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Abstract

We find that the cross-entropy loss curves of neural language models empirically
adhere to a scaling law with learning rate (LR) annealing over training steps:
L(s) = Lo+ A-S;*—C- Sy, where L(s) is the validation loss at step s, S is the
area under the LR curve, Ss is the LR annealing area, and Lg, A, C, « are constant
parameters. This formulation accounts for two main effects: (1) power-law scaling
over data size, and (2) the additional loss reduction during LR annealing. Unlike
previous studies that only fit losses at final steps, our formulation captures the
entire training curve, allowing for parameter fitting using losses from any training
step. Applying the scaling law with LR annealing and fitting only one or two
training curves, we can accurately predict the loss at any given step under any
learning rate scheduler (LRS). This approach significantly reduces computational
cost in formulating scaling laws while providing more accuracy and expressiveness.
Extensive experiments demonstrate that our findings hold across a range of hyper-
parameters and model architectures and can extend to scaling effect of model
sizes. Moreover, our formulation provides accurate insights into empirical results
observed in numerous previous studies, particularly those focusing on LR schedule
and annealing. This work is promising to enhance the understanding of LLM
training dynamics while democratizing scaling laws, and it is helpful to guide
researchers in refining training strategies for further LLMs.

1 Introduction

In recent years, large language models (LLMs) have garnered significant academic and industrial
attention (Brown et al., 2020; Touvron et al.,2023)). The scaling law suggests that the validation loss of
language models follows a power-law pattern as the size of the model and the data increase (Hestness
et al.} 2017; |Kaplan et al., 2020; [Henighan et al.,|2020). This law provides a powerful framework for
forecasting LLM performances before large-scale training by fitting losses at smaller scales (OpenAll
2023; \DeepSeek-AlL 2024; Dubey et al.,|2024). Numerous studies have explored the formulation to
model the scaling effect of LLMs in various different settings (Bahri et al.,2021; [Hernandez et al.|
2021; Caballero et al., 2022; Michaud et al., 2023; Muennighoff et al., 2023).

However, typical scaling law formulations focus only on the final loss at the end of training (Hoffmann
et al., 2022). Specifically, previous approaches generally rely on a set of training runs and fit the
scaling law curve solely on the final loss from each run, while ignoring middle losses during training
which do not follow traditional scaling laws. This approach underutilizes the training compute and
fails to capture the training dynamics within each run. Further, the application of scaling laws in
LLM developments is limited since the loss curve through the whole training process is not modeled.
An expressive formulation that models full loss curves enables prediction of future training dynamics
and also offers insights on the learning process of LLMs.
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Figure 1: Visualization of S; and Ss at the 20-th step of a cosine LR scheduler. S; is the forward
area, i.e., sum of red grid areas; .55 is the decayed annealing area, i.e., weighted sum of blue grid
areas, where lighter shades indicate smaller weights. Both S7 and S, contribute to loss reduction,
and balancing their values is crucial for achieving the lowest possible final loss.

In this study, we discover a scaling law that models the full loss curve within a complete LLM training
run. Specifically, we dive deeper into the training dynamics during LR annealing, and incorporate a
LR annealing factor into the traditional scaling law formula to formulate the process. This design is
motivated by the observed correlation between LRS and loss curves, where loss gradually decreases
as we consume more training steps (proportional with data amount or number of tokens) and then
sharply declines when the LR undergoes significant annealing (Loshchilov & Hutter, [2016}; [Smith|
et al.l 2018}, [Ibrahim et al.l 2024} [Hu et al., 2024). We discover that the validation loss L(s) at step s
is determined by two main factors: the forward area S; under the LR curve and the degree of LR
annealing So:

L(S):L0+A'S1_a*0'52,

S S 3 o (1)
Si=> Sp =3 (k-1 —mk) - A,
i=1 i=1 k=1

where 7, is the learning rate at step 4, and A is a hyper-parameter representing the decay factor for LR
annealing momentum (see Sec. [3|in detail), which typically ranges from 0.99 to 0.999. Lo, A, C, «
are undetermined positive constants. S; is also known as the summed LR (Kaplan et al.,[2020), and
S, represents the LR annealing area. A visualization of S; and S is provided as Fig.[I]

Eq. [T] describes how loss changes for each step in a full loss curve during training. In Eq.[I} the
term Lo + A - 57 * represents a rectified scaling law that captures the expected loss decreases as a
power-law function of the number of training steps. The new term —C' - S5 accounts for the further
loss drop due to learning rate annealing. Remarkably, this simple formulation accurately describes
the validation loss at any training step across various LRS and even allows us to predict the loss curve
for unseen LRS. For example, we can fit Eq.[I]to the full loss curve of constant and cosine LRS with
20K total steps (Fig. [2), and then predict the full loss curve for various unseen LRS with longer total
steps (e.g. 60K) (Fig.[3).

We validate our proposed equation through extensive experiments and find that: (1) Our formulation
performs consistently well across various hyper-parameters and model architectures; (2) Eq.[T]can
be extended to incorporate other scaling factors, such as model sizes; (3) Our proposed equation
accurately fits the loss curves of open-sourced models; (4) Our formulation can be used to verify and
explain numerous previous findings on LR annealing and scheduling.

In Sec.[3] we derive the scaling law formulation with LR annealing and elucidate the potential theory
underpinning our formulation. Extensive experiments are conducted to validate the formulation. In
Sec. ] we apply our formulation to verify and explain the empirical results from various previous
studies. Our approach offers theoretical insights into the crux of loss drop, LR schedule, and LR
annealing, enabling LLM participants to better understand training dynamics of LLM and select
optimal training recipes in advance. In Sec.[5] we compare our approach to typical scaling law
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Figure 2: Using Eq.|1|to fit full loss curves yield by constant and cosine LRS. Total steps = 20K,
Nmaz = 2 X 1074, Nin = 0. The fitted equation is L(s) = 2.628 + 0.429 - S7 %50 — 0.411 - S,.
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(b) Full loss curve prediction of the multi-step cosine LRS (80% + 10% + 10%) (DeepSeek-All [2024).
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(c) Full Loss curve prediction of the WSD LRS (20% cosine annealing to 7m,:» = 0) (Hu et al.,[2024).
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(d) Full Loss curve prediction of the Cyclic LRS (Smith, [2017).

Figure 3: Using the fitted equation from Fig. to predict full loss curves for unseen LRS with 60K
total steps. The left, middle, and right columns present the LR curve, the loss curve, and a zoomed-in
view of loss curve, respectively. The red rectangle means the zoomed-in zone. Warmup steps (500)
are not shown in this figure. The fitted equation accurately predicts each loss curve, particularly for
capturing the trend of loss changes as the LR varies. Notable, all LRS and loss curves shown here

were unseen during the fitting in Fig. 2] The mean prediction errors across different LRS is as
low as ~ 0.2%.



formula, such as the Chinchilla scaling law (Hoffmann et al.| [2022). We show that our formulation is
more general and requires significantly less compute to fit, which democratizes the development of
LLMs and scaling laws.

2 Preliminary

Scaling Laws. Cross-entropy loss of language models on the validation set is a reliable indicator
of LLMs’ performance on downstream tasks (Caballero et al., 2022} Du et al.,|2024). [Kaplan et al.
(2020) empirically discovered a power-law relationship between validation loss L and three factors:
model size N, dataset size D, and training compute. As an application of scaling law, Hoffmann et al.
(2022) developed Chinchilla, a compute-optimal LLM, by balancing model size and dataset size.
They used a simplified and intuitive scaling law equation: L(D,N) = Lo+ A- D~ + B - N—F,
where Lg, A, B, «, 3 are positive constants. Traditional scaling law formulations fit only the loss at
the final training step, while ignoring losses from other steps. Collecting a new loss value of data size
requires launching a another training run with the same LRS, which is resource-intensive.

Learning Rate Annealing. Learning rate annealing is a widely-used technique in training neural
networks, where the learning rate is progressively reduced from a maximum to a minimum value
following a pre-defined LRS. Various LRS schemes have been proposed to improve the performance
and stability of model training (Loshchilov & Hutter, |2016)). For example, the popular cosine LRS
reduces the LR in a cosine-like pattern over full training steps. WSD LRS (Hu et al.|[2024) keeps a
constant LR for the majority of training, and applies annealing only in the final (e.g. 10% ~ 20%)
steps. In LLM training, it has been widely observed that a more pronounced decrease in LR often
results in a more precipitous drop in the validation loss.

3 Empirical Observations and Experiments

In this section, we elaborate the origin, the intuition, and the experimental basis behind Eq. [T} We
then validate our formula through extensive experiments.

3.1 Similarity between LR, Gradient Norm, and Loss

The first key observation is that the shapes of
LR curve, gradient norm curve, and validation =
loss curve are quite similar across various LRS 7] AN\
when training LLMs (Fig. ). This suggests an | N
implicit connection between learning rate and " s —oom o ew
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Notably, the Chinchilla scaling law (Hoffmann| ™ R e — N, S
et al,[2022)) exactly fits losses of last steps, i.e., T
LRS endpoints. Therefore, it is expected that the
loss of all steps under a constant LRS adheres
to the Chinchilla scaling law, i.e., a power-law
over training step s.
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Figure 4: The shapes of LR (top), gradient norm
(middle), and validation loss (bottom) curves ex-
hibit high similarity across various LRS (labeled
as different colors).

