of Theorem 2 is thus completed. O

F PROOF OF THEOREM 3 AND COROLLARY 1: CONVERGENCE OF
RESIDUAL LEARNING

This section provides the convergence of residual learning algorithm under Assumptions 1-4. To formalize the
analysis, we first clarify the use of tile-specific update indices. In the main text, we define each gradient update as
one training step, denoted by the global counter ¢. Since each tile W™ is updated only once every T}, updates
of tile WD As a result, W is not updated at every global step, exhibiting an inherently asynchronous
update pattern. We introduce a local update counter t,, for each tile W ("), which tracks the number of its own
update steps. These local counters are related to the global counter ¢ by the following approximate relation:

{ t41 J
Hn/zn-',-l Tn/

As shown in Figure 6, the update schedule exhibits a nested timing hierarchy where inner tiles are updated less
frequently.
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tn tN_1 tN—2 tN—3 to
0 0 0 0 0
] —— 1 0 0 0
E 2 1 0 0 0
3 8—m 22— 0 0
2
© 4 2 1 0 0
g
8 5 —33 1 0 0
6 3 1 0 0
7 4 2 1 0

Figure 6: Local index evolution with T, = 2. Arrows show transfers from W"*1 to W™,

F.1 Main proof

Theorem 6 (Convergence of residual learning, long version of Theorem 3). Suppose Assumptions 1-4
hold.  Let the scaling parameter satisfy v € (0 Hpin/V6F2,.], and set the mapping constant as k =
(0L Winax) 2 (YN Awmin) "3, For alln € {0,...,N — 1}, set the learning rate 8 = ©(y2). Choose

T, > @(7_1)a

forn € {0,...,N — 1}, except that To = ©(1). Forn= N, set « = O(1) and choose

Ty > O0(y™M).
Define the Lyapunov sequence as:
al (n)
o= 3 IW{ g,y = P (W )1
n=0

Since t = ]_[7]:;0 Tok = O(y~2V)k is the total number of gradient evaluations, with p € (0, %), the Lyapunov
function Ji satisfies:

2
E[Jx] <O((1 - P)W ) [Jo] + @( 5 (UAwmln)S)
Proof of Theorem 6. We begin by presenting two lemmas essential for establishing the convergence proof.
One inner loop contraction.
Lemma 8 establishes that tile W) undergoes a descent in expected distance to its local stationary point

Py (W(N)) one inner loop with T updates. The update dynamic is defined as:

(N) (N)
Wi ) *‘avf(Wﬁft”@G(Wt

Wi =W —av (W) o (- )+ (56)

Lemma 8 (Descent lemma of the main sequence W®) | long version of Lemma 2). Suppose Assump-
tions 1 —4 hold, the leaming rate satisfies a < W, the mapping constant is set as K =
(JLGwmax) (v NAwmm) . Denote E¢p ¢ = It holds that:

Egt:t+TN—17§t:t+TN—l .

Eencn [IWitkenyry 1 — PR V10,2 (57)

aply « mr(V) o 8p+La , 2
S(l_‘l(/i-FL)> W, t+kTN PN(WtN,lJrk)H +WFIMXU +v ‘9((0Awmm)3)
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Lemma 9 establishes that a single update of tile W™ leads to a descent in its expected distance to the local
stationary point P} (W(n)) after one inner loop with 7,, updates. The update dynamic is defined as:

() (n+1 W(n) ( +1) Wt(n)
Wil = Wi+ pw o F(==) = 1wy e G(—) 4G, (58)

Lemma 9 (Descent lemma of lower level sequences W) long version of Lemma 3). Following the same

3
assumptions of Lemma 8, for n € {0,...,N — 1}, the learning rate satisfies that f < gﬁﬂ Denote E¢,,
. It holds that:

ECtn+an:tn+(k+1)Tn—1

Ee. [IW t +(k+1)T (th 1+k)|| ] (59)
BHmin « 7771
<(1-5es lleflm - B ol
6Fmax’7 (n+1) % —=5(n+1)\ 2 2Fmax®(Awmin)
+ HI%un ||W"+1+(k+1) Tny1—1 Pn""l(Wt"Jrk)H * Hmin
(n)
292 687Fmax, || e rrr(ntD) Wi, © ety .
(2 e | e )0 B (M) P (P 0 6T i )H

The proof of Lemma 8 and 9 are deferred to Section F.2 and F.3. We then proceed to prove the convergence of
the algorithm with the result of Lemma 8 and 9 . Define a Lyapunov function as:

N
Tii= YW oy = POV )P (60)
n=0
Bounding the drifting optimality gap.
To derive the recursion of the Lyapunov function, we require an additional inequality to characterize the drift
optimality, when n € [1, N]. Observe that between one time step increment on t,,_1, only the component wn—1)

of the stationary point P} (W(n)) =~"(W* —W(n)) is updated due to the structure of the inner-loop algorithm
we obtain:

Ee,, (125 (W4 sn) = PE(To LI (61)
e [[50rr P(E)  o a((ﬁ)) vl
<, @F(W‘*('le*)’“) P le o Wi e = 7o
@F(Wt(:;l-gk> |W njtkT 71| @G(Wt(,,::l?k) (P*(W( )1+lc) @F(Wt(illﬁk)
P o o) 4 Bl
<& P:<W§Z>_1+k>@F(Wt%1+’“) Py 1+k>|®G(Wt(%l+)’“)H2
w1 = POV I + 2 (St

Inequality (61) is obtained by Lemma 1, 5 and Cauchy-Schwarz inequality. Therefore, the drift optimality can
be bounded by substituting (61) with |U + V||? < 2||U||? + 2||V||*:

B, W) opnyr, -1 — Pa Vo iy )I?) (62)
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n « (17 (1) *( (1)
<AW" iym s~ PR )12 + 2B, BT ) = PR L))
(n—1)
n =(n) ﬁ th—r‘rk
<2+—>wai(k+l SR UL AU E e

(n—1)

W 2

. ( tn 1tk 65
—|Py(W o 1+k)‘®G< o >H O(Awmin)-

Establishing convergence.

Define Fj, as the o-algebra generated by all random variables up to time k, including {Wt(:)}tgk,ne[o, N)- We
write conditional expectations E[ - | ] compactly as Ex[ - ] for brevity. For notational consistancy, we denote
W* =Py, . for all k. Expanding Ji41 with (62), (57) and (59), we get:

Ex[Jxt1] — Jk (63)

N
77 (") « 77
Z t’ +(k+1)T’— PN(Wt ’ 1+k+1 ||2 Z ”W’ +kT,—1 ‘Dn’(V[/tn/_l—i-k)H2
n’/=0
(n'=1)
(1)

Wt /_1+k
0 or( Mo

n (n ﬁ
2+ N rayrgs — P 1P + 5 :

(n'—1

W e
« () tor_1tk 65 0 .
1Py lo (=== |+ @(Awmm>)+|wtil eiTy-1 ~ Por_ skl

* =(n")
Z ||Wf’ +kT! -1 Pn’(th/71+k)H2
n'=

652 aply™N ‘1) —(N) 2 8(p+ Lo
< (24 — 1—- — — Py (W _
= ( + v )(( 4(’u+ L)) || t+kTn—1 N( tN— 1+k)|| + 'VNML

4N
3

CF2,.0% 4y
(N-1) (N-1)

20) |, 687 || o o) Wiv 1 (V) Win_atk\ |2

O(odwain) ) + == PRV ) © F (=220 ) PR, ol o G (=2 )|

(n'—1)

