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Abstract

We present TropNNC, a framework for compressing neural networks with linear and con-
volutional layers and ReLU-type activations using tropical geometry. By representing a
network’s output as a tropical rational function, TropNNC enables structured compression
via reduction of the corresponding tropical polynomials. Our method identifies redundancy
via similarity and improves upon the geometric approximation of previous work by adap-
tively selecting the weights of retained neurons. We relate it to SVD and spectral clustering,
and develop a theoretical analysis that yields useful insights into the network compression
problem in general. We provide the tightest known theoretical compression bound, and the
first successful application of tropical geometry to convolutional layers. TropNNC requires
access only to network weights — no training data — and achieves competitive performance
on MNIST, CIFAR, and ImageNet, matching strong baselines such as ThiNet and CUP.

1 Introduction

Deploying deep neural networks on resource-constrained devices remains challenging due to their compu-
tational and storage demands. Most methods for reducing network complexity are based on pruning via
estimated importance scores. These include unstructured pruning, which alters the network’s structure by
eliminating individual unimportant weights, presenting challenges in practical applications (Wen et al., 2016).
To overcome these, structured pruning methods, such as channel-level pruning, has been proposed (He &
Xiao, 2024). These estimate the importance of entire channels, pruning them accordingly and maintaining
the network’s structure. This structured approach ensures compatibility with existing deep learning libraries
and offers several advantages: it reduces memory footprint, and facilitates further compression and accelera-
tion through methods like parameter quantization. The most widely used among them, such as ThiNet (Luo
et al., 2017) NISP (Yu et al., 2018) and HRank (Lin et al., 2020), are data-driven: they make use of a dataset
to obtain distributional information guiding the estimation of importance scores. On the other hand, there
exist SVD compression methods (Mariné et al., 2023). These apply SVD and low-rank factorizations to the
weight matrices of the network. They are mostly data-free and do not rely on importance scores. However,
the factorization doubles the number of layers, and leaves the width of half of them unchanged.

Parallel to these advancements, tropical geometry (Maclagan & Sturmfels, 2021) has emerged as a promising
mathematical framework with applications in machine learning (Maragos et al., 2021; Gértner & Jaggi,
2008) and beyond. Recently, it has been applied to the theoretical study of neural networks. For example,
Zhang et al. (2018) demonstrated the equivalence of ReLU-activated neural networks with tropical rational
mappings. Together with other works, like those of Charisopoulos & Maragos (2018); Alfarra et al. (2023),
they used tropical geometry to compute bounds on the number of linear regions of neural networks equal to
the one in (Montufar et al., 2014). Smyrnis & Maragos (2020) use tropical geometry for pruning.

Contributions. In this paper, we explore the application of tropical geometry in the compression of
ReLU-type neural networks. Our contributions include:

e Proposing TropNNC, an algorithm that leverages tropical geometry and the Hausdorff distance for the
structured compression of neural networks. TropNNC compresses networks layer-wise by approximating
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the zonotopes corresponding to each layer using an iterative process, finding redundancy via similarity
instead of importance. Our algorithm is data-free: it does not require a training dataset.

o Connecting our iterative algorithm to SVD and spectral clustering, providing a refinement to the bound
for the functional approximation of tropical polynomials presented in (Misiakos et al., 2022), and using
it to handle ReLU-type activations and provide strong theoretical compression guarantees.

e Extending our theoretical results to general pruning methods and deriving broader insights into network
compression, including a clear formulation of the main objectives that any pruning method should pursue.

o Evaluating our algorithm empirically on the MNIST, CIFAR and ImageNet datasets, applying it also
successfully to convolutional layers. Our method outperforms prior tropical geometric pruning methods,
and achieves competitive performance compared to the data-driven ThiNet, and superior performance
compared to CUP (Duggal et al., 2021), particularly in the VGG architecture.

This work demonstrates the potential of tropical geometry in enhancing neural network compression tech-
niques. To the best of our knowledge, it is the first tropical geometric pruning method that is competitive
with strong baselines and applied to the convolutional layers of networks of non-trivial size. It is also one of
the few compression methods that come with theoretical guarantees. Even if currently not state-of-the-art,
we believe that our contribution is a necessary step towards this direction. Proofs of theoretical results are
provided in the appendix.

