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ABSTRACT

Deep neural networks based on state space models (SSMs) are attracting signifi-
cant attention in sequence modeling since their computational cost is much smaller
than that of Transformers. While the capabilities of SSMs have been demonstrated
through experiments in various tasks, theoretical understanding of SSMs is still
limited. In particular, most theoretical studies discuss the capabilities of SSM
layers without nonlinear layers, and there is a lack of discussion on their combi-
nation with nonlinear layers. In this paper, we explore the capabilities of SSMs
combined with fully connected neural networks, and show that they are compara-
ble to Transformers in extracting the essential tokens depending on the input. As
concrete examples, we consider two synthetic tasks, which are challenging for a
single SSM layer, and demonstrate that SSMs combined with nonlinear layers can
efficiently solve these tasks. Furthermore, we study the nonparametric regression
task, and prove that the ability of SSMs is equivalent to that of Transformers in
estimating functions belonging to a certain class.

1 INTRODUCTION

Foundation models based on Transformers have achieved remarkable success in various sequence
modeling tasks such as natural language processing (Vaswani et al.| |2017), computer vision (Doso-
vitskiy et al., 2020), and speech recognition (Radford et al., |2023). The superior performance of
Transformers is attributed to the self-attention mechanism, which enables the model to aggregate
information from the input sequence.

In contrast to its success, the self-attention mechanism has a potential problem that it requires a large
amount of computation and memory. To deal with this issue, many studies have attempted to develop
efficient models that can replace Transformers. Among them, State Space Models (SSMs) have gar-
nered considerable interest recently. One advantage of SSMs is that the output can be computed
with a significantly small time using convolution via the FFT algorithm or recursive computation.
Based on the original SSMs, many improvements have been proposed, such as HiPPO-based in-
tialization (Gu et al., [2021)) and architectures using gated convolutions (Fu et al., [2022; |Pol1 et al.,
2023).

Networks based on SSMs have achieved high performance in various applications such as gene
analysis (Nguyen et al., 2024), audio generation (Goel et al., |2022) and speech recognition (Saon
et al.,[2023). On the other hand, some of the recent studies pointed out the limitations of SSMs to
solve tasks. For example, Merrill et al.| (2024)) show that SSMs cannot solve sequential problems
from the view of computational complexity theory. Additionally, Jelassi et al. (2024) demonstrate
that SSMs are inferior to Transformers in solving the task to copy the input sequence.

One of the major differences between SSMs and Transformers lies in how they aggregate infor-
mation from the input sequence tokens. The output of Transformers is computed as a weighted
sum of the input tokens, where the weights are determined depending on the input. This allows
the Transformer to dynamically determine which tokens to extract based on the input, leading to its
high performance. SSMs also compute their output as a weighted sum of the input tokens, but the
weights do not depend on the input. Therefore, a single SSM layer cannot perform dynamic token
extraction, which limits its capability.
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Both models can switch the tokens they pay attention to.

Figure 1.1: Conceptual illustrations of our theory. The abilities of SSMs are said to be limited since
their filter is not data-dependent. However, when combined with nonlinear layers, SSMs are compa-
rable to Transformers in terms of dynamic token selection. Indeed, experiments on associative recall
tasks show that SSMs capture the important tokens in the sequence depending on the input, which
is similar to the behavior of Transformers. The heatmap in the figure represents the importance of
the token when the model predicts the output. Note that these are not artificial figures, but the actual
results of the experiments.

However, in typical architectures, SSMs are repeatedly applied alternately with fully connected
neural networks (FNNs), similar to the attention mechanism. This raises the following question:

Can SSMs combined with FNN layers perform dynamic token selection similar to Transformers?

This paper provides a positive theoretical result for this question. Specifically, we demonstrate that
SSMs, when combined with FNNs, can exhibit dynamic token selection with performance equiva-
lent to Transformers.

To demonstrate the claim, we consider two synthetic tasks (input copying and associative recall),
and a non-parametric regression problem. Input copying is the task of generating the same sequence
as the given input. Jelassi et al.| (2024)) intensively studied this task and showed that a single SSM
layer underperforms compared to Transformers in solving this task. In this paper, we show that two-
layer SSMs combined with FNN layers can achieve performance comparable to Transformers in this
task. In associative recall, the models are required to infer the answer from a pair of words provided
as input. We demonstrate that the performance of SSMs combined with FNN layers is better than
that of SSMs without FNNs shown inMassaroli et al.|(2024). As for the non-parametric regression,
we consider the estimation of piecewise y-smooth functions, which is defined in|Takakura & Suzuki
(2023)). |Takakura & Suzuki| (2023)) shows that Transformers can efficiently estimate functions in this
class. We show that SSMs combined with FNN layers can achieve the same convergence rate as the
rate for Transformers shown in Takakura & Suzuki| (2023)).

In solving the three problems above, the models have to determine which tokens to extract based on
the input data. Therefore, these results imply that SSMs possess dynamic token extraction capabil-
ities comparable to Transformers. We give some examples of associative recall task in Figure [I.1]
We trained SSMs and Transformers on the task and draw heatmaps to show which tokens the trained
models focus on. From the figures, we can observe that both models pay attention to similar parts
of the input. This verifies that SSMs possess dynamic feature extraction capabilities comparable to
Transformers. See Section [3.2]for more details of the associative recall task.

The contributions of this paper are summarized as follows:
1. We theoretically study the abilities of SSMs to solve two artificial tasks, input copying and asso-
ciative recall, and prove that SSMs + FNNs can solve these tasks efficiently (Section[3.1} [3.2).

2. To prove the above results, we provide a theoretical result that shows SSMs combined with FNNs
can mimic the dynamic token selection mechanism of Transformers (Section [3.3)).

3. As a more general example, we also consider the non-parametric regression for the function
class defined in [Takakura & Suzuki| (2023)), and demonstrate that SSMs can achieve the same
estimation error as Transformers (Section [4).
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Other related works. Some studies have theoretically investigated the abilities of SSMs recently.
For instance, Wang & Xue| (2023)) show that SSMs are universal approximators for continuous
sequence-to-sequence functions. Moreover, |Cirone et al.| (2024) studied the abilities of SSMs using
rough path theory. Furthermore, |Alonso et al.|(2024) analyzed the abilities of SSMs with the use of
the control theory. However, these studies (i) do not give quantitative evaluations comparing SSMs
to Transformers, and/or (ii) only consider SSM layers without nonlinear layers.

There are some previous studies for the estimation error bound for non-parametric regression, for
example, Suzukil (2018)); Schmidt-Hieber| (2020); |[Suzuki & Nitandal(2021)) for FNNs and |Okumoto
& Suzuki| (2021) for CNNs. These studies do not consider the case where the positions of essential
features change depending on the input. The function classes with piecewise smoothness are also
considered in |Petersen & Voigtlaender| (2018)) and Imaizumi & Fukumizu| (2019). They do not
consider anisotropic smoothness or sequence inputs, whereas we consider such situations.

Notations. For [,r € Z (I < r), let [/] be the set {1,...,l}, and [l : r] be the set {l,...,7}.
Foraset S C Rand d,V € N, let SV = {[s_y ... s0] | s; € S} and let ¥ =
{[...,5-2,5-1,50] | si € S}. For F : Q — R, let ||[F|| , := supxcq ||F(X)]|. For a matrix
A let ||Ally = [{(4,7) | Aij # 0}]. For X € R¥*®>°, X, . € R1** represents its i-th row.

2 THE DEFINITION OF DEEP NEURAL NETWORKS WITH SSMS

In this section, we provide the formal definition of deep neural networks with SSMs. State space
models with the input [u;]?__;, the latent vectors [x;]?__; and the output [y:]?_ _; (us € R,z €
R, y: € R), are represented as follows:
Tt41 :Amt+But7 yt:CIt+Dut (t:—L’,—l)’

where A,B,C,D € R are learnable parameters. Then, the output y; can be written explicitly as
Y = Z:LZ_L (CA'="B + D6;_p,) u,,. By setting h; := CA'B + D4, and h = [hi]E . we can
rewrite the output as y; = (h * u); = Zi:_ 1, ht—nuy using convolution operation *. If the filter
[h¢]L_, is precomputed, the output can be computed with O(L log L) time complexity using FFT
algorithm, which is much faster than the computation cost of Transformers, O(L?).

In this paper, we consider the architectures consisting of the following three types of layers: (i) FNN
layers, (ii) convolution layers, and (iii) an embedding layer.
(i) FNN layer An FNN with depth L and width W is defined as

f(@) = (Apn(-) +br) oo (Arx +by),

where ) = ReLU, and A; € R%+1%di p; ¢ R%+1 with max; d; < W. Then, we define the class of
FNN with depth L, width W, norm bound B and sparsity .S by

L
max {[| Al o bill o} < B, Y [1Aillg + [1billy < 5} :

=1

U(L,W, S, B) = {f

(ii) Convolution layer Next, we define the convolution layers. Let W € RP*P be learnable
weights, and D be the embedding dimension. Then, given the input X € RP*°, the output of the
convolution layer g: RP*% — RP*° with window size U is computed as

9(X)=Hx*(WX), Hgj:=cyxcos <m> + co p sin <2ﬂ[-j+ai’k>,
where H € RP*(U+1) ig a filter controlled by learnable parameters c1, c2, a1, a2 € RP. The oper-
ator s : RP*(UF1) 5 RPxo0 _y RPX0 represents element-wise convolution. Note that we assume
the finite window size U, i.e., the output of position —i (i € N>¢) is computed with the tokens at
position —i, ..., —i — U. Such setting is also considered in the analysis of Transformers (Takakura
& Suzukil [2023). Then, we define the class of convolution layers with window size U, embedding
dimension D and norm constraint B by

C(U, D, B) = {g [ max {[[W]|.; [la1]| o, 02l o le1 ]l oo le2ll oo} < B}-

The definition of the convolution filter includes several important settings. First, our setting includes
the case where we use the convolution filter h; = CA!B + Dd; of ordinary SSMs. Indeed, by
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constructing the parameters A, B, C, D in the filter appropriately, we can obtain the same architecture
as the convolution layer we consider (see Appendix [A]for the details). Moreover, our setting includes
the filter used in Hyena (Poli et al., [2023), in which the filter is defined by neural networks with sin-
activation.

(iii) Embedding layer Finally, the embedding layer with embedding dimension D is defined as
EIl’lb(X) = [Ele —+ EQ}OO

1=—00"

where F; € RP*4 and E, € RP are learnable parameters.

We first feed the sequence into Emb, and then alternately apply convolution layers and FNN layers.
Note that the FNN layers are applied in a token-wise manner. Thus, we define a class of deep neural
networks using SSMs, denoted as S, as follows:

fi G\P(L7WJSJB)7
S(M,U,D,L,W,S,B) =< faogmo---ofiogioEmb|g; €C(U,D,B),
[Eillc < B, [|E2|| < B.

We remark that the number of parameters of the model is O(M (LW? + D?)), and does not depend
on the window size U, since the parameters are shared among the tokens.

3 SYNTHETIC TASKS: INPUT COPYING AND ASSOCIATIVE RECALL

In this section, we consider the two tasks of (i) input copying and (ii) associative recall, and show
that SSMs combined with FINNs can solve these tasks efficiently. In both of these tasks, the position
of the important token is different for each input. Therefore, the fact that SSMs can solve these tasks
suggests that SSMs have dynamic token extraction capabilities comparable to those of Transformers.

Throughout this section, we assume that an input is given as a sequence of words in the dictionary W,
where W is a finite set. Each word in the sequence is first converted into a |JW|-dimensional one-hot
vector. Then, the tokens are transformed to D-dimensional vectors by the embedding layer, and fed
into subsequent convolution layers and FNN layers. Thus, we obtain a sequence of D-dimensional
tokens as a model’s output. We consider the setting where the model generates sequences by autore-
gressively outputting the words, i.e., next-token prediction. To do this, we introduce an additional
decoding layer, which we denote by Dec. This layer has a learnable parameter Wpo, € RP*IWI,
and linearly transforms the final token of the model’s output into a vector in R, Then, the word
corresponding to the largest component of this vector is regarded as the model’s prediction.

3.1 INPUT COPYING

The input copying is a task in which the model is required to output exactly the same sequence as the
input via autoregressive inference. As an example, consider the situation where the model receives
the input sequence “<BOS) ¢ a d b e {COPY)”, where a, b, c, d, e are the words in WV, and
{(BOS) and {COPY) are special tokens, which are also included in WW. Then, the model first needs to
output “c”. Next, the model receives the input “{BOS) ¢ a d b e (COPY) c”, and the model

is required to generate “a”. This process is repeated until the number of tokens the model generates
becomes equal to the number of words in the input sequence.

To evaluate the model for this task, we consider the probability that the model generates the correct
sequence for a certain input distribution. More precisely, suppose that input sequences are given
in the form of “{BOS) x1 x5 --- xy {(COPY)”, where x1, s, ..., xy are independently generated
from the uniform distribution on W \ {{BOS), {(COPY)}. Then, we set y1, ..., yv as the sequence
generated by the model, and evaluate the model by the metric erry defined as follows, which mea-
sures the probability that the model does not correctly copy the input sequence:

erry = Pl(y1,...,yv) # (x1...,2v)].

Jelassi et al.|(2024) intensively studied the capabilities of SSMs and Transformers to solve this task.
They theoretically showed that Transformers with O(log(V/e)log|W|) parameters can achieve
erry < e. In their proof, they leverage the dynamic token extraction ability of the attention mech-
anism. More specifically, they demonstrate that Transformers can solve the copying task by look-
ing up the n sequential tokens that match the last n tokens. In addition, they discuss the lower
bound of the accuracy of SSMs, and showed that SSMs need O(L log |W|) memory size to achieve
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erry < 1/2. These results suggest that a single SSM layer is inferior to Transformers in terms of
the dynamic token extraction abilities.

In contrast to these results, we investigate the case where nonlinear layers are placed before and after
the SSM layer, and obtain the following result.

Theorem 3.1. For any € > 0, there exists an SSM F € S(M,U,D,L,W,S, B) with
M=2 U=V, D, L W,S,logB <log® e 'log* Vlog® W,
and decoding layer Dec with |[Wpec|, < 1 such that supy.cpy) erryr < e.

This result shows that, two layer SSMs combined with FNNs, we can achieve the error ¢ with
poly log (e_l, V, |W|) parameters, and avoid the necessity of the memory size increasing linearly
with V.

In the proof of this theorem, it is essential that there are FNN layers before and after the second SSM
layer. As we will show later in Lemma [3.3] the SSM combined with the preceding and following
FNN Ilayers has the ability to extract tokens based on the inner product of keys and queries, similar
to a Transformer. Jelassi et al.|(2024)) demonstrates that a two-layer Transformer can solve the input
copying task. Thus, by replacing the attention layer with FNN + SSM + FNN, the above theorem
can be proved. The detailed proof can be found in Appendix

3.2 ASSOCIATIVE RECALL

Next, we investigate the task called associative recall. In this task, we assume that the set of words
W is divided into two disjoint sets Wiey, and Wiaiue. The input sequence is given in the form of “k;
vy -+ ky vy ¢, where ki, ... ky € Wiey (ki # kj i1 # 7), v1,..., vy € Wialue and ¢ € Wiy
matches one of the k; (¢ € [V]). Then, the model is required to output the corresponding v; for the
given ¢ = k;. For example, if the model receives the input “c 2 a 5 d 1 b 4 a”, the model
needs to output “5”.

