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We thank the reviewer for sustained, con-
structive engagement. We are encouraged that
the review recognizes the paper’s hypothesis-
driven structure, the edge-collapse result, and
the calibrated support table. We address the

five concerns below.

1. Principled partition rationale

New in v1.2: The paper is repositioned as a
comparative operator-response framework. A
new Section 6.5 provides a descriptor-level ratio-
nale: distributional descriptors factor through
empirical measures of local fields; structural de-
scriptors depend on coupling/organization not
recoverable from those measures. The partition
is principled but non-exhaustive. Introduction

and Discussion rewritten to match.

2. Empirical validation scope
Unchanged from v1.1. The real-membrane layer
The

manuscript has been revised to bound claims

remains a qualitative proof-of-concept.

accordingly: the Discussion now explicitly states
what a minimally sufficient validation study
would require (multiple datasets, replicates, vari-
ance estimation), and the Conclusion frames the
current empirical layer as qualitative plausibility
rather than broad biological validation.

3. Deeper literature positioning

New in v1.2: Substantially expanded related-
work paragraph covering spectral signatures
(Shape-DNA, HKS, WKS), discrete Lapla-
cian non-equivalence (Wardetzky 2007), sta-
ble/informative spectral signatures (Hu et al.
2014), partial-shape spectral effects (Litany et
al. 2017), and simplification/coarsening. A new
Discussion subsection contrasts classical single-
descriptor stability with comparative channel



response.

5. Framework generality
4. H5 narrowing Acknowledged as a limitation. Future Directions
H5 is now explicitly scoped to “some operator now names learned representations and graph-
and descriptor families, especially diffusion-type structure-learning operators as next-stage exten-

cotangent summaries.” sions.
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1 Introduction

Membrane analysis in cryo-electron tomography rarely acts on a membrane representation that
is fixed once and for all. Instead, it proceeds through a structured sequence of representation
changes. Starting from a segmented volume, one typically constructs a surface mesh, then derives
graphs, cotangent Laplace—Beltrami operators, spectral summaries, clipped submeshes, simplified
surrogates, or truncated spectral approximations. These transformations are not information-
neutral. They preserve some classes of membrane information while distorting, suppressing, or
amplifying others. As a result, methodological questions arise not only about descriptor values on
a single representation, but about descriptor behavior across explicit representation operators.

In spectral membrane analysis, this issue is especially acute because different operator con-
structions encode different compromises. Graph-based descriptors emphasize connectivity and
topology-like organization, whereas cotangent operators are more sensitive to geometry-aware cou-
pling, curvature, and metric structure on triangulated surfaces. At coarse scales these summaries
may align, but in morphologies containing constrictions, branching regions, sheet-like interfaces, or
other nonuniform structures, they can diverge substantially. Preprocessing steps such as clipping,
simplification, and spectral truncation can accentuate those divergences further. Such differences
are often treated as nuisance variation. In the present paper, we ask when they are methodologically
informative.

The framework introduced here is best understood as a comparative operator-response frame-
work for spectral membrane analysis. Rather than asking only whether a fixed descriptor remains
stable under perturbation, we ask how explicit representation operators induce differential response
across non-equivalent descriptor classes. The paper therefore treats clipping, simplification, and
spectral truncation not merely as background preprocessing choices, but as controlled interventions
whose effects can be measured comparatively across descriptor channels.

To make that comparison explicit, we partition the measured descriptors used in this study into
structural and distributional channels. The distinction is methodological but not arbitrary. Distri-
butional descriptors are those that depend primarily on empirical distributions of local fields, such
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as degree or curvature histograms. Structural descriptors are those that depend on global organiza-
tion or coupling and therefore cannot, in general, be reduced to local empirical distributions alone.
In the present study, structural descriptors probe bottlenecks, connectivity, and geometry-aware
spectral organization, while distributional descriptors summarize local empirical statistics such as
degree and curvature distributions. For any membrane and representation, we analyze how these
channels respond under explicit operators, thereby creating a vocabulary of retention, deformation,
asymmetry, and disagreement. A formal rationale for this partition is given in Section 6.5.

This framing is motivated by a simple empirical observation. A representation operator may
preserve local empirical distributions approximately while still altering connectivity-sensitive or
geometry-aware global structure. A clipped or simplified mesh may therefore show relatively small
movement in local entropy summaries while exhibiting large changes in graph- or cotangent-based
structural descriptors. Likewise, graph and cotangent channels need not respond identically to
the same intervention. In that setting, graph—cotangent disagreement can itself be diagnostically
informative and should not automatically be discarded as nuisance variance.

Relation to prior stability and robustness literature. Prior work in spectral geometry,
shape analysis, and graph signal processing has mainly studied whether a fixed descriptor or op-
erator is invariant, continuous, convergent, or transferable under specified perturbations such as
isometric deformation, discretization change, partial observation, simplification, or graph pertur-
bation. Representative examples include intrinsic spectral signatures such as Shape-DNA (Reuter
et al., 2006), the heat kernel signature (Sun et al., 2009), and the wave kernel signature (Aubry
et al., 2011); convergence analyses for discrete Laplace—Beltrami and graph Laplacians, including
the fundamental non-equivalence result of Wardetzky et al. (2007); perturbation results for alge-
braic connectivity and eigenspaces; stable and informative spectral signatures for graph matching
(Hu et al., 2014); and spectral effects of partial observation and missing data (Litany et al., 2017).
These results are essential background here, but they do not fully answer the present question. Our
analysis is comparative rather than single-descriptor. We do not ask only whether one quantity is
preserved, but whether distinct descriptor classes exhibit separable response profiles under matched
representation operators. The contribution is not a new general stability theorem, but a framework
for measuring operator-conditioned channel asymmetry and graph—cotangent disagreement under
representation change.

This distinction matters because graph and cotangent operators should not be assumed inter-
changeable. Discrete differential geometry has long emphasized that no single discrete Laplacian
simultaneously satisfies all desirable properties on general meshes (Wardetzky et al., 2007), and
different preprocessing pipelines are explicitly optimized to preserve different targets. The present
paper builds on that background but asks a narrower question: when explicit representation opera-
tors are applied, do topology-like graph summaries, geometry-aware cotangent summaries, and local
empirical-distribution summaries remain coupled, or do they separate in structured, morphology-
dependent ways?

