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Abstract

Transformers have become the standard architecture in several Natural Language
Processing tasks due to their flexibility and strong performance. This is despite
their inherent inefficiencies when handling long contexts. In this thesis, we compare
Transformers with recently proposed linear recurrent models on the task of Machine
Translation. Specifically, we measure the impact of sequence length on translation qual-
ity with lexical (BLEU) and neural-based metrics (COMET), using sentence-level and
paragraph-level translation datasets. We find that Mamba, a context-dependent linear
recurrent model, is a competitive architecture to the Transformer both on sentence-level
data and when scaling to paragraph-level translation data. However, we show that
its performance in long sequence length samples is directly tied to the training data
distribution as it suffers from poor sequence length extrapolation abilities. On the
other hand, we find that equipping linear recurrent models with attention leads to
a strong combination as the produced hybrid models were able to match and even
outperform Transformers in terms of translation quality and robustness to distribution
shifts. Overall, this thesis presents promising results and enhances our understanding
of the behavior of linear recurrent models, thereby encouraging further research into
their potential for natural language applications.
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1. Introduction

Natural Language Processing (NLP) and Machine Learning (ML) have become integral
to modern information systems, profoundly influencing how we interact with tech-
nology. The adoption of ML has transformed service quality across various domains,
significantly enhancing consumer and businesses” quality of life (Maslej et al. 2023). One
of the most notable advancements is observed in Machine Translation (MT), where ML
has replaced rule-based systems and, consequently, dramatically improved translation
quality (Johnson et al. 2017).

Central to these innovations is the Transformer architecture (Vaswani et al. 2017),
renowned for its attention mechanism. This mechanism allows different parts of the
input to dynamically interact with each other, improving the model’s understanding
and processing capabilities. Originally designed for Machine Translation (MT), the
flexibility of the Transformer has since been adapted to handle other data modalities,
with some notable systems including ViT (Dosovitskiy et al. 2021) (images), Whisper
(Radford et al. 2022) (audio) and Sora (Brooks et al. 2024) (video). In the field of MT,
the impact of Transformers is particularly evident, forming the basis for most WMT
General MT shared task submissions (Kocmi et al. 2023).

1.1. Efficiency Challenges and Alternatives

Despite its reported strengths, the Transformer is not without its downsides. Per-
formance has been deeply connected to the scale of the model (Brown et al. 2020;
Hoffmann et al. 2022), leading to a substantial increase in the average number of
parameters in new model releases. This fact represents a significant downside for mass
adoption, especially for resource-constrained environments like embedded systems or
mobile computing settings. While there have been various attempts at minimizing this
issue (Jiao et al. 2020; Bhandare et al. 2019), the top-performing models are out of reach
for the average consumer and are commonly deployed behind a closed API (OpenAl
et al. 2024; Deepmind et al. 2024).

Compounding the scalability problem is the Transformer’s inefficient handling
of long sequences due to the quadratic complexity of the self-attention mechanism.
Although this feature allows the model to dynamically focus on relevant parts of the
input, it results in high computational costs from the pairwise comparisons needed
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for each token. This inefficiency is particularly problematic as many ML applications
involve processing long sequences. In response, significant research has been devoted
to developing more efficient architectures capable of handling such demands (Liu et al.
2023; Beltagy et al. 2020; Martins et al. 2022; Katharopoulos et al. 2020; Tay et al. 2022),
extending across various NLP tasks and modalities (Treviso et al. 2023).

Given the efficiency concerns on Transformers, it is timely to assess the potential
of emerging architectures like Mamba (Gu et al. 2023) and RetNet (Sun et al. 2023) as
viable alternatives. Mamba, with its use of structured state-space model techniques
and RetNet, which revises the traditional attention mechanism by removing its non-
linearities, present promising avenues for efficient computational design. However,
while these models embody a significant promise in enabling fast, low-latency inference
with strong performance, the impact of such architectural innovations on MT is still
an open problem, with early experiments suggesting that state-space models lead to
accuracy degradation (Vardasbi et al. 2023).

1.2. Machine Translation and Thesis Objectives

Having motivated the project and the related efficiency questions, we now state the thesis
objectives. Succinctly, this thesis aims to present a thorough evaluation of the perfor-
mance of efficient models on MT. New model assessments commonly concentrate solely
on Language Modeling (LM) performance, often neglecting the distinct challenges pre-
sented by downstream text-to-text tasks such as MT or summarization. Specifically,
prevalent LM benchmarks, such as MMLU (Hendrycks et al. 2021) or GPQA (Rein
et al. 2023), are geared towards assessing general knowledge and reasoning capabilities,
which may not directly translate to MT performance. In contrast, MT benefits from
direct, objective quality metrics (Rei et al. 2022a; Rei et al. 2022b) that allow for a clear
assessment of model capabilities. While there is a notable correlation between LM and
MT performance, crucial differences, like whether generation is bounded to a source
sentence (as is the case for MT) or open-ended (LM), make the quality relationship
not so straightforward. Additionally, most current Large Language Models (LLM) are
predominantly trained on English language data, reflecting the language distribution
of their training corpora, which can negatively impact MT performance, particularly in
languages that are underrepresented in the training data (Singh et al. 2024; Longpre
et al. 2023).

In response to these considerations, this thesis aims to train Space State Models (SSM)
and linear recurrent models for MT and evaluate them using objective metrics. The
goal is to provide a detailed analysis of what linear models can achieve compared to
traditional transformer models. By focusing on objective evaluations and the unique
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demands of MT, this project seeks to expand our understanding of model capabilities
across additional language processing applications. Additionally, we will also explore
the significant potential of efficient models in long-document formats. Long-document
translation presents unique challenges that are not as prevalent in shorter texts, such
as maintaining context and coherence over extended passages. Efficient models are
ideally suited for this task, as their ability to handle large sequences of data without a
quadratic increase in processing time or cost makes them particularly appealing for
translating long documents.

To achieve the aforementioned goals, we detail the remaining structure of this thesis:

¢ Chapter 2. Background: provides the theoretical background for the carried out
thesis project work while contextualizing it within contemporary MT and model
evaluation research.

¢ Chapter 3. Experiments: details the experimental setup, particularly regarding
datasets, models, and overall training and evaluation framework.

* Chapter 4. Results: presents this thesis” findings through sentence and para-
graph level MT experiments while analyzing model quality in terms of length
extrapolation and recall abilities.

¢ Chapter 5. Conclusion: gives a retrospection on the overall thesis, how its goals
were fulfilled, and provides promising directions for future work.

1.3. Main Contributions

Lastly, as a brief takeaway, we succinctly enumerate our research outcomes. The
accompanying project code is available in Github!.

1. We show that Mamba, a linear recurrent model, is able to produce competitive
results, particularly outperforming the Transformer baselines in the WMT14 de-en
language pair (Section 4.1).

2. We found scaling context from sentence level MT to the paragraph level challeng-
ing for small-scale models (77M parameter), revealing extrapolation issues across
all models but exacerbated for Mamba (Section 4.2).

3. We perform an extensive analysis on the impact of sequence length on translation
quality and measure how these metrics differ when shifting the training distribu-
tion towards longer samples, finding that concatenating samples alleviates the
aforementioned extrapolation issues (Section 4.3).

Ihttps://github.com/deep-spin/retnet-mt/
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4. We investigate how models perform recall in MT through the recollection of
Named Entities (NE) in generated translations, where we find the frequency of
NE in the training data to be correlated with the ability for linear models to
reproduce them during translations (Section 4.4).

5. Overall, we find that integrating attention and SSMs constitutes a recipe for
building strong models in terms of translation quality, robustness to sequence
length extrapolation and recalling abilities.




2. Background

This chapter provides the necessary background for a complete understanding of the
project work carried out during this thesis. Concretely, in sections 2.1 to 2.3, we detail
relevant architectures (Transformers and State Space Models); within Section 2.4, we
formalize the MT task, and in Section 2.5, we contextualize this project in the broader
MT training and evaluation research space.

2.1. Transformers

Transformers, introduced by Vaswani et al. 2017, have become ubiquitous in the natural
language processing domain. They have demonstrated exceptional performance in
tasks such as language modeling, translation, text summarization, among others. One
of the differentiating factors enabling their success lies in the self-attention mechanism,
which allows the model to meticulously take into account the contribution of different
words in an input sequence when generating an output.

2.1.1. Attention Mechanism

The attention mechanism in Transformers operates by mapping a query and a set of
key-value pairs to an output. This output is a weighted sum of the values, where
the weights are computed based on the query’s compatibility with the corresponding
key. The attention function, in matrix notation, can be mathematically represented as
follows:

Q = XWp, K = XWk, V = XWy,

-
Attention(Q, K, V) = V' = softmax (QK ) V. @1)

Vd
Here, Q € R™*4 and K, V € R"*? denote the queries, keys, and values, respectively,
and d is the dimensionality of the keys. Additionally, Q, K, V are obtained through
three separate linear projections of the input, Wo, W, Wy € R/ >4 where f denotes
the feature representation of each token. Moreover, the input X is of the form R"™f,
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the operation QK" performs dot product attention, and the division by d; serves as a
scaling factor.

