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Abstract

Transformer-based Large Language Models
(LLMs) have revolutionized Natural Language
Processing by demonstrating exceptional perfor-
mance across diverse tasks. This study investi-
gates the impact of the parameter initialization
scale on the training behavior and task preferences
of LLMs. We discover that smaller initialization
scales encourage models to favor reasoning tasks,
whereas larger initialization scales lead to a pref-
erence for memorization tasks. We validate this
reasoning bias via real datasets and meticulously
designed anchor functions. Further analysis of
initial training dynamics suggests that specific
model components, particularly the embedding
space and self-attention mechanisms, play piv-
otal roles in shaping these learning biases. We
provide a theoretical framework from the perspec-
tive of model training dynamics to explain these
phenomena. Additionally, experiments on real-
world language tasks corroborate our theoretical
insights. This work enhances our understanding
of how initialization strategies influence LLM per-
formance on reasoning tasks and offers valuable
guidelines for training models.

1. Introduction

With the rapid advancement of deep learning technologies,
Large Language Models have achieved remarkable success
in the field of Natural Language Processing (NLP). These
models have demonstrated exceptional capabilities across a
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Figure 1. Comparison of training loss between PrOntoQA and
TinyStories in one next-token prediction training for this mix
dataset. The red line represents the training loss on the PrOn-
toQA dataset, while the blue line depicts the training loss on the
TinyStories dataset.

wide range of tasks, from text generation to complex reason-
ing (Wei et al., 2022a; Achiam et al., 2023; Liu et al., 2024).
Reasoning, in particular, is a critical ability for LLMs. A
number of studies have focused on improving the reason-
ing ability of these models through data-driven approaches,
such as RHO-1 (Lin et al., 2024) and Phi-4 (Abdin et al.,
2024). However, there remains an ongoing debate as to
whether LLMs genuinely learn the underlying logical rules
or merely mimic patterns observed in the data (Marcus,
2003; Smolensky et al., 2022).

An alternative approach to enhancing the reasoning abil-
ity of LLMs focuses on the model architecture and its
training process. In one such study examining the use of
Transformers to model compositional functions, it was ob-
served that the scale of model parameter initialization sig-
nificantly impacts the model’s reasoning behavior (Zhang
et al., 2024a; 2025). Specifically, smaller initialization
scales bias the model toward fitting the data by learning
primitive-level functions and compositional rules, whereas
larger initialization scales tend to encourage memorization
of input-output mappings. A qualitative rationale for this
phenomenon has been proposed: with a small initialization,
a well-documented effect known as neuron condensation
emerges during training (Xu et al., 2025; Luo et al., 2021;
Zhou et al., 2022; Zhang et al., 2022; Zhang & Xu, 2023;
Zhang et al., 2023; Zhang & Xu, 2024). This phenomenon
suggests that neurons within the same layer tend to behave
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similarly, promoting data fitting with the least possible com-
plexity. To achieve a low-complexity result, the model must
learn a minimal set of rules leading to capture the intrinsic
primitive functions and compositional rules. However, this
rationale does not reveal a critical question: how the opti-
mization process, together with the Transformer structure,
can achieve reasoning solutions with small initialization?

In this work, we identify a reasoning bias during the train-
ing of neural networks that learn natural language when
initialized with small parameter scales. To illustrate this
phenomenon, we employ a GPT-2 model (Radford et al.,
2019) to train on a mixed dataset comprising two types of
language data with distinct levels of reasoning complexity,
within a single next-token prediction training framework.
The first dataset, PrOntoQA (Saparov & He, 2023), con-
sists of question-answering examples that include chains
of thought, which explicitly describe the reasoning neces-
sary to answer the questions correctly. The second dataset,
TinyStories (Eldan & Li, 2023), is a synthetic corpus of
short stories containing only words typically understood
by children aged 3 to 4 years. As shown in Figure 1, the
training loss for PrOntoQA decreases significantly faster
than for TinyStories, suggesting that the model encounters
and learns the reasoning patterns more readily.

We uncover a key mechanism whereby reasoning tasks are
learned earlier during training because the tokens associ-
ated with these tasks become more differentiated in the
embedding space at an early stage of the training process.
We validate this mechanism using both synthetic data and
real-world datasets. Furthermore, we provide a theoretical
explanation for the evolution of token embeddings, which
depends on the distribution of sample labels. Since each
token is encoded as a one-hot vector, its embedding is ad-
justed based on the loss associated with the labels of that
token. Consequently, different label distributions can lead
to distinct learning behaviors for token embeddings. For
memory tasks, the labels associated with each token are
typically random and lack explicit structure, which results
in similar distributions for different memory token labels.
As a result, the embeddings for memory tokens are difficult
to differentiate in the early stages of training. In contrast,
reasoning tokens often exhibit distinct label distributions,
leading to more differentiated embedding vectors for these
tokens. These insights are elaborated through a simplified
model using a multi-layer perceptron (MLP) and embedding
structure, followed by an analysis of a Transformer model.

The primary contribution of this research lies in uncovering
the impact of the parameter initialization scale on the train-
ing behavior and task preferences of LLMs. By combining
theoretical analysis with empirical evidence, we enhance
the understanding of LLLM training dynamics and provide
new insights for optimizing model initialization strategies.

2. Preliminary
2.1. Synthetic Composition Task

To study the task bias during the training, we use the con-
cept of anchor function (Zhang et al., 2024b) to construct
a dataset that contains tasks of different reasoning com-
plexities. We consider all tokens belonging to positive in-
tegers. A set of tokens are designated as anchors, denoted
as A := {a € NT|apin < a < amax}, Where each an-
chor represents an addition/randomness operation in this
work. Another set of tokens are designated as keys, de-
noted as Z := {z € NT|Cuin < 2 < Cmax} With the
assumption that Z N A = (). For convenience, we denote
Nz = Cmax - Cmin +1land N4 = max — Qmin + 1.

This section introduces two types of sequence mappings.
The first step involves constructing a sequence of positive
integers with length L, represented as:
X(q)L) = {X|X = [213 Cty Rpy Apls

ey
* 5 Ap+qy Bp+q+1; " 7ZL] 12 € Z,a; € -’4}
We define q as the number of anchors in the sequence, and p
as the index of the element immediately preceding the first
anchor element a,; in the sequence.

For a given sequence X € X(%L) we define its key-anchor
combination as (2, Gp+1, - - , Gp+q), Which is denoted con-
cisely as pair (z,, @), and other keys are regarded as noise
in this input sequence. The anchor set A is divided into two
subsets, i.e., reasoning anchor set 4,5, and memory anchor
set Amem, where A = Apon U Amem and Aren N Amem = 0.

Reasoning mapping. For any X with ap; € An, @ =
1,---, g, we define the following mapping as a reasoning
mapping

q
frsn(X) =2Zp + Zaeri.
=1

Memory mapping. For any key-anchor pair (zp,a),
where each element in a belongs to A, we randomly
sample a number y(*»'%) from Z as the memory mapping
label of any sequence X containing (z,, a), i.e.

Fmem(X) = y(zp’“), VX contains (z,,a).

A detailed example is provided in Figure 2. It’s noted that
the key-anchor pair may occur at any position within the
sequence. The label is independent of both the noise tokens
and the position of the key-anchor pair within the sequence
but is determined solely by the value of the key-anchor pair.
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q=2,L=9, Keyset: {21,22,::-,90}, Memory Anchor Set: {1,2, :--, 10}, Reasoning Anchor Set: {11,12, ---,20}
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Figure 2. Schematic diagram of the synthetic composition task. The gray-shaded area illustrates the specific setup used in this example.
Each block represents a token within the input sequence, with different face colors indicating distinct token types (blue: noise, orange:
key, green: anchor). Each row corresponds to an input sequence paired with its respective label. The left section depicts four examples of
memory mapping, while the right section presents four examples of reasoning mapping.