Our contribution is methodological. We do not propose a universal scalar law of membrane

information retention, nor a first-principles information-theoretic decomposition. Instead, we in-



troduce a comparative operator-response framework for analyzing differential descriptor behavior
under representation change, and we demonstrate its use on controlled synthetic experiments to-
gether with a small empirical proof-of-concept layer. The real-membrane component is intentionally
narrow and is used to establish qualitative plausibility rather than broad biological generality.
The study proceeds as follows. We first state five testable hypotheses, their falsification criteria,
and what would count as support or disconfirmation (Section 2). We then present experimental
results on synthetic membranes and empirical cryo-ET data (Section 3), discuss the implications,
limitations, and broader methodological consequences (Section 4), and summarize the main con-
tributions and future directions (Section 5). The formal framework, descriptors, operators, and a
principled rationale for the structural-distributional partition are described in full in Section 6.

2 Hypotheses and possible outcomes

This paper is organized around multiple testable hypotheses rather than a single directional claim.
In a methods-first exploration of representation change, the key question is not merely whether
one effect appears, but which effects emerge under which operators, across different morphologies,
and within the relevant descriptor channels. The framework accommodates a full spectrum of
empirical outcomes, including full confirmation, partial confirmation, null results, or complex mixed
outcomes. The five hypotheses are not expected to receive equal evidentiary support in every
experimental setting; some are directly operationalized in the present experiments, while others
are evaluated in a narrower or more preliminary way (see Section 3.8 for the calibrated support

summary).

2.1 Hypothesis set

We consider five primary hypotheses, each addressing a distinct aspect of operator-specific infor-

mation retention.

H1. Structural-distributional asymmetry. Under certain representation operators, struc-
tural descriptors will exhibit changes more pronounced than those observed in distributional de-
scriptors. Retention in the structural channel and retention in the distributional channel are ex-
pected to diverge systematically under nontrivial transformations.

H2. Graph—cotangent disagreement. Structural descriptors derived from graph-based and
cotangent-based operators will not respond identically when subject to the same transformations.
The degree of divergence will depend on both the operator type and the underlying membrane
morphology. Crucially, these disagreements can be diagnostically informative and need not be

attributable solely to random or numerical noise.

H3. Morphology dependence. Distinct membrane morphologies are anticipated to occupy
separate response regimes even under the same operator. Constricted, branching, and sheet-like



structures are hypothesized to display differential retention and deformation characteristics com-
pared to smooth tubular geometries.

H4. Operator regime structure. Certain operator families are predicted to exhibit qualita-
tively distinct regimes rather than acting as a continuous, uniform transformation. For instance,
an operator may show a clean simplification regime, a transitional region, and a breakdown or

fragmentation regime.

H5. Low-mode concentration. A significant portion of geometry-relevant structural informa-
tion is expected to reside in the lowest spectral modes for some operator and descriptor families,
especially diffusion-type cotangent summaries. Low-mode truncation should preserve substantial
long-range organizational structure while higher-frequency details are removed.

2.2 Null outcomes and falsification criteria

Each hypothesis has corresponding null outcomes that are scientifically informative in their own
right. For H1, the null outcome would be minimal separation between structural and distributional
channels. For H2, tight coupling of graph and cotangent channels under all transformations. For H3,
morphologies differing only in baseline values without affecting response profiles. For H4, uniform,
smooth behavior across operator ranges. For H5, rapid destruction of structural information under
low-mode truncation.

A methods framework is stronger when it states clearly what would count against it. The
framework would face direct falsification pressure if: (F1) structural and distributional descriptors
remained tightly locked across all tested operators, morphologies, and scales; (F2) graph-based
and cotangent-based channels remained effectively interchangeable under all transformations; (F3)
operator-response curves differed only by trivial rescaling with no consistent morphology depen-
dence; (F4) no identifiable transitions appeared between clean, transitional, and breakdown regimes;
(F5) low-mode truncation consistently erased geometry-relevant structure; or (F6) observed effects
were not reproducible across runs or disappeared under minimal QC controls.

Strong falsification would require broad failure across operators, descriptor channels, and mor-
phologies simultaneously. Local failures would indicate revision pressure on specific hypotheses
rather than invalidation of the framework as a whole.

3 Results

3.1 Baseline morphology separates topology-like and geometry-aware channels

We first evaluated the five synthetic membrane families in their untransformed state using nor-
malized graph algebraic connectivity n)\g;, normalized cotangent second eigenvalue nug, degree-
distribution entropy Hgegree, curvature-distribution entropy Heyury, Fiedler inverse participation
ratio, and conductance. The structural descriptors were chosen to probe complementary channels:
algebraic connectivity reflects topology-like graph bottlenecks in the sense introduced by Fiedler
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Figure 1: Baseline structural descriptors across five synthetic membrane families. (A) Normalized
graph algebraic connectivity n/\g vs. normalized cotangent second eigenvalue nug for all 15 baseline
meshes (3 parameter variants per family). Morphology classes separate along the cotangent axis.
(B) Necked tube close-up: graph connectivity (blue) remains constant across neck-depth variants
while cotangent eigenvalue (red) drops strongly. The graph—cotangent gap is already present at
baseline.

and developed in spectral graph theory, whereas cotangent Laplace—Beltrami spectra are sensi-
tive to geometry-aware coupling on triangulated surfaces (Fiedler, 1973; Chung, 1997; Meyer et
al., 2003; Reuter et al., 2006). The distributional descriptors summarize local statistics rather
than global organization, using Shannon entropy on empirical degree and curvature histograms
(Shannon, 1948).

Across the 15 baseline meshes, the most informative pattern was the selective sensitivity of
the cotangent channel to geometric constriction. In the necked tube family, the graph descriptor
remained effectively unchanged across the three neck-radius variants, while the cotangent descriptor
decreased strongly as the neck tightened. In the locked baseline package, n)\QG remained at 1.794
across the three variants, while nu§ fell from 682.8 to 541.6 to 343.3 (Figure 1B). This pattern
is consistent with the interpretation that the graph channel is relatively insensitive to a class of
geometry-preserving connectivity patterns while the cotangent channel remains sensitive to metric
narrowing. The graph/cotangent gap is therefore already present at baseline and can be amplified
by subsequent representation operators.