To further note, in (Vaswani et al. 2017), the authors include multiple attention
heads, entitled Multi-Head Attention (MHA), with the premise of each head being
able to model different interaction patterns between tokens. The resulting states are
concatenated before being fed into an output projection to form the attention mechanism
output. Using the notation from before, along with H denoting the total number of
attention heads and [/ the current layer, we can describe this in mathematical form:

MHA,; = concat (Vj,..., V] ) Wo. (2.2)

2.1.2. Transformer Architecture

At its core, the Transformer architecture consists of two main components: an encoder
and a decoder, each comprising multiple layers that are essentially identical in structure
but function differently. A schematic for the architecture is depicted in Figure 2.1.

Each layer in the encoder part of the Transformer includes two primary subcompo-
nents: the MHA mechanism and a position-wise fully connected feed-forward network.
The outputs of the MHA are processed independently by the feed-forward network,
which enhances the resulting representation with non-linear transformations.

The decoder in the Transformer mirrors the encoder’s architecture but introduces
an additional Cross-Attention component between the MHA and the feed-forward
network. Notably, we denote the decoder MHA as Self-Attention since it focuses
only on the output sequence while preventing interactions between current and future
tokens. Cross-attention is crucial as it directs attention to the appropriate places in the
input sequence by interacting with the encoder’s outputs, which is particularly vital for
tasks like machine translation, where the relevance of input features can vary widely
across different parts of the output.

2.2. Efficient Transformers

While Transformers have revolutionized many areas of ML with their outstanding
performance, especially in NLP, they are not without limitations, particularly when
it comes to handling long sequences. The intrinsic complexity of the traditional
Transformer architecture poses significant challenges in terms of computational time
and memory usage.

The core of the computational complexity in Transformers lies in the attention
mechanism, as described in Equation 2.1, where we calculate the dot product between
every pair of tokens, with associated O (n?) time complexity, where 7 is the sequence
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Figure 2.1.: Diagram of the Transformer architecture, taken from (Vaswani et al. 2017).

length. This results from the necessity to compute the interaction between each
query (Q) and key (K), where Q,K € R™*4, with d being the feature or embedding
dimension. These interactions materialize in the QKT € R™" matrix, leading to the
aforementioned quadratic complexity.

Nowadays, the Transformer has been subject to many optimizations, drastically
reducing the memory footprint and increasing overall throughput. We refer specifically
to Flash Attention (Dao et al. 2022; Dao 2023) and the more recent, Ring Attention (Liu
et al. 2023), which scaled context to the millions magnitude by employing a distributed
attention algorithm through several Tensor Processing Units. Nonetheless, these do not
solve the inherent complexity challenges we have discussed. To this regard, during our
project work, we intend to evaluate naturally efficient (sequence-wise subquadratic)
architectures that are either adaptations of the traditional Transformer model or entirely
novel architectures (SSMs), with further details within this section.
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2.2.1. Sparse Attention

There have been several attempts to address this complexity issue. One of the most
popular approaches is local or windowed attention, where each token only attends
to a fixed-size window of neighboring tokens, effectively reducing the complexity
from O (nz) to O (nw), a more manageable formulation based on the window size,
w. To expand on this idea, we must comment on the amount of overlap between
adjacent windows, a design choice that effectively trades between language modeling
performance and computational efficiency.

In the first variant, which we call Local Attention, there is no overlap, implying
that token interactions can only be captured inside the w window. This simplifies the
attention computation but is not as performant overall (Child et al. 2019). Here, the
computational complexity for the entire sequence becomes O (nw), as each of the n
tokens computes attention with w tokens once, optimizing the process especially when
w L n.

On the other hand, Windowed (or Sliding Window) Attention features overlapping
windows that shift one token at a time across the sequence. Each window overlaps with
its predecessor by w — 1 tokens but maintains a computational complexity of O (nw).
This overlapping nature allows for more continuous updates of context for each token,
potentially improving the modeling of sequential data with finer attention resolution.

(a) Transformer (b) Sparse Transformer (strided) (c) Sparse Transformer (fixed)

Figure 2.2.: Local Attention from Child et al. 2019. In subfigure a, every token can
attend to previous tokens. In subfigure b, each token can attend to up to
w tokens before it, representing a fixed window size. In subfigure c, the
number of attended tokens depends on the current time step i, specifically
w; =1 mod w, where w; is the window size for step i.

These sparse attention techniques are particularly useful in scenarios where pro-
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cessing long sequences is imperative, but computational resources are limited. They
allow for significant reductions in time complexity compared to traditional attention
mechanisms, though they may sacrifice some ability to capture long-range dependen-
cies within the data. This trade-off is critical for tasks where local context suffices but
may impact performance in tasks requiring comprehensive sequence understanding
(Beltagy et al. 2020; Child et al. 2019).

2.2.2. Linear Transformers

While Windowed Attention boasts efficiency gains for large sequences by limiting the
considered context to a local subset, it does not inherently alter the attention mechanism,
as previously described in Equation 2.1. In fact, this solution seems quite restrictive
in terms of modeling capacity: models that capture long-range interactions tend to
outperform local ones (Beltagy et al. 2020).

Katharopoulos et al. 2020 depart from this line of thought and present a hybrid
formulation between Transformers and Recurrent Neural Networks (RNN), pioneering
the concept we now call linear Transformers that has since become its own research
space. The authors” main contribution is detailing the connection between attention
and a recurrent process, which we will now cover in detail.

First, we start by considering the equation for the attention mechanism as we pre-
sented in Equation 2.1, and note the role of the softmax as a similarity function between
queries (Q) and keys (K), which we denote as sim (-). Taking this into consideration,
we can rewrite the output of attention, V’, by indexing it into an arbitrary i-th row:

V! — Zjlil sim(Q;, Kj)Vj
l ijil Sim(Qi/ K])

2.3)

In this case, the similarity function, sim(g, k) is defined as exp(‘%{), recovering the
softmax formulation. More generally, the only requirement we impose on a potential
similarity function is for it to be non-negative (Tsai et al. 2019); thus, if we are to model
sim (-) as a kernel, the valid design space would still be vast, the space of non-negative
kernels k(x,y) : R2*f — R, with the corresponding feature map as ¢ (-).

As a side note, although not as a hard restriction, Zhang et al. 2024 comment on
additional desirable properties for a similarity function that are intrinsic to the softmax:
the monotonicity and low overall entropy (or "spikiness" as the authors name it) of
the resulting attention weights. These factors are central to the performance of the
overall attention operation and distinguish the softmax from other similarity maps
(Choromanski et al. 2022; Qin et al. 2022).
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Nonetheless, continuing with the introduced kernel notation, k(x,y) = ¢(x) " ¢(y),
we can rewrite Equation 2.3 as:

v — L 9(Q) oK)V, ¢(Qi)" L p(K)V]
L DL oK) 9(Q)T I j>
Moreover, considering the self-attention layer in decoder-only models, an additional
causal mask prevents tokens from attending to their successors, which we have yet to

model. This causal mask can be incorporated into the linear attention formulation by
limiting the summation index to the current i position:

(2.4)

il Z;= 2¢(Kj),

- L

. #Q)TEL IV Q0TS 29
Cp(Q) T ¢ ]> - 9(Q)TZ

Finally, after the above steps and the definition of Sy and Z; as per Equation 2.5,
by unrolling the summation, we can formulate attention as a recurrent process. More
concretely, for a batch of samples b, we have:

Sy=0, Zy=0,
Si=Si1+¢XK)(V)T,

Z,=7; 1+ (P(Ki)/ (2.6)
. #(Q)TS:
ViT penz

where Q; = X;Wg, K; = X;Wg, V; = X;Wy € RV

In conclusion, while the tradltlonal Transformer has O (n?) time complexity with
respect to sequence length, this new variant is linear during training, as we can
compute Z}il (i)(Kj)VjT and Zjl\il ¢(K;) from Equation 2.4 once per sequence and reuse
the results for every query. Moreover, due to the recurrent formulation, the linear
Transformer enjoys O (1) inference complexity (in the decoder case), making it ideal
for real-time use cases.

2.2.3. Retentive Networks

Building on the insights from (Katharopoulos et al. 2020), Retentive Networks (abbrevi-
ated as RetNet, Sun et al. 2023) remove the softmax component from attention, allowing
for a recurrent computation path. Retention behaves similarly to attention in the sense

10



2. Background

that it captures interactions between Q and K entries. On the other hand, it is able to
compress attention mass into neighboring token pairs via a fixed decay. In Figure 2.3,
we can distinguish the alternative computation paths for the Retention component,
where, in the rightmost figure, we note the v decaying factor applied to the hidden
state at each time step. Effectively modeling an exponential naive "forget" behavior
directly without additional gating parameters.

f
GN Sn-1 ! Sa
Recurrent f l
QKT O D)V State ’—’ —g—0,
T f Output
Q’—T—‘K W Ky @n
4

{

=

Input
Figure 2.3.: RetNet formulations from Sun et al. 2023.

Formally, the alternative computation paths can be described using the same tensors
as attention (Equation 2.1), with the addition of the decay mask and the XPos positional
embeddings (Sun et al. 2022). To be concrete, the decay is modeled together with the
customary causal mask in the D € RN*N matrix, which is elementwise multiplied by
the QK token interaction matrix as denoted through ©. The positional embeddings,
on the other hand, are modeled through © and ©, which act as a rotation over the keys
and queries, in a similar fashion to rotary embeddings (Su et al. 2023). Specifically, we
can define Retention (X) as:

Q=XWq)00, K=XWg)©0, V=XWy,

: =k oifn >k
@,=¢", Dy= 7 n = ,
" " {0 ifn <k

Retention (X) = (QK" ® D)V.