Extra Loss Changes in LR Annealing. Un-

like a constant LRS, LR annealing or re-warmup

brings significant local changes in the loss (see Fig. ), causing the full loss curve to deviate from the
power-law formulation that considers only the training steps s. We hypothesis that such loss changes
can be captured by an additional LR () related term, i.e.,

L(s)=Lo+ A s “—f(n), (2)
where the first two terms follow traditional scaling laws, while the last term denotes the extra loss

change brought by LR annealing. Recall the similarity between LR and loss curves, we can form an
initial guess for f(n) as f(n) = C - n, where C'is a positive constant.
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Figure 5: The delay phenomenon between the LR and validation loss curves, suggesting that LR
annealing (re-warmup) has momentum.

Training Discount in Annealing. The form of Eq. [2|is still imperfect. Note that the gradient
norm ||g|| decreases almost proportionally with LR during the annealing process (shown in Fig. .
Thus, the amount of parameter movement (approximately 7 - ||g|| per step) in the LR annealing stage
declines at an almost quadratic rate compared to stages before annealing. As the parameter movement
become smaller, the change in loss also slows down accordingly. Therefore, the loss drop brought by
the power law term (i.e., the first two terms in Eq. [2)) should also diminish during LR annealing. This
consideration leads to an improved form:

L(s)=Lo+A-S "=f(n),  Si=_m, 3)
i=1
where S is the forward area, i.e., the area under the LR curve (as visualized in Fig. E]), which could
be approximately interpreted as the total amount of parameter updates.

3.2 LR Annealing Momentum

Another key observation is that LR annealing has momentum. To refine the formulation of f(n),
we design a special LRS where the LR decreases linearly from 7,4, t0 1, and then increases.
The increasing stage always has a fixed slope, reaching the maximum value in 5K steps, while the
slope of the decreasing stage is varied, with durations of 0.1K, 0.5K, 1K, and 2K. Symmetrically, we
design another LRS where the LR increases linearly from 7,y t0 74, and then decreases. Fig. E]
shows the corresponding LR and loss curves. We observe a delay phenomenon between the LR
and the validation loss. Firstly, the turning point of the validation loss curve consistently lags behind
the turning point of the LR curve, indicating that the validation loss continues along its previous
trajectory for some steps even after the LR changes direction. Secondly, the steeper the slope of the
LR annealing (or re-warmup), the more pronounced the delay phenomenon becomes. Thirdly, given
the same LR slope, the left figure (where LR decreases then increases) consistently shows a longer
delay compared to the right figure (where LR increases then decreases).

Interestingly, this phenomenon closely resembles the physical experiment of a small ball rolling down
a slope. The steeper the slope, the faster the ball accelerates. When the ball lands, the accumulated
momentum causes the ball to slide further. Inspired by this delay phenomenon, we hypothesize that
f(n), the loss reduction induced by LR annealing, has cumulative historical formation so that the
past change of LR will affect the following loss curve for a few steps. In summary, learning rate
annealing exhibits momentum. To capture this, we define f(n) = C - Sa, where S is

mi=X-mi+ (ica =), Sa=y minf, “
i=1

where m; is the LR annealing momentum at step ¢ (m; = 0), and An = n;_1 — 7; denotes the LR
annealing amount at step ¢. A is the decay factor that signifies how much historical information is
retained. We find that \ values between 0.99 and 0.999 generally works well. In contrast, A = 0



implies no momentum effect, reducing f(n) to C' - n,, which degenerate to the initial form mentioned
above. Note that Sy applies not only to LR annealing (S2 > 0), but also to LR re-warmup (S2 < 0).
This means that our equation is applicable to scenarios like continual pre-training, where LR re-
warmup plays an important role in improving outcomes. In practical scenarios, we find that it is often
not necessary to carry the stride term 7§ in S5 because € can be very small in most cases. Therefore,

we can simplify to So = Y- m; = > 3 (k1 — k) - A7F. See Appendixand for more
i=1 i=1k=1

explanations. The simplified form also presents an interesting definition based on visualization. As

shown in Fig.[I] S> could be converted from S; by LR annealing.

3.3 Final Formulation

We formally present our formulation in this section.

Scaling Law with LR Annealing. Given the same training and validation dataset, the same
model size, the same training hyper-parameters such as warmup steps, max learning rate 1,
and batch size, the language modeling loss at training step s empirically follows the equation
L(s)=Lo+A-S7%—C -85y, where Sy and Sy are defined in Eq. |1} Lo, A, C, o are positive
constants. Note that the equation does not require the given max learning rate to be optimal.

Our formulation describes the loss of each training step across different LRS. It allows fitting based
on a simpler LRS with shorter training steps and enables the prediction of validation losses for more
complex LRS with longer training steps. Notably, loss curves with different max learning rates have
different values of Ly, A, C, o, and our scaling law does not fit divergent and collapsed loss curves
(e.g., overly large LR). We also discuss some possible corner cases (i.e., 7 = 0) in Appendix [[.3]

Loss Surface as a Slide.  To better understand our formulation, we view the loss surface of language
models as a slide in Fig.[§] The optimization process can be seen as sliding down the slide according
to the power-law scaling ( ), while oscillating on the inner wall (blue dashed line). When
the LR anneals (red line), the amplitude of the oscillation decreases, resulting in a reduction in loss.

Balance between S; and S;. Note that in Eq. [T}
aa—SLl < 0 and 88—5@2 < 0 always hold, indicating that
increases in both S7 and S5 help to reduce the loss.
However, as shown intuitively in Fig. [I] there exists
delicate balance between S7 and S3. When LR begins
to anneal and S starts to increase, the forward area
S1 of subsequent steps starts to diminish instead. Our
equation aptly describes this delicate balance. In
Sec.[d] we elaborate this topic in detail.

Loss Surface

3.4 Experiments

LR Warmup. LR warmup is important for training
LLMs. During the warmup stage, neural networks
are prone to random optimization, resulting in un-
predictable outcomes (Hestness et al., 2017). Var-
ious studies, along with our own pilot experiments
(Appendix [B), show that LR warmup significantly
accelerates model convergence. High gradient norms
are usually observed during the LR warmup stage, tions: power-law scaling direction (57, slid-
especially in the initial steps of training (see Fig.[d). ing down) and annealing direction (S5 ’inner
This indicates that model parameters undergo sub- height of the slide). ’
stantial updates during this stage. Therefore, in all

our experiments, we linearly warmup LR to reach 7),,,4,, and compute S; and S5 assuming a constant
LR value 7,4, in the warmup stage.

&

Figure 6: Loss surface of language models
as a slide after simplification. Optimization
direction could be decomposed into two direc-

Experimental Setups and Fitting Details. We use standard experimental setups for LLM pre-
training. To verify the robustness of our formulation across different experimental settings, we have
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Figure 7: The loss drop brought by LR annealing (left) and the /V-extended full loss curve fitting and
prediction (right).

five distinct experimental setups (see Appendix [D). We adopt A = 0.999 in all our experiments.
We follow the fitting approach of [Hoffmann et al.[(2022) to obtain parameters in our equation (see

Appendix [C).

Fitting and Prediction Results. We fit Eq.[T]on the loss curves under constant and cosine LRS
with 20K total steps (see Fig. [2), and then predict the full loss curves under several unseen LRS
with 60K total steps (see Fig.[3). The results show an almost perfect fit, achieving a coefficient of
determination (R?) greater than 0.999. This underscores the robust capability of our equation to
accurately fit loss curves across diverse LRS using a single parameter tuple.

The prediction results in Fig. [3]indicate that our formulation is broadly applicable and generalizes
robustly across four unseen LRS, with a mean prediction error as low as 0.2%. Moreover, our
equation can accurately predict losses even for complex LRS that include multiple LR re-warmup
stages (Fig.[3d), despite that the loss curves used for fitting do not contain any LR re-warmup stages.

Extensive Experiments on Different Setups. To demonstrate the broad applicability of our
proposed equation, we conduct additional fitting and prediction experiments using various setups.
(1) We use an alternative set of training hyper-parameters (Appendix [E.T)); (2) We test our equation
on the Mixture of Experts (MoE) architecture (Appendix [E.2); (3) We apply our equation to predict
loss curves for a much longer training run involving a 1.7B parameter model trained on 1.4T tokens
(Appendix [E3). (4) We fit the loss curves of open-sourced models, including BLOOM-176B trained
on 300B tokens (BigScience, [2022) and OLMo-1B trained on 2T tokens (Groeneveld et al.,[2024)
(Appendix [E.4). All experiments produce excellent results, indicating that our equation is effective
across diverse experimental setups, including different training hyper-parameters, architecture, model
sizes, and dataset scales. We also present the ablation studies on S; and .Sy in Appendix [E.5] which
shows each component in our formulation is important and indispensable.

3.5 Extension to Model Size Scaling

Loss Drop During Annealing Scales with Model Size N. We explore the effect of model size N
on the loss drop during the annealing stage. Specifically, we compare the final losses obtained with a
constant LRS and a WSD LRS (10% cosine annealing to 7,,,;,, = 0) to estimate the loss drop due to
LR annealing. We conduct this experiment on different total steps and different model sizes. The
experimental results are shown in Fig.[7al It suggest that the loss drop from LR annealing scales with
both annealing steps and model sizes. This implies that the annealing area S5 in our equation should
also increase as the model size N increases. We suppose there is a simple relationship of Sy oc N7
where ~y is a positive constant.



