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Abstract

Training and fine-tuning Large Language Models (LLMs) require significant mem-
ory due to the substantial growth in the size of weight parameters and optimizer
states. While methods like low-rank adaptation (LoRA), which introduce low-rank
trainable modules in parallel to frozen pre-trained weights, effectively reduce mem-
ory usage, they often fail to preserve the optimization trajectory and are generally
less effective for pre-training models. On the other hand, approaches, such as
Galore, that project gradients onto lower-dimensional spaces maintain the training
trajectory and perform well in pre-training but suffer from high computational com-
plexity, as they require repeated singular value decomposition on large matrices. In
this work, we propose Randomized Gradient Projection (RGP), which outperforms
Galore, the current state-of-the-art in efficient fine-tuning, on the GLUE task suite,
while being 74% faster on average and requiring similar memory.

1 Introduction

As the size of deep learning models increases, training them becomes more challenging due to
the increase in memory and computational costs. The memory requirement increases significantly
because the modern optimizers, such as the Adam [9]], require tracking multiple gradient states during
training. In recent years, multiple solutions have been proposed to address this issue. One of the most
acclaimed and widely adopted methods is LoRA [5]], which models weight updates as a multiplication
of two low-rank matrices. Figure[I|shows a schematic of how a LoRA module is added to a network’s
weight matrix. Although LoRA has been proven to be effective for fine-tuning, it does not perform
well for model pre-training and also it alters the training trajectory [22]. Other methods for reducing
the memory required to track state information are based on gradient projection [1, 2, 22]. However,
these methods fail to exploit the structure of low-rank gradient matrices [22]]. Recently, an alternative
method has been proposed (GaLore [22]), which involves projecting gradients to lower dimensions
and tracking the state matrices in the resulting lower-rank subspace. This leads to a significant
reduction in the memory footprint required to track the optimizer states during training. However,
GaLore also exhibits certain drawbacks which can be outlined as follows:

1. It requires frequent calculation of Singular Value Decomposition (SVD) on large matrices.

2. The projected sub-space’s rank is fixed during training which is potentially sub-optimal as it
has been shown that the rank of gradients continuously decreases during training [22].

3. Projection matrix needs to be calculated and stored. Also, the projection matrix is unstruc-
tured and as a result, projection complexity cannot be reduced from the general matrix-vector
multiplication complexity.

38th Conference on Neural Information Processing Systems (NeurIPS 2024).



In this work, we propose Randomized Gradient Projection (RGP) as an alternative method with lower
computational cost which paves the way for more frequent projection matrix update . Comparing
RGP with GaLore shows that RGP outperforms GaLore in the fine-tuning of NLP (Natural Language
Processing) models for solving GLUE (General Language Understanding Evaluation) tasks [18].
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Figure 1: Schematic of Low-Rank Adaptation (LoRA). To reduce the memory foot-print, a parallel
low-rank module is added to the pre-trained weights. Only those low-rank modules (orange blocks)
are trainable and therefore, only momentum and variance of the gradient of them must be tracked.
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Figure 2: RGP Scheme. Without loss of generality, let the gradient matrix G € R"*" have fewer
rows than columns. Initially, the full-rank gradient is down-projected into a rank-r subspace, achieved
by computing a projection matrix derived from the first r left singular vectors from randomized
singular value decomposition on the full-rank gradient matrix. Then, weight updates are computed
based on momentum and variance tracked within this reduced subspace. Finally, the gradient is

projected back into the original n-dimensional space (é) and utilized for updating weights.

2 Related Work

An active direction for achieving memory-efficient fine-tuning and pre-training is based on employing
adaptation modules. Examples include various types of adapter modules that are integrated serially
into the model layers [4] 6], or in parallel to them (e.g. LoRA [3]]). LoRA’s early success, in particular,
has inspired numerous variations of adapter modules. Diverse variants of LoORA [20]], along



with methods for improved multitask fine-tuning [[13}[19} 3], have been proposed. Moreover, methods
have been suggested to incorporate LoORA modules with dynamic rank [17} 21]].

Despite its wide application, LoRA is ineffective for pre-training models due to its rank deficiency,
which gave rise to a closely related method called ReLoRA [[11]. The core idea of this method is that
the rank of the sum of weight updates are less than or equal of the summation of their individual
ranks. ReLoRA merges the decomposed matrix with the frozen weight part at specific intervals to
prevent divergence and to increase the rank of updates [11]. Methods based on matrix decomposition
alter optimization trajectories, in contrast with methods based on gradient projection [22]. However,
beside trajectory alteration, ReLoRA suffers for inefficiency due to requiring full-rank warm-ups,
limiting its applicability on certain low-budget devices.