N—

65 652 272 65’7Fmax (7l ) t,r_1+k

Awm1n 2_: ((2 + 7) <( Hmin + Hmin ) (Wt , 1+k> ® F<4 - 1 )
W .
« o Ly 1tk BHmin T,/ (n")

— 1Pl 0 6= )| (1= ) W = P )P

6Fmax’7 n' +1 —(n'+ 2Fmax®(Awmin) 6ﬁ2 —(n')
T2 HWt(n/leszn,H P (W )||2 —Hmin ) + kD Wi, n)

Wi W e 6
w1 « ™) b 1tk 66 .
O F(—0) = 1Pl © G )|+ SR Au)

BHmin * 6F x'7 —(1)
+(1— WO~ Byl + Sy

2
t1+(k+1)T1 P (Wto+k)||

2 Fmax H?mn
2F‘m'1x@ A1'01’1111’1 * 7(”(/)
+ T Z W 1 = P 2
(n'—1)
W) W vk

N 2 2 2
<y ((2+%)(f Dy O sy O |
n’/=1

Hmin Hmin Y
(4)

L o F( )= 1257 Ll

K
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Wt(n,—l-zk: 2 N-—1 6/82 BH . T 6F4 2 , ’
n'/ — min n’ max ) n % ()
o6(—=E) T4 3 (24 20 )7+ e ) W = PP I

K el T - 27 Finax Hys,
(B)
632 aplyN 1y 6FX. A2 (V) « er(N) 2 652
+((2+T)(1_4(M+L)) N =) W = POV ) e+
()
N-1
8(,LL+L)OZ 2 2 _ 4N 2 6/82 2Fmax®(Awmin) 65
- F 5 O((0 Awpin)° 24 —)————F + —O(Awnin
(Comar P +97 F 0l b)) 3 (24 =) = CE 4 220 A

ﬂHmin Tt (0) N
* ((1  29Fa )" - 1)”Wto+kTo—1 — Pyl

The coefficient ((1 — %7“““)71”' — 1) for the last term is negative when 7T > 1. To achieve descent on Lyapunov

function, we choose

1_%pHmin
6 F2

max

B=0(r?), a=0(), v< T,>O(yv'),nel{l,....N-1}, Ty >0(r"")

to satisfy the following conditions, where p € (0, %) is a constant:

65%, 29" 6B87Fmax, 657
A=2+ 2 (- P < 4
( * ’7)( Hmin+ Hmin )+ Y _07 (6)
652 ﬂHmin T, 6F4 ’}/2
B:=02+—)(1— max 1< — 1,N -1
@+ o) T et 1< e -1 (65)
6,32 aplyN 1y 6F2 A2
C=02+—)(1- max 1< -— 66
Let B = cgv?, the inequality (64) becomes:
(24 6¢37°) (—27% + 6csFmaxy®) + 6¢57> Hin < 0 (67)
which holds when v € (0, \/%Il’m%] and cg € (0, ﬁ] For (65) and (66), we first give the upper bound of v as
EPY T
v < 1\/6+;H""" in order to satisfy M;‘;‘%A’Q—l < —%p. We then bound the inner loops count T,,, n € {0,..., N—1}
by dei'lniném;x

6Hmin CﬁHmin 652 5 3
N ) N A ) e(7), 1=24 = +6c27° = O(1) (68)

Using (1 — A1) < eM7Tn ) inequality (65) must satisfy Aje=*"» < p/2, which yields T, > )\%ln (%) =

© (7*1). Similarly, let Ay = % =: co7V = O(7Y), to satisfy Aje 27N < p/2, we bound Ty as Ty >
)\%1 % =6 (7). Once inequalities (64), (65), and (66) are satisfied, the Lyapunov descent inequality

(63) simplifies to:

Ex[Jr1] < (1= p)Jk +77 % O((0Awmin)?). (69)
Taking full expectation over Fj on both sides, the recurrence becomes:
Ellis1] < (1= pE] +77 % O((0Awnin)?). (70)
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Unrolling this inequality over k steps, we get:

E[J] < (1= p)*E[Jo] + 75 ©((0Awmn)¥) D (1 p)’ (71)
t=0

)

4N

= O ((0 Awmin)
p

(AN

<(1- p)kE[Jo] +

Since p € (0,1) = ©(1), we get:

_an 2
E[Jr] < (1= p)"E[Jo] + O (7™ % (0Awyin)?). (72)
Since W) dominates the compute cost, one outer iteration (i.e. one update of Jj) consumes t = HnN:0 T,k =
O(y~2N) . k gradient evaluations. Therefore the averaged Lyapunov function, as a function of the total gradient
evaluations, obeys:

4N
3

]E[Jk] S O((l — p)’y2Nt)E[JO] + 9(77 (O-Awmin)%)

which completes the proof. O
Corollary 1 (OptiEality gap of residual learning). Under the same conditions as in Theorem 3, the limit of the
composited weight Wy satisfies:

2N
3

limsup E[[|[W* = W,[|2] < O(y5 (0 Awmin)?).
t— o0

Proof of Corollary 1. From (71), taking the limit as &k — oo, we obtain:
%

limsupE[J,] <Oy

k—o0

i

(0 Awnmin)3). (73)

Once (73) holds for Ji , each component of J; also satisfies:

limsup E[J|W™ — PrW )12 < 0(7 % (0 Awmm)?). (74)

typ—00

Substituting P (W(n)) =" (W* - W(n)) into (74), we derive the bound on the scaled residual:

limsup E[[W* — W 12] < 012 % (0Awmn)?), 1€ [0,N]. (75)
typ—00
In particular, when n = N, we obtain the desired result as:
limsup E[[|[W* — W,|]?] < @(’Y%(UAwmin)%). (76)

t—o0

This demonstrates that increasing the number of tiles leads to an error decay rate proportional to ’y%, thereby
completing the proof. O

F.2 Proof of Lemma 8: Descent of the main sequence Wt(N)

(V) long version of Lemma 2). Suppose Assump-
Ck’+
AN (u+L)F2,, 7

It holds that:

Lemma 8 (Descent lemma of the main sequence W
tions 1 —4 hold, the learning rate satisfies a <

(aLGwmax)% (’yNAwmin)_%. Denote B¢y ¢ =

the mapping constant is set as kK =

Eit:t+TN71’Ct:t+TN71 .