Model Size Scaling. Building on the experiments and analysis above, we extend our proposed
Eq.[T]to incorporate model size scaling, based on traditional scaling laws:

L(s,N)=Ly+A-S;“4+B-N"-C-S,-N", 5)

where IV is the number of non-embedding model parameters, and B, f3, -y are constants related to V.
We realize Sy oc N7 via a multiplier N7 to the original annealing term —C' - Ss.

Fitting and Prediction with Model Size. We validate Eq. [5by fitting the full loss curves of models
with varying sizes. We then apply the obtained equation to predict full loss curve on the unseen
largest model size. Results in Fig.|7b|show an almost perfect fit (R? > 0.998) and prediction for
entire training dynamics of larger-scale models. This indicates the effectiveness and robustness of
our proposed N-extended equation. Additional /V-extended experiments with other setups further
confirm the robustness of our formulation (see detail in Appendix [E.6).

4 Application

We apply our proposed formulation to validate and provide an accurate explanation for existing
experimental findings on the training dynamics of LLMs. These key insights also help select critical
LRS before starting model training. An interesting summary is that

The art of learning rate schedule lies in the delicate balancing act between forward
area and annealing area.

Determining Parameters in Cosine LRS Many papers have found that in LLM pre-training using
cosine LRS, setting the cosine cycle length 7" as the total steps .S, and setting min LR as nearly
0 (rather than 10% max LR) can lead to the optimal loss (Hoffmann et al., [2022; Hu et al.| [2024;
Hagele et al., 2024; [Parmar et al.l [2024)). It becomes quite easy to determine parameters via our
proposed scaling law. For example, in our experimental settings, the predicted loss curve with ' = .S
and a minimum LR of 0 indeed achieves the optimal loss in the final step, shown in Fig. [20]in
Appendix [Hl Moreover, our equation gives a quite intuitive explanation: setting 7" > S leads to
incomplete annealing, while 7" < S leads to a small forward area S; due to early annealing. Thus,
the optimal configuration is to set 7" equal to .S. Also, setting the minimum LR to 0 maximizes the
annealing amount, thereby increasing the annealing area S5, which facilitates lower final loss.

Why Is WSD LRS Better than Cosine
LRS? Recent studies have shown that WSD 285

LRS (Hu et all, 2024) and multi-step cosine e
LRS (DeepSeek-All 2024)) result in lower loss Lo ook stem
compared to the traditional cosine LRS. OQur 2891 Lo 100¢ st

experiments also support this finding (refer to
the ground-truth loss in Fig. 3a] Bb] 3c). We
validate and elucidate this finding using our pro-
posed equation. Fig.[22)in Appendix [H|shows
the learning rate curve (left) and the predicted
loss drop (right) for different LRS. The results
suggest that for WSD and multi-step cosine LRS,
the negative So-item (—C' - S5) is slightly larger
than that of the cosine LRS, whereas the S-
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N
g
o

2.65 1

0?0 0?2 Ot4 016 0?8 1?0
item (A - S7 ) is significantly lower. Specif- Ratio of Annealing Steps

ically, both the WSD LRS and multi-step co-
sine LRS unintentionally employ strategies that
marginally reduce S, but substantially increase
S1, leading to an overall decrease in validation
loss.

Figure 8: Illustration of the predicted loss in rela-
tion to the ratio of annealing steps in WSD LRS
(cosine annealing), presenting parabola-like curves,
with a distinct optimal loss.

Optimal Annealing Ratio of WSD LRS In
the case of WSD LRS, it is crucial to ascertain the optimal annealing ratio for training steps. |Hagele
et al.| (2024) found that there is an optimal annealing ratio for WSD LRS. This phenomenon can



be further elucidated through our proposed equation. Fig. [§] (and Fig. 21)) depicts the final loss
predicted by our equation for various annealing ratios and total training steps. The predictions form
parabola-like curves, and align well with the actual experimental results reported in previous studies.
This suggests that a moderate annealing ratio, typically around 10% to 20%, is optimal, as it well
balances S7 and S5, thus minimizing the overall validation loss. Moreover, our equation can directly
predict the optimal annealing ratio for different total steps without large-scale experiments, which
saves a lot of resources.

Many Other Takeaways Moreover, we use our equation to verify and explain more phenomena
as follows: (1) Appendix An empirical reason of loss dropping more sharply when LR an-
neals (Loshchilov & Hutter, 2016} [Ibrahim et al., 2024} |DeepSeek-Al, 2024)). (2) Appendix the
comparison between constant and cosine LRS, aligned with previous works (Hu et al.,[2024). (3)
Appendix [H.3} how to choose the optimal annealing function in WSD LRS, aligned with previous
works (Hégele et al.| 2024). (4) Appendix [H.4]and [H.3} how to re-warmup (including re-warmup
peak LR and steps) in continual pre-training, aligned with previous works (Gupta et al., 2023)). Given
the instances above, we believe that our equation can help analyze and select more training recipes in
specific scenarios.

S Comparison with Chinchilla Scaling Law

5.1 Reduction to Chinchilla Scaling Law

Our scaling law can predict the full loss curve across various LRS. In this section, we show that
our equation is not in contradiction with traditional scaling laws and is a generalized form of the
Chinchilla scaling law (Hoffmann et al.,2022)). Specifically, all the final loss values for different total
training steps following our equation should also follow a power-law relationship. We prove this by
dividing two conditions: (1) constant LRS, and (2) other LRS.

Constant LRS. In the case of a constant LRS, the annealing area S5 is always zero and the forward
area S1 = Maz - S, Where s is the step, and 7,4, is the constant maximal LR. Thus, the whole
train loss curve becomes: L(s) = Lo+ (A n,,%,) - s~ = Lo + A’ - s, which aligns with the
Chinchilla scaling law equation.

Other LRS. For non-constant LRS, we use a sta-

tistical approach to show that our equation can be  Typle 1: Mean and std of R? for parameter fits.
reduced to the Chinchilla scaling law. Specifically,

we verify whether the Chinchilla scaling law ade- LRS mean(R?)1 std(R%?)| Huber Loss |
quately fits the endpoints of loss curves predicted  ~ o 0.972 0.056 0.00017
by our equation. The parameter tuple of our equa-  wsD 0.979 0.053 0.00013

tion is (Lo, A4, C, o). We randomly sample differ-
ent parameter tuples (detailed in Appendix [FI).

Each parameter tuple represents a synthetic fitting result corresponding to a distinct set of experimental
setups (e.g., dataset, model size, etc.). For each sampled parameter tuple, we apply our equation
to predict the final loss for different total training steps with both cosine and WSD LRS, and then
employ the predicted losses to fit the Chinchilla scaling law. We calculate the mean and standard
deviation of R? values, and huber loss for each fit. The results in Table [I|demonstrate that Chinchilla
scaling law fits well on the data predicted by our scaling law equation. Thus, our equation can be
considered a generalization that can be reduced to the Chinchilla scaling law.

5.2 Scaling Laws Democratization

Our scaling law equation allows us to utilize all loss values from a full loss curve during training, while
traditional scaling laws can only collect a single data point from the full loss curve. This feature allows
us to fit scaling laws with much less cost. For a direct comparison, we compare the computational
efficiency of our approach and the Chinchilla scaling law (Hoffmann et al., 2022). Specifically, we
assume to collect 100 data points for parameter fitting, and estimate the computational costs needed
to fit the respective scaling law equations under different LRS configurations (see Table[2). More
details can be found in Appendix The results indicate that our proposed equation uses less than



Table 2: The comparison of computational cost for fitting different scaling law equations.

Formulation LRS Computational Cost Applicable to Other LRS?
Chinchilla Cosine 100% No
Chinchilla ~ WSD (20%) 21.6% No
Chinchilla ~ WSD (10%) 11.8% No
Ours Any <1.0% Yes

1% of the computational cost required by the Chinchilla scaling law. Further, our scaling law with
LR annealing, can be universally applied to predict loss curves for unseen LRS, thus conserving
even more computational resources. This approach significantly democratizes the study of scaling
laws in LLM pre-training, paving the way for a more environmentally friendly and carbon-efficient
methodology.

6 Discussion

Firstly, we analyze the impact of the decay factor A of our equation in Appendix and it suggests
that selecting a proper decay factor is important for determining the balance point between 57 and Sa;
Secondly, we analyze the root reasons of the delay phenomenon mentioned in Sec. [3|in Appendix
It suggests that neither the Adam optimizer (Kingma & Bal [2015) nor \S; are the root reasons and this
can be an important future work; Thirdly, we discuss potential variations of our proposed equation
(e.g. n = 0case and L Sg variant), and investigate other possible scaling law formats with LR
annealing in Appendix [[.3|and[[.4] The results validate the superiority of our proposed formula.

As for theoretical justification, we acknowledge that our scaling law is derived primarily from
empirical observations rather than rigorous mathematical proofs. While theoretical analysis would
strengthen our claims, we note that such analysis faces significant challenges in real-world LLM
training scenarios. The complexity of modern optimization dynamics—involving adaptive learning
rates, momentum, batch normalization, and high-dimensional non-convex landscapes—makes closed-
form theoretical analysis extremely difficult.