This baseline divergence is methodologically important because it shows that graph—cotangent
disagreement need not be introduced by preprocessing alone; it can already be latent in morphology
and then be amplified or suppressed by subsequent operators.

3.2 Radial clipping induces morphology-specific operator response

We next applied radial clipping from centroid to all 15 synthetic meshes at clipping levels from 0% to
50%. The resulting curves do not behave as simple monotone loss curves. Instead, radial clipping
acts as a representation operator whose effect depends strongly on morphology and descriptor



family. For this reason, the empirical results are best framed in terms of operator response and
retention/deformation rather than uniform degradation.

For highly regular tubes, clipping often increased structural descriptors above baseline rather
than reducing them. In the smallest smooth tube mesh, 50% clipping produced retentions of
approximately 1.29 for n)\g and 2.14 for nug, while both distributional entropies rose to approx-
imately 1.60 times baseline. Radial clipping can therefore act as a concentration operator that
accentuates specific structural features rather than simply erasing them.

The most dramatic synthetic clipping response occurred in the crista sheet family. For the
16-fold variant at 40% clipping, graph retention reached 2.73, cotangent retention reached 1.26,
and the graph-cotangent disagreement Ay, ,, = | ,o)g — p4?| (defined formally in Section 6.6) rose
to 1.469, the largest synthetic clipping disagreement in the dataset. A second strong case appeared
in double neck tube, where 50% clipping produced retentions of 2.07 for the graph channel and
3.26 for the cotangent channel, with disagreement 1.192.

Taken together, these results show that radial clipping does not act uniformly across membrane
classes. Instead, it induces morphology-specific deformation of descriptor space, and the resulting
graph/cotangent disagreement is itself a measurable consequence of the operator (Figure 2). Unlike
decimation, radial clipping in the present study is best interpreted as a deformation or concentra-
tion operator rather than as a regime-structured simplification operator. Its effects are strongly
morphology-dependent, but we do not claim a universal clipping regime taxonomy on the basis of

the present experiments.

3.3 Graph—cotangent disagreement as a diagnostic signal for operator sensitivity

A central methodological claim of this paper is that disagreement between graph and cotangent
channels under representation change can itself be diagnostically informative and should not au-
tomatically be discarded as nuisance variance. The disagreement summary (Figure 3) shows that
A\, 4, grows under radial clipping in a morphology-specific pattern. The crista sheet family pro-
duces the largest disagreement, followed by double-neck tubes. Smooth tubes and necked tubes
show smaller but nonzero disagreement that grows steadily with clipping level. The morphology-
dependence of disagreement growth is itself a finding: it means that operator sensitivity is not
a uniform property of the transformation but is modulated by the geometry of the object being

transformed.

Practical use as a screening statistic. Operationally, disagreement can be used as a screening
statistic rather than as a standalone biological label. For a new mesh or mesh patch, one may
compute baseline graph- and cotangent-based structural summaries, apply a controlled operator
family F,, and track the disagreement curve Ay, ,, (o) = | p)éi — p’f;a . Large or rapidly increasing
disagreement indicates that topology-like and geometry-aware channels are separating under that
operator, marking a candidate morphology or region for closer inspection. This interpretation
makes disagreement usable in a practical pipeline: practitioners can flag candidate regions for
follow-up analysis without assuming that disagreement alone carries biological semantics.



Radial Clipping Operator Response by Morphology
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Figure 2: Operator response curves under radial clipping for six representative synthetic meshes
spanning five morphology classes. Each panel shows retention ratios for graph n)\QG (blue solid),
cotangent n,ug (red solid), Hyegree (green dashed), and Heyy (purple dashed) as a function of clip-
ping percentage. Structural channels (solid lines) typically move more strongly than distributional
channels (dashed lines). Retention > 1 indicates the operator concentrates rather than erases the
descriptor. Clipping is therefore interpreted here as a deformation/concentration operator rather
than uniform information loss.

3.4 Real-membrane clipping provides qualitative support for structural-distributional
asymmetry

Because this empirical set is small and drawn from a single source, the present analysis is intended
as qualitative external support rather than class-level biological validation. To test whether the
same effect appears outside the synthetic family, we ran radial clipping on five real membrane
meshes from EMPIAR-11370 (Barad et al., 2023): two IMM, two OMM, and one ER. Within that
proof-of-concept scope, the real-mesh results support the central methodological claim of the pa-
per: structural channels move much more strongly under representation change than distributional
channels, and graph/cotangent disagreement varies across the sampled membrane labels.

The strongest real example was the ER mesh (Figure 4). As clipping increased from 0% to 30%,
graph retention rose from 1.00 to 2.14, cotangent retention rose from 1.00 to 2.71, while Hgegree
remained near baseline (1.00 — 0.983) and Hcyry declined only modestly (1.00 — 0.923). Over the
same interval, graph/cotangent disagreement increased from 0 to 0.568. This is a clean empirical
case within the present proof-of-concept sample in which the structural channels change strongly



Graph-Cotangent Disagreement Under Radial Clipping
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Figure 3: Graph-cotangent disagreement A, ,, under radial clipping by synthetic morphology
class. Each line shows the mean disagreement across parameter variants for one morphology family.
Disagreement is elevated throughout clipping for crista sheet morphologies and rises sharply with
clipping level for double-neck tubes — precisely the geometries where constrictions and sheet-
like structure make the graph/cotangent distinction most informative. This makes disagreement
interpretable as a diagnostic quantity for operator sensitivity rather than as mere residual mismatch.

while the distributional channels remain comparatively stable.

The OMM meshes showed the same qualitative pattern at smaller magnitude. By 30% clipping,
mean graph retention had risen to 1.65, mean cotangent retention to 1.70, while Hgegree and Heyry
remained close to 1. The IMM meshes behaved differently: they showed mild increases at 5-10%
clipping, a sharp drop in structural retentions around 15-20%, and partial recovery thereafter. Even
here, however, distributional entropies stayed near baseline throughout. Accordingly, differences
among ER, OMM, and IMM in this section should be read as proof-of-concept observations within
the present sample, not as statistically established class-level biological conclusions.