2.2. Dataset Setup

In this study, we denote a data pair as (X,y), where
X represents the input sequence and y corresponds
to its associated label. We define y as the one-hot
encoded representation of y for convenience. For memory
mapping, all data are contained within the training set
Dimem, and no test set is employed, as the generalization
is not considered in this framework. For reasoning
mapping, we define a set of masked anchor combinations
M :{(ap+1a Ap42,° " 7a’p+q) | p+i € Arsnyi=1,--+,q}
and designate all sequences containing any masked com-
bination (ap+1,apt2, - ,aptq) € M as the test set
Disn test and set the rest sequence as Digp train. Lhe
traiﬂing set is Dtrain = Dmem U Drsn,train-

2.3. Model Architecture

We give the formulation of the embedding space and
self-attention module here for notation convenience. Let
dyvob, dm , dj, denote the vocabulary size, embedding space
dimension, and query-key-value projection dimension, re-
spectively. For any token s, denote its one-hot vector by
e® € R'*dwb The embedding vector of s is w*™P* =
e*WemP where WemP ¢ RvobXdm jg the embedding ma-
trix. Additionally, the self-attention operator Attn on any
embedding sequence X € RE*%m s defined as:

QW KT vT
Attn (X) =g <mask <XW \/% X )) )
O = Attn (X)) XWVW©, 3)

where ¢ (+) is the softmax operator and 7" means the matrix
transposition. W@ WX WVe Rdnxde are the query,
key and value projection matrices, respectively. WO ¢

R *dm represents the output projection matrix. The de-
tailed expression of multilayer Transformer models can be
found in Appendix A.1.

2.4. Parameter Initialization

Given any trainable parameter matrix W € R%* %2 where
dy and ds denote the input and output dimensions, respec-
tively, its elements are initialized according to a normal
distribution:

Wi~ N (0, (d{”)z) ,

where +y is the initialization rate. Specifically, the initial-
ization scale decreases as y increases. Note that v = 0.5
is commonly used in many default initialization methods,
such as LeCun initialization (LeCun et al., 1998) and He ini-
tialization (He et al., 2015). As the network width towards
infinity (Luo et al., 2021; Zhou et al., 2022), the training
of the network with v > 0.5 exhibits significant non-linear
characteristics, i.e., condensation. Therefore, initialization
scales with v > 0.5 are generally considered small.

3. Result

In this section, we present empirical evidence of a reasoning
bias during the training of Transformers with small initial-
ization by utilizing composition tasks. To further explore
this phenomenon, we introduce a simplified model consist-
ing of an embedding layer and a multi-layer perceptron,
which reproduces the reasoning bias and enables theoretical
analysis. A key mechanism underlying this bias is that the
training behavior of each token’s embedding depends on the
label distribution of the samples containing that token. For
reasoning anchors, the label distributions typically exhibit
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Figure 3. A: Loss and prediction accuracy of the models on different datasets under varying initialization scales (y = 0.3, 0.5, 0.8). The
top row depicts the evolution of the loss during training for three datasets: Dmem (blue lines), Drsn, train (purple lines), and Dren test
(orange lines). The bottom row presents the corresponding prediction accuracies for these datasets. Each column represents results
obtained with different initialization scales. B: Prediction accuracy of Emb-MLP under initialization rate v = 0.3 and v = 0.8.

greater variability compared to memory anchors, leading to
the more rapid differentiation of their embeddings early in
training. Additionally, we extend our analysis to the Trans-
former architecture to demonstrate the generalizability of
this effect. For each observation mentioned in the following,
we provide a similar analysis with larger initialization scales
in Appendix C.

3.1. Reasoning Bias in Transformer with Composite
Anchor Functions

In our experiment, we set that ¢ = 2,L = 9. The
dataset is constructed with the following configurations:
Z = {21,---,120}, Amem {1,---,10}, Aysn =
{11,---,20} and M = {(11,13),(13,11)}. The dataset
contains 200000 data pairs, ensuring an equal number of
samples for each anchor combination. The loss function em-
ployed is Cross Entropy and the optimization algorithm used
is AdamW. The model architecture comprises a decoder-
only Transformer structure with 2 layers and a single atten-
tion head. We train the model under different initialization
scales with v = 0.3,0.5,0.8 utilizing the last token pre-
diction method. Additional details about the experimental
setup can be found in Appendix A.

To investigate the impact on training behavior under varying
initialization scales, we analyze the dynamics of loss and
prediction accuracy on Diem; Drsn train a0d Dign test- AS
illustrated in Figure 3A, for v = 0.3, the losses on Dyyem
and Din rain decrease at nearly identical rates, while the

loss on Dy, test Temains effectively unchanged. This ob-
servation suggests that the model primarily memorizes the
training data in this setting. In contrast, when v = 0.8,
the losses on Dygp train and Digp test decrease significantly
faster than the loss on Dy,e,. This behavior indicates a
shift towards a reasoning bias in the model. These findings
reveal that the model’s learning bias is influenced by the
initialization scale: as the initialization scale decreases, the
model exhibits a progressively stronger reasoning bias.

3.2. Simplified Model: Phenomena and Analysis

To further investigate the underlying cause of the reasoning
bias under a small initialization scale, we begin by em-
ploying a two-layer fully connected network to address a
particular task, where p = 1 and L = ¢ + 1. The network
structure is defined as follows:

Definition 1. Given that W) € Rdnxdr W2 ¢
R *dvev - and o as the activation function. Given any
sequence X € X 09t we define the Embedding-MLP
model (Emb-MLP) Gg as

Go(X):=0 (Z wemb’SW(1)> w®,

seX

Comparing with a large initialization scale (v = 0.3), a
noticeable reasoning bias can still be observed in Figure 3B
for a small initialization scale (v = 0.8).
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Embedding space exhibits distinct patterns To investi-
gate the causes of the reasoning bias under small initializa-
tion for such a simplified model, it’s critical to understand
the structure of the embedding space. Figure 4A depicts
the cosine similarity matrices for embeddings of memory
anchors and reasoning anchors at epochs 50 and 900. The
results reveal that the cosine similarity between reasoning
anchors s;, s; decreases with the increase of |s; — s/, sug-
gesting that reasoning anchors quickly establish a hierar-
chical structure within the embedding space. In contrast,
the memory anchors exhibit consistently high similarity and
alignment, leading to a lack of differentiation among them.
Nevertheless, given that the model needs to learn more
primitive-level mappings for memory mapping than reason-
ing mapping, the embedding space associated with memory
mapping should, in principle, exhibit greater complexity
and variability. This phenomenon reveals that the primary
challenge preventing the model from effectively learning
memory mapping could highly possibly lie in its difficulty in
identifying and differentiating between individual anchors.
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Figure 4. A: Cosine similarity matrices for memory (top row) and
reasoning (bottom row) anchors at epoch 50 (left) and epoch 900
(right) of a model initialized with v = 0.8. B: Distribution of
P° — ﬁ 1 for different reasoning anchor s. C: Cosine similarity
between P* — d— 1 and P*i — d— 1 for any reasoning anchor
Si, S5, exhlbltmg a similar structure to the embedding space of
reasoning anchors observed in A.

F
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Target distribution shapes the embedding This phe-
nomenon can be interpreted through the training dynamics.
To facilitate our analysis, we give the following assump-
tion (Chen et al., 2024):

Assumption 1. The activation function ¢ € C?*(R),
and there exists a universal constant C;, > 0 such
that its first and second derivatives satisfy ||o’(*)||ooc <
Cr, " ()lleo < CL. Moreover, o(0) = 0,0'(0) = 1.

For any token s, let {(X S gy Z)}z , denote all input
sequences containing s and correspondmg labels, where
ns means the appearance times of s. As the initial-
ization scale decreases, with Assumption 1, we have

o' (X ,ex: wrPTW W) = 1 softmax (Gg (X)) =
ﬁl, where 1 € R1*dveb means the vector with all ele-
ments equal to 1. Then the gradient flow of w
be approximated by the limit formulation, i.e.,

emb,s could

T - 1> wOTwOT - (4)

vob

dwhs 1 3 (y_ |
=1

where n represents the count of all tokens. We consider
n — oo to obtain the asymptotic form of the following
gradient flow.

Proposition 1. For any token s, denote Y?° as a random
variable, which takes values randomly from the label of any
input sequence that contains token s. In the limit n — oo,
we define P?® with its i-th element as the probability of
Y® =4, ie, P? = P(Y® =1). Assume the ratio of the
token s in the whole dataset ry = % remains constant,

then (4) can be approximated as:

d emb,s ] 1
“’T —r, (Pé — 1) WwRATWOT (5
vob

The proof is provided in Appendix B.1. Proposition 1
demonstrates that for any token s, its embedding vector
is dominated by the distribution of Y * which indicates that
it’s significant to discuss the distribution Y'? for different
tokens. Firstly, we define the following random variables
(U for discrete uniform distribution):

ZNU(Z)a AjNu(Arsn)v j=12,---,q. (6)

Then we have the following results:

1
P(YS =1 | ENS Amcm) = 761'62; (7)

Nz

and
P(Y°=i|s€ Asn)
qg—1

8
=P Z+ZAj:z'—s|s€Arsn ®)

=1

Equation (7) reveals that the information to different mem-
ory anchors is identical such that the embedding space of
memory anchors exhibits a high similarity. However, (8)
demonstrates that the distribution of Y * exhibits shifts in the
mean values that depend on the specific s for any s € .Arqn
Figure 4B and 4C visualize the distribution of P*® — o1
and the resulting cosine similarity among different reason—
ing anchors s, suggesting that the labels’ distributions play
a critical role in establishing the embedding structure of
reasoning anchors during the early stages of training, facili-
tating the differentiation among the embeddings associated
with different reasoning anchors. The detailed formulations
can be found in Appendix B.2.
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Figure 5. Embedding structure of a Transformer model with small initialization scale. A: Cosine similarity matrices for memory (top) and
reasoning (bottom) anchors at epoch 200 (left) and epoch 900 (right). B: Visualization of the embedding space projected onto the first two

principal components computed via PCA. C: Cosine similarity between the constructed embedding vectors of reasoning anchors w

emb,s

(see (12)) as derived in Theorem 1 (top) and Cosine similarity comparison between experimental results with theoretical approximations
where s; = 15 (bottom). D: PCA projection of the constructed embedding space WS for s € Z (top) and s € Aysn (bottom) onto the

first two principal components.