It is worth noting that nearly all influential scaling laws in the field, including the seminal OpenAl
scaling law [Kaplan et al.|(2020) and Chinchilla scaling law |Hoffmann et al.|(2022), are fundamentally
empirical in nature. Despite the absence of formal proofs, our proposed scaling law demonstrates
remarkable consistency across: (1) Multiple model architectures (125M to 1.2B parameters, dense
and MoE models); (2) Various learning rate schedules (constant, cosine, WSD, etc.); (3) Different
training configurations (batch sizes, datasets, training horizons, sequence length, etc.); (4) Validation
on open-source models (BLOOM and OLMO). Our prediction errors are consistently below 0.35%.
This extensive empirical validation, combined with the interpretability of our formulation (where
S1 captures power-law scaling and S5 models annealing momentum), provides strong evidence for
the reliability of our approach. We believe that developing rigorous theoretical foundations for such
scaling laws represents an important direction for future research.

7 Conclusion

In conclusion, we discover that the loss curves of neural language models empirically adhere to a
scaling law with LR annealing over training steps s: L(s) = Lo+ A-S; * —C- S,. This equation can
accurately predict full loss curves across unseen LR schedules. We present the underlying intuition
and theory for deriving our equation and demonstrate that our approach can be extended to capture
the scaling effect of model sizes. Extensive experiments demonstrate that our proposed scaling law
has good accuracy, scalability, and holds under various experimental setups. It also offers accurate
insights to the training dynamics of LLMs, and explains numerous phenomena observed in previous
studies. We believe that the scaling law with LR annealing is promising to reshape the understanding
of researchers for LLM training and scaling laws.

10



References

Bahri, Y., Dyer, E., Kaplan, J., Lee, J., and Sharma, U. Explaining neural scaling laws. Proceedings
of the National Academy of Sciences of the United States of America, 2021. doi: 10.1073/pnas.
2311878121.

BigScience. Bloom: A 176b-parameter open-access multilingual language model. arXiv preprint
arXiv: 2211.05100, 2022.

Brown, T., Mann, B., Ryder, N., Subbiah, M., Kaplan, J. D., Dhariwal, P., Neelakantan, A., Shyam,
P, Sastry, G., Askell, A., Agarwal, S., Herbert-Voss, A., Krueger, G., Henighan, T., Child, R.,
Ramesh, A., Ziegler, D., Wu, J., Winter, C., Hesse, C., Chen, M., Sigler, E., Litwin, M., Gray,
S., Chess, B., Clark, J., Berner, C., McCandlish, S., Radford, A., Sutskever, 1., and Amodei, D.
Language models are few-shot learners. In Larochelle, H., Ranzato, M., Hadsell, R., Balcan,
M., and Lin, H. (eds.), Advances in Neural Information Processing Systems, volume 33, pp.
1877-1901. Curran Associates, Inc., 2020. URL https://proceedings.neurips.cc/paper_
files/paper/2020/file/1457c0d6bfcb4967418bfb8ac142f64a-Paper. pdfl

Caballero, E., Gupta, K., Rish, 1., and Krueger, D. Broken neural scaling laws. [International
Conference on Learning Representations, 2022. doi: 10.48550/arXiv.2210.14891.

Computer, T. Redpajama: an open dataset for training large language models, 2023. URL https:
//github.com/togethercomputer/RedPajama-Datal

DeepSeek-Al. Deepseek llm: Scaling open-source language models with longtermism. arXiv preprint
arXiv: 2401.02954, 2024.

Du, Z., Zeng, A., Dong, Y., and Tang, J. Understanding emergent abilities of language models from
the loss perspective. arXiv preprint arXiv: 2403.15796, 2024.

Dubey, A., Jauhri, A., Pandey, A., Kadian, A., Al-Dahle, A., Letman, A., Mathur, A., Schelten, A.,
Yang, A., Fan, A., et al. The llama 3 herd of models. arXiv preprint arXiv: 2407.21783, 2024.

Fedus, W., Zoph, B., and Shazeer, N. Switch transformers: Scaling to trillion parameter models with
simple and efficient sparsity. arXiv preprint arXiv: 2101.03961, 2021.

Groeneveld, D., Beltagy, 1., Walsh, P., Bhagia, A., Kinney, R., Tafjord, O., Jha, A. H., Ivison, H.,
Magnusson, I., Wang, Y., Arora, S., Atkinson, D., Authur, R., Chandu, K. R., Cohan, A., Dumas, J.,
Elazar, Y., Gu, Y., Hessel, J., Khot, T., Merrill, W., Morrison, J., Muennighoff, N., Naik, A., Nam,
C., Peters, M. E., Pyatkin, V., Ravichander, A., Schwenk, D., Shah, S., Smith, W., Strubell, E.,
Subramani, N., Wortsman, M., Dasigi, P., Lambert, N., Richardson, K., Zettlemoyer, L., Dodge, J.,
Lo, K., Soldaini, L., Smith, N. A., and Hajishirzi, H. Olmo: Accelerating the science of language
models. arXiv preprint arXiv: 2402.00838, 2024.

Gupta, K., Thérien, B., Ibrahim, A., Richter, M. L., Anthony, Q., Belilovsky, E., Rish, 1., and Lesort,
T. Continual pre-training of large language models: How to (re)warm your model?, 2023. URL
https://arxiv.org/abs/2308.04014.

Henighan, T., Kaplan, J., Katz, M., Chen, M., Hesse, C., Jackson, J., Jun, H., Brown, T. B.,
Dhariwal, P., Gray, S., et al. Scaling laws for autoregressive generative modeling. arXiv preprint
arXiv:2010.14701, 2020.

Hernandez, D., Kaplan, J., Henighan, T., and McCandlish, S. Scaling laws for transfer. arXiv preprint
arXiv:2102.01293, 2021.

Hestness, J., Narang, S., Ardalani, N., Diamos, G., Jun, H., Kianinejad, H., Patwary, M. M. A.,
Yang, Y., and Zhou, Y. Deep learning scaling is predictable, empirically. arXiv preprint arXiv:
1712.00409, 2017.

Hoffmann, J., Borgeaud, S., Mensch, A., Buchatskaya, E., Cai, T., Rutherford, E., de Las Casas, D.,
Hendricks, L. A., Welbl, J., Clark, A., Hennigan, T., Noland, E., Millican, K., van den Driessche,
G., Damoc, B., Guy, A., Osindero, S., Simonyan, K., Elsen, E., Rae, J. W., Vinyals, O., and Sifre,
L. Training compute-optimal large language models. arXiv preprint arXiv: 2203.15556, 2022.

11


https://proceedings.neurips.cc/paper_files/paper/2020/file/1457c0d6bfcb4967418bfb8ac142f64a-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2020/file/1457c0d6bfcb4967418bfb8ac142f64a-Paper.pdf
https://github.com/togethercomputer/RedPajama-Data
https://github.com/togethercomputer/RedPajama-Data
https://arxiv.org/abs/2308.04014

Hu, S., Tu, Y., Han, X., He, C., Cui, G., Long, X., Zheng, Z., Fang, Y., Huang, Y., Zhao, W., Zhang,
X., Thai, Z. L., Zhang, K., Wang, C., Yao, Y., Zhao, C., Zhou, J., Cai, J., Zhai, Z., Ding, N., Jia, C.,
Zeng, G., Li, D., Liu, Z., and Sun, M. Minicpm: Unveiling the potential of small language models
with scalable training strategies. arXiv preprint arXiv: 2404.06395, 2024.

Huber, P. J. Robust Estimation of a Location Parameter. The Annals of Mathematical Statistics, 35
(1):73 — 101, 1964. doi: 10.1214/a0ms/1177703732. URL https://doi.org/10.1214/aoms/
1177703732,

Hégele, A., Bakouch, E., Kosson, A., Allal, L. B., Werra, L. V., and Jaggi, M. Scaling laws and
compute-optimal training beyond fixed training durations. arXiv preprint arXiv: 2405.18392,
2024.

Ibrahim, A., Thérien, B., Gupta, K., Richter, M. L., Anthony, Q. G., Belilovsky, E., Lesort, T., and
Rish, I. Simple and scalable strategies to continually pre-train large language models. Trans. Mach.
Learn. Res., 2024, 2024. URL https://openreview.net/forum?id=DimPeeCxK0.

Kaplan, J., McCandlish, S., Henighan, T., Brown, T. B., Chess, B., Child, R., Gray, S., Radford,
A., Wu, J., and Amodei, D. Scaling laws for neural language models. arXiv preprint arXiv:
2001.08361, 2020.

Kingma, D. P. and Ba, J. Adam: A method for stochastic optimization. In Bengio, Y. and LeCun,
Y. (eds.), 3rd International Conference on Learning Representations, ICLR 2015, San Diego, CA,
USA, May 7-9, 2015, Conference Track Proceedings, 2015. URL http://arxiv.org/abs/1412,
6980.

Kosson, A., Messmer, B., and Jaggi, M. Analyzing & eliminating learning rate warmup in GPT
pre-training. In High-dimensional Learning Dynamics 2024: The Emergence of Structure and
Reasoning, 2024. URL https://openreview.net/forum?id=RveSp5oESA,

Liu, L., Jiang, H., He, P, Chen, W,, Liu, X., Gao, J., and Han, J. On the variance of the adaptive
learning rate and beyond. In 8tk International Conference on Learning Representations, ICLR 2020,
Addis Ababa, Ethiopia, April 26-30, 2020. OpenReview.net, 2020. URL https://openreview.
net/forum?id=rkgz2aFEKDr.

Loshchilov, I. and Hutter, F. Sgdr: Stochastic gradient descent with warm restarts. International
Conference on Learning Representations, 2016.

Loshchilov, 1. and Hutter, F. Decoupled weight decay regularization. arXiv preprint arXiv:
1711.05101,2017.

