Under review as submission to TMLR

Structuring Semantic Embeddings for Principle Evaluation:
A Kernel-Guided Contrastive Learning Approach

Anonymous authors
Paper under double-blind review

Abstract

Reliable post-hoc principle evaluation—verifying whether generated text adheres to prede-
fined human values such as safety, fairness, or helpfulness—is a critical bottleneck in Al
alignment. While general-purpose text embeddings are widely deployed for this task, they
inherently struggle with fine-grained principle distinctions due to severe feature entangle-
ment. Texts sharing similar vocabulary but representing diametrically opposed principles
often collapse into the same representation space, blurring critical decision boundaries. To
overcome this limitation without the prohibitive costs of full-parameter fine-tuning, we intro-
duce Kernel-Guided Contrastive Learning (KGCL), a framework that transitions the evalua-
tion paradigm from generic semantic approximation to explicit decision boundary sculpting.
Operating as a lightweight module atop frozen generalist encoders, KGCL projects entan-
gled embeddings into a structured, principle-aligned subspace. We mathematically prove
that our composite objective establishes a defined geometric margin and establishes strict
bounds on geometric clustering metrics. Extensive experiments validate these theoreti-
cal guarantees, demonstrating that KGCL dramatically enhances the linear separability of
highly confusable classes and provides a geometric shield against majority collapse. Re-
markably, our explicitly optimized embeddings not only achieve absolute F1 improvements
of up to 19.4% over task-agnostic contrastive baselines but also consistently outperform the
implicit in-context reasoning of massive generative Large Language Models. Ultimately,
KGCL establishes that targeted geometric sculpting provides a highly discriminative, com-
putationally efficient paradigm for robust principle alignment.

1 Introduction

Ensuring that text representations can reliably capture complex, human-defined principles—such as fair-
ness, honesty, and safety—remains a fundamental challenge for Al alignment and robust natural language
understanding (Weidinger et al., [2021; Bommasani et all 2021} Hendrycks et all 2023)). While much of
the alignment literature focuses on steering model behavior during text generation (Christiano et al. |2017;
Ouyang et al., |2022; |Bai et al.| [2022), an equally important yet comparatively understudied problem is how
to determine whether a generated text adheres to such principles after it has been produced. This problem,
commonly referred to as post-hoc evaluation, is central to applications such as content moderation, safety
auditing, and large-scale monitoring of model outputs (Gehman et al., [2020; [Rae et al.l [2021]).

At scale, post-hoc evaluation is typically built on high-dimensional text embeddings (Reimers & Gurevych),
2019; [Neelakantan et al., |2022)). Recent advances have produced large general-purpose embedding models,
such as NV-Embed and GTE-Qwen2, with billions of parameters (Li et al.,|2023;|Lee et al.,[2024). Trained on
diverse corpora, these models aim to learn universal semantic representations and achieve strong performance
on broad benchmarks such as MTEB (Muennighoff et al.| [2023)). Consequently, they are widely used as frozen
feature extractors for downstream principle evaluation.

Limitations of Existing Methods Despite their strong general-purpose performance, these embedding
models are not designed to resolve the fine-grained distinctions required for principle evaluation. Their
objective of capturing broad semantic similarity often leads to representations that smooth over subtle but
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Figure 1: Conceptual comparison between standard general-purpose embeddings and the proposed KGCL
framework. Left: In the general semantic space, texts sharing similar lexicon but representing distinct
principles (e.g., negative reviews about seller performance versus courier performance) suffer from severe
representational entanglement, leading to blurred decision boundaries. Right: Operating atop a frozen base
model, the KGCL module utilizes an attention mechanism to project these general embeddings into a task-
specific subspace. Guided by learnable prototype kernels and an explicit offset penalty that actively repels
confusable samples, KGCL achieves geometry-aware disentanglement and precise topological isolation.

critical differences between texts. In many practical scenarios, texts can be highly similar at the lexical and
semantic levels while reflecting fundamentally different evaluation principles. For example, in e-commerce
moderation, the reviews “ The package never arrived, terrible seller” and “ The package never arrived, terrible
courier” share nearly identical surface semantics but correspond to distinct evaluation targets. Similarly,
in content safety, a non-toxic expression such as “I absolutely hate this garbage situation” can be lexically
similar to a toxic attack like “I absolutely hate you, you are garbage” (Gehman et all 2020; Welbl et all
. Standard embedding models—including those refined via unsupervised contrastive learning such as
SimCSE (Gao et all [2021)—often map such examples to overlapping regions of the representation space.
We refer to this phenomenon as representational entanglement: semantically similar texts that correspond
to different principles are not well separated geometrically. This entanglement blurs decision boundaries and
makes it difficult for lightweight downstream classifiers to reliably capture the subtle, context-dependent
signals required for accurate principle evaluation (Devlin et al.| [2019; |Zhou & Srikumar] [2022)).

