Reproducing Kernel Banach Space Models for Neural
Networks with Application to Rademacher
Complexity Analysis

Alistair Shilton, Sunil Gupta, Santu Rana, Svetha Venkatesh

Applied Artificial Intelligence Initiative,
Deakin University, Geelong, Australia
alistair.shilton@deakin.edu.au, sunil.gupta@deakin.edu.au,
santu.rana@deakin.edu.au, svetha.venkatesh@deakin.edu.au

Abstract

This paper explores the use of Hermite transform based reproducing kernel Banach
space methods to construct exact or un-approximated models of feedforward neural
networks of arbitrary width, depth and topology, including ResNet and Transform-
ers networks, assuming only a feedforward topology, finite energy activations and
finite (spectral-) norm weights and biases. Using this model, two straightforward
but surprisingly tight bounds on Rademacher complexity are derived, precisely (1)
a general bound that is width-independent and scales exponentially with depth; and
(2) a width- and depth-independent bound for networks with appropriately con-
strained (below threshold) weights and biases.

1 Introduction

A significant challenge in neural networks is understanding how large models, despite their high
capacity to overfit training data, can still generalize effectively (Neyshabur et al.| 2014). Learning
theory tells us that inductive bias plays an important role in explaining this phenomena, where
inductive bias is the restriction of the space of potential learned functions (neural networks) to a small
subset F of the total space of space, either explicitly through regularization or implicitly through
the training algorithm used. Rademacher complexity (Bartlett & Mendelson, 2002} [Steinwart &
Christman, [2008)) is one measure of the complexity or expressive power of F that has been used to
understand inductive bias through the lens of uniform convergence - that is, the rate at which the
empirical risk (on the training dataset of [V samples) converges to actual risk (on the data distribution)
(for a discussion of alternative approaches see (Valle-Pérez & Louis, 2020)). A representative
approach to Rademacher complexity analysis in neural networks is “peeling” (Neyshabur et al., 2015}
Golowich et al., 2018} |Truong| [2022)). In this approach, the total compexity is bounded by “peeling
off” the output layer D to extract factors due to that layer and thus express the total Racehmacher
complexity as a product of terms due to the output layer D and the Rademacher complexity of the
preceeding (D — 1)-layer network. The process is then repeated, peeling off successive layers until the
process terminates at the input layer. This typically results in a bound that exhibits width independence
(assuming popular schemes such as LeCun, He or Glorot weight scaling) and exponential depth
dependence, and contains some (typically Lipschitz-type) scaling term due to the neural activations
as well a (typically depth-exponential) “nuisance factor”. For example in (Neyshabur et al.| 2015)) it
is shown that, for a simple unbiased layerwise network with spectral-norm bound weight matrices
WU—1:3] and Lipschitz activations, the Rademacher complexity is bounded as:

Ry (F: |[WU=1)[| < oli=13]) ~ O <2DH?_1\/§“”])
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This bound can be refined in various ways (eg. (Golowich et al.,|2018)), but the basic form remains,
as do the nuisance factors (the term 27 in the above bound, for example) in one form or another.

An alternative approach is to construct a bilinear (dual) representation of the model that splits the
input € X and parameters © € W into separate terms in a dual representation:

f(z;0) = (¥ (0), ¢ (z)]

where ¥ : W — W, ¢ : X — X are feature maps and (-, -] : WW x X — R is a continuous bilinear
product. Examples of this type of model are the neural network Gaussian process (Rasmussen &
Williams| [2006)) (NNGP) models (Neal, [1996), which treat all layers prior to the output as fixed
and model the influence of the weights in the output layer; neural tangent kernel (NTK) models
(Jacot et al., 2018} Daniely}, 2017} Daniely et al., |2016), which model the (first-order) variation of the
weights about their initial values in a reproducing kernel Hilbert space (RKHS) (Aronszajn, [1950)
(see for example (Du et al.,[2019b} |Allen-Zhu et al.,[2019; Du et al.,2019a} [Zou et al.| 2020} |Zou &
Gu, |2019; |Arora et al.,2019bla; (Cao & Gu, [2019)); and reproducing kernel Banach space (RKBS)
(Lin et al.l [2022; [Zhang et al.| 2009; Zhang & Zhang|, 2012} Song et al., 2013} [Sriperumbudur et al.,
2011;|Xu & Yel [2014) approaches such as (Shilton et al., 2023), which recursively construct feature
maps ¥ : W — W, ¢ : X — X to exactly model the neural network (beyond ﬁrst—order)ﬂ In all
cases the utility of the model in the context of Rademacher complexity analysis is that it makes the
construction of bounds straightforward through the use of either the Cauchy-Schwarz inequality (if
(-,-] is an inner product) or the continuity of the bilinear product; and moreover, as peeling is not
applied directly to the Rademacher complexity, nuisance factors arising from this procedure may be
avoided. However the assumptions made by these models (wide-networks, lazy training, restrictions
on neural activations and network topology etc (Arora et al., 2019b; |Lee et al., 2019; Bai & Lee,
2019)) can complicate analysis and limit their applicability.

Our goal in this paper is to address two questions, (1) can we formulate an exact (non-approximate)
model for a wide class of neural networks, including ResNet and Transformers, avoiding entirely
the question of gaps between the performance of the neural network and its model; and (2) can such
a model be used to derive straightforward, non-vacuous, widely applicable, training-independent
bounds on Rademacher complexity without nuisance factors. We answer these questions with the
following contributions:

1. Exact RKBS model (Theorem[T): For feedforward neural network with arbitrary topology,
finite weight and biases and finite-energy neural activations, we construct an exact model
that recasts neural networks as elements in a reproducing kernel Banach space (RKBS)
defined by the bilinear product:

f(z;0) = (¥ (0),¢(z)|,
where ¥ : W — W is a weight/bias feature map, ¢ : X — X is a data feature map, and

(,7] g 1 YW x & — Ris a continuous bilinear form characterized by an indefinite metric g.
2. Rademacher Complexity Bound (Theorem[d): We observe that, for our RKBS model:

£ (z;0)]l; < Ce llo ()],

where Co < 1 and, using this, derive a straightforward non-asymptotic bound for the
Rademacher complexity of a very general class of neural networks (including ResNet and
Transformers) that is width-independent, depth-exponential and contains no nuisance-factors.
For example for a scalar-valued, layerwise, fully-connected, unbiased ReLU network of
depth D, our bound is exactly:

[i—1:] [i—1:] prlw[jfl:j]
Ry (F: [[WU—Ll], < li=1al) < =N
where || - ||2 is the spectral norm. More generally, we derive conditions under which the

Rademacher complexity bound is both width- and depth-independent, and subsequently
Rn(F) < ﬁ, and discuss implications for ReLU, ResNet and Transformer networks.

'Beyond bilinear RKBS (Lin et al., 2022), more general RKBS models have been used in eg. (Bartolucci
et al.} 2023} |Sanders| [2020; [Shilton et al.| |2023; [Parh1 & Nowakl |[2021} Unser, 2021}, 2019; |Spek et al., [2022).
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Figure 1: Layerwise feedforward neural network structure. Each layer j € Zp contains nodes L[,
where the output of the node is computed as shown in the inset. Note that a computational skeleton
(Daniely et al.l2016) with one input and one output can be modified to this form by inserting skip
nodes (nodes with AUl = {7}, WUl = 1, bll = 0, 70%7] = id) into the graph as required.

1.1 Mathematical Notations

Vectors and matrices: Column vectors are a,b with elements a;,b;. Matrices are A, B with
elements A; ;, rows A;. and columns A.;. |a| and sgn(a) are the elementwise norm and sign.

| All2 = omax(A) is the spectral norm and ||A || is the Frobenius norm. A ® B, A ® B, A®'B
are Hadamard, Kronecker and columnwise Kronecker (Khatri-Rao) product. A & B = [AT BT]T is

columnar matrix concatenation. AOF = AOF timesO A is the exponentiation for operator O.

Products and norms: (-,-), {(*,,-,...)) and (-, -] are inner, multilinear and bilinear products, where
(a,b) = >, a:bi, (a,b,c,...)) = > aibic; ..., (a,bl, = >, gia;b; and (A, b], = 37, g;Asb;
throughout. We also find it convenient to define an operator form ((-)), a; = ((a;,as,...)).

Sets and functions: N = {0,1,...},Z, ={1,2,...}, Zy = {1,..., N}. OA is the boundary of
A.id(a) = a. [a]; = max{a,0}, [a]} = [[a;]+]:. al®) = sgn(a) © |a|® (Der & Leel [2007).
L2(RH e~ I¢l3) = {7 : RH s RH | Jeers 7(¢)||2e~1€12d¢ < 0o} are the finite-energy functions.

Multi-indices: Multi-indices are k,1 € N" with elements k;, ;. [k| = > . k;, k! = [[, k!,

a* =L, af, (5 =1L ('l“l) 8‘9—; =1L 6‘9:;1_ . We use the shorthands k >, [ fork € N™ and |k| > 1,

k>, lfork € N*and [k| > [,k <, I for k € N"and |k| < I,k <, [ fork € N" and |k| < [.
Hermite Polynomials: He () are the (probabilist’s) Hermite polynomials. Hey(x) = [, Hex, (;)
are the multivariate Hermite polynomials. He,, = Hey(0), Hey = Hey(0) are the Hermite numbers
(Abramowitz et al., 1972 Morse & Feshbach, 1953 |Olver et al., 2010; Rahmanl, |2017)).

Indexing Conventions: Layers are j € Zp (there are D layers). Nodes are j € Zg (there are F
nodes). Layer j contains nodes Ll C Zg: Ujez, LUl = Zg, LI N LT = gvj # /. Node j €
L1 in layer j has parents 7 € AVl C L= LI = {0}, LIP] = {E} are the input/output layers.

2 Setting and Assumptions

We consider layerwise feedforward neural networks as shown in Figure[I] This contains E nodes
J € Zg arranged in D layers j € Zp and a virtual input node 7 = 0 (in virtual layer j = 0), where
layer j € Zp contains nodes L1 C Zp and layer D contains a single output node E. A node j € L7
has parents A/l C L= with its function being specified by an operator OVl € {@®, 3", @, (-)}.
Given input @, data flows from node j = 0 to node j = F as per Figure[l}
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Figure 2: Residual, attention and LayerNorm blocks. In the residual block s € (0, 1). The single-
query attention block (a) is for a single query x1 o with keys 1 k, T2 K, ... and values T v, T2 v,
. ... A single-head attention block (b) is formed from multiple single-query blocks (the usual (matrix)
output has been vectorized here). See Table |§| for definitions of neural activations used here.

where 7171 . R 7 R are neural activation iunctions; WU are weight matrices; bl biases:
771 € {0, 1} (unbiased and biased); and © = {WUl blil . j € Zy 5 A1}, We assume that:

1. Bounded inputs: x € X = {x € R" : ||z|2 < 1}.

2. Finite weights/biases: © ¢ W = {WUJ] bl |[WH]|,, bl <00 : e Al jezZp).

3. Finite activations: 7177 ¢ LQ(]RHm,e_”g“g) Vie Al j e Zg.

(4. Lipschitz/Bounded activations: 717"J] is either Lipschitz or bounded Vj € AUl j € Zp,
andx € OX = {z € R" : ||z||> = 1} if any 7U"J] are non-Lipschitz.)