Michaud, E. J., Liu, Z., Girit, U., and Tegmark, M. The quantization model of neural scal-
ing. In Oh, A., Naumann, T., Globerson, A., Saenko, K., Hardt, M., and Levine, S.
(eds.), Advances in Neural Information Processing Systems 36: Annual Conference on Neu-
ral Information Processing Systems 2023, NeurIPS 2023, New Orleans, LA, USA, Decem-
ber 10 - 16, 2023, 2023. URL http://papers.nips.cc/paper_files/paper/2023/hash/
5b6346a05a537d4cdb2£50323452a9fe-Abstract-Conference.htmll

Muennighoff, N., Rush, A. M., Barak, B., Scao, T. L., Tazi, N., Piktus, A., Pyysalo, S., Wolf,
T., and Raffel, C. Scaling data-constrained language models. In Thirty-seventh Conference on
Neural Information Processing Systems, 2023. URL https://openreview.net/forum?id=
j5BuTrEj35.

Nocedal, J. Updating quasi newton matrices with limited storage. Mathematics of Computation, 35
(151):951-958, July 1980. ISSN 0025-5718. doi: 10.1090/S0025-5718-1980-0572855-7.

OpenAl. Gpt-4 technical report. arXiv preprint arXiv:2303.08774, 2023.

Parmar, J., Satheesh, S., Patwary, M., Shoeybi, M., and Catanzaro, B. Reuse, don’t retrain: A recipe
for continued pretraining of language models. arXiv preprint arXiv: 2407.07263, 2024.

Penedo, G., Kydli¢ek, H., allal, L. B., Lozhkov, A., Mitchell, M., Raffel, C., Werra, L. V., and Wolf,
T. The fineweb datasets: Decanting the web for the finest text data at scale. arXiv preprint arXiv:
2406.17557, 2024.

12


https://doi.org/10.1214/aoms/1177703732
https://doi.org/10.1214/aoms/1177703732
https://openreview.net/forum?id=DimPeeCxKO
http://arxiv.org/abs/1412.6980
http://arxiv.org/abs/1412.6980
https://openreview.net/forum?id=RveSp5oESA
https://openreview.net/forum?id=rkgz2aEKDr
https://openreview.net/forum?id=rkgz2aEKDr
http://papers.nips.cc/paper_files/paper/2023/hash/5b6346a05a537d4cdb2f50323452a9fe-Abstract-Conference.html
http://papers.nips.cc/paper_files/paper/2023/hash/5b6346a05a537d4cdb2f50323452a9fe-Abstract-Conference.html
https://openreview.net/forum?id=j5BuTrEj35
https://openreview.net/forum?id=j5BuTrEj35

Smith, L. N. Cyclical learning rates for training neural networks. In 2017 IEEE winter conference on
applications of computer vision (WACV), pp. 464-472. IEEE, 2017.

Smith, S. L., Kindermans, P., Ying, C., and Le, Q. V. Don’t decay the learning rate, increase the
batch size. In 6th International Conference on Learning Representations, ICLR 2018, Vancouver,
BC, Canada, April 30 - May 3, 2018, Conference Track Proceedings. OpenReview.net, 2018. URL
https://openreview.net/forum?id=B1Yy1BxCZ.

Touvron, H., Martin, L., Stone, K., Albert, P., Almahairi, A., Babaei, Y., Bashlykov, N., Batra, S.,
Bhargava, P., Bhosale, S., et al. Llama 2: Open foundation and fine-tuned chat models. arXiv
preprint arXiv:2307.09288, 2023.

Vaswani, A., Shazeer, N., Parmar, N., Uszkoreit, J., Jones, L., Gomez, A. N., Kaiser, L., and
Polosukhin, I. Attention is all you need. arXiv preprint arXiv: 1706.03762, 2017.

13


https://openreview.net/forum?id=B1Yy1BxCZ

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction clearly and accurately reflect the paper’s contri-
butions and scope.

Guidelines:
e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.
2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: Please see the Appendix A.
Guidelines:
* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.
* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

 The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: This paper primarily focuses on empirical contain many theoretical results.
We provide the assumptions in Section 3.3, and present how we derive our empirical scaling
law in Section 3.1 and Section 3.2. We validate our scaling law via experiments mainly in
Section 3.4.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]
Justification: We clearly present our experimental settings in Appendix D.
Guidelines:

* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
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Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]

Justification: Our experiments are conducted under the standard and popular framework,
Megatron, which is a fully open-sourced and reproduciable pre-training library. The primary
training dataset, Fineweb, is also open-sourced and reproduciable.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: We present the experimental settings and details in Table 3 of Appendix D.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: We report all the R? of our fitting results and the prediction errors of our
prediction results. Please see the scaling law fitting/prediction figures of this paper.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.
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8.

10.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

¢ For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: We present the experiments compute resources in Appendix D.
Guidelines:

» The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

 The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]
Justification: We discuss the social impact in the Appendix A.
Guidelines:

» The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.
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11.

12.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: This paper does not involve such risks.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Guidelines:

» The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

¢ For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.
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14.

15.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

« If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: This paper does not release new assets.
Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: This paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: This paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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16. Declaration of LLLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: The methods in this paper do not rely on LLMs; instead, we focus on training
language models from scratch and investigating scaling laws.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

* Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.

A Limitation and Social Impact

One main limitation of our work is that our scaling law is primarily based on empirical analyses and
experimental verifications. We acknowledge that there is a lack of rigorous theoretical analysis and
proof because it is difficult to build theoretical deduction in a non-toy environment with thousands
of LLM training factors. However, based on our extensive experimental verification, our scaling
law can reasonably reflect the learning dynamics of the pre-training process, and extrapolate to
unseen learning rate schedules and longer training steps with much fewer computational cost. Other
limitations lie in that we only conduct experiments on text modality and we do not confirm there
would be similar laws for other modalities like vision, audio, etc.

This study presents technical contributions to the field of large language models and scaling laws.
While acknowledging that most research may have broader societal impacts, this work does not
involve specific social impact that warrant particular discussion in this context.

B Impact of Warmup Steps

We conduct experiments on the impact of learning rate warmup steps. As shown in Fig.[9] we find
that 500 warmup steps can speed up convergence, and get the lowest validation loss compared to 100
or no LR warmup. The finding is aligned with previous works |Liu et al.|(2020); Kosson et al.| (2024)).
The experimental results also guide us to choose 500 warmup steps in the main experiments of this
work

C Fitting Details

Given a learning rate scheduler, we can easily compute out S; and S» of each step in advance.
To estimate (Lo, A, C, ), we adopt a similar fitting method as Chinchilla scaling law (Hoffmann
et al.| 2022). Specifically, we minimize the Huber loss (Huber, [1964) between the predicted and the
observed log loss using the L-BFGS algorithm (Nocedal, |1980):

L, Sg;i Huber; (log L(i) — log L(z)) (6)

We implement this by the utilization of minimize in scipy library. Huber loss is to enhance to
robustness of the fitting results and we set § of Huber loss as 1.0 x 102, We mitigate the potential
issue of local minima of fitting by choosing the optimal fit from a range of initial conditions. Note that
in practice, we can also fit the full loss curves using multiple LRS with a single tuple of (Lg, A, C, a).
In this situation, we sum the Huber losses in Eq. @of all fitted LRS.

"Note LR warmup in training from scratch is different from LR re-warmup in continual training, where we
do not regard re-warmup steps as a hyper-parameter and will show how to apply our equation to find optimal

re-warmup recipes in Appenidx.[H.4and
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Figure 9: The comparison of the true loss curve of different warmup steps. We experiment on cosine
LRS with 20K total steps.

D Experimental Setups

In this work, we use multiple sets of experimental setups, in order to validate that our equation can
work across different experimental setups. For clarification, we present the experimental setup list as
shown in Table[3} In our most experiments, we use the main setting A. Other than the five settings,
we also successfully fit our equation on BLOOM’s and OLMo’s loss curves, and their experimental
settings are totally different. Refer to their papers for the experimental settings (BigScience, [2022;
Groeneveld et al.| [2024).

We use the standard and popular pre-training library, Megatron,(https://github.com/NVIDIA/
Megatron-LM) as our training framework. For compute resource, we use a GPU cluster of A100.
The experiments are primarily conducted using 16 x 8 GPU cards.

E Our Scaling Law on Extensive Experiments Setups

E.1 Another Set of Training Hyper-parameters

Fig. 2] and Fig. 3] show that our equation can work very well under our main experimental setup.
For proving that our scaling law with LR annealing can apply to different (but given) experimental
settings, we change the setting from A to B (refer to Table[3) and observe whether our equation
can still work or not. The fitting results are shown in Fig. The prediction results are shown in
Fig.[TT] The results suggest that our scaling law with LR annealing can still work well across different
experimental setups.

E.2 Experiments on Another Architecture: MoE

Fig. 2] and Fig. [3] show that our equation can work very well on the dense Llama-like architec-
ture (Vaswani et al., 2017} [Touvron et al.,|2023). We prove that our scaling law can also apply to
different model architectures and we replace Dense model with Mixture of Experts (MoE) architec-
ture. We add widely-used auxiliary loss to do load balancing among experts (Fedus et al.|[2021)). The
experimental setting is shown as Setting D in Table [3| Moreover, we change the LRS and total steps
to 60K WSD with 10K annealing steps in fitting, testing whether our scaling law is effective under
various circumstances. The fitting results are shown in Fig. [12| while the prediction results are shown
in Fig.[T3] The results suggest that our scaling law can with LR annealing can still work well on MoE
architecture.
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Table 3: Experimental settings adopted in this work. Model size denotes the number of non-
embedding paramters. Our datasets include Fineweb (Penedo et al.,|2024) and RedPajama-CC (Com;
puter, |2023)). * denotes pre-training multilingual dataset including mixture of sources such as common
crawls, books, arxiv, code, etc. We use AdamW Optimizer (Kingma & Ba, 2015} [Loshchilov &
Hutter, 2017), denoted as AO. Most experiments adopt Llama-3’s tokenizer (Dubey et al., 2024)). Ext
Llama-2’s is extended from Llama-2’s tokenizer (Touvron et al.,[2023) by adding vocabulary.