T (N)
Een.cn | IV N hi1yrn 1 = PR T1y) )l (57)
aply (N) « 7r(V) 5 8p+La , 4y 2
< (1 - 4(/H—L)> Wiy — PNWiy )17+ WFmaxo— +77 3 O((0Awmin) ?).
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=(N) 2
tN—1 H

Proof of Lemma 8. The proof begins from manipulating the norm HWH]-Vl) Py (W

N (N
Ee, . W = P (Wey DI (77)

tNl
7 (V)

tN—1

N N
— W) = PR |2 + 2B, o (W) — PR (W
N
+Ee, o (WS — W2

N N
), WY — WMy

To bound the second term, we first apply the update dynamics given in (56) to obtain the following equality:

N (N) N N
e, o, (W) — PR, ) wit) — Wity (78)

(N)
W,
— 2K, ¢, [<Wt(N) PN(W:(&N D,V (W &) o F(

oa(™) <)

_ oam, [<W§N) PN ), Vf(Wt,ft)QF(

) +1aV (W)

(N)

~ 20, [(W — PR (TN )19 £ (W) © G (7

{0 r ()

(N)

B B - W
20 [(WE P T, (95070 - 195 T o 6( V)]

—2a<W<N) PR (Wi, IV Wt)@G(WiN)»

o <Wt(1v) BRI F(W;N)) + VW)@ G(WiN)»

tN—1

IN

(T1)

o W)
+ 20, [(WN = PR W ). (VW) = IV (W& 0 6(—=))]

(T2)

Upper bound of the first term (7'1). With Lemma 7, the second term in the RHS of (77) can be bounded

by:
™) o we™ ) 79)

—2a(WN - P W ).V W) 0 F(Y) 1 v ) 0 6

- 9 <W(N) PN Y v o (Wt(N))>
= (0% N tN_1 t ds P

N —_— N —
< =200 (WY = PRWL), VW) + 200, (WY = PR(WL )1, V(W)

where C} 4 and Cj,_ are defined as:

(N) (N)

Civ =y <r;1€a;<{qs<[w;}i>} + géi;l{qs([w;]»}) , (30)
(N) (N)

Cie =1 <r§16aIX{qs([W;b)} - rigig{qsqw;m}) . (s1)

In the inequality above, the first term can be bounded by the strong convexity of f. Let go(W(N)) = f(W(N) +
ANWN)) which is 42N L-smooth and 2V y-strongly convex. It can be verified that go(Wt(N)) has gradient
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V(p(Wt(N)) NVf(WtN L+ ’yNWt(N)) = 4NV f(W,,) and optimal point P*<W7EN)1)

2.1.9 in (Nesterov et al., 2018), we have:

Leveraging Theorem

2aCy 4 (W™ — PLTY) ), V() (82)
2aC (N
== V™), Wi PR )
2
:%w W) = vy (T ). w™ — ) )
200+ (Y- v*NL v T 2 4 1 (N)y 12
> 200 (TR L = BT+ o V0]
20Cy, 1 pLyN | () (N 2aCk +
= HiLHWt - Py(W,,~ 1)||2 ﬁHVf(Wt)H2

The second term in the RHS of (79) can be bounded by the following inequality:

20, (W = PR W)LV F(7)]) (83)
aCp _yN(p+ L) (N) —(N) aCly —
< —h wN — Py (W 2 W)
< O e N Wiy Dl ’yN(u+L)H FW)|l
Therefore, (79) becomes:
(N) (N)
——(N W, — W,
—2a(W = Py(W,)) ). VI (W) 0 F(==) + |VF(Wo)| 0 G(——)) (84)
20uLCy  aCf _(n+1L) (N) —(N) aCl + o
< N s _ s _ P* 2 VYRt 2.
Upper bound of the second term (72). Leveraging the Young’s inequality, we have:
(N) w=(N) T T wY
20B¢, [(W™) = PR(W ), (VS (W) = [9F (W) © G(——) )] (85)
apLCy ™ | (v ()
< ST — PP

o(p+L)

mremened| (UAIE LA CLADI

(@) apuLCl N W T=(N) o
< TutD) Wy = PR (W )
a(p+1L) w
+m &H(Wf(Wt) VIW&)]) © ( )H }

®) apLCr N
(n+1L)

where (a) applies ||z] — |y|| < |x —y| for any x,y € R, (b) uses the bounded variance assumption (see Assumption
1). Combining the upper bound of (T'1) and (72), we bound (78) by:

—(N)

(N 2, a(p+L)o H t H2
W P I + SEES s

N (V) N N
2B, (WY — PR (W), WY = W) (86)
LC aCp _(u+1L) —(N) k2aC —
< _ N[ QHYE+ k, N) _ px 2 k,+ 2
2
a(p+ L)o? G(Wt(N))
pLCy AN L
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()
W,
G(——)

K

a(p+ L)o?
pLCy 4N

~ YNauLCy 4
2(p+1L)

OéCkH,_
W (p+L)

W™ — P (W, )2 — IV f(W )% +

o

where the last inequality holds for C _ <« Cj 4 , which is sufficiently close to 0, and the following inequality
holds:

02 ’u,L

(“+L)02 S+ L)

(87)

Furthermore, the last term in the RHS of (77) can be bounded by the Lipschitz continuity of analog update (see
Lemma 5) and the bounded variance assumption (see Assumption 1) as:

Efm(t |:

W) — W (38)

)+<l]

(N) (N)
= B, [0V (Wi 6) © F("n) a0 0 G (L

< 207 F o Be, [V f(Wi &)%) + 200 (Awpin)

<202 F2 IVFW)|? 4 202 F2,.0% + 200 (Awmin)
aCr+ 7.\ 112 2 12
< ——7F— w 20°F, 200 (AWmin
< N VAT + 2070”4 200(Mtnin)
where the first inequality holds by ||U + V||? < 2||U||> + 2||V||? and E¢, [¢?] = aO(Awmin), the last inequality
holds if o < ‘Wmcjif)ﬂ%m . Plugging inequality (86) and (88) above into (77) yields:
N 77 ()
Ee o [IWSY = PR (Wey IP] (89)
apLCy v (N) w77 (N) 2 aCl,+ =2
< (12 ) Wi - Py (W N
< (1-%2 5 =) I = PRV I = k)
e B (M) 2o
2a°F, 200 (Awpiy)-
HLCk +’7N K +2a maXU +2a ( w )

From the definition of C} 4, when the saturation degree of Wt(N) is properly limited, we have Cj 1 > % since
avy™ is sufficiently small. Therefore, we have:

(V)
Ee, o [IWS — PR(We DI (90)
pLay (N) e 77N )2 a — 2
< _ _ -
- (1 4( _|_L)> ”Wt PN(WtN_1)|| 4’}/N(/,L+L)||Vf(Wt)”
(N)
20 L
+ (“+ HG(Wt )H +202F2, 02 + 200(Atwpin)-
wL K

Under Assumption 4, which indicates G(0) = 0 and the Lipschitz continuity of the response functions, we can

G(W(N)>H in (89) as:

(SR < () - e () - e < e o

where Lg > 0 is a Lipschitz constant. Perform T iterations using the recursive process in (89), and denote the
expectation over the noise sequence Ee,, ;1 .¢iiyry 1 8 Egy ¢, we obtain the following upper bound:

directly bound the term ‘

Een.cn [IWiityo1 = PR (W0 DI (92)

Tn—1 N\ G

apLAN N Ny e () ( apLry ) ( 92 9
<(1- 2BET w™N) _ pr v + 1— 22T ) (242F

_< 4(u+L)) W, NVl ;:0 it D) &’F2 0
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2a(p+ L)o? L3 | W%,
2 A min
+ LN R + 2a0(Awmin)
auLv (V) 7 yz g St La g, 8(p + L)?0?LE Wi ax
<1 ) HWt PN(WtN 1)” ’}/N,U,L Fmaxa + 72NM2L2H2 &
8 L
+ (M+ ) 6(Acmin)
YN uL
Tn
auly (V) =) o 8(p+ L)a Yy 2
<(1-2 ) yw™ - (W 4 R O((0 Awmin) #).
_< 4(M+L)> H t N( tN— 1)H ~y ;U’L maxa +ry 3 ((U w )3)

The second inequality holds for ZZ.T;"O_l (1 - O‘("TL)) < a(li‘; LN, and we define Wiax € [||Wt(N |loos Tmax ) for all

t. The last inequality holds by choosing the mapping constant as:

N
AN Awpin 1

(——) . (93)

R

wln

k= (ULGWmaX)% (VNACmin)7% = (ULGWmax)

The second equality holds by substituting (8). Rearranging (93), we get:

1

K = (0L Wimax) 2 (7Y Awyin) 1 (94)
When k # 0, (92) can be written as the general case:

Eencn | IV N hiiyme 1 = PR iy )] (95)

aply 7 (V) 2, 8t L) 5 5 _ay
§(14(M+L)) W o = PR(Wey i)l +WFmax0’ +77 5 O((cAwmin)

Wi

)

which completes the proof. O

F.3 Proof of Lemma 9: Descent of lower level sequence Wt(:)

Lemma 9 (Descent lemma of lower level sequences W) long version of Lemma 3). Following the same
3

assumptions of Lemma 8, for n € {0,..., N — 1}, the learning rate satisfies that f < gHAW Denote E¢,,

. It holds that:

ECtn+an:tn+(k+1)Tn—1

« 77 (1)
ECn[” t +(k+1)T Pn(th,1+k)||2] (59)

ﬂHmin T n (n)
g(l— ||anlm P oI

2'7Fmax
6Fy, dxfy HW(nJrl) (n+1))H2+ 2Fmax@(Awmin)

+ H2. tra1 (kD) T —1 Pra(Wy, ok Hor
G e gz @ o r () T 0 0 ()
Proof of Lemma 9. The proof begins from manipulating the norm ||W, (n) - n(W(n) )%
B, [IWis — P20 )IP) (96)
=W — P <W§Z,1>||2 2B, (W72 = PV, ). Wi = WD)+ B, [IWE — Wi )

Substituting update dynamic (58), we bound the second term of (96) as following:

n * (”) n n
2B, (W — Pr(W,"” ), Wi, — W] (97)
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The last inequality holds by Young’s inequality. The first term in the RHS of (97) can be bounded by:
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~2s{ vt
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S - FmaX’y”Wt (th 1)HH(W("))
By (n) (n)
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for any U,V € RP, (c) is the saturation vector H(W,) defined in (31). Thus:

B
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=1= (b) leverages the equality 2(U, V) = ||U||?+ ||V ||?—||[U -V ||?

W(")

)

Wt(:)
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Wi\ 2
2 Lo - mawe i () - [GE =)

=25 Lo~ pr e g

~ 5 [F( t(:))
n n W W
SRS (KW;,) i) ([F(ﬁ;)lﬁ— [G(Z)]?l))
max de[D]
_’y;;max H (Wt(:) P*( (”) ))“H(W(”) (99)

(d) comes from :

w
(n) fe]pac:t
n « T Wi, n « g™ n 2
=S - v o F(F) W - P OT e . )H

f(5)
K

(- w™ — P, ) W,
= (r()) e (M o r(5)
ol R
Wi =P W) W
+]= = o 6(=-))|
¥ K
By —(n+1) W, n+1) Wy,
< P () 0 (=) — [P (W) 0 6= ) (100)
The second term in the RHS of (97) is bounded by Lemma 5 as:
(n) (n)
n * (n) n+1 W n+1 Wn
2B, (Wi — pr(Wy) Wit o F (=l ) — w6 (=)
(n (n)
. (n+1) Wi, n+1> Wi,
— (Pra W o F(=) - 1P, (W) 0 (=) (101)
(v)
ﬂ n n+1 W n+1
L R UL >||H(W<n>)+2/amew]W< e o (=) -
Wi . (n+1) Wi e W\ |12
06(=) = (P o (S ) = 1P 0 6(5)) [ s
ﬂ n n+1 = (n+1)
< op el - P Iy, + 267, axvnwniﬁm P )
Plugging inequality (98) and (101) above into (97) yields:
2B, (W = Pr(We ), Wil = i) (102)
()
1 « rr(nt1) Bv Wiy Wi,
SQﬂ max’YHthJ:Ll-gT l_P (Wt H? W(n) ) n+1 )QF(%)
(n)
Fer(n+1) Wi\ |2 g () _ pr (™)
NPT 0 6 (=) [ = g I = PRV o

We assume there exists a non-zero constant Hy,i, > 0 such that min{H (W, n))} > Hin for all ¢, and n. Under
this condition, we have the following inequalities:

BHmln

B (n) e - ) (™) 2
T W = PO M, < — s W = PO I (103)
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2ﬂ X’Y 7l+1 * 7("+1) 2
(Wt(:))T = mln H tn+1+T ! -P (th )H )

Plugging inequality (103) above into (102) yields:

7(n)
2By, (W™ = Py (W, ), Wi — W) (104)
ﬁHmm n (n) 26 <Y n+1 (n+1)
< WY = PEOVT I 4 St (W = P
(n) (n)
By (n+1) Wy, (n+1) W,
— P W) 0 B (P P (W 0 o (R )|

The third term in the RHS of (96) is bounded by Lemma 5 as:

%] (105)
i, [y o m (D) - e, o o()) hg, |]
. o6+ as0(awa

ECtn [HW nt1 Wt("

—(n+1) w," (n+1)
Pra (W) o F(=2) = 1P, (7))

+ 3,82HW(n++T 1 ®F<W:)) — W @G(Wg)) _ ( P (T QF(W:?)>
A o)

nH(W(”“))@F(W( )~ 1P (W ”“>|@G(W( )|+ 3508 w)

n+1 (n+1
+38%Ee, oy W = PE (W),

The second inequality holds by Cauchy-Schwarz inequality. Plugging inequality (104) and (105) above into (96)
yields:

< 3,82‘

< 3,82‘

B, [IW — Pr(W, DI (106)
BHmin n ﬁ <Y n+1) —(n+1)
= (1= W = P I 4 = e = P (WP
By (n+1) W” (1) Wiy e
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< (U= g IWeY = POV I+ == (Wi = Pl (W)

+B0(Bumin) — (5 38| P o r (M) - 70 6D

The last inequality holds by setting 5 < ““”"Y Executing T;, iterations through (106) yields:

n * (77 (™)
Ecn[|‘th+Tn—1 - Pn(Wt",l)HQ] (107)
ﬂHmin Tn (n) 9 5Hmm
< (IMW Wi — By I + Z . (BG(Awmm)
36 max’y WnJrl _ p* (n+1) H
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When k # 0, (107) can be written as the general case:

(n)

e, [IW, t +(k+1)T (th 1+k)” ]
<(1- ﬁ:ﬁ) ”Wt(fim N TR
! 6217 I gy = Pria (Tt |2 o 2Eme S Snin)
B (1-2[11 B Gﬁ;i‘:ax) P;“(Wini’lﬁ)) © F(VV,{:)) — Py (W inillc)” © G(W

which completes the proof.
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G PSEUDO CODE

Algorithm 1 Multi-timescale Residual Learning with Warm Start Initialization

Initialize W with the weight from digital side, working tiles W™ <« 0 forn=1,...,N
Initialize tile index counter: t, < 0 for all n, and set current update tile k < 0
Initialize inner loop length: T, = Transfer every wvec|n]
Initialize switching flag: trigger_tile_switch < False
Initialize loss history buffer: £
for each iteration t =1,2,... do