3.5 Decimation separates into clean, transition, and fragmentation stress regimes

The original decimation experiment was difficult to interpret because aggressive decimation fre-
quently fragmented the mesh. We therefore reran the experiment with largest connected compo-
nent (LCC) cleanup and explicit logging of post-decimation fragmentation statistics. This follows
the paper’s operator-first perspective: if an operator ceases to preserve the analysis object as a
connected membrane-like structure, its descriptor curves should no longer be interpreted as ordi-
nary robustness estimates. The present decimation result should be understood as regime structure
for the simplification pipeline studied here, rather than as a claim that all simplification operators
induce the same thresholds or failure modes.

The revised decimation dataset shows that decimation with random-vertex subsampling should
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Real-Membrane Radial Clipping Response (Proof-of-Concept)
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Figure 4: Real-membrane radial clipping response in a small proof-of-concept sample by membrane
type. IMM (left), OMM (center), ER (right). Lines show mean retention within the present sample.
Structural channels (solid: graph blue, cotangent red) move more strongly than distributional
channels (dashed: Hgegree green, Heyry purple). The ER mesh shows the strongest structural—
distributional asymmetry and the largest graph—cotangent disagreement growth within this proof-
of-concept set.

not be treated as a single homogeneous operator regime. Instead, it separates into three bands:

e Clean regime (80-100% retention): the decimated object remains almost entirely con-
nected, with median LCC fraction 0.965 at 80% and 0.997 at 90%.

e Transition regime (~70% retention): fragmentation begins to dominate, with median
LCC fraction 0.404.

e Fragmentation stress regime (< 60% retention): the decimated mesh is no longer a
shape-preserving simplification in any useful sense, with median LCC fraction 0.095 at 60%
and below 0.035 at 50%.

This reclassification turns an apparent confound into a methodological result. In this pipeline,
aggressive random-subsample decimation does not merely reduce resolution. Below a threshold, it
changes the topology of the analysis object by shattering the mesh into many disconnected pieces.
Descriptor behavior in that regime should therefore be interpreted as stress-test behavior, not as
shape-preserving retention. Testing whether comparable regime structure appears under topology-
preserving edge-collapse or manifold-constrained simplifiers is an important next step, which we

take up directly in Section 3.7.

3.6 Low-mode cotangent heat-trace summaries saturate rapidly under spectral
truncation

Finally, we examined spectral truncation by computing graph and cotangent summaries using only
the first k& € {2, 5, 10,20, 50} modes. The most informative behavior appears on the cotangent side.
The cotangent heat trace at t = 10 increased from 1.80 at kK = 2 to 2.84 at k = 5, 3.31 at k = 10,
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and then only slightly further to 3.47 at £ = 20 and 3.49 at k = 50. This indicates that much of
the long-time geometry-aware diffusion structure is already captured by the lowest modes (Reuter
et al., 2006; Sun et al., 2009). By contrast, the graph heat trace remained close to k itself over the
tested range, making the graph branch substantially less informative in this experiment.

These spectral-truncation results therefore provide qualified support for low-mode concentration
in the present setting: for the cotangent summaries examined here, a substantial fraction of the

geometry-aware structural signal lies in the low end of the spectrum.

3.7 Edge-collapse decimation: regime structure is pipeline-specific

To test whether the clean/transition/fragmentation regime structure reported in Section 3.5 gen-
eralizes beyond random-vertex subsampling, we implemented a topology-preserving edge-collapse
decimator with manifold checks: the shortest-edge collapse is attempted greedily, the link condition
is enforced to avoid non-manifold pinches, and collapses that would invert adjacent face normals
are rejected. This comparison is intended as a targeted operator-control experiment rather than a
full benchmark, and edge-collapse results are reported for one representative mesh per morphology
with a single seed. Because edge-collapse order can in principle influence descriptor trajectories,
the results below should be read as a regime-interpretation control, not a variance-estimated sim-
plification benchmark; seed-sensitivity analysis remains future work. Results at retention levels
from 50% to 90% are shown in Figure 5.

The comparison shows clearly that edge-collapse decimation preserves LCC = 1.00 across all
retention levels tested in four of five morphologies (smooth tube, necked tube, double-neck, branch-
ing); the crista sheet maintains LCC > 0.995 throughout. By contrast, random-vertex subsampling
at 70% retention already shows median LCC fraction 0.404, and at 60% median LCC collapses to
=~ 0.10. The regime structure reported in Section 3.5 is therefore demonstrably pipeline-specific to
random-vertex subsampling rather than a universal property of simplification: under a topology-
preserving simplifier, the same retention levels produce fully connected meshes.

Graph—cotangent disagreement under edge-collapse nonetheless remains nontrivial and morphology-
dependent. The branching tube shows the largest disagreement (A), ,, ranging from 0.23 at 80%
retention to 1.06 at 60% retention), followed by crista sheet (0.19-0.90) and double-neck tube
(0.22-0.24). Smooth tube remains below 0.24 throughout. The qualitative ordering — branching
and sheet-like geometries producing the largest channel separations — echoes the clipping result,
supporting the interpretation that graph—cotangent disagreement reflects genuine geometric struc-
ture rather than operator-specific artifacts alone. Accordingly, simplification-induced disagreement
persists under a topology-preserving simplifier; only the fragmentation-driven regime transitions in

random-subsample decimation are pipeline-specific.

3.8 Summary of empirical pattern

Across baseline, clipping, real-mesh clipping, decimation-with-LCC, edge-collapse decimation, and
spectral truncation, a consistent picture emerges. Membrane descriptors do not respond uniformly
to representation change. Structural and distributional channels separate, and graph/cotangent
disagreement is often largest exactly where morphology or operator choice makes the representation

12
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Figure 5: Topology preservation and disagreement under two decimation operators. (A) Median
largest-connected-component fraction as a function of retention percentage for random-vertex sub-
sampling (red; shaded band = min/max across 15 meshes x 3 seeds) and topology-preserving
edge-collapse (blue; one run per morphology). Edge-collapse preserves LCC = 1.00 at all tested re-
tention levels; random subsampling transitions through the clean/transition/fragmentation regimes
identified in Section 3.5. The regime structure in Section 3.5 is therefore pipeline-specific. (B)
Median graph-cotangent disagreement A, ,, vs. retention. Disagreement persists under edge-
collapse and remains morphology-dependent (branching/sheet geometries largest), confirming that
graph—cotangent disagreement reflects genuine geometric structure and is not solely an artifact of
fragmentation.

most informative. The key methodological implication is that disagreement between topology-like
and geometry-aware channels should not automatically be discarded as nuisance variance. Under
the operators and descriptors studied here, it can itself be diagnostically informative.