2 Related Work

Our work falls under the category of structured pruning (He & Xiao, 2024). Here, approaches include data-
free norm-based pruning (Li et al., 2017; He et al., 2019), KL-divergence based pruning (Luo & Wu, 2020),
data-driven activation-based pruning (Lin et al., 2020; Sui et al., 2021), and data-driven filter pruning based
on reconstruction loss minimization. Within the latter category, ThiNet (Luo et al., 2017) is a representative
method that greedily removes filters contributing least to the next layer’s input, based on a data-driven
reconstruction objective. Our approach resembles ThiNet in its structured layer-wise compression, but
unlike ThiNet, it is data-free. Although layer-wise pruning is increasingly being replaced by global strategies
— such as NISP (Yu et al., 2018) and SPvR (Hassan et al., 2025), which consider the importance of filters
relative to the final layer — ThiNet remains a strong structured data-driven baseline to which we compare
our method. More recently, data-free methods have been proposed. For example, CUP (Duggal et al., 2021)
hierarchically clusters similar channels and selects representatives by L' norm. Our method builds on the
same intuition of redundancy reduction via clustering, but introduces three key extensions: (i) modifying
the clustering vectors, (i) adapting the distance thresholds of hierarchical clustering to layer dimensions,
and (iii) using tropical geometry to select representatives.

We build on Misiakos et al. (2022), who used a discrete form of the Hausdor{f distance to geometrically bound
the error between tropical polynomials, framing network reduction as a zonotope order reduction problem,
and proposing a basic clustering-based compression method. Their method clusters similar neurons and
replaces each cluster with the representative obtained by taking the mean of the input and output weights
of the cluster. We refine their central theorem using the standard Hausdorff distance and introduce a novel
algorithm that formulates compression as a simultaneous zonotope approximation problem. Our method
makes a better initial estimation of the compressed network’s weights, and refines them by an iterative
process. Our approach leads to provably stronger theoretical guarantees. We also do not limit experiments
to fully connected layers, and instead handle both convolutional layers and batch normalization.

We draw parallels to SVD and spectral clustering. Usual SVD network compression (Mariné et al., 2023)
low-rank factorizes matrices, doubling the depth and leaving the width of a lot of layers unchanged. Instead,
we use tropical geometry to allow us to handle consecutive matrices as one, even with non-linear activation
between them, which to the best of our knowledge differentiates our method from prior work.

3 Tropical Geometry of Neural Networks

Tropical algebra studies matrix-vector operations based on the arithmetic of the tropical semiring
(Cuninghame-Green, 1979; Butkovi¢, 2010). Tropical geometry is the counterpart of algebraic geometry
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in the tropical setting. The tropical semiring can refer to either the min-plus semiring or the max-plus
semiring. In this work, we adhere to the convention of using the maz-plus semiring (Rpax, V, +), defined as
the set Ryax = RU{—00} equipped with two binary operations: V (ordinary max) and + (ordinary sum).

Within the max-plus semiring, we can define tropical polynomials, which correspond to convex piecewise
linear functions, and tropical rational functions, which correspond to general continuous piecewise linear
functions. We can also define Newton polytopes of tropical polynomials, which connect tropical algebra with
polytope theory. For a detailed introduction to these concepts refer to Appendix A.2.

3.1 Neural Networks with Piecewise Linear Activations

Tropical geometry provides a mathematical framework for analyzing neural networks with piecewise lin-
ear activation functions. In this work, we primarily focus on ReLU-activated networks, with additional
activations handled later.

ReLU Activations. Consider a network which consists of an input layer x = (x1,...,x4), a hidden layer
f=(f1,..., fn) of ReLU units, and an output layer v = (v, ..., v,,). The input, hidden, and output layers
are connected through linear transformations represented by matrices A and C. Each neuron ¢ has input
weights and bias given by A;. = (al,b;) and output weights CTI = (C14y-.-,Cmi). We assume the output
layer has no bias. Such a network is depicted in Figure 1.

The output of the ReLU unit ¢ is given by:

fi(x) = ReLU(a x + b;) = max{a] x + b;, 0}.

This expression represents a tropical polynomial of rank 2, with
one term being the constant 0. The extended Newton polytope
ENewt(f;) of f; is an edge with one endpoint at the origin 0 and the
other endpoint at (al,b;). The j-th component of the output layer
v; can be computed as follows:

vj = Z Cjifi = Z |Cji|fi - Z |Cjz'|fz' =pj —q;-

ZE[TL] i:cj; >0 i:c;; <0

In the above expression, |c;;|f; are tropical polynomials. Thus, p;
and ¢; are tropical polynomials formed by the addition of tropical
polynomials. Consequently, v; is a tropical rational function. We
call p; the positive polynomial and q; the negative polynomial of v;.

