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Abstract
Weight space learning, an emerging paradigm that seeks to understand neural networks through

their space of parameters (weights), has shown promise in a variety of applications, including
but not limited to predicting model behavior and addressing privacy concerns. However, weight
spaces often exhibit inherent symmetries that impact both theory and practice, such as the scale and
rotational invariances found in the Low-Rank Adaptation (LoRA) method, which is the state-of-the-
art fine-tuning algorithm for Large Language Models (LLMs). In this work, we investigate a general
weight space learning problem under symmetries, focusing on a fundamental question: What is the
appropriate formulation for this problem in the presence of symmetries (such as those in LoRA),
and should redundant representations that encode the same end-to-end function be removed? We
address this question by fully characterizing a new space of symmetric weights, demonstrating that
the relevance of redundancy depends on the function being predicted. Specifically, we show that
end-to-end symmetries (such as those in LoRA) should not always be removed, as doing so may
compromise the universality of the weight space learning problem. To our knowledge, this is the
first time this phenomenon has been formally identified and presented, yielding insights into a broad
class of weight space learning problems.

1. Introduction

Low-Rank Adaptation (LoRA) is a state-of-the-art fine-tuning method for Large Language Models
(LLMs). It aims to reduce the computational cost of full-parameter fine-tuning by learning low-rank
updates to the model’s weights. The primary objective is to efficiently adapt a pretrained model to
new data while ensuring the updates remain meaningful with respect to the fine-tuning dataset.

The LoRA weight space encodes partial information about the fine-tuning data as expected,
since the method is explicitly designed to learn from it. However, this property raises important
privacy concerns, as fine-tuning datasets often contain sensitive information. Beyond privacy,
various characteristics of the fine-tuned model, such as its sensitivity to weight perturbations, its
generalization ability, and its behavior on specific data subsets, are correlated with, and can potentially
be inferred from, the information embedded in the weight space.
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Weight space learning refers to the task of using a model’s parameters to predict properties that are
implicitly encoded in its weight space. This problem has practical applications in areas such as privacy
leakage, sensitivity analysis, generalization, quantization error prediction for parameter changes
in neural networks, and forecasting model behavior. With the rise of LLMs and the abundance of
publicly available fine-tuned models, weight space learning has recently garnered significant interest
within the deep learning community.

Importantly, many real-world models exhibit symmetries in their weight spaces; that is, different
sets of parameters can produce the same end-to-end function. For example, in LoRA, the low-rank
factors can be scaled or rotated without altering the resulting function. Similar symmetries appear
in other neural architectures, such as neuron permutation invariance in feedforward networks and
scaling invariance in ReLU-based models.

In this paper, we study the problem of weight space learning, with a particular focus on under-
standing the role of symmetries in this setting. A natural question arises: should we remove these
symmetries and use invariant neural networks to process the weight space, or should we retain the
original weights in their raw form? As a first step toward addressing this important question, we
propose a general formulation of weight space learning and demonstrate a perhaps surprising result:

Removing symmetries can, in some cases, compromise the expressive power (or universality)
of the weight space learning problem, even when the model itself exhibits symmetries.

Specifically, we show that the symmetries relevant to weight space learning are a subset of the
symmetries of the underlying model. In some cases, the weight space learning problem exhibits no
symmetries at all, even when the original model is symmetric. Consequently, the decision to remove
or preserve symmetries in weight space learning depends on the structure of the downstream task, as
there is no universal rule that guarantees expressivity preservation across all settings.

This result lays a conceptual foundation for handling symmetries in weight space learning. In
this extended abstract, we highlight the core ideas and techniques that lead to our main findings.

2. Related Work

Low-Rank Adaptation (LoRA) was introduced to accelerate the fine-tuning of Large Language
Models (LLMs) by representing weight updates as low-rank matrices, thereby significantly reducing
the number of trainable parameters [9]. Since its introduction, many extensions have been proposed.
These include LoRA concatenation for skill composition [14], QLoRA for quantized fine-tuning [2],
alternative initialization strategies such as PiSSA [12], and theoretical investigations into LoRA’s
expressive power [23] (see also [1]).

To bridge the performance gap between LoRA and full fine-tuning, various techniques have been
developed. These include introducing fixed learning rate adjustments to account for the different
magnitudes of LoRA factors [7], reformulating the gradient update with a low-rank structure [19],
and applying scale-invariant optimization strategies [11, 21].