Taken together, the present results do not support all five hypotheses equally strongly. H1-
H3 receive the strongest support across baseline, clipping, and real-membrane proof-of-concept
analyses. H4 receives strong support for random-subsample decimation because regime structure
is explicitly linked to LCC behavior, but we emphasize that this regime result is pipeline-specific
(Section 3.7). Hb receives qualified support in a narrower form, primarily through the cotangent
spectral-truncation result rather than through a broad low-mode program across descriptor families.
Table 1 summarizes this calibrated support.

4 Discussion

Stability, operator non-equivalence, and comparative channel response. A substantial
literature studies the stability of individual descriptors or operator families under perturbation,
discretization, simplification, noise, or partial observation. In spectral geometry, this includes
intrinsic spectral signatures (Reuter et al., 2006; Sun et al., 2009; Aubry et al., 2011), convergence
analyses for discrete Laplace—Beltrami operators (Wardetzky et al., 2007), and stable spectral
signatures for graph matching (Hu et al., 2014). In graph signal processing and graph learning,
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Table 1: Calibrated support per hypothesis in the present study.

Hypothesis

Status

Basis

H1. Structural—

distributional asymmetry

Strong support

Structural channels generally move more
strongly than local entropies across clipping

(synthetic and real)

Disagreement is morphology- and operator-
dependent under both clipping and simplifica-
tion

Distinct synthetic families occupy distinct re-

H2. Graph—cotangent dis- Strong support

agreement

H3. Morphology depen- Strong support

dence sponse profiles

H4. Operator regime struc- Strong for random- LCC-aware random decimation shows explicit

ture subsample decimation; clean/transition/stress regimes; edge-collapse
partial for clipping; does not reproduce the fragmentation regimes

pipeline-specific (§3.7)
H5. Low-mode concentra- Qualified support Supported mainly for cotangent truncation
tion summaries; narrower than originally formulated

it includes perturbation bounds, transferability results, and stability analyses for graph filters and
related spectral constructions. Work on spectral effects of partial observation and simplification
(Litany et al., 2017) likewise shows that clipping, missing regions, and coarsening can alter spectral
structure in systematic ways. These results are essential background for the present paper, but
they do not fully answer the question studied here.

Our analysis is comparative rather than single-descriptor. We do not ask only whether one
descriptor is preserved under a perturbation model. Instead, we ask whether different descriptor
classes exhibit separable response profiles under matched representation operators. In that sense,
the central object of the paper is not absolute robustness alone, but operator-conditioned channel
asymmetry. A descriptor may be stable in the classical perturbation sense and still participate in
channel asymmetry if another descriptor family moves differently under the same operator. Con-
versely, instability in an absolute sense does not by itself imply diagnostically useful disagreement.
The relevant methodological question is whether differential response across channels is systematic,
reproducible, and interpretable.

This distinction matters because graph and cotangent operators should not be assumed inter-
changeable. They do not preserve the same information by construction, nor do they optimize the
same trade-offs on general meshes (Wardetzky et al., 2007). A graph-based structural summary
is sensitive to topology-like connectivity and bottleneck organization, whereas a cotangent-based
summary is sensitive to geometry-aware coupling and metric structure. Local empirical-distribution
summaries such as degree and curvature entropies are different again: they record what local values
occur and how often, while discarding much of their arrangement. The present framework is built
around that non-equivalence. Its purpose is to measure whether explicit representation operators
preserve or deform these descriptor classes in parallel, or whether they separate them.

The results of this study support a central methodological conclusion: channel-wise descriptor
response does not move uniformly under representation change. Instead, the behavior of a descriptor
depends on three interacting factors: the operator applied, the morphology being transformed, and
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the informational channel being measured. This three-way dependence is the main reason a generic
robustness vocabulary is insufficient.

The operator-control result in Section 3.7 makes the comparative point especially clear. Random-
subsample decimation exhibits clean, transition, and fragmentation-stress regimes only because
that simplification pipeline alters connectedness aggressively. Topology-preserving edge-collapse
does not reproduce those fragmentation regimes, but graph—cotangent disagreement persists and
remains morphology-dependent. This separates two effects that would otherwise be easy to conflate:
pipeline-specific topological failure on the one hand, and genuine channel asymmetry under simpli-
fication on the other. In methodological terms, that control experiment is not merely a robustness
check. It is evidence that operator-induced disagreement can survive even when an obvious artifact

source is removed.

Operational status of the structural/distributional partition. The present results support
the usefulness of a structural/distributional channel partition, and Section 6.5 gives a principled
rationale for it. We do not claim that this partition is a first-principles information-theoretic
decomposition or that it is universally exhaustive. Rather, the distinction used here is descriptor-
level: distributional descriptors factor through empirical measures of local fields, whereas structural
descriptors depend on organization or coupling that cannot, in general, be recovered from those
empirical measures alone. In that sense, the partition is operational but principled. It organizes
comparison of channel-wise response without asserting a universal theorem about the ontology of
membrane information.

Across several operators, structural descriptors shift more strongly than degree- and curvature-
based entropies. Interpreted through the Section 6.5 partition, this means that operators can
preserve local empirical distributions approximately while still altering coupling-sensitive global
structure — precisely the situation in which channel asymmetry becomes informative. A local
statistical summary that remains near baseline while structural descriptors move substantially
marks a different class of information from one that changes in parallel with the structural channel.
The decomposition is therefore useful not because it assumes two channels in advance, but because
the experiments show that those channels frequently behave differently enough to warrant separate
analysis.