Similarly to the input copying task, this task also requires the model to dynamically extract the
important tokens. Indeed, to solve this task, the model needs to focus on three tokens: (i) the last
token of the input, (ii) the token with the same word as the last one, and (iii) the token that follows
(ii). Since the locations of (ii) and (iii) change depending on (i), the model needs to pay attention to
different locations depending on the input.

We proved the following theorem, which shows that O(poly log(|W|)) parameters are sufficient to
solve the associative recall task when using SSMs combined with FNNs.

Theorem 3.2. There exists an SSM F € S(M,U, D, L, W, S, B) with

M=2, U=2V, D, L, W, S8, logB <log"(W)),
and decoding layer Dec with ||Wpec|| o, < 1 such that, for any input sequences of associative recall
task, the model generates the correct output.

Massaroli et al.|(2024) showed that Hyena-based SSMs can solve the associative recall task with
O(~y/|W]log® |W)|) parameters. In contrast, we proved that we require only O(poly log [W)|) pa-
rameters, thanks to the nonlinear layers. This indicates that combining SSMs with nonlinear layers
can improve the dynamic token extraction ability of SSMs.

In this theorem as well, the essence of the proof is the ability of the SSM with preceding and
following FNN layers, as described in Lemma [3.3] The proof can be found in Appendix

3.3 SSMsS MIMIC ATTENTION MECHANISMS TO SELECT IMPORTANT TOKENS

In this subsection, we discuss why SSMs combined with FNNs can perform dynamic token selection
similar to Transformers.

The dynamic token selection abilities of Transformers stem from the attention mechanisms. Indeed,
attention mechanisms compute the weighted sum of the values (i.e., projected input tokens), where
the weights are determined based on the input. The weights are computed by applying the softmax
function to the inner product between keys and queries. This means that the attention mechanism
prioritizes the tokens where the key and query have a high inner product. The following statement
shows that SSMs combined with FNN layers can mimic this functionality.
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Lemma 3.3 (Dynamic Token Selection by SSMs). Suppose that the input sequence X is given by
kv - ke
v_v v_
where q,k; € RY and v; € R% with ||q| . < 1, 1l < Lllvsll, <1(5 = —=V,...,0). Let
i =q'k;j (j = -V,...,0) and j* = argmaxj__v, _opuj. Suppose that, for any j € [—V :
0] \ {j*}, it holds p1; < pj- — 9§ for some 6 > 0. Then, for any € > 0, there exist FNN layers
fi, fo € O(L,W, S, B) and a convolution layer g € C(U, D, B) with

U=V, D=d’62(log?¢ " +10g’V),
L<d® P (log® e +1og” V), W <d?6 3 (loge ! +10g° V),
S <d¥® (log” et +10g’ V), logB < d?52 (log® e +10g’ V),
such that ||yo — vj-|| . < € where [y_v,...,y_1,y0] = faogo fi(X).

q
ko| € R(Qd/+d)><[7V:O]’

X = 1
1 Yo

We provide the proof in Appendix From this theorem, we can see that SSMs preceded and
followed by FNN layers can dynamically change the positions of tokens to focus on based on the
value of the inner product between the key and query, similar to the attention mechanism. Thus,
SSMs demonstrate dynamic token selection abilities similar to Transformers.

4 NONPARAMETRIC REGRESSION PROBLEM

In this section, we consider a non-parametric regression problem with sequence inputs, and show
that SSMs are comparable to Transformers in estimating piecewise y-smooth functions. As we will
explain later, in functions belonging to this class, the positions of important tokens vary depending
on the input. Therefore, the dynamic token selection ability is essential for estimating a piecewise -
smooth function. In Appendix [E] we provide a visual explanation of the motivation for considering
this class of functions.

Due to the technical convenience to analyze the estimation error, we consider the setting where the
output of the network is bounded. For this purpose, we assume that the output of the model is
fed into the function clipy defined by clipg(x) = max {—R,min {R,x}}. Since clipy can be
implemented by the FNN with depth 1 and width 2, this assumption is not far from the practical
setting. Furthermore, to predict a real value, the final token (i.e., index 0) in the sequence output by
the model is regarded as the predicted value. We define the class of clipped networks S’ by

S'(M,U,D,L,W, S, B) = {(clipg o F)o | F € S(M,U,D,L,W, S, B)}.

4.1 PROBLEM SETTING

i o € R¥*> 5 a sequence of d-dimensional

tokens, and they are generated from a probability measure Py on ([0, 1]9%>° B([0,1]9*>)).
In the following, we denote 2 := supp Px and define the norm |||, p. by [[fll, p, =

(o lf I ary) ",

As in the usual nonparametric regression setting, suppose that we observe n i.i.d. inputs X ~
Px (i =1,...,n) and the corresponding outputs Y'(?) € R generated by Y(?) = F°(X @) 4 ¢,
where £V € R is the i.i.d. noise generated from N'(0,02) (¢ > 0). We further assume
that {§ (i)}?zl is independent of the inputs {X (i)}?zl. Given the pairs of inputs and outputs

We consider the situation where the input X := [x;]"

{(x®, Y(i))}?:l, we obtain the estimator F of the target function F through empirical risk mini-

mization:
n

. 1 4 .
F = arg Igr.leig/ - Z (Y(l) - F(X(’)))

i=1

2
)

where S’ is the class of networks that we defined above. To measure the statistical performance of
the estimator F', we utilize mean squared error (MSE) defined by

R(F,F°) = IE{HF(X) . FO(X)H:PJ,
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where the expectation is taken for { X (*) };1 and {£@ };1'

4.2 PIECEWISE y-SMOOTH FUNCTION CLASS

To compare the estimation ability of SSMs with that of Transformers, we assume that the target
function F'° belongs to the function class called piecewise ~-smooth. The function class was intro-
duced in [Takakura & Suzuki (2023)), and they showed the estimation error bound of Transformers
for the functions in the class. In this function class, the importance of the tokens (or coordinates) is
characterized by the smoothness of the function. We describe the details in the following.

~-smooth function class. Before introducing the piecewise y-smooth function class, we first de-
fine the y-smooth function class, which was first proposed by |Okumoto & Suzuki| (2021). This
function class can be seen as an extension of the well-known function spaces, such as the mixed-
Besov space and (anisotropic) Sobolev space.

V2cos(2m|ris|z)  (rij <0),
V2sin(27|ri;|z)  (rij > 0),
and ¢, : [0,1]9%> — Rby ¢, (X) = [[,_, [1;=1 ¥r; (Xi;). Then, {wr}rezgmc forms a complete
orthonormal system of L?([0, 1]9%°°), Therefore, any f € L2([0,1]4*>°) can be expanded as f =
Zrezgxoo (f,r) ¥y For s € NI*¥*°, we define

5S(f) = Z <f7 ¢r> %-
rEZG*™,| 2% T | <ry;<2%id
Then, we define the y-smooth function class as follows.

First, for r € Z$*>, we define ¢, : [0,1] — R by 1, (2) = {

Definition 4.1 (+-smooth function class). For a given -y : Ngxoo — R which is monotonically non-

decreasing with respect to each coordinate and p > 2,6 > 1, we define the y-smooth function space
as follows:
710, 17%) i= {1 € (0, U%) | | fll 7, < o0},

1/6
where the norm £z is defined as [ /[ > = (zseNgm 29’v<s>||5s(f)||f,Px) . We also
P, P ’

define the finite dimensional version F) , ([0, 1,]‘1“)

for I € N in the same way.
Note that d,(f) can be seen as the frequency component of f with frequency |r;;| ~ 2% for
each coordinate (7, j). Therefore, we can interpret that  controls the amplitude of each frequency

component through weighting the term |d5(f)||, p, in the definition of the norm |- z~ - In other
) P,

words, if y(s) is larger, the norm of frequency component d;( f) is smaller.

As a special case of v, we consider the following two types of smoothness:
(s) = (a, s) (Mixed smoothness),
)7 max {aijsij |ied],jeZ} (Anisotropic smoothness),

where a € R%OO is the smoothness parameter, which determines the smoothness of the function
for each coordinate. To provide the intuition of the smoothness, let us consider the extreme case,
a;; — oo for (i,7) with s;; # 0. Then, it holds y(s) — oo, both for mixed and anisotropic
smoothness, which implies 27(®) — co. This indicates that a strong “penalty” is imposed on the
component d,( f) and the function f does not have the frequency component s,; along the direction
of (4, 7). Since the norm ||f||f;6 has to be finite, it holds ||d5(f)|/p,px — 0. This means that the

function f has to be smooth for the input coordinate (7,j). Therefore, large a,; implies that the
function is smooth towards the coordinate (4, ), and this indicates that the value of function does
not change much for the input coordinate (2, j), which means that X;; is not an important feature.
In contrast, small a,; implies that the coordinate X;; is an important feature.

As we stated above, the function class .7-";9([0, 1]4%°°) can be seen as an extension of some well-
known function spaces to the infinite-dimensional setting. Indeed, if Px is a uniform distribution on
[0,1]**! and p < oo, then Fo ([0, 1]1*!) with mixed smoothness is equivalent to the mixed-Besov
space. Moreover, if Px is a uniform distribution, then the anisotropic Sobolev space is included in
the unit ball of ]:;’ o with anisotropic smoothness.
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Piecewise y-smooth function class. Now, we are ready to define the piecewise y-smooth function
class. The functions in this class have different smoothness depending on the input unlike y-smooth
functions. Therefore, the models have to choose appropriate tokens to extract depending on the
input when estimating a function in this class.

The rigorous definition of piecewise «y-smooth function class is given as follows. In the following,
wedenote X_;, = [...,x_;_q1,x_;|fori e Nand X = [...,z_1,z¢].
Definition 4.2 (Piecewise ~y-smooth function class). Let p be a function that belongs to
Fo ([0, 1]4%°°), which we call the importance function. Additionally, let 7x : [~V : 0] — [V :
0] be the map that sorts the indices i € [V : 0] in ascending order of the importance p(X;), i.e.,
(X y(—v)) <o < Xy (0))-
Then, we define the map IT : [0, 1]7%> — [0, 1]9*[=V:0] by
H(X) = [Iﬂ.x(_v), ‘e ,xﬂx(o)].
Then, for p > 2,0 > 1 and 7 : Ngx‘” — IR, the function class 73;’9([0, 1]4%°°) with piecewise
~-smoothness is defined as follows:

Py o(10,17) i= {g = fo T | f € 77y 10,11V ), |ig]p, | < o0},

1

where the norm ||g||73;9 is defined by ||g||7>;19 = (ZseNgx[—V:O] 207()||5,(f) o HHZva) /9.

In simple terms, when an input X = [...,2_y, ..., o] is fed into a function g € P, ,([0, 1]dx2),
the tokens x_y, ..., xq are first sorted in ascending order of the importance u(X_v), ..., u(Xop),
and the resulting sequence [z, (_v),. .., Zx (0)] is fed into the y-smooth function f. The impor-
tance of each token x_; is determined by the preceding tokens, i.e., z_;, _;_1, . ... Since the order
of the sorted tokens changes depending on the input, the smoothness of the function g = foll € g;, 0
differs for different inputs.

In the definition, tokens with higher importance are placed closer to index O after sorting. In the
latter subsection, we assume that the smoothness of the function f for a coordinate is smaller for
the tokens with indices closer to 0, which implies that the tokens with higher importance are more
essential to estimate the function f.

As in [Takakura & Suzukil (2023), we assume that an importance function p is well-separated, i.e.,
for some constant ¢, 3 > 0, u satisfies (X, (—q)) > p(Xr, (—i=1)) + ci~P for any X € Q. This
implies that X satisfies u(X_;) ~ pu(X_;) (i # j) with probability zero. A similar assumption can
be found in the literature of statistics such as |Hall & Horowitz (2007).

4.3 APPROXIMATION AND ESTIMATION ABILITY OF SSMS

In this subsection, we show the theoretical results on the ability of SSMs to approximate and estimate
the function in the piecewise y-smooth function class.

To establish the theories, we make the following assumptions, all of which are also imposed in
Takakura & Suzukif (2023)).

Assumption 4.3. The true function F° belongs to g;, o» Where 7y is mixed or anisotropic smoothness.
Moreover, F° and the importance function p satisfy the following conditions:

(i) IF°l5;, < LIF) < Fo llnls, < 1

(ii) For the smoothness parameter a, it holds a;; = Q(log(|j| + 1)) for p € F),, and a;; =
Q%) for F° € G) 5, where a > 0 is a constant. Moreover it holds ||a|| o < 1 for both
and I'°, where ||al| ;. = sup; j“&;l and a; is the j-th smallest element of a.
(iii) If v is mixed smoothness, we assume a1 < Gs.
Remark 4.4. The assumption ||a||,,. < 1 implies that the j-th smallest element of smoothness
parameter a increases polynomially with respect to 7, which indicates the sparsity of the important
features. This assumption is natural in real-world applications, as we check in Section[5} Moreover,

the assumptions a;; = Q(log(|j| + 1)) and a;; = (j*) mean that the token placed far from the
final token is less important. Note that the condition a;; = Q(j¢) for F° = foll € g;,e is imposed

on the function f € f-g) ¢» and the input of the function f is sorted by the importance.

bl o < 1 for some constant Ry > 0.

wle
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Then, we have the following theorem on the approximation ability of SSMs for piecewise y-smooth
functions.

Theorem 4.5. Let F° be a function satisfying Assumption Then, for any T' > 0, there exists a
SSMF e S'(M,U,D,L,W,S, B) with
M<TYY U=V, D<T%slog?V, L <Tlog®V,

. 4.1
W < 2T/a peaslog? v, S < 2T/a' Ten log® V, log B < T log?V,
such that ’FO — FH < 27T, Here, Ca,8 15 a constant depending on o and 3 such that ¢, g <
2,Px
5+2/a+56/a

This result reveals that the number of parameters to achieve the error € is
1

O((1/€)aTpolylog(1/e,V)), which is the same as that of Transformers shown by [Takakura

& Suzuki| (2023). Similarly to Theorem [3.1]and Theorem [3.2] to prove this theorem, we utilize the

similar argument as Lemma [3.3] which establishes the dynamic token selection ability of SSMs

combined with FNNs. The detailed proof can be found in Appendix [I}

Using the approximation theory above, we obtain the following results, which state the estimation
ability of SSMs for piecewise y-smooth functions.
Theorem 4.6. Suppose that the target function F'° satisfies Assumption Let at = @, for mixed

smoothness, and ot = (372 a;!

estimator in S(M,U, D, L,W, S, B), with M,U, D, L, W, S, B defined as |b for T = ﬁ
Then, it holds

—1 . . A
) for anisotropic smoothness. Moreover, let F' be an ERM

~ — aT ’
R(F,F°)<Sn P (logn)©s log'? V,
where c, 5 is a constant such that ¢, 5 < 21 +10/a + 2083/ cv.

