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Preserving Discrete Morse–Smale Complexes in
Error-Bounded Lossy Compression
Yuxiao Li , Mingze Xia , Xin Liang , Bei Wang , and Hanqi Guo

Abstract—Scientific applications are generating unprecedented
volumes of data that overwhelm storage and transmission
systems, posing significant challenges for the design of data
management tools and scientific databases. Lossy compression
has emerged as a promising strategy to address this problem,
but most existing compressors fail to preserve the topology of
scientific data, leading to inaccuracies in downstream analyses
and potentially erroneous scientific conclusions. In this work,
we present a methodology for fully preserving the topology,
specifically, Morse–Smale complexes (MSCs), in lossy-compressed
2D and 3D scalar field data from scientific simulations. We
generalize the edit-based strategy introduced in MSz [1] (a
previous method that preserves only segmentations and cannot
preserve saddles or separatrices) by extending the framework
to the full MSCs, including all critical points and separatrices.
Our approach corrects the MSCs in the decompressed output
of any error-bounded lossy compressor (e.g., SZ3 or ZFP),
referred to as the base compressor, using an iterative editing
strategy that preserves all critical points and their connectivity
via separatrices. During compression, we generate a sequence of
quantized edits that are applied to the decompressed output,
ensuring accurate preservation of topological features while
maintaining the error within prescribed bounds. The strategy it-
eratively fixes critical points and separatrices in alternating steps
until convergence is achieved in a finite number of iterations.
To meet diverse application needs, our method offers flexible
options (e.g., whether to preserve the geometry of separatrices)
that balance compression efficiency with feature preservation.
To reduce computation time, we leverage GPU parallelism to
accelerate each component of the workflow. Experiments on
multiple datasets demonstrate that our method achieves 100%
preservation of Morse–Smale complexes.

Index Terms—Lossy compression, feature-preserving compres-
sion, Morse–Smale complexes.

I. INTRODUCTION

The rapid advancement of scientific computing generates a
large volume of data, such as in cosmology, combustion, and
climate modeling, posing significant challenges to scientists in
terms of data storage and visualization. To this end, compres-
sion techniques, especially lossy compression that significantly
reduces the size of scientific data, have been widely used in
scientific data management and storage. In contrast to general-
purpose compression, scientific applications often require pre-
serving data fidelity within strict error bounds to ensure the
validity of downstream analyses. As such, error-bounded lossy
compression techniques have been widely used in scientific
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applications to address data challenges by achieving high
compression ratios through strictly controlled errors in the
decompressed data [2]–[8].

(a) DMSC of 
original data

(b) DMSC of SZ3’s
decompressed 

data

Fig. 1. Morse–Smale complexes of the cosmology data with a topological
simplification threshold [9] of 0.2: (a) the original data and (b) SZ3’s output
(relative error bound = 1× 10−3).

However, existing lossy compressors either do not consider
the preservation of topology at all or only preserve part of
the topology (e.g., critical points and topological segmen-
tations) [1], [10]–[13], which impacts downstream analyses
that rely on topological features. Compression-induced errors
can distort the topology of the data, such as Morse–Smale
complexes (MSCs) [14], [15], as shown in Figure 1, and their
induced segmentations [1], [16], and merge/contour trees [10],
[12], [17], leading to inconsistencies between the topology
of the original and decompressed data. Such topological in-
consistencies may lead to the misinterpretation of scientific
results and unreliable feature extraction in fields such as
chemistry [18], [19], materials science [20], [21], climate
science [22], medical imaging [23], and cosmology [24].

For example, in molecular electron density analysis [18], as
shown in Figure 2(a), local maxima correspond to the positions
of atomic nuclei, while local minima indicate low-density
regions or internal cavities. Saddle points, where the density
curves upward in one direction and downward in another,
capture structures such as the centers of rings in molecules.
The separatrices connecting these critical points represent
atomic interaction paths, commonly interpreted as bond paths
in chemical analyses. Thus, distortions introduced by lossy
compression may significantly alter these critical features,
potentially leading to severe errors in the interpretation of
molecular structures. For instance, the disappearance of saddle
points may disrupt separatrix structures, leading to the loss of
topological representations of chemical bonds.