WS W —aVi(We&) o FW™Y) = [aViWasé)] o a(W™) + ¢

Gradient accumulation

8:  Append 4; to loss history £
9:  if LossPlateau(L, k) and k > 0 then

10: trigger_tile_switch < True Detected plateau: trigger tile switch
11:  end if
12: if trigger_tile_switch = True and k < N then
13: k< k+1 Progressive per-tile transfer switch
14: trigger_tile_switch < False
15:  end if
16: if Kk < N and ¢t mod Ty = 0 then
17: W Wi + WD 0 F(W) = [BW, | 0 GWEE) + ¢,

Transfer update from W) to W®
18:  end if Warm start initialization finished
19: if £ > N then
20: forn=N—1to0do
21: if tn+1 mod Tn+1 =0 then
22: W w4 gD o F(WM) — [BW Y 0 G(WE) + G,

Transfer update from W™+ to W™

23: end if
24: end for
25:  end if
26: W, = 271:[:0 fy"Wt(:) Combine all tiles to form effective weight
27: end for
28: Function: LossPlateau(L, k)
29:  if kK <3:
30: if |£]| < 2: return False Not enough history
31: else: return L[t] > L[t—1] Aggressive mode
32:  else:
33: if |£] < 6: return False
34: else:
35: v 0
36: for i =¢t—5 tot—1 do
37 if Cli+1]> L[ v+v+1
38: end for
39: return v > 2 mild mode

Algorithm 1 includes an optional warm start phase (lines 1-18), which is only used in our experimental imple-
mentation to accelerate convergence and stabilize early training. This warm start is not required in the general
method (Section 3) nor in the theoretical analysis (Section 4). The main results of our method should focus on
the multiscale residual learning process beginning from line 19 onward. The warm start process in this algorithm
uses the gradient accumulated on the tile W) to successively update tiles W@, Ww® WO =1 Initjally,
only W) is initialized with the digital model weights (line 1), and the current update tile index is set to k = 0
(line 2). During training, W) is updated at every step using the gradient of the current composite weight W,
(line 6). Every Ty steps, the content of W) is transferred to tile W) (line 14). This continues until the loss
plateaus, as determined by the LossPlateau function (lines 7-9). When a plateau is detected, the algorithm
increments k (lines 10-13), thereby the content of W) is transferred to tile W(*+1_ This procedure repeats
until £ > N, which means that all tiles have been updated, and then the warm start initialization is complete.
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Algorithm | TT-v2 | Analog SGD | MP | Ours

Digital storage |[byte]| O(D? +2D) O(2D) O(D?* + 2DB) 0(2D)
Memory ops |bit] O(16D/ny) O(1) O(16D?*/B) O(1)

FP ops O(2D +2D/ny) O(2D) O(2D* + D) 0(2D)
Analog ops [time] (lavg + 7= )tsp + 21 lavgtsp Bty lave ff:fi e
~ Time est. [ns] 56.3 30.9 3024.5 95.9

Table 7: Comparison of complexity and estimated runtime for per-sample weight update. Here, D is the
vector/matrix dimension and B is the mini-batch size. For the time estimates, we assume D = 512, B = 100,
ng = 2 as the transfer period, .z = 5 is the average number of pulses per sample, ts, = 5 ns is the duration of
a single pulse, t\; = 40 ns is the time for matrix-vector readout, and FP operations compute time is calculated
assuming throughput of 0.7 TFLOPS (Jain et al., 2023). Statistics for TT-v2, Analog SGD, and MP are based
on (Rasch et al., 2024).
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Figure 7: Implementation of gradient update and transfer update process.
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H.1 Circuit-level implementation of update process

Figure 7 illustrates how gradient updates are applied to tile W) and how transfer updates are applied to the
remaining tiles W), As described in Section 2, stochastic pulse streams whose probabilities are proportional

to the error §; and input z; are injected along each row and column of the crossbar array, realizing gradient

updates with expectation Aw;; = ad,;z; = s (W). For each transfer update on W™ residual learning reads
J J ow
ji

one column from W1 and the column selection may follow either a cyclic or a sequential schedule. To
support the feasibility of implementing the composite weight structure in Figure 3 (b), we note that similar
analog crossbar-based weight composition and accumulation schemes have been demonstrated in practice (Song
et al., 2024). These prior works focus on inference, where the weights remain static, but this does not affect
our in-memory training scenario because the ADCs are only used during forward and backward passes, which
are present in both training and inference. Moreover, sharing analog peripheral circuits (e.g., ADCs, DACs,
and drivers) across multiple subarrays has been adopted in several recent compute-in-memory designs to reduce
power and area overhead (Xu et al., 2024a,b).
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H.2 Runtime and update complexity comparison.

As shown in Section 5 and supplement experiments in Section I, our algorithm achieves superior performance
under a limited-precision setting, consistently outperforming the Tiki-Taka series and in some cases performing
on par with MP. However, this performance advantage sometimes comes at the cost of using multiple analog tiles
(from 3 to 8), in contrast to TT-v1, which employs only 2 tiles, TT-v2, which adds one digital tile to TT-v1, and
MP, which uses a single analog tile combined with a high-precision digital unit. To evaluate the impact of using
multiple tiles, we first summarize the per-sample weight update complexity of different algorithms in Table 7.
This table provides a unified metric for comparing the hardware load across methods, including digital storage,
memory operations, floating-point operations, and analog operations. Based on these results, we then present
a more detailed analysis of the specific hardware costs including digital storage, runtime, energy, and area to
highlight the efficiency advantages of our proposed approach.

Digital storage cost. We evaluate the digital storage cost of our proposed method in comparison with TT-v2,
Analog SGD and MP. Here, digital storage refers exclusively to the memory used to buffer intermediate forward
input, backward error, and gradients during training, which reside in SRAM or DRAM. In analog crossbar-based
training, only the input 2 € RP and error signal § € R are digitized via ADCs and temporarily stored for the
backward pass. These two vectors lead to a digital storage requirement of O(2D) bytes for both Analog SGD
and our method. In contrast, TT-v2 requires an additional D x D digital transfer buffer between auxiliary and
core arrays, incurring a total cost of O(2D + D?). For MP, gradient accumulation is performed in the digital
domain over a batch of size B, resulting in O(D? + 2DB) digital storage.

To quantify this storage in real scenarios, we extract the analog tile dimensions used in our experiments in Tables
1 and 3 and sum the corresponding vector and matrix sizes across all analog layers. Assuming each element
occupies 1 byte (i.e., 8 bits of precision), we report total digital storage in kilobytes (KB). For MP, we incorporate
mini-batch accumulation with batch size B = 8 for LeNet-5 and B = 128 for ResNet-18.

Model | TT-v2 Analog SGD MP  Ours
LeNet-5 (KB) 80.2 2.13 948 213
ResNet-18 (KB) | 10,600 50.2 17,000  50.2

Table 8: Digital storage required by different algorithms on LeNet-5 and ResNet-18.

Table 8 demonstrates that on LeNet-5 and ResNet-18 , our method achieves digital storage reductions of
37x—211x compared to TT-v2, and 44x-339x compared to MP while matching the minimal cost of Analog
SGD. This efficiency stems from the fact that increasing the number of tiles does not incur additional cost for
storing  and 4§, as they are computed collectively across all tiles as illustrated in Figure 3(b). Moreover, unlike
MP and TT-v2, our method eliminates the need for any digital tile to store weights or gradients. We believe our
algorithm offers a substantial advantage in terms of digital memory overhead.