Setups Setting A (mainly) Setting B Setting C

Model Size 594M 293M multiple

Train Dataset Fineweb Finweb Mixture-train*

Val Dataset RedPajama-CC RedPajama-CC Mixture-valid*

Total Steps 60K 120K 143K

Maximal LR 2 x 1074 2x 1074 1.381 x 1073

Warmup Steps 500 100 500

Batch Size (tokens) 4M 2M 4M

Sequence Length 4096 4096 4096

Tokenizer Llama-3’s Llama-3’s Ext Llama-2’s

B1,02 in AO 0.9,0.95 0.9,0.95 0.9,0.95

Weight Decay 0.1 0.1 0.1

Gradient Clip 1.0 1.0 1.0

Setups Setting D (MoE) Setting E (1.4T tokens)

Model Size 8 x 106M 1704M

Train Dataset Fineweb Mixture-train*®

Val Dataset RedPajama-CC Mixture-valid*

Total Steps 60K 350K

Maximal LR 2x 1074 6 x 1074

Warmup Steps 500 1000

Batch Size (tokens) 4M M

Sequence Length 4096 8192

Tokenizer Llama-3’s Llama-3’s

B1,02 in AO 0.9,0.95 0.9,0.95

Top-k Experts 2 -

Auxiliary Loss 0.01 -

Weight Decay 0.1 0.1

Gradient Clip 1.0 1.0
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Figure 10: Full loss curve fitting on cosine (30K steps to 7,,;, = 0) and constant LRS. The
figures omit the warmup in the first 100 steps. After fitting, we get a universal loss equation
L =2.761+0.517 - Sf0'491 — 0.458 - S5. Refer to setting B in Tablefor setups.
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(b) Full curve prediction of WSD LRS (90K total steps; 10 % cosine annealing to 79ymin = 0).
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(c) Full curve prediction of WSD LRS (110K total steps; 10 % cosine annealing to 7,,in = 0).

Figure 11: Full loss curve prediction (120K steps) by the universal loss curve equation across various
LRS, fitted in Fig.[I0] The left, the medium, and the right figures in each row are learning rate
curve, zoomed-out loss prediction, and zoomed-in loss prediction, respectively. The red rectangle
means the zoomed-in zone. The figures omit the warmup in the first 100 steps. Please note that these
are predictive results, which means that none of the points in this figure (except constant LRS) are
involved in the fitting process. The mean prediction errors across various LRS are low to ~ 0.2%.

Refer to setting B in Table E| for experimental setups.
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Figure 12: Full loss curve fitting on MoE model. After fitting, we get a universal loss equation
L =2.801+0.424 - Sf0'619 — 0.347 - Ss. Refer to setting D in Tablefor experimental setups.
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(c) Full curve prediction of Cyclic LRS (Smith, |2017).

Figure 13: Full loss curve prediction on MoE model by the universal loss curve equation across
various unseen LRS fitted in Fig. [I2] The left, the medium, and the right figures in each row are
learning rate curve, zoomed-out loss prediction, zoomed-in loss prediction, respectively. The red
rectangle means the zoomed-in zone. The LR curve figures omit 500 warmup steps. Note that these
are all predictive results, and none of the points in the figures are involved in the fitting process. The
mean prediction errors across various LRS are low to ~ 0.2%. Refer to setting D in Table [3| for
experimental setups.

E.3 Scaling Up: Prediction for Much Longer Steps

Our equation has proven its utility in predicting the validation loss over a significantly large number
of total steps. This scalability feature is particularly useful in handling large-scale training scenarios.

To illustrate its effectiveness, we apply our equation to predict the loss curve during the annealing
stage of the training process. The model we train is a sizable 1.7 billion parameter model, and the
training involved a tremendous number of 1,400 billion total training tokens. This is a considerable
scale that tests the practicality and effectiveness of our equation. The specific experimental setup is
Setting F/, which can be found in Table

The fitting and prediction results are shown in Figure[T4]and Figure [T5|respectively. It shows that
we successfully get to know the loss curve in the critical annealing stages after 10x longer steps in
advance, which is crucial to handle the relationship between training dynamics and training recipes.
For example, Llama-3 adopts annealing to do pre-training data selection (Dubey et al., 2024)).

E.4 Open-sourced Full Loss Curves

For further verification for our proposed scaling law, we apply our equation on open-sourced language
models and the corresponding full loss curves, including BLOOM-176B (BigScience, 2022) and
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Table 4: Ablation studies on S; and S5 in our scaling law formualtion. The prediction errors on
different LRS for each form are reported.

Scaling Law Forms Cosine Multi-step Cosine WSD Cyclic
L(s)=Lo+A-57“=C- S 0.159 % 0.176% 0.235% 0.322%
wloS1: L(s)=Lo+A-s*—=C-Sy 0465% 0.458% 1.162% 1.139%
wlo So: L(s) = Lo+ A-S7“ 1.261% 1.265% 1.519% 1.203%

OLMo-1B (Groeneveld et al., [2024). As shown in Fig.[T6] our equation also fits very well on the
open-sourced model training curves, even when the model size scales up to 176B (e.g. BLOOM) and
token number scales up to 2000B over 740K steps (e.g. OLMo).

E.5 Ablation Studies on S; and S,

In Sec. 3] we present the strong capability of our proposed scaling law. The formulation of our
scaling, L(s) = Lo + A - S]“ — C - Sa, contains two key components including S; and Sz. In this
section, we conduct ablation studies on S7 and Ss. Specifically, we compare the forms without .Sy
or S, using setting A. For each format, we re-fit the full loss curves under 20K cosine + constant
and re-predict the full curves on longer steps under different LRS. The prediction error results are
shown as Table[d] The results indicate that the prediction error increases significantly in the absence
of either S or So and suggest that each component in our scaling law is important and indispensable.

E.6 Our N-extended Scaling Law on Another Experiments Setups

Fig.|7b| show that our N-extended equation can work very well on our main experimental setup.
Similarly, for proving that our /V-extended scaling law can apply to different (but given) experimental
settings, we change the setting from A to C' (refer to Table[3) and observe whether our equation can
still work or not. The fitting results are shown in Fig. The results suggest that our N-extended
scaling law with LR annealing can still work well across different experimental setups.

F Comparison with Chinchilla Scaling Law

F.1 Reduction to Chinchilla Scaling Law

We have proved that our scaling law can be reduced to chinchilla scaling law for constant LRS in
Sec.[5} For other learning rate schedulers, we adopt a method based on statistics to show that our
scaling law function can be reduced to the chinchilla scaling law. Specifically, we check whether
chinchilla scaling law fits well the endpoints of loss curves predicted by our scaling law. The parameter
tuple of our equation is (Lg, A, C, ). We then randomly sample 1000 sets of parameter tuples in
some uniform distributions: Lo ~ U(1,3), A ~ U(0.3,0.5), C ~ U(0.2,0.6), o ~ U(—0.6, =0.4).
Each parameter tuple could be seen as the fitting result of a distinct set of experimental setupsE](e.g.
dataset, batch size, model size, etc.). For each generated parameter tuple, we apply our equation to
predict the final loss of different total training steps on two LRS including cosine and WSD (10%
annealing ratio). range from 5K steps to 60K steps. We conduct the prediction on two LRS including
cosine and WSD (10% annealing ratio). The predicted final loss points are used to fit the chinchilla
equation through minimizing the Huber loss. The fitting examples are shown in Fig.[T§]

F.2 Scaling Law Computational Cost Comparison

We suppose a scenario where it requires 100 fitting points to get the parameters of scaling laws. We
assume the distance between each point as K steps. We compute the required training steps using
different approaches as follows:

21t’s worth noting that some of these sampled parameter tuples might not be reasonable or likely to happen in
real-world scenarios, but we choose to keep them nonetheless.
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Figure 14: Full loss curve fitting on 30K Steps. After fitting, we get a universal loss equation
L =2.788 +0.906 - Sf0'416 —0.254 - Sy. Refer to setting E in Tablefor experimental setups.
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Figure 15: Full loss curve prediction (350K steps) by the universal loss curve equation under WSD
LRS (10% cosine annealing ratio to 7,,,;,, = 0). We adopt our equation and accurately predict the
loss curve in the annealing stage after the 10x longer steps. This is meaningful to the development
for large-scale LLM pre-training. Refer to setting E in Table [3| for experimental setups.
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Figure 16: Open-sourced full loss curve fitting using our proposed equation, which shows that our
equation has strong scalability on model size and token number. We extract the curve of BLOOM
from https://huggingface.co/bigscience/bloom/tensorboard, and we choose the column
1lm-loss-validation/valid/lm loss validation as validation loss. We extract the curve
of OLMo from https://wandb.ai/ai2-11m/0LMo- 1B7nw=nwuserdirkgr, and we choose the
column eval/pile/CrossEntropyLoss as validation loss. Both models adopt cosine LRS.
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taking cosine LRS (on the left) and WSD LRS (on the right) as examples.
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Figure 19: The learning rate curves of 20% (left) and 50% (right) annealing ratio in WSD LRS, with
cosine and 1-sqrt annealing method.