Another active area of research is learning to optimize, a meta-learning approach that designs
optimizers to generalize across tasks [4, 5, 13, 17, 18]. Recent work has investigated how symmetry
in parameter space can improve generalization in this setting [20, 22, 24, 25].

Learning on LoRA (LoL) [15] is a recent framework that uses trained LoRA weights as inputs to
a meta-network for downstream prediction tasks. This meta-network can infer dataset properties (e.g.,
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size) or fine-tuned model characteristics (e.g., accuracy). In such setups, handling the symmetries of
LoRA weights is crucial for robust generalization.

From an applications perspective, Salama et al. [16] demonstrated how LoRA weights can be
used to estimate the size of the training dataset. More ambitiously, Haim et al. [6] showed that
image-level training data could be recovered from the weights of a fully connected network. In
contrast, Elbaz et al. [3] found that for group-invariant networks, such reconstructions often converge
to different but functionally equivalent samples, and they proposed a workaround using task-specific
priors. Finally, Horwitz et al. [8] offer a mixture-of-experts approach that organizes fine-tuned
models into a hierarchical structure based on their foundation model lineage, enabling weight-space-
based reasoning. A related direction is probing in weight space, where Kahana et al. [10] proposed
learning structured probes by factorizing them via latent codes, offering a principled way to extract
interpretable signals from weights.

3. Problem Statement and Main Results

Consider a model f(x;w), where x ∈ X denotes the input and w ∈ W represents the learnable
parameters (weights). Both X and W are assumed to be complete metric spaces. The associated
function space is defined as

F := {f(·;w) | w ∈ W} .

The goal of the weight space learning problem is the following: given a dataset of function-label pairs
(f(·;wi), yi) ∈ F × R for i ∈ [n], the task is to learn a meta-regression function f̂meta : W → R
that not only predicts yi accurately on observed weights wi, but also generalizes well to unseen
weights w ∈ W .

In practice, different parameter values can correspond to the same function. That is, the mapping
w 7→ f(·;w) ∈ F is generally not injective. A notable example arises in the LoRA formulation for
fine-tuning neural networks. Let W ∈ Rd×d denote the model weights. In LoRA, the weights are
parameterized as

W = W0 +A⊤B, with A,B ∈ Rr×d,

where W0 ∈ Rd×d denotes frozen pre-trained weights, and A,B are low-rank matrices learned
during fine-tuning, with r ≪ d.

In this formulation, any invertible matrix C ∈ GLr(R) induces an equivalence relation, since

W = W0 + (C−1A)⊤C⊤B = W0 +A⊤B.

Thus, the weight-space representations (A,B) and (C−1A,C⊤B) define the same function.
Weight space symmetries are not unique to LoRA. Other notable examples include permutation

symmetries among neurons in feedforward networks, and scaling symmetries in ReLU networks,
where appropriate rescaling of adjacent layers can leave the output function unchanged.

In this paper, we formalize a general framework to study weight space learning under such
symmetries. Specifically, we consider a Lie group G that acts smoothly on the weight space W ,
where W ⊆ Rd is a full-dimensional submanifold (possibly with boundary). We assume that G fully
captures the symmetry structure of the model in the sense that

f(·,w) ≡ f(·, gw) ∀g ∈ G, w ∈ W,

where gw denotes the group action of g ∈ G on the parameter w ∈ W .
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3.1. Zeroth-Order Weight Space Learning

Consider a weight space learning problem with data (f(·;wi), yi) ∈ F × R for i ∈ [n], where the
goal is to learn a meta-regression function of the form:

fmeta(w;ϕ, ψ) := ϕ

(∫
X
ψ (f(x;w)) dx

)
, (1)

where ϕ and ψ are parametrized functions (to be learned from the dataset), and X is a measurable
subset of Rd. In practice, this corresponds to learning zeroth-order features from the model f(x;w),
using samples from the input domain X to approximate the integral and train ϕ and ψ.

In this setting, we can directly observe that:

fmeta(gw;ϕ, ψ) = ϕ

(∫
X
ψ (f(x; gw)) dx

)
= ϕ

(∫
X
ψ (f(x;w)) dx

)
, (2)

since f(x; gw) = f(x;w) for all g ∈ G. This implies that zeroth-order features in weight space
learning are invariant under weight space symmetries. Consequently, standard methods for learning
under symmetries can be effectively applied in such cases.

In particular, we obtain the following result for LoRA weights:

Corollary 1 Weight space learning with LoRA is GLr(R)-invariant for zeroth-order meta-regression
functions (Equation (2)). This symmetry matches that of the original LoRA formulation.