Figure 1: Neural network with one
hidden ReLU layer. The first linear
layer has weights {a] } with bias {b;}
corresponding to node i € [n] and
the second has weights {c;;} between
nodes j € [m],i € [n]

Zonotopes. The extended Newton polytope of |cj;|f; is an edge
with one endpoint at the origin 0 and the other at |cj;|(a], b;). Us-
ing Proposition A.1, the extended Newton polytope P; of p; is the
Minkowski sum of the positive generators {|c;;|(al,b;) : ¢j;; > 0},
and the polytope Q; of ¢; is the Minkowski sum of the negative
generators {|c;i|(al,b;) : ¢;i < 0}. Thus, P;,Q; are zonotopes (see
Appendix A.2 for a definition). We refer to P; as the positive zono-
tope and @Q); as the negative zonotope of v;.

4 Approximation based on Hausdorff distance

In this section, we present our refined theorem, which uses the Hausdorff distance in its standard continuous
form to bound the error between two tropical polynomials. In the following, the distance between two points
u and v is denoted as dist(u,v) := |Ju — v||, where || - || denotes the standard L? Euclidean norm. The
distance between a point u and a set V' is defined as dist(u, V') = dist(V, u) := infyey [[u —v||.
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Definition 1 (Hausdorff distance). Let S, S be two subsets of R?. The Hausdorff distance H(S,S) of the
two sets is defined as

H(S,S) := max < sup dist(u, S), sup dist(S, v) p .
ues vesS
In the case of polytopes P, ]5, due to their convexity and compactness, the suprema in the above expression
are attained, and in fact by points in the vertex sets Vp, Vs of the polytopes (see Lemma A.4).

Misiakos et al. (2022) used the discrete form of the Hausdorff distance, defined as the Hausdorff distance of the
vertex sets of the two polytopes (DH (P, P) :== H(Vp,V3)), to bound the error of polynomial approximation.
We refine their result using the Hausdorff distance in its standard form.

Theorem 2. Let p,p € Ryax[X] be two tropical polynomials with extended Newton polytopes P = ENewt(p)
and P = ENewt(p). Then,
1 -

5 maxlp(x) = pex)| < H(P, P)

where B ={x € R%: ||x|| <} and p =712 + 1.

Since Vp C P,V C P, we have that dist(u, P) < dist(u, V), dist(P,v) < dist(Vp, v). The equality in the
aforementioned inequalities is achieved only in special cases and thus the bound H (P, P) we provide is in
general tighter than DH (P, P) from Misiakos et al. (2022).

By applying the triangle inequality and Theorem 2 we obtain the following result for two neural networks
of compatible input and output dimension.

Corollary 3. Let v and v be the outputs of two meural networks as in Figure 1. Then, the following
inequality holds:

" max V() — 961 < Y (P Py) + H(Q; Q)

p x€B

where || - ||1 denotes the L* norm.

5 Compression Algorithm

From Cor. 3 it is evident that to compress a ReLLU network consisting of a pair of consecutive linear layers,
one has to choose compressed weight matrices A € REX(@+1) and C € R™*K with K < n such that P; = P;
and Qj Q; for all j € [m], where the approximation relation is in terms of the Hausdorff distance between
the zonotopes.

5.1 Single output

If we have m = 1 then the problem can readily be translated into a zomotope approzimation problem—the
task of approximating a zonotope with another zonotope that has fewer generators. This problem is known
as zonotope order reduction (Yang & Scott, 2018). In our case, the approximation must happen in terms of
the Hausdorff distance.

Algorithm for single output network. For single-output networks, our approach uses K-Means to
cluster positive and negative generators, and replaces each cluster with a single representative. Unlike
Misiakos et al. (2022), who define the representative as the center/mean of the cluster, we achieve a better
zonotope approximation by taking the representative to be the sum of the cluster.

Our Algorithm 1 is depicted below. Figure 2 illustrates an example execution of TropNNC compared to the
method of Misiakos et al. (2022). For our algorithm, the following bound and its corollary hold.
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Algorithm 1 TropNNC, Single output

1: Split the generators |c;|(al’, b;) into positive and negative generators:

{leil(af, bi) < ¢; > 0},
{lesl (@], b;) = e; < 0}.

2: Execute K-means with K/2 centers on the positive generators {|c;|(al,b;) : ¢; > 0}, and K /2 centers on
the negative generators {|¢;|(al, ;) : ¢; < 0}.
3: Obtain positive and negative cluster representatives:

where C'y UC_ = [K] and |&](aT, b;) is the sum of the generators of cluster .

4: For each i € [K] construct a (hidden layer) neuron with input weights and bias |&;|(aX, b;).

5: For each constructed neuron ¢ set the output weight to 1 if the neuron corresponds to a representative
of a positive cluster (i € C), otherwise set it to -1.