The proof can be found in Appendix Il We can see that the convergence rate with respect to n
matches that of Transformers shown inTakakura & Suzuki (2023)). This indicates that SSMs possess
the ability to select important tokens based on the inputs, similarly to Transformers. Moreover, since
the estimation error bound depends on V' with only poly-log factor, if V' = poly(n), the estimation
error rate does not change up to poly-log factor. This also aligns with Transformers and shows
that, even when estimating functions that depend on long ranges of the input sequence, SSMs are
as efficient as Transformers. Overall, we can conclude that SSMs can estimate the function in the
piecewise y-smooth function class with the same efficiency as Transformers.

5 EXPERIMENTS: SPARSITY OF IMPORTANT TOKENS

In the tasks we theoretically study, the number of essen-
tial tokens in the sequence is small. We conducted simple
numerical experiments and confirmed that (i) such spar- _ os
sity of important tokens also holds in real-world tasks,
and that (ii) SSMs can indeed extract these important to-
kens depending on the input.

Correct probability

We use the dataset of DNA base sequences in Genomic
Benchmark Dataset (Gresova et al., 2023)). The base se- e s (el
quences are treated as sequences where each nucleic acid — other sequences (min)
is considered a single token, and we consider a binary ° 0 amben s 300 400 500
N A umber of masked tokens

classification task based on the role of the base sequences.

We employ the pre-trained Hyena provided by Nguyen| Figure 5.1: The transition of the prob-
et al.|(2024), and fine-tune it on the dataset. ability of correct classification when we

repeatedly mask the input tokens.

To investigate which tokens the model focuses on for clas-
sification, we selected a correctly classified data sample (we refer to this as the farget sequence) and
masked unimportant tokens one by one. More precisely, we repeatedly masked the token that causes
the smallest decrease in accuracy when masked. The change in accuracy is shown by the blue line
in Figure @ ‘We can see that, even when most of the tokens are masked, the model is still able to
classify correctly. This indicates that the important tokens in the input sequence are sparse.
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Furthermore, to investigate the ability of SSMs to dynamically extract important tokens, we exam-
ined how the accuracy changes by masking the tokens at the same positions as in the target sequence
for other data samples. The average and minimum changes in accuracy are shown with the red and
green lines, respectively. The figure shows that although the accuracy was high before masking, it
decreases as more tokens are masked. This demonstrates that the positions of important tokens vary
across different data samples, and that SSMs are able to dynamically extract important tokens based
on the input to perform correct classifications.

6 CONCLUSION

In this study, we theoretically investigated the capabilities of SSMs compared to Transformers.
Specifically, we focused on the ability to dynamically extract tokens based on the input, which is an
essential strength of Transformers, and clarified that SSMs combined with FNN layers can emulate
such mechanism. Using this insight, we analyzed three cases: input copying, associative recall, and
nonparametric regression, and showed that SSMs exhibit performance comparable to Transformers.

Limitations and future work We studied approximation and estimation abilities of SSMs to solve
the tasks, and did not discuss whether SSMs can be optimized efficiently. Analyzing how the op-
timization algorithm works for SSMs is a possible direction for future work. Additionally, we did
not investigate the other types of efficient sequence models, such as SSMs with data-dependent
filters (like Mamba (Gu & Dao| [2023)) and linear attention (Katharopoulos et al.| 2020). Future re-
search could focus on the comparison of those models and SSMs. Moreover, we did not consider a
specific parameterization known in practical applications of SSMs. Specifically, we did not impose
constraints such as A being a diagonal matrix in the filter CA*="B + DJ;_,,. Instead, as described
in Appendix A, we considered cases where A is a block diagonal matrix. It remains future work to
explore how we can constrain the structure of A to solve the tasks.

ACKNOWLEDGMENT

NN was partially supported by JST, ACT-X (JPMJAX24CK). TS was partially supported by JSPS
KAKENHI (24K02905) and JST CREST (JPMJCR2015).

REFERENCES

Dimitris Achlioptas. Database-friendly random projections: Johnson-lindenstrauss with binary
coins. Journal of computer and System Sciences, 66(4):671-687, 2003.

Carmen Amo Alonso, Jerome Sieber, and Melanie N Zeilinger. State space models as foundation
models: A control theoretic overview. arXiv preprint arXiv:2403.16899, 2024.

Nicola Muca Cirone, Antonio Orvieto, Benjamin Walker, Cristopher Salvi, and Terry Lyons. Theo-
retical foundations of deep selective state-space models. arXiv preprint arXiv:2402.19047, 2024.

Jia Deng, Wei Dong, Richard Socher, Li-Jia Li, Kai Li, and Li Fei-Fei. Imagenet: A large-scale hi-
erarchical image database. In 2009 IEEE conference on computer vision and pattern recognition,
pp. 248-255. Ieee, 2009.

Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai, Thomas
Unterthiner, Mostafa Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, et al. An im-
age is worth 16x16 words: Transformers for image recognition at scale. In International Confer-
ence on Learning Representations, 2020.

Daniel Y Fu, Tri Dao, Khaled Kamal Saab, Armin W Thomas, Atri Rudra, and Christopher Re.
Hungry hungry hippos: Towards language modeling with state space models. In The Eleventh
International Conference on Learning Representations, 2022.

Karan Goel, Albert Gu, Chris Donahue, and Christopher Ré. It’s raw! audio generation with state-
space models. In International Conference on Machine Learning, pp. 7616-7633. PMLR, 2022.

10



Published as a conference paper at ICLR 2025

Katarina GresSova, Vlastimil Martinek, David éechék, Petr gimeéek, and Panagiotis Alexiou. Ge-
nomic benchmarks: a collection of datasets for genomic sequence classification. BMC Genomic
Data, 24(1):25, 2023.

Albert Gu and Tri Dao. Mamba: Linear-time sequence modeling with selective state spaces. arXiv
preprint arXiv:2312.00752, 2023.

Albert Gu, Karan Goel, and Christopher Re. Efficiently modeling long sequences with structured
state spaces. In International Conference on Learning Representations, 2021.

Peter Hall and Joel L Horowitz. Methodology and convergence rates for functional linear regression.
2007.

Masaaki Imaizumi and Kenji Fukumizu. Deep neural networks learn non-smooth functions effec-
tively. In The 22nd international conference on artificial intelligence and statistics, pp. 869—878.
PMLR, 2019.

Samy Jelassi, David Brandfonbrener, Sham M Kakade, and Eran Malach. Repeat after me: Trans-
formers are better than state space models at copying. arXiv preprint arXiv:2402.01032, 2024.

Angelos Katharopoulos, Apoorv Vyas, Nikolaos Pappas, and Francois Fleuret. Transformers are
rnns: Fast autoregressive transformers with linear attention. In International conference on ma-

chine learning, pp. 5156-5165. PMLR, 2020.

Stefano Massaroli, Michael Poli, Dan Fu, Hermann Kumbong, Rom Parnichkun, David Romero,
Aman Timalsina, Quinn MclIntyre, Beidi Chen, Atri Rudra, et al. Laughing hyena distillery:
Extracting compact recurrences from convolutions. Advances in Neural Information Processing
Systems, 36, 2024.

William Merrill, Jackson Petty, and Ashish Sabharwal. The illusion of state in state-space models.
arXiv preprint arXiv:2404.08819, 2024.

Eric Nguyen, Michael Poli, Marjan Faizi, Armin Thomas, Michael Wornow, Callum Birch-Sykes,
Stefano Massaroli, Aman Patel, Clayton Rabideau, Yoshua Bengio, et al. Hyenadna: Long-range
genomic sequence modeling at single nucleotide resolution. Advances in neural information
processing systems, 36, 2024.

Kazusato Oko, Shunta Akiyama, and Taiji Suzuki. Diffusion models are minimax optimal distri-
bution estimators. In International Conference on Machine Learning, pp. 26517-26582. PMLR,
2023.

Sho Okumoto and Taiji Suzuki. Learnability of convolutional neural networks for infinite dimen-
sional input via mixed and anisotropic smoothness. In Infernational Conference on Learning
Representations, 2021.

Catherine Olsson, Nelson Elhage, Neel Nanda, Nicholas Joseph, Nova DasSarma, Tom Henighan,
Ben Mann, Amanda Askell, Yuntao Bai, Anna Chen, et al. In-context learning and induction
heads. arXiv preprint arXiv:2209.11895, 2022.

Dmytro Perekrestenko, Philipp Grohs, Dennis Elbrichter, and Helmut Bolcskei. The universal ap-
proximation power of finite-width deep relu networks. arXiv preprint arXiv:1806.01528, 2018.

Philipp Petersen and Felix Voigtlaender. Optimal approximation of piecewise smooth functions
using deep relu neural networks. Neural Networks, 108:296-330, 2018.

Michael Poli, Stefano Massaroli, Eric Nguyen, Daniel Y Fu, Tri Dao, Stephen Baccus, Yoshua
Bengio, Stefano Ermon, and Christopher Ré. Hyena hierarchy: Towards larger convolutional
language models. arXiv preprint arXiv:2302.10866, 2023.

Alec Radford, Jong Wook Kim, Tao Xu, Greg Brockman, Christine McLeavey, and Ilya Sutskever.

Robust speech recognition via large-scale weak supervision. In International Conference on Ma-
chine Learning, pp. 28492-28518. PMLR, 2023.

11



Published as a conference paper at ICLR 2025

George Saon, Ankit Gupta, and Xiaodong Cui. Diagonal state space augmented transformers for
speech recognition. In ICASSP 2023-2023 IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP), pp. 1-5. IEEE, 2023.

Johannes Schmidt-Hieber. Nonparametric regression using deep neural networks with relu activation
function. 2020.

Taiji Suzuki. Adaptivity of deep relu network for learning in besov and mixed smooth besov spaces:
optimal rate and curse of dimensionality. In International Conference on Learning Representa-
tions, 2018.

Taiji Suzuki and Atsushi Nitanda. Deep learning is adaptive to intrinsic dimensionality of model
smoothness in anisotropic besov space. Advances in Neural Information Processing Systems, 34:
3609-3621, 2021.

Shokichi Takakura and Taiji Suzuki. Approximation and estimation ability of transformers for
sequence-to-sequence functions with infinite dimensional input. In Proceedings of the 40th Inter-
national Conference on Machine Learning, pp. 33416-33447. PMLR, 2023.

Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones, Aidan N Gomez,
Lukasz Kaiser, and Illia Polosukhin. Attention is all you need. Advances in neural informa-
tion processing systems, 30, 2017.

Shida Wang and Beichen Xue. State-space models with layer-wise nonlinearity are universal ap-
proximators with exponential decaying memory. Advances in Neural Information Processing
Systems, 36, 2023.

12



Published as a conference paper at ICLR 2025

—— Appendix —

A EXTENSION TO ORDINARY SSM FILTER

In this section, we describe how to extend our setting to the ordinary SSM filter. More specifically,
our setting with embedding dimension D can be extended to the ordinary SSM filter with embedding
dimension 4D.

For simplicity, we consider the case D = 1. We constuct the parameters A, B, C, D € R?**2 to make
the filter h; := CA!B + Dé,_,, same as the filter defined in Section Let us set D = 0, and

cos (25111’1) —sin (25111’1) 0 0
A sin (2[7}11_111) cos (%) 0 0
0 0 Cos (251112 —sin (251112)
0 0 sin (25%2 cos (25111‘2)
Then, we have
cos QZaJift) —sin (27&‘1’1”) 0 0
Al sin 27;]“;’1”) cos (2?]‘1’1”) 0 0
a 0 0 Cos (2”a1’2t —sin (2m1’2t)
U+l U+l
0 0 sin (27[}'1’12’& cos (Zgaift)
Therefore, if we set
100 0 ¢l 0 0 0
00 0 O 0O 0 0 O
B= 0 0 1 0f C= 0 0 0 0}’
00 0 O cie2 0 0 O
then we have
€11 COS (2752‘1”) 0 0 0
- 0 000
= 0 0O 0 0|
c1,28in (zzai‘ft) 0 0O

Then, if we appropriately set W'V and W@, this filter can realize the same output with our setting.

While we do not show the estimation ability for the filter above, we can easily extend our proof to
derive the almost same estimation error bound for it.

B REPRODUCTION OF THE FINITE WINDOW SETTING

For mathematical simplicity, we assumed in Section [2] that the convolution of the SSM layers are
performed within finite windows, which can be smaller than the sequence length. However, in
practical applications, the window size is equal to the sequence length. In the theorem presented
in Section [3] we consider the case where the window size matches the sequence length, and this
aligns with realistic problem settings. On the other hand, in the nonparametric regression discussed
in Section [4} since we consider infinitely long sequences, it is impossible to set the window size
equal to the sequence length.

In the problem setting of Sectiond] we can obtain the same output as when using a finite window size
by performing some additional calculations with standard SSMs. Let [u,],, be the input sequence,
and [2¢),, [y¢],<, be the sequence of states and outputs of standard SSMs, respectively. In other
words, for any ¢ < 0, we have
Tiy1 = Azy + Bug,
yr = Cxy + Duy,

13



Published as a conference paper at ICLR 2025

and

zy =Y A"*Bu,.

s<t
Next, let [z7], ., [y;],<, be the sequence of states and outputs when the shifted input sequence
[us—t/—1],<( are fed into the same SSMs. Then, it holds

/ /
Ty = Axy +Buy_poq,

y; = Coy 4+ Duy_y_1,

xQ:ZAt’SBus_U_lz Z At=s—U—1By, .

s<t s<t—U-—1

and

Therefore, we have

t
x, — AVl = Z At~ Bu,.
s=t—U
Let [y;],<, be the output sequence of SSMs with the finite window size of length U + 1. Then, we

have
t

Z/? _ Z (CAtfsB + D(St_s)us — C(g;t — AU+11‘2) + Dut.
s=t—U

Since AV can be pre-computed, we can obtain the output of SSMs with the window by performing
recurrent calculations for two SSMs.

C EMPIRICAL RESULTS ON THE SYNTHETIC TASKS

In order to empirically demonstrate the dynamic token selection ability of SSMs, we conducted
experiments on the input copying, associative recall, and nonparametric regression.

We consider three types of models: (i) single-layer SSMs (SSM + FNN), (ii) two-layer SSMs (SSM
+FNN + SSM + FNN), and (iii) Transformers. As we proved theoretically in Lemma 3.3] to exhibit
dynamic token selection ability in SSMs, it is essential that SSMs are preceded and followed by
FNN Ilayers. Therefore, theoretically, (ii) two-layer SSMs are expected to perform similarly to (i)
Transformers. Moreover, since (i) single-layer SSMs do not have the dynamic token selection ability,
they are expected to perform worse than two-layer SSMs and Transformers.