Challenges for Tackling the Limitations Addressing representational entanglement is challenging.
Two common approaches are (i) adapting the embedding model via fine-tuning, or (ii) bypassing embeddings
altogether by leveraging large language models (LLMs) through few-shot prompting (Qiu et al., 2020} Brown|
. However, both approaches have notable limitations in this setting. Fine-tuning-based methods,
including Parameter-Efficient Fine-Tuning (PEFT) techniques such as LoRA , still require
substantial labeled data and computational resources. More importantly, they optimize model parameters for
overall task performance without explicitly enforcing the geometric structure needed to separate entangled
representations, often resulting in weak or unstable decision boundaries. On the other hand, leveraging in-
context learning (ICL) with large LLMs for evaluation introduces significant computational overhead
. Using generative models for inherently discriminative tasks leads to high latency and cost,
making such approaches difficult to deploy at scale (Zheng et al., [2023; |Wang et al., 2023). Taken together,
these limitations highlight a key gap: the lack of lightweight, data-efficient methods that can directly reshape
the geometry of representation spaces to disentangle semantically similar but logically distinct texts—without
modifying the underlying large models or relying on expensive generative inference.
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Proposed Method To address this gap, we propose Kernel-Guided Contrastive Learning (KGCL), a
lightweight and plug-and-play framework for explicitly reshaping the geometry of text representations for
principle evaluation. KGCL operates on top of frozen base embeddings and projects them into a low-
dimensional, task-specific subspace through an attention-based transformation. In this subspace, we intro-
duce a set of learnable prototype kernels that serve as geometric anchors for different evaluation principles.
To separate entangled representations, we further design a geometry-aware contrastive objective augmented
with an offset penalty. This objective encourages texts associated with the same principle to cluster around
their corresponding prototypes, while pushing apart samples that are semantically similar but belong to
different principles. By explicitly imposing task-relevant geometric structure on the representation space,
KGCL transforms general-purpose embeddings into principle-aware representations, enabling more accurate
and efficient post-hoc evaluation.

Contributions Our contributions are threefold. First, we propose a lightweight and modular architecture
that maps general-purpose text embeddings into a structured subspace tailored for principle evaluation,
without requiring any updates to the underlying large-scale encoder. Second, we introduce a geometry-
aware training objective that explicitly separates semantically similar but principle-distinct texts, thereby
mitigating representational entanglement and yielding more discriminative representations. Third, extensive
experiments across diverse datasets show that KGCL consistently outperforms standard embedding-based
baselines and achieves performance competitive with LLM-based evaluators, while preserving the efficiency
of lightweight downstream classifiers.

2 Related Work

General-Purpose Text Embeddings and Subspace Learning. Massive general-purpose embedding
models have become the foundational paradigm for text representation. However, while these models excel
at capturing broad semantic context, they frequently conflate subtle, principle-specific distinctions (Devlin
et al., 2019; |Zhou & Srikumar] [2022)). To extract task-relevant features from these entangled spaces, prior
works have explored subspace learning and task-specific projections (Fukumizu et al., 2003; [Edelman & In-
trator, (1997, Peng et al.,|2019). Yet, general dimensionality reduction techniques, such as UMAP (Mclnnes
et all 2018) or Spectral Embedding (Von Luxburg, [2007), are primarily optimized for structural visualiza-
tion rather than explicitly disentangling predefined, principle-specific features. Similarly, while geometric
embeddings successfully structure representation spaces for tasks like knowledge graph querying (Ren et al.)
2020), they are not tailored for the nuanced semantic isolation required in natural language. Our frame-
work addresses this by learning a structured, low-dimensional subspace specifically optimized for principle
evaluation, actively separating task-relevant signals from the general semantic basis.

Parameter-Efficient Fine-Tuning (PEFT). To adapt massive pre-trained models for specific down-
stream tasks, Parameter-Efficient Fine-Tuning (PEFT) methods, such as Low-Rank Adaptation (LoRA)
(Hu et al.| 2022)), have been widely adopted to mitigate the prohibitive costs of full fine-tuning. While these
techniques successfully reduce the number of trainable parameters, they inherently suffer from deployment
bottlenecks in high-throughput post-hoc evaluation scenarios. Because PEFT integrates task-specific weights
directly into the base architecture, evaluating a single text against multiple distinct principles requires re-
peated forward passes of the massive model (Ding et al. 2022; [Sheng et all 2023). Furthermore, these
methods rely on implicit parameter updates rather than explicitly remodeling the geometric topology of the
representation space to isolate confusable principles. In contrast, our approach operates entirely indepen-
dently of the frozen base model’s internal weights, achieving geometric disentanglement at a fraction of the
computational and inference overhead.

Principle Alignment and LLM-Based Evaluation. Prior efforts in principle alignment predominantly
focus on constraining language models during the text generation process, utilizing techniques such as Re-
inforcement Learning from Human Feedback (RLHF) (Christiano et al., |2017; |Ouyang et al.| |2022) and
Constitutional Al (Bai et al.l 2022)). However, reliably evaluating the principle alignment of already gener-
ated text—known as post-hoc evaluation—remains a distinct and critical challenge. Recently, a prevailing
trend has been to leverage the In-Context Learning capabilities of massive LLMs to act as evaluators (Zheng
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et al| [2023). While effective, invoking expensive generative models for purely discriminative evaluation tasks
incurs prohibitive inference costs and latency, underutilizing the LLMs’ generative strengths (Wang et al.)
2023). Our framework directly addresses this evaluation gap by explicitly structuring a discernible repre-
sentation space, offering a highly efficient, discriminative alternative to resource-intensive LLM-as-a-judge
paradigms.