Runtime cost. We analyze the runtime cost, which includes both the FP operations time and analog operations
time. For the MP baseline, the outer-product dz” requires D? multiplications and D? additions, resulting in a
total of 2D? floating-point operations per input. Including additional scaling and preprocessing for x and §, the
total is O(2D? + D) FP ops. Dividing by the effective throughput of 0.175 TFLOPS (assuming 0.7 TFLOPS
shared across 4 tiles as in (Rasch et al., 2024)), the FP operations take 2998.9ns, while the analog operations
require %tsp = 25.6ns, resulting in a total estimated latency of 3024.5ns. In contrast, our method maintains the
same O(2D) FP operations as Analog SGD, as it only requires computing the absolute maximum values of x
and J to scale the probabilities used in stochastic pulse updates. For analog operations, we focus on deriving
the runtime expression specific to our method, which includes the pulse update and the MVM-based readout for
weight transfer. For pulse update, when the final tile W) is updated once, each preceding tile W is updated

n

approximately every (1/ns)N " iterations, and the aggregate latency is bounded by layg - tsp - Zivzo(l/ns)N’ ,
. Similarly, the MVM-based readout incurs an additional

avgtspns
a—

whose upper bound as N — oo converges to d
ns—1

delay bounded by % As a result, our method’s analog latency is lavg - f::fi + nt‘l‘_il, which gives a total

estimated latency of '95.9ns in Table 7.

We apply the same methodology to estimate runtime on full-model configurations. For both LeNet-5 and ResNet-
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18, we assume each layer is processed in parallel, and the slowest layer dominates the total latency. For MP, the
largest matrix in LeNet-5 is of size 128 x 512, resulting in a total latency of 457.4ns. In the case of ResNet-18,
the largest analog matrix is 512 x 4608, leading to an FP time of 13508.0ns and an analog latency of 20.0ns (with
batch size B = 128), yielding a total latency of 13528.0ns We summarize the runtime across all algorithms and
architectures in Table 9 below:

Model | TT-v2 Analog SGD MP  Ours
LeNet-5 (ns) 56.3 30.9 457.4 95.9
ResNet-18 (ns) | 126.5 77.7 13528.0  142.7

Table 9: Estimated runtime for different analog training methods on LeNet-5 and ResNet-18.

These results highlight the efficiency of our method: on LeNet-5, MP is 4.8 x slower than ours, while on ResNet-
18, it is 94.7x slower. At the same time, our method introduces only modest latency overhead compared to
TT-v2.

Energy cost. We analyze the energy consumption per training sample and compare our method to the MP
baseline. As reported in (Le Gallo et al., 2018, Table 1), MP consumes 83.2nJ to process a single training
image on a two-layer perceptron (785 inputs, 250 hidden neurons, 10 outputs; total 198,760 synapses). For
consistency, we adopt the same model configuration for energy estimation across methods. For our method,
the energy is composed of three parts: pulse update energy, transfer update energy, and forward/backward
propagation energy. To estimate the pulse update energy , we follow (Gokmen and Vlasov, 2016), which reports
a combined power consumption of 0.7W for op-amps and stochastic translators (STRs) on a 4096 x 4096 crossbar.
We scale this power by the number of active rows and columns in our perceptron, yielding Pscaleq = 0.1107W.
Assuming a worst-case pulse update time of l"*vftij’f = 50ns, we obtain the pulse update energy: Fpuse update =
Picaled - 50ns = 5.53nJ. In addition, we consider the transfer update energy for analog readout. Since in our
architecture each tile is read roughly every ng steps, the aggregate readout time is upper bounded by the MVM
latency of a single tile, nil‘jl = 40ns. The MP work reports a forward-propagation energy in computational
memory of 7.29nJ under similar conditions, which can be interpreted as the estimated energy cost for a single-
tile analog forward pass closely matching the MVM read time in our design. Therefore, we adopt 7.29nJ as an
upper-bound estimate for our total transfer energy: Fians = 7.29nJ. Hence, the total update energy per sample
in our method is the sum:

Eupdatc = Epulsc_updatc + Etrans ~ 1282HJ

For the forward and backward passes, our method distributes the computation across N analog tiles. Each
tile requires the full sequence of operations including data input, PWM generation, read-voltage regulation,
analog computation, ADC conversion and data output. We adopt a conservative estimation by assuming that
these operations are not shared across tiles, so the energy cost of each tile is independent and must be incurred
individually. Following the values reported in (Le Gallo et al., 2018), the forward and backward passes consume
7.29nJ and 2.15nJ per tile, respectively. Consequently, the total propagation energy scales linearly with N as
N - (7.29 + 2.15) = N - 9.44nJ. Putting all the components together, we compare the energy consumption per
training sample in Table 10:

Component ‘ MP (nJ) ‘ Ours (nJ)
Weight update 62.03 12.82
Forward /backward pass 21.21 N -9.44
Total | 832 | 1282+ N-9.44

Table 10: Estimated energy consumption per image for MP and our method based on (Gokmen and Vlasov,
2016; Le Gallo et al., 2018).

As the table shows, our method becomes less energy-efficient than MP when N > 8. In practice, however, much
of the forward /backward overhead can be shared across tiles. For example, the PWM counter and comparator
logic that generate input vectors into modulated pulses, and the ADCs that digitize accumulated outputs can all
be amortized across multiple tiles rather than duplicated. Such shared-ADC designs have been demonstrated in
recent analog accelerators (Xu et al., 2024a,b; Song et al., 2024). Only the per-tile operational transconductance
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amplifiers used for voltage regulation, along with the intrinsic device conduction energy, scale directly with V.
This means that the effective energy growth with tile count is substantially slower than the conservative upper
bound assumed in Table 10. Combined with the fact that our method achieves higher accuracy than T'T baselines
with as few as 3—4 tiles, these considerations indicate that our design remains more energy-efficient than MP
even when more than eight tiles are employed, making it a practical and scalable solution.

Area cost. For our methods, since the overall architecture closely resembles that of TT-vl except for the
increased number of tiles, the corresponding estimates for area and execution time are derived based on models
presented in (Gokmen and Haensch, 2020) and (Gokmen and Vlasov, 2016). We analyze the area overhead of
our method using the RPU tile design methodology described in (Gokmen and Vlasov, 2016), which assumes
a realistic CMOS-compatible fabrication stack. Specifically, RPU arrays are implemented in the back-end-of-
line (BEOL) region, with resistive memory devices placed between intermediate metal layers. Each crossbar
array contains D x D devices, and the interconnect pitch (wire width plus spacing) is set to 400 nm , based on
typical dimensions of intermediate BEOL levels. This yields a physical tile area of ((0.4D)um)? = (0.16D?)um?.
Following (Gokmen and Vlasov, 2016), we adopt a baseline configuration of D = 4096, which corresponds to a
tile area of approximately 2.68mm?. In our experimental configurations (e.g., LeNet-5 and ResNet-18), which
use smaller crossbar sizes, the tile area is scaled proportionally under the same pitch assumption; for instance,
a 128 x 512 tile occupies 0.0105mm? . Based on the actual tile dimensions used in each layer of Tables 1 and
3, we estimate the total analog area required by our method to be 0.0128mm? for LeNet-5 and 1.69mm? for
ResNet-18.