3.2. Higher-Order Weight Space Learning

In this section, we consider meta-regression functions that require features beyond zeroth order. As a
concrete example, consider weight space learning on the zero-loss manifold of a pre-trained neural
network, with training data (xj , zj) ∈ X × R, j ∈ [J ]. Under the square loss, we have

L(w) :=
1

2J

J∑
j=1

(f(xj ;w)− zj)
2 =⇒ ∇2

wL(w) =
1

J

J∑
j=1

∇wf(xj ;w) (∇wf(xj ;w))⊤ .

In particular, consider the function

fsens(w) := tr
(
∇2

wL(w)
)
=

1

J

J∑
j=1

∥∇wf(xj ;w)∥22, (3)

which captures the average sensitivity of the model f(·;w) with respect to its parameters. This
quantity provides information about the sensitivity of the end-to-end representation to parameter
quantization, a topic that has recently gained attention in memory-efficient fine-tuning.

Can a zeroth-order meta-regression function learn such sensitivity features? Let us examine the
symmetries of the sensitivity function in the LoRA weight space, where w = (A,B). In this setting,
for any g ∈ G corresponding to C ∈ GLr(R), the two configurations (C−1A,C⊤B) and (A,B) are
functionally equivalent. However, the sensitivity transforms as

fsens(gw) =
1

J

J∑
j=1

d∑
k=1

{
∥C⊤∇Ak

f(xj ;w)∥22 + ∥C−1∇Bk
f(xj ;w)∥22

}
, (4)
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where Ak denotes the k-th column of matrix A (similarly for B). This can be proved via careful
calculation of the gradient average over the data.

This expression is equal to fsens(w) if and only if C ∈ O(r). In other words, while all invertible
matrices C ∈ GLr(R) correspond to weight space symmetries of LoRA, only orthogonal matrices
preserve the sensitivity function. Thus, learning sensitivity-based features requires going beyond
zeroth-order meta-regressors.

Corollary 2 Weight-space learning with LoRA is only O(r)-invariant when learning sensitivity-
dependent features (Equation (3)). This invariance group is a strict subset of the full symmetry group
of the original LoRA formulation, which is GLr(R).

Remark 3 The above illustrates that the symmetries relevant for weight-space learning can be a
strict subset of the symmetries of the underlying model. Furthermore, compressing the weight space
based solely on the model’s full symmetry group can compromise universality (expressive power), as
certain weight-space learning tasks (such as those involving sensitivity) require reduced symmetry.

One can show that the explanation presented here extends beyond the square loss and holds for
a broader class of functionals beyond the trace of the Hessian. We will investigate this class of
functionals and their associated symmetries in future work.

3.3. Weight-Space Learning with No Symmetry

Consider the following meta-regressor:

fmeta(w) := ∂1[L(w)], (5)

where L(w) is as previously defined, and ∂1[·] denotes the partial derivative with respect to the first
coordinate of the vector w ∈ Rd. In this case, what symmetries, if any, does fmeta exhibit?

Assume that D(g) ∈ GLd(R) denotes the matrix representation of a group element g ∈ G, such
that the group action is given by gw := D(g)w. Then:

fmeta(gw) = fmeta(w) if and only if D(g) =


1 0 · · · 0
0 ∗ · · · ∗
...

...
. . .

...
0 ∗ · · · ∗

 , (6)

and analogously for other indices i = 2, 3, . . . , d.
Therefore, even when using first-order derivatives of the loss function as features, the only

allowable transformation is D(g) = Id, implying that no nontrivial symmetries are preserved, despite
the underlying model potentially being symmetric. In other words, considering the full gradient
as a weight-space function leads to only allowing trivial transformations D(g) = Id for all group
elements g ∈ G. This means that:

The general problem of weight-space learning (beyond the zeroth-order case) requires consid-
ering the full weight space under its inherent symmetries. In other words, any compression
of the weight space that eliminates these symmetries compromises the universality (i.e.,
expressive power) of the weight-space learning framework.
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However, the above result holds only in the context of the general formulation. For restricted
weight-space learning meta-regressors (such as the zeroth-order function class), it may be possible to
remove certain symmetries from the model’s weight space while still maintaining full expressivity.
Identifying an appropriate space for weight-space learning thus heavily depends on the downstream
task, and no universal solution exists. We defer a detailed investigation of this problem to future
work.
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