To demonstrate the effectiveness of adding FNN layers to SSMs, we vary the dimension of the hid-
den states (i.e., dimension of the states in SSMs). Then, we observe the changes in the performance.

Input Copying and Associative Recall We first conducted experiments on the input copying and
associative recall tasks. Results are shown in Figure [C.I] We can see that the performance of
(ii) two-layer SSMs is better than (i) single-layer SSMs, particularly when the dimension of the
hidden states is small and the FNN layers have sufficient expressive power. This means that the
alternation of SSM layers and FNN layers is essential to exhibit SSMs’ dynamic token selection
ability. Moreover, we observe that the performance of (ii) two-layer SSMs is comparable to (iii)
Transformers. This result empirically supports our theoretical analysis that SSMs combined with
FNN layers can mimic the dynamic token selection ability of Transformers.

Nonparametric Regression We also conducted experiments on the nonparametric regression
task. In this experiment, we consider the following setting: let us consider the situation where
inputs are given as sequences of words from the set V. For each word w € W, we assign a value
ry € [0,1]. When the input sequence is X = [w1, ws,...,wy], the output y is given as

Yy= f(max{rwu' . 7er})7
where f is a non-linear function. The function to be estimated,

X = f(max{rw,,---,"w.}),
can be framed as a piecewise y-smooth function. Indeed, the values assigned to the words can be

seen as the importance of each token, and the input to the smooth function f is the token with the
highest importance.

14
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Input Copying Associative Recall
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=—e— Transformer
—e— SSM+FNN(2)
—o— SSM+FNN(4)
0.6 —8— SSM+FNN(2)+SSM+FNN(2)
—&— SSM+FNN(4)+SSM+FNN(4)
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256 128 64 32 256 128 64
Dimension of the hidden states Dimension of the hidden states

Figure C.1: Empirical results for input copying task (left) and associative recall task (right). We
compare the performance of single-layer SSMs (SSM + FNN), two-layer SSMs (SSM + FNN + SSM
+ FNN), and Transformers. The number in parentheses following “FNN” indicates the depth of the
FNN. We can see that two-layer SSMs with sufficiently expressive FNN layers exhibit performance
comparable to Transformers, and outperform single-layer SSMs.

Loss of Nonparametric Regression

le—5

1.2 —o— SSM+FNN(2)
—o— SSM+FNN(4)
1.0 —8— SSM+FNN(2)+SSM+FNN(2)
—®— SSM+FNN(4)+SSM+FNN(4)

0.4 4

0.2 J
128 64 2 16 8
Dimension of the model

0.0 A

Figure C.2: Empirical results for nonparametric regression. We can see that two-layer SSMs (with
FNNs) perform better than one-layer SSMs, similar to input copying and associative recall.

Results are shown in Figure[C.2] For a single-layer SSM, the loss increases sharply as the dimension
of the hidden state decreases. In contrast, when using a two-layer SSM, the rise in loss due to
reducing the hidden state dimension is mitigated. This suggests that stacking two SSM layers helps
improve performance in nonparametric regression. This observation aligns with our theoretical
findings that having FNN layers both before and after the SSM is crucial.

D ADDITIONAL RESULTS ON SYNTHETIC TASKS

In this section, we provide additional results on the SSMs’ ability to solve synthetic tasks. Specifi-
cally, we consider the two tasks: induction heads and selective copying.

D.1 INDUCTION HEAD

The induction heads (Olsson et al.}2022) is a task to recall the word that appears immediately after
a specific keyword. For example, if the keyword is x and the input sequence is “a ¢ b d e c”,

[Pt

the model have to output the word “b”, which is the word that appears after “c”.
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To formalize the task, suppose that input sequences are given by the form “z; z2 - - - zy k7, where
x1,...,2v, k € W. Moreover, we assume that, for each sequence, there exists a unique j € [V —1]
such that x; = k. Then, the model is required to output ;.

In this task, the position of the token to extract changes for each input sequence. Therefore, to solve
this task, the model has to change which token to focus based on the input, i.e., the dynamic token
selection ability is required.

For induction heads, we obtain the following result.

Theorem D.1. There exists an SSM F € S(M,U, D, L, W, S, B) with
M=2 U=V, D, L W,S,logB <log®Vlog® W,

and decoding layer Dec with |[Wpec|| ., < 1 such that, for any input sequences of induction heads
task, the model generates the correct output.

The proof is provided in Appendix

D.2 SELECTIVE COPYING

The selective copying (Gu & Daol [2023) is a variant of the input copying task, where there
are some empty tokens between the tokens to copy. For example, if the input sequence is
“(BOS) a (PAD) (PAD) b (PAD) c (PAD) {COPY)”, the model have to generate the se-
quence “a b c” in an auto-regressive manner.

Similarly to the input copying task, since the models have to change the position of the token to
copy, the dynamic token selection ability is required to solve this task. Moreover, since the model
needs to avoid empty tokens at different positions for each sequence and copy only the necessary
tokens. Therefore, it requires capturing the context of the sequence, making it a more challenging
than input copying task.

To provide a formal definition of the task, suppose that the special tokens {BOS), {PAD), and
{COPY) are included in the vocabulary V. Then, let us consider the input sequence of the form
“(BOS) =1 =2 - -+ xy {COPY)”, where z1,...,xy € W\ {{BOS), {COPY)}. For each i € [V],
x; is a random variable that matches (PAD) with probability o (> 0). Otherwise, x; is generated
from the uniform distribution over W \ {{BOS),<COPY),{PAD)}. Let i1,...,ix € [V] be the
indices such that z;, # (PAD) (k € [K]). Then, the model is required to output the sequence “x;,
- xiK”.

For the task described above, we obtain the following result.

Theorem D.2. Let ¢ > 0. Suppose that |W| = log*(V/e). Then, there exists an SSM F ¢

S(M,U,D,L,W,S, B) with

M=2 U=V, D, L W, S, logB <log® Vieg® e log® W,
and decoding layer Dec with |Wpec||,, < 1 such that, the model generates the correct sequence
for selective copying task with probability 1 — e.

In this theorem, compared to the case of input copying, we additionally assume that |[W| 2
1og4(V/ €). This is mainly due to the existence of empty tokens in the input sequence, and is not
due to the problems specific to the SSMs, i.e., the same problem would occur in the case of Trans-
formers. More concretely, in the proof of the theorem, similarly to the proof of Theorem [3.1] we
consider the n-gram immediately before the token, and construct a network that can find the same
n-gram (excluding empty tokens) in the input sequence. Since there are empty tokens in the input
sequence in selective copying, n-gram overlapping (excluding empty tokens) can easily occur com-
pared to the case without empty tokens. In particular, when the vocabulary size | W] is small, n-gram
overlapping much more likely to occur, thus it is difficult to copy the sequence correctly.

The proof is provided in Appendix
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X = | [xoaf [xos [roaf 2] [ %]
M) p(Xp) (X)) p(Xy)  u(Xo) X (X1, X, X3)

Sort by the importance

uX_3) < pu(Xp) < p(X_y) < pu(X_y) < u(X_,)

[Te X =||x_ X X_q| 1x_4l 1x_
Posf [0 ][5t [rd] [x-o] <4 x,)
; f: y-smooth function  [ToX (X3, %1, X3)
8(X) = f[x_3, X0, X_1, X_gr X_5]) (x5, % 1)

Figure E.1: Intuitive explanation of piecewise y-smooth functions. Left: For simplicity, consider a
finite-length input sequence X = [x_4,...,2_1,xo]. An importance function 1 takes the sequence
as input and determines the importance of the last token. Using the function p, the importance values
of each token, u(X_4),. .., u(Xo), are determined. A permutation map II rearranges the tokens in
ascending order of their importance. Finally, the rearranged tokens are fed into a y-smooth function
f. In the sorted sequence, tokens in the right have higher importance, and the function f becomes
less smooth for tokens positioned further to the right. Right: An intuitive explanation of how the
smoothness of a function changes due to token reordering. As an example, consider a function with
a 3-dimensional input vector X = (x1,x9,x3). Assume f is only non-smooth in the direction of
the second coordinate, while it is smooth in all other directions. If X is directly fed into f, the
second coordinate, xs, is always the non-smooth direction. On the other hand, if the coordinates are
rearranged by an input-dependent permutation map IT before being passed to f, the smoothness of
the function changes. For example, in the top-left region of the domain, the reordering might cause
the second coordinate to correspond to x3, making x3 the non-smooth direction.

E THE INTUITION BEHIND PIECEWISE y-SMOOTH FUNCTIONS

In this chapter, we provide an intuitive explanation of the definition of piecewise y-smooth functions
introduced in Section 4.2

The goal of our study is to demonstrate that SSMs possess the ability to focus on important tokens
in the input sequence, similar to Transformers. To achieve this, we formulate the importance of each
token in terms of the smoothness of a function. Specifically, let us consider a function f that takes
a sequence of tokens X = [...,2_o,x_1, o] as input and outputs y = f(X). If the function f is
smooth with respect to a token (coordinate) x;, we regard that token as unimportant; conversely, if
f is not smooth with respect to x;, we consider the token to be important. This is because, when f
is smooth with respect to x;, the value of f does not change significantly with variations in z;, and
vice versa.

To quantitatively handle the smoothness of a function, we first consider y-smooth functions. As
described in Section ~v-smooth functions form a class of functions that includes spaces such as
mixed-Besov spaces and Sobolev spaces. While this class includes a wide variety of functions, once
a specific function is fixed, its smoothness is also fixed. In other words, the locations of important
tokens are independent of the input. Thus, even if we demonstrate the capability of SSMs to estimate
functions in this class, it does not reveal whether SSMs possess the ability to dynamically adjust their
focus based on the input, i.e., the dynamic token selection ability.

To reflect the dynamic token selection ability of Transformers and SSMs, we introduce piecewise
7-smooth functions. We provide an illustrative explanation in Figure [E.I] To make the smoothness
of a function dependent on the input, we consider rearranging the input tokens. If we rearrange the
tokens using a permutation map II based on the input X and apply the function f, the smoothness
changes depending on the input, while the smoothness of the y-smooth function f itself is fixed.
We define the composition of the permutation map IT and the y-smooth function f, i.e., f o Il, as a
piecewise y-smooth function.
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Bob was born in New York. After graduating
from university, he became a lawyer.

What is Bob's occupation? P Lawyer
In which city was Bob born? P New York

Figure E.2: Real-world tasks where piecewise y-smooth functions can be applied. Left: There are
a different type of bird in each of the two images. The images are taken from ImageNet (Deng et al.,
2009). When considering a task of classifying these two types of birds, the important region is only
the part containing the bird, highlighted by the red box. By defining an importance function that
assigns larger values to this region, the task can be framed within the framework of piecewise ~y-
smooth functions. Right: A passage and two related questions are given. Depending on the question,
the important parts of the passage are different. Let us define the importance function that assigns
larger values to the relevant parts of the passage based on the given question. Then, this problem
setting can also be framed within the framework of piecewise y-smooth functions.

To define the permutation map II, we introduce an importance function p. The function p takes a
sequence of tokens as input and returns the importance of the last token as a real number. Given a
sequence X = [...,x_o,x_1,20],let X_; =[...,x_;_2,2_;_1,2_;]. The importance of a token
x_; is then computed as pu(X_;), as shown in Figure The map II rearranges the tokens in
ascending order of their importance scores p(X_;).

As assumed in Assumption the function f becomes smoother with respect to tokens located
farther from position 0. Thus, tokens with higher importance as defined by p are rearranged to
positions closer to position 0 after the permutation. Consequently, these tokens are considered more
critical for the function f.

Thus, the piecewise y-smooth function g = f o Il is defined. The following two points are particu-
larly important:

* While ~-smooth functions have fixed smoothness, piecewise y-smooth functions have smooth-
ness depending on the input. This is because the tokens are sorted by the order of importance.

* The importance of tokens are determined by the importance function p. If a token has high
importance, it is a significant token for the function f.

In Figure [E.2] we present concrete examples of real-world problems where piecewise y-smooth
functions are applicable.

In the example on the left, there are two images with birds. We consider the task of predicting the
species of the bird in each image. For this task, only the regions containing the bird are relevant,
while the other parts of the images are not essential. Since the locations of the birds differ between
the two images, the important regions vary depending on the input. By defining an importance
function that assigns higher importance to tokens corresponding to the regions containing the bird,
this problem can be framed within the framework of piecewise y-smooth functions.

In the example on the right, a passage and related questions are provided. We consider the task of
inferring appropriate answers to the questions based on the passage. For the first question, which
asks about Bob’s profession, the focus should be on the blue-highlighted part of the passage. For the
second question, which asks about Bob’s hometown, the focus shifts to the green-highlighted part.
We can define an importance function that takes the passage and the question as input and assigns
higher values to tokens corresponding to the relevant parts of the passage (e.g., the blue part for the
first question and the green part for the second question). Then, we can interpret the problem within
the framework of piecewise y-smooth functions.

18



Published as a conference paper at ICLR 2025

F AUXILIARY LEMMAS

In the following discussion, to simplify the notation, we define the function class ¥'(D, B) by

V'(D,B) = {t — [c1,5 cos (2maq kt) + co  sin (27m2}kt)]kD:1 llell o < B, llall,, < B.}.

First, we prove the following lemma, which states the properties of the Softmax and multi-variate
Swish function.

Lemma F.1 (Properties of Softmax and Multi-variate Swish function). Fix § € R Assume that
there exists an index i* € [d] and § > 0 such that 0;« > 6; + § for all i # i*. Then, the following
two statements hold:

1. (Lemma C.1 of|Takakura & Suzuki (2023)) It holds
d

§:|Soﬁnundﬁﬁ—f§ﬁﬂ

i=1

< 2d exp(—9).

2. Forany z € [0,1)%, it holds
d

Z Softmax(6); - x; — x4~

i=1

< 2d? exp(—9).

Proof. We prove the second one. Using the first argument, we have

d
Z Softmax(6); - x; — x4~
i=1

< Z Softmax(0); - x; + (Softmax(6);« - T« — x4+)
i

= Z Softmax(); - z; + (Softmax (@)« - T — §ix i=xi=)

iAi*

< Z |Softmax(0); — ;i
it

- x; + |Softmax(0);+ — §;x i+

- L=

d
< Z |[Softmax(6); — ;4
i=1
< 2d? exp(—0),
which completes the proof. O

- X

The following is a famous fact that there exists a neural network that realize the clipping function.

Lemma F.2. Leta,b € R. There exists a neural neural network faip, € ¥ (L, W, S, B) with
L<1, W<Z<1, S<1, BZX|al+]b,

such that, for any x € R, it holds

a ifr <a,
faip(z) =qz  ifa<z<b,
b ifb <.

The following lemma shows the approximation ability of FNN for some elementary functions.