3 Methodology

3.1 Problem Formulation

Let us define the pre-trained embedding space as a metric space (R”, dsc,,), where a frozen general-purpose
encoder E(-) maps textual inputs from a dataset X = {x;})¥, into high-dimensional vectors z; € RP.
Given a discrete label space ) = {y1,...,yc} representing C specific evaluation principles, the fundamental
bottleneck of post-hoc evaluation is the severe feature entanglement. Because the distance metric dgen,
is optimized for universal semantic similarity, it remains agnostic to the task-specific logical boundaries
of Y. Consequently, for two text instances x; and x; sharing identical lexical structures but representing
diametrically opposed principles (y; # v;), their embeddings collapse within the general manifold, yielding
a vanishing distance dsenm (2;,2;) — 0. This topological entanglement obliterates the linear separability
required by downstream evaluators.

To resolve this entanglement without the prohibitive costs of full-parameter fine-tuning, we formulate the
task as a constrained geometric optimization problem. Our objective is to learn a nonlinear mapping function
fo : RP — S9! (where d < D and S9! denotes the hypersphere manifold) alongside a set of learnable
prototype kernels K = {cy,...,cc} € S¥~1. Rather than relying on implicit parameter updates, we explicitly
enforce a margin-based topological constraint in the projected subspace:

Vi,j i |l fo(zi) — ¢y,

2 S 5intraa Hcy1 - Cyj ||2 Z 6inter (1)

where §;pt-q bounds the intra-class compactness and d;,te dictates a strict inter-class separation margin.
For ordinal regression tasks, this categorical separation is seamlessly extended by enforcing a monotonic
progression constraint along the kernel magnitudes. By optimizing fy to satisfy these constraints, we actively
sculpt a discriminative metric space (R?, ds4sx) where principle-specific features are rigorously disentangled
from general semantic noise.

3.2 Kernel-Guided Principle Extractor

The primary objective of the neural principle extractor, fy, is to project the highly entangled semantic
vectors z; € R” onto a discriminative low-dimensional manifold S¢~!. However, directly mapping inputs
to principle-specific coordinates risks representation collapse, where text instances lose their inherent lexical
diversity and merge into indistinguishable points.

To circumvent this, we design a Dual-Stream Architecture governed by specific inductive biases. We hy-
pothesize that a robust task-specific representation must balance two orthogonal information flows: (1) a
structural context that preserves the necessary semantic background, and (2) a dynamic projection that
isolates the specific evaluation principle.

Semantic Basis Stream (Contextual Regularization). To prevent representation collapse, the first
stream establishes a semantic baseline. We project the original embedding z; through a shared Multi-Layer
Perceptron (MLP):

s; = MLPgop (2;) € R?
where s; denotes the semantic basis. This pathway acts as an information bottleneck that preserves lexical

nuances (e.g., the specific object being reviewed) independent of the targeted principle, ensuring the resulting
metric space remains continuous. Detailed specifications for this MLP are provided in Appendix
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Prototype Mapping Stream (Dynamic Manifold Projection). The second stream is the core mech-
anism for resolving feature entanglement. Instead of relying on hyperplanes for linear classification, we
introduce a matrix of learnable prototype kernels, C = [cy,cCa,...,cc]’ € R4 These kernels serve as
explicit, optimizable geometric anchors for the C' evaluation principles, providing the necessary coordinate
centers for margin-based distance calculations.

To determine the input’s alignment with each principle, we employ an attention mechanism as a soft pro-
jection operator. We project both the input z; and the prototype matrix C into a joint space using linear
weights W, € RP*4 and Wy, W, € R¥xd.

a9 =2z;Wy, K=CW;, V=CW,

The attention distribution a; € RY computes the coordinate coefficients of the input query against each

principle’s basis:
KT
a; = Softmax (ql )

Vd

The principle-specific mapping m; is then dynamically constructed as a convex combination of the projected
prototype values:

m; =a;V € Rd

Task-specific initialization strategies for these prototype kernels are detailed in Appendix

Feature Fusion and Manifold Projection. Finally, the extractor fuses the contextual semantics (s;)
with the principle-specific alignment (m;). To satisfy the geometric constraints formulated in Eq. [I} the
fused vector must be projected onto the hypersphere manifold

€;

& = as; + (1 — a)m,, e = € st

[1€:]]2

where a € [0,1] is a learnable gating parameter initialized to a small scalar. This ensures that the final
representation e; is rigorously bounded within the target metric space (R?, dyqas1), fully prepared for the
subsequent geometry-aware contrastive optimization.

3.3 Geometry-Aware Contrastive Objective

While the dual-stream extractor fy (Section provides the structural capacity to project representations
onto the hypersphere S¢~1, this architecture alone does not guarantee feature disentanglement. Without
explicit topological constraints, the prototype kernels C remain arbitrary vectors, the attention mechanism
risks uniform collapse, and the semantic stream s; may redundantly encode task-specific signals. To activate
the inductive biases designed in fy and physically sculpt the principle-aligned subspace described in Section
we must subject the network to a set of strict geometric optimization forces.

