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Future improvements in particle accelerator performance is predicated on increasingly accurate
online modeling of accelerators. Hysteresis effects in magnetic, mechanical, and material components
of accelerators are often neglected in online accelerator models used to inform control algorithms,
even though reproducibility errors from systems exhibiting hysteresis are not negligible in high
precision accelerators. In this work, we combine the classical Preisach model of hysteresis with
machine learning techniques to efficiently create non-parametric, high-fidelity models of arbitrary
systems exhibiting hysteresis. We also experimentally demonstrate how these methods can be used
in-situ, where the hysteresis model is combined with a Bayesian statistical model of the beam
response, allowing characterization of hysteresis in accelerator magnets solely from measurements
of the beam. Furthermore, we explore how using these joint hysteresis-beam models allows us to
overcome optimization performance limitations that arise when hysteresis effects are ignored.

Hysteresis is a well-known physical phenomenon where
the state of a given system is dependent on its histori-
cal path through state-space. This property is evident in
physical, biological, chemical and engineering processes,
including the magnetization of ferromagnetic materials
[1], the activation of embryonic cells [2], the charging
and discharging cycles of nickel-metal hydride batteries
[3] and driving mechanical actuators [4]. In particular,
hysteresis effects in magnetic [5], mechanical [6] and ma-
terial [7] elements of particle accelerators makes optimiz-
ing the performance of current accelerator facilities used
for scientific discovery challenging.

State-of-the-art optimization algorithms, such as
Bayesian optimization (BO) [8, 9], use online computa-
tional models of objective functions to tackle optimiza-
tion tasks at accelerator facilities [10-12]. However, mod-
els used in these algorithms ignore hysteresis effects en-
tirely, limiting optimization performance due to errors
caused by hysteresis (e.g. see [13, 14]). These lim-
its on optimization performance are further amplified
when considering ambitious targets of future accelera-
tors, [15, 16] which are increasingly sensitive to hysteresis
effects. Incorporating an accurate description of hystere-
sis into models used for online accelerator optimization
would substantially improve the performance of current
and future particle accelerators.

Non-parametric Preisach modeling [17] is a flexible ap-
proach for accurately describing systems that exhibit hys-
teresis behavior. Unfortunately, fitting these models to
experimental measurements using numerical optimiza-
tion techniques has been shown to be computationally
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expensive [18, 19] due to the large number of free model
parameters due to the so-called “curse of dimensionality”
[20].

In this work, we construct a differentiable, non-
parametric Preisach model, which when used in conjunc-
tion with gradient-based optimization, significantly re-
duces the computational cost of model identification. We
explore how our technique enables accurate online model-
ing of the beam response with respect to controllable ac-
celerator parameters through the use of joint hysteresis-
Bayesian statistical models. We experimentally demon-
strate how this enables the characterization of hystere-
sis properties in magnetic beamline elements from beam-
based measurements. Finally, we explore how the joint
model improves optimization of a realistic beamline con-
taining magnetic elements exhibiting hysteresis.

The Preisach model of hysteresis [21, 22] is comprised
of a discrete set of hysterons, which when added together,
model the output of a hysteretic system f(¢) for a time
dependent input u(t). Given a set of discrete time or-
dered inputs u; = u(t;), the hysteron state is represented
by the hysteron operator 4,5 shown in Fig. la, which
has an output of +1, where o and (8 describe the input
required to switch the hysteron between its two possible
states. The number of hysterons with values («, ) is
given by the hysteron density function u(a, ), plotted
on the Preisach (a-f) plane (Fig. 1b).

The Preisach model output is represented by

£(t) = Tu(t) = / / |, e Briaguitydods (1)

where @ > 3 results from physical conditions of the hys-
teron operator. This integral is evaluated through a geo-
metric interpretation, shown in Fig. 1(c). Given the se-
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FIG. 1. (Color online) Elements of the differentiable non-parametric Preisach hysteresis model. (a) Output of the hysteron

operator 4o and the approximate differentiable hysteron operator g:a 5 acting on the input u(t). (b) Discretization of the density
on the Preisach (a-3) plane. Note that pu(a,8) = 0if a < B, @ > am or 8 < Bm where am, Bm are equal to the maximum
and minimum inputs of the model respectively. (c) S* and S~ sub-domains after three time steps, where u1 > uz > uz > B,
assuming that all hysterons are in the negative state initially. Inset: Corresponding model output (not to scale).

quence of input values u;, we can determine sub-regions
of the Preisach plane, ST and S—, where hysteron op-
erators output positive and negative states respectively.
We start with the assumption that all hysterons are ini-
tially in the negative state (S~ covers the entire Preisach
plane). When u; > us—1, a horizontal line is swept up,
flipping hysteron states from negative to positive, in-
creasing the ST region. Conversely, when u; < u;_1,
a vertical line is swept to the left, flipping states from
positive to negative.