Lemma F.3 (Lemma F.6, Lemma F.7, Lemma F.12 of Oko et al.| (2023)), Corollary 4.2 of
Perekrestenko et al.| (2018))). The following statements hold:

(mult) Let d > 2,C > 1,€qrror € (0,1). For any € > 0, there exists a neural network fuuy €
U(L, W, S, B) with

L < (loget +dlogC)-logd, W <d, S<dloge!+dlogC, logB <dlogC,
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such that, for any x € [0, C]¢ and x € R with ||z — 2’|, < €error, it holds
d

fmult H X

i=1

<etd C eqror

(rec) Forany € € (0, 1), there exists froc € (L, W, S, B) with
L<log?c!, W<log®e™, §<log’e™?, logB <loge?,
such that, for any x € [e,e '] and 2’ € R, it holds
1 ' |z’ — x|

frec(x/) ——|<e+

€

(exp) Forany € > 0, there exists fexp € W(L, W, S, B) with
L<log’e!, W <loge™, S<log?c!, logB<log’e !
such that, for any x,x’ > 0, it holds
|fexp (@) — exp(a)| < e+ |2’ —a].
(cos) Forany e > 0,a > 0,b € R, C > 1, there exists feos € V(L, W, S, B) with
L<log?e¢ ! +log(aD+b), W<,
S <log?e ! 4+ log(aD +b), logB < max{1,loglb/al},
such that, for any x € [—D, D], it holds
| feos(x) — cos(ax + b)| < e.

3

We also use the following lemma, which gives the approximation error of (z,y) — y/.

Lemma F4. Forany e € (0, 1], there exists a neural network ¢ € W(L, W, S, B) with
L<log’e!, W<log’c!, S<log*c™!, logB <loge !,
such that, for any x,y, ',y € Rwithx € [e,e Y],y € [0, 1], it holds
T — 1,/ o
| i |l v 5
€ €

‘qﬁojy y’< +

Proof. From (rec) of Lemmal[F3] there exists a neural network ¢1 € ¥(L, W, S, B) with
L<log?et, W<log®e!, S<log’e™!, logB <loge?
such that, for any = € [¢,e '] C [¢3,e73] and 2’ € R, it holds

b1(a’) — =

Next, using (mult) of Lemma | there exists a neural network ¢ € U(L, W, S, B) with
L<loge, W<1, S<loge?!, logB<loge !
such that, for any 3, z € [0,e ] and 3/, 2’ € R, it holds

|z =2+ |y — ¥
|¢2(Z/7y/) - Zy| § €+ €2 .

)

<oy 2=l

)

Therefore, we have
1
oron(@) ) - Y| ser S (|o) - 1)+ -1

lz =2 | |y—¥|
< .
Se+ 5 + 2

Lastly, we state the following lemma, which shows that the Gaussian kernel can be approximated
expressed as the sum of the product of neural networks.
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Lemma FE.S5. There exists N € N and FNNs ¢n, &), ¢n € U11(L,W,S,B), ¥n, ¢, €
U'(1,B) (n=1,...,N) with

N <log?e™?,
L<log'etlog’k, W <1, S<log*etlog’k, logB <log?e !logk,
L'=1, W' <log?e!, 8 <loge !,

such that,

* foranyt,x € [—1,1], it holds

exp(—ﬁ - sin? (%(t - 1‘))) - XN: Vn(t)dn ()
n=1

Se

e forany z,y € [—1,1), it holds
N
.2 (T / "
exp(—n-sin? (T —y))) - > ()6l )
 foranyt € [—1,1], it holds

exp <n . sin? (g)) - i%(t)

Proof. The first part of the proof is inspired by Lemma F.12 of [Oko et al.| (2023)). Let us set A =
log 3¢ L. The Taylor expansion of exp shows that, for any = € [0, A], it holds
N-1

AN

exp(—z) — Z %x” < T

<e

9

<e.

n=0
Additionally, we can evaluate the right-hand side as A*/k! < (cA/k)". Therefore, if we set N =

max {2eA, [log, 3¢ ']}, the error can be bounded by €/3. Moreover, for z > A, we have
N-1

(1) - D
exp(—a) — 3 Lan| < Jexp(—) — exp(—A)| + |exp(—4) — S Lan
n=0 n n=0 n
€ + 2¢
-+ — ==c
-3 3
N-1 (k) .
Next, let us approximate Z ' sin?" (— (t— x)) We use the fact that
= n 2
eie — gmia) 2" 1 & /2n ;
sin2"(x) — ( 5 ) _ ﬁ Z ( . ) (_1)kez(2k—2n)x
k=0
(=)™ (2n (—1)* /2n
= S\, + Z 53T\ pp cos ((2k — 2n)x),
k>n+1
where ¢,, = 1 if nis even and ¢,, = 0 if n is odd. Thus, we have

N-1

Z (_:')n sin®" (g(t - x))

n=

_ n:‘; _ (fj) e (‘TZ)" 22271 (?) cos (n(k — n)(t — )

n=0 n=0 k>n+1
N-1 n N-1
2 —-k)" 1 2
= nan <:> + ( :;) 51 ( ]?) <cos (m(k —n)t) cos (m(k —n)x)
n=0 n=0 k>n+1

+ sin (7 (k — n)t) sin (7 (k — n)m)>7
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which is decomposed into the sum of products of functions of ¢ and z. Since
(=)™ 1 [2n K" (2n)! < K" 27 (n!)? K™ 2" (n!)? N
n!  22n—1\ k

= <
~ nl27 El(2n — k)! T nl27 (max(k,2n — k))! nl2n ol T "o
we can see that, there exists Co,Cp p (n =0,...,N —1;k=0,...,N — 1) with
C(O < KN, Cn,k < /QN

such that
N-1 (k)" —1N-1
,;) —sin ( (t—=x ) Co + nz% ,;) Cy i (cos (m(k — n)t) cos (7(k — n)z)

+ sin (7(k — n)t) sin (7(k — n)z)).
The second item to be proved is already obtained setting x = 0.
To prove the first item, we approximate each term using neural networks. Lemma [F3]implies that,
for any n, k and € > 0, there exists a neural network ¢4 ,, k., P2,k € ¥11(L, W, S, B) with
L<N?log?k+1log?et, W<1, S<N2log?k+loged, logB<1
such that
lcos(m(k —n)x) — 1 mp(x)] < e/(N?6YN),  [sin(r(k —n)x) — ¢oni(z)| < e/(N26N).

Then, if we approximate exp(—k - cos(2m(t — x))) by
—1N-1
Co + Z Z Ch i (cos (m(k —n)t)p1 nk(x) +sin (m(k — n)t) o n k()),
n=0 k=0
the error can be bounded by
N-1N-1

2¢

2, N

e—l—g E Cnk- N2N§6+N NQKNS?)E’
n=0 k=0

which gives the desired result.

For the third item, if we utilize ¢y, and ¢z, to approximate cos(m(k—n)y) and
sin(m(k — n)y), respectively, we can obtain the desired result. O

The following lemma is the multi-dimensional version of Lemma[F3]
Lemma F.6. There exists N € N and FNNs ¢, ;, ¢ € Va1 (L, W, S, B) with

N <log?e ! +log? d,

L<d'log*e tlog?’k, W <d, S<d*log*etlog’k, logB <dlog®e 'logk,
such that, for any x,y € [—1,1]%, it holds

exp <—;<; . zn:sin2 (g(xl - yl)>> - g: o
i—1 n=1

Proof. The proof of Lemm%\El shows that, for N' ~ log? =1 +log® d, there exists ¢}, . .., ¢} and
Cy,--,Cy with |C,,| < k% such that

exp(—r - sin® (5 (@~ 1)) - S~ Cutia)o 0| <
n=1

€

~ d’

where ¢} is a function represented as sin(a,x + by, ) with some a,,, b, € R. Therefore,

d N
H(Zcmmxiw;(yi)): S oy Cogh, (@1) - 65, ()85 (31) - 65, (9a),
i=1 \n=1 ni,...,Na
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n
which have N¢ terms, is an approximation of exp <—/<; . Z sin® (g(% - yz))) , and the error is
i=1
bounded as

n - d N
exp (—Ii : ZSiHQ (5(% - yz))> - H < Cn¢:1($i)¢2(yi)>

=1 \n=

Using (cos) of Lemma we can see that, for any n € [N] and € > 0, there exists a neural network
wl,n S \I/d’l(L, VV, S, B) with

L<d*log*ctlogr, W <1, S<d*log*ellogr, logB <log?e tlogr,
such that

7% () — Y1, (2)] < W

Moreover, using (mult) of Lemma we can see that there exists a neural network ¥ ,, . n,, %3 €
U (L, W, S, B) with
L<d*log’c tlog’k, W <d, S<dloge¢tlog’k, logB <d,

such that
€

[a2(21,. .o 2a) = Cpy - Cry1@a -+ wa| S RdN
€
[Y3(z1,. .., xa) — 2122 wa| S AN
for any € R with || < 1. for any z1,...,24 € R with |z;| < 1. Then, we have

Z 1/)2;77417~~>774d (wlﬂh (331), o 7'(/)1,7%1 (xd))'(/)3(wl7n1 (yl)a R wlmd (yd))

ni,...,Ng
—exp| —k - i:sin2 (z(xl — yl))
i=1 2
€
< AN KN Z Chy Oy - Y1y (1) -+ V10, (a) - Y10 (91) -+ 1,04 (Ya)
N1,...,Nd
n 5 T
—exp| —k- Zsm (5(331 - yl))
i=1
€ dN dN nrd €
< an R HdRTNT
+| Y Cny Oy - di(an) -~ 0i(za) - 61 (01) - i (ya)
Mn1y...,Na
—exp( - 3 sin? (Z(ai - 1))
exp( K i:lem (2(3% Yi) )‘
Se
which completes the proof. O

G PROOF OF LEMMA 3.3

First, for any j # j*, it holds

1 2 1 2 1 2 1 2 1

- —kill” = =llg = %117 ) —{ = — |k~
(3hal + 007 = Jla— k517 = (31a1” + 31

Now, since it is hold that

1
2
- Slla— k-

2) = quj—quj* S —5

4
2 u

1—0052u< 9
u? — — - - re"
3

sin?(u) = 5 < us,

IN
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foru € [0,7/2],for A > 0,5 € [-V :0],i € [d], we have
(s (g0 0)) = (- 0)’
‘AQ sin? (%(kﬂ - qj)) — Az(%(kﬂ - %))2

< A% (%(lﬂji - Qi))4

< m
Therefore, if we set A = m”Tzd/, it holds

d/
1 2 1 2 1 4 . m 2
ol + 5l =5 5 3 (Asin (55 (ki — )

d/
1 2 1 2 1 4 . ™ 2
gl + 3l I = 5 5 3 (asin (55 (k- —a)))

Ly Lo 1 2 Loz 1 2 1 2
< (= SNkil2 = Sllg— K 12) = (= kg = g = ke
< (gl + 50 = Slha = k) = (Ghal® + 0k I = 5ha — k517

+% (Asin (%(k'j‘—qi)))z— (g(kj-—qi))2
+% (Asin (%(l@j*l _qi)))Q_ (;r(kj*i_(h)>2
C g AT ad g ,0 ¢
SOF T P STy

In the following, we denote
d/
1,2 1, o 1 4 (T 2
/ = - p— . _— — o —— — R — .
i = Sllall® + 511k > = 5 ngzzl(Asm(M(kJ w)) -
Using Lemma[F1] we have
0 ’
__exp(rul) v, 5
ZJ?O v ( /’[’])/ J §2(V—|—1)Zexp<—ﬁ>.
ijfvexp("iﬂj) oo 2

for any x > 0. Therefore, if we set K = (2 (M) , the right-hand side is less than .

’Uj*

Next, let us consider approximating

d/
1 2 1 2 1 4 . s 2
exp (i) vy = vy -exp | | Slall® 4+ 51k 17 = 5 - =5 D (Asin (5 (ks = a0))
=1

Ky, 2 K 2 32kd & o (ki —q
:Uj.exp<§||QH)eXP(ngjH)eXp 73 sin 5T A

Combining (mult) and (exp) in Lemma |[F.3] we can see that there exists a neural network ¢; €
U(L,W, S, B) with

i=1

12

d d
L3 67(10%2 e ! 4 log? V), WZ g(log e ! +log V),
12 ) ) d/2 ) )
SS (TQ(log et + log V), log B < 5—2(10g e ! + log V)’
such that

1 ¢
[1(@) —exp (S l12l1*) | 5 e ep(-9nd — 49)

24



Published as a conference paper at ICLR 2025

for any z € R with [|z|| < 1. Moreover, using Lemma we can see that there exists neural
networks ¢ ,,, ¢3.,, € ¥(L, W, S,B) (n=1,...,N) with

d/2 d/S
N3 §(10g2€_1+log2 V)7 LS ﬁ(log5 6_1—|—1og5 V), W <d,
5<dj(lo5‘1 log” V), 1 B<d/313‘1 log® v/

55 V08 € +1log’ V), log 52 (log” ™! +10g” V),

such that, for any =,y € [—1,1]4,

Z¢ ¢ )_ - _32;‘€d/ d in2 (z( _ )) <# 9 X (_9 d/—45)
2. (2) P30 (y) — exp 525’ (5@ -y S e o9 :

1=

Note that, by clipping the output appropriately, we can ensure that

rd 32kd \ "N 32kd \ N
N e R TN ) R P S

without changing the approximation error. Therefore, we have

N
o1(k;) Z D2,n (%)¢3,n ({Z) - exp(mu}) ‘v,
n=1
- q k;
)Y 2 (4 (%)
n=1
v exp (S llall*) exp (5 1,117 exp 732“ ZSI <7r hji ql-)

oo

1 9 1 9
5 exp(l{d/) . WG eXp(—glid/ — 4(5) = me exp(—8(l€d/ + 6/2))
Using (mult) of Lemma we can see that there exists a neural network ¢4 € ¥(L, W, S, B) with
a3
L< 6—3(10g3 e +log? V), w<i1, S < (log e +log? V), logB <1

d/
such that |¢y(z,y) —xy] < € - m(ﬁ) Nexp(7(17nd’+5)/2) for any z,y € R

o Nd'N
with |z] < eXp( ) ly| < (%) . Additionally, there exists a neural network ¢5 €
U(L, W, S, B) with
d° 5 3 d’ 3
L<5—3(log e t+log’ V), W<, 555—3(log e +1og’V), logBZ<1,

such that [¢5(v,z,y) —v-zy] < € - N(V1+1)2 (32id,)dNeXp(—(17fid’—1—5)/2) for any v €

!’ ! ’ d/N
RYz,y € R with [|v], < 1and |z]| < exp("‘j ),|y| < (%) . Using these networks,

we have the following approximation:

64 (01(0), 820 (%)) = 01620 ()]

<. 1 (5 )dNexp(—(Nﬁd/—&-é)/Q),
|

N(V +1)2 \ 32kd’
k

¢5<Ujv¢1(’fi)’¢3’”(,i))_W” ¢3”( )H

1 0
<€ —(17kd’ 4+ 6)/2).
~CUNWV 12 (32;«1/) exp(=(17rd +0)/2)
This implies that there exist neural networks ®1,1, € U(L, W, S, B) with
a® d
L< ﬁ(logSe_l—i—logﬁ/), W < 5(loge +logV),
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d* 5 d’ 3 -1 3
S < ?(log e +log V), logBS(S—Q(log e ' +log’ V),
such that
(| @1 (K, v5)1(q) — exp(rpf) - vi]|
N
= Z¢ (¢ (9), ¢2n( ))¢5(vg,¢1( ) ¢3n(i>) — vj - exp ()
n=1 00
N
z:: ( ¢2n( ))¢5<Uj»¢1( i), ¢3n<£>)
N ¢ .
—vj - 91(q)91(ky) ; b2,n (Z)éf?s,n (Z)
N . ~
(kj) Z ¢27n(%)¢3,n (A7> —Vj - eXp(KJ/.L;') ‘
n=1
< ﬁeg exp(—8(kd' +4/2)),
where @1 (k;,v;) € RY*N and ¥(q) € RN, Summing up the error for j = —V, ..., 0, we have
0 0
Z ®1(kj,v5) | va(g) — Z exp(rpf) -vj|| < v i 169 exp(—8(kd' +4/2)).
j=—V j=—V

o0

Similarly, there exist neural networks 9, ¥3 € U(L, W, S, B) with
/8

L<Cfs—5(log5e’1+log5V), w < Cfs(loge +log V),
/8 /3
S < Cfs—(log e 1 +log® V)7 log B < (fSQ (log3 e ! +log? V),

such that
0

0
TS alky) = Y expleny) - vy| S e expl(-S(nd +5/2))

j==V j==V

where 93 (k;), ¥3(q) € RN. Note that @, (k;,v;) € RY*N and ¢ (k;) € RY are the output of the
convolution layer.