To map logical weights to physical devices, each weight W is represented as the difference between two con-
ductance values: a main conductance Ci,i, and a reference Cief, i.e., W & Cpain — Cref. This implies that
both Analog SGD and MP require 2 analog tiles per layer . TT-vl and TT-v2, which maintain both core and
assistant matrices, require 4 analog tiles per layer . In our method, the number of physical analog tiles is twice
the count reported in Tables 1 and 3, due to our multi-tile residual structure. However, because these tiles can
be vertically stacked using BEOL integration, the actual die area remains compact. Even without stacking, the
total area overhead of our method remains within practical limits. For example, in the worst-case configuration
using 10 analog tiles, our method incurs approximately 10x the area of MP and 5x that of TT-v2. Yet this
level of overhead is still feasible: modern processors such as IBM Power8 CPUs (Stuecheli et al., 2013) supports
chip areas up to 600mm?. Such systems are capable of integrating hundreds of analog tiles, indicating that our
method remains scalable and realistic under practical hardware constraints.

In summary, our multi-tile framework provides clear advantages over TT-v2 and MP: it reduces digital storage
by up to two orders of magnitude and achieves substantially lower runtime latency, benefiting from parallel
analog updates even when more tiles are used. While area and energy scale with tile count, area overhead can
be mitigated through BEOL stacking, and energy only exceeds MP under the most conservative estimates when
N > 8, since those estimates assume that all I/O, PWM logic, and ADC resources are replicated per tile rather
than shared, meaning that in practical our design can tolerate substantially more tiles before its energy surpasses
MP. Importantly, our method consistently delivers higher accuracy than T'T baselines with only 34 tiles, keeping
energy well within practical limits. These results establish our approach as a scalable and efficient solution for
high-precision analog training.

I SUPPLEMENT SIMULATIONS

To further demonstrate the scalability, robustness, and practical relevance of our proposed method, we conduct
a series of supplementary experiments across diverse settings, as supplement simulations to Section 5. Lastly,
we extend our method to a Transformer-based natural language modeling task to demonstrate its applicability
beyond vision workloads. Together, these results strengthen the case for our method as a scalable and general
solution for analog training under various model architectures and hardware regimes.

1.1 CIFAR-100 experiments

To further validate the effectiveness of our method on more challenging datasets, we conduct additional ex-
periments on CIFAR-100 using ResNet-18, with devices limited to 4 conductance states. Given the increased
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Method | MP |TT-v1|TT-v2|Ours (3 tiles)|Ours (4 tiles)
Loss  |243| 275 | 2.62 | 2.49 | 2.47

Table 12: Test loss on 2-layer LSTM.

complexity and number of classes in CIFAR-100, we extend the training schedule to 400 epochs to ensure sufficient
convergence.

Model | TT-vl TT-v2 MP  |Ours (4 tiles) Ours (6 tiles) Ours (8 tiles)
ResNet—18\14.97i1A93 27.91+0.65 64.081[0‘44\ 58.36+0.36 59.68+0.33 60.62+0.24

Table 11: Test accuracy on CIFAR-100 using 4-state analog devices.

The results summarized in Table 11 demonstrate that our method consistently outperforms TT-v1 and TT-v2
baselines and approaches the performance of the MP method as 6 — 8 tiles are used.

1.2 Extension to LSTM-based NLP tasks

We implemented a character-level next-character prediction experiment on the War and Peace dataset using a
two-layer LSTM. The dataset is split into a training set (about 2.9M characters) and a test set (about 0.16 M
characters). We feed sequences of length 100 into a 2-layer LSTM with hidden size 64, followed by a linear layer
that maps the 64-dimensional hidden state at each time step to a 101-dimensional output vector representing
the predicted next character. We train this network with cross-entropy loss to predict, at each position in the
sequence, the next character in the text.

Same as in the CNN experiments, we simulate SoftBounds devices with 10 conductance states. We set the global
learning rate to Ir = 0.01 for all algorithms. For TT-vl and TT-v2, we use fast Ir = 0.1, and for TT-v2 we
additionally set transfer Ir = 1. For our residual-learning scheme, we set v = 0.1 and transfer Ir = 0.1 % (1.2)"
for all tiles. Under this common setup, we obtain the following test cross-entropy losses after 100 epochs:

1.3 Extension to Transformer-based NLP tasks

To further demonstrate the scalability and general applicability of our method, we conducted an additional
experiment on a natural language processing task using a GPT-2-style Transformer architecture. Specifically,
we trained a 6-layer, 6-head, 768-dimensional model from scratch on the standard Shakespeare character-level
language modeling benchmark. The total number of trainable parameters is approximately 10.65M, and each
iteration processes 16384 tokens. We ran the training for 5000 iterations using 4-tile analog devices under non-
ideal I/O conditions to simulate realistic hardware noise. The analog device used has 4 discrete states. We
compare our method against representative analog training baselines, including TT-v1, TT-v2 and MP.

Method|TT-v1|TT-v2| MP |Ours (4 tiles)
Loss | 3.0336 | 2.6137 [2.7213]  2.5971

Table 13: Validation loss on 6-layer GPT-style model.
As shown in Table 13, our method achieves comparable final validation loss, demonstrating both accuracy and
robustness on this standard NLP benchmark. These results confirm that our method is not limited to vision
tasks, but also scales effectively to Transformer-based sequence modeling, maintaining accuracy and resilience
under analog non-idealities.

J SIMULATION DETAILS

This section provides details about the experiments in Section 5. The analog training algorithms, including Mixed
Precision and Tiki-Taka, are provided by the open-source simulation toolkit AIHWKIT, which has an Apache-
2.0 license; see https://github.com/IBM/aihwkit. We use the Softbound device provided by AIHWKIT to
simulate the asymmetric linear device. Digital algorithms and datasets used in this paper are provided by
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PyTorch, which has a BSD license; see https://github.com/pytorch/pytorch. Our implementation builds
upon the TT-v1 preset in ATHWKIT v0.9.2, with modifications to the gradient routing and transfer mechanisms
to support our proposed Residual Learning scheme. We conduct our experiments on an NVIDIA RTX 3090 GPU,
which has 24GB memory. The simulation time ranges from one to three hours, depending on the model size,
dataset, and the number of training epochs. The code is available at https://github.com/Jindan1i898/AIMC.
The simulations reported are repeated three times. The randomness originates from the data shuffling, random
initialization, and random noise in the analog device simulator. The mean and standard deviation are calculated
using the statistics library.

J.1 MNIST and Fashion-MNIST training with analog LeNet-5

Data and preprocessing. The MNIST dataset is used with standard normalization and no data augmentation.
The training and testing sets use the default PyTorch torchvision splits (60,000 training and 10,000 testing
samples). In our experiments, we utilize the full training set with a batch size of 8. The Fashion-MNIST dataset
is used with the default PyTorch torchvision splits, consisting of 60,000 training and 10,000 testing samples.
No additional data augmentation is applied. A simple normalization transform is used through ToTensor (), and
the full training set is utilized with a batch size of 16.

Model architecture. We adopt a LeNet-5b model in which all convolutional and fully-connected layers are
implemented using ATHWKit’s analog modules (AnalogConv2d, AnalogLinear). Digital non-linear operations,
such as Tanh activations and MaxPooling, are interleaved and remain executed in the digital domain.