2.7)

Moreover, we can model the recurrent computation path by indexing (i) into the time
dimension of the various tensors and accumulating the hidden state throughout the
sequence. To note, the D decay mask is now decomposed into the constant y, which
gets compounded at each time step. The mathematical description follows:

11



2. Background

So=0,
Si =751 +K/V; (2.8)
Retention(X;) = Q;S;.

Further detailing the model architecture, similar to Transformers and attention, Re-
tention includes a multi-head extension of the retention mechanism entitled Multi-Scale
Retention (MSR). Each head has its own decaying factor, allowing the model to capture
up to h differently ranged interactions. As for the remaining overall architecture, we
see components present in the modern Transformer, including the SwiGLU (Shazeer
2020) as the feed-forward component and RMSNorm (Zhang et al. 2019) as the normal-
ization layer. In this work, we replace the self-attention component in decoder-only
Transformers with the MSR component.

Finally, to conclude this section on RetNet, it is worth noting that the model allows for
an in-between computation path entitled "Chunkwise Retention". This mode behaves
similarly to the recurrent view but with chunks of the sequence being computed at
each recurrence step. We refrain from further detailed descriptions as we didn’t make
use of this mode in our experiments.

2.3. Space State Models

Deep SSMs (Gu et al. 2020; Gu et al. 2022a; Gu et al. 2022b), represent a novel class of
deep learning architectures that integrate principles from RNN, convolutional neural
networks, and classical state space models from control theory (Basar 2001). Like the
previous linear transformers, SSMs allow for both recurrent and parallel views for
efficient inference and training.

The central premise for SSMs is modeling context through a continuous hidden state
h(t) that is transformed through a transition matrix A and updated with a linear input
signal projection. This notion constitutes the update rule for a time step t + € at the
continuous level as:

W' (t) = Ah(t) + Bx(t),
y(t) = Ch(t).
Since we are working with discrete inputs like text tokens, this signal must be

discretized before being applied in the SSM model. This step can be achieved through
the zero-order hold method or the bilinear method (Tustin 1947), with the first being

2.9)

12
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detailed as follows:

exp(AA),
B = (AA) I(exp(AA) — 1) - AA, (2.10)
C=C

Lastly, we note the inclusion of an additional A parameter, which models the contin-
uous "time" between contiguous tokens. The SSM formulation used in the 5S4 family of
models is described in discrete form:

hy = Ahi_1 + Bxy,

yi = Ch. (2.11)

While this recurrent formulation is ideal for inference settings, with associated O (1)
complexity (with respect to sequence length), it needs to be further parallelized for
training. In this regard, we can unroll the recurrence and note that Equation 2.11 can
be reformulated as a convolution. However, this is only possible because SSMs do
not depend on the current time step for computations, which is known as the Linear
Time Invariance (LTI) property. The unrolled recurrence and convolutional view can be
described as follows:

yr = CA"Bxy + CA" "Bxy+ - + CABx;_; + CBuxy,
Y =Kxx, (2.12)
K € R- = (CB,CAB,...,CA" 'B).

Furthermore, if the convolution kernel K is known, the whole convolution can be
computed efficiently through the Fast Fourier Transform with O (nlogn) complexity;
however, since A is not diagonal, this is not trivial. A numerically stable and efficient
algorithm for this problem is the main contribution in (Gu et al. 2022a), and we refer to
it for further details.

To conclude, we further comment on the initialization of the A matrix, which requires
a special structure (hence the structured state spaces nomenclature) in order for learning
to be effective and converge smoothly, as noted in HiPPO, S4D and LRU (Gu et al. 2020;
Gu et al. 2022b; Orvieto et al. 2023). Concretely, while the original HiPPO framework
required a specific structure and complex initialization, the latest formulation in S4D is
able to simplify this procedure towards a diagonal matrix, allowing for simpler and
faster kernel computation. Additionally, while the latter initialization is still complex,
for text and discrete modalities in general, it is sufficient to retain the real part, enabling
the use of 32-bit and lower precision data types instead of the 64-bit required for
complex values.

13
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2.3.1. Mamba

Mamba (Gu et al. 2023) presents a successor to the S4-class family of models that solves
one of its key issues. Until now, SSM models were all LTI, meaning that the SSM
process was not data-aware and thus could not reset or overwrite the hidden state
based on particular inputs. This behavior is a known limitation, dating back to the
introduction of LSTMs (Hochreiter et al. 1997) that superseded RNNS.

Akin to the gating mechanisms in LSTMs, Mamba makes the SSM parameters
(B, C, A) linear time-variant, i.e., there are additional linear projections dependent on
the current input at time step ¢. To illustrate the differences between the S4 and Mamba
SSM layers, we decompose each model’s forward pass in Algorithm 1 and Algorithm
2, respectively. Marked in red are the changes in the computation process; by taking
into account the current time step, the B, C, and A tensors gain additional dimensions:
batch size B and sequence length L.

Algorithm 1 SSM (54) Algorithm 2 SSM + Selection (S6)
Input: x: (B,L,D) Input: x : (B,L,D)
Output: y : (B,L,D) Output: y : (B,L,D)
1: A:(D,N) < Parameter 1: A: (D, N) < Parameter
> Structured N x N matrix > Structured N x N matrix
2: B: (D, N) < Parameter 2: B: (B,L,N) « Sg(x)
3: C: (D, N) + Parameter 3: C:(B,L,N) + Sc(x)
4: A: (D) < t(Parameter) 4: A: (B,L,D) <+ t(Parameter+S4(x))
5: A,B: (D,N) « discretize(A, A, B) 5: A,B: (B,L,D,N) < discretize(A, A, B)
6: y <+ SSM(A,B,C)(x) 6: y <+ SSM(A,B,C)(x)
> Time-invariant: recurrence or convolution > Time-varying: recurrence (scan) only
7: return y 7: return y

While this change turns the models much more expressive, it breaks the convolution
view that enabled fast training on the previous models. To circumvent this issue,
Mamba resorts to a hardware-aware selective scan algorithm inspired by the recently
popularized parallel associative scan from (Blelloch 1990; Martin et al. 2018; Smith
et al. 2023) and from the FlashAttention line of work (Dao et al. 2022; Dao 2023). This
algorithm allows for efficient training by computing the various sequence elements
in parallel and fusing the results in a tree-like structure, therefore maintaining the
O (nlogn) time complexity from S4, albeit through a different algorithm. We refer to
Blelloch 1990; Martin et al. 2018; Smith et al. 2023 for further details on the associative
scan procedure.

Notably, Figure 2.4 illustrates the deliberate use of different Graphics Processing
Unit (GPU) memory hierarchies to optimize the overall Mamba computation. In
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addition, we comment on data-dependent B, C and A parameters resulting from linear
projections of the input signal. On the other hand, the A matrix is not exactly input
dependent but is influenced by the A discretization factor as detailed in Equation 2.10.
The authors justify the need for keeping all of these components selective through
ablations in (Gu et al. 2023).

A
——# [] —= — — >
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—— — — >
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L — | t
l:! T‘——————uaaal%mﬁ
h}ml T
- Selection Mechanism

Figure 2.4.: Mamba recurrence step from t — 1 to t (Gu et al. 2023). As denoted in the
pyramid, the different colors represent different levels of GPU memory
hierarchy: GPU SRAM is smaller but has a higher bandwidth than GPU
HBM.

Architecture. After detailing the base component for the Mamba architecture, the
inner SSM, we now turn to its overall architecture, which draws inspiration from
several other models (Fu et al. 2023; Shazeer 2020; Hua et al. 2022). Traditionally,
transformers are composed of stacked layers, with the two main components being
the self-attention mechanism and the feed-forward component. The latter has recently
become standardized as a SwiGLU layer (Shazeer 2020) as seen in Figure 2.5 as Gated
MLP.

Lastly, observe that the SSM component is a standalone sequence transformation
that can incorporated quite flexibly into modern neural networks. In turn, the most
common overall SSM block is the H3 block, which includes a convolution before the
SSM component (H3 in Figure 2.5). In an effort to produce a simple architecture
combining the two, SwiGLU and H3, the Mamba block is based on the Gated MLP
but replaces the residual branch with the Conv + Activation 4+ SSM branch. Figure 2.5
is illustrative of the overall block. Stacking this block produces the overall Mamba
architecture, along with the inclusion of residual branches connecting each model layer
and normalization components placed before each block, in this case, LayerNorm (Ba
et al. 2016).
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1
Linear
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Figure 2.5.: Mamba block from Gu et al. 2023.

2.4. Machine Translation

Lastly, we present an overview of the MT task, detailing how it is usually formulated
and the corresponding optimization objectives.