Once the regions ST and S~ are determined by the
input u(t), fitting a Preisach model to experimental data
requires the determination of the hysteron density func-
tion p(a, B), often referred to as the identification prob-
lem. Approaches for solving this problem are gener-
ally divided into parametric or non-parametric methods.
Parametric methods describe the hysteron density using
one of several analytic functions with a small number of
free parameters [19, 23, 24], which can be determined
through numerical optimization methods given experi-
mental data. However, this limits model flexibility, re-
sulting in prediction errors for systems that do not match
the chosen analytical function. On the other hand, non-
parametric methods [18, 25, 26] discretize the density
function using a mesh grid (Fig. 1b) and attempt to de-
termine the density of hysterons at each mesh point based
on experimental measurements. However, these meth-
ods require large amounts of data or significant compu-
tational expense to fit high fidelity models.

We improve upon non-parametric modeling of hys-
teresis by creating differentiable Preisach models, which
use gradient-based optimization to identify the hysteron
density function at high fidelities. Differentiable model-
ing refers to tracking derivative information during every
step of internal model calculations. This allows what is
known as back-propagation [27], where through the chain

rule, the derivative of the model output with respect to
any model parameter is analytically calculable. By com-
bining this technique with gradient based optimization
algorithms (e.g. L-BFGS-B [28] or Adam [29]), we are
able to scale non-parametric Preisach models to thou-
sands of mesh points, while still being computationally
practical for use in online modeling.

We construct a differentiable Preisach model by im-
plementing the non-parametric version of Eq. 1 in the
python library PyTorch [30]. The continuous hysteron
density u(c, 8) is replaced with a discrete one, located
on a triangular mesh containing N mesh points on the
Preisach plane p; = u(ay,B;), where i = 1,...,N. We
also replace the hysteron operator 9,5 with a differen-
tiable approximation fag, enabling differentiability with
respect to u(t) as shown in Fig. 1(a) (see Supplemental
Materials for the exact form). The differentiable, non-
parametric Preisach model is given by

£ = 3 piap u(t) @

where Qcag,i is the differentiable hysteron operator at the
it" mesh point.

We demonstrate the effectiveness of our differentiable
Preisach model by using it to analyze experimental data
gathered from a quadrupole magnet at SLAC National
Accelerator Laboratory. Current applied to the magnet
was cycled to sample both major and minor hysteresis
loops and the integrated gradient at the magnet center
was measured using a rotating coil technique [31]. Mea-
surements were then split into training and test sets to
investigate how accurately the model predicted measure-
ment data and generalized to unknown future measure-
ments.

Accelerator magnets pose a unique hysteresis modeling
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FIG. 2. (Color online) Non-parametric modeling of hysteresis perturbations using direct measurements of a SLAC quadrupole
magnet. (a) Normalized hysteresis error training/test data and model predictions. Sequence of applied currents during mea-
surements u(t) is normalized during training to the unit domain and measured field errors are transformed such that the training
data has zero mean and a standard deviation of one. (b) Normalized hysteron density representing hysteresis perturbations fi;

on the normalized Preisach plane after model training.

challenge, as they are designed specifically to minimize
field perturbations from a polynomial function of mag-
net current due to hysteresis [31]. Despite this, realistic
magnets contain field perturbations that cannot be tol-
erated in high precision applications [5]. We are inter-
ested in resolving these field perturbations, which result
from non-zero hysteron densities off of the o = [ line,
denoted as [i(a, 8). Resolving these small perturbations
requires specialized data processing and model construc-
tion, details of which can be found in the Supplemental
Materials.