Note that assumption ] is not required when constructing our bilinear feature space model of neural

networks, but is required to cast this model in RKBS and subsequently derive our Rademacher
complexity bound. The set of neural networks satisfying our assumptions is F, and its dual is F*:

F={f(;0): X — R™|f as per %satisfying assumptions 1-4}

Fr* ={f(x;:) : W — R™|f as per (I} satisfying assumptions 1-4} )

This model is rather general to encompass a wider variety of network architectures. Residual (He
et al., 2016) blocks can be built using additive nodes Ol = >~ as shown in Figure . Single



Neural Activation | 7 e I2(R7, e I<IE)  Lipschitz (L,) Bounded (B) Valid here

Linear TFI(¢) =¢ v v (1) x v
ReLU TUI(¢) = (<], v v (1) x v
Poly-ReLU Tl(¢) = [¢]77 v v (pa?Y) « v
Tanh TUIl(¢) = [tanh(()]; v v (D) v
Sigmoid 0(¢) = [ i ] v e - v
Softmax T0il(¢) = [+ | v v v
Softmax ; r(¢) = {5 = ‘g] v aey v
Norm 7-[171](() = HCC\Iz ) v % 7 Q) v

Figure 3: Characteristics of common neural activation functions. We include poly-ReLU (Cho &
Saul, [2009) here as an example where the Lipschitz constant L, of 7|, depends on the radius a. See
(Gao & Pavel, |2017) for more detail regarding the softmax Lipschitz constant.

query attention blocks (Vaswani et al.l 2017) can be constructed as shown in Figure 2 using not
just additive but also inner-product OV = ((-}), multiplicative Ol// = ® and columnar concatenation
0Ol = @ nodes. Full attention block can be constructed as shown in Figure (and similarly multi-
head attention). Finally, a LayerNorm (layer normalization (Ba et al.,|2016)) block is shown in Figure
. We note that blocks of this sort may be combined to form more general networks. Later, we find
it convenient to include non-trivial nodes or blocks in the network, so for example we may speak of
an “attention node” j that encompasses (abstracts away) a complete attention block (Figure [2p).

2.1 Characterization of Neural Activations

As noted previously, we assume all activation functions in the network are Lipschitz/bounded

and finite energy. The finite-energy assumption allows us to apply the Hermite transform to the

neural activation functions and subsequently construct our bilinear model of the network, while the

Lipschitz/bounded property suffices to ensure that the bilinear model is continuous. Starting with the

finite-energy assumption, the multivariate (probabilist’s) Hermite polynomials (Abramowitz et al.,

1972; Morse & Feshbachl |1953; |Olver et al., 2010; Rahmanl, [2017) are, for multi-index k € N":
Hey (¢) = (—=1) ex1¢13 Dealdli = S (5 Hee ¢

k.
k
¢ 0=<,1<k

where He, = Hey(0) are Hermite numbers. These form an orthogonal basis of L?(R"™, e‘”C“g)
(Appendix . By assumption 70791 € L2(RH"  ¢=I<II3), and thus the Hermite transform exists

) =70+ ¥ &l T (HHe (!

k>H[3]0 0<H[-7] 1<k (3)
73 T s i 12
where: all) = L [ (eI (¢) — 717 (0) Hey (¢) e~ 1412 dg

From this we define the magnitude functions sg ar, Ry — R4 (wheren € R ):

s () = n? |75 (0) 5 oz [ (1m0 —1) @)
H(7]

which are monotonically increasing and superadditive on R.. Note that while the Hermite transform
terms and magnitude functions play an important role in the construction of our model, they play no
role in our subsequent analysis of Rademacher complexity (they vanish in our analysis in the limit
n — 0T). Thus, for our purposes, beyond their existence (which is guaranteed), their exact value/form
does not matter here. Nevertheless, see Appendix [B]for a full analysis of the ReLU activation.

Regarding assumptions EI, if 7179]|, (71%9] restricted to a ball of radius a) is Lipschitz then we denote

the Lipschitz constant by Lg’ i I, Conversely, if 7177 is absolutely bounded, we denote the bound
Bl where |777)(¢)| < BU! v¢. While assumption 4] is not required to construct our bilinear

dual representation we find it useful to include Lg 71 here to simplify later results. When Lg J]

defined we use the nominal value L([? - Bl / gbm in the bounded case, or L,[lj: il — 1 if assumption
H]is not satisfied. Table 3] provides Lipschitz constants/bounds for common neural activations.

is ill-

These are conditionally convergent series in general, so ordering of multi-indices k, 1 in sums and vectors
must be enforced consistently and must be compatible with the semi-ordering imposed by < (5.
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Figure 4: Recursive definition of the bilinear representation f(z; ©) = (¥(0), ¢(x)|,. The upper
figure is a schematic representation of the formal definition (3]), where the bilinear representation of the
output of each node is obtained, using ), from the bilinear representations of the inputs 7 € AUl to
that node. Subsequently the bilinear representation of the network is defined recursively in terms of the
(trivial) bilinear representation of « = (I, ],. n € Ry is an (arbitrary) constant that will be helpful
in our Rademacher complexity analysis. With regard notation, we recall that node j is characterized
by its operation OVl € {®,3,®, (-))}, and subsequently the form of the feature-map recursion
) depends on this operation as specified by the operators (7 (weight map operator), @l! (data
map/metric operator) and ®! (norm bound operator) defined. For non-Lipschitz neural activations

Bl71 /¢l7] in the bounded case and L = 1if assumption {@{is not satisfied.

we setLg:j] =



3 Neural Networks in Reproducing Kernel Banach Space

As noted in our introduction, a recurring theme in the machine learning (most famously kernel
methods) is the use of bilinear (dual) representations to cleanly separate data and model parameters, ie:
f(x;0) = (¥ (0),¢(z)]

Here the set of network parameters O, and the data x, are mapped entirely independently into
distinct feature spaces by, respectively, ¥ : W — W (weights and biases) and ¢ : X — X (data).
The bilinear product (-,-] : W x X — R™ generalizes the inner product of eg SVMs (Cortes
& Vapnik, |1995} |[Burges), |1998}; |Cristianini & Shawe-Taylor, [2005} [Steinwart & Christman, [2008))
without losing the very useful property of bilinearity that makes this formalism so convenient to work
with. Apart from the potential for constructing a representor theory (kernelization), if the bilinear
product is continuous (ie. if 3C,C’ € R so that (¥, @] < C||@||VP or (¥, ¢] < C'||¥||Ve¢p) then
the existence of such a model significantly simplifies the development of Rademacher complexity
bounds. A model of this type was developed in (Shilton et al., 2023) using a recursive Taylor series
expansion of the neural activations - in brief, noting that (a, b|, = (a®",b®"] s, if the input to
a neuron can be represented bilinearly then so too could the output, which recursion defines the
model. Unfortunately this approach only works for continuous neural activations, and even then only
within the RoC of the Taylor expansion, rendering it inapplicable for common activations such as
ReLU. Alternatively, in this paper we propose using a Hermite polynomial expansion, which has two
benefits, precisely (1) the Hermite polynomial expansion exist for all finite-energy activations and
is convergent everywhere (applicability), and (2) as the Hermite polynomials are constructed from

monomials we can also use (a, b]g = (a®" b®"] gen 1O construct our model (practicality).

We begin by constructing our dual representation:

Theorem 1. Let f : X x W — R™ be a neural network ({I)) satisfying assumptions Bl Assume
nominal bounds ||[Wl|y < Wl < oo and |bll||; < V) < 00 Vj € Zp, 7€ AUl Letn € Ry
Defining feature maps ¥ : W — W C R**"™ (weights and biases) and ¢ : X — X C R* (data)
and metric g € R as per (O)) (Figure[), the network may be written in bilinear form:

f(z;0) = (¥ (0),¢(2)|, (6)

where |[¥(0O)|p < 1, < 00 VO € W, ||¢p(x)]]2 < ¢y < 00 Va € X, (the constants 1)y, py,
are provided in Appendix , where lim,, g+, = ¢ and lim,_,q+ ¢, = ¢, and we note that
lim, ot |6(@) 2 = & Vo € DX (ie. if |zll3 = 1), and i, o [ $()]|2 > 0 Y £ 0.

A full inductive proof can be found in Appendix [C.1} To summarize, picking a layer j € Zp, we as-
sume all nodes j € LI7~1 in the preceding layer may be written zll = (¥l71(©), ¢l ()] g1» Which

is trivial for the base case j = 0. Then, using (ATb)®? = (A®'?)T(b®P) in combination with the
Hermite (number) expansion of the neural activation function, we write the incoming edge activa-
tions 277! as bilinear products ] = (W1(0), pU)(z)] o175 (see Appendix for full definitions).

This, combined with thé observat.ion that Qg];AU]W[JN:j]T:cUN:ﬂ = (nge]m Wil )T(@%Am x17:71),
suffices to show that zUUl = (¥l(©), ¢l (m)]gm as given, and the result follows by induction.

As alluded to in section [2| we can readily incorporate non-trivial nodes into this framework. In the
recursive construction of the feature maps, (5h) is effectively a recipe for converting the bilinear
expansion of the inputs to that node to a bilinear expansion of the node’s output. As stated, (3p) is for
a trivial node of the type shown in Figure|[T] but alternatively we could wrap an entire sub-network or
block inside this node (eg. an attention block - Figure 2b) and replace (Bp) with the overall recipe
for converting bilinear expansions of its input to a bilinear expansion of its output. Thus we may
reasonably speak of an “attention node” in a Transformer network without needless clutter. For
example Figure [2d includes a table detailing calculations for ¢ for attention, residual and LayerNorm
blocks (nodes) (derivations for these can be found in Appendix [D.1][D.2] and[D.4).

Unfortunately the dual representation () is insufficient for Rademacher complexity analysis without
assumption 4] which requires that the neural activations be Lipschitz or bounded (and in the latter
case that ||&[], = 1). This assumption is central to casting the dual model (6 into RKBS, precisely:

Definition 1 (Reproducing kernel Banach space (RKBS)). A RKBS on X is a Banach space B of
functions f : X — Y, where Y is normed, for which the point evaluation functionals 6, (f) = f(x)
on 3 are continuous (i.e. Ve € X 3C, € Ry such that |6, (f)|| < Cxllfllg Vf € B).