Another relevant direction involves projected gradient descent [1]], which treats the model as a black
box and operates on gradients as vectors, limiting compression levels due to not exploiting the
natural matrix structure of weight matrices. Additionally, methods explored for memory reduction
during optimization include weight or optimizer state quantization [10} [7, |8]. These techniques
can be integrated with the method proposed in this paper without added complexity. Furthermore,
another approach involves projecting optimizer states, as seen in Adafactor [15], where RGP can be
implemented alongside with it, offering additional memory savings.

GalLore is the closest method to our proposed method RGP. The idea behind RGP is to use random-
ized down-projection of gradient matrices instead of performing SVD. Due to using techniques from
randomized linear algebra, RGP is significantly faster than GaLore and as a result, more frequent
updates on the projection matrix for the gradient can be calculated. Authors of GaLore paper state
that more frequent projection matrix updates degrades the performance. However, we show in the
Results section that more frequent updates improve the performance to a specific point, and with a
fixed update interval, RGP performs better and faster than GaL.ore.

3 Methodology

The general scheme of our method is shown in Figure[2] The underlying concept of RGP is based
on projecting full-rank gradients onto a subspace with rank 7, where 7 is significantly smaller than
the minimum of the number of rows and columns of the gradient matrix. Subsequently, the states
are tracked in this significantly lower-dimensional space. The projection matrix is calculated by
performing randomized singular value decomposition on the full-rank matrix of gradients and taking
the first r columns as the projection matrix. By performing this projection, the size of the states
that needs to be tracked, including momentum and variance in the Adam optimizer, is significantly
reduced. Since calculating the projection matrix is time-consuming, it is computed only at intervals
T iterations to achieve a balance between performance and execution time.

The memory usage of full-rank training, when using the Adam optimizer, is of the order O(3mn).
This includes tracking one m xn weight matrix, and two m xn Momentum and Variance state matrices
(M and V). In RGP, with the same optimizer, the memory usage is of the order O(mn + mr + 2nr).
This includes tracking one m x n weight matrix, one m X r projection matrix, and two n X r state
matrices (M and V). With a fixed rank r, this memory usage is lower than that of LoRA, which has a
memory complexity of order O(mn + 3mr + 3nr). LoRA tracks one m x n weight matrix, one A
matrix with dimension m X r, two states corresponding to it with the same size, and one B matrix
with dimension r X n, along with two states corresponding to it with the same size. In randomized
SVD, usually more singular vectors compared to the desired output dimension are sampled. If we
take k to be the output dimension, which is slightly larger than desired dimension r, the overall
complexity of randomized-SVD is of order O(mnk) which will be done every T intervals. This
complexity scales linearly with respect to the matrix dimensions. In contrast, GaLore introduces a
quadratic complexity O(min{mn?,nm?}), at every T training iterations.

4 Results

In this section, we investigate the results of employing RGP to fine-tune a RoBERTa [[12]] model on
GLUE tasks [18]. The optimizer utilized for all of these datasets is Adam, and all hyperparameters
are consistent with those reported in GaLore [22]], which are listed in Table [3|in Appendix



4.1 Performance Comparison of Different Proposed Methods

Table 1: The final epoch dev set accuracy on GLUE tasks. Results are averaged over 5 runs. For each
update interval, the best method is underlined. The best performance across all update intervals and
methods is displayed in bold.

Method Update Interval SST-2 MRPC CoLA RTE MNLI QNLI QQP Avg.
Full-rank NA 94.57 91.30 62.24 79.42 87.18 9233 92.28 85.6
200 94.42+0.40 92.21+£0.22 60.82+1.08 77.50+£0.36 86.824+0.14 92.44+0.57 90.96+0.07 85.0
GaLore 500 94.32+£0.56 91.69 £0.29 59.82£0.67 77.25+042 86.794+0.03 92.15+0.38 90.97+0.06 84.7
800 94.27+0.11 91.62+0.80 58.76 £1.27 77.01£0.41 86.76+0.11 92.11+0.33 90.954+0.04 84.5
200 9445 +0.13 9242+0.45 60.42+£0.01 78.70+0.95 86.90+0.07 92.59+0.19 90.99+0.13 852
RGP 500 94.19£0.28 91.66 £0.91 60.76 £0.78 77.864+0.54 86.78 £0.01 92.27+0.39 90.93+£0.08 84.9
800 94.08 £0.17 91.00£0.71 59.07+1.16 77.25+0.54 86.78+0.23 92.08+0.27 90.91+0.05 844

We assessed the performance of different methods for fine-tuning models on GLUE tasks. The
results are summarized in Table E} In this table, RGP refers to Randomized Gradient Projection
with over sampling factor 2 (k = r + 2). RGP uses the same scaling factor o as GaL.ore (GaLore
hyperparameters are shown in Table[3)) in Appendix [A]

Based on these results, several observations can be made:

1. Decreasing the interval of updates, more frequent updates improves results which justifies
the need for the more efficient method to calculate projection matrix proposed in this paper.