Optimizer and learning rate. For MNIST, we employ the AnalogSGD optimizer with an initial global learning
rate of 0.05 applied uniformly to all trainable parameters. For Fashion-MNIST, we use the AnalogSGD optimizer
with an initial global learning rate of 0.2 for our method, and 0.1 for TT-v1, TT-v2, and MP. A learning rate
scheduler based on LambdalR decays this global rate by a factor of 0.5 every 30 epochs. In analog layers, for
our algorithm, each tile W™ is assigned a fixed internal learning rate transfer_lr_vec[n]= 0.1-1.2". These
internal learning rates remain constant throughout the training and are not affected by the global schedule,
as scale_transfer_lr=False. For TT-vl, we set the auxiliary tile learning rate fast_lr « to 0.01 and the
transfer learning rate transfer_lr to 0.1 on both datasets. For TT-v2 we set « = 0.1 and § = 1 for MNIST
and a = 0.05 for Fashion-MNIST. Additionally, we set scale_transfer_lr=True for TT-vl, TT-v2 and MP as
default.

Tile parameter configuration. We configure the behavior of each analog tile through the following parameter
vectors, all generated dynamically as a function of the total number of tiles num_tile:

e For MNIST:
— transfer_every_vec = [2 * (5"n) for n in range(num_tile)]
— gamma_vec = [0.5"(num_tile - 1 - i) for i in range(num_tile)]

e For Fashion-MNIST:

— transfer_every_vec = [2 * (5"n) for n in range(num_tile)]

— gamma_vec = [0.2"(num_tile - 1 - i) for i in range(num_tile)]

These vectors control the per-tile transfer schedule, readout scaling, and learning rate, respectively. The number
of tiles num_tile is a configurable parameter that we vary in experiments (e.g., Table 1). It is worth noting that
in the actual implementation, tile index 0 serves as the fixed gradient accumulation tile and plays the role of W)
in the main text. The remaining tiles at indices 1,2, ...,num_tile — 1 correspond to WWV—1 WwWN=2) 1)
respectively. While this index order is opposite to the mathematical notation used in the main text, the transfer
logic and learning behavior are equivalent. The index inversion only affects naming, not the functional correctness
or conclusions of the training algorithm.

I/O configuration. As acknowledged in Section 6, this work assumes idealized 1/O settings throughout all
experiments. I/O behavior is configured as nearly ideal, with:
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e Forward path: The input vector x is injected into the crossbar without finite resolution quantization,
amplitude clipping, or additive noise. The resulting output current is integrated ideally, bypassing any ADC
or nonlinear feedback models.

e Backward path: The backpropagated vector § is encoded and applied in a similarly ideal manner, ignor-
ing input resolution limits, digital-to-analog conversion noise, or output quantization during the gradient
computation.

e Transfer path: When using compound devices such as TransferCompound, the internal transfer of weights
between tiles (e.g., during warm start or periodic updates) also involves analog readout and write operations.
Setting device.transfer_forward.is_perfect = True disables all I/O imperfections during this internal
read phase, ensuring clean accumulation and precise programming of weights across tiles.

Tile switching schedule. To avoid early saturation of coarse tiles, the training monitors convergence plateaus
via loss history. Early epochs use an aggressive trigger if training loss does not drop sufficiently between epochs.
After four tile switches, a smoother criterion is used based on the recent 5-step moving window. Upon plateau
detection, a C++ flag trigger_tile_switch is activated via Python binding for each tile.

Training and Evaluation. The network is trained for up to 100 epochs. Classification loss is computed using
nn.NLLLoss () applied to the log-softmax outputs. Evaluation is performed after each epoch using classification
accuracy on the full MNIST test set.

J.2 CIFAR-10 and CIFAR-100 training with ResNet

Dataset and augmentation. The CIFAR-10 dataset is used for all ResNet experiments. Following the default
splits provided by torchvision, the dataset consists of 50,000 training samples and 10,000 test samples, selected
via the train=True/False flag. For additional experiments on more fine-grained recognition, we also use the
CIFAR-100 dataset, which has the same image size and train/test splits but with 100 object categories grouped
into 20 superclasses. We utilize the entire training set and set the batch size to 128. All images are normalized to
zero mean and unit variance per channel. During training, strong data augmentation is applied, including random
cropping, horizontal flipping, Cutout regularization and AutoAugment using 25 CIFAR-10-specific sub-policies.
No augmentation is applied to the test set beyond normalization.

Model architecture. In different experiments, we use ResNet-18 and ResNet-34 models, where layer3, layer4,
and the final classifier are mapped to analog tiles, while the remaining layers remain digital. Batch normalization
and residual shortcuts are preserved unless explicitly disabled.

Tile parameter configuration. We configure the behavior of each analog tile through the following parameter
vectors, all generated dynamically as a function of the total number of tiles num_tile:

e For 4-state experiments:

— transfer_every_vec = [3 * (2°n) for n in range(num_tile)]

— gamma_vec = [0.57(num_tile - 1 - i) for i in range(num_tile)]
e For 16-state experiments:

— transfer_every_vec = [3 * (2°n) for n in range(num_tile)]

— gamma_vec = [0.17(num_tile - 1 - i) for i in range(num_tile)]

I/0 configuration. The I/O configuration is the same as in the MNIST experiments.

Optimizer and Scheduler. All analog parameters are trained using AnalogSGD with an initial learning rate
of 0.1. A StepLR scheduler reduces the learning rate by a factor of 0.1 every 100 epochs. In analog layers, for
our algorithm, each tile W (") is assigned a fixed internal learning rate transfer_lr_vec[n]= 0.3-1.2". These
internal learning rates remain constant throughout the training and are not affected by the global schedule, as
scale_transfer_lr=False. For both TT-vl and TT-v2, we set the auxiliary tile learning rate fast_lr « to
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0.1 and the transfer learning rate transfer_1r to 1. Additionally, we set scale_transfer_lr=True for TT-v1,
TT-v2 and MP as default.

Training and Evaluation. The network is trained for 200 epochs for CIFAR-10 and 400 epochs for CIFAR-100
with a batch size of 128. Classification loss is computed using label-smoothed cross-entropy, implemented via
LabelSmoothinglLoss with a smoothing factor of 0.1.

Tile switching. The tile switching strategy is the same as in the MNIST experiments.

J.3 Least square problem

Model architecture. We use a scalar analog layer R! —R!: AnalogLinear(1,1).

Tile parameter configuration. We instantiate a TransferCompound device with num_tile identical unit cells,
each a SoftBoundsDevice with wmin = —1, Wmax = 1, and Awpi, = 0.5. Column transfers are enabled and
multi-sample updates are treated as mini-batch units (transfer_columns=True, units_in_mbatch=True). The
two key parameter vectors are generated from num_tile:

e transfer_every_vec = [2 * (2°n) for n in range(num_tile)]

e gamma_vec = [0.1"(num_tile - 1 - i) for i in range(num_tile)]

Tile-internal transfer learning rate is fixed to transfer_lr=0.01 with scale_transfer_lr=False. We also
set the pulse update scheme as update_bl_management=False, update_management=False, as well as weight
scaling scheme digital_bias=False, learn_out_scaling=False, weight_scaling_columnwise=False, and
weight_scaling_omega=0.0.

I/O configuration. The I/O configuration is the same as in the MNIST experiments.

Target generation. Batch size defaults to batch_size=1. The regression target b € [—1,1] is sampled from a
uniform 16-bit quantizer:

2

k ~ Uniform{0,...,2' —1}.

Optimizer. All analog parameters are trained using AnalogSGD with an initial learning rate of 0.001. In analog
layers, for our algorithm, each tile W (™) is assigned a fixed internal learning rate transfer_lr= 0.01. These
internal learning rates remain constant throughout the training and are not affected by the global schedule, as
scale_transfer_lr=False. We set the auxiliary tile learning rate fast_lr a to 0.01.
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