Relying solely on standard contrastive learning is insufficient for this purpose. Traditional InfoNCE objec-
tives optimize relative probabilities via softmax, which encourages general clustering but fails to guarantee
strict geometric margins. Consequently, semantically overlapping classes can still suffer from boundary en-
tanglement. To enforce rigorous mathematical boundaries and drive the parameters of the extractor, we
construct a composite objective Liota1 where each component serves a distinct topological purpose tailored
to the dual-stream architecture. Specifically, this composite objective integrates four complementary mech-
anisms: a Supervised Contrastive Loss to establish macroscopic class clustering, an Offset Loss to enforce
geometric separation margins, an Orthogonality Loss to decouple semantic context from principle features,
and an optional Magnitude Loss to preserve ordinal intensity progressions.

Global Clustering via Supervised Contrastive Loss (Lcontrastive). Before carving fine-grained
boundaries, the model must establish a macro-level topology. We utilize a Supervised InfoNCE loss to
form the initial task-specific clusters. By utilizing target labels, it pulls the fused representation e; towards
positive samples e,, sharing the same principle y;, while broadly repelling samples from differing principles.
This establishes the foundational macroscopic structure of the metric space.
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Strict Margin Enforcement via Offset Loss (Lomset). 1o upgrade the relative separation provided
by contrastive learning into a physical margin, we introduce the Offset Penalty. This acts as our primary
geometric regularizer. It directly controls the coordinates of the kernel mapping m; relative to the prototype
anchors, ensuring that the theoretical margins formulated in Eq. [I] are satisfied. It operates through two
tandem constraints:

o Intra-Class Penalty (Bounding Variance): To prevent clusters from expanding indefinitely and
to ensure semantic diversity remains controlled within a local neighborhood, we introduce a “safe
radius” dintra- It penalizes samples only if they drift beyond this distance from their target prototype
Cy;t

Rntra,i = maX(O, ||m1 - Cy1H2 - 6intra)2
o Inter-Class Penalty (Forcing Isolation): To physically break feature entanglement, we must
guarantee a clear geometric vacuum between confusable classes. This penalty ensures that a sample

is closer to its true prototype than to any incorrect prototype c; by a minimum distance dipte:

]Dinter,i = maX(O, ||ml — Cy,

2 — 116171&1;1 Hmz - CkH2 + 6inter)2

The batch-level offset loss is the dynamically weighted expectation of these penalties, where w,, serves to
counteract class imbalance:

B
§ :wyi ()\inclass]Dintra,i + Acrossclass-Pintcr,i)

=1

1
Eoﬁ'set = E
Information Decoupling via Orthogonality Loss (Lorthogonality). For the dual-stream architecture
(Section [3.2)) to function properly, the Semantic Basis (s;) and the Prototype Mapping (m;) must capture
mutually exclusive information. If s; leaks principle-specific signals, it bypasses the geometric constraints

of the offset penalty. To mathematically enforce this information bottleneck, we apply a soft Orthogonality
Loss that penalizes high cosine similarity between the two streams:

1 B

Eorthogonality = E Z Wy, maX(O, | COS(Sia mz>| - 5orth0g0na1)
=1

Structural Progression via Magnitude Loss (Lmagnitude). When the evaluation principles exhibit
an inherent ordinal relationship (e.g., 1 to 5 star ratings), treating them as independent categorical clusters
ignores the severity of misclassification (e.g., confusing 1-star with 5-star is worse than with 2-star). To
capture this ordered progression, we introduce a Magnitude Loss that anchors the geometric norm of the
representations to their numerical intensity I(y;):

2)?

B
1
Emagnitude = E E - wyi( |miH2 - )\scaleI(yi) : ||cy1
i=

Overall Objective. The final network is trained end-to-end by minimizing the weighted summation:

Ltotal = /\offsetz'offset + )\contrastive['contrastive + )\orthﬁorthogonality + /\magﬁmagnitude

The magnitude term, AmagLmagnitude; is activated exclusively for ordinal tasks. The exhaustive training
configurations, including optimizer setups and hyperparameter selection, are provided in Appendix A
detailed computational complexity analysis demonstrating the extreme efficiency of this objective is presented

in Appendix [A7]
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3.4 Theoretical Bounds on Geometric Quality

A core motivation for explicitly designing the Offset Loss (Lofset) i to mathematically guarantee the ge-
ometric properties of the projected subspace (R?, di.q). In this section, we formally state the topological
margins established by our formulation. Detailed mathematical proofs and extended discussions on empirical
error bounds and architecture justifications are provided in Appendix [B]

Theorem 1 (Margin and Guaranteed Separation). Let M4 and Mp denote the sets of extracted
representations belonging to two distinct evaluation principles A and B, with prototype kernels c4 and cp.
Under the assumption of sufficient parameterization and given that the hyperparameter margin capacity
is designed such that dipter > Ointra, the Euclidean distance between any m, € M4 and m, € Mp is
lower-bounded by a positive constant:

m, — myffz > 0 (2)