* Adopting Chinchilla scaling law, typical cosine LRS requires total steps of at least 1K +
2K +3K +---+ 100K = 5050K;

* Adopting Chinchilla scaling law, WSD LRS (notating annealing ratio as r) requires total
steps of at least (1K + 2K + 3K + - -+ 4+ 100K)r + 100K (1 — r) = (100 + 4950r) K.

* Adopting our scaling law, all we need is only one training curve with moderate total steps
(and the number of fitting points is far more than 100), such as one curve with 50K stepsE]

G WSD Scheduler and Annealing Functions

Hu et al.[(2024)) proposes a warmup-stable-decay (WSD) LRS including three learning rate stages,
which could help get a lower validation loss compared to the typical cosine LRS. The format is like

Tovarmup Nmazs S < Twarmup

WSD(S) = Nmazxs Twarmup < 8 < Table )
Nmin + f(S) ’ (nmaar - nmin)7 Tyavte < 8 < Tiotal

Where 0 < f(s) < 1 is typically a decreasing function about step s, and 7,4, is the maximal
learning rate. Hagele et al.|(2024) consolidates the effectiveness of WSD scheduler by many empirical
experiments. Moreover, |[Hégele et al.| (2024) also finds that using 1-sqrt annealing and a moderate
annealing ratio (e.g. 20%) can further decrease the final loss. The 1-sqrt annealing is defined as:

Fls) = 1 — )= Tuatte )

Ttolal - Tstable

Also, [Hagele et al.| (2024)) mentions 1-square annealing method as a baseline, which is defined as:

2
f(s)=1— (S_TSt"‘ble) )

T’total - ntable

We draw the learning rate curve of WSD (20% and 50% 1-sqrt annealing) in Fig.[T9] compared with
cosine annealing. Other than 1-sqrt annealing,

H Takeaways: Experimental Findings Verification and Explanation

H.1 It verifies and explains why loss drops more sharply when LR anneals.

We adopt our equation to help researchers understand why loss drops more sharply when LR anneals,
which has been widely observed in many previous studies. We substitute the fitted parameters (see

>The empirical rule that more fitting points always achieve better fitting results always holds true. Our
equation can also use more points and LRS for fitting, such as 30K constant + 70K cosine. Nevertheless, we
can collect far more fitting points than the typical scaling law with significantly fewer training steps.
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Figure 22: The comparison between Sp-item and negative So-item in different LRS.

Fig. [2) to our equation as an instance. We draw how the Sp-item (A - S;®) and the negative Sz-item
(—C'- S5) impacts the loss along with a WSD scheduler. Fig. [23|suggests that starting from annealing
stage, negative Ss-item has a much more significant impact on the overall loss than S -item, which
makes loss drop more sharply compared with the stable LR stage. In conclusion, LR annealing brings
out quick increase of the annealing area, resulting in a drastic decrease in validation loss.
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Figure 23: How S1-item and negative Sy-item changes in a WSD scheduler. Gray area means the
amount of loss drop brought by 57 and S5 in annealing stage.

H.2 It verifies and explains the phenomenon, where constant LRS gets a lower loss than
cosine LRS if setting small total steps, and vice versa.

In the experiments, we find that if we set small total steps, the final loss of constant LRS could be
even lower than cosine LRS, and vice versa. Refer to the ground-truth loss in Fig. 2] (20K steps). To
validate this phenomenon, we use our equation to draw the prediction loss curve of 10K total steps
and 100K total steps in Fig. It shows that our proposed equation can verify well that the better
LRS changes over the total steps. Moreover, Fig. shows the predicted final loss of different total
steps using constant and cosine LRS. It further convincingly suggests that constant LRS indeed gets a
lower loss if setting small total steps, but the scaling slope is smaller than cosine LRS’s, resulting in
higher loss in more steps.
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Figure 24: Comparison of constant and cosine LRS in different steps.

From a more essential and comprehensive perspective,

while |§T?L2| is stable over training steps. In the early stages, |§TLI| is large when S; is small, thus

increasing .S; by maintaining large LR (e.g. constant LRS) in the early stages can greatly help reduce
the loss. That is, S; plays a dominant role over S,. In the later stages, ‘%SLJ is much smaller when
S1 becomes large, thus increasing .S, in the later stages does not significantly help reduce the loss.
That is, S5 plays a dominant role over .S;. At this stage, It is time to start LR annealing to increase
So. Interestingly, this perspective aligns directly with the idea of WSD LRS (Hu et al.l[2024): In the
early stages, the neural network is exploring globally and it is a suitable time to use a larger LR; In
the later stages, the neural network is exploring locally and it is a suitable time to use a smaller LR.

g—é| is a power-law decreasing function

H.3 It verifies and explains that the optimal annealing function in WSD LRS depends on the
annealing ratio.

In the context of the WSD LRS, the selection of the annealing method in the annealing stage is also
pivotal to optimize the training process. [Hagele et al.| (2024) conclude that the 1-sqrt annealing (refer
to Appendix [G]for 1-sqrt function and curve) yields a lower final loss compared to the other annealing
methods (e.g. cosine). They claim that the conclusion holds true across different annealing ratios.

However, as we predict using our equation (Fig. 25a)), the 1-sqrt annealing approach does get a lower
loss than the cosine annealing approach when using small annealing ratios (e.g. 10%), but it performs
much worse than the cosine annealing approach when using 50% annealing ratio.

To verify whether the predictions from our equation are accurate, we conduct experiments by training
models using different annealing methods and ratios within a fixed 50K total steps. As illustrated in
Fig.[25b] at a 10% annealing ratio, the 1-sqrt method outperforms the cosine method, whereas at a
50% annealing ratio, the latter method exhibits a lower final loss. The true experimental results align
quite well with our prediction, which also overturns some of the conclusions made by previous works.
We conclude that the optimal annealing function in WSD LRS depends on the annealing ratio.
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Our scaling law function provides an explanatory framework for these observations. We draw the LR
curves of 1-sqrt and cosine annealing in Appendix |[G] At 10% annealing ratio, although the forward
area Sp of the cosine method is slightly larger than that of the 1-sqrt method, the larger annealing
area S, of the 1-sqrt method plays a more critical role in reducing the overall final loss. However,
as the annealing ratio increases, the difference of S between two LRS gradually becomes larger
and larger, till breaking the delicate balance between S7 and .S at 50% annealing ratio, resulting in
a lower final loss for the cosine method. This relationship underscores the importance of carefully
selecting the annealing strategy to optimize model training outcomes within the WSD scheduler. Still,
our equation can help predict a better annealing method without experiments, which saves a lot of
resources.

H.4 It verifies and explains that in continual pre-training, the higher max learning rate to
re-warmup, the higher the initial peak loss will be, and then the more sharply it will
decrease.

In continual pre-training (CPT), the learning rate scheduler is usually set as re-warmup to a new
max LR at the beginning. By many experiments, Gupta et al.| (2023) concludes that the higher max
learning rate to re-warmup, the higher the initial peak loss will be, and then the more sharply it will
decrease.
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According to our scaling law functionﬂ in the re-warmup process, the annealing area S5 will reduce
to a negative value (S < 0) and thus the validation loss increases. The higher max LR in re-warmup,
the annealing area S, becomes more negative and thus there would be a higher peak loss. But still,
higher max LR could make the forward area S; grow faster and the loss decreases more sharply after
re-warmup. We use the fitted equation to predict the continual pre-training process with different
max LR as shown in Fig.[26al The predicted loss curves reproduce a quite similar phenomenon with
previous works (Gupta et al., [2023)).

There is a more profound strategy using our equation in CPT. As shown in Fig.[264] after ensuring
total steps during CPT, we can apply our equation to predict a better max LR and scheduler to get the
lowest final loss without experiments, which saves a lot of resources.

H.5 It verifies and explains that in continual pre-training, the steps of re-warmup have little
impact on the final loss.

Meanwhile, how many steps to re-warmup is another important issue in the continual pre-training.
Gupta et al.| (2023) find that the longer re-warmup steps could smooth the transition of loss curve but
the number of re-warmup steps does not significantly influence the final validation loss. We use the
fitted equation to predicted the continual pre-training dynamics with different re-warmup steps. The
results, shown in Fig. [26b] present a good alignment with previous works (Gupta et al., [2023).

Based on our theory, given the fixed max LR, when the re-warmup steps are longer, the annealing
area decreases more slowly and the loss curve rises more smoothly, but both final S; and S5 are quite
stable across different re-warmup steps. First, the annealing area .S, of different re-warmup steps
are very close due to the same max LR and the same min LR. Besides, though different re-warmup
steps bring in temporary distinct losses, re-warmup only cover a small percentage compared with all
training steps. Thus, the forward area .S is also close across different re-warmup steps, resulting in
the close overall loss across different steps of re-warmup.

I Discussion

I.1 The impact of Decay Factor )\

025{ — WsD 1-5quare Anneaiing and Re-warmup LR
WSD 1-Sqrt Annealing and Re-warmup LR

o
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(a) Learning rate curves. (b) The loss curve of A = 0.99. (¢) The loss curve of A = 0.999.

Figure 27: The comparison of fitting effect of different decay factor \.