From (mult) in Lemma we can see that there exists a neural network ¢ € U(L, W, S, B) with

L< Cé (loge™' +1logV), W <1,

d’
S < g(loge_1 +10gV), log B <1,
such that |pg(z,y) — Xy| < V+16 9 exp(—8(kd' 4 6/2)) for any X € RY*N 4 e RV with

d'N
1 X oos 1Yl < (V +1) (32”d ) exp(%). Similarly, we have the network ¢- that approx-

d'N ,
imates "y for any z,y € RN with ||z||_, lyll., < (V + 1)(32”‘1 ) exp(%). Then, we
have
- 1 9 4
do| D2 Palkyvy) (@) | = | 2 alkywy) |eale)| S g ep(8(sd +6/2)),
j=—V j_fv

e exp(—8(kd +§/2)).

o7 | ¥s(a), Z balky) | —s(@)T D walk)| S %

+
—_
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Now, from Lemma|[F.4] there exists a neural network ¢g € ¥ (L, W, S, B) with

o, 2 e 3
LS —(logiet+1log” V), W< —(log’e ! +1log’ V),

d* 4 4 d
S < 5—4(log e!'+log'V), logB < E(logef1 +log V),
such that
ron Yo L= ly—v
QSg(l',y)—? €+ 8 + 72

for any z,y, ',y € Rwithz € [7,77!] and y € [0, 77 }], where
7 = min {e, exp(—(kd +6/2))/(V + 1)}

Since it holds
0

0
Z exp(kp;) - vji < Z exp(rpf) < (V +1)exp(rd' +6/2),
j=—V j=—V
for any ¢ € [d'], and
0
Z exp(kp;) > exp(kpj«) > exp(—kd — 6/2),

j=—V
we have
0 0 0
> j—_v exp(kpf) - v
¢ k'a 1 ) ) } k; - - J
¢s | b6 j:Z_V 1(kj,05),901(q) | 67 | ¥a(g) j;v Wa(kj) ST (o)
<et ? exp(—8(rd’ —;6/2))/(‘/ +1) N €” exp(—8(kd’ —1—2(5/2))/(‘/ +1) <e
T T

which completes the proof.

H PRroOOF oF THEOREM[3.1],[3.2] [D.1]AND[D.2]

H.1 CONSTRUCTING THE EMBEDDINGS

To construct the embeddings, we use the following lemma.

Lemma H.1. Let S be an arbitrary set of n points in R%, and m > 1 be a integer. Suppose that, for
any x € S, it holds ||x||, < 1. Then, there exists a matrix R € REXD with k < 512m*logn + 1
satisfying the following:

* Any elements of R is +1/\/k or —1/V/k.

* Forany z,y € S, it holds |(Rx)T(Ry) — xTy| < 2

8m?2"
To prove Lemma [H.1| we use the following proposition.

Proposition H.2 (Theorem 1.1 in Achlioptas| (2003)). Let P be an arbitrary set of n points in R?.

Given e, 3 > 0, let k be an integer such that k > fj}g logn. Let R be a k x d matrix whose entries

are independent random variables drawn from the uniform distribution on {1 / Vi, —1 / vk } Then,
with probability at least 1 — n=3, for any x,y € P,
2 2 2
(1 =e)llz =yl < Rz — Ryll; < (1 +€)llz —yll,.

Proof of Lemma[H.1) We apply Proposition[H.2] with
P=SU{-s|seS}, ¢
Let k be an integer such that

B=1.

_ 1
T 8m?2’

4+2
k> 512m* logn(z 2+ 63 logn>,
€2 —¢
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and R be the random matrix defined in Proposition E With probability at least 1 — -, for any
z,y € P,
2
IRz = Ryl2 ~ lle = yl2] < o5 lle — I, (H.1)
IRz + Ryl3 ~ llo + y12] < o5 lle + 2 (H2)

Since 1 — 5~ > o} for any positive integer n, k, d, we can choose R such that (H:I) holds. For
such R, it holds

1
(Ra) " (Ry) =Ty = 7 (IR + Ryl; — [|R2 = Ryll3 = o+ yl3 + ll= + o113

< 1 (|18 + Ryl ~ -+ 2] + |17z — Ryl 1w~ w12
1 1 )
_4( nx+mu el =)
_ 2
= 16m2 ]l + 16m2 Iyl
1
— 8m27
which completes the proof. O

H.2 PROOF OF THE THEOREMS

The following is the essential lemma to prove the theorems.

Lemma H.3. Letm € Nugand Z = [z_v, ..., 2] € [=1,1]WIXI=V:0 be a sequence of one-hot
vector representing the alphabets in set S. Suppose that there uniquely exists j* € [=V : —1] such
that

[Zj*—wu Zj*—mA1y e .- ,Zj*—l] = [Zomat1 Zomet2s - - -5 20),

where z; = 0 for j ¢ [-m + 1 : 0. Then, there exists F € S(M,U,D,L,W,S,B) and W €
RWIXD yyith

M=2 U=V, D=m"log?Viog®|W|, L <m’ log"’Vlog® W,

W <mlog® Vieg? (W], S <m® log® Vieg® |W|, log B <m!®log? Vlog? | W,
such that j* = argmax;—_v, _o(W - F(Z)y);.

Proof. Set k ~ V2(logm + logV + loglog |W)|). Additionally, let us set embedding Ei=Re€e
RP*WI as in Lemma L and set By = 0. We define x; = Rz; for j = —V,...,0. The third item
of Lemmal|F.3| we can see that there exists 1, € ¥/(D, B) with

N <log?m +log? V +loglog|[W|, D=1, logB <log?m +log®V +log®log|W|,

such that
a2 (T =R) P S
eXp( s (2(V+1 )) Zd’“(VH H S 8m2d(V 4 1)

forany j = —V,...,0. Since

o (o (7)) ) = <

it holds

1
Z Z¢"<v+1> WS G

j=—V n=1

Therefore, there exists g1 € C(U, D, B) with
U=V, D=m, logB<m?logV,
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such that
q:,v q;VH qé
9(X) = |y Kyoy - Kol
vy vy o v
qi—v qi—v+1 Q(/) G-V q-v+1 - Qo .
kl_v kl_v+1 k9 — kv k_yvir - ko < e
'U7V U,VJ’,l e ”UO v_vy V_v 41 e o .
where
T T T
qj = [Ij—m+17xj_m+27...,zj] s
T T T
kj = [xj,m+1,$j,m+2,...,xj] s
vj = T,
and z; = 0 for j ¢ [~m + 1 : 0]. Then, it holds,
1 T 1 1 1 3
K. > qg kj —md- >y ot 3
0 My do m Tm2d = 8m? m im .
and, forany j € [V : 0]\ {j*},
1T 1 m—1 1 1 5
k < k d - < ) 1,5
0 qo kK +m mid S Tm +8m2 m+4m -

Therefore, due to Lemma[3.3] there exists f1, f» € W(L, W, S, B) and g> € C(U, D, B) with
U=V, D=m" 1og2 Vieg® W[, L <m® log® Vieg® W,
W <mlog® Vieg? (W], S <m® log® Vieg® |W|, log B < m'log? Vlog? | W,
such that

1
[ f20920 fi10g1(X) ST
Z)o) “|l. < i+ gnz> Which completes the proof. O

Now, we prove Theorem [3.1] Theorem 3.2]and Theorem [D.1]

Proof of Theorem[3.1} Due to Lemma 2.4 of Jelassi et al.[(2024), if we set m < log(V/e€)/ log |W|
in Lemma[H.3] we can achieve erry < e. Therefore, the result follows.

Proof of Theorem[3.2] Applying m = 1 and V' < |W)| directly gives the result. O

Proof of Theorem[D.1] The proof is completely the same as the proof of Theorem 3.2} Note that
associative recall is the special case of induction heads where the set keys and the set queries are
completely split. [

Finally, we prove Theorem

Proof of Theorem|D.2} The probability of having M or more consecutive (PAD) tokens in the input
sequence is at most V - ™. Therefore, if M ~ log V + log 1, this probability becomes less than
€/2. Hence, in the followmg discussion, we consider situations where {PAD) does not appear
consecutively M times or more.

Let “sg, $1, ..., sy be the input sequence, and take an arbitrary index ¢ € [V]. Fix a positive integer
K. Due to the definition of M, if we set m = K M, there are at least K tokens that are not {PAD)
in the sequence [S;—imt1, Si—m+2, - - - » Si)-

Now, let us upper bound the probability that there exists ¢ = j (i, 7 € [V]) such that two sequences
[Si—m+1, Siem42s---,5i] and [Sj_m+1,Sj—m+2,- .., S;] have common K elements (including du-

plicates) that are not (PAD). First, we have |W|K choices for the common K elements. Then, we
have (m!/(m — k)!)? choices for the positions of the common K elements in the sequence of length
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m. Each choice of the positions occurs with probability at most 1/|W|**. Moreover, there are at
most V2 choices for the indices i and j. Therefore, the probability can be upper bounded by

m!? 1 < V2 ml?
(m—EK)2 wpPK = W (m— K)!?
< V2 _ e?(m 4 1/e)2(m+1)
= W () [

V2 (m+ 1)2(m+1) e2(m—K)
|W‘K ' e2(m+1) ' (m — K)2(m—K)
V2 (MK - K\ " m+ 1)2(m~+1)

e2|W| (m — K)2m

_ VAEM +1)? <K2€2W| )2 )K (KM+1>2KM

Vo).

- e? KM-K

K
V2KM+1)2 [(KX(M-1?% (M+1\M
2 e2|W| M-1

_VAEM 1?2 (C-K*(M -1) K
e? Wi ’

where C' > 0 is a universal constant. Therefore, if |[W| > 2C-K?(M—1)?and K ~ loge~!+logV,
the probability is less than €/2.

Let us consider the situation where the input “sg, s1,...,5” is fed into the model. Let us set

embedding 1 = R € RO*WI a5 in Lemma and set B> = 0. Additionally, let z; be the

embedding of s; for j = 0,..., L. Let us consider the model that finds s; with the index I € [L]

such that the partial sequence [S;—y41,S1—m+2,---,S1] and [SL—m+1, SL—m+2, - - -, Sr.] have the

same K elements that are not (PAD).

The similar discussion as in the proof of Lemmareveals that there exists ¢, € ¥/(D, B) with
N <log?m+1log’V, D=1, logB <log®m+log®V,

such that

SR 1
S un(pl)m-t Y a) <o
o] V41 mj:Lferl N 4m
Therefore, there exists g1 € C(U, D, B) with

U=L, D<log®m+1log?V, logB <log®m +log?V,

such that
q(/) q’} q;L
q(X) = |ky Kk krl,
vy vy vy,
% ¢ - 4] [0 @ o 1
2 T Bl R | e
UO fU1 e fUL Vo U1 e vr, oo
where
1 < 1 <
(Jt:%‘Z Ly, kt:% Z Tj, Ut = Tty
j=t—m+1 j=t—m+1
Then, if [$; 41, Sj—m+2,-- -, ;] and [SL_m+1, SL—m+2, - - -, 5] have the common K elements,
it holds ® )
k’ > - —.
7T m2  4m?2
Moreover, if the number of common elements in [sj,mﬂ,sj,mﬁ, .. .,sj] and
[SL—m+1s SL—m+2, - - -, 5] 18 less than K, it holds
T K—-1 1 K 3
PR —— = - —.
J m? 4m?2  m?2  4m?
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Therefore, due to Lemma|[3.3] there exists f1, f> € W(L, W, S, B) and g, € C(U, D, B) with
U=V, D=m'"%log?Vleg®|W|, L <m*log’Vleg®| W,
W <mBlog® Vieg® W], S <m*log’ Vieg® W, log B < m'log? Vieg? (W],
such that

1
[ fa0g20 fiogi(X) -1l < T
Therefore, |RT(F(Z)0) - leOO < % + g3, which completes the proof. O

I PROOF OF THEOREM

I.1 PREPARATION: APPROXIMATION OF y-SMOOTH FUNCTIONS
Before proving Theorem [4.5] we prove the following theorem Theorem [[.2] under Assumption
about the approximation of «-smooth functions.

Assumption L.1. The true function F'° satisfies F§ € .7:; o> Where vy is mixed or anisotropic smooth-
ness. Suppose that it holds ||F||]_-’v9 < land | Fg|,, < R, where R > 0 is a constant. Addition-
P,

ally, we assume the smoothness parameter a satisfies ||al| . < 1 for some 0 < a < oo and
a;; = Qlog(|7] + 1)). Moreover, if v is mixed smoothness, we assume @1 < Q2.