2.4.1. Task Definition

MT models are fundamentally designed to maximize the probability of generating a
correct target sequence y given a source sequence x. This is mathematically represented
as the conditional probability P (y|x) which can be decomposed as:

T
P(ylx) =T]P(yilxy<), (2.13)

t=1

where y; is the t-th word in the target sequence and y.; represents all previous words.
This model is well-aligned with the standard Encoder-Decoder Transformer decom-
position, where the encoder portion is tasked with generating a strong embedding
representation for the source sentence while the decoder generates the target sequence,
conditioned on the source through the Cross-Attention module. Particularly, we
can denote the encoder as ency, which processes the input and produces the corre-
sponding hidden state & = ency(x). Whereas the decoder (decy) is responsible for
computing the conditional probability of every subsequent word in the target sequence,
P (yt|x,y<t) = decy (y¢|h, y<+). Moreover, we can depict the negative log-likelihood of
this probability, as typically used as a loss function during training:
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T
—log P (y|x) = ) —log P (ye|x,y<t). (2.14)

t=1
Nonetheless, the advances in decoder-only language models, with models displaying
strong language understanding and multilinguality (Brown et al. 2020; Chowdhery
et al. 2022) led to the question of whether this encoder-decoder split is necessary (Gao
et al. 2022; Wang et al. 2021). In fact, we can still ground the generation in the source
context by prefixing it to the target sentence. This formulation allows us to pose MT
as a LM problem by integrating the encoding of the input and the generation of the

output into a single probabilistic model, simplifying the overall problem:

S T
P(x,y) =[P (xslx<s) [ TP (welx,y<t) - (2.15)
s=1 t=1

The corresponding loss function for these models combines the auto-encoding loss
(LAE) for the input with the translation loss (£M7) for the output:

—log P (x,y) = LAF 4 LMT = —

S
o

T
log P (xs|x<s) — ) _log P (yt|x, y<:). (2.16)
=1 t=1

Additionally, with Transformer-like models that enable bidirectional encoding (time-
wise), we can alternatively model translation in a PrefixL.M setting (Raffel et al. 2023),
simplifying the £AE term to — log P (x). However, this term is usually ignored during
training (Xu et al. 2023; Vardasbi et al. 2023).

As a final consideration, we also comment on the potential of using instruction-tuned
models to facilitate translation through zero or few-shot prompting (Wei et al. 2022;
Chowdhery et al. 2022). This approach capitalizes on the extensive pre-training these
models have undergone, which is designed to equip them with a broad comprehension
of language and a flexible adaptation to new tasks via in-context learning. This
formulation does not deviate substantially from the probabilistic model in Equation 2.15,
additionally including terms for the instruction and provided examples.

2.5. Related Work

Having explored the required background underlying this thesis project, we now detail
the key ideas and related work we build upon. Succinctly, these include training
machine learning models to perform MT, evaluating the models’ performance in
long-context scenarios, and an overall analysis of generation and model quality for MT.
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2.5.1. Machine Translation Training

After the discussions in Section 2.4, we refer to some of the training choices that
typically distinguish MT work. Initially, we distinguish two approaches: the traditional
training from the scratch method, which we employ in this project, and the more recent
fine-tuning of pre-trained LLMs. The latter has proven highly successful, given the
results reported in (Xu et al. 2023) and (Alves et al. 2024). Both works have a two-stage
training process, the first of which is to train the model further on multilingual data
to expand its language awareness, followed by either parallel or instruction-based
high-quality data to bridge its internal language representations. Particularly, Tower
(Alves et al. 2024), which leverages LLaMa 2 7B and 13B (Touvron et al. 2023b), achieves
competitive MT results with the much larger GPT-4 (OpenAl et al. 2024).

In this project, we opt for the training-from-scratch approach, which nevertheless
offers several advantages. First, it enables a direct comparison with existing literature
(Vardasbi et al. 2023). Secondly;, it allows us to rigorously ablate architectural modi-
fications without the interference of pre-training conditions. Finally, it allows us to
include a more extensive range of models in our testing, thanks to the significantly
smaller model size. In the training-from-scratch approach, the work by Vardasbi et
al. 2023 is particularly relevant, as it focuses on efficient SSM models, which are of
primary interest to us. Their models, trained on parallel WMT data, demonstrate the
performance differences between standard Transformers and efficient SSMs, such as
the 54 model (Gu et al. 2022a), the predecessor of Mamba (Gu et al. 2023). Moreover,
their hybridization approaches exhibit strong performance, motivating our own hybrid
experiments, which are also informed by other recent studies that combine the efficiency
of linearized models with the modeling capacity of attention mechanisms. Notable
examples include Griffin (De et al. 2024), Based (Arora et al. 2024), and Jamba (Lieber
et al. 2024).

2.5.2. Long Context Model Evaluation

Through the use of paragraph-level translation data, we leverage the model’s ability to
understand long-context scenarios. This angle has been studied extensively, notably
in Long Range Arena (Tay et al. 2020), a popular long-range sequence modeling
benchmark that does not include a proper generative language task, distancing it from
the real-world evaluation we intend to conduct.

Most existing work on measuring context awareness in language models relies on
synthetic benchmarks. For instance, the Needle-in-a-Haystack task (Kamradt 2023)
and passkey retrieval (Mohtashami et al. 2023) prompt models to recover information
hidden within a context window filled with unnecessary tokens. However, our models
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are not designed for instruction following, making these benchmarks unsuitable for
evaluation. In contrast, MT offers direct quality assessment metrics, enabling us to
measure model performance across different sequence lengths and examine how it
changes when trained on varying sequence length distributions. To modify the training
length distribution, we adopt a strategy similar to (Kondo et al. 2021), concatenating
random sentences to alleviate potential issues with extrapolation in different sequence
length scenarios.

2.5.3. Understanding Model Capabilities

The final aspect of this project involves understanding each model’s strengths and
weaknesses based on the computed metrics and generated outputs. To guide our
analysis, we draw on recent studies of interpretability and analysis for efficient (linear)
models in contrast with traditional Transformers. Specifically, recent research has shed
light on the limitations of efficient models, inspiring our methodology and analysis.
For instance, Akytirek et al. 2024 construct a synthetic language through automata, and
measure how well models are able to learn and replicate it through in-context learning.
Since our models lack the flexibility of pretrained or instruction-tuned models, similar
experiments in MT are unfeasible. Nevertheless, the work in (Arora et al. 2023) has
led us to investigate the recall capabilities of our models in a more applicable scenario.
Their MQAR benchmark measures a model’s ability to perform associative recall in
a toy task that requires training. We employ this idea but test it using the recall of
Named Entities, which appear both in the source and target and require recollection to
produce a successful translation.
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With the premise of evaluating the MT performance of SSM models, we design an ample
set of experiments covering both sentence-level translation and expanding context to
paragraphs. Given the efficiency vector of this thesis, paragraph analysis is crucial since
subquadratic models display their strengths over longer sequences of text. Meanwhile,
Transformer models are already quite efficient for the shorter sentence scenario by
leveraging efficient GPU matrix multiplication code.

At the sentence level, we aim to get a preliminary analysis of the workings of
the efficient models and how they stack up against their conventional counterparts.
Expanding this to the paragraph level, the goal shifts to understanding not only how
they perform but also how well they are able to make use of context. This is especially
relevant when working with RNN-style models that, unlike attention, cannot directly
access the previous tokens. Their performance in these tasks is directly tied to how
well they are able to compress sequence information into their hidden state.

Furthermore, following recent literature, we experiment with hybrid architectures
where an attention component is mixed in with the otherwise subquadratic models.
We believe this to be a promising line of work following the reported shortcomings of
linear models (Arora et al. 2023; Jelassi et al. 2024) in tasks where attention excels.

3.1. Datasets

We focus on two high and low-resource language pairs, German-English (de-en) in
WMT14 (Bojar et al. 2014) and Romanian-English (ro-en) in WMT16 (Bojar et al. 2016),
respectively. We perform our set of experiments on both translation directions. These
sentence-level datasets were chosen given their popularity in current literature, making
our results comparable to those in (Vardasbi et al. 2023). Moreover, we further use
IWSLT17 (Cettolo et al. 2017) and the de-en language pair for architectural validation
purposes. Given the smaller number of samples, this dataset is adequate for running
small-scale experiments designed to validate design choices and perform hyperparam-
eter tuning to a better degree, akin to what was done in (Peters et al. 2021; Correia
et al. 2019). Focusing on the paragraph level, we turn to WMT23 (Kocmi et al. 2023)
and focus on the de-en language pair in both directions. The choice is natural, given
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the abundance of data when compared with other language pairs and, importantly it
being the only non-sentence-breaked test set.

WMT23 de-en, in its total capacity, equates to around 300M samples, meaning
thoroughly evaluating this dataset would be out of the scope of the compute allocated
to this project. Moreover, the quality improvement of training small-scale models
against such a large dataset is dubious. To solve this challenge, we sample 6M high-
quality samples obtained from scoring the dataset using COMET-QE 22! (Rei et al.
2022b), a strong neural quality estimation metric. More precisely, we sort the scored
samples according to translation quality and select the top 6M; we refer to this dataset
as WMT23-6M.

While this language pair is paragraph level in the test set, the training data are
mostly single sentences. To compound this effect, we found that our models had poor
length extrapolation performance, resulting in low overall performance (more details
in Chapter 4) in a standard training procedure. To circumvent this issue, we further
constructed "paragraph” level datasets by concatenating both 5 and 10 random samples
from the previous 6M dataset. This means that the training sentence length distribution
would now be closer to that of the test set. As for validation, we use Ted Talks data
(Qi et al. 2018), which is also paragraph-level. We refer to these concatenation datasets
as WMT23-CAT-5 and WMT23-CAT-10. Readers can find complete dataset statistics in
Table 3.1.

Dataset Size Mean Std. dev Max. len.
IWSLT17 (de-en) 200k 45.2 29.5 335
WMT16 (ro-en) 610k 589 31.1 927
WMT14 (de-en) 45M 621 45.6 17107
WMT23-6M (de-en) 6M 58.4 32.9 753
WMT23-CAT-5 (de-en) 2M 1713 134.9 1965
WMT23-CAT-10 (de-en) IM 3124 282.3 2982
Ted Talks Validation (de-en) 995  268.5 189.6 1370
WMT23 Test (de-en) 543  135.1 147.7 1174
WMT23 Test (en-de) 557 185.2 188.2 1234

Table 3.1.: Dataset statistics for both sentence and paragraph-level datasets.