3.3. Transformer with General Task

In the previous section, we investigate the key mechanisms
driving the learning bias of Emb-MLP and analyze the dy-
namics of its embedding space. However, when applied to
a general sequence containing some degree of noise, i.e.,
L > g+ 1, we find the MLP model fails to perform effec-
tively due to its inability to extract critical tokens z,,, @41,
and a4 2. In contrast, Transformer architectures overcome
this limitation through self-attention mechanisms, which
can identify the key and anchor elements and propagate
their information.

In the following section, we conduct an in-depth analysis
of the Transformer’s characteristics and processing mech-
anisms under a small initialization scale. Specifically, we
investigate whether the embedding space exhibits similar
phenomena to those observed in Emb-MLP and assess how
the model captures critical information from the input se-
quence.

Embedding space. The embedding space of the Trans-
former exhibits a phenomenon similar to that observed in the
Emb-MLP. Figure 5A illustrates the cosine similarity among
different anchors’ embedding vectors, revealing distinct pat-
terns for reasoning and memory tasks. Reasoning anchors
display a hierarchical structure, the further distance, the
smaller similarity, suggesting a clearer organization within
the embedding space. In contrast, memory anchors exhibit
high similarity and alignment. Additionally, we apply Prin-
cipal Component Analysis (PCA) to the entire embedding

space to examine its structural properties. The results in
Figure 5B reveal a strong inherent numerical order. This
structure is particularly advantageous for reasoning tasks,
as it supports the model’s capacity to generalize based on
the underlying numerical relationships.

First attention module. As illustrated in Figure 6, the
first attention matrix approaches the behavior of an aver-
age operator when initialized with small scales, such that
(Attn (X) V), = %ng V;, where V.= XWV. Con-
sequently, each token aggregates information from all pre-
ceding tokens. Additionally, the largest singular value of
WV is significantly larger than the remaining singular val-
ues, and its corresponding singular vector is aligned closely
with the embedding vectors of reasoning anchors, but nearly
orthogonal to those of memory anchors. These phenom-
ena suggest reasoning anchors are prominently captured by
WV and subsequently propagated to all subsequent tokens
in the sequence via the average operation. However, the
memory anchors are not distinctly identified, indicating that
the model faces challenges in capturing significant informa-
tion from a memory sequence effectively. More analysis of
WV can be found in Appendix B.S.

Second attention module. The second attention module
functions to extract the key, and propagate its information to
the final position in the sequence. This is facilitated through
the use of position embeddings. Since this mechanism is
applicable to both memory and reasoning tasks, we provide
a detailed explanation in Appendix D.
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Figure 6. Characteristics of the first attention module under small initialization (v = 0.8) in the early training stage (epoch 200). A:
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vectors of the anchors.

Theoretical analysis. Based on the observations from the
experiments, we extract the sketch component of the model,
which is crucial to its learning preferences, and analyze the
underlying mechanisms for its occurrence. We define the
following one-layer Transformer model:

Definition 2 (One-layer Transformer). Let df € N* de-
notes the hidden layer of the feedforward neural network
(FENN). For any X € X (@D denote Attn (Wemb’x) by A,
then we define fo : X L) — R gs follows:

fo(X) =o((Ap W XWYWO + w5 yw/hwi?

_"_AL}:Wemb,X WVWO + vvzl:lilb,X7
)
where Wl ¢ Rimxds WF2 ¢ Rds>dm gre the feedfor-
ward layer projection matrices. The subscript L,: in Ay, .
and Wsz’X denotes the L-th row.

Definition 2 is introduced to facilitate the theoretical anal-
ysis, excluding the Layer Normalization and the final pro-
jection operator, as they do not impact our results (see Ap-
pendix F).

As we observed, with a small initialization scale, the atten-
tion operator A can be interpreted as an average operator.
Specifically, we have

Lemma 1. For any ¢ € (0,1], there exists C > 0 such
that for any v > C, the elements of A at initialization,
denoted by A, ;, satisfy |Ai,j — %’ < e foranyi < j with
probability at least 1 — e.

Denote that W/ = W/TW /2 wVO = WVYWO and
W = (Wf’T + I) (WVO’T + I), where the identity ma-
trix I comes from the resnet. Using techniques similar to
those employed in the previous section, we derive the gra-
dient flow of w°™"* under small initialization scales as
follows:

Proposition 2. For any s € Apem, let n,y — oo, with

Assumption 1 we have the following result:

emb,s zZ
dw T <5 1 (10)

dt L

Proposition 3. For any s € Ay, let n,y — oo, with
Assumption I we have the following result:

dw®™™s  rg 1 ~
- =22 (P°--—1 11
dt L < dm )W’ (in
where the i-th element of P°® is defined as P =

P(Z+Z?;}Aj:i—s\s€Arsn>.

Furthermore, we utilize the normal distribution to approxi-
mate the distribution of Y*, s € A, and give an approxi-
mation of w®™>+* to describe the overall structure and inter-
nal relationships within the embedding space observed in
real-world training scenarios.

Theorem 1. let n — o0, define the learning rate n and
assume that L — g = O(1), %% = O(1) and ||[w°™"|| <
O (d;,Y) at initialization. We propose the approximation of
w™P S s € Ayen by

~emb,s _U=s)? 1
’lUj ’ :Cl C26 2op —di + ¢, (12)

m

where C1,Cy,0p are constants depending on rs,n, L, q
and ¢ ~ N (0, (d,;)?). Then we have the following result

sup| (,lbemb,Sj , wemb,si) o

(w
4,J

emb,s; emb,s;
5P w ) 1)

<o (a7 (a2 +dy)). (13)

where (-, -) denotes the inner production.

Additionally, for any key z € Z and A, We could have
a similar result. To validate our theory analysis, we set the
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Figure 7. Reasoning bias of GPT-2 in real language tasks. A: dynamics of AL during early training stage with initializations scales
v = 0.3,0.5 and 0.8. B: Cosine similarity among embedding space of PrOntoQA dataset and TinyStories dataset at step 5000 with

v =0.8.

detailed formulation of reasoning anchors and keys as

~embs _ _G=9? 1
w; =e 12 —d——i—fs, s € Apen,
m (14)
- , _(i=9)?
emb:s _ o= 4 e s€ Z.

K2

Figure 5C exhibits the cosine similarity among the w®™>-*

for any s € Ay, (top) and compare cos (wemb’15, wemb’si)
in real training process with the theoretical approximation
cos (w™mP-1% 4p°mPSi ) (bottom, a complete comparison is
provided in Appendix B.7). Figure 5D presents the PCA
projection of w™™* for s € A, and Z, respectively.
These visualizations exhibit a strong alignment with the ex-
perimental observations, thereby substantiating the validity
of our analysis. The proofs of our theoretical results are
provided in Appendix B.4, B.5, and B.6.

3.4. Real Language Tasks

For the experiment in Figure 1, we also conduct compar-
isons with initialization scales v = 0.3 and 0.5. To quantify
the reasoning bias of the model, we define the following

metric: I I
Tinystories — 4“PrOntoQA
AL = y Q

b
Lpronoga

where Lringstories and Lpronoga denote the loss on TinyS-
tories and PrOntoQA, respectively. As -y increases, AL
exhibits an upward trend, indicating a growing bias for rea-
soning task, which is depicted in Figure 7A. To further
validate our analysis, we examine the embedding space of
the GPT-2 model during the early stages of training which
we train with a small initialization scale. Figure 7B reveals
that the embeddings of tokens in PrOntoQA are significantly
more distinguishable from each other compared to the to-
kens in TinyStories. The average cosine similarity among
the PrOntoQA is 0.123 while 0.531 among the TinySto-
ries. These results provide strong support for our analysis,
highlighting the impact of embedding distinguishability on
training preference.