Theorem 2 (Bounds on Geometric Clustering Metrics). Building upon the assumption of sufficient
parameterization and given that the hyperparameters satisfy the margin condition dinter > 3dintra, the
representation space guarantees a theoretical upper bound for the Within/Between distance ratio, and a
positive theoretical lower bound for the Silhouette Score:

25intra

5inter - 6intra

26
and S(m;) >1-— _ Pt >0 (3)

RatioW B <
/ 5inter - 5intra

Discussion. These theorems establish the mathematical requirements for structuring the representation
space. Theorem 1 shows that enforcing a separation between prototype kernels, alongside bounded intra-
class deviation, induces a non-trivial lower bound on inter-class distances, providing a sufficient condition
for separability. Theorem 2 connects these constraints to standard clustering metrics, demonstrating that
Jinter > 30intra yields a positive Silhouette Score (S > 0). This condition arises naturally from comparing
the maximum intra-class diameter (20iytra) With the required inter-class separation. To prevent boundary
overlap, the center-to-center margin (Jinter) must accommodate its own radius (dintra) plus the adjacent
cluster’s diameter (20intra). While empirical optimization errors may relax these guarantees in practice, the
derived bounds provide a useful characterization of the geometric bias induced by the objective.

Implications. The practical value of these bounds lies in reducing the burden on downstream models by
promoting structured representations with bounded intra-class variation and controlled inter-class separation.
The separability established in Theorem 1 bypasses the need for non-linear architectures to resolve semantic
ambiguities. Furthermore, the S > 0 guarantee from Theorem 2 restricts the hypothesis space; because
semantic noise is isolated from the inter-class gap, it does not erode the decision boundary. This structured
topology reduces sample complexity, allowing lightweight linear probes to operate effectively. For ordinal
settings, the framework accommodates monotonic intensity progressions, capturing graded relationships
while preserving class separation.

4 Experiment

In this section, we empirically validate the efficacy, efficiency, and geometric properties of the Kernel-Guided
Contrastive Learning (KGCL) framework. Our evaluation is designed to answer three core questions directly
tied to our theoretical formulations: (1) Does the theoretical disentanglement guaranteed by Theorem I
empirically translate into enhanced linear separability? (2) Do the optimized representations satisfy the
theoretical bounds on clustering metrics established in Theorem 27 (3) How does this explicitly sculpted
geometry compare against massive generalist representation paradigms?

4.1 Experimental Setup

Datasets. To comprehensively test our framework’s ability to isolate subtle principles within semantically
overlapping texts, we select three challenging datasets representing distinct evaluation tasks: (1) GoEmo-
tions (Demszky et al., |2020): A large-scale corpus of Reddit comments. Serving as a highly controlled
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proxy for complex subjective alignment, we focus on a highly confusable subset of five emotion principles
(Disappointment, Sadness, Disapproval, Gratitude, Approval). Because these emotions frequently share
similar vocabulary (e.g., dense negative sentiment), this task rigorously tests the framework’s ability to en-
force Theorem 1 in densely entangled spaces, a prerequisite for resolving nuanced human-centric evaluation
criteria. (2) Amazon Reviews (Ni et al., 2019): Comprising user reviews and 1-5 star ratings, this
dataset acts as a structural proxy for evaluating the severity or degree of principle violations. We utilize
this to validate that our geometric separation seamlessly extends to ordinal intensities, modeling scenarios
where alignment requires measuring monotonic progression rather than just binary classification. (3) Toxic
Comment Classification Challenge (cjadams et al., |2017)): A critical dataset for evaluating principle
alignment in content safety. This presents a severe lexical conflation challenge, where non-toxic venting
can closely resemble toxic attacks. We utilize an extremely unbalanced test set (approximately 1:25 toxic
vs. non-toxic), mirroring real-world moderation scenarios. The training set is resampled to a 1:3 ratio to
facilitate stable learning.

Base Encoder and Baselines. Across all primary experiments, we utilize jina-embeddings-v3 (Sturua
et al) 2024) (D = 1024) as our frozen base encoder, owing to its state-of-the-art performance in captur-
ing broad semantic similarity. Our neural principle extractor projects these into a d = 64 dimensional
subspace (dimension justification in Appendix . To demonstrate the superiority of KGCL, we estab-
lish comparisons against three tiers of baselines: (1) Raw Embeddings: Direct evaluation on the frozen
jina-embeddings-v3 features using linear probes; (2) Unsupervised Contrastive Learning: General
structure-enhancing methods like SimCSE (Gao et all [2021); (3) Generative LLMs: Massive language
models evaluated via few-shot prompting to benchmark explicitly sculpted geometry against implicit in-
context reasoning.

Evaluation Metrics. Due to the severe class imbalance in datasets like Toxic Comments and Amazon
Reviews, we report Macro-F1 alongside standard Accuracy. All performance metrics are reported as Mean
+ Standard Deviation over 10-fold cross-validation. Crucially, to directly validate the bounds established
in Theorem 2, we compute standard geometric indices alongside our composite Geometric Quality Index
(GQI). The GQI explicitly quantifies the topological quality of the representation space by measuring the
ratio of inter-class separation to intra-class compactness. A higher GQI indicates that the representations
are successfully disentangled and rigorously bounded around their respective principle kernels.