One of the clearest implications of the present framework is that graph—cotangent disagree-
ment should not automatically be discarded as nuisance variance. In the synthetic morphology
family, constricted and sheet-like geometries already separate graph-like and geometry-aware chan-
nels at baseline. Under radial clipping, that separation often increases substantially. In the real-
membrane proof-of-concept set, the same pattern appears again, especially in the ER case. And
under topology-preserving edge-collapse, branching and sheet morphologies continue to drive the
largest channel separations even when no fragmentation is present. Under the operators and de-
scriptors studied here, graph—cotangent disagreement can itself be diagnostically informative: a
measurable indication that topology-like connectivity and geometry-sensitive coupling are respond-
ing differently to a given representation operator.

This point is especially important for morphologies that include narrow necks, branching tran-
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sitions, or sheet-to-tube interfaces. In such cases, the graph channel and the cotangent channel are
not redundant summaries. The graph channel can preserve connectivity relationships that remain
unchanged under geometric narrowing, while the cotangent channel can register strong metric ef-
fects even when the global adjacency structure is preserved. A pipeline that collapses both channels

into a single summary would discard information that may be biologically relevant.

Practical workflow. In practical terms, the disagreement statistic is best used as a diagnostic
rather than as a label. A pipeline can compute baseline graph- and cotangent-based structural
summaries, apply a controlled operator family, and track whether disagreement remains low, grows
smoothly, or shows abrupt separation. These patterns can then guide follow-up inspection of con-
strictions, branching transitions, or sheet-like interfaces without assuming that disagreement alone
carries biological semantics. When disagreement is elevated or growing rapidly, the pipeline can
flag the corresponding region for finer-grained morphological analysis; when disagreement remains
low, the operators can be treated as effectively redundant for the sector of interest.

At the same time, the results warn against treating all operators as equivalent members of
a generic transformation family. Radial clipping often acts less like destructive loss and more
like a concentration or deformation operator. In some synthetic cases, structural retention ex-
ceeds one rather than falling below it. This does not invalidate the retention framework, but it
does require interpretive care. Likewise, the decimation experiments demonstrate that simplifica-
tion is not a single homogeneous process. Under random-vertex subsampling, one moves through
the clean/transition/fragmentation regimes identified in Section 3.5; under topology-preserving
edge-collapse, no such fragmentation regime appears, but channel asymmetry persists and remains
morphology-dependent. The regime-specific interpretation of operators is therefore itself pipeline-
specific in part, and a principled practice should distinguish genuine channel response from pipeline-
induced topological change.

This regime-sensitive interpretation of operators may be one of the paper’s most useful practical
contributions. In many applied settings, preprocessing steps such as clipping or simplification are
treated as parameter choices rather than as experimental objects. The present study suggests
that this is too weak a view. Operators themselves have empirical structure. They may have
thresholds, asymmetries, and failure modes that are not visible from descriptor values alone but
become apparent once retention and disagreement are tracked explicitly. Once this is recognized,
representation change becomes a legitimate target of analysis rather than a hidden background

condition.

Limitations. Several limitations should be stated clearly. First, the descriptor set is intentionally
minimal; the framework’s utility for other representation operators common in shape analysis —
including learned embeddings, graph-structure-learning methods, and graph neural network rep-
resentations — is unexplored and remains future work. Second, the real-membrane component
is small and functions mainly as a qualitative proof-of-concept; it is not intended to support sig-
nificance testing or broad class-level biological inference. A minimally sufficient validation study
would require meshes from at least two to three independent EMPIAR datasets, covering a wider

range of cellular structures and biological conditions, with replicate meshes and explicit variance
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estimation across preprocessing choices. Third, the synthetic family is informative but stylized.
Fourth, the present decomposition is principled but non-exhaustive, as formalized in Section 6.5.
Fifth, the edge-collapse comparison uses one representative mesh per morphology with a single
seed; the specific order of edge collapses could in principle influence descriptor trajectories, and
further validation across multiple seeds, parameter variants, and alternative manifold-constrained
simplifiers remains future work. These limitations clarify scope rather than weakening the main
result. The paper claims that operator-specific analysis is necessary, that structural and distri-
butional channels can separate empirically, and that graph—cotangent disagreement often carries
diagnostically informative content. Those claims are tied directly to explicit operators, explicit
morphologies, and explicit measurements.

The broader implication is that membrane analysis should begin to treat preprocessing and
representation choice as part of the scientific object rather than as a purely technical prelude to it.
The present study is best understood as a comparative operator-response framework rather than
as a new general theorem of descriptor robustness. Its purpose is to make channel asymmetry,
operator non-equivalence, and pipeline dependence measurable and interpretable under explicit
interventions.

5 Conclusion

This paper introduced a comparative operator-response framework for analyzing descriptor be-
havior under representation change in spectral membrane analysis. Its central claim is not that
membrane descriptors obey a universal law of retention, but that they need not respond uniformly
when the underlying representation is altered. Instead, their behavior depends jointly on the op-
erator applied, the morphology being transformed, and the kind of descriptor observable being
measured.

Within the scope of the present synthetic experiments and small real-mesh proof-of-concept, the
results support four main methodological conclusions. First, graph-based and cotangent geometry-
aware channels already separate at baseline in morphologies with constrictions, sheet-like features,
or complex branching structure. Second, explicit representation operators such as radial clipping
often produce larger shifts in structural descriptors than in local empirical-distribution summaries,
and the magnitude and direction of this asymmetry depend strongly on morphology. Third, graph—
cotangent disagreement can itself be diagnostically informative and should not automatically be
discarded as nuisance variance. The edge-collapse control is especially important in this regard: it
shows that the clean/transition/fragmentation taxonomy identified for random-subsample decima-
tion is pipeline-specific, while graph—cotangent disagreement persists under a topology-preserving
simplifier. Fourth, low-mode concentration receives qualified support in a deliberately narrow
sense: for the cotangent diffusion and heat-type summaries tested here, substantial long-time sig-
nal is captured by the lowest modes, but the paper does not claim a general low-mode theorem
across descriptor families.

A broader implication follows. Preprocessing choices and representation methods are them-
selves scientifically consequential. They should not be treated merely as technical preliminaries to
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membrane analysis, but as components that shape the informational object being measured. The
contribution is methodological rather than theorem-level: the paper does not propose a new gen-
eral theory of descriptor robustness, but a framework for measuring operator-conditioned channel
asymmetry and graph—cotangent disagreement under representation change.