3.5. Effect of Label’s Distribution

[ Target
110 b ?j o 109109 Task 1
I Prediction
10° - Task 2
20 89 89
69 69 Q1071
70 3
-
50| 49 49 1072
30! -3|
30 30 30 30 30 30 30 30 10
Task 1 Task 2 Task 3 Task 4 0 100

50
Epoch
Figure 8. Left: Distribution of targets and predictions in 4 groups
of memory tasks. Red represents the target distribution in each
group and blue represents the prediction distribution. Right: Learn-
ing speed comparison for Fnem,1 (red) and Frem,2 (blue).

Previous sections reveal that under small initialization, the
distribution of labels plays a pivotal role in shaping the em-
bedding space of tokens and regulating the model’s training
dynamics. To more intuitively demonstrate the impact of the
label distribution of each token on its output, we designed
four groups of memory mappings. The label ranges of the
four groups are set to {30,--+ ,29 420 x i},i =1,2,3,4.
The right picture of Figure 8 illustrates the distribution
of the model’s outputs for each group during the early
stages of training. Notably, it can be observed that even
at this initial stage, when the model’s accuracy is still rel-
atively low, its outputs do not exceed the range of the la-
bel distributions. This highlights the critical influence of
label distributions on the token structure, which in turn
significantly impacts the model’s outputs. Additionally,
we compare two memory tasks with differing label distri-
butions. In the first task, denoted Fi,¢p,,1, for any key-
anchor pair (z,, a), the label y(#»:%) is randomly sampled
from Z. In the second task Fyem, 2, y(zp’“) is randomly
P a0 a,}.
While both tasks are clearly memory tasks, the label distri-

butions in F;,cm,2 vary depending on the anchor. As shown
in the left picture of Figure 8, the learning rate for F e 2

sampled from {zp -
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is significantly faster than that for F;,,¢p, 1. This observation
underscores the crucial role that label distribution plays in
the model’s learning process.

4. Related Works

Recent advancements in large language models have shown
remarkable capabilities, often surpassing human-level per-
formance in many tasks (Fu et al., 2022; Wei et al., 2022a).
However, despite their strong performance in many as-
pects (Srivastava et al., 2022), LLMs face challenges in
handling complex reasoning tasks (Csordds et al., 2021;
Dziri et al., 2024; Hupkes et al., 2018; Lepori et al., 2023;
Okawa et al., 2023; Yun et al., 2022; Wang et al., 2024d;
Csordas et al., 2022). For example, Ramesh et al. (Ramesh
et al., 2023) show that Transformers trained on a synthetic
benchmark struggle when tasked with combining multiple
reasoning steps. Similarly, Liu et al. (Liu et al., 2022) sug-
gest that shallow Transformers tend to learn shortcuts during
training, which limits their ability to perform well in more
complex reasoning scenarios. Several strategies have been
proposed to address these challenges, such as encouraging
the generation of explicit reasoning steps in a single out-
put (Wei et al., 2022b) or using LLMs to iteratively produce
reasoning steps (Creswell et al., 2022; Creswell & Shanahan,
2022). Despite these efforts, achieving reliability remains
a significant challenge. Additionally, some studies have
explored the internal mechanisms of language models to
enhance their performance (Wang et al., 2024b;c; 2023), but
they often do not address the impact of training dynamics
on the model’s final behavior. To better understand these
models’ behaviors and inner workings, Zhang et al. (Zhang
et al., 2024b) introduced anchor functions as a tool for prob-
ing Transformer behavior. Building on this framework, our
research investigates how different initialization scales in-
fluence model reasoning bias and internal mechanisms from
a perspective of training dynamics.

The fitting ability and generalization of deep learning mod-
els are critical in understanding deep learning (Breiman,
1995; Zhang et al., 2016), and the initialization of neural
network parameters plays a crucial role in determining the
network’s fitting results (Arora et al., 2019; Chizat & Bach,
2018; Zhang et al., 2019b; E et al., 2020; Jacot et al., 2018;
Mei et al., 2018; Rotskoff & Vanden-Eijnden, 2018; Sirig-
nano & Spiliopoulos, 2020; Williams et al., 2019). Luo et
al. (Luo et al., 2021) and Zhou et al. (Zhou et al., 2022)
primarily identify the linear and condensed regimes in wide
ReLU neural networks. In the condensed regime, neuron
weights within the same layer tend to become similar. A
body of research indicates that condensed networks often
exhibit strong generalization capabilities (Zhang et al., 2022;
Zhang & Xu, 2023; Zhang et al., 2023; Zhang & Xu, 2024).
See (Xu et al., 2025) for an overview of condensation. In our

study, we demonstrate that with small initialization values,
the parameters of the embedding layer can reach a low-rank
state rather than a condensed state. This means that while
embeddings of different tokens become linearly dependent,
they are not identical. This distinction allows low-rank mod-
els to effectively capture essential patterns and generalize
well without the stringent alignment required by condensa-
tion, which is particularly important for applications such
as word embedding matrices where distinct representations
for different tokens are necessary. Recent investigations
have also explored how initialization affects the training
dynamics of LLMs (Huang et al., 2020; Liu et al., 2020;
Trockman & Kolter, 2023; Wang et al., 2024a; Zhang et al.,
2019a; Zhu et al., 2021). These studies mainly examine
how the scale of initialization influences the stability of
the training process and is vital for ensuring efficient and
effective training of LLMs. In our work, we observe that
different initialization schemes result in varying speeds of
convergence for memorization tasks versus reasoning tasks
and provide a theoretical rationale for this behavior.

5. Conclusions

In this paper, we investigate the underlying mechanism of
which small initialization scales promote a reasoning prefer-
ence in language models. Our findings suggest that the label
distribution of tokens plays a pivotal role in shaping the em-
bedding space, thereby influencing the learning dynamics
and task complexity. Our result can be readily extended to
the next-token prediction training and obtain similar results.
This perspective is supported through a combination of ex-
perimental observations and theoretical analysis, providing a
deeper understanding of how initialization strategies impact
task-specific behavior in language models.
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under small initialization scales, as well as the training
behavior of individual modules within the model architec-
ture. These findings not only contribute to understanding
the model behavior and training mechanisms, but also help
with optimizing model initialization strategies and design-
ing novel algorithms to enhance the reasoning capabilities
of language models.
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A. Basic Settings
A.1. Transformer Architecture

For any sequence X € X (1), we denote its one-hot vector by e*X. The word embedding W™ and the input to the first
Transformer block X (V) is calculated as:

Wemb,X _ ervemb7 X(l) Wemb X + Wpos (15)
where WP is a trainable positional vector. For the [-th layer, the Q, K,V are defined as:
QY = xOwel KO xOwWKO —yvO = xOy Ve, (16)

The attention matrix Attn” and its subsequent output X V() for the I-th layer is computed as:

) OT
Attn = softmax (mask <Q>) , X0 = AtgnOy O, 17
en
The output of the I-th attention layer is obtained as:
X0 LN (X0 4 X OWO) - XD = x9o0 — LN (MLP (X0) + X0, (18)

where “LN” refers to Layer Normalization. The final output is obtained by projecting the output of the last layer X 9°(%)
using a linear projection layer, followed by a softmax operation and argmax to obtain the predicted token.

A.2. Experimental Setups

For those experiments about the Transformer structure, we train three Transformer models on a dataset of 200,000 samples,
with each input sequence having a fixed length of 9 tokens. The vocabulary size d.,}, is set to 200, and the model architecture
includes an embedding dimension d,,, of 200, a feedforward dimension d ¢ of 512, and query-key-value projection dimension
dy, of 64. The Transformer-based model uses 2 decoder layers with 1 attention head per layer. The training is conducted for
1000 epochs with a batch size of 100, and gradient clipping is applied with a maximum norm of 1. The AdamW optimizer is
employed with an initial learning rate of 1 x 10~5. The initialization rates of the three models are v = 0.3, 0.5, 0.8.

For those experiments related to Emb-MLP, we train three Emb-MLP models with dyo, = 200, d,,, = 200,d; = 512
and initialization scales v = 0.3,0.5,0.8. A dataset comprising 1,000, 000 data pairs is employed. We set that Ao, =
{1,2,---,10}, Apsn = {11,12,--- 20}, Z = {21,22,--- ,120} , M = {(11,13),(13,11)}. The initial learning rate is
5 x 1079 and all other training setups remain consistent with those described in the first paragraph.