Model fitting to hysteresis perturbations observed in
experiment is shown in Fig. 2 using an adaptive trian-
gular mesh containing 7411 mesh points. We trained
the model on an Intel 19-9900K CPU at 3.6 GHz using
a mean squared error loss function and the Adam algo-
rithm with a learning rate of 0.01 over 10k steps, which
took approximately 67 s. This is roughly two orders of
magnitude faster than a comparable analysis in previous
non-parametric studies [18].

Our model captures the features of major hysteresis
loops with an RMS training error oai, of 0.8 mT, cor-
responding to a percentage error (p = 100 Gtrain/ fmax) Of
0.015%. Despite only training on major hysteresis loops,
our model makes accurate predictions of minor hysteresis
loops and large swings in applied current with an RMS
error of 2.6 mT (0.051%). Our model significantly out-
performs polynomial fitting of the unnormalized experi-
mental data, which has an RMS error of 12.1 mT (0.23%)
over the entire data set.

Next, we examine the case where directly measuring
hysteresis output is impractical or impossible. For exam-
ple, fields cannot be accurately characterized for mag-
netic elements that are already installed in accelerator

beamlines. Instead, we may only observe the beam re-
sponse to fields generated by these elements. To deter-
mine hysteresis characteristics in this case, we combine
our hysteresis model with a Gaussian process (GP) model
[9] representing beam propagation as a function of mag-
netic fields. We then infer hysteresis behavior from mea-
surements of the beam with respect to currents applied
to each magnet.

The overall characteristics of GPs, defined as g(x) ~
GP(m(x),k(x,z';0)) with a mean function m(x) and
covariance function k(z,’;0), are governed by a set of
hyperparameters @, which describe our prior knowledge
of the model’s smoothness, amplitude and noise. GP
models predict the distribution of function values at a
location z to be p(g|D,x,0) = N(u(x),o?(z)), where
D = {X,y} is the set of training samples and u(x),
o%(x) are the posterior mean and uncertainty (see Sup-
plemental Materials for details). We infer hyperparam-
eters for a GP model from training data by maximizing
the marginal log likelihood given by

p(y]X) = / p(y|X.0)p(6)d6 3)

with respect to the hyperparameters @, which results in a
model that balances the trade-off between accuracy and
complexity.

We combine the hysteresis and GP models into a single
joint model by treating the hysteresis output as the GP
input and training both models simultaneously. The joint
hysteresis-GP model is given by

p(y|D,t, $,0) = N (u(f(t)),0*(f(1))). (4)

where ¢ represents hysteresis model parameters. The
joint set of parameters ® = {¢, 0} is then determined
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FIG. 3. (Color online) Comparison between GP modeling
and joint hysteresis-GP modeling of beam transmission as a
function of quadrupole current at the APS injector. (a) GP
model prediction with training data over three cycles (see
inset). Shading denotes 20 confidence region. (b) Hysteresis-
GP model prediction, colored by cycle index.

by maximizing the marginal likelihood using Eq. 3 with
respect to the new set of parameters ®.

We demonstrate the effectiveness of our joint
hysteresis-GP (H-GP) model by fitting the beam re-
sponse with respect to the current applied to a focusing
magnet located in the Advanced Photon Source (APS)
injector [32]. The current of the quadrupole magnet was
varied using a sawtooth pattern from - 2 A to + 2 A while
measuring beam charge passing through a downstream
current monitor. Measurements from this experiment,
shown in Fig. 3, have two sources of uncertainty, one
from random noise inherent in the accelerator (aleatoric
uncertainty) and one due to the unknown properties of
magnetic hysteresis (epistemic uncertainty). A normal
GP model (Fig. 3a) does not take into account the ex-
istence of hysteresis, thus it interprets epistemic errors
due to hysteresis as aleatoric uncertainty, overestimating
uncertainties in portions of the input domain. However,

the joint hysteresis-GP model (Fig. 3b), is able to resolve
hysteresis cycles inside the data, removing epistemic un-
certainties in the model prediction, thus improving model
accuracy and reducing uncertainty.