This is somewhat generic, so following (Lin et al.| 2022)) we focus on the special case:

B={/(:0)=(¥(0).6(Ny.x|© €W} @
where ¢ : X — X is a data feature map, ¥ : W — W is a weight feature map, X" and W are Banach
spaces, and (-, -]y, : W x X — R is a continuous bilinear form. Given this prequel we have:
Corollary 2. The set F of networks satisfying assumptions with Lipschitz neural ac-
tivations and weights and biases bounded as per Theorem |I| is an RKBS with ||f(-;0)||z =
lim, o+ || ®(O)||r < ¥ < oo and ||f(x;0)||2 < Co||f(-;0)|| 7, where Cp = 1V € X.
Corollary 3. The set F* of networks (2)) satisfying assumptions with Lipschitz or bounded neural

1

activations and with weights and biases bounded as per Theorem|l|is an RKBS with ||f(x;-)|| 7+ =
lim, o+ ||@(x) |2 < ¢ < 0o and ||f(x; ©)|2 < Collf(x;-)|| 7+, where Co =1VO € W .

See Appendix|[C.3|for proofs (the structure of which minics that of the proof of Theorem IJ). It follows
from this that the model presented in Theorem [I] suffices to achieve our primary goal. Note that this
result applies to a very wide range of networks, including feedforward ReLU networks, convolutional
networks, residual networks (ResNet), and Transformer networks (see later discussion). We observe
that the conditions for F to be an RKBS are stricter than the conditions for 7* to be an RKBS, as
non-Lipschitz neural activations appears incompatible with F being an RKBS. However as we will
see that we only require /* be an RKBS to proceed with our Rademacher complexity analysis.

4 Rademacher Complexity Bounds

We now address our secondary goal, namely using our dual model to bound the Rademacher
complexity of neural networks. For h : R™ — R, the Rademacher complexity is defined as:

Ry (hoF) =E,E, |sup & SN e;h (£ (x;))
feF

for Rademacher random variables ¢; € {£1}, where  ~ v. We have:
Theorem 4. Let F be the set of networks (2) satisfying assumptions with weights and biases
bounded as per Theorem[I} and let h : R™ — R be L-Lipschitz. Then:

Rav (o F ¢ ||[WII||, < wliil, |[pUl], < gU)) < et )

where Hy = 1if h =id, H,,, = vV2mL otherwise, and ¢ is defined in Figure

The proof follows the usual template for RKHS models (see eg. (Bartlett & Mendelsonl [2002]))
using our feature map; replacing the Cauchy-Schwarz inequality with ||f(x; ©)]|2 < Col/é(x)]|2;
taking the limit 7 — 07; and recalling that Cg = 1 and lim,_,o+ [|¢(x)||]2 < @, so [[f(x; O)]|2 <
Col|@(x)||2 < ¢. See Appendix [ for full details.

Considering this Rademacher complexity bound, we recall that typically neural network weights

. e . . . . 1 PR . . 1
and biases are initialized with magnitude proportional to NGl (LeCun initialization) or N (He

initialization), and stay close to their initial values in the wide limit, assuming a convex objective. Thus
we would expect that |[W 77|, (and hence its upper bound w!7*/]) should be independent of network
width, rendering the complexity bound in Theorem[d](effectively) width-independent. We also observe
that the complexity bound does not contain any explicitly depth-dependent terms (nuisance terms that
are often present in such bounds as discussed in (Golowich et al.| 2018))); however the bound will in
general grow exponentially with depth due to the multiplicative build-up of terms in ¢ from input to
output, which is typical of such results (Neyshabur et al.,|2015; (Golowich et al., 2018} Truong}, [2022).
For a scalar-valued, unbiased, Lipschitz network with 1 node 57 = j per layer, becomes
[12, L1l li—1:d]

b ©)
While this bound is depth-exponential in general, we can use to to derive conditions (on the weights)

under which this exponentiality can be (in effect) neutralised. Motivated by this, the following result
gives general, non-trivial threshold conditions for depth-independent Rademacher complexity:

RN (]:; ||W[j—1:j]H2 < w[j—lzj]) <

3Conversely, we know that Ry (F : [[WI 13|l < oli=1al) Q(ﬁ Hf:l wb~191) (Golowich et al.,
wli—1:d]

2018, Theorem 7), and hence R (F : HW[jfl’jl i

< wli=tly < s
, S



Node or Block Type Depth-Independence Condition Notes

- 2 712 112 - .
Trivial Hblj I+ ]@[J]LD a2 [[Wll||S < 1 | See Figure[Tland equation (T0J.
Residual ez [[WEl|], <s See Figure[2}. In this bound we denote the weight matrix for (internal) layer ¢ as.
Za;
Wlla, See Appendlx-’tor the complete derivation.
Single-Query Attention MWy, [Woll, [Wkll, <1 See Figure[2}. In this bound X is the heat parameter for the softmax. See Appendix

E]for a complete derivation.

Single- and Multi-Head Attention | A\v/dmodel [Wv ||y [[Woll, [Wkll, < 1 See Figure. In this bound ) is the heat parameter for the softmax. Here dy,oqel is
the product of the number of queries and the number of heads. See Appendix
for a complete derivation.

Figure 5: Conditions for Depth Independent Rademacher Complexity Bounds for Typical Nodes.

Corollary 5. Let F be the set of networks (2)) satisfying our assumptions with weights and biases
bounded as per Theoremll| and let h : R™ — R be L-Lipschitz. If:

[ (@), < o =15 € AUl = [|gUl ()|, < o) =1 (10)
forallnodes j € Zg, then Ry(ho F) < H—\/% independent of both width and depth.

This follows from the recursive definition of ¢ in (5) (Figured) as a sufficient condition to ensure that
@l =1 given pl] = 1 for all nodes j € Zp, 7 € AU, and subsequently (recurswely) ¢ = ol =1.
In practice the interpretation of this result is node spe01ﬁc Conditions for various nodes (in the
Lipschitz case) can be found in Table [5] where derivations may be found in the appendices noted.
The general, non-Lipschitz (bounded) case is somewhat more complicated. Recall that if there are
non-Lipschitz neural activations in the network we assume that € 0X or, equivalently, ||z|2 = 1;

and for non-Lipschitz, bounded neural activations 71731 we set L,[f al = Bl / gbm. Considering one
such non-Lipschitz neural activation 7177, in the recursive definition of the norm-bound ¢ in , the
corresponding term in the sum becomes L([f J ](;S[ﬂ = Bl _ 50, for example, for a LayerNorm block
(Figure ) j € Z we see that Ul = v/ HI7J] (for full derivation see Appendix , and moreover
if this is the only node in its layer then the Rademacher complexity bound will be independent of all
layers preceeding it. However we would advise caution here; the assumption & € 90X is quite strong
and may not be realistic in general. We will discuss how this assumption may be relaxed, along with
what impact this relaxation has on our Rademacher complexity bound, in section @.1]

4.1 Generalizations and Standard Toplogies

In this section, we consider two more realistic relaxions assumption |1|- firstly expanding the bounds
on ||x||2, and secondly considering  ~ X drawn from an unbounded distribution X such that it lies
in the bounded of case 1 with high probability (whp). Using these, we conclude the paper by analysing
a range of standard network topologies. Formally, we consider two generalization of assumption [T}

Strictly Bounded: x € X, , = {x ¢ R" : p < ||z|j2 < r}, where 0 < p <r € Ry and p > 0 if
the network contains non-Lipschitz neural activations.

Distributional: x ~ X for a distribution X’ for which there exists 0 < p < r € Ry (p > 0if the
network contains non-Lipschitz neural activations) such that € &, ;. with high probability > 1 — e.

In both cases we consider a mild modification of our feature map , preciselyﬂ

ol (0) =1L, ¢ (z) = 2,81 = 11,90 =7 o[V = p, ¢l =1, ¢, =¢}")

, _ ‘ . [J 312 12 ¢ +174] is Lipschi (11)
112 _ a2 0] G:5]2 Ldﬂﬂ ¢p " if 7997 is Lipschitz .
it e geatn® B2 otherwise v € Zs,

and moreover for non-Lipschitz, bounded neural activations 717:4] , we set Lg: - Bl / gb[f]. For a
full discussion of this generalization see Appendixl Cl Observe that, in the limit — 07:

L2402 if 707) is Lipschitz

712 — glil2 [J] [7:4]2 U
O = A7 @genn B[J‘J]Q% otherwise VjeZg (12)
+

tb[f] < lim, o+ [|@Y) (2)||, < 0V Vo € X,

*In both the cases p = 0, 7 = 1 (the fully Lipschitz variant of assumption and p = r = 1 (the non-
Lipschitz variant of assumptionE]) this reduces to the standard feature map @



The Rademacher complexity bound (Theorem [8) takes the same form as usual. The exact impact of
letting r # 1 is dependent on the network topology. For a simple, layerwise, fully Lipschitz neural
network with 1 trivial node j = j per layer, as demonstrated in Appendix [E. 1}

P L H,, [1P_, pla—1:8],lo—1:3]
A e e

This bound is exponential in depth, as discussed previously. As a mild generalization of this scenario,
if we allow non-Lipschitz neural activations (for example LayerNorm blocks) in this simple network,

with the last such at layer j = D, then, using and noting that </)[J)]/¢E}] =Vjelpy {0}:

D,—1:D D, -1:D D 1 (i1
erB[ 1 UlPy 4l H_;;:DVH =13 li—1:4)

. j—1:j j—1:j
Ry (hoF: Hw[JJ ﬂ]”2 < wli=tl) < z -
where we note that this bound is exponential in the depth to the non-Lipschitz node D — D and
proportional to % The independence from the weights of layers preceeding D is noteworthy, but if

we consider as an example a ReLU network terminated by a LayerNorm and observe that the scale of
these weights is entirely arbitrary, it perhaps not surprising. The % term reflects the need to assume that,

in the worst-case, small inputs will be “amplified” (e.g. by LayerNorm) to the largest possible output.

The transformer can be similarly analysed. The catch in this case is that the attention block is
multiplicative. In particular (see Appendices [D.4]for details), for an attention block:

¢out — ¢out,Q ¢out,K ¢in,V
¢out¢ ¢out,Q,L ¢out,K¢ ¢in,V¢

so, unlike the simpler case considered above, each attention block will cause polynomial growth in the
ratio q% Subsequently, as shown in Appendix the overall bound (due to the final LayerNorm) is:

33M—1 »
Ry (hoF: [Woull, <w) < (2) %

where W, are the weights for the linear output layer of the transformerE] If p = r (that is, x € OX
as in assumption 1) this collapses to Hinvdmodarw Vd}‘\‘;‘ie‘“, but in general, despite being independent of the

weights in all but the output layer of the network, this bound grows doubly-exponentially in depth,
dependent on the ratio % of smallest/largest inputs.

Finally, bounds for the distributional case follow the strictly bounded case, but only whp > 1 — €. For
example, in Appendix|C.4| we consider z ~ X = N(0,,,01,,), showing that p < ||z||s < r, where:

pz(),r:,/2nln(%)a or %z%
(r(g+1)5)"

whp > 1 — e which apply, respectively, for the purely Lipchitz and bounded cases. In particular, the
latter result allows one to explore Rademacher complexity bounds in the general case without giving
p or r (the bounds on ||x||2, where p in particular may be difficult to quantify intuitively) a-priori.