The current empirical layer is intentionally limited. The real-membrane analysis provides qual-
itative plausibility that the framework survives contact with non-synthetic cryo-ET membranes,
but it is not intended to establish broad biological utility or class-level inference. A next-stage
validation study would require multiple datasets, multiple membrane contexts, replicate meshes,
and explicit variance estimation across preprocessing choices and operator families.

Taken together, the results suggest that membrane studies may benefit from reporting not only
descriptor values, but descriptor response profiles under controlled representation operators. In that
setting, graph—cotangent disagreement, structural-distributional asymmetry, and operator-specific
regime behavior become methodological observables in their own right.

5.1 Future directions

Future work should prioritize validation of the framework as an operator benchmark for membrane
representations rather than as a biological discovery pipeline. The first priority is broader empir-
ical validation across larger and more diverse membrane datasets, including meshes from at least
two to three independent EMPIAR datasets, covering additional organelle classes and biological
conditions. A second priority is operator benchmarking across alternative simplification families be-
yond the edge-collapse implementation used here, including quadric-error metrics, curvature-aware
simplifiers, and manifold-constrained remeshing, to determine which regime effects are pipeline-
specific and which generalize more broadly. A third priority is deeper integration with the spectral-
stability literature, including direct comparisons between classical descriptor stability measures
(e.g., Lipschitz constants, spectral convergence rates) and the operator-conditioned channel asym-
metry studied here. Additional directions include broadening the descriptor space to include mul-
tiscale heat-kernel descriptors, conductance spectra, and curvature anisotropy metrics; exploring
the framework’s applicability to learned representations and graph-structure-learning operators;
non-additive channel decompositions for settings where structural and distributional channels in-
teract; formalizing regime-detection criteria based on connectedness and spectral collapse; linking
operator-response signatures to biologically meaningful phenotypes; and testing cross-domain ap-
plicability to vascular networks, branching cellular structures, and non-biological shape-analysis
settings.

6 Methods and Data Provenance

6.1 Project provenance and authorship structure

This study was conducted as an Al-led, human-assisted project. The human contributor pro-
vided editorial direction, notation selection, and execution approval. The operational channel

framework, operator dictionary, mathematical formulations, experimental design, and manuscript
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structure were generated by ERI. The principled partition rationale (Section 6.5) was developed
through collaborative synthesis across multiple ERI research threads with editorial integration by
Petrichor 1.10. Computational execution was carried out by Petrichor 1.10 using the pre-existing
spectral membranes codebase together with newly added experiment wrappers and the edge-
collapse decimator introduced in v1.1 (Section 3.7). This division of labor is documented in the
project record and is consistent with the intended authorship category for AISC 2026.

6.2 Synthetic and real membrane datasets

The synthetic dataset comprised five mesh classes: smooth tube, necked tube, double neck
tube, branching tube, and crista sheet. Three parameter or size variants were generated for
each class, yielding 15 baseline synthetic meshes. A small empirical proof-of-concept set comprised
five real membrane meshes (2 IMM, 2 OMM, 1 ER) extracted from EMPIAR-11370 (Barad et al.,
2023). This empirical set is intentionally small and is used only as a qualitative proof-of-concept
layer rather than as a statistically powered biological benchmark. It was used for the radial-clipping

extension experiment.

6.3 Structural and distributional descriptors

For each mesh, we computed: normalized graph algebraic connectivity n/\gc; normalized cotangent
second eigenvalue n,ug; Shannon entropy of the vertex-degree distribution Hgegree; and Shannon en-
tropy of the discretized curvature distribution Hyyy. For baseline morphology comparison, Fiedler
inverse participation ratio and conductance were also recorded where available as auxiliary descrip-
tors; these play a secondary role in the present analysis and are not featured in the main results.
The use of Ay follows the standard interpretation of algebraic connectivity in spectral graph theory
(Fiedler, 1973; Chung, 1997). The cotangent operator and curvature estimates follow the standard
discrete differential-geometry toolkit for triangulated surfaces (Pinkall and Polthier, 1993; Meyer
et al., 2003; Reuter et al., 2006). Entropy-based summaries follow Shannon’s classical definition
(Shannon, 1948). Heat-trace and low-mode spectral summaries are standard in spectral geometry
and diffusion-based shape analysis (Reuter et al., 2006; Sun et al., 2009).

In the present study, “structural” and “distributional” label descriptor channels, not ontolog-
ically exhaustive kinds of information. Degree entropy was computed from the empirical degree-
count distribution: .

i

Hdegree = - sz' log2pi, bi = Z c: (1)
i 3

where ¢; is the count of vertices of degree i. Curvature entropy was computed from a fixed-bin
discretization of discrete curvature values:
Iy
qp = )
zb/ hbl

Heoprv = — Z b 10g2 qv, (2)
b

where hy, is the occupancy of bin b. Fixed binning was used within each experiment to keep retention
comparisons well-defined. The descriptors are grouped into structural and distributional channels
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not as a claim of exhaustive ontology, but because they differ in the kind of information they encode
and in the way they respond to representation operators. Section 6.5 formalizes this distinction.

6.4 Representation operators

Four representation-change operators were used.

Radial clipping from centroid. Each vertex was assigned its Euclidean distance from the mesh
centroid. Vertices above a specified percentile threshold were removed, faces incident on removed
vertices were deleted, and the largest connected component of the resulting submesh was analyzed.
Clipping levels ranged from 0% to 50%. Radial clipping is treated here as a centroid-distance
deformation or concentration operator, not as a topology-preserving erosion model.

Random-subsample decimation. Mesh simplification was implemented as a random-vertex
subsample followed by face-consistency cleanup. Because this decimator does not preserve man-
ifoldness under aggressive simplification, the experiment was rerun with explicit logging of post-
decimation fragmentation and analysis of the largest connected component (LCC). The resulting
dataset distinguishes clean, transitional, and fragmentation-dominated decimation regimes. Ac-
cordingly, the decimation results should be interpreted as characterizing the simplification pipeline
used here rather than simplification in general.