The increase in accuracy from joint hysteresis-GP
models has ramifications for model-based, online opti-
mization of accelerators using BO. We examine how mod-
els with and without hysteresis taken into account af-
fect optimization performance when optimizing a sim-
ulated accelerator that contains realistic magnetic ele-
ments which exhibit hysteresis. We simulate the task of
sequentially optimizing currents applied to three identi-
cal quadrupoles using BO, in order to transform an in-
coming round beam with an RMS beam size of 0,4 =5
mm to a final round beam size of Targer = 8 mm, assum-
ing that the hysteresis properties of the magnets have
been previously determined. The objective function is
given by a geometric mean of the beamsize deviation
l=/AyA, where Ay, = |0k — Oparget|- A toy hysteresis
model (described in the Supplemental Materials) with a
tunable hysteresis magnitude was used to simulate realis-
tic magnetic elements. Three beamlines with maximum
fractional hysteresis errors H. = 0,0.1 and 0.4 were used
in optimization trials to represent ideal, realistic, and ex-
treme hysteresis effects respectively.

We performed BO using the Upper Confidence Bound
acquisition function [33], first with 5* = 2 which balances
exploration (sampling points in unexplored regions of in-
put space) and exploitation (sampling points that are
predicted to be at global extrema). We then repeated
the experiment with £* = 0.1, which prioritizes exploita-
tion. Optimization results obtained over 64 trials using
BO with GP and H-GP models are shown in Figure 4.

Figure 4a shows that hysteresis has little effect on
the performance of BO when balancing exploration and
exploitation, even when extreme hysteresis errors are
present. The acquisition function in this case often
chooses to measure points in unexplored regions of input
space and as a result, is relatively insensitive to hysteresis
errors.

On the other hand, if we attempt to exploit the model
as shown in Fig. 4b, modeling errors due to hysteresis
effects in normal GP models negatively impact optimiza-
tion performance, depending on the magnitude of hys-
teresis errors. A joint hysteresis-GP model significantly
improves optimization performance, matching the perfor-
mance observed when optimizing an idealized beamline
without hysteresis.

These results identify a clear strategy for optimizing
physical systems that contain hysteresis using BO. Hys-
teresis effects can be neglected when coarsely searching
for global optima of a system, even when hysteresis errors
are significant, since the optimization is dominated by
uncertainties of unexplored regions in input space (espe-
cially in high dimensional input spaces where uncertain-
ties are large). However, hysteresis effects must be taken
into account when attempting to exploit extrema dur-
ing optimization. In this case, a model of the hysteresis
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FIG. 4. (Color online) BO performance for simulated beam-
line optimization problem using GP and H-GP models for
varying maximum hysteresis errors He. (a) Performance when
evenly weighting exploration and exploitation (8* = 2). (b)
Strong weighing towards exploitation (8 = 0.1). Lines de-
note the mean best performance of 64 optimization runs,
while shading denotes standard error. Insets: Cartoon show-
ing BO observation selection (red triangle) based on an ac-
quisition function (orange line) given a GP model mean (blue
line) and 20 uncertainty (blue shading) calculated from mea-
surements (green points).

behavior can then be constructed by cycling the mag-
net current while directly measuring the fields inside the
magnet or indirectly measuring the effect of the magnetic

fields on beam properties. Once identified, the hysteresis
model is combined with a GP model of the beam re-
sponse to conduct BO to exploit predicted extrema. Our
technique thus enables a staged approach toward opti-
mization of systems involving hysteresis, where model
and computational complexity is traded for optimization
precision.

In conclusion, we have demonstrated how a differen-
tiable Preisach model can describe arbitrary hysteretic
systems using direct or indirect measurements, and im-
prove model based optimization of those systems. We
collected direct and indirect measurements of systems ex-
hibiting hysteresis and then used the procedure described
here to construct a model for the hysteretic behavior.
Improved identification speed of differentiable Preisach
modeling enabled practical, high-fidelity regression of
major and minor hysteresis loops in realistic magnetic el-
ements. We demonstrated that our hysteresis model can
be combined with GP modeling to infer hysteresis behav-
ior without making direct measurements of the hystere-
sis response. Finally, we demonstrated how these joint
hysteresis-GP models can be used to optimize physical
systems containing hysteretic behavior, overcoming lim-
itations faced by currently-used algorithms that neglect
hysteresis repeatability errors. This development enables
future advanced modeling techniques of hysteresis, most
notably implementing fully Bayesian hysteresis models
using stochastic variational inference [34].
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