Ihttps://huggingface.co/Unbabel /wmt22- cometkiwi-da
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3.2. Metrics and Evaluation

Evaluating machine translations is a well-established research branch with a variety
of effective methods. For this project, we utilize automated metrics for assessment
purposes at both the sentence and paragraph levels. Evaluation is traditionally con-
ducted using SacreBLEU (Post 2018). Moreover, besides lexical analysis with BLEU, we
incorporate neural metrics such as COMET, which is recommended in recent literature
due to its strong correlation with human judgments (Freitag et al. 2022).

Throughout our results and analysis sections, we report SacreBLEU with the de-
fault signature (Inrefs:1|case:mixed|eff:noltok:13al|smooth:expl|) and COMET 22
scores?. This choice arises from the need to compare with existing literature and
because, when combined, these two metrics provide good MT quality estimation, both
in terms of lexical and semantic integrity with the neural approach. Moreover, despite
the relative scale difference between the two reported metrics, the delta between them
is still comparable, as seen in (Kocmi et al. 2024).

In conclusion, we discuss the generation and evaluation aspects of the conducted
project work: during training, we compute BLEU scores based on the validation set,
keeping the two best-performing checkpoints and selecting the best overall for testing
where we compute both BLEU and COMET; for generation, we use greedy decoding in
for validation and Beam Search with a beam size of 5 for testing.

3.3. Models

With the purpose of establishing a proper ranking of MT performance, we select an
ample set of models for evaluation, including Transformers, SSMs, and hybrid models,
which leverage the attention layer to complement the SSM architecture.

3.3.1. Transformers
We select 2 variants of the Transformer model as a baseline: one base Encoder-Decoder

formulation and a modern decoder-only version, which we will detail below.

Transformer Encoder-Decoder (Transformer Enc-Dec). Base model from the original
paper (Vaswani et al. 2017), model size is 77M parameters. Includes the usage of
sinusoidal positional embeddings and standard ReLU activations.

2https://huggingface.co/Unbabel/wmt22-comet-da
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Transformer++. Decoder-only Transformer formulation including advancements such
as Rotary positional embeddings (Su et al. 2023) and the usage of SwiGLU as the
feed-forward component (Shazeer 2020). Both of these have become standard in
contemporary large models. Thus, we select the LLaMa architecture (Touvron et
al. 2023a) as a representative of the strong Transformer formulation, reducing the
embedding dimension to roughly match the parameter count of the base Transformer
(79M). Notably, LLaMa 2 (Touvron et al. 2023b) further introduces Grouped Query
Attention (Ainslie et al. 2023), but we refrain from using it to achieve parity with the
model denoted as Transformer++ in (Gu et al. 2023).

Additionally, we consider whether the Transformer benefits from decomposing its
layers into an Encoder-Decoder setting. Vardasbi et al. 2023 report that the optimal
parameter allocation for MT is exactly 50-50% between encoder-decoder. We validate
this claim by evaluating on IWLST17 (Table 3.2), our validation dataset, where we find
that the decomposed variation outperforms its uniform counterpart.

de-en en-de
Model BLEU COMET BLEU COMET
Transformer Encoder-Decoder 30.56 77.28 25.55 73.05
Transformer Decoder 28.91 75.96 23.20 69.86

Table 3.2.: Comparison between Encoder-Decoder and Decoder-only Transformer on
IWLST17.

3.3.2. State Space Models

We select two representative SSM models based on two factors, whether the recurrent
hidden state updates are based on the current token or invariant throughout the
sequence, which we had previously denoted as the LTI property, and the claimed
language modeling performance. These models are RetNet (Sun et al. 2023) and
Mamba (Gu et al. 2023), two LTI and Linear Time Variance (LTV) models, respectively.

We hypothesize that LTI is the main differentiating factor between these types of
models, as controlling the degree of information to keep from the hidden state and
to absorb from the new token is a significant modeling advantage. While RetNet
prioritizes interactions between close tokens, given the decay factor in its positional
encoding, Mamba is able to learn interaction patterns through backpropagation of the
A transition matrix.
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Other good choices here would be H3 (Fu et al. 2023) and GLA (Yang et al. 2024),
which are input-independent (LTI) and input-dependent (LTV), respectively. H3 was
the first release that noted the combined strength of SSMs and attention, retaining two
layers of self-attention. We refrain from including it due to Mamba’s reported higher
LM performance. On the other hand, GLA can be seen as a successor to the RetNet
architecture by including an additional gating mechanism on the hidden state, making
it behave similarly to Mamba. This decision was influenced by the timing of GLA’s
release, which coincided with the ongoing project work.

RetNet. This model is tested with a total of 77M parameters to match the previ-
ous Transformer models. To achieve this, the following hyperparameters are used:
|d_model:512|d_values: 1024|ffn_dim: 1024|heads: 4|layers: 12]|. In particular,
we set ffn_dim = d_values and heads: 4 as the proportions and time scale used by
the authors, implying that we can capture interactions between 4 different time scales.
While we utilized the official model implementation for this project, we had to addi-
tionally contemplate how to disregard padding tokens, an issue in our MT setting but
not in the original LM work. Further details on the padding implementation can be
found in Appendix A.

Mamba. Likewise, we use the official implementation, but with a branch that includes
left padding °. Additionally, we add a dropout module to the inner Mamba-SSM class
as seen in Figure 2.5. The resulting model is 77M parameters in size when built with the
following hyperparameters: |d_model: 610|layers: 24|. Mamba is a homogeneous
architecture with no feed-forward component therefore, the layer count is doubled
compared to the other decoder-only models.

3.3.3. Hybrids

Building on the reported shortcomings of linear models (Akytirek et al. 2024; Arora et al.
2023; Jelassi et al. 2024), we additionally design hybrid models in order to complement
SSMs with attention. The ability to recall previously seen tokens is one of the most
significant advantages of the attention mechanism and, as reported, is a fundamental
issue in SSMs. As such, we add three additional models to our MT evaluation test suite,
Mamba-MHA, Mamba-Local and Mamba Encoder-Decoder (Mamba Enc-Dec), which
will be specified next.

Incorporating attention to linear models has been done previously (Poli et al. 2023;
Fu et al. 2023; Arora et al. 2024; De et al. 2024) with various formulations, and it has

Shttps://github.com/state-spaces/mamba/pull/70
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been found to increase performance by a substantial margin. Now, although the hybrid
architecture design space is quite vast, we settle on these three variations to limit
the total number of experiments and because they are sufficiently illustrative of the
performance differences between the base architectures and the ones with additional
attention modules.

Mamba-MHA. The simplest hybrid formulation includes replacing some of the
Mamba layers with attention modules. Some natural questions then arise: where to
place them and how many attention modules do we need? We ablate this in Table 3.3
and provide some interesting takeaways. As discussed, based on our analysis of the
COMET scores, it seems 2 attention layers are enough to greatly boost the model’s
performance, agreeing with the reports in H3 (Fu et al. 2023). On the other hand, their
placement seems to have little effect, as the performance delta is small. In the end, we
select version (2 layers - 11,23) for the rest of the experiments in this thesis, given its
consistently higher COMET scores.

de-en en-de
Model Mamba-MHA) BLEU COMET BLEU COMET
0 layers - Mamba 28.10 76.63 22.90 71.75
12 layers - Interleaved ~ 30.81 7798 2440 7248
2 layers - 1,11 30.52 78.10 24.99 73.76
2 layers -11,23 30.92 78.30 24.71 73.94

Table 3.3.: Mamba-MHA BLEU and COMET scores per number and location of Atten-
tion modules. Interleaved refers to alternating Mamba and Attention layers,
11,23 refers to placing attention in layers N/2 and N and 1,11 to layers 2
and N/2. We include scores for the homogeneous Mamba model. Bold
represents top results.

Mamba-Local. In light of the resulting model’s inference time complexity, we consider
local attention variants such as Windowed Attention (Beltagy et al. 2020; Child et al.
2019), utilized in prominent models like Mistral (Jiang et al. 2023) and recent hybrid
models, Based (Arora et al. 2024) and Griffin (De et al. 2024). While aiming to achieve
robust performance, the introduction of full attention in Mamba disrupts its inference
constant runtime (with respect to sequence length), which is a significant advantage
of Mamba over traditional Transformers. On the other hand, Windowed Attention
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preserves this property by only attending to the w preceding tokens. Although these
models exhibit reduced performance compared to full-dense attention, their overall
efficiency deserves careful analysis.

When determining the appropriate window size for this MT context, we observe
a range of practices. While language models like Mistral use a large window size of
4,096 tokens, effectively simulating full attention, Based utilizes a more moderate 64-
token window. This smaller window size is deemed sufficient for capturing near-token
interactions while allowing the linear components of the model to handle long-range
dependencies. Furthermore, the choice of window size also impacts hardware efficiency.
Based reports that window sizes smaller than 64 do not fully leverage the capabilities
of modern GPUs, which are optimized with Tensor Cores designed to enhance parallel
computation.