The decay factor A in our equation plays a crucial role to indicate the information retaining degree
in LR annealing. We set A as 0.999 in our all experiments. We explore the difference from another
decay factor A = 0.99. We fit and get different equations for different \. We compare them (1) on
the predicted loss curves for 1-square and 1-sqrt annealing methods, and (2) on the predicted loss
curves in different annealing ratios of WSD LRS (cosine annealing).

The results, illustrated in Fig.[27)and 28] reveal several key insights into the impact of decay factor:

Delay Steps. A larger decay factor results in longer delay steps. Comparing Fig. and Fig.
A = 0.999 introduces a more obvious delay phenomenon, which is consistent across both the 1-square

4Strictly speaking, continual pre-training process often include LR re-warmup as well as data distribution
shift. Here we primarily research on the condition where there is no distribution shift between two training stages.
The conclusions transfer across most cases because the loss change brought by LR re-warmup is significantly
larger than the loss change brought by data distribution shift (Gupta et al.,|2023} Ibrahim et al., 2024).
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Figure 28: The predicted loss in different annealing ratios of WSD LRS for A = 0.99 and A = 0.999.

and 1-sqrt annealing methods. The root reason is simple: larger A can retain more LR historical
momentum, causing longer delay steps after LR finish annealing.

Optimal Annealing Ratio. a larger decay factor tends to favor a higher annealing ratio. As shown
in Fig. 28] The optimal annealing ratio of A = 0.999 is larger than that of A = 0.99. Meanwhile,
due to the similar reason, A = 0.999 favors 1-sqrt annealing method while A = 0.99 favors 1-square
annealing method, as shown in Fig.27]

Balance Point between S; and S;. More essentially, the selection of A decides the balance point

of S; and So. For example, A = 0.999 means that, LR annealing only retain the information of
previous approximately li 1 = 1000 steps, which can be seen as the window size of LR annealing
momentum. The window size could be very close to the optimal annealing steps. After reaching

window size, Sy increases very slowly, with the cost of large decrease of .S;.

The analyses above highlights the importance of selecting a decay factor that aligns closely with
empirical data to ensure the accuracy of predictions. We recommend that the future developers try
different A for their own setups

1.2 Possible Root Reasons of Delay Phenomenon in Learning Rate Annealing

In Sec.[3] we discover the delay phenomenon, which proves that LR annealing has momentum. We
discuss possible root reasons of the phenomenon in this section.

Adam Optimizer? No. We notice that Adam optimizer (Kingma & Ba, [2015) also has the first-
order momentum decay factor 5, and the second-order momentum decay factor 3o, which presents
the possible connection to the the delay phenomenon.

We keep 81 = 0.9, and conduct delay experiments on different 82 € {0.95,0.99,0.999} (default:
0.95) of AdamW optimizer (Loshchilov & Hutter, 2017) to observe whether larger 35 causes a more
longer delay steps. The learning rate and ground-true loss curve are shown in Fig.[29a] It suggests that
the ground-truth loss curves of different 5, almost coincide with each other, and their delay steps are
also the same. Therefore, we believe that Adam optimizer has little to do with the delay phenomenon,
despite its momentum form seeming very related to our experiments. Speaking of which, we even
once tried to mimic the form of Adam Optimizer to describe LR annealing momentum, attempting to
discover a connection between them, but the fitting results were a mess.

5Actually, A can be fitted as a parameter, instead of a hyper-parameter requiring manual tuning. We regard \
as a hyper-parameter because A = 0.999 performs well in our all experiments. Besides, fitting with A could
bring in additional time complexity due to the recomputation of .Ss.
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Figure 29: The possible root reason analysis (left: Adam optimizer, right: S7) of delay phenomenon.

Forward Area S;? Not Really. No matter how LR changes, S; is always increasing over steps,
resulting in consistently reducing the validation loss brought from .S . Therefore, the forward area,
S1 would lengthen delay steps in LR annealing then re-warmup, but would shorten delay steps in LR
re-warmup then annealing. The delay phenomenon is indeed related to .S;.

But still, S; is not all the reasons of delay phenomenon. We prove this by Fig.[5b] which suggests
that even though in LR re-warmup then annealing, the delay phenomenon, while not that pronounced,
still exists. Moreover, we conduct delay experiments by adjusting the slope of LR after tuning point
of LR. As shown in Fig.[29b] We find that more smooth slope of LR re-warmup, with smaller Sy, but
still causes longer delay steps. Therefore, we conclude that S; indeed influences the specific delay
length, but is not the root reason.

Other Possible Reasons? The delay phenomenon could be intuitive in some cases. For example,
suppose that learning rate decreases directly from 2e-4 to 2e-5 in one step, and maintains 2e-5. In
this case, although the loss would decrease to a lower value but the parameter changes in one step
is too small in neural networks. Given a sudden low LR, neural networks still require some steps
to gradually optimize to a local minimum, incurring delay phenomenon. But still, analysis above
still ends with a rough description, and we have not figured out the root reasons and look forward to
completing this part in future work.

1.3 Other Possible Scaling Law Formats with LR annealing

Adding a LR-weighted Coefficient to S, (Original Version)? Imagine that when LR anneals to
nearly 0, the neural network’s parameters almost do not change and the validation loss should not
change, either. Therefore, the original version mentioned in Sec. [3 should perform better than the
simplified version. Specifically, in Eq.[I} S; still has historical momentum even if LR is nearly 0,
making the loss continue to decrease and misalign with observed training dynamics.

The original version can cover this corner case by add a LR-weighted coefficient to S5. Specifically, S
approaches 0 when 7 is close to 0, counteracting the original formulation’s tendency to overestimate
loss reduction when n = 0.

The original equation for the annealing area S> in our scaling law function is as follows:

m; = A-mi—1 4+ (Mk—1 — Nk)

= Z(nkq —nK) - A
k=1

S
Sy = g mj - 15
i=1

Where the red part is the added LR-weighted coefficient and € is a undetermined positive constant. €
could be very small in practice.

(10)
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Figure 30: The comparison of fitting effect between L o< Sg with L o< Ss.

We have tried this formulation to fit data. We find that the fitting results are quite similar and e
is very close to 0, showing little use in practical effect. Hence, we adopt the original format in
our experiments. However, we still recommend future developers to try this format if using some
uncommon LRS such as random LRS and zero-padded LRS.

L x Sg rather than L o S3? Actually, all we know is that L and Ss have a positive correlation.
Thus L Sg rather than L oc S might be a more reasonable assumption. That is, our equation

would be changed to L(s) = Lo+ A-S;7“ - C - Sg . Theoretically, the introduction of ¢ as an
additional fitting parameter is expected to provide a more nuanced control over how changes in the
learning rate annealing affect validation loss, potentially leading to improve the accuracy of our
equation.

However, the empirical results, as depicted in Fig.[30] demonstrate that the fitting improvement with
the inclusion of ( is quite marginal when compared to the version without this parameter. This slight
enhancement does not justify the additional complexity introduced by managing negative values
of S,. Furthermore, the empirical observation that ¢ tends to converge close to 1 (e.g. 1.125 in
Fig. reinforces the notion that the original formulation of the function, without the power term (,
is adequately robust. This finding suggests that the direct influence of the learning rate annealing area,
as initially modeled, sufficiently captures the essential dynamics without the need for this additional

complexity. Another additional complexity lies in that Sg becomes incalculable when So < 0 in LR
re-warmup.

Studies of scaling laws are mostly empirically driven. Over-parameterizing the scaling law equation
essentially leads to more accurate fitting results. However, it will also complicate the final format
and hinders us to focus on major factors for the training dynamics. We choose our main format not
due to absolute prediction accuracy but to pursue the simplification (i.e., fewest extra parameters)
to model the essential training dynamics of LLMs. Notably, in our main format in Eq.[I] we only
introduce one extra parameter compared to Chinchilla scaling law, i.e., the coefficient C of the Sy
term. As suggested in Sec. [3] our main scaling law format still has a strong and robust capacity across
many practical scenarios. We believe and expect that there should be a more powerful specific format
(maybe with more parameters) after this work.

L4 Optimizing Learning Rate Schedule

A natural next step of this work would be optimizing LR schedule based on our proposed scaling
law. From a practical engineering aspect, it is feasible and efficient to select better LRS from many
candidates based on the prediction of the scaling law. Specifically, WSD (rather than cosine) LRS
should be used to confirm the larger values for both .S and S, as stated in Sec.[dand Appendix [H.2}
WSD LRS annealing ratio can be determined by the method stated in Sec. i} Annealing function can
be selected by the method stated in Appendix It is quite easy to get the (nearly) optimal LR
schedule based on the composition of the methods above.

From another perspective, one might adopt our scaling law to directly solve optimal LR schedule
mathematically. It could be found that our Eq. [I|leads to a collapsed LRS: some zero learning rates
at last. This problem is related to the issue (1 ~ 0 case) that we discussed above in Appendix
Mathematical optimization strongly depends on an absolute accuracy, while our scaling law in such
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scenario does not achieve perfectly 100% accuracy (shown in Fig.[3)). In comparison, our mentioned
variant forms (e.g., Eq. [I0) with extra parameters should be more preferably used to solve the optimal
LRS, because they cover more corner cases and have higher accuracy. We believe that in the future,
there will be stronger and more parameterized specific forms, which are more suitable for directly
mathematically solving the optimal LR schedule. At this stage, we believe that the approach based
on the practical engineering mentioned above is sufficient to obtain a (nearly) optimal LR schedule.
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