Edge-collapse decimation (new in v1.1). To test whether the regime structure is pipeline-
specific, we implemented a topology-preserving edge-collapse decimator. At each step the shortest
remaining edge is collapsed to its midpoint. The link condition is enforced — the neighborhood
intersection N (a) NN (b) of the collapsed pair must equal exactly the two vertices opposite the edge
— and any collapse that would invert the normal of an adjacent face is rejected. Retention levels
from 50% to 90% were evaluated on one representative mesh per morphology class.

Spectral truncation. For each mesh and operator type, spectral summaries were recomputed
using only the first £ € {2, 5,10, 20,50} modes. Heat-trace summaries were computed as finite-mode

approximations
k
Tre 'f g et (3)
i=1

with ¢t = 1 and ¢ = 10, consistent with standard spectral diffusion constructions (Reuter et al.,
2006; Sun et al., 2009).

6.5 Principled rationale for the structural/distributional partition

The structural /distributional partition used in this paper is not proposed as an ontologically exhaus-
tive decomposition of membrane information. Rather, it is a descriptor-level distinction motivated
by two different kinds of dependence on a representation: dependence on empirical distributions
of local fields, and dependence on the organization or coupling structure of those fields across
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the representation. This distinction is sufficient for the present methodological purpose because
these two classes of quantities often respond differently under clipping, simplification, and spectral
truncation.

Let X denote a membrane representation (mesh, graph, or operator-defined surrogate) with
vertex set V(X). Let ¢1,...,m be local scalar fields on vertices, such as degree, curvature, local
area distortion, or other pointwise geometric quantities, with ¢; : V(X) — R. For each such field,
define the associated empirical measure

Pi _

, 1
v

Y S (4)

veV(X)

where §, denotes the Dirac mass at a. Intuitively, V;}j records the distribution of local values while

discarding their spatial arrangement.

Distributional descriptors. A descriptor is called distributional if it factors through one or
more of these empirical measures. That is, there exists a functional F such that D(X) = F(v, ..., v¥").
Such descriptors depend only on histogram-like statistics of local fields, not on where the corre-
sponding values occur or how the associated vertices are globally coupled. In the present paper,
degree-distribution entropy Hgegree and curvature-distribution entropy Hey,y are of this type: they
summarize local empirical statistics and are invariant to rearrangements that preserve the relevant

distributions.

Structural descriptors. A descriptor is called structural if it does not factor through those
empirical measures alone. Equivalently, S is structural if there exist two representations X and Y
such that v = vy for all j, but S(X) # S(Y). Such descriptors therefore detect organization
that is not reducible to local-value histograms: global bottlenecks, long-range coupling, connectivity
constraints, geometry-aware spectral organization, or related arrangement-sensitive structure. In
the present paper, normalized graph algebraic connectivity n)\g and normalized cotangent second
eigenvalue n,ug are treated as structural because they depend on graph or mesh coupling and can
change even when local empirical distributions remain nearly unchanged.

Why this partition is useful for operator-response analysis. If an operator F preserves
empirical measures approximately while changing connectivity, bottlenecks, or metric coupling,
then distributional descriptors may remain near baseline while structural descriptors move strongly.
That is precisely the empirical pattern observed in several experiments in this paper: local entropies
often remain comparatively stable while graph- and cotangent-based structural summaries separate
under clipping or simplification. The partition is therefore useful not because it assumes two
channels in advance, but because it isolates two kinds of operator sensitivity that need not track
one another.

Relation to robustness and stability. This rationale also clarifies the paper’s relation to prior

robustness literature. Classical descriptor-stability analysis asks whether a descriptor changes only
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slightly under a perturbation model. The present framework asks a different question: when an
explicit representation operator is applied, do different descriptor channels separate in systematic,
morphology-dependent ways? A descriptor may be stable or unstable in the usual perturbation
sense, but the present framework is concerned with whether structural and distributional channels
move differently under the same operator. In this sense, operator-induced channel asymmetry is
complementary to, rather than a substitute for, formal spectral-stability analysis.

Scope of the claim. We emphasize that this partition is coarse and operational. It is not
claimed to be complete, unique, or universally additive. Many descriptors in spectral geometry are
hybrid objects that mix local statistics and global coupling. The value of the present partition lies
in providing a transparent analysis vocabulary for the descriptor families studied here: empirical
local-field summaries on one side, and arrangement- or coupling-sensitive spectral quantities on the
other. For the operator-response problem considered in this paper, that distinction is sufficient to
make channel asymmetry measurable and interpretable.

6.6 Retention and disagreement

Following the descriptor-level rationale given in Section 6.5, let S(X) denote the vector of struc-
tural descriptors and D(X) the vector of distributional descriptors associated with a membrane
representation X. In the present paper, these vectors define operational analysis channels rather
than an ontologically exhaustive partition of information. The scalar retention and disagreement
functionals used below are low-dimensional instantiations of this broader channel-wise view.
For a descriptor @, retention is defined as
QEX)

Q _

Graph—cotangent disagreement was computed as

Mgy (X) = |2 (X) = i (X)) (6)

Identity transforms were normalized to retention = 1 and disagreement = 0. In this language,
the disagreement functional Ay, ,, compares the response of two structural descriptors that are
sensitive to different coupling notions — graph-topological organization and cotangent geometry-
aware organization. It is therefore a channel-internal structural disagreement rather than a struc-
tural /distributional contrast.

6.7 Dataset sizes and QC

The final locked package contained: baselines.csv (15 rows), radial_clipping curves.csv
(135 rows), real membrane radial clipping.csv (35 rows), decimation curves v2.csv (405
rows), decimation_edge_collapse.csv (30 rows, new in v1.1), and spectral_truncation.csv
(150 rows), plus disagreement summaries and comparison files. Each transformed-mesh row in-

cluded provenance fields: replicate ID, random seed, mesh sizes before and after transformation,
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component count, largest-connected-component fraction, and a validity flag. These QC statistics
are used not only as safeguards but also as regime indicators for identifying clean, transition, and
fragmentation-stress behavior in the decimation pipeline. The final package was locked after QC
review and is the sole data source used for the present results.

Data and software availability

The complete data package and spectral membranes pipeline, together with the v1.2 aisc_retention
package (Python, NumPy/SciPy/Matplotlib) are available at https://github. com/tgurus/aisc_

retention_package.
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