Theorem L.2. Suppose that target function F° satisfies Assumption|[[.1} Then, for any T > 0, there
existsan SSM F € S(M,U, D, L,W, S, B) with

M=1, logU~T, D~TY® L~T, W~TY
W' ~ T/gT/a’ S~T2/amax{T2/a,T2}2T/ai, log B ~ TV,

such that ||[F — F°||, p <277

~

1.1)

Given a smoothness function +: Ngxoo — R, we define
I(T,v) ={(i,j) | 3s € Ngx‘x’ such that s;; # 0,7(s) < T},

dmax = |I(T> 7)'
The feature extraction map T': R¥*>° — Rdmax s defined as
I(X) = [Xi17j17 e indmax ,jdmax]'

The following lemma shows that, if FNN receives finite number of “important” features, it can
approximate y-smooth functions and piecewise y-smooth functions. This is mainly due to the con-
dition ||a||ie < 1, which induces sparsity of important features.
Lemma I.3 (Theorem D.3 inTakakura & Suzuki|(2023)). Suppose that the target functions f € J'-;Y 0
and g € P 4 satisfy || f|lo, < Rand ||g|,, < R, where R > 0 and vy is the mixed or anisotropic
smoothness and the smoothness parameter a satisfies ||a||,,;o < 1. For any T > 0, there exist FNNs
fr.gr € Y(L,W, S, B) such that
lfror g, <o
2,Px

|[gr oo Il — 9”2713)( S 277,

where
L ~ max {TQ/O‘,TQ}, W~ TY/agT/a’

S ~ T?/* max {TQ/“7T2}2T/“T,logB ~ TV,
From this lemma, we can see that, if the the convolution layer can approximate I', the SSM can give

important features to the FNN, and the FNN can approximate the target function.

Now, we prove Theorem [[.2]
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Proof of Theorem[[.2} Firstly, we construct the embedding layer Emb: R4*> — RDP>°_ Set the
embedding dimension D as max{d, dpax} + 1. We set E; € RP*4 to satisfy

T
Elx: [.1'17 ceey Ldy 0, O, ceey 0 ] .
D —d—1 elements
for x = [x1,..., 74 € R% Additionally, we set By € RP to satisfy
T
Ey=1[0,...,0,1, 0,...,0 |
———— ———
d elements D —d—1 elements

Note that ||E1|| . = ||E2||,, = 1. Then, the constructed embedding layer Emb is represented as
follows:

Lt

1

Emb(X)= | 0 | erPxe,

Secondly, we construct the convolution layer. The role of this layer is to approximate the fea-
ture extractor I'. The weight matrix WV & RP*IXI| is set to extract the important “dimen-

sions” (¢1, ..., %4,,, ). More precisely, we set Wy to satisfy
WYy = Wirs - Yigyr 05 ooy 0] e RP
———
D —dmax elements
fory = [y1,...,yp] € RP. Then, the resulted projection is represented as follows:
. (T
v Xt Dxoo
WY (Emb(X)) = “dmax eR .
L 0 i
Next, we construct the convolution filter. From the assumption a;; = Q(log(|j| + 1)), we can

choose the window size U € N such that
logU ~T and a;; <T = j <U.
Lemma [F.5] shows that, for each j,,, (m = 1,...,dmax), for any € > 0,5 > 0, there exists k,,, €
U/ (W', B) with
W' <log?e !, B<loge llogk

)l G- 9)

Now, if |j — jm| > 1, it holds

exp s (32~ 22))) p( (21 ;]f) —en(- )

and, if j = j,,,, it holds
a2 (TS _Im
exp< - sin <2<U U)))

1

such that

S max
3=0,...,

N
I}

I
=

, we have
J .
k| =) —9; < 2¢,
j_rg,%).{,U’ ( ) m (J)‘ X 2€
where § ;- 18 the function defined by
(L =g
6 (4) = {

Therefore, if we set K = U2 loge™

0 otherwise.
This inequality show that the filter £ can approximately extract the important tokens.
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Finally, we set the weight matrix W< by

we =

Y

{1 ifj=d+1
0 otherwise,
which results in W% (Emb(X)) = [1,...,1]" and
g1 0 Emb(X) = W< (Emb(X)) ® (8% « W (Emb(X)))
= AW« WO (Emb(X))

= [ze]t= oo € R7X,

U—-1 D
2= D k() Do WE i
s=0 i=1

S (k(5))1 Xy s

- :
- Zs:ol(k(S))%mXidmx,H

0

Thirdly, we construct the FNN layer. From Lemma there exists an FNN f € U(L,W,S,B)
such that

HfoF—F° <o T (12)

2,PX
where
L ~ max {T2/a,T2}, W ~ TV agT/a’
T (L3)
S ~ T2/* max {TQ/Q,TQ}ZT/“ log B ~ T2,
Let C: RP — R? be a linear map such that

Cy = [yh <o Ydimax
fory = [y1,...,yp]" € RP, and we set f; := f o C. Note that f; € U(L, W, S, B) for L,W, S, B
defined in ([3). The constructed SSM F' is represented as follows:

F(X) = fi(20) = f 0 C(z0) = f o T(X)o,

]T

where

U-1 dmax
N(X) = [Z(k(s))mxim,sl € Ridmax,

s=0 m=1

Now, we evaluate the error between the target function F'° and the constructed model F. We evaluate
the error by separating into two terms:

|7 7] =7 = 7o

—i—HfoF—Fo

2,Px 2,Px 2,Px
The second term can be bounded by (L.2), so we evaluate the first term. Since f € U(L,W,S,B)is
(BW)E-lipschitz continuous, for any X € [0, 1]9%°°, we have

|(0) = for(x)| = | f(P(x) - Fx)| < (BW)E[[Pex) - rex)|

Since X € [0, 1]4%*, it holds
U-1
f‘X—FXH: X, =06 ($)Xs
( ) ( ) - m:{?éﬁmax Z_;(k(s))m im,—s 5Jm(5) im,—$
U-1
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By setting € = 27 /U, we have
‘F(X) ~fo F(X)‘ < Hf(X) - F(X)H <o T

o0
for any X € [0, 1]2%°°. Therefore, it holds
|p-Fe| <||F-for| +[for-F
2,PX 2,PX 27PX
< sup ’F(X)—fol"(X)‘—i—HfoI‘—Fo
Xe[0,1]dxoe 2,Px
<27 T,

Finally, we evaluate the parameters L, W, S, B which controls the class of kK € W'(W’' B). Since
lallwie = sup; j*a; ' <1, it holds
diax = |{(4,7) | Is € N§*®, 55 # 0,7(s) < T}| < T/,
Therefore, we have
W' = dpax - log® 71 < T2/
log B ~loge™ ! log(U2 log eil) <72
This completes the proof. O

1.2 PROOF OF THEOREM[4.3]

Proof of Theorem For T' > 0, we define
LT = {i | () € 1)} = {7, i) |,
rmax(T,y) = max {j € [J] | [;(T,7) # 0},

Note that rmax (T, 7) ~ T/ since a;; = Q(j%).
Theorem implies that there exist an embedding layer Emb, an FNN f; € U(L, W, S, B) and a
convolution layer g; € C(U, D, L', W', S, B) with

M=1, logU~T, D~T""

L~T, W;~TYe,

L' ~ max {T2/(",T2}, W' ~ TV/agT/a

S ~ T2/* max {TQ/Q,T2}2T/‘1T, log B ~ TV,

such that
fiogioEmb(X); = [z, :(X), 0,...,0 ,—1,...,—1]",
—_——  ———

dmax €lements 7, .« elements
for all i € Z, where 1;(X) satisfies
(X)) — (a(X) =D S 277
Intuitively, the i-th elements for 7 = 3, ..., 2 + dmax are used to store the feature X;_; ; for j € [d],

and the i-th elements for i = 3 4 dyax, - .-, 2 + dmax + "max are buffers to store which elements
are already selected. Note that, for any ¢ < 7., it holds

A ) my ) = Ay (41 2 (X m i) = 277) = (X )my iy +277) 2 T,
and [i(X); € [-1,0] forallt € [0: V].
In the following, we set

U=V.

Tlog2+2logV
%. Using Lemma we see that, there exists a neural network
dexp € Y(L, W, S, B) with
L <T12048/0) 1002 v, W < T8/ 0gV, S < T2/ 102V, log B < T?048/) 1662 V,
such that, for any < 0, it holds

Let us set xypo ~

_ 148/«
|Gexp (x72) — exp(xra)| < 27277 V3.
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Moreover, using Lemma [F.3|again, we see that there exists a neural network ¢, with
L<T?048/9 1062y, W <1, §<T?0H8/966%V, log B < T/ 10gV,
such that, forany 0 < z < VZexp(T'7/), 0 <y < 1, itholds
|6 (,y) —ay| <2727V,
Then, for any = < 0 and y € [0, 1], it holds
|¢>< (¢exp(XTx)a y) - eXP(XTf)y| < |¢>< (¢EXp(XTx)a y) - ¢eXP(XTx)y‘ + |¢eXp(XTx)y - eXp(XTx)?A

< 2—2T1+’3/°‘/V3 + 2—2T1+ﬁ/a/v3
< 272T1+ﬁ/“/v3'
Then, let us define f; be an FNN layer such that it holds
f1of1091(X)oEmb(X); = [¢x (Gexp (i (X)), 25), 0,...,0 ,—1,..., —1]T.
——— — —

dmax €lements 7max elements

Additionally, we define

Zm = (frlnogmofm) O"'O(f{ o g1 0 f1) o Emb(X),
for m € [1 : rmax]. We construct remaining layers fa, g, f3, .- fruact1s Irmaxt1s fromet1 O
make them satisfying

L = [¢><(¢exp(ﬁi(X))7zi)v)?igl),jla'"75(:1-(1)

‘11‘7.71’

..,Xi(lm),jm,...,Xi(w’z) . 0,...,0 y
dmax—3 52, |1;] elements
-~ -~ T
g /Veo i im/V, =1,..., =1 1",
———
Tmax — M elements
where Xiijm jm,jm are the approximation of Xl.fcjm) jm,jm (m=1,...,M;k =1,...,]L,1])
respectively such that

% T -~ . _371+8/a
‘Xifj""),jm - Xigj’”),jm‘ S27, ‘Jm/V —jm/V|S27° /V®.

Then, we see that
T - ~ ~
ZM = [l‘l ,,U,i(X), Xi(ll)vjl’. cey X,(1)

P
Y It

vy Ky ey Kyman VeV
Hence, Lemma shows that there exists a FNN f}, € U(L, W, S, B) wﬁh
L s max {1212}, W g TVesT/e,
§ S T max {11 JaT/e! | o B TV,
such that
1f30(Zn) = flls S 277
The same discussion as Theorem [[.2] gives the desired result.

In the following, we construct an FNN f,,, and a convolution layer g,,, for m € [1 : 7pax). The proof
mainly divided into two parts: (i) obtaining X (m) i i.e., the approximation of important features
k sJm

X.om) p (k=1,...,|I,|) and (ii) getting Jms i-e., recording which token 7,,, was selected.
W gm

Picking up the important features X .., (k=1,...,|Ln|) Dueto Lemma and the fact
v dm

that j,, € [0 : V] is an index such that pi; _; (fi;—;) is the largestin fi;—; (Tie—;) (7 # J1s- -+ Jm—1)s
forany ¢t € [0 : V] with ¢t # ¢, it holds

Z;/:o Xijexp(xr - fir—j) - (1 = 1s(j))

< 2V2exp(—xr - T79%) 5277,

> im0 exp(XT - He—j) - (1 = 1s(4))
where S = {j1,...,Jm—1}- Now, let us approximate
Sy Xogexp(xr - fin) - (- Ts()) &5V X explxr - ir,) - (1 — Ls())
% = N 1% = ;
S i—oexp(xr - fie—i) - (1 = Ts(4)) T 2 i—oexp(xr - fir—i) - (1 = Is(4))
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using neural networks. Using Lemma |[F.4] we can see that there exists a neural network ¢, €
U(L,W, S, B) with

L <1048/ 1062y, W < T30H8/0) 1063y, § < T8/ 160t V) 1og B < TP/ 10g V,
such that, for any = € [exp(—x7),exp(x71)],y € [0,V],2’ > 0,y > 0, it holds
0.0 y) = L S 2T V2T (o |+ fy — o).

Next, Lemma implies that there exists a neural networks ¢/, € V'(1,B) and ¢, €
U(L,W,S,B) (n=1,...,N) with

N < T8/ 10g Tlog V,

L <1048/ 0g Tlog® V, W <1,

S < P48/ 109 Tlog® V,  log B < T3 A/ 1og Tlog? V,
such that, for any ¢, 2, T € [0, 1], it holds

ﬁ: ¢, (t)pn (T) — exp <_ V2(Llog T+ 278/ + 21og V) - sin? (5 (¢ — x))) ‘

2

< T_l/a2_2T1+B/a/V2 + T1+5/”‘V3|x — 3.
Since
exp (_ V2(LlogT + 27" +A/2 + 21log V) sin® (% (t — 2)) )

2

< T-Yep 2T 2 (g > 1Y),
=1 (t =),
we have
V2(Llog T + 2T 4B/ 1 2100 V) sin? (= (t — N
exp< (a 0g —; 0g )SlIl (2( ‘T)) 711{%}@) §2T71/a272T1+ﬁ/ /V2

Therefore, we have

Z¢ Z) = Iay (t)

Summing up over z = jl/V <y Jm—1/V, we have

Z ZWW 7 G V) = L5 (1)

m’/=1i=1

S T (T2

_ 1+8/a
<27 JV2.

S TV egm(UHB/T 2 4 pFB/ay3|y — ).

2T1+B/ﬂ/v2 i T1+5/QV3‘jm’/V - jm'/VD

Combining the results above, we have

m—1 T
qux (Besep (Xi g XT 115 ( S5 6P V6 (G /V))

m/=1i=1

1 14

VZXi,jeXP(XT'ﬁt—j)'(lHs(j))|

=0

1 14 m—1
VZ( ¢>< ¢exp( ,_]7XT /f‘t ] (Z Z¢(Jm’ ) ¢Om, Z)(] /V) —HS( ))‘
J m’/=1i=1

+ (D (Gexp(Xi gy X1 1t—j)) — Xijexp(xT - ﬂt—j))ﬂs(jﬂ)

_ol+B/x
5 2) 2T /V2
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Similarly, we have

VZQSEXP XT Ht— j (

m—1 T
Z ¢(Jm’ 1) ¢(]771/ )(]m,/v)>
m/=1 =1

v

1 ~ )
-7 > exp(xr - fir—j) - (1= Is(4))
§=0
< 272T1+[§/(’/V2
Using the facts that
v
exp(—xr) < — ZeXp xr - fft]) <1,
Vis

we have

m—1 T
( qux (Xij, Gexp(Rr + j—3)) (1— 3 Z¢éfm"’>(t)¢§3m"”<5mf/V>>,

m’/=1i=1

I
V Z ¢exp XT Mt — ] (1 — Z Z¢(3m/ ,2) ¢(Jm/ z)( /V)))

m/=1 =1

e ultlexp(er - Alt]) - (1 = Is(j))
% =
2o exp(xr - Aft]) - (1 = Ls(4))
<o T 2T g 2T Y2 <o T

Overall, we can see that, there exist neural networks ¢o € U/(L,W, S, B) and ¢4, ¢p,dc €
U(L, W, S, B) with

L < TotYetsBlaloe Tlogd vV, W < T3+ et38/a)0e T log® V,

S < ot/ eat5B/ 260 T 10g® V,  log B < T3/ e438/ 166 Tlog? V,
such that
27T,

”
max dc | D600 /V)$a(Zm-1)8(Zm-1[=i]) | =Xjni| S

~Y
(m) (m) ,
’E{ L) ey j=0

i,Jm

Recording which token was picked up Similar discussion as above shows that there exist neural
networks ¢, € U'(L, W, S, B) and ¢/y, &'z, &, € U(L, W, S, B) with

L < TtV etsBla)oe Tlogd vV, W < T3+ et38/e)0e Tlog® V,
S < ot/ et5B/a 160 T 10g® V,  log B < T3/ 438/ 166 Tlog® V,
such that

v
. . Im _
0| S0V T )0 B | —sin (22 ) 2
=0
Lemma [F3|shows that there exists a neural network ¢aresin € ¥(L, W, S, B) with
L <1048/ 1062y, W <1, §<T?0H8/9) 662V, log B < TP/ *logV,
for any = € [0, 7/4], it holds

| Garesin () — arcsin(z)| < 27377 o,
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Using this network, we can obtain j,, /V such that |, /V — jn/V| < 93T +P/* JVo.