BLEU Scores by Window Size COMET Scores by Window Size
31 _e— ° —o— i °
e— de-en BLEU ./ 784 ~° de-en COMET —
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Figure 3.1.: Model scores per window size. Different window sizes are denoted as
w{16,32,64,128} while full refers to the full self-attention from Mamba-
MHA.

We ablate this phenomenon in Figure 3.1 and note the model linearly increases
performance as the window size grows. We further remark on the anomaly at window
size 32, where performance consistently decreases across both translation directions
and metrics, but do not explore this further.

Furthermore, the choice of keeping only two attention layers might not hold for
the local attention case, so we revisit the interleaving (windowed) attention layers
experiment, as can be seen in Table 3.4 where we additionally display all BLEU and
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COMET scores from Figure 3.1. All in all, we note that 128 window size mostly recovers
full attention and that the configuration with 2 layers of 64 window size attention is a
good trade-off between model performance and efficiency, thereby using it in future
experiments.

de-en en-de
Model (Mamba-Local) BLEU COMET BLEU COMET
11,23 - wlé 29.37 77.19 24.12 72.88
11,23 - w32 28.24 76.44 23.20 72.22
11,23 - wo4 29.40 77.56 24.41 72.98
11,23 - w128 30.49 77 .98 24.85 73.58
Interleaved - w64 28.85 76.76 23.61 72.10
11,23 - Full 30.81 78.30 24.40 73.94

Table 3.4.: Mamba-Local BLEU and COMET scores per window size. Different win-
dow sizes are denoted as w{16,32,64,128} while Full refers to the full
self-attention from Mamba-MHA. Interleaved refers to alternating Mamba

and Local Attention layers, 11,23 refers to placing attention in layers N/2
and N.

Mamba Enc-Dec. Lastly, we emulate the S4-S44 experiment in (Vardasbi et al. 2023),
replacing the encoder and self-attention portions of the Transformer Encoder-Decoder
with Mamba blocks. Figure 3.2 serves as an illustration for this architecture. By
separating the encoding and decoding tasks to different Mamba layer stacks and
incorporating the Cross-Attention module to propagate information between them, we
should make the model more robust to the aforementioned recall issues.

3.4. Training

All models have been trained on a single Nvidia RTX A6000* with 48GB VRAM.
Training batch size has been kept constant at 64, using gradient accumulation to accom-
modate different sequence sizes and memory requirements, which is especially relevant
when working with paragraph-level MT. Moreover, we use Pytorch Lightning® as the

‘https://www.nvidia.com/en-gb/design-visualization/rtx-a6000/
Shttps://lightning.ai/docs/pytorch/stable/
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Figure 3.2.: Mamba Encoder-Decoder illustrative architecture. The encoder stack is
composed of N, blocks and the decoder from N; blocks.

training framework and Weights and Biases® for monitoring experiments. Regarding
tokenization, we leverage the HuggingFace tokenizers library” and construct a separate
BPE tokenizer (Sennrich et al. 2016) per dataset. The total vocabulary size is 32000
tokens.

Given the extensive suite of runs to be conducted, we tried to limit the hyperparam-
eter space so that the tuning procedure did not occupy the majority of the project’s
duration. Even still, we have to account for different learning rates between models and
different Dropout (Srivastava et al. 2014) percentages between datasets. In contrast, we
keep some essential hyperparameters and training choices constant between runs: our
Learning Rate (LR) scheduler is the Inverse Square Root (Vaswani et al. 2017) scheduler
popularized by the original Transformer publication; we use 4000 warmup steps; we
use low Weight Decay (Goodfellow et al. 2016) (0.001) given initial experimental results;
all of the models are trained with bfloat16 precision; we modify Dropout values based
on the dataset in question, 0.3 for INSLT17 de-en and WMT16 ro-en, and 0.1 for WMT14

®https://wandb.ai/site
"https://github.com/huggingface/tokenizers
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3. Experiments

de-en and the different variations of WMT23 de-en. We include the full hyperparameters
set based on each model in Table 3.5.

Model Size LR L H D FFN Misc.
Transformer models

Transformer Enc-Dec 77M 4e—4 6—6 8 512 2048
Transformer++ 79M  4e —4 12 8 496 1984

SSMs

RetNet 77M  1le -3 12 4 512 1024
Mamba 77M  1le -3 24 x 610 X

Hybrid models

Mamba-MHA 78M 7e—4 24 8 624 X
Mamba-Local 78M 7e—4 24 8 624 X window_size: 64
Mamba Enc-Dec 82M 7e—4 8—6 8 512 2048

Table 3.5.: Detailing the full set of hyperparameters for the different models. Encoder-
Decoder models have their number of layers separated by each module. LR
represents the Learning Rate; L represents the number of layers; H is the
number of Attention Heads; D is the model dimension; Miscellaneous (Misc.)
is for extra, model-specific hyperparameters.

As a last note, during training for decoder-only models, we optimize the joint
probability based on the objective detailed in Equation 2.16. We format our data
by combining source and target samples with a specific separator token, formatted
as "{source}<SEP>{target}", and focus exclusively on minimizing the target cross-
entropy loss. Due to the recurrent characteristics of our Mamba and RetNet models,
we do not use the PrefixLM objective. Additionally, our Encoder-Decoder models are
trained according to the objective outlined in Equation 2.14.
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4. Results

Following the detailed account of models and datasets in the previous chapter, we
proceed to present the results and analysis stemming from the performed experiments.
We start by evaluating our models in a sentence-level setting in Section 4.1 and move to
the paragraph-level in Section 4.2. Additionally, in Section 4.3, we perform a deeper
analysis of the resulting translations, particularly with respect to understanding the
impact of sequence length on quality, as measured through our automated metrics.
Lastly, in Section 4.4, we leverage the reproduction of NEs from source to target
sentences to evaluate the models’ recall performance.

4.1. Sentence-level Machine Translation

As a first step, we evaluate our standard and hybrid models on WMT16 ro-en and
WMT14 de-en datasets in both translation directions. Note that the Transformer Encoder-
Decoder is a standard model, and therefore, one of the goals of this thesis is to measure
how recent models are compared to this Transformer baseline. Next, we provide a
discussion on the key findings after reporting the resulting BLEU and COMET scores
from our experiments in Table 4.1.

RetNet falls short of the remaining models. As expected, RetNet’s performance
is relatively subpar but performs sufficiently well on some language pairs. We ar-
gue its strong locality bias works well for language modeling but is not ideal in
an MT setting where the source sentence can be arbitrarily long. More concretely,
for this model and others that share the decoder-only formulation, we follow the
f"{source}<SEP>{target}" MT autoregressive task setting. While this works well for
Transformers that can perfectly attend to the source sentence, linear models need to
properly compress the source information into their recurrent state to perform this task
well enough. Now, considering RetNet’s architecture and the exponential decay ()
applied at each time step, we note how the source signal’s strength tends to diminish
as more tokens get decoded, making the task inherently harder.
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WMT16 WMT14

ro—en en—ro de—en en—de

Model BLEU COMET BLEU COMET BLEU COMET BLEU COMET

Standard models
Transf. Enc-Dec  29.17 74.77 2196 78.62 2740 78.60 2233 77.06
Transformer++ 2640 7257 21.73 7272 2692 79.00 2282 7794

RetNet 2635 7235 1985 7599 2336 7469 1957 71.73
Mamba 2701 7380 2140 7788 2749 8021 2238 77.84
Hybrid models

Mamba-MHA 2854 7514 21.69 7834 2743 80.57 2323 79.89
Mamba-Local 2585 7385 2059 7684 2723 80.10 23.16 79.53
Mamba Enc-Dec 2851 7439 22.68 77.88 2724 7999 2162 7875

Table 4.1.: MT BLEU and COMET scores for various models and language pairs. Bold
represents top results; underline represents second-best.

Mambea is close to Transformers when trained from scratch. Building on the previous
thoughts, Mamba’s selection mechanism allows for finer control over the information
retained in the hidden state. While the model is still fundamentally limited by the
finite space in the hidden dimension, it is able to compress information more effectively.
Overall, Mamba performs competitively with Transformer models, having close or
higher COMET scores, especially when it sees more data, as in the WMT14 dataset.

Here, an intriguing case can be made for the advantages of both larger and pre-
trained Mamba models. We have previously discussed (Subsection 2.3.1) how the
data-dependent A matrix that is updated through backpropagation within the model,
unlike the fixed <y decay observed in RetNet. Additionally, there is a significant dis-
parity in performance between the WMT16 and WMT14 datasets, which contain 600k
and 4.5 million samples, respectively. This discrepancy raises an important research
question: do Mamba models narrow the performance gap with Transformers when
used with larger datasets or when initialized from a language model checkpoint that
possesses pre-formed language representations, enabling it to more effectively manage
information? We leave exploring this idea as future work.

Integrating Attention and SSMs is helpful. Even if the performance of Mamba in
the tested datasets was very positive, we further include attention layers in its overall
architecture, finding the two layers to be complementary. Specifically, Mamba-MHA,
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which resorts to only two attention layers, is able to outperform both Transformer
variants in most datasets and language pairs. On the other hand, as we had mentioned
before, using full attention breaks Mamba’s asymptotic efficiency gains, which is largely
undesirable. Mamba-Local retains constant inference complexity but is not as strong.
Ideally, the Mamba layers would be able to compress sequence information and allow
the local attention window to be as expressive as its integral counterpart, but this seems
to not be the case, as we will observe in Section 4.3. Finally, Mamba Encoder-Decoder’s
performance is competitive, falling just short of Mamba-MHA but higher than the
local variant. However, this model comes with the extra complexity of adhering to an
encoder-decoder architecture.