For Figure 1 and Figure 7, we use GPT-2 models with an initialization scale v = 0.3, 0.5, 0.8. The dataset contains 10,000
data sequences, with half of them sourced from PrOntoQA and the other half from TinyStories. The AdamW optimizer is
employed with an initial learning rate of 1 x 10~°. The model is trained for 200 epochs, ensuring that the loss for both
datasets decreases to a similar level.

B. Theory Details
B.1. Proof of Proposition 1

Lemma 2. For any token s, let {(X i g l) }i=, denote all input sequences containing s and corresponding labels. The
gradient flow of we™* can be expressed as:

4 Z ( W(2)T) o ( Z wemb,xW(1)> W(l)T, (19)

reX st

dw emb,s

where p** = softmax (Gg (Xs7i)), o’ denotes the derivative of o and n means the count of all training data. © represents
the elements-wise production.
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Proof. For any data pair (X st ys’i) , the cross entropy function R could be expressed as:

) eGe(Xs’i)ys i
R(X™) = ~log
vob G (X5t

Z]_f o )

where the subscript j represents the element index. Then the derivative of R respect with w®™»* can be expressed as:

IR(X) Sk gR(X) 0G0 (X), &k 0G0 (X*),
“Dwembs Go (X*7),  Owembs => 0"~y T Hwembs
Jj=1 j=1

Using the trace theorem, we obtain:

dGe (X“)j =tr (ng (X”)j) =tr <da ( wemb,qu)) Wf?)
reXs:i
=tr (0./ ( Z wemb,mw(l)) ® (dwemb,sw(l)) W%?))

TzEX S
T
=tr W(l) WSJQ) ® o’ ( Z wemb,rW(l)) dwemb’s
rEX S

Then we have

Sl dvo
)8 ) (o 5w

Jj=1 TEX i
_ ((ps,i _ ys,i) W(2)T> ®o < Z wemb,ww(l)) wT,
rzeXst

and furthermore

dwmP- OR(X™) 1 : :
w __* Z 8wemb - = ﬁ ; ((ps,z o ys,z) W(Z)T) ® o ( Z wemb,xw(l)) W(I)T.

reXst

O

As the initialization scale decreases v — 0, with the Assumption 1, we have that ¢’ (ZIE e wemb’xW(l)) =

1, softmax (Gg (X “)) = ﬁl, where 1 € R'*%wb means the vector with all elements equal to 1. Then the gradi-

emb,s

ent flow of w could be approximated by the limit formulation, i.e.

d,wemb,s 1 s ) 1
o — ﬁ Z (ys,l _ - 1> W(2)TW(1)T (20)
i=1 vo

Consider n — oo and denote the random variable Y which follows the distribution of { ysvi}jil, then we obtain the
asymptotic form by the law of large number

1ex
- § Yy =rEys [Y°] = r P,
n

=1

where Y® is the one-hot representation of Y and the i-th element of P® is P = P(Y*® = ). Then we obtain the
Proposition 1.
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B.2. Distribution of Y°
Memory anchor. Since we select a label for any key-anchor pair randomly from U/ (Z), the label s meets would follow

the same distribution for any s € Ap,em. specifically, we have

, 1
PY®=i)= Eéieza 1)

where §;cz = 1 if i € Z otherwise 0.

Reasoning anchor. For any reasoning anchor s € A4, we assume that the other elements of a key-anchor pair containing
51s z,a1, a2, -+ ,aq—1. Since the other elements are randomly chosen from the corresponding scope, the label could be
represented as y* = s + z + Z?;i a;. Then Y*® follows the distribution s + Z + Z?;i Aj, then we have

q—1
P(Y*=i)=P|Z+) Aj=i—s
j=1
Cmax q—1
= > P(Z=(P Aj=i—s5—¢ (22)
¢=Cmin Jj=1
Cmax
1 1 q—1
S 2 N (g-vam )y,
Ars" <:<111in min NArsn

n

where the combination number (?) jop S0 be defined by (1 4+ x4+ z’“) = Zfz 0 (?) . 27 (Caiado & Rathie, 2007).

Specifically, when ¢ = 2, we have the following result:

¢=Cumax
P(Y*=i)= > P(Z=0P(A=i-s-C)
¢=Cmin
i—s—ondh, 1
> W = G bl s G i s
C:<min Z Arsn
i_s_afi;_;\ 1
= Z W’ @ = Cmin T Opax T 1+ 8,7+, Cmax + Ogin + 5.

—7 o yrsn
(=i—s—aiin,

Cmax 1

2.

—_—r e rsn
(=i—s—alsn

y rsn
Zisiaminicmin+1

. rsn rsn
5 1= CIII&X + O min +1+ Sy aCmax + Umax +s.
NzNa,.,

: rsn rsn
NaN , Z:Cmin+amin+5a"'7Cmin+amax+5-
Z4IVAren
_ 1 . rsn 1 rsn
- Nia ’L_Cmin+amax+ +3a"'7Cmax+amin+5-
zZ
Cmax+a$gx—i+5+1 rsn

3 i:Cmax'i_afS?n""l'i_Sa"'7<max+amax+s-
NzN,n

Key. Forany s € Z, its labels come from two parts, memory mapping and reasoning mapping. In the memory mapping, z
meets each token in Z with the same probability NLZ In the reasoning mapping, the label y* = s + > _7_, a;. Assume that

15
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the ratio of memory mapping is identified with reasoning mapping, then we have

1
PY® =) = 5 (Prnem (V" = 4) + Pron (Y = 1)) (23)
1( 1 K
=g |t s+;Aj:z (24)
1( 1 1 q
=_ | —d — : 25
2 <NZ ezt ersn (7’ - 5= qafri?n) Ny ) ( )
Specifically, when g = 2
. 1 1 Ny, —lafh —afst —i+ s
IP) Ys — —— 751 rsn max min .
(v° =iy = 5 (diez + D

Generally, consider the usual sequence containing some noise. Then the label consists of a third part when s appears as a
noise. With a similar method, we have

]Pnoise (YS = Z) = (]P)nm'se,mem (YS = Z) + Pnoise,rsn (YS = Z))

1 q
iz +P|Z+> A;j=i

1
2
1
2 | V2

j=1

—_

Gmax
1 11 q
= | ezt 2 |
R A (Z—g—qarsv)NAv

Arn (=Conin o

Combine them together, we have in the general setting X' (%L we have that

- a
P(YS:i):ﬁ NLZ&‘GZ*P 5+;Aj:i +M Nizaiezwb Z+;Aj:¢
1 1 q q
:2N25i62+2(L—Q) P s—|—;Aj:i +(L-q-1)P Z+;A]‘:i
1 1 q 1 Cmax 7
2Nz diez + 2(L—q)NY (@ —5— qafi?n> N, +(L—-q-1) Na szcrin (Z o qafi?ﬂ) .

B.3. Gradient Flow of Embedding Space in Emb-MLP

With the discussion in Section B.2, we obtain the detailed formulation of (5) for different anchors of different tasks.
Specifically, we have the following result:

Corollary 1. Given any s € Ayem, assume that n — oo and assume the ratio of sequences containing s in the training set
rs keeps constant, then we have

d,wemb,s 52 1
— =7y (= —1 | WATWWT 26
dt " (NZ dvop ) ’ (26)

where 6% € R? is a vector with elements equal to 1 for indices belonging to Z, and 0 otherwise.