Topology inconsistencies introduced by compression are
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Fig. 2. Morse–Smale complexes extracted from 3D scalar fields of a molecular dynamics simulation dataset Adenine Thymine (AT): (a) original data, (b)
SZ3 decompressed data, (c) ZFP decompressed data, and (d) our method, obtained by modifying SZ3’s decompressed output to preserve the Morse–Smale
complex. All compression results use a relative error bound of 10−4. Persistence diagrams derived from the Morse–Smale complexes are also shown for
(a)-(d), with both birth and death values normalized. W2 denotes the L2 Wasserstein distance between each output’s persistence diagram and that of the
original data, quantifying topological distortion.

also a critical issue in time-dependent scientific simulations.
Although an individual timestep may be relatively small,
large-scale studies typically contain hundreds or thousands
of timesteps, each of which must be compressed and later
analyzed. Compression-induced distortions occur at every
timestep, and the distortions accumulate across the sequence,
degrading temporal analyses such as feature tracking, event
detection, and persistence evolution, as demonstrated later in
our experiments in Section V-G.

While it seems possible to mitigate topological inconsisten-
cies by storing the original topological structures alongside
the compressed data, the stored structures still fail to align
with the decompressed data. As demonstrated in Figure 2(b)
and (c), separatrices extracted from the decompressed data
are misaligned with the original structures, and storing the
original topological structures no longer reflects the altered
scalar field, resulting in inconsistencies in visualization and
downstream analysis. For example, scientists may use the per-
sistence diagram (a plot that tracks the lifespan of topological
features) extracted from MSC to filter out less significant
features, referred to as topological simplification [9]. However,
the persistence diagram extracted from the original MSC
no longer aligns with the decompressed field, as shown in
Figure 2. Therefore, rather than storing the original topological
structures, it is essential to preserve the topology to ensure
reliable scientific interpretation, as we demonstrated in our
experiments in Appendix C.

This work targets the full preservation of MSC within de-
compressed data under error-bounded lossy compression. The
closest related method is MSz [1], which focuses on preserving
MSC-induced segmentations, namely, piecewise linear MS
segmentations (PLMSS). Note that preserving PLMSS does
not preserve the full MSC; PLMSS offers a cheaper preview
of MSC but lacks key topological constituents [16], including

saddles and saddle-related features. The lack of preservation
of saddle-related features is a key limitation of MSz, as these
features are fundamental to the structure of the MSC and influ-
ence a wide range of downstream analyses, such as persistence
diagram computation and topological simplification [9], and
topology-aware machine learning [25]. In climate research, for
instance, scientists rely on saddle points to identify potential
turning points in storm paths [22]. Distorted saddle points can
mislead weather forecasts, potentially leading to inadequate
responses to extreme weather events.

In this paper, we introduce DMTz, an iterative and
edit-based algorithm for correcting MSCs in 2D/3D scalar
field data that are compressed by arbitrary error-bounded
lossy compressors. We generalize the edit-based paradigm in
MSz [1] by (1) introducing strategies for correcting full MSC
instead of PLMSS and (2) improving the compression of edits
by quantizing the corrections. DMTz also strictly controls the
pointwise error between the decompressed and original data,
consistent with the bounded local error guarantees supported
by most scientific data compressors for other tasks such as
checkpoint-restarting [26]. Specifically, we target the widely
used MSC computation scheme based on discrete Morse
theory, referred to as the discrete Morse–Smale complex
(DMSC), because of its robust implementation and adoption
in topological visualization tools such as the Topology Toolkit
(TTK) [27]. For a comprehensive comparison between DMTz
and MSz, see Section V-D.

DMTz uses an iterative workflow with two subloops: (1) the
critical cells loops (C-loops), which preserve the type and loca-
tion of the critical cells (equivalent to critical points in discrete
Morse theory), and (2) the separatrices loops (S-loops), which
detect and fix the inaccuracies in the separatrices. Through
a finite number of iterations, the strategy identifies a subset
of data that requires edits, ensuring that the topology in the
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