4.2 Core Task Validation: Downstream Efficacy of Geometric Disentanglement

To rigorously evaluate our framework, we first isolate the pure representational gain achieved by the KGCL
module. We compare the optimized embeddings against raw embeddings to evaluate whether the theoret-
ical disentanglement guaranteed by Theorem 1 effectively translates into enhanced linear separability for
downstream classification.

Enhancing Linear Separability (GoEmotions). A critical question is whether the performance im-
provements stem from a superior embedding geometry or merely from adding a downstream classification
head. To address this, we establish a strict "Simple Fine-Tuning Baseline" on the GoEmotions five-principle
subset. We freeze the base embeddings and train an identical suite of classifiers (SVM, Random Forest,
Logistic Regression, XGBoost, Transformer) on both the high-dimensional raw embeddings (1024-d) and
our optimized representations (64-d).

As summarized in Table [} training standard classifiers directly on raw embeddings plateaus at an Overall
Fl-score around 0.72-0.73. However, simply replacing the input with our optimized embeddings immedi-
ately yields consistent and statistically significant improvements across all metrics. For instance, Logistic
Regression (LR) F1 jumps from 0.726 £ 0.031 to 0.776 + 0.032. This improvement provides strong empirical
support for the practical utility of Theorem 1: by mathematically enforcing a separation margin, KGCL
transforms a highly entangled space into a discriminative topology, allowing even simple linear probes to
find clear decision boundaries.
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Table 1: Overall (Avg. Principle) Performance on GoEmotions Five-Principle Set (Mean + Std. Dev.)

Metric Emb. Type SVM RF LR XGBoost Transformer
Precision Raw Emb.  0.748 £ 0.049 0.733 &£ 0.059 0.737 £ 0.031 0.747 £ 0.020 0.785 £ 0.031
Opt. Emb. 0.787 £ 0.035 0.789 £+ 0.036 0.791 4+ 0.033 0.773 + 0.028 0.787 £ 0.029
Recall Raw Emb.  0.721 4+ 0.045 0.737 + 0.031 0.722 £ 0.031 0.741 £ 0.014 0.763 4 0.024
Opt. Emb. 0.764 + 0.034 0.769 £+ 0.039 0.772 4+ 0.033 0.765 + 0.039 0.769 + 0.031
F1 Raw Emb.  0.729 4+ 0.046 0.722 + 0.035 0.726 £ 0.031 0.737 £ 0.018 0.764 4+ 0.036
Opt. Emb. 0.770 £ 0.033 0.767 4+ 0.036 0.776 + 0.032 0.764 £ 0.026 0.770 £ 0.030

Extension to Ordinal Intensities (Amazon Reviews). As a natural extension of our geometric sep-
aration, we evaluate the framework on ordinal intensities (1-5 star ratings). As shown in Table 2| optimized
embeddings consistently improve overall regression metrics (e.g., MSE, RMSE) compared to raw embeddings,
confirming that the structured subspace seamlessly accommodates continuous ordinal constraints without
disrupting the primary categorical disentanglement.

Table 2: Overall Ordinal Regression Performance on Amazon Reviews (Mean + Std. Dev.)

Metric Emb. Type SVM RF LR XGBoost Transformer
MSE Raw Emb. 0.668 £ 0.135 0.506 £ 0.120 0.635 £ 0.097 0.546 + 0.163 0.602 £+ 0.173
Opt. Emb. 0.365 + 0.158 0.392 £ 0.143 0.394 £ 0.149 0.377 £ 0.097 0.359 + 0.086
RMSE Raw Emb. 0.813 £ 0.083 0.706 £ 0.083 0.795 £ 0.059 0.731 & 0.111 0.768 £ 0.110
Opt. Emb. 0.593 £ 0.119 0.617 £+ 0.107 0.618 4+ 0.112 0.609 + 0.080 0.595 + 0.071
R Raw Emb.  0.604 £ 0.086 0.700 £ 0.074 0.624 £ 0.060 0.677 = 0.095 0.643 £ 0.103
Opt. Emb. 0.785 + 0.089 0.770 £+ 0.080 0.768 4+ 0.083 0.777 + 0.055 0.788 + 0.047

Robustness Against Majority Collapse (Toxic Comments).

For principle alignment evaluation in a

sensitive domain, we assess our framework on the highly unbalanced Toxic Comment dataset. Table |3|shows
that optimized embeddings yield statistically significant improvements in both Average F1 and Minority F1
across all classifiers. This demonstrates the downstream value of the inter-class margin (dinter) established in
Theorem 1. By geometrically shielding the sparse toxic class, KGCL prevents minority features from being
overwhelmed by the dominant non-toxic majority during semantic projection.

Table 3: Performance on Toxic Comment Classification Challenge (Mean £ Std. Dev.)