4.2. Paragraph-level Machine Translation

The next set of experiments is designed to test how models handle larger contexts and
how they extrapolate between different sequence length settings between training and
testing. This idea stemmed from observing the provided WMT23 dataset training data,
which is mostly sentence-level. In contrast, the test data is made of multiple sentences
composing a paragraph, characterizing a data distribution mismatch. This has already
been mentioned and can be seen in Table 3.1.

In order to assess this line of thought, we constructed two additional datasets besides
the quality-filtered WMT23-6M; they are still composed of the same data but result from
concatenating either 5 or 10 (WMT23-CAT-5 and WMT23-CAT-10) random sentences
to form longer samples. Reviewing the average sequence length from these datasets,
we conclude that WMT23-CAT-5 is closer to the test distribution than its 10-sentence
sibling. However, the WMT23-CAT-10 dataset is particularly useful to assess whether
models can still produce as high-quality translations as their short-version counterparts.

Finally, to reduce our overall experiment set, we settled on a subset of models based
on the performance we saw at the sentence level. In this case, we remove RetNet and
Mamba-Local from our model selection. The resulting BLEU and COMET scores are
shown in Table 4.2.

BLEU scores have high variance. An initial observation reveals a notable variance
in BLEU scores compared to sentence-level evaluations. This can be attributed to the
increased number of tokens analyzed per sample, which naturally leads to a greater
likelihood of word mismatches in longer sentences or paragraphs. Consequently, we
observe significant fluctuations in BLEU scores, with differences reaching nearly 10
points between models that previously differed by only 1 or 2 points at the sentence level.
In contrast, COMET scores display far greater stability across longer text sequences,
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de-en en-de
Dataset Model BLEU COMET BLEU COMET
WMT23-6M Transformer Enc-Dec  25.25 72.34 22.03 65.23
Transformer++ 21.61 70.70 20.12 64.80
Mamba 16.73 69.93 15.69 63.17
Mamba-MHA 23.91 72.68 23.19 66.95
Mamba Enc-Dec 22.77 70.61 21.87 65.27
WMT23-CAT-5 Transformer Enc-Dec  30.36 74.50 29.28 69.81
Transformer++ 28.74 73.52 27.59 68.93
Mamba 26.57 73.25 23.48 67.31
Mamba-MHA 29.49 74.15 23.47 68.62
Mamba Enc-Dec 30.02 73.95 29.57 70.88
WMT23-CAT-10 Transformer Enc-Dec  29.17 69.29 28.58 69.76
Transformer++ 29.16 72.74 27.90 68.45
Mamba 25.44 72.24 24.52 67.61
Mamba-MHA 27.76 74.47 25.89 69.71
Mamba Enc-Dec 31.61 75.58 29.95 69.73

Table 4.2.: Paragraph-level MT BLEU and COMET scores for different WMT23-based
datasets. Bold represents top results; underline represents second-best.

which underscores the advantage of relying on COMET for our analysis.

Mamba extrapolates poorly. Observing WMT23-6M results in isolation, it becomes
evident that Mamba significantly underperforms compared to other models, as we see
a gap of 2 to 3 COMET points and a notable difference in BLEU scores. Nevertheless,
taking the other datasets into consideration, we note that all models have difficulties
in this setting as translation quality increases substantially by training with longer
samples. Notably, we see an increase of five COMET points in Mamba Enc-Dec when
scaling from 1 to 10 concatenated samples.

Hybrid models are competitive. Again, it seems there is merit to the inclusion of
Attention within SSMs. Based on the reported results, both models show good extrapo-
lation ability, on par or superior to Transformers, with Mamba Enc-Dec outperforming
them in terms of the overall translation quality. Moreover, in contrast to the Transformer
Encoder-Decoder, Transformer++, and Mamba, the hybrid models show essentially
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no apparent performance degradation when increasing the number of concatenated
samples from 5 to 10.

Transformer Encoder-Decoder is still strong. Our experiments continue to support
the efficacy of the base Transformer Encoder-Decoder model, particularly for smaller,
specialized models developed specifically for a given task. Even when considering
the difficulties associated with longer context and the absolute sinusoidal positional
embeddings, it was able to outperform the Transformer++ model. This indicates that
the encoder-decoder decomposition is a significant factor in translation quality.

4.3. Measuring Length Generalization

Based on the previous thoughts, we can see that the relative performance between
models varies considerably when dealing with different sequence lengths. In this
section, we intend to measure exactly how sequence length impacts translation quality
and observe if there are meaningful trends we can distinguish between the different
models.

WMT23 Test set: de-en WMT23 Test set: en-de
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Figure 4.1.: Histogram of the source sequence lengths in WMT23 de-en and en-de test
sets.

In Table 4.2, despite intuitively believing that the increase in sequence length from
WMT-CAT-5 to WMT23-CAT-10 would be helpful for performance, as the model gets
exposed to more sentences, there is no general corresponding increase in model quality.
We plot the test distribution in Figure 4.1 and note that the data is still skewed towards
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the lower spectrum despite the paragraph-level premise. Could training over a larger
set of sequences degrade performance on shorter samples?

To test this hypothesis, we produce plots displaying both BLEU and COMET scores
individually, per model, but distinguish between what dataset was used for training.
These plots, which can be seen in Figure 4.2, intend to show how robust each model is
to distribution shifts between training and test data. Next, we provide some analysis
and takeaways.
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Figure 4.2.: BLEU and COMET scores across different datasets and sequence lengths. #
Tokens (Source) denotes the number of tokens in the source sentence. WMT23

de-en.

Sentence length mismatch leads to poor extrapolation. We note that performance
degrades with longer sequences when considering the WMT23-6M trend across all
models. Interestingly, while this is true for Mamba, which can be expected given
its finite hidden state, this task also reveals to be challenging for the Transformer++
model despite its theoretically good extrapolation abilities due to its relative positional
embeddings.

Hybrid models robust to distribution shifts. The hybrid models display a more
consistent performance between sequence lengths across different datasets, even at




4. Results

the sentence level for WMT23-6M. This suggests that hybrid models might be more
effective in long-context MT. In addition, we also comment on how, in Mamba-MHA,
the two concatenation datasets are mostly indistinguishable up until very large sequence
lengths. Meanwhile, Mamba Enc-Dec is the only model where the CAT-10 training is
consistently better across sentence lengths.

WMT23-CAT-10 helps for extremely large samples. The data is coherent in showing
that training on the WMT23-CAT-10 dataset provides an advantage when dealing with
extremely long samples (in the 256-1024 bin). However, as a counterpart, this also
makes Transformer-based models and Mamba less performant in smaller-lengthed
samples. In contrast, hybrid variants are able to maintain or improve performance on
smaller sentences.

Overall, we note that performing long-context translations is a particularly hard
challenge for models of this scale. While we find hybrid models to maintain mostly
consistent performance across different sequence lengths, we remark that our BLEU and
COMET scores are below the standards set by the current generation translation systems
(Alves et al. 2024), which usually leverage large models pre-trained on a vast amount
of textual data. However, when comparing our models to those of similar scale from
the WMT General MT shared task submissions (Kocmi et al. 2023), such as the AIRC
model (Rikters et al. 2023), our results show comparable quality. Notably, there is only
a minor difference—approximately 3 COMET points—between our best-performing
models and this comparably trained model. This suggests that our approach to sample
quality filtering and concatenation is effective, even with a significantly smaller amount
of training data.

4.4. Measuring Recall Performance

This section aims to assess how well our models perform in recall tasks: the ability of a
model to “recover” pieces of information from the input context. While the evaluation
of associative recall is common in recent LM research (Fu et al. 2023; Arora et al. 2023;
Jelassi et al. 2024), applying similar methodologies in MT presents unique challenges.
In MT, it is rare for translations to exhibit repeated token patterns due to the inherent
linguistic variations between languages. More often, translations involve words that
are not only spelled differently but may also be entirely distinct lexically, particularly
when comparing languages of different origins.

Upon manually inspecting some of the generated outputs for Mamba and RetNet, we
visually notice a trend where NEs fail to be generated whenever sequences are longer,
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possibly indicating information contained within the model’s hidden state gets diluted
in this setting. Additionally, we found that common NEs, which appear frequently in
training data, are reproduced more often than low-frequency ones. We could consider
frequent names like “USA” or “Warner Bros.” to have a good signal representation in
each model’s hidden state. Would this be the case for an arbitrary name?

In MT, ensuring the accuracy of translated NEs is crucial for maintaining the integrity
and usefulness of the translated text. This evaluation is particularly important for
entities that must be directly transferred from the source language to the target language
without modification, like a person or an organization’s name. Furthermore, an
interesting parallel exists with the bigram work conducted in (Arora et al. 2023). While
the authors claim most of the performance difference in LM between linear models
and Transformers stems from the ability to recall tokens that mostly appear together
(bigrams), there is no analog situation for MT. It’s uncommon for sentence-level
translations to contain a token pattern multiple times. However, if we consider the
decoder-only MT paradigm we are using, the source sentence is a prefix to the target,
meaning that words that remain untranslated should behave similarly to the bigram
case. This is precisely the case for NEs; the model has to be able to recall them in order
to produce a good translation.