5 Conclusions

In this paper we have constructed a dual model of a very general set of feedforward neural networks
that re-expresses them as a continuous bilinear product between a weight/bias feature map and a data
feature map - that is, a reproducing kernel Banach space (RKBS) model. This model is exact, with no
approximation or assumptions beyond bounded (norm) inputs, bounded (spectral norm) weights and
biases, and finite-energy neural activations, and incorporates networks ranging from simple layerwise
models (ReLU etc) to ResNet and Transformers. Subsequently, we have applied this model to the
analysis of the Rademacher complexity analysis of neural networks, giving a simple recursive bound
for the Rademacher complexity of all models neural network topologies covered by our model. This
bound is exact (non-asymptotic) and does not include depth- or width- dependent nuisance factors.
Moreover it is width-independent and, while exponential in depth (due to the multiplicative build-up
of terms through the layers of the networks), enables us to derive straightforward (spectral) threshold
conditions under which depth-dependence may be removed entirely.

3This also applies to ResNet, where for residual blocks j with d internal layers we let W=tz —
(WBtda2 | )l=1al22, =112 | 1 _ 62 a5 also described in Appendix

® M here is the size of the encoder/decoder stacks. We use M here rather than N as used in (Vaswani et al.|
2017) to avoid a notational ambiguity within our paper.
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A Properties of Hermite polynomials

A.1 Univariate Case

The (probabilist’s) Hermite polynomials are given by (Abramowitz et al., |1972; Morse & Feshbach,
1953; |Olver et al., 2010; /Courant & Hilbert, [1937):

2 2
Hey, (¢) = (-1)FeT %e—% vk €N

or, explicitly:

_ (=1* k—2;
Hey, (¢) = k!ogz%:gk oS 7 VkeN (13)

and form an orthogonal basis of L?(R, e“”z). For any f € L?(R, e‘”Q) there exist Hermite

coefficients ag, a1, ... € R (the Hermite transform of f) such that:
F(C) = > arpHer(() V¢, CeR
keN
where:

ak = i [T (E+ Q) e F Her, (O d

and moreover the series representation converges everywhere on the real lineE]

The Hermite numbers derive from the Hermite polynomials

N (=1)*2kt if k even
Hey = Hey (0) = Kl > (15)
0 otherwise

where k!l = k(k — 2)(k — 4) ... is the double-factorial. It is well known that (see eg. (Morse &
Feshbach, [1953)):

Hep (6+¢) = Y (})Her—i (&)

0<i<k

and so:

Hep (Q) = > (§)Hep—i(!

0<i<k

It follows that, taking care not to change or order of summation (remember this is an alternating
series, so convergence depends on the order of the summation):

NgES

FO-F0) =3 ar Y (F)Hey !

k=1 =1

For later reference we also note that the Hermite polynomials satisfy the well-known recursion and
derivative relation for k£ > 1:

CHy, (¢) = $Hpp1 () + L HJ (0) (16)
— §Hk+1 (g) + ka—l (C)

"Hille] (1940); Boyd| (1980) show that this series converges on a strip X, = {z € C : —p < Im(2) < p} of
width p about the real axis in the complex plane, where (note that Hille|(1940); Boyd, (1980) use the normalized
physicist’s Hermite polynomials. The additional scale factor here arises in the translation to the un-normalized
probabilist’s Hermite polynomials used here):

) (14)

8Typically the Hermite numbers are defined from the physicist’s Hermite polynomials, but as we use the
Probabilist’s form as we find these more convenient for our purposes.

p = — lim sup \/mlcﬁbg (l\/lj'ki\/?

k—oo
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A.2 Multivariate Case

The multivariate Hermite polynomials Hey : R™ — R, k € N, are the functions (Rahman| [2017):
Hey (¢) = (1) exp (3¢T¢) 2 exp (—4¢T¢) =TI, Hex, (Gi)

where we use multi index notation [k| = 3. k;, a* = [[,a¥, k! = [, k!, ¥!! = [, k:!!, and
% =1L BC (R, e=¢"¢) there exists coefﬁments ax € R : k =, i (the Hermite
transform of f) where k >, i means k € {k € N : |k| > ¢}, such that:

()= > axHex(¢) V¢ eR"

k>=,0

where:

_CTTCHek (€)d¢

- m]‘gﬂe 4 Hey, (01) e Jer € Her, () - 1) . dGad(y

and the series representation converges everywhere on R™.
As in the univariate case, the multivariate Hermite numbers are defined as:
UM gk i
HekéHek 0) = ‘Hek.: - UKo, .1,...3_’['621 even
(0) =1II; ‘ 0 otherwise

where in the final step we have used (I5). Subsequently:

FO-f0)= 3 ax > ()Hexal?

k>,0 0<,1<k
where k >, i means k € {k € N" : |k| > i}.

Finally, if we consider a vector-valued function f : R™ — R™ then it is not hard to see that scalar-
valued expansion can be extended to:

FO-F0) =Y ax > (H)Hee(? (17)

k>,0  0=<,1<k

where ay ; are the Hermite coefficients of f;. We note that if n = m and £(¢) = [g({)]; acts
elementwise (for example a neural activation that acts elementwise) then:
ax,i = Ofx| k; O] (18)

where by, b1, . .. are the (univariate) Hermite coefficients of g : R — R.

B ReLU Activation Function Analysis

In this section we derive the Hermite-polynomial expansion of the ReL.U activation function:

ARV () = ]

We find it convenient to work in terms of the physicists Hermite polynomials H, to suit (Gradshteyn
& Ryzhik} 2000). So:

bEGReLU] _ \/ﬂk' Jo~ ¢em 5 He;C (€)d¢

\/ﬂkl Jo Ce—T \/k Hy (f) dg

ViR I O e () o
=2 5 e (O de

and hence, using @ and (Gradshteyn & Ryzhik, [2000, (7.373)):

[ReLU] _ k41 1 1 0 2
by, fmf e Hk+1(<)dC+ﬁmfo e Hp_1(¢)dC
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and using (Gradshteyn & Ryzhik| [2000} (7.373)) again:

[ReLU] _ 1 1 0 _?

s0? o)
NIV v (eon—Q (0) = e™™ Hi—s (ﬁ
= Vo (\/ik(k+1)!Hk 0) + T ooy e (0)>

If k = 2p and p > 0 then, noting that Hy (0) = v/2" Hey:

[ReLU] _ 1 1 1
bap T Vern (\/EZP(ngrl)! \/§2p‘2(2p71)!H2p*2 (0))
_ 1 1 1
= Vi (e (30 DHo (0% ey s -2 (0)
_ (=1)* (=) (2p—1)p! (=Pt 2p!
= Ty (C LGt Hay (0) + G Haya (0)
N G ) LA = ((71>p+1(2p Dplop (=DP@2p)! | (= 1)p+12p'2p 1(= 1>p+1(2p72)!)
~ V27w(2p—1)2rp! (2p)! 2pp! (2(p—1))! (p—1)t2p—1
(P
\/ﬂ(zp—l)zpp!

If £k =2p+1andp > 0 then:

(2p + 1)Hs, (0) +

N——

b[ReLU] 1

2p+1 (m@p +2)Hypia (0) + mlﬁp—l (0))

*M@PJFQH%H (0) - Nl 1( )ng 1(0))

Hﬁ%ﬁ
3 3

o (_W%H%Jrl (O) (zp)uH2p 1( )

jan}
@
3

For the cases £ = 0,1 we use the result:

Jo ¢mem€hde = 3T (25, 0?) = 3T (254, 17)

and so:

S ¢ren€de = 31 (5 a?)

b[ReLU] \/’ fo _Cz dc

751 (1,0)

In the case k = 0:

ﬁ%
3

and in the case k = 1:
p[ReLU]
1

JoZ ¢2em<d¢
-T'(3,0)

gl

Subsequently, for the elementwise ReLU neural activaiton, using (I8):

ax = [ Ol kbl ], (19)

Next we derive the magnitude functions for the ReLU. Using integration by parts, we see that:

¢ (L 1g2 ¢ o (g
v J g (A )= GG I (A1) ay
~ et (1)
<
V2T ™ ™ 5]
== (3 1)+ At (3 -1) + 4 [T e
V2T T ™ )
11 (,5¢2 1 1 c 1 2 (12
:77%6 (€2C 71)+§erﬁ (%)7§<erﬁ (72)7EE (62 71))



So:

i ‘b[ReLU]ICk _
Pl

¢+

ﬁ\

c2r—1

1o ¢

27 Z (2p—1)27p!
1 1 " OC

=3(+ \/ECP; @p-D27p!

1 1 [ o 5 et

=3¢+ 750 a*sp; (2p1)2ﬂp!> dé

g2r—2

=3+ A s Z W)df

=3¢+ A= (B - 1)
:%<<erﬁ(%)+1_erﬁ(%)+i%(€%02—1)>+¢%(1—e%42)

Select ¢ so that the first derivative is 7C

Hence:

—erfi (%) + \/%% (eéc2 — 1) =0ifc=0

Q2 3 P (g - |

1 (14n0) (grﬁ (%) + 1) + \/12716(11— 65(1“702) -1 (erﬁ (%) + 1) Q0
(1l

¢ (erﬁ (1:;3() + 1) + \/% (e% — e%(1+”<)2> +1 (erﬁ (—1725) —erfi (% )

C Bilinear Representation - Proofs, Bounds and Generalizations

In this section we present proof of theorems, bounds and generalizations related to the bilinear
representation. To avoid repeating work we consider a mild generalization of the map presented in
the body of the paper, as shown in Figure[6] The key generalizations here over the main body of the
paper are:

1. Weletx € X,, = {x € R" : p < ||z||2 < r} forsome 0 < p < r € R;. In the main body

of the paper we let p = 0, » = 1 for simplicity when all neural activations are Lipschitz, and
p = r = 1 otherwise. In general we require p > 0 when considering a network containing
non-Lipschitz neural activations.

2. We use base-case ¥[°(0) =11, gl = l1 here (recall » = 1 in the main body).

. We use L[j %], Lb[%] to scale the feature map here rather than L[j ] and Lb 7] . Note, however,

that (as we demonstrate) lim,_,q wn = Ul and lim,,_,o gbp = gbm, so the definitions
coincide in the limit  — 0%, which is the case we are primarily concerned with (as it is
used in our Rademacher complexity bound).