Corollary 2. Given any s € A,s,, assume that n — oo and the ratio of sequences containing s in the training set 7
remains constant. Then, the gradient flow of the embedding vector corresponding to s is given by:

dwemb,s 1
—_— =y Ps— ——1 W(z)TW(l)T7 (27)
dt vob
d : .1 . . _ 1 1 Cmax q—1
where P® € R is a probability vector whose i-th element is P = N T ZC:Cmin (i—s—f—(‘l—l)“fﬁﬂx)NATSH'

16
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B.4. Proof of Lemma 1

Proof. We assume that Wﬁ;ﬂb’x ~N (0, (d;ﬂ)2> WzQJ ~N (0, (d.”) ) W/ ~ N( (d.7) ) We have that

A dm di
emb, X KT yxremb, X, T _ emb, X emb, X
T SES S (S wiwi | w
k=11=1 p=1
d7n d7n dk
emb, X emb, X
=> W W whEwe
k=11=1 p=1
&2,d, )2
~NI|0, | —=—F——~ :
< 2 (dm +dj)
Then the attention operator
emb, X KT emb, X, T 2
(Wemb XWwew KT W )i o < d2,\/di ) .
Vdy "\ 2(dh +d)
Utilizing the Chebyshev’s Inequality, then we have
‘(Wemb,XwaKTweth,T)iJ i d,

P

Vi

for any § > 0. Given any € € (0,1],let C' =

1 d
2 1084, +dy, 7452

S 9
482 (d3 + dY)

then for any v > C, we have

. ‘ (Wemb,X WQWIZI;WE:mb,X,T)iJ dfndk
NG TAs (dy +d))? T

which implies that A; ; i %, for any ¢+ < j asy — oo.
B.5. Proof of Proposition 2, 3

we introduce the
= WVWO,Wf = WItw/2,

For convenience in further analysis,
b, X%

w A YWt wvo

result:

Lemma 3. Given any token s, the gradient flow of w®™b-*

(S5

dwemb,s
dt

1

n

following notations H** (Wemb’X“WVWO +

p*' = softmax(fe(X*?)). Firstly, we have the following

can be expressed as

yez) WITWVOT o o (Hs,i)T i (ps,i _ ys,i) WVO,T)

(ps,i _ ys,i) WfT ® 0,/ (Hs,i)T + (ps,i _ ysz)> ,

where 15 denotes the time s appears in the final position of a sequence.

Proof. For any data pair (X*?,y*"), we have

——emb, X *

dfe(X*); =d < (H YW+ W

— o (H*) © (dWemb Kwvown L awmt X w s > w/?

17
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By the trace theorem, we have

dfo (X°), = (dfy (X))

tr (WVOWf L(whed ()" ) aw ) +u (Wi (Whoo (H)") awpnX)

tr (VV;YOdWemb XS ) Lt (szIEb’Xs,i)
=1r <<WVOWf1 (Wff ox4 (HS,i)T) N ngo) X )
+tr ((W{CJQ ® o (HSJ)T + 1) dWETb’XS’i) .

Utilizing the chain rule, we have

AR (X1, y>) OR (Xi,y1) 0fe (X™1);  Tn o Ofe (X)),
W Z afg st . Wembs Z( J )W

1 ) ) ) ) )
Z (((ps7z o ys7z) Wf2,T ® o_/ (Hs7z)) Wfl,TwVO,T + (ps7z . ys7z) WVO,T)

=<+ ((p" -y w2l oo (H*")) wiLT (P> —y*"), s occurs on last position.
% (((pw‘ _ ysﬁ) w2t oo (Hs,i)) WL TwVo.T | (ps,i . ys,i) WVO,T) . otherwise.

Then we obtain the gradient flow as

emb,s s . . . . .
dwdt __ % (Z l ((ps,z _ ys,z) WfQ,T ® O'/ (Hs,z) Wfl,TWVO,T + (ps,z _ ys,z) WVO,T)

+ nz (ps,i . ys,z’) wizT o o (Hs,i)T wiLT 4 (ps,i - ys,i)> )

As the initialization scales decrease to zero, we derive the gradient flow under a small initialization scale as follows via

Assumption 1.

dw™* 1 (-1 (1 Vo f voT
dt_n<ZL(y —dml)(W W/ +W )

i=1

S )]

We consider the ideal condition n — oo, with the law of large number, (28) can be approximated as follow:

dwemb,s T 1 B
——— = —Eys |Y* - —1|W.
dt LY [ dm ]

With the distribution we discussed in Section B.2, we complete the proof of Proposition 2, 3.

18
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B.6. Proof of Theorem 1

Proof. Consider the linear expansion of w™* = w{™™* + dwemb 1 where w;™* is the initialization of w®™™*, then
we have
d emb,s
wbs wf;nb i 7’wdt 7 (30)
emb,s , T's] s 1 T vo,T
=wp™" + By |yt - o1 (WhHt+1) (Whor +1) 31)
TS 1 emb,s —_—
- L"Eys [y - d1] +w™™ + 0 (d;21). (32)
For any s € A, the formulation can be rewritten as
emb,s rsn K . 1
wi™ = = (P s+Z+y Aj=i - | +e (33)
=1 "

where ¢ ~ N (0 dx) ) Let g enlarge enough, then PP (s +Z+ ZJT:_ 11 A= z) can be approximated by the following
formulation using the Berry-Esseen central limit theorem

q— 1 . 2
1 _G=s—w? .
sup|P | s+ Z+ =i|——F——e 2P SO(ié) GY
ip 2 Varor v
where p and op is the expectation and standard deviation of Z + Z?: A;.  Denote that ;™™
_G=s—w)?
7’277 (\/ﬁ@e 3o _ d) + €, then we have:

~emb,s emb,s
sup '117 —w

Then the difference in inner production can be derived as follows:

B 5 ~emb,s; ~emb emb,s; b,s;
sup ‘( emb,s; ,wemb,sl) _ ( emb,s; ,wemb s,)’ _ sup 2 : ]wzm S w, ]wzm Sq
%, ©,J k
~emb,s; ~emb ,Si emb,s;  emb,s;
< sup w, —wy, w),

<0 (d}n‘7 (q‘% + d;ﬂ)) .

Since an axis transformation does not affect the inner product, we set 7 = i— i, then we complete the proof of Theorem 1. [

B.7. Validation of Theorem 1

To verify the validity and generality of our theoretical analysis, we compare the cosine similarity of the embedding
vectors within the reasoning anchors between experimental results and theoretical approximations. The results in Figure 9
demonstrate that our theoretical estimates align well with the experimental results in most cases, with discrepancies observed
only when |s; — s;| becomes large, likely due to the omission of higher-order terms.

B.8. Discussion about WV

For the phenomenon where the WV of the first attention module exhibits a preference for capturing the reasoning anchors,
a general theoretical explanation would require a more comprehensive and sophisticated analysis. However, a similar result
can be derived under a special and constrained condition.
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si=11 s5i=12 s5;=13 si=14 s;i=15
1 1 1 1 1 Exp
=Theory
0 0
0 0 0
11 20 11 20 11 20 11 20 11 20
s5;i=16 si=17 5;=18 5i=19 5;=20
1 1 1 1 1
0
0
01T 70 011 70 011 20 11 20 11 70
Sj Sj Sj Sj Sj

emb,s; qpemb,s; ) with theoretical approximations

Figure 9. Cosine similarity comparison between experimental results cos (w
cos (ﬁ:emb’si, 'Lbemb‘sj) (see (12)), for any s;, sj € Arsn.

Theorem 2. Let n,y — 0o, Nz = d,p,, Define that A ~ U (Aysn) and Y as a random variable which randomly takes value
from the whole dataset’s labels, then we have the following result:

awv 1 1 17
‘3; = i]EAwemb’A]Ey |:Y — d1:| WO (W'f =+ I) .

Theorem 2 highlights that W inherently demonstrates a preference for reasoning tasks, thereby enhancing its ability to
capture information associated with reasoning anchors.

Proof. Firstly we have the following formulation:

Lemma 4. Given the dataset {(X*,y")}?_,, the gradient flow of WV can be expressed as follow:

dawV Lem () prin  wesemb X\, oI | wremb XLT i op
g7 :_EZ o (H)YoW (p' —y') (WOW?) +W (' —y ) WoT. (35
i=1

Proof. For each data pair (X : yi) , we have
fo (Xi)j — 0y ((AL’:Wemb,X"'WVWO n Wsz,Xi) Wfl) ij2 n AL’:Wemb,XiWVW’Oj n Wz‘f;b’xi.
Compute its differential, we have

dfo (W X") —d (0 <<Wemb’XIWVWO + W;f“?b’X'i> w/ 1> w2 ¢ dWe"‘b’”WVW:Oj>
) : ; ,

— 0_/ (Hz) o d ((Wemb,X’WVWO I Wsz’Xi> Wfl) W{cf +Wemb,deWVW)oj

— o' (H) o W™ aw Y WOW W2 4 W aw Y WO,

20
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Using the trace theorem
dfo (X7), =t (dfy (X7),) =t (0 (H') o W™ dWVWOWf}> o (Wemb’XidWVVVf?j>
=t (WOW:ZU (H') o W dWV) +r (Wowemb’xldwv)

—tr ((WOVV:‘ZUl (Hz) o Wcmb b'g n W’OjWthX%) dWV) ,

which suggests that

9fe (Xi)' - i\ ==emb,X® boxi\
o O f 7 embp, O‘em 5
Utilizing the chain rule, we have
dR (X7) dz 6fe (X7),
8WV 8fg owYVv

dm i o
= Z (p; - y;) <WOW{;_0./ (Hz) o) Wemb,X + W?jWemb,X )
Jj=1

T v
(a’ (Hl) @Wemb X > (pi B y’) (WOWf)T +Wemb,X T (pi B y’) WO,

where p' = softmax(fo (X 1)) Then gradient flow of WV can be expressed as

n -
O
When initialized with a small scale, the gradient flow for WV could be interpreted by:
dWV - ‘emb X1 1 T T
= - —1) (Wew/' +w? 36
7 Z ( . ) ( + W) (36)
1 r T