Finishing the proof We can easily see that, constructing the weight matrix in the convolution
layers appropriately, we can obtain Z,, from Z,,_; using the neural networks constructed above.
This completes the proof. O

J PROOF OF THEOREM

J.1 PREPARATION

In this subsection, we prove the following theorem.

Theorem J.1. Let I’ € S(M,U, D, L,W, S, B) be an ERM estimator which minimizes the emprical
cost. Then, for any § € (0, 1), it holds that

]

. 1 - 9 1 DULWB
Yy < inf —— . _ F° . VE
R, (F,F°) < 122 — E_l |5 = FP 5 py + = - MPL(S + D) log< ) + 0.

To prove the theorem, we use the following proposition.

Proposition J.2 (TheorAem 5.2 in|Takakura & Suzukil (2023)). For a given class F of functions from
[0,1]9%> to R>, let [' € F be an ERM estimator which minimizes the empirical cost. Suppose
that there exists a constant R > 0 such that |[F°|| < R, |[F||,, < R forany F € F, and
N(F,0,|I|lo) = 3. Then, for any 0 < 6 < 1, it holds that
- log N (F, 4, ||-
N (T8 ) |

. 1 2
Ri.(F,F°) < inf ———— E F;, — F? + (R? 4+ 0
l)T< ’ ) ~ }}‘Iel]: r l 1 H 7 4 ||2,PX ( )

2 p (R+ 0)9d,

where N'(F, 6, ||-||) is the 6-covering number of the space F associated with the norm |-
by

, defined
N(F, 6| =inf{m e N|3F,...,F,, € F,VF € F,3i € [m] s.t. |F — F;|| < d}.

Thanks to this proposition, the problem to obtain the upper bound of the excess risk of the estimator

F is reduced to the problem to evaluate the covering number of the function class S. The covering
number of the function class S can be evaluated as follows.

Theorem J.3 (Covering number of SSMs). The covering number of the function class

S(M,U,D,L,W,S, B) can be bounded as
DULWB
log N (S(M,U,D,L,W, S, B),5,|l..) S M*L(S + D?)log () .

0

This theorem implies that the upper bound of the covering number of the function class S polyno-
mially increases with respect to the embedding dimensions D, the number of layers M, L and the
sparsity S of the parameters. This result is similar to the result by [Takakura & Suzuki| (2023) on the
covering number of Transformers.

A large difference of the covering number between the SSMs and Transformers is the dependence
on the window size U'; the covering number of the SSMs depends on U logarithmically, while that of
the Transformers does not depend on U. This is because SSMs sum up the tokens in the convolution
without normalization. Whereas it is prefered that the covering number does not depend on U, the
logarithmic dependence on U is not a serious problem for the estimation ability, as we will see later.

In the following, we prove Theorem@ First of all, we introduce the lemma below, which is useful
to evaluate the covering number.
Lemma J.4. Let { fo} o be a parametrized function class from [0, 1] 1o R*. Suppose that the
parameter space © satisfies © C [—B, B|P for some B > 0, D > 0. Additionally, suppose that
{6060 +#0,0 €0} <S.
Moreover, assume that there exists a constant v > 0 such that
| fo — féHoo < 1|0 —0||los forany,0 € ©.
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Then, it holds

BD
log N'(F, 6, ||l.) < Slog (T : )

The following lemma is drawn from [Takakura & Suzuki (2023)), which evaluates the norm of the
output of FNN, the lipschitz constant with respect to the input, and the lipschitz constant with respect
to the parameters.

Lemma J.5 (Lemma E.3 in [Suzuki| (2018)). Suppose that two FNNs f, f with L layers and W
hidden units is given by

f(x) = (ALo() +br) oo (Aro(z) + b1),
f(@) = (Apo () +br) oo (Aio(x) + br),
where o is the ReLU activation function. Assume that for anyl = 1,..., L, it holds
|l <B, ||4|_<B, Jul.<B, [ <5
oo oo
Additionally, let v > 1 be a constant.

1. Forany x € RP*° with ||z|| . < r, it holds
I (@)llc < (2BW)Er.
2. Forany X, X' € RP>*> it holds
£ (@) = f@)l o < (BW)HIIX = X[| ..

3. Assume that, foranyl =1,..., L, it holds

< e s

Then, for any x € RP with ||z||_ < ;oit holds h
Hf(:c) - f(x)Hoo < 2(2BW)Lr - 6.

We also evaluate them for the convolution layers.
Lemma J.6. Suppose that two convolution layers g, g with window size U and embedding dimention
D is given by
9(X) = B(X) x (Wy X),
G(X) = BX) * (Wy X).
Let v > 1 be a constant. Assume that it holds
Wl <B, ||| <5,
and, forany h = 0,..., H and X € R™* with || X §OOT, it holds
1BCON < e [B)||, <
for some B > 1,c > 1. Then, the following statements hold.

1. Forany X € RP* with | X || <, it holds
l9(X)lloe < BDre.

2. Suppose that X, X' € RP>* satisfies | X ||, <7, || X'|| <rand
1B(X) = BX)l, < KIX = X'
for some Kk > (ﬂ Then, it holds
l9(X) = 9(X") oo < (B*re+ Br- k) [IX = X'
3. Assume that, forany h =0, ..., H, it holds

|wv =] <6 |8ex) - B <o

'If the filter is data-dependent, then x = 0.
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for v > 0. Then, it holds

l9(X) = 9(X)llo < (Bric+ (Br)® ) -a.
Proof. We use frequently the following three inequalities:
WX < W1 X < D- W[ Xl
18 Xlloo < 18I 11Xl oo
where W € RPXD X ¢ RPx© vy ¢ RPx> 3 RPXU,
Proof of 1 We have
l9(X) ]l oo = [I(B(X) * Wy X))l
< [[BX) = Wy X))l
< Wy Xl - 18Xy
< BDr-c < BDrec.
Proof of 2 We have
19(X) = g(X") oo = [IB(X) x (Wy X) = BX") * (WyX')||
< [IB(X) * Wy X) = BX') * (Wy X) ||
+1(B(X ) Wy X)) — (B(X') = (WvX’))Hoo
< IBX) = BXT)) * Wy X))l + N(BXT) * (Wy (X — X))l
< IBX) = B - Wy X o + 1B - Wy (X = X'

< Br-g|X - X'|
= (B*rc+ Br- k)| X = X'||

Proof of 3 We have

l9(X) = G(X)oo = ||[BX) * (W X) = B(X) = (WvX)Hoo
B(X) x (WyX) — B(X) * (VVvX)Hoo

+ HB

IN

IN

< |00y 3| 1w+ 30|
<Br-iu-Br+ Br-c-or
(Br c+ (Br)? )(5

Subsequently, we evaluate the lipschitz constant of the composition of the layers with respect to the

input and the parameters.

Lemma J.7. Let (f1, ]71), ..

the pair (f, f) in Lemma Additionally, let (g1,41), .
satlsfy the same condition of the pair (g,g) in Lemma @

F,F: [0, 1]9%>° — R are two functions defined by
F:=clipgpo fyogmo---
Fi=clipgo faroguo-
Moreover, assume that B > 1,¢ > 1,r > 1. Then, it holds
|Px) - Fx)

40

(800 = Bx)) = Wy x)||_+||Bx) «

oclipg o f1 041,

oclipp o f1 oG-

w Br+DBr-c-B|X-X'||

« (WyX) — B(X) * (WVX) HOO

(=17 x)]

O =)

, (far, fM) be pairs of two FNNs which satisfy the same condition of

, (gnr, ) be convolution layers which
Suppose R > 0 be a constant, and

< 2MHBWYME(BDRe)*M (1 + )M (1 +1) - 6.
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Proof. Form =1,..., M, we define

F,, =clipgo fnogmo---oclipgo fi0g, F,, ::clipl_—{OJF”;nOEmO---oclipROJF‘;0§17
and Fy) == id, Fy := id. Then, it holds

F,, =clipg o fin © gm © Fin—1, ﬁm =clipp o fm ° Gm oﬁm_l

form = 1,..., M. Note that ||F,,|| . < R and "me < Rforany m = 1,..., M due to the
clipping. =
For any X € R™ with || X ||, < randm = 1,..., M, we have

HFm(X) _ ﬁm(X)Hoo = ||clipg 0 fim © gm 0 Free1 (X) — clipp © Fon © Gim oﬁm_l(X)H

= fmogmo mfl(X) _.}Tmoﬁmo ~m71(X)H

(. clipg is 1-lipschitz continuous.)

IN

fn© 9 © Fn1(X) = Fon © g © Frn1 (X)]|_
+ “fm © Gm © Frn1(X) = fon © Gm © m’l(X)Hoo

+ Hfm Oﬁm OFm—l(X) - fm Ogm Oﬁm—l(X)H

For the first term, since ||g,, o Fin_1(X)|| < (BDRc)? due to the first argument of Lemma
using the third argument of Lemma [J.5] we have

Hfm 6 g © Fon1(X) = fon © g © Fon_1(X) H < 2(2BW)L(BDRc)? - 6.
For the second term, the second argument of Lemma and the third argument of Lemma [J.6] yield
HfmogmoFm—l( )_fmogmoFm 1( H ”ngFm 1(X) = Gm o Frno1(X)]| o

< (BW)" . (2BR*c+ (BR)*- 1) - 6.
For the thrid term, the third argument of Lemma[J-3|and the third argument of Lemma[J.6|imply

Hj’{mogmoFm_l(X)_fmogmoﬁm—l(X)Hoo
< (BW)LHEm 0 Fin—1(X) = gm © Nmfl(X)H

< (BW): . (2B2Rc+ BR - k) - HFm_l(X) — B (X)

o0

Let A1, A2 be the constants defined by
A\ = (2(2BW)*(BDRc)? + (BW)" - (2BR?c+ (BR)? - 1)) - 6
Ay = (BW)* - (2B*Rc+ BR - k).
Then, we have
[Fn ) = (0] <0420 [Fra () = Fa ()

o0

This implies

[0 = B 525 <0 (a0 = Faa] 525

Thus, by induction, we have

~ A ATV
£t R+ 2y 0 ([0 - R+ 2) = 2%
’ , )\2_ A3 < 0(X) of )Oo+)\2_1 N — 1
Since Ay > 1, it holds
~ A —1
[FnX) = Fn0| <0 22 = A (1 da 4287 S g
[eS) 2 —

Now, using
A\ < 3(2BW)Y(BDRe)?(1+1) -6, Ao <2(2BW)Y(BDRc)*(1 + r),
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we have
HF(X) - ﬁ(X)H < MMAY! < oM QBWYML(BDRE)?M (1 + k)M (1 + 1) - 6,
which completes the proof. O

Finally, we prove Theorem[J.3]

Proof of Theorem[J.3] In the model we consider, it holds
k=0,
L <20 - (2BW)Y,
c<U@2BW)Y.
Therefore, we have
HF(X) - ﬁ(X)H < oM+1(9BW)ML(BDRU(2BW')F )2M . (2 : 2U(2BW’)L’) v

_ 2M+3(QBw)ML(QBwl)(2M+1)L/ (BDRU)2]W+1 .6

The number of parameters in a FNN is 2WW?2L. Additionally, the number of parameters in a convo-
lution layer is 2D?. Moreover, the number of nonzero parameters in whole network is bounded by
M (S + 2D?). Therefore, the covering number can be evaluated as

IOgN(S(Mv U7D7La VVNS’vB)a(Sa H”oo)

< M (S +2D?)
M (2W?2L + D?) - B - 2M+3(2BW)ML(2BW') ML (BDRU )?M+1
+ log 5
DULW B
< M?L(S + D?)log (U(SW)
which completes the proof. O

J.2 PROOF OF THEOREM [4.6]
Theorem §4.5]implies that, for any 7" > 0, there exists an SSM F' € S(M, U, D, L, W, S, B) with
M=T"Y U=V, D~T%¢log’V,
L~ T8 10g’ V, W ~ 27/ s 0g? V,
S ~ oT/a e log® V, log B ~ T log®V,
such that ||[F — F°||, < 277 Therefore, it holds
o2 —2T
[F = F°llyp, <2777,
Next, Theorem[J.3] shows that it holds
- 1
log N(8,6, | ]lc) S 27/ T/ ¥4 (log V) log .

Using Theorem[J.1] we can show that
2T/aTT2/(x+4ca,5 (10g V)13 log %

n

+9.

R(F,F°) <2727 4

_at

By setting T" = .57

logn and § = 1/n, we have

N _ _2aqf
R(E,F°) < n” 241 (log n) 2/t can 1og13 1,

K ADDITIONAL DETAILS ON THE EXPERIMENTS

All the code was implemented in Python 3.10.14 with Pytorch 1.13.1 and CUDA ver 11.7. The
experiments were conducted on Ubuntu 20.04.5 with A100 PClIe 40GB.
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Genomic Benchmark dataset (Gresova et all) 2023) is given with the Apache License Version
2.0 and can be accessed from https://github.com/ML-Bioinfo-CEITEC/genomic_
benchmarks. The pretrained model of Hyena is given with the Apache License Version
2.0 and can be accessed from https://github.com/HazyResearch/safari?tab=
readme-ov—file.

For the training and evaluation of models, we utilized the code provided at https://colab.
research.google.com/drive/l1wyVEQd4R3HYLTUOXEEQmp_I8aNC_aLhL.

We used the dataset human_enhancers_cohn of Genomic Benchmark dataset. As for the pre-
trained model of Hyena, we used hyenadna-tiny-1k-seqglen. The model was fine-tuned for
100 epochs. Then, we sampled 20 different test sequences whose correct probability is larger or
equal to 0.95. For each sequence, we repeatedly mask the tokens that maximize the correct proba-
bility. The error bar is calculated by the standard deviation of these 20 samples. The source code
for the experiment is downstream_finetune.py and downstream mask . py, which can be
found in the supplemental material. Finetuning needs around one hour, and masking needs around
90 minutes.
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