. . . . = [7:5]
. For non-Lipschitz, bounded neural activations (edges), we let LIl = ’(3; [{]; , where (b n isa
in

lower bound on |7 ()| (recall that p = 1 in the main body of the paper, and note that we

will prove that <b[f7]] = ¢£,ﬂ in this case). More generally for neural activations that are neither

bounded or Lipschitz we let LUl = 1. Note, however, that we cannot prove continuity of
our bilinear product in this case, so the relevant parts of the proof do not apply for this.
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Layer 0 Layer1 Layer D-1 yerd e Nodej e
(w1, g0, g, gUT) ST |
3 ) | Seebelow !
(WU, U, gUn, U —y —(wll, plil, glil, pU1)
(w197, 101, g10], pl01) I Wit plE], glE], plET) : § § i
) =< wil(), p1()] 1
......... VGOl <goor g1 Lot
z,g =11,
Wl = Pl =
,[0] (0]
by = oy =p
wt,oﬁ A
+
ndiag (1—[711] (0)<q%>) 1 1
o
(7:4) _ Rk (@1 1 ®l;
vl (9) = = { ding (al[(./]]<~)z>) ot ]@ (\/77\1:@ (6)) ] }
EN, 5 L 3 P
_ ol
L 7[7]1 n {T[“] (())}u2
) () = 4 |3 1 .
=T | W e [f e ey
0=, 711k —
] e Lui ge Al
G O] 1) & (edges)
& = o | | Lavs @ [Heea (Lg7)
w16l 0<,;711<k K g0
Gz _ pFij2 s (071?)
Yy = Lb,m }gnd) Y2 = 2,/)[12
(o2 — d)[j“:;]? L7[%] @Rﬂz
) -0+
) L,v,2=L[7] (712
oun @ Vj € LUl |Layers j € Zp
- (block) (sequentially)
' 21
blilT 1 ( )
wlil ©) = D[J] (7] (©) W7l
Feal)
AUl
Ul (z) = | gl ¢ (@) wlFd)
FeAl)
[4] BL;Y[ !
ghl = A[[f]] g (node) (b
jeal
/L7J U2 4 il w2 z,[f 12 U2 = gU2 4 il 122
Feali) - Feali) -
¢[Lfn]2 =pl 4+ w[mlzd,[ﬁﬂz . OE]Q =24 w[J:Jl%[f“Z
JeAll n—0+ Feal)
&;]2 — g2 4 ® u[ﬂjﬂ%%ﬁjp lil2 = glil2 4 © w2 gl7312
jealil jeall ] ] ]
1
¥ (0) =¥l (0) ¢ (x) =
Yy = wl,[E]
Pun = ¢, vl =
il TS
diag if O[j] =6h
[+ if O[i] =3 il A
. O e {D, 2} j > O e{®. X}
Where: [V = Ol =, gt = {69 ! and ()l = . ’
o rQb “2 ET e w0V e @O ™M T T 10V e (8.5, ()
(@)1 it OV = ()

Figure 6: Complete version of Figure |4-_1| (recursive definition of bilinear representation) splitting

edge/node maps, showing limits and including

correct weights (the main body uses simplified weights

that are correct in the limit and sets 7 = 1, p = 0 (or p = 1 if non- Lipschitz neurons are present). For

non-Lipschitz, bounded neural activations 777! we set L[j 9l = pll / qu and for non-Lipschitz

and unbounded neural activations we set L

(7:4] =1.
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Note that for each j € Z the feature map construction is split into two steps - a construction (2Th)
for the incoming edges [7: j], which we refer to as the edge case; and a construction (21p) for the
(core of the) node itself, which we refer to as the node case. This split will simplify our proofs and
improve clarity by separating the key steps therein. As in the main body of the paper the overall
representation is:
f(z;0) = (¥ (0),¢(z)l, (22)
We will also show that:
27 = <\I;[F:j] (©), gl (m)]gm] Vj e Zg,je Al

zll = (Wbl (0), ¢l (a;)}gm Vj € Zg U {0} (23)

where the following bounds hold:

|l ()|, < ! VjeZpjeAlloew
o7 @I, € [¢3. 6] Vi ez Teallaew
|2l (@), <Y Vi €ZpU{0},0 €W

ot @), € |04 08" viezpu{o}mex

(24)

noting that d)ﬁﬂ , qﬁgﬁ > 0if p > 0 and:

qu[irj] T

( ou) VielpjeAlzeW: |z, =p
7] ( '

(

(

¢[JIJ] VjeZg je AUl x e W ]l =7 25)
_ d,m Vj€ZpU{0},z €X:zl2=p

. n
¢4 @), = o
Woovjezpu{o}zeX: |zl ="

H¢[j] x

C.1 Proof of Theorem[1]- Bilinear Representation

Recalling that the network is arranged in layers j = 0,1,2,..., D, and given that we know the
feature map representation for the input layer j = 0 is, tivially:

2l = (B (), ¢l (x)]

glo]
where ¥[%(0) = rI, ¢°)(z) = = and gl*) = 11, it suffices to show that if all outputs of all nodes

7 € LU= (LI = {0}) in layer j — 1 can be expressed in terms of bilinear products:
2l = (el (0), ¢V (z)] (26)
then all nodes j € 1LV, using the definitions given, can be written:

29 = (991 (0), ) (x)] vy € Al @7

gl7d)

and: ‘ ‘ ‘
2l = <1:[1[]] (©) , pl] (w)]gm (28)
We call (27) the edge case and (28) the node case, and will treat them separately.

Edge case: We are given that (26) is correct. Substituting (ZTh) into the bilinear product and using
(6], (@) and (17), we find that:

<\p[7:j] (©), ¢l (w)]g[m = <\1;[.7=j] (), ¢! (w)}g[m]

=7l (0) + > al[?j] > (;‘)Hek,l

K- 50 0= 1<k

< ® v ()%, ¢l (:C)®1:| }
glil®nl

€N, 3 i
—rFl )+ Y &l T (Heos (¥01(0),60 @)},
K pm0 0<ymlsk
=)+ ¥ a Y (He2l
k=70 0=,k
— gl

which is the desired result (27).
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Node case: We have shown that (27) is correct. Substituting (ZTp) into the bilinear product and using
, we find that, for columnar concatenation nodes QU I = P (so Db I = diag, @U] =@P):

<\I’[-7] (), ¢l () = Alilpll 4+ < [] o Wl (@) Wl @[7] w73 pl7d] (a':):|
FeAU] FEAL @Y el
~ jeali]
[“j]\Ile 41 (©) Wl : . ? . w{” ’}Qﬁ[ : ! (x)
+< S Y (O) Whel , Pl (@) [71:4)
. . . wm 18
[ d[[ - gLiz 7] j|
(2l (@) Wil gl ()] i

i) 4 \IIJ2 71 (©) Wil gliz:] (Wﬂgliwl

W] T g [

— bl 4+ Wz ]]Tz[fz J]

For additive nodes OV! = 3" (so [JV) = 6, @ = @)

<q;[j] (©), ¢l (x)}gm = Alilpll 4 <D[ﬂ ﬁq,[i:j] (©) Wl @[j] W plFd] (o)

FEAU] FEAL] GY el
Gealdl
\I}[Jl J1 (@) Wl wlidlglindl (x)
— il 4 @)Wl | @bilglnl (2) 1ol
. . W[]llii] o]
IR S
= Alilplil 4 Z[ | <\I;[7:J'] (©) Wl pl7d) (m)}gm]
JeAl
— ATl 43 WET ] = U]
76@.7']
For Kronecker-product nodes OV = & (so [V = Q. @l = ®):
<q;[j] (@), ¢l (m)}gm Ulplil + <D[J w[;ﬂ W) (@) Wil @[j] w71 gpl3d) (w)}
JeAl] jeAll @Y gl
wlitd

jeald]

Ulpl] + < [ w[%:j]q;[i:j] ©)WI, ® wliilglii (x)
FEAU]

JeAl) L gl
]E%j] S8
= ~llpll 4 ( ® ﬁ\p[u W[JJ) (( ® @l (x) ®< X g[izj]>)
jEAL) jeall JeAl!
bl + ® (7\11[31 W[JJ] @l m)@g]]])
FEAU]
= AUlpll + @ | wlalT <\I;[J:.7'] (©), pl7dl (m)]g[m]
Feali
=AUl 4 ® WITglR] = gl
FEPLI
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For Hadamard product nodes Q! = O (so |:|[j] = ®$, @Y = ®):

FEAD) FEAL)

<\p[j] ©), V! (@), = Allpl] 4 <D[j] 1wl (@) WL gl wlFil glr) (gc)]
g] wlda
@ -

g[J 7l
FEA 1]
Upll + ( @ Lol (@) whil, @ wbilelil (z)
geal Jeall ® kel
eald] 73

T
Ulpll 4+ <®i []l:j]q;[izj] (@)W[i:j]> <( ® ¢l (x ) ( ® gl
FEAl] FEAl] FEAL]
r T

= Alilpll 4 ( ® (ql[irj] (©) W[ZJ])) < ® (¢[7:j] (w)@g[itj])> ]
L \Jeall JeAl i

FeAl]

r . =\ T S S
NN | (q;[JrJ] (©) W[fjj]> (9] (z) © gll) }

L JeAll

J

%5

—Alipll 4 | 11 Wl (@) (¢l (x)@g[ij])}

| FeAl] .j
= Allpll + II WJJ <\p[a gl ), (w)]g[m }
| JEAU )
Jipll 4 [ T Wl
JeAl]
= Alilpl] 4 Q WT 7] — :c[71
]€]P’[7]

For multi-inner-product nodes Q! = ((-)) (so [V = ®i (1, @ =)

<q;[j] (©), ¢l (w)}gm = Allpll 4 <D[J wb} w7l (@) Wil @ w71 pl7:d] (w)}

JEAl] jeAll Ul 1 gl7i]
Feald] “
Wbl 4+ ( @ el () whill, @ wlilghil (z)
Jeall Jeall A glFd)
wld:d

FeAll

— Al 41T ( ® (q,m] ©) WP27])>

FEAL]

T
pll + (@i [%:j]\p[fj] (@)W[i:ju) g( ® ol (z) < ® gl7d]

FEAU] FEAL]

M ~ eq T ~ ~ .
—AUlpll 417 | I (q;[m] (©) W;[‘f;]]) (617 () © glFd)) }
L FeAll i
=yl 417 | T1 WTwll ()" (67 (2) o g7)) }
L Jeal i
— Allpll 4 1T H[ ]W[JJ (el (), ¢ ()] iy }
L 7eAl i
Jilpl) 417 | TT Wl

seal 7
= Allpll 41T O WA T g [7:5] = m[ i

FePli]

A UIbl 4 () WOIT ] gl
FEPU]

where on the final line we use ((-)) as an operator (see notation section). So, in all cases:

<\1;[j] ©), o] (sc)] =~bll + O U1 WTAT 73] = 4]
je]P’[ 7l

which is the desired result (28) for the node case.
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C.2 Proof of Theorem[I]- Norm-Bounds

Recalling that the network is arranged in layers j = 0,1, 2, ..., D, and noting that for the input layer
7 = 01is, tivially from our assumptions:

e =
Pin < ”('b w)HF = ¢n

where w%o] =7, ¢[ﬁl =pand qS%O] = r, it suffices to show that if all outputs of all nodes 7 € L= in
layer j — 1 satisfy:

|l (©)], =i

(29)
o) <||o" (@) ; = of
then all nodes j € 1LV, using the definitions given, satisfy:
[T ©)] . = 0 e Al
o < o5 @) = o T o
and:
w7 )] - o

. . 774
o <oV ()] . = o]

We call (30) the edge case and (3T)) the node case, and will treat them separately.