_ emb o f o]

- LZZ (w)( m1> (WoW/! +w?)" (37)

=1 j5=1

where w(m‘% denotes the j-th element of WemP: X" In this formulation, there are nL tokens, and we reorder all tokens along

with their corresponding labels. Let w®™P»*: denote the embedding vector of the i-th token, and let y* be its corresponding
label. Consequently, the gradient flow can be expressed as:

awv 1L 1 \" T
— = embsi (g%~ —1) (WOW/ +WO)" . 38
i N ;w <y dm ) ( W) (38)
If we interpret w®™P»*: by its linear expansion wtmb iy pdw™? <> we obtain that
AWV 1 N dwemb:s: 1 A\ T
=— S p——— ) [y - —1) (WOWS WO
ar N; (wto g ) (y . ) ( W)

N T

m m
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Let W1 = ((Wf)T + I) ((WVO)T + I) W2 = (WOwW/! + WO)T, then the formulation could be rewritten as

AWV 1N e Ty, 1 \”
= — 3 Si SzE o YSi _ 71 Wl Si 71 W2
i = 2 (s oy [ m] )(y dm>
T
1 1
:Esi v wimb S p Eys Y% — —1 wl ysi -1 w2
’ ’ dim dm
T T
B [ [ g W (v ) W e [w:;"" (o) WQ]
UL I S WlEys ye g TW2 +E. ye; |0 vy tq TW2
L i Y si dm Y Si dm 8i,Y Si to dm

T T
s 1 i foe 1
_ "EY {Y - 1} WIEy {Y - 1} W2+ E, ye lw;‘j‘b i (Y‘” - d1> WQ] .

d7n m m

While Ey [Y - di 1} =P =) - dim, using the discussion in section B.2, Let Z ~ U (Z), A1, -+ Ag ~ U (Arsn)

we have
P(Y =) = o = 5 Poon (Y = i) + P (¥ =) = o
:% 5;\?2+IP> Z+ZA z) 7$
:% P Z+;A —i C;>+;(5J\ZZC;>

1 1 1 1 (6icz 1
=_Eu |P|Z A =ilAy=a| - — RS
2 [P 24 04 =il o s (- 1)

1 1
- 7]E E S s e .
2 o |: v |:y dm:|7,:|

Then we have that

v 1 1 17 1 \*
aw” _ =7Ea, [Ey {Ys — d1” WIEy [Y — d1] W2+ Eq, vy [wi™" <Y — d1) w?2

dt 2L m m

T
= %EAI [w™ 4] By [Y - dll] W?+0 (d,1).

m
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C. Mechanisms under Varying Initialization Scales
C.1. Embedding Space of Emb-MLP

Figure 10 exhibits the cosine similarity within the embedding space of Emb-MLP models with initialization rates v = 0.3
and v = 0.5. The results indicate that under a large initialization scale, the embedding space of the model becomes less
influenced by the label distributions and instead relies predominantly on orthogonality to differentiate all tokens. This
mechanism neglects the intrinsic relationships among tokens, leading to a loss of generalization.

y=0.5
10 epoch 50 10 epoch 900 10
-0.2 -0.2 | I . I —0.4
Reasoning
-0.2 -0.2 ﬂ io;],

Figure 10. Cosine similarity among different anchors’ embedding vectors of Emb-MLP under initialization rates v = 0.3, 0.5 for memory
anchors (top row) and reasoning anchors (bottom row).

C.2. Embedding Space of Transformer

Figure 11 exhibits the structure of the Transformer’s embedding space with v = 0.3 and v = 0.5. The left and middle
panels exhibit the cosine similarity within the embedding space of memory anchors an reasoning anchors, demonstrating
that a larger initialization scale promotes orthogonality among embedding vectors. The right panel presents the PCA
projection of the embedding space, suggesting that under a large initialization scale, the embedding space lacks a meaningful
structure conducive to learning the reasoning mapping. These findings suggest that a large initialization scale encourages
differentiation of tokens primarily through orthogonality, taking tokens as independent from the others and neglecting
intrinsic token relationships, and ultimately impairing the generalization capability.

C.3. The First Attention Module of Transformer

Figure 12 exhibits the structure of the first attention module with v = 0.3 and v = 0.5 at epoch 200. The comparison reveals
that a larger initialization scale results in a more complex attention mechanism, which exhibits no specific preference for any
particular task.

C.4. Low-rank Phenomena of Transformer

Figure 13 illustrates the distribution of singular value across different parameter matrices under varying initialization scales.
The results reveal that as the initialization scale decreases, the parameter matrices exhibit a pronounced low-rank structure,
which in turn facilitates a simpler learning mode.
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Figure 11. Characteristic of embedding space of Transformer with initialization rates v = 0.3, 0.5. The left and middle panels depict the
cosine similarity among embedding vectors of memory anchors and reasoning anchors at epochs 200 and 900. The right panel shows a
PCA projection of the embedding space with the key and reasoning anchors.
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Figure 12. Characteristics of the first attention module of Transformers (step 200) with initialization rates vy = 0.3 (top row) and v = 0.5
(bottom row). A: Heatmap of the attention matrix for a random sample. B: Distribution of the relative error between attention A and
% across all training sequences. C: Distribution of singular values of WV . D: Cosine similarity between the left singular vectors and
average embedding vectors of the anchors.
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Figure 13. The distribution of singular value in different parameter matrices under different initialization scales (step 200). We denote the
singular value vector by S and the i-th largest singular value by s;.
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C.5. Embedding Space in Real Language Tasks.

Figure 14 exhibits the cosine similarity within the embedding space of PrOntoQA and TinyStories tasks trained by GPT-2
models with initialization rates v = 0.3 and v = 0.5. It’s noted that under a large initialization scale, the embedding vectors
are mutually orthogonal, indicating that the model neglects the associations among different tokens.

PrOntoQA TinyStories

PrOntoQA

TinyStories

Figure 14. Characteristic of embedding space of PrOntoQA and TinyStories with initialization rates v = 0.3, 0.5 (step 5000).

D. The Second Attention Module

The function of the second attention module is to extract the key preceding the anchors 2, and transfer its information to the
last position. Figure 15A depicts the last row of the attention matrix before applying softmax, whose variation trend with
respect to position index 7 can be divided into three parts: (1) for 7 < p, the attention increases progressively as ¢ increases;
(2) for p+ 1 <1 < p+ ¢, the attention exhibits a slight decrease; and (3) for ¢ > p + ¢, the attention drops sharply.
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Figure 15. Characteristic of the second attention module. A: The last row of the second attention matrix (without applying softmax)
for a randomly selected sequence. B: A heatmap of the second attention matrix for the same sequence. C: The last row of the matrix
QWPWX /. /d,, immediately before the final token. D: The cosine similarity of positional embeddings cos (wpos’l, wPo7 ) for
i,j=1,2,---,L—1.

Positional encoding plays a crucial role in this step. Figure 15C illustrates the last row of the attention matrix after
substituting K with WPSW K suggesting a increasing trend with the position index. Note that we only present the index
immediately before the final token, as the key does not appear at the last position and thus is not required to adhere to the
same pattern. Furthermore, since the reasoning anchor and the tokens following it are augmented with reasoning anchor’s
information in the first attention module, this information can be utilized to reduce the attention for tokens after the token.
We construct a detailed mechanism about this in E.3.

E. Reconstruction Mechanism for Information Capturing

To verify our observation is significant for information capturing for the Transformer model, we reconstruct the embedding
space, the first attention module, and the second attention module and exhibit the process of extracting the key-anchor pair
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from a reasoning sequence.

E.1. Embedding Space

Assumption 2 (Word Embedding). We assume the embedding space has the following properties:
1. cos (we"’b’smem,wemb’s"S“) =0, cos ('wemb"““",wemb’skSY) =0, VYSmem € Amem; Srsn € Arsn, Skey € Z.

2. Fixany s1 € Z, cos (w51 w®™P52) > cos (w51 w™P53) if s — so| < [s1 — s3], Vs2,s3 € Z.

3. There exists a universal constant Cy, < 0o such that ||w®™»*

loo < Cu for any token s.