Metric Emb. Type SVM RF LR XGBoost Transformer
Ave. Fl Raw Emb. 0.932 + 0.004 0.949 + 0.003 0.897 £+ 0.004 0.918 £ 0.004 0.956 + 0.004
Ve Opt. Emb. 0.938 £ 0.004 0.949 + 0.004 0.936 + 0.003 0.943 + 0.004 0.959 + 0.004
Minority F1 Raw Emb.  0.497 + 0.025 0.405 £ 0.044 0.396 £+ 0.018 0.433 £ 0.024 0.574 £ 0.027
4 Opt. Emb. 0.507 £ 0.024 0.537 4+ 0.035 0.493 + 0.023 0.518 + 0.028 0.589 + 0.023

4.3 Paradigm Comparisons: Contrastive Baselines and LLMs

Having established the superiority of KGCL over raw embeddings, we now benchmark our framework against
alternative learning paradigms, specifically task-agnostic contrastive learning and massive generative lan-
guage models.

Overcoming the Limitations of Task-Agnostic Contrastive Learning. We compare KGCL against
structure-enhancing contrastive baselines to validate our theoretical motivation. As detailed in Table 4] max-
imizing general semantic similarity via Unsupervised SimCSE actually degrades downstream performance
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compared to raw embeddings (Average F1 dropping from 0.620 to 0.531). This confirms that without the
explicit inter-class margin (Jinter) enforced by our objective, task-agnostic optimization conflates crucial task
boundaries (e.g., confusing "logistics failure" with "product defect” due to shared negative sentiment). Con-
versely, our custom supervised KGCL achieves a substantial +19.4% absolute F1 improvement over SimCSE,
significantly outperforming even standard supervised baselines.

Table 4: Downstream Classification Performance on Amazon Reviews: Contrastive Baselines Comparison
(AUC / Overall F1-Score)

Embedding Source SVM Random Forest Logistic Reg. XGBoost Transformer Avg. F1

Unsupervised SimCSE  0.851 / 0.568  0.823 / 0.539  0.843 / 0.572  0.840 / 0.567  0.730 / 0.407 0.531
Standard Supervised 0.921 / 0.697  0.916 / 0.718  0.918 / 0.687  0.922 / 0.687  0.921 / 0.687 0.695
KGCL (Ours) 0.934 / 0.709 0.933 / 0.749 0.928 / 0.719 0.930 / 0.724 0.927 / 0.726 0.725

Comparison with Few-shot Large Language Models. To establish the performance ceiling and ad-
dress the prevailing trend of utilizing LLM-as-a-judge, we compare our method’s performance with that
of few-shot prompted Large Language Models (LLMs) serving as generalist evaluators. We evaluated
grattafiori20241lama_70b_Q4_K (Grattafiori et al., [2024), deepseek-chat-v3-0324 (Liu et all [2024),
and gemini-2.5-pro-exp-03-25 (Comanici et al., 2025) via direct API prompting.

Table [5] summarizes this comparison. As shown in Table[5] our explicitly optimized embeddings paired with
a simple Transformer head consistently outperform the few-shot LLMs across all three principle alignment
tasks. This underscores a critical paradigm advantage: explicitly sculpting a discriminative geometric topol-
ogy for specific principles yields more robust decision boundaries than relying on the implicit in-context
reasoning of general-purpose LLMs.

Table 5: Performance Comparison with Few-shot Large Language Models

Dataset Metric  grattafiori2024llama DeepSeek-chat-v3 Gemini-2.5-pro  Opt. Emb. + Transformer
GoEmotions F1l-score 0.67 0.70 0.70 0.77
Amazon Reviews MSE 0.60 0.45 0.56 0.36
Toxic Comment Avg. F1 0.91 0.89 0.91 0.96

4.4 Geometric Analysis, Ablation, and Efficiency

To understand the mechanics behind KGCL’s empirical superiority, we analyze the geometric properties of
the learned subspace, ablate its core loss components, and evaluate its practical deployment advantages.

Quantitative Geometric Analysis and the GQI Metric. To explicitly validate the theoretical bounds
established in Theorem 2, we evaluate the topological quality of the embeddings using standard geometric
metrics: the ratio of Within-class to Between-class Variance (Fisher| (1936]), Silhouette Score (Rousseeuw,
1987), and Class Overlap (Dom), |2012)). Furthermore, to provide a holistic measure of the subspace’s suit-
ability for linear classification, we formulate the Geometric Quality Index (GQI):

Within Variance
Between Variance

GQI = <1 ) x Silhouette Score x (1 — Class Overlap) (4)

A higher GQI indicates a space where clusters are internally compact and externally well-separated.

As detailed in Table [f] for the Amazon Reviews dataset, raw embeddings and task-agnostic methods like
SimCSE fail to create a discriminative geometry. Notably, SimCSE exhibits a Within/Between Ratio greater
than 1.0 (indicating intra-class variance exceeds inter-class distance), resulting in a negative GQI (-0.0005).
In contrast, KGCL drastically compresses the clusters and pushes them apart, achieving a Within/Between
Ratio of 0.358 and a GQI of 0.0975. This structural breakthrough empirically validates the bounds derived
in Theorem 2 and perfectly aligns with the downstream performance leaps observed in Section [£.3]
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Table 6: Quantitative Geometric Quality and GQI Comparison on Amazon Reviews

Embedding Paradigm  Within/Between Ratio (|)  Silhouette Score (1) Class Overlap (}) GQI (1)

Raw Embeddings 8.760 0.018 0.563 < 0.000
Unsupervised SimCSE 1.010 0.010 0.491 -0.0005
Standard Supervised 0.458 0.158 0.286 0.0614
KGCL (Ours) 0.358 0.203 0.253 0.0975

Optimized Embedding Space (t-SNE)

Raw Embedding Space (t-SNE)

—60 -0 20 o 20 40 60
Dim1

(a) GoEmotions - Raw (b) GoEmotions - Opt.