SRR

92
ggf,/’/ ,,,—”'§2=92+93
(a) Original (b) Misiakos et al. (c) TropNNC

Figure 2: Example execution of TropNNC compared to the method of Misiakos et al. (2022). The original
zonotope in Figure 2a corresponds to a network with 3 neurons, each providing one of its generators. To
compress the hidden layer to 2 neurons, we equivalently seek to approximate the original zonotope by
zonotopes of order 2. We cluster the generators/neurons into 2 clusters based on similarity. Misiakos et al.
(Fig. 2b) replace the generators of a cluster by the cluster center. Instead, TropNNC (Fig. 2¢) replaces the
cluster by the sum of the generators of the cluster, leading to a better zonotope approximation.

Theorem 4. Suppose the clusters K are enough so that for every cluster, no 2 generators of the cluster
form an obtuse angle. Then, single-output TropNNC' produces a neural network with output ¥ satisfying:

1 ~ n )
- _ < E (al p.
P Ixneag lv(x) — 0(x)| < 2 min{||c;(a; , b;)|], Omaz },

where Smaz 1S the largest distance from a gemerator to its corresponding cluster center.

Corollary 5. The above bound is tighter than the bound of Zonotope K-means of Misiakos et al. (2022).

Note that a smaller d,,4, indicates more compact clusters and greater similarity between the neurons of each
cluster. In such cases, we have high redundancy, and Theorem 4 guarantees a small approximation error for
TropNNC, i.e. TropNNC is well-behaved. This contrasts the situation in (Misiakos et al., 2022), where the
respective bound of their algorithm was found to not be monotonic. We believe this is not merely an artifact
of their analysis. The refinement of Theorem 2 is what enabled the above results.
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(a) Zonotope of 1°! output (b) Zonotope of 2™¢ output (¢c) Sim. zonotope approximation

Figure 3: Example of simultaneous zonotope approximation for a network with 2 outputs and 2 hidden
neurons. With multiple zonotopes, one is forced to choose a common direction between the ideal diagonals.

5.2 Multi-output

We now consider the multi-output case with m € N. Notice an interesting property of the zonotopes P;, @Q;:
they share the directions (al, b;) of their generators. For instance, output v; might have a positive generator
le1i|(al’, b;) of zonotope Pi, while output vy might have a negative generator |ca;|(al’, b;) of zonotope Qa.
These generators are parallel to each other, with common direction (al, b;). Hence, our original positive and
negative zonotopes have parallel generators, and we aim to approximate them with new positive and negative
zonotopes, also with parallel generators. We refer to this complex approximation problem as simultaneous
zonotope approximation.

Example 1. Suppose we have a neural network with a single hidden layer as in Figure 1, with dimensions
d = 1,n =m = 2. Consider input weights (al b)) = (1,0),(al,by) = (0,1) and output weights c1; =
3,c12 = B, o1 = 4,90 = 2. In this example, for simplicity we took all output weights to be positive so that we
only deal with positive zonotopes. The zonotopes of the two outputs will be two parallelograms with parallel
edges, as illustrated in Figure 3. The zonotope of the first output is generated by ciy(al, b)) = (3,0) and
ci1a(al’ by) = (0,5), and of the second output by ca1(a¥,by) = (4,0) and ca2(al, by) = (0,2). Say we want to
reduce the hidden neurons to K = 1,f = (fl) If we could approzimate each output’s zonotope separately, we
could simply apply the single output algorithm and approximate each parallelogram by its diagonal. However,
these diagonals are not parallel to each other, and thus can not occur by a single hidden neuron fl with input
weights (T, l~)1) Instead, we have to choose a single common direction (af 51) for both output zonotopes. We
can however choose a different magnitude for each output along this common direction. As will be presented
in the algorithm below, for the common direction we choose the vector (al,b;) = w = (0.5,0.5).
For each output j, ;1 is chosen so that the edge is as close to the diagonal as possible. Specifically, we
choose ¢11 =3+ 5 =28 and ¢31 = 2+ 4 = 6. The approzimation procedure can be seen in Figure 3c.

5.2.1 Non-iterative Algorithm for multi-output network.

For the multi-output case, we perform clustering of similar neurons based on the set of clustering vectors
{(a;‘r , bis Cfi),i € [n]}, and replace each cluster with a single representative. Unlike Misiakos et al. (2022),
who take the cluster center/mean as the representative, we form the representative as follows: For every
cluster k € [K] with clustered neuron indexes Iy and vectors {(af,b;, CT}),i € I} take (a],bx) to be the
mean of {(aiT7 b;),i € Ik}7 take éTk to be the sum of {CT7,Z € Ik}, and form the representative of the cluster
at, b, C~3Tk) The complete procedure is shown in Algorithm 