In addition to word embeddings, position embeddings should be effectively utilized, as they play a critical role in the
functionality of the second attention module. Here, we propose some assumptions about the relationship between word
embeddings and position embeddings, with further characteristics to be elaborated upon later.

Assumption 3 (Position Embedding 1). Given any position embedding vector wP°>* where i denotes the position index, we
assume that wP°>' L w®™ foralli =1,2,---Land s € Z U Awsn U Amem.

Assumption 4 (Position Embedding 2). We assume that cos (wpos’i, wPosJ ) = cos LLHW and ||wPos?
i,j €[1, L]

| = 1 for any

Given any sequence X, the output of the embedding layer is

X(l) _ eXwemb + WPos,

E.2. First Attention Module

In the first attention module, due to the impact of small initialization, the attention matrix A® functions as an average
operator. Specifically, the result of the first attention module can be interpreted as

(At @ (x0) xOWVO) % x| wvo. (39)
J

1<j

Furthermore, performing singular value decomposition (SVD) on the value projection matrix W (1) reveals that its largest
singular value is significantly greater than the remaining singular values. The left singular vector corresponding to the largest
singular value WY (1) is highly similar to the embedding vectors of the reasoning anchors which indicates that W (1) can
be approximated by

T
WV(I) — )\V ( 1 Z Wemb,s) v, (40)

H ZseArsn Wembss |2 s€Arsn

where )y is the singular value and v € R!*? denotes the right singular vector. Since w®™P:sr=n | qp®MP:smem for any
Srsn € Arsns Smem € Amem and w®™P | wP°, Then the result of the attention operator can be interpreted as

A
(Attn(l) (X<1>) X<1>WV<1>) =2 Y we Y w T, 41)
o)\
where ﬁi{“b = ca wembs N, = Hil\‘ivl\ Substituting the reasoning sequence X ™" and memory sequence
ron S€Aren womh .

Xmem respectively, into this formulation, we derive the following results:

(At xxmem VD) o, (42)
7y
0, j<p
Attn(l)ern,(l)WV(l)) _ 5\ min(j,p+q) en 43
( ji: l Z Wiemb,X Eemb,T,U7 p<j§ L, (43)
j ) rsn
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where 7 means the row index. Thus, all tokens following the reasoning anchor are effectively “tagged,” facilitating the
identification of the anchor. Define the output of the first attention module is as follows:

X@ — x4 Atgn® (Xu)) XxOwV
Under the Assumption 2, we can formulate the output of the reasoning sequence further

b,z; S,J .
wCmb:Z +wpo%,37 j Sp’

. D g . ‘
WP pqpPesd 4 Z0 N gpemben | g Ty p 41 <G <ptg,

xm® = i=pr1
N +q
. v R . :
wemb,zj + WP L l Z wemb,al mﬂrl:;Tv’ p+q+1 <j< L.
1=p+1

E.3. Second Attention Module

We observe that the first attention module introduces additional information to all tokens with indices j > p 4+ 1. The
subsequent challenge is to identify the reasoning tokens and the key token, and effectively propagate their information to
the last position in the sequence. To achieve this, we construct the following attention distribution and demonstrate its
properties:

Definition 3 (Cliff Sequence). Given a sequence I € R¥, we define l as a (p, q)-cliff sequence if there exists p, L € N*
such that 1 satisfies the following conditions:

1. (Increasing Segment) l; 1 > 1; for all i < p.
2. (Plateau) boatly SR | <l
: 2 = bp+1, »bptqg = Up-

3. (Descending Segment) l; < 1 forallp+q <1 < L.

It is evident that if the attention of the last token forms a (p, ¢)-cliff sequence, it can effectively capture the information of
the tokens and the key. Specifically, we have the following results to illustrate its feasibility.

Lemma 5. For any € > 0, there exists a (p, q)-cliff sequence l with norm C' such that softmax(l); < € for any i €

Proof. 1t’s evident that we just need to illustrate softmax(l),_1 — 0 as C' — oco. Denote that | = ClI, then we have
ecip_l

p—1— L ol
Zj:le ’

softmax (1)

1

C(li—ip_s Cc(li—ip_1)"
Zje[l,pfl]u[erqul,L] € ( ) + Eje[p,erq] € ( )

Since that ij < l~p,1 forany j € [1,p—1]U[p+qg+1,L] and ij > l~p,1 for any j € [p,p + g], so we have

lim Z Clil) — 0 and lim Z Climlp1) 00,

C—oo | C—oo
J€[1,p—1]Ulp+q+1,L] Jj€[p,p+d]

then softmax (1), _, — 0. O

Here we provide a mechanism to construct a real matrix A € R *@m such that X zsf"@)AX 0,27 ig a (p, q)-cliff
sequence. Assume that A = 7 (span{w?®*}) — pvT v, pu > 0, where 7 (span{w?°*}) denotes the subspace spanned by
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{wP?°*}. Then we have

(,wpos,L’wpos,j) , J < q,
1 p+q
(wpos,L,wpos,j) _ )‘V,u Z wemb aLZ —emb (v7wemb,aj)
L i=p+1
(2) A wrsn,(2),T 2 p+q
xn(@) g xrsn (2.7 By
L,: L Z wemb a; ‘errllzl Z wemb a; —elrxli . pH+ 1< j §p+q,
J i=p+1 i=p+1
pos,L pos,j )\%/ — emb,a; ——emb 1< i<l
(whenb,wred) = S0 | 3w WG pa 1< <L
1=p+1

Define ¢; = (Zj_p 1 wemb:ai wi‘?ﬁj , applying the Assumption 4 on the position embedding, then we have the following

result:
o (1-7)
rsn N )\2 wemb a; v ]
X AT 2 ( 2) ™ — VM Potq (JH I cos (v, W™ + ¢j) , p+1<ji<p+g,
Av
1 J )‘V“ 2 1<j<L
os\iT 7 ﬂ—JTSDan ptg+l=<j=<L.

To satisfy the Increasing Segment condition, we need that:

- 5\2 - emb,a; 1 1 -1

foranyp € [1,L —¢q|,j € [p+ 1,p + g|. Denote that:

M = rr;ax Pptq m = rgiqn Pptq- (44)
Then we have
5‘%/N]\Z (ﬂwemb’a” cos (v wembvaf) + J\Z/) — cos <p+> + — cos (£> T+ — cos (p—l) s
jL Av||v]| ’ L 2 L 2 L
5\2 ~ . emb,a; N
V'LLM <]|3‘U JH COS( emba]) M)
JL Av]|v]]
1 2 3sin (X
< — (1 — COos (E>) s1n 7r — arctan L(L) .
2 L 1—cos (F)
Denote the right side by C', and simplify it with
emb,a; LC M
™2 s, wembnsy < ZEM M (45)
/\V )\%//JM L

For another side, we assume that:

; 5\2 wemb a;
cos (1 - 2) T — %gpﬁq (]”/\V| cos (v, w9 + gpj> < cos (1 - %) T,

29



An Analysis for Reasoning Bias of Language Models with Small Initialization

which implies that:

Ay p J|wermtas]| mb.a, (2+q \ . [4q
- jVL Pp+q (T cos (v, w® b’aﬂ) +¢; | < —2sin T (ﬁﬂ)

‘We have that:

wemb,a]—
||~—|| cos (v,wemb’“j) e
1% A

m
A (46)

These two conditions give the direction scope of v. For the Descending Segment condition, we have that

1 j 23
cos (1— f) T > COS <1— %)w— jLI:ucpiJrq
N ) ™ Jm _
=\ > 5L (cos (E) — cos (f)) gopfq 47
—)5\%,/1 > L2 (1 + cos (%)) m=2.

With (45),(46), and (47), we could give a range of S\V, 1 and the direction of v which makes X E?’Q)AX rsn,(2).T g g
(p, q)-cliff sequence.
F. Layer Normalization

We conduct an experiment with removing the Layer Normalization module, exhibiting the same phenomena, i.e., smaller
initialization scales bias reasoning task, and results are depicted in Figure 16.

y=0.3
103 10!
v 101 107!
o
|
1071 103
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—Memory  —Reasoning — train  —Reasoning — test
Figure 16. Training dynamics of Transformers under v = 0.3, 0.5, 0.8 without Layer Normalization.
G. Learning Rate

We conduct experiments with the learning rate belonging to [10_5, 5 X 10_4] . Figure 17 exhibits the loss dynamics under
different v, remaining consistent learning bias across these learning rate configurations. However, when the learning rate
increases to 0.001, the training becomes highly unstable, manifesting a severe loss spike.
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Loss
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Figure 17. Training dynamics of Transformers under v = 0.3, 0.5, 0.8 and varying learning rates.
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