Optimized Embedding Space (t-SNE)

Raw Embedding Space (t-SNE)

(d) Amazon Reviews - Opt.

(c) Amazon Reviews - Raw

Figure 2: t-SNE comparison of embedding spaces. Raw embeddings (a, c) suffer from severe semantic
conflation. KGCL optimized embeddings (b, d) demonstrate physical boundaries and ordinal structure.

Qualitative Visualization. This quantitative structural improvement is vividly reflected in the t-SNE
(Van der Maaten & Hinton| [2008) visualizations (Figure[2). The raw embeddings (Figures 2a] and 2d) show
severe representational entanglement, with semantically overlapping principles completely conflated. After
applying KGCL (Figuresand, the embeddings are distinctly pulled towards their respective prototype
kernels, forming highly separable clusters. For ordinal tasks (Amazon), the clusters seamlessly exhibit an
ordered geometric progression, visually confirming the structural flexibility of the subspace.

Ablation Study: The Role of Offset Penalty. To isolate the contribution of each training objective,
we conducted an ablation study on the GoEmotions dataset (Table E[) The integration of the Offset Loss is
particularly crucial; removing it drops the performance on highly confusable principles like ‘Disappointment’

11
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(from 0.49 to 0.44). This confirms that the inter-class margin (0;,zr) mathematically guaranteed by the
offset penalty (Theorem 1) is mandatory for disentangling nuanced semantic overlap, proving that the losses
act synergistically.

Table 7: Ablation study on GoEmotions (F1 score Mean). Disappt.-Disappointment, Sad.-Sadness,
Disapprv.-Disapproval, Grat.-Gratitude, Apprv.-Approval.

Configuration Disappt. Sad. Disapprv. Grat. Apprv. Average
Only Contrastive Loss 0.37 0.75 0.72 0.92 0.74 0.75
Only Offset Loss 0.40 0.75 0.72 0.94 0.77 0.77
Without Contrastive Loss 0.42 0.77 0.72 0.94 0.77 0.77
Without Offset Loss 0.44 0.71 0.73 0.93 0.76 0.77
Raw Embeddings 0.36 0.64 0.66 0.93 0.72 0.72
KGCL (Full Model) 0.49 0.77 0.72 0.94 0.76 0.78

Beyond Accuracy: Deployment Efficiency. Ultimately, the value of transforming the embedding ge-
ometry extends beyond metric gains. By restructuring the massive 1024-d raw vectors into a 64-d principle-
aligned subspace, KGCL provides a highly reusable intermediate representation. This extreme dimensionality
reduction directly translates to enhanced computational efficiency during inference. For instance, the train-
ing and inference times for downstream models like XGBoost were reduced by up to 96.5% compared to using
raw embeddings. Consequently, our framework empowers simple, low-latency linear classifiers to match or
exceed the performance of generative LLMs, rendering high-precision, high-throughput principle evaluation
practically viable for edge deployments.

5 Conclusion and Future Work

In this paper, we address the critical bottleneck of feature entanglement in standard text embeddings, which
severely hinders precise principle evaluation. Rather than relying on the computationally prohibitive fine-
tuning of massive models, we introduce Kernel-Guided Contrastive Learning (KGCL), a highly efficient
framework designed to explicitly sculpt the geometric topology of the representation space. By employing
learnable prototype kernels as structural anchors and introducing a novel offset penalty, our method enforces
strict, physically verifiable margins between semantically confusable principles. We formally prove that this
formulation guarantees topological separation and dictates the theoretical limits of clustering quality. FEx-
tensive evaluations confirm that this explicit geometric remodeling provides a pure representational gain,
successfully translating mathematical bounds into empirically robust linear separability. Consequently, our
framework empowers simple, low-latency linear classifiers to consistently match or exceed the performance
of massive generative LLMs, indicating that explicitly sculpted geometry offers a more robust alternative to
implicit semantic matching for targeted tasks. Ultimately, KGCL validates our central thesis: whether iden-
tifying toxic attacks or parsing highly entangled subjective criteria, transitioning from generic semantic ap-
proximation to targeted decision boundary sculpting is a critical step toward building robust, high-resolution
principle evaluation systems.

While KGCL establishes a robust paradigm for task-oriented embedding alignment, current limitations in-
clude its reliance on supervised data for predefined principles and the need for further verification across
highly diverse linguistic domains. Furthermore, as with any alignment technology, risks concerning potential
misuse or the amplification of inherent biases warrant careful consideration. Future work will explore ex-
tending this geometric framework to semi-supervised or few-shot scenarios to dynamically adapt to unseen
principles. Additionally, integrating our highly discriminative, low-latency principle extractors as automated
evaluators within Reinforcement Learning from AI Feedback (RLAIF) pipelines (Bai et al.l [2022; [Lee et al.,
2023) presents a highly promising direction for generating robust, high-throughput feedback signals.
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