2. The best-performing method in terms of average performance and across the majority of
tasks is RGP.

4.2 Time and Performance Comparison

As discussed in the previous subsection and shown in Table [T, RGP outperforms GaLore on average
and in 6 out of 7 tasks. Additionally, it reduces the performance gap between Full-rank training
and memory-efficient training to 0.4 percent. This superior performance compared to GalL.ore is
achieved with a substantially more computationally efficient fine-tuning as well. Table 2] quantifies
the computational efficiency of RGP, which displays the execution time ratio of GaL.ore over RGP.
RGP is significantly faster than Gal.ore in all tasks, with an average relative speedup of 74% over
GaLore. This further puts emphasize on the advantages of adopting our randomized algorithm.

Table 2: The ratio of RGP training time compared to GaLore for the best performing update interval
(T =200).

Method SST-2 MRPC CoLA RTE MNLI QNLI QQP Avg.
RGP 1.98x  131x 1.42x 1.15x 2.01x 2.23x 2.13x 1.74x

5 Conclusion and Future Work

In this paper, we introduced Randomized Gradient Projection (RGP) as an efficient technique
for memory-constrained model training, offering minimal computational overhead. Our results
demonstrated that RGP not only surpasses the state-of-the-art method, GaLore, in performance but
also achieves a 74% faster execution time.

Contrary to our initial hypothesis, starting with a higher rank for the down-projection and gradually
reducing it did not yield the expected improvements in results [B} Investigating the underlying reasons
for this unexpected behavior remains an open area for future research. Future work should also focus
on exploring projection methods that could further enhance computational efficiency. Specifically,
analyzing the performance of fast projection techniques, such as Walsh—-Hadamard Projection, could
reveal additional improvements in the complexity of RGP and similar algorithms.
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A Hyperparamaters

The hyperperameters used for experiments are listed in Table 3]

B Ablation Study on the Decay Ratio and Projection Method in
Rank-Decaying RGP

As discussed in introduction section, one of GaLore’s drawbacks is having the same rank on the space
the gradients will be projected on throughout training. The idea of having decaying rank tested for
RGP. The Rank-Decaying RGP method relies on two important parameters to be chosen:

1. Decay Ratio: This parameter determines the rate at which we reduce the rank at each
interval.

2. Type of Projection for State Matrices: This parameter specifies the method used for down-
projecting the M and V matrices (SVD or RSVD).

The results for the two choices for each of these parameters and different updating intervals are
presented in Table ] In all cases, the starting rank is set to 256. It is noteworthy that decay is
terminated when the rank reaches a value of 4 to ensure comparability with GaL.ore. Additionally,
decay occurs at each update interval. Hence, for instance, when the update interval is 200 and the
decay ratio is 4, the decay ceases at iteration 3 x 200 = 600. However, for an interval of 500, it
stops at iteration 3 x 500 = 1500. This scheme is adopted to compensate for any performance
deficiency in scenarios with larger interval updates. As it can be seen in Table[d] the configuration
with a Decay Ratio of 4 and SVD for down-projection outperforms other ones.However, the best
perfroming scenario does not outperform GalLore and RGP.



Table 3: Hyperparametrs used for each GLUE task.

MNLI SST-2 MRPC CoLA QNLI QQP RTE
Batch Size 16 16 16 32 16 16

# Epochs 30 30 30 30 30 30 30
LearningRate 1x107% 1x107% 3x107° 3x10° 1x10° 1x107° 1x107°
Rank Config. r=4

Galore « 4

Max Seq. Len. 512

Table 4: Performance comparison between different configurations of Rank-Decaying RGP. Where
RSVD stands for Randomized SVD. For each update interval, the best method is underlined. The

best performance across all update intervals and methods is displayed in bold.

Configuration  Update Interval SST-2 MRPC CoLA RTE Average
200 9442+ 0.06 90.73+0.14 56.25+1.41 79.66+1.04 80.26
DR: 4, SVD 500 93.88+0.24 90.84+0.14 53.65+2.03 75.21+1.43 78.39
800 93.42+042 84.72+4.83 5897+141 75.20+1.80 78.08
200 94.124+0.26 85.26 £4.11 59.74 +1.42 75.33+4.16 78.61
DR: 4, RSVD 500 94.11+047 87.14+4.48 58.56+1.18 78.344+1.08 79.54
800 94.11+0.24 86.86+5.11 56.59+0.53 76.77 +2.92 78.58
200 93.77+041 89.21+1.62 55.224+0.91 76.58 +2.16 78.67
DR:2,SVD 500 94.23 £0.13 83.10£5.58 55.67+0.62 67.62+4.54  75.15
800 94.19+0.24 83.68+4.89 48.29+3.24 73.40+324 7489
200 94.07+0.35 88.65+2.25 57.61+1.20 77.49+1.09 79.45
DR: 2, RSVD 500 93.80 £0.14 91.04+1.11 56.62+0.13 75.69+2.20 79.31
800 93.92+0.19 89.52+1.46 57444234 71.84+3.44  78.18
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