Edge case: We are given that (29) is correct. By direct calculation, for incoming edges (Z1h), using
the multinomial theorem at step (x):

2

F)

[7:4] 2 _ Li[ﬁz ]J] 2
[ = pig | 7° 175 )], +

0 ® (el <@>)®1 }
N 30
@0

{ d1ag< [“]< %>> ot
€Ny
y' @ (vle)”]

€N, 7

1<k

=S[,:7(1 Pl O+ S o

- 3%

()

o< H1<k

& (v <@>)®“

7eN

:&“](1 (71 ||7-7J](0)|| + Z H L)7]H
,[,{]
1

R

s (Pl o S W, 2 0 (o ”‘”
' k- 50 Lo<, 1<k 7eN,
i

_ ) -
= Tl 7* |77 0)|; + E ”aL[(]]]H T (- |1\ . H
) k- 170 1 OjH[ﬂKk ﬂ

LB 2\ ¥
= i P S L H‘P H
T n ||T | + Z + ZE 7] )

1312
w@ 9 35 77
= Tl 7 HT[“] (O)Hz + 2 Hal[j J]H (1 +n H\I’m -1
sy (1) k- 70 1
e (¥ e
= 77
P sy (1)
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and:

(72412 . 2
e 171 ~ =192 1 1
l6 @Iy = s 72 e @l + | | || @ [0 (viol @) ] }
= k- L5015
7412 9
_ Pl O+ b T 9% (9 (@)
— s T (V7 zfmo ,
1912
[ 5
= 5[7‘:’:_?(1) <772 HTJ] H + Z H [JJ]H10< () (\fd)m ®|1\ 2)
! Hl
[3:5]2
) |
= []d: )(772 HT[]J H + Z H [JJ]H1 \/7H¢[~] H 21)
0=y
[3:5]2
”Wﬁ%W%W+ZMW@mW
“(1) : k=30 1
_ i (ler@l)
¢[ﬂ JJ(l)

[7:4] -

which we may bound as (using that s;; 7 is increasing on RT):

_ [7:4] q,ﬂ(@) 2 .
H\IJ[J-J](@)H L[J]J]TS(”[H](I)H) Sd)y[]j.]h

= sTI (|6 () 54 L[5
oo = 2 UL ¢ o, e

which is the desired result (30).

Node case: We have shown that || is correct. For columnar concatenation nodes Q[j = P (so

OV = diag, @ = @):

. . s wi(e)
L e L

|60 @) = g2 + ¥ L[nl?w e
]GA [4] 7] ( )

For additive nodes OV! = 37 (so [JV) = 6, @ = @)

(=)

. s ~ 112
|22 @) = o8, + > LT = Wi,

69 @)% = 552 + 3 L[sz’“(”"’ @Il;) e

oAl n [7: 7]( 1)

For Kronecker-product nodes OV = ® (so (1! = ®., @"! = ®):

) s [REACC] |
R R R e e L
[7:7] [3]
['] _ alj2 [JJ]25 (||¢’ (w)H ) lFd12
HQSJ v H - +JITA[[1]L n n“](l) "

For Hadamard product nodes QU = (© (so [V = ®$, Y = ®):

7 (e ©)]13)

. . sy Jl
(R (9>H2F§Hb[”H§+ I LI [WE,

|65 (@2 = g2 + H mew e
Al 7 JJ]( 1)
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For multi-inner-product nodes OV = ((-) (so

O =®'()1.@" =

Lo < e (|
it @) < |3+ gy 2ot riole) o
@V @I, = 8U2 + H L[HPM g2
2 SeAl] 77 ‘7“7](1)

Thus in general, for all nodes considered here:

|2 ©)|I7. < (b9 +

ol ()| = AU + T]

~H L[][% [Fij](l)

1255 ([¥P ©I7) Wil

L[J lew Gl

A 71 sl J]( 1)
which we may bound as:
lev @), <wi”
@ @)][; € [o5). o]

which is the desired result (3T) for the node case.

We observe that the data-feature-map bound
2 .

16 (@)Il; = 62, if ||

2

¢ (@)l

¢ =g =y, ¢ =l

P2 & glil2 4 @[ﬂ wlFd]

FEALI]

¢[¢j]2 éﬁ[j]2+ ® wlFd2

FEALI

b2 & glilz 4 © wl3:412

7eAl]

(here we have used that lim,,_,o Wiz;

In the limit 7 — 0, identifying YUl = 9}, o) = oY, ¢

is tight:

x|, = p, and 7, > 0if p > 0

= G2 if el =7

Lg:[%pd’mQ if 7179] Lipschitz
35[%]2 fl otherwise

I J]2¢[72 if 7179] Lipschitz
{ B 15[%]2 otherwise

¢m 242 if 704] Lipschitz
Bq[f[%p z?z otherwise

simplification in the main body of the paper.

C.3 Proof of Corollaries2]and [3]- Continuity Bounds

= ¢5ks ¥ = Yo+, 61 = Bov,
¢ = ¢LFl; where, recursively Vj € Zg:

(32)

= z by observation of the definition), which justifies our

Our approach here mimics the previous two proofs. For the input node j = 0, for a given © € W:

[()(©),¢" @ 0]” |a] 2 02 a
s 2 =C5 =1 forgiven® €¢ W
LT [P >H2 " ex Iel: T O :
vl9(©),¢1% (x) 2
sup IK ‘ Dlgol, up 1213 — C{,‘?,]i L1 VOeW
N = 10
(©).¢1% ()] 2
H il ” — l=l; o C’mo]i £1 forgivenz € X
OGW ERICIH " ’
21(0) 6 (@)]_ ||’ 2
sup i wzg“’]”zzwécs[g]zél Vo € X
oW [[w @) " K



As in the previous section consider a single node j € 11! in layer j. Assume that, for all nodes in the
previous layer 7 € LI—11:

v7(0).6 ()] |
sup H< . ”’2]glﬂ ||2 < C[Gﬂfz for given © €¢ W
- [EEX : ’ c32 < o
(wP(0),¢1 ()] 5 || 72 R
< CY VO e W
wex  [O@ =W
v(©),¢ ()
sup ”< : Q]gm H? < C,Lﬂg for given ¢ € X
ocw (RG] | , cbiz < C’H2
wp (¥ ©).67(@)] 7| <0oP? vyrex h
oW BRI -

Edge case: for a Lipschitz neural activation 7177, for incoming edges ), for fixed © € W:

H<\p[1 il(e),47 (m)] - H

=7 (=113

sup 2 =sup =
T el i
L
e (el
gJJ](l)
- [c],[]ﬂ ¢ﬂ||mﬂH
sup
zeX L[”]2 (||¢m(m)|| )
ol Rer
(7:4]2
el [ @] (%967 @)
= =1 sup sup
L7 \eex W([#0 @) | \zex  [eP@I;
n RETI P
[3:4]2 3 K 3 2
an¢w sup ||<\I, 7(©).¢" (w)]gm Hz
> P} p P
T e

and similarly for fixed x € X:

(2@ 67 @) 79 (&)

su — = Su — p
oew ¥ ocn [¥FIGI
o TG
ocw L I]QM
1/}[ﬂ [J 9l 1y
152
[ 00 ||me2
< sup Cm n %5 _ 2
oew L7, m] (|2 v)
«E,“]m
7412
Lo, oo [ (e)]|% (% ©).5 @] 15
S =6 | SUP el sup 5(0)|]?
Lo ocw W ([*7 @) | \eew e @)l
[7:4]2 SL}JN:J.]“)
J:J 2
G el
S 7o Sub [EEICF
1/)£]5] ocw ’ F
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Alternatively, for bounded (non-Lipschitz) neural activations:

H<\pl7=ﬂ(@),czﬁ:“(w)]g[m H2

su —
e 6531 ()]

= sup

< sup

which is finite; and:

||<\I,[J~rj](@) []] (:c)] 9] ||2 _

sup

ocw e ©)

which is unbounded in general. It follows that:

.7 .7
0 ®i [ﬂ2
H<‘I'[M(@> 7 (@)] 1 H LL[)mz] Cs
sup ’ s@lll,  ol7dl2 2 iE
zeX ”4)[5:]](@)”2 e.n 7431 (1)
w[}]zs["“]@iﬂf)
LJJ]2
J
~ _ N _ S n C[N]2
sup H<‘I'L7’J](e)"’s[]’ﬂ(z)]g[?ﬂl H2 < oz a Lo
aex llov @13 - ’
5 5 2 7,0
sup L@@l e s ) B2l ol
A O] S
F
00
[JJ]
17:41(@), 179 2 x wn (712
sup H< (©), (m)] Hz < C]J Y CX n
ocw [EERIOIH ﬂ[,

o0
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I~ (=)

2 = sup

3[7 312 577 (||¢ﬂ(m)|| )

RERMCH

1’ FRTMENIE
s |77 (=)

A (leell,)

||.,.[7:j]( [ﬂ)”?

P

[J Al

Jm 5
WHT[” (mm)”Q

o)

sl
[irj](l)

if 7] is Lipschitz

if 7079] is Lipschitz

if 779] is Lipschitz

. ["’ ] . . .
if 71 is Lipschitz Ve € X

ms[n“](\l‘l’ ©I)

for given © € W

VO e W

for given ¢ € X

o8 <




Edge case: using ), for columnar concatenation nodes O = @D (so Dm = diag, @"! = P>
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For additive nodes OV! = 37 (so [JV) = 6, @l = @)
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2
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and:
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= oo z ||ww @] max{” NG
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For Kronecker-product nodes OV = ® (so Oyl = X. @' = Q)

2
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(2@ 2¥ @) =113 ‘b
sup = sup = sup
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blil 4 ® W 31T g [5:4]
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and:

[BE 5+ L we (MOl ey

[(wi(©),61 @) |
sup
oW EZCIE ~ oew IIb“]H + 1L IIW” [REES)E
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- ||b 5+ H ||W“]H |21 @) ||

H C[J J]2}

]eAh
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FEAlI]

For Hadamard product nodes QY = ( (so []9! = ®$, @Y = ®), using that the norm of the
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Hadamard product of unit vectors is < 1:

2

Ul @ wbilTglil
jealdl

[ ©) 0V @), =1 ‘b
sup = sup = sup
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eeX 611 @[} T eex U@ T zex [EES]R
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jealil
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jealdl
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FEALI]
and:

b1 5+ L hwe (SOl e

x,n

(e @) @) 1, |
sup , —=—2 < sup
ocw (RG] ocw ||b[“\| + I ||W e @,
JEA

I IR .
il ol
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< Wl 11, W ol { AL, G }

SmaX{WU], I1 Cg:%]z}

FeAlI]

For multi-inner-product nodes OV = ((-) (so [V = (8$ ()1, @Y = ®), using that the multi-
inner-product of (2-norm) unit vectors is at most 1:

H<\I,[j1(@)7¢m(m)] U H2 (=212 Hb[j]+<<w[i:j1Tw[i:a]>>
sup - &£ —2 = sup — ——25 = sup - 3
wex [t @)l vex [#V@)];  zex [ @,
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o a0 L e @]
o1 T [
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and:

(@@ @] B2+ T1 I e o
sup 2 < sup i
oew  EB@©] ocw |[p¥ H + T [[wWEs e @,
JEA
||b M5+ 1 IIW““H 67 @)
L] o3 max{

= oo ||2+ H WG] [l @)l
Feali

< max { vV, [ X
JeA[J]

Thus in general, for all nodes considered here:

LTI Cgf}p}

I\

\I,[J]((_))’qg.[j] (@)] 2
sup ¢ 2]5[ H C’O ,, = max SN <>]] C[“ for given ©® € W
xeX Hd)[]](z)HQ FEAL] er < O
H <‘I,[J](6)’¢[j](w>]g[j] Hz < CU]Q A (4] <> C[] :j]2 VO € W o o
su = max
a:€§ H¢“](-’ﬂ)|\§ - ! FEAL]
[¢e @0 @l _ e 4 1 Al (12 :
sup & el < 7 2 max { AU OV ¢ for given ¢ € X
oew (KRG FEAL] 41 1l
, . 2 Cam < Cx,
H<‘P[J](6)"¢[J](m)] [JIH 12 & [JJ '
sup o =2 < (, = max Al ¢l Cy Ve € X
ocw (REUC] | FeAl

where we have defined: ]
o — { max it O € {@, 3}
I ifO"e{® ()}

Consequently, defining Ceg ,, = C([fi, Cywy = C‘[;g ]n Com = C[f%, and Cx ,, = C;[fj]:

% <C®n for given © € W

zeX <
[(®©)¢@|> _ Co,n < Cu g
2 < Cyy, VO eW

eX ()l

sup w <(CZ%,  forgivenx € X

ocw IO i o <o

@ o@Ll: _ o e o < O
ocw ITO)I%E =YX

where Cy , is finite in general and C¥ ,, is finite if all neural activations are Lipschitz.