To systematically evaluate this phenomenon, we designed an experiment where
translations are deemed accurate if a NE is correctly recalled and inaccurate otherwise.
Concretely, we are only focusing on samples that contain the same NE verbatim in both
the source and reference sentences. While this method simplifies the overall complexity
of MT quality assessment, it provides a clear metric for our specific focus on NE recall.
To complement our analysis, we track the frequency of these individual NEs across the
training dataset, allowing us to correlate the average recall accuracy with how much
exposure the model has to these specific token patterns.

Recall per NE frequency. This relationship is illustrated in Figure 4.3 with the
IWSLT17 dataset, where NE recall accuracy is plotted against how often these particular
NEs appear in training samples. Analysis of these plots reveals a pronounced corre-
lation: high-frequency NEs tend to be recalled more effectively. This trend holds not
only for linear models but also, surprisingly, for Transformer-based ones. Furthermore,
there is a notable gap between recall rates for unseen NEs between RetNet and Mamba,
suggesting that the selection process with the LTV property is important for recall
ability and, therefore, translation quality. On the other hand, these linear models
are clearly outclassed by their hybrid counterparts, which inclusively outperform the
Transformer models.
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Figure 4.3.: Named Entity Recall Accuracy plotted against their frequency in the train-
ing set. Unseen entities do not appear in the training data, Regular and
Frequent appear between [1,16) times and [16,1028) times, respectively.
IWSLT17 de-en

Recall per sentence length. In Figure 4.4, we additionally assess how recall is associ-
ated with sequence length, measured by the number of tokens in each source sample.
Preliminary analysis provides some takeaways: linear models are more accurate with
smaller sentences — this is to be expected given their finite hidden state dimension —
while the transformer-based ones tend to be more robust to this phenomenon. Con-
sidering the hybrid models as a whole, we observe good recall performance across
sequence lengths. However, Mamba-Local is only performant with sequences smaller
than its window size (64), indicating that signal propagation between model layers is
not optimal and warrants additional architectural exploration.

Overall, these observations highlight the challenges associated with NE recall in MT
and how there is still a gap between the recall abilities of linear models and those with
attention, further highlighting the relevance of exploring hybrid architectures in the
future.
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5. Conclusion

Starting with the motivation in Chapter 1, we set out to evaluate recent efficient linear
models in Machine Translation tasks, particularly long-context MT. We selected a
large set of models, including Transformer baselines, linear recurrent models (RetNet
and Mamba), and hybrid models composed of SSMs and Attention, and conducted
experiments by training small models from scratch over various parallel MT datasets.

Overall, these experiments revealed Linear Time Variance to be crucial for model
performance as the Mamba architecture outclassed RetNet and was competitive with
the Transformer Encoder-Decoder baseline. This was revealed to be the case both in
sequence (Section 4.1) and paragraph level (Section 4.2) MT, albeit with slightly lower
relative performance in larger context settings. Expanding the latter results to dissect
the impact of sequence length on translation quality (Section 4.3), we find all models
to have poor extrapolation abilities, although this behavior is more pronounced in
Mamba. Nonetheless, by constructing alternative datasets with larger samples through
concatenation approaches, we are able to alleviate this concern and produce strong
(for the trained-from-scratch setting) paragraph-level MT models. On the other hand,
performing all of the aforementioned experiments with hybrid models revealed them
to be a promising approach for MT, as these outperformed the base Mamba model
and mostly matched the standard Transformer. Finally, we leveraged the analysis in
Section 4.4 to note the recurrent models’ falters in recalling unseen NEs from source
to target, indicating potential issues reproducing unknown token patterns within the
model’s hidden states, which warrants additional experiments.

In conclusion, we show the promise in the efficacy of these linear recurrent and
hybrid models in MT tasks, especially when considering their efficiency benefits.
Constructing a performant recurrent model that can handle longer sequences without
the computational overhead associated with Transformers is paramount to unlocking
promising real-world use cases, such as real-time translations or providing translations
in resource-constrained environments.

5.1. Future Work

This thesis serves as an initial exploration into building efficient and high-quality
MT systems. Based on our findings, several promising directions emerge for further
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research, which we detail next.

Scaling Model Size and Pretraining Efforts. A natural progression for improving
the performance of linear and recurrent models in MT tasks is scaling model size and
extensive pretraining. Larger models have consistently shown improved capabilities
in handling complex linguistic patterns and generalization across various NLP tasks
(Kaplan et al. 2020). Future efforts could explore distilling these larger, pre-trained
models into smaller, efficient counterparts that retain much of the original model’s
efficacy (Hinton et al. 2015).

Other Recurrent Architectures. Since ML research has been moving at a significant
pace since the beginning of the project, new recurrent architectures have emerged as
competitive to Mamba and Transformers overall. Particularly, we refer to GLA (Yang
et al. 2024), HGRN-2 (Qin et al. 2024) and Griffin (De et al. 2024), which offer promising
LM performance, but the same thoughts would apply to other recurrent variants that
will certainly be proposed in the near future.

Effective Hybrid Models. The preliminary results from hybrid models incorporating
SSMs and attention mechanisms are encouraging. Future work could investigate
optimizing the interplay between these components; we noted in Section 4.4 how
Mamba-Local is not performant once sequences deplete the window size, suggesting
simply stacking Windowed Attention and SSM layers is not optimal. To this end, we
refer to the newly proposed Infini-attention mechanism (Munkhdalai et al. 2024) as a
promising research direction.

Interpretability of SSMs. Understanding how SSMs process and transform input
data into coherent translations is crucial for the further improvement of these models.
In this regard, we could leverage earlier interpretability work and adapt it to the SSM
case, an example of this would be (Ali et al. 2024). Another aspect could be expanding
the signal issues we have discussed when presenting our NE analysis and developing
concrete tools to assess how tokens are encoded in the recurrent state.

Longer Datasets. Given the theoretical advantage of our models in managing long-
range dependencies, testing these capabilities on datasets with significantly larger
sequences is an interesting next step. This could involve creating or adapting existing
datasets that offer more extensive and complex multi-paragraph texts, providing a
more challenging and realistic environment for assessing model performance.
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A. Padding in RetNet

Originally, RetNet was developed for LM applications, which usually involve sequences
of fixed length during training. However, in MT, where sequences vary in length,
effective management of padding tokens is crucial to prevent the model from processing
irrelevant data. This is essential not only for maintaining data integrity but also for
ensuring consistent performance metrics across various models during both training
and evaluation.

RetNet’s architecture, which does not use the typical softmax operation found in
standard Transformers, presents unique challenges in handling padding; moreover,
the model’s dual formulations—recurrent and parallel—require a cohesive approach
to effectively ignore padding tokens across both modes of operation. To achieve this,
we leverage the decay factor present in both formulations and the recurrent nature of
the model and publish our code to Github'. Next, we detail how padding is handled
concretely in each mode of operation.

A.1. Recurrent Formulation

The first consideration is that due to the recurrent nature of the model, it is simpler to
implement left padding. With the model as detailed in Equation 2.8, padding tokens
can be ignored by resetting the hidden state to zero up to the first non-pad token. The
main difference between this approach and starting directly at the first non-pad token
is the handling of the decay factor, which still accumulates values during the padded
sequence. This strategy is straightforward and aligns well with the parallel mechanism.
The pseudocode for this recurrent formulation can be seen in Figure A.1.

A.2. Parallel Formulation

In contrast, the parallel formulation does not allow for direct manipulation of the
hidden states as in the recurrent form. Instead, we utilize the decay mask, which is
applied entry-wise to the QK interactions. Since the decay mask is essentially a lower
triangular matrix of dimensions n x 1, we can simulate the effect of the softmax masking

Ihttps://github.com/xtwigs/torchscale
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A. Padding in RetNet

1 def RecurrentRetention(

2 q, k, v, # bsz, num_head, len, gkv_dim
3 past_kv, # bsz, num_head, gk_dim, v_dim
4 decay, # num_head, 1, 1

padding_mask # bsz, 1

7 current_kv = decay * past_kv + k.unsqueeze(-1) * v.unsqueeze(-2)
8 # zero the padding signal

9 current_kv[padding_mask, ...] =0

10 output = torch.sum(q.unsqueeze(-1) * current_kv, dim=-2)

11 output = group_norm(output)

12 return output, current_kv

Figure A.1.: Pseudocode for RetNet’s recurrent formulation with padding.

seen in traditional transformers by appropriately masking out columns corresponding
to padding tokens. The specifics of this implementation are shown in Figure A.2.
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A. Padding in RetNet

1 def

ParallelRetention(

q, # bsz, num_head, len, gk_dim
k, # bsz, num_head, len, gk_dim
v, # bsz, num_head, len, v_dim
decay_mask # num_head, len, len
padding_mask, # bsz, len

retention = q @ k.transpose(-1, -2)
# zero the padding signal

decay_mask = decay_mask.masked_fill(padding_mask.unsqueeze (1) .

unsqueeze(-1), 0)
retention = retention * decay_mask
output = retention @ v

output = group_norm(output)

return output

Figure A.2.: Pseudocode for RetNet’s parallel formulation with padding.
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Abbreviations

GPU Graphics Processing Unit
MT Machine Translation

SSM Space State Models

ML Machine Learning

LM Language Modeling

NLP Natural Language Processing
LTI Linear Time Invariance
LTV Linear Time Variance
MHA Multi-Head Attention
LR Learning Rate

NE Named Entities

LLM Large Language Models
MSR Multi-Scale Retention

RNN Recurrent Neural Networks
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