The limit case ) — 0% is of particular_interest here. Deﬁning Co = lim,_,o+ Co s Cg] =
lim,, o+ C’g}n, Cw = lim,_,o+ Cw,y, C’%;{,] = lim, o+ C[J]m, we observe that, using the form of the
base case and recursion:

Co =Cg bl — Cw = C&] =1 if all neural activations are Lipschitz or bounded

[]] A . L . ; Vj € Zg
Cy=Cz =Cx=Cx =1 ifall neural activations are Lipschitz

This result, combined with Theorem [T} suffices to prove Corollaries [2]and 3]

C.4 Bounds for Data Drawn from a Distribution

A common variation of our assumption x € X, ;. - that is, the assumption that x is hard-limited in
terms of its 2-norm - is that © ~ & is drawn from some data distribution X'. With regard to our
analysis, for arbitrary data distributions it is not possible to extend our analysis; however if it can be
proven that € X, ;. with-high-probability > 1 — ¢ for suitable p, r then our results will follow whp
> 1 — e. To take a simple example, suppose we draw data from an n-dimensional normal distribution:

xz~X=N(0,0%1,)
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Figure 7: Calculation of ¢, in a residual network block.

Trivially, for x ~ X

1
PI‘[Hsz < p] < 271/20.1'*2(%_;'_1);)
Pr[a], > r] < 2e”me?

Thus we have € X, . with high probability > 1 — €, where:

r=4/2nln ((1_721))6)0

p=VI(I(2+1)v)" o

for some v € [0, 1), In the purely Lipschitz case we can simplify this by setting v = 0 (so p = 0):

r=,4/2nln (%)O’ (33)

and more generally, if we allow non-Lipschitz neural activations, whp > 1 — e:

ro__ nln((lfv)e) 34
P (F(%+1)ve ( )

3l

D Non-Trivial Blocks

In this section we consider norm- and continuity- bounds for particular common neural network
archictectural blocks. Note that in all cases the continuity bounds Cg, Cyy, C, Cx are well-behaved,
so our task is to analyse the norm-bound ¢. In this regard we refer the reader to (1)) in Figure[6]
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Figure 8: Calculation of ¢, in a residual network block.

D.1 Residual Block Bounds

In this section we consider the calculation of ¢ for a residual block. Figure[7]shows the notation we
use here. All neural activations in this block are 1-Lipschitz so trivially, using our bounds:

%1 ¢d2 % 3= —1/15{:1/){{:1/&1
¢d 1J,_¢d 2¢_¢d ) = =05 = 01y = Biny
=4 =04 3=" *¢Rf¢R Pin

and:

11[}571 _ w[d72:d71],¢)57
:w[d72:d71]w[d73:d72] L,‘ —

— ld—=2:d—1] ,[d=3:d=2] I
_ w[d—Q:d—l]w[d—3:d—2] L W[I:Q]w[Ozl]win

¢¢Ii;11, _ w[d72:d71]¢(li; .

— w[d—Q:d—l]w[d—B:d—Z]¢5_3J’ —

— pld—2d-1] j[d-3:d-2] .w[l'Q]qSIfi

= wld=2d=1lld=8:d-2) 02,0,
o = ld=2d= 1]¢IJ 2

R L Py

_ ld—2d—1] jld-3:d—2] 12 4L

1
— w[d72:d71]w[d73:d72] o w[1:2]w[0:1]¢in

and subsequently:

2 _ QZ)Q
out — L2 2 R2
=%, + (1 - 82) ¥,
= (w2 22002 g g2 g2
2 _ ¢2 m
out ﬁiz 2\ JR2
=0t + (157 ol (35)
= (w2 220002 4 2) 2,
(2)ut = 3

where we note that, for p > 0:

D.2 LayerNorm Block Bounds

As shown in Figure[8] the LayerNorm block is distinct insofar as it is non-Lipschitz. First we note that
that ||V HI|s = VH, 21175 = 1, so we may set wlinmidl = 1, lmidout] — /T Noting
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Figure 9: Single-query attention block.

that the Norm activation is non-Lipschitz and bounded by B[No'™] = 1, we see that:

— , ,[mid:out] ¥mid _ /77 ¥mid
wout w @ mid H Pmidl

¢out¢ _ w[mid:out] =vH
Bout = lmid:out] Gmia /7 Pmia

¢Lmid ¢midl

and trivially ¥niq = W™y = ¥ drig L= wlinmid] | = Giny and Piq = linmid] g -
¢in. Hence, overall:

wout = \/H(;p‘i:l

bouty = VH (36)
¢0ut = \/Eg%:l
where we note that, for p > 0:
Lout — fin 37)

doutl  Piny

D.3 Single-query Attention Block Bounds

The standard bounds as presented in (ZI)) are needlessly pessimistic for softmax nodes in attention
blocks (Figure[2) as they are derived without taking into account the operation of the softmax in layer
3, which is a full softmax that has been split into components here - so while we can bound the set
of all QK outputs, the standard bounds only bound the individual components without taking into
account the interaction between then. The following more nuanced analysis gives a tighter bound.

In the following analysis we make the simplifying assumption ¥, v = ¥, v, ¢nzvy = Onv i,
Onav = OnviUnik = Yy K> Oni Kl = Oy K> OniK = ¢y k- Given this:
Layer 1: following the standard approach:

¢[1,J57V = ¢77,V

‘?57[717 vy T Pn,vy

¢£;1,]7,V =nv
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z[p% ok = Ynq¥nk
1

¢77EQK¢ = On,QLPn, K1
¢77,’i,QK = 0n,QPn.K

Layer 2: following the standard approach:

g; wRLV Vv

g < Sgpve = o
¢n,7,V = ¢7777,V - ¢U7V

2|2 1 2
1{’2%,2]91( = d1K 2 7/’77 =5 Vi K
_ 2 2
¢>,,E%Q = G v ¢n HKL = = PnQiPn.K|
Snok = 2= LiOyror = $2.00% K

Layer 3: we need to take some care with this layer. In particular, noting that the output of the layer is
effectively the softmax split componentwise, we can constrain the sum of ¢£}3]7 oK S

w? wflv Vv
o ¢[2 =yvy

Py
¢U,T,V = (z)n A2 ¢777V

: (2]
UL G D RO LT R

3[2’3](1) [2 3](1)
: 2]2 .9
o112 = 2\? S (o) — 22 S[n“] (49.0.9%.51)

nLQKL T s (1) ’ s (1)
3] (4212

PO CL e (ondr) _ 2)258 (¢ 00h)

niQK — G By G RERITH
for some ¢1,c5,... > 0: chg = 1 (in the standard analysis we would letc; = co = ... = 1).

Layer 4: following the standard approach:

4]2 3]2 3]2 55:3] 1#3,_@111,2,,
1/J£7 ~]Z = 7[77~]Z,‘r’l/)£]11 QK = )\2¢2 48(%2:3](1) K)
4]2 3]2 3]2 SL,&S] ¢?1,Q ¢31,K
¢£7]z¢ ¢£7]1VJ,¢£7]1QK¢ /\2 nww
" n,Q ?,
¢£;17 ¢[3]2 ¢[3]2 /\2 n (‘1: 3](1) K)

Layer 5: recalling that ¢, ca, ... > 0 satisfy Z;c% =1

Z~w[4]2 d )\Zw ‘72- (wfz Qw% K)
7,

[2 3](1)
2 (‘7’2 Qu¥n.r1)
= Yo mi =A ¢nw o 233%21)7)
s bn.0®
¢n = Zf(b T = )‘2¢727V ! ,[2:773.]Q o
n ’ sy (1)

Taking the limit » — 0" we summarise the overall operation of this block as:

¢Out =V dK)\win,V@bin,Qwin,K
Dout) = APin,v|Pin,Q| Pin, K|
¢out = )\¢in,V¢in,Q¢in,K

where we note that, for p > 0:

out _ Pinv $inQ PinK
Doutl ®in, V] Pin,Ql Pin, K|
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Figure 10: Single-Head attention block.

D.4 Single-Head and Multi-Head Attention Block Bounds

The standard single-head attention block is constructed from from single-query attention blocks as
shown in ﬁgure Multi-head attention is similar, with an additional & concatenations. Making the
additional assumption, over section[D.3} that ¥, 7.v = ¥y, v, byvy = Gy vis Gnav = ép v, itis

not difficult to see that:
Yout = v/ hdrdMin, v in,Q¥in, K
djouti =V thA¢in,V¢¢irl,Q¢¢irl,K¢
¢out = th)\(bin?quin,Q(bin,K

where d is the number of queries and A is the number of heads. We note that, for p > 0:

Pout __ Pin,v_ Pin,Q Pin, K
boutl  Pin, v Pin,Ql Pin, K| (38)

E Bounds for Standard Network Toplogies

In this section we apply our results, and in particular our norm-bound ||¢(x)||s < ¢ V& € X, ,
which is central in our Rademacher complexity bound, to standard network topologies.

E.1 Simple Unbiased Lipschitz Layerwise Network and ResNet

Consider a simple network with 1 unbiased node with L-Lipschitz activations per layer, so D = E,
j =3 € Zp,and Al = {j — 1}. In this case, using , Vj € Zp:

Plil = Loli—1:4] pli—1]
and hence, using that ¢[0] =7
¢ = TLD HjEZD w[j_l:j]
and we find that the norm-bound ¢ (and hence our Rademacher complexity bound) is proportional to

the product of the weight-matrix norms, the maximum input norm r, and the exponentiated Lipschitz
constant. In the distributional case, assuming x ~ N(0,,, azln) and using |i whp>1—e

6 = oL\ [2n1n (2) [1jez, wli~19

We can also bound the residual network (ResNet) norm with this by including residual blocks as
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nodes in the network. For example, if node j is a residual block then the effective weight-norm bound
wl=1:3] becomes, for that non-trivial block, using :

wli=1:3] — (w[j—l:j]dQ Ll a2 li-1Eh2 oy 32)
where wt?~13lx is the norm-bound for the k" weight matrix W17—1:3lx in the residual block j.

E.2 Simple Unbiased non-Lipschitz Layerwise Network and LayerNorm

In this section we consider the same network as in the previous section [E.I| excepting that we assume
at least 1 non-Lipschitz, bounded neural activation. In this case, using (21)), Vj € Zp:

ﬂ 197] =1 e [—1:) 5a 7 :
. o if 70~ g Lipschitz
gb[f] = li—1:4] { ¢ p

B [ﬂm 1 ﬂ] otherwise
G et Lqﬂ;li?]¢[j—1] if 7014 is Lipschitz (39)
3l = yli—13
¢ w B[ﬂﬂ 11]ﬂ] z” 7 otherwise
where ¢£0] = pand ¢! = r. We immediately observe that:
[D] [D—1] [0] .
%:2?71]: :ZT:; Vj € Zp
and hence (39) simplifies to:
bl = li-1:d] (;]u 111']¢ if 719-1:3] is Lipschitz
v Bli—1:] otherwise 10
L[Jf—lij] -1 if 714 is Lipschit (40)
$lil = (oli- 1 oli1) if T is Lipschitz
Bli—tilz otherwise

If we further assume that node j = D, is the non-Lipschitz node closest to the output node, bounded
by BIPy=1:Dy]  the norm bound becomes:

¢ = %B[D¢—1:D¢]LD—D¢ H;pD:D¢ wli—1:3]

The first thing to note with this bound is that it is no longer depth exponential, but rather depth-to-
non-Lipschitz (D — D)) exponential. This may appear surprising at first, but it is perhaps not so
surprising when we note that the Lipschitz norm-bound scales with the max weight-matrix norm-
bound, while a bounded neural-activation displays attributes that, in a crude sense, flatten out the
magnitude of their input from previous layers. The obvious extreme case is a network combining
ReLU and LayerNorm nodes, in which case we can scale weight matrices preceeding the LayerNorm
arbitrarily without affecting the operation of the network in any way. This is directly reflected in the
above expression, where the norm-bound ¢ is independent of the magnitude (matrix norm) of the
weight-matrices in layers 1,2, ..., D) — 1 before the LayerNorm.

The ratio £ 1n the bound is perhaps less intuitive. In particular, while we would expect that the norm
bound of ||¢( )||2 should scale (increase) as |||z < 7 increases (which the norm-bound does), it is
less obvious that the bound should increase as the lower bound ||x||2 > p decreases. To understand
this behaviour, recall that we only characterise neural activation [P+ =51l by its upper bound
BIP1=1:D1] (] for simplicity), so we must make a worst-case assumption that ||z!P4||, = 1 for all
x € X, ;. If ||z||2 = p then, in our worst-case analysis, the node must, in effect, amplify the input so
that ||2P+!||; = 1; the smaller p, the larger the amplification requiredE] This is why we take care not
to over-claim in the case p = r = 1 in the main body of the paper.

Another apparent difficulty with this norm-bound is that one may argue that the lower bound ||z||2 > p
is artificial, and that real data may not satisfy this bound. To cover this, we may use the distributional

°In the limit p — 07 the amplication must approach co, which is why we insist p > 0 in this case.
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case. For example, if node D, is a LayerNorm node and assuming & ~ N(0,,, 0%I) then, using
and (34), with high probability > 1 — e:
4
_ () pop, 12, wli-t
(r(5+1)5)"
We observe that this bound is scale-independent, both in terms of the “size” ¢ of the data distribution
and weight-norm bounds for layers prior to the final non-Lipschitz node D|. The proportionality to

v/ H arises from the choice of LayerNorm, and the exact form of the new scaling arises from our
choice of distribution[]

E.3 Transformers

Finally we may consider the Transformer. For concreteness we will assume the structure described in
(Vaswant et al., 2017, Figure 1); and for tractability we will ignore the input/output embedding and
positional encoding, and instead assume inputs and outputs (post-embedding/encoding) x;, o €
Xpr ={x e R : p < |zl <r}.

Encoder: The first layer in the encoder stack consists of a multi-head attention block inside a residual
block, followed by a LayerNorm block. Using (38), the output norm-bound of the multihead attention
block will satisfy:

bmha _ (P2
bmhal (7)
Subsequently, the output norm-bound of the residual block will satisfy:
$in .
¢res — ¢in +¢mha — ¢mha ¢mha+1 — (2)3
Qbres,L ¢in¢ +¢mha,], ¢nlha,L d;bi“l +1 r
mhal

and we see from that the output of the LayerNorm will satisfy:
¢m 3
s =(%)
This is followed by a feed-forward network inside a residual block, again followed by a LayerNorm
block. The analysis of this is similar to the above, excepting that, because the block inside the residual
block is additive, there is no need to cube the ratio. The output of the LayerNorm in this layer will
therefore satisfy:

T

[
At total 01E] M = 6 of these layers occur sequentially, where for each the ratio is cubed due to the
presence of the multi-head attention block. Subsequently, for the output of the encoder, we find:

b (p)?’

31%
fe = ()

Decoder: The decoder is similar, with some important caveats. Perhaps most importantly, in the
first layer the output of the second attention block (and therefore the output of the first layer in the
decoder) will satisfy:

342.3M gM+1

dmay = (7)< ()
This is followed by (M — 1) = 5 additional layers, and so it may be seen that the output of the
decoder, prior to the final linear and softmax, will satisfy:

3]\l+132k1—2 33]\4—1
<) =%

and, using (36): _
33M -
(bdec S (g) V dmodel

Subsequently, assuming the weights in the linear output layer of the Transformer satisfy |W ||z < w
and assuming A = 1 in the final softmax we find that the overall norm-bound for the Transformer is:

¢ < Vdmodelw (%)

19Tt may be informative to investigate the impact of the distribution & ~ X’ on this bound in future work.
"'We use M here rather than N due to the notational clash between (Vaswani et all[2017) and our use of N.

3.5M—1
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F Proof of Theorem 4| - Rademacher Complexity

We are concerned with calculating the Rademacher complexity of:

Ruv (F) = B, E. [gggv LS exh (f m»}

where h is L-Lipschitz. We have from (Maurer, 2016) that:
N () S S VELBE, | sup 4 5 enfs ()|
Oc

Thus we reduce the dimensionality of the problem to 1-dimension. Proceeding with the standard
argument:

¢ sup (X, e/ (:ck»ﬂ
ecWw

E, E. | sup % o€t (wk)} = %IE,,]EE
ocw

SJensen/sfinequality %]EV [\/Ee sup (Zk ekfi (wk))2‘|
ecw
= LE, [\/IEE sup (Zm exerfi (Tk) fi (afl))]
Zk sup fz2 (mk)‘|
ocWw

Eeere=8,; 1
—Ecexe1=0xk,1 WEV

= ~E \/Zk sup (¥; (©), ¢(mk)]2]

ocw

1 y ((F(©) bl
= NEIJ \/Ekeb)lelgv( 6@, ) ||¢(wk)||2|
and so:
¥.i(0),¢(xk)],
Ry (F) < V2L l \/Zk sup b wk)uik ) H¢(iﬂk)||§
(2.4(0),0(zx)]g \ 2 '
\/Z Dk SUP (W)\T;g) ||¢(f'»'k)||§|
@.;(0).(zx)], || 2
\/z’“ Slel% ool - 192 )”2|
__bilinear—continuity @LEV l\/zk sup C%,n ||¢(xk);‘|
Ocw

__norm—bounding v2mL 2 2| _cleanup v2mL
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and the final result follows in the limit » — 07, recalling lim,,_,o+ Cyy,,, = 1, lim,_,o+ ¢, = ¢:

<1 norm—2—norm—inequality \/2mLE

mL
YRR,

Ry (F) < ¥Zrko

NB: in the special case m = 1, h = id, we can skip the first step which contributed the factor /2L
and the 1-norm-2-norm-inequality.
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NeurlIPS Paper Checklist

1. Claims

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

Answer: [Yes]

Justification: the abstract/introduction were written after the key contributions were com-
pleted specifically to reflect them.

Guidelines:

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

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

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

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: the limitations of the work are clearly outlined in the Setting and Assumptions
section of the paper.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate ”Limitations” section in their paper.

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

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

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

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

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

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

3. Theory assumptions and proofs

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

Justification: All assumptions are clearly stated in the body of the paper. Most (non-trivial)
proofs are summarised in the body, with reference to relevant appendices for details.

Guidelines:

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

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

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

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

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

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

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

Answer: [NA]

Justification: This is a purely theoretical work. Results will apply to any network satisfying
our assumption, which are analytic in nature: network topology, bounds on weights/biases
that are translated to the final result, and requirements on neural network activation functions.

Guidelines:

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

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

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

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

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

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

nature of the contribution. For example

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

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

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

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

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

Answer: [NA]

Justification: This is a purely theoretical work. As noted previously, results will apply to any
network satisfying our assumption, which are analytic in nature: network topology, bounds
on weights/biases that are translated to the final result, and requirements on neural network
activation functions.

Guidelines:

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

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

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

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

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

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

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

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

6. Experimental setting/details

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

Answer: [NA]
Justification: See previous justification re results, data and code.
Guidelines:

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

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

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

7. Experiment statistical significance

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

Answer: [NA]
Justification: See previous justification re results, data and code.
Guidelines:

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

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

10.

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

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

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

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

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

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

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

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

Answer: [NA]
Justification: See previous justification re results, data and code.
Guidelines:

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

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

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

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

. Code of ethics

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

Answer: [Yes]
Justification: The research conforms to the NeurIPS Code of Ethics.
Guidelines:

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

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

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

Broader impacts

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

Answer: [NA|

Justification: This work is purely theory, so I cannot foresee specific societal impacts beyond
improved performance in neural networks.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.
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If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

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

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

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

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

11. Safeguards

12.

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

Answer: [NA]

Justification: see previous responses.

Guidelines:

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

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

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

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

Licenses for existing assets

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

Answer: [NA|

Justification: this is a theory paper.

Guidelines:

The answer NA means that the paper does not use existing assets.
The authors should cite the original paper that produced the code package or dataset.

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

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

For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.
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13.

14.

15.

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

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

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

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

Answer: [NA]
Justification: this is a theory paper.
Guidelines:

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

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

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

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

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

Answer: [NA]
Justification:
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

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

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

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

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

Answer: [NA]
Justification:
Guidelines:

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

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.
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* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

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

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

Answer: [NA]

Justification: LLMs are not core to this method, though the complexity bounds derived
herein may apply to them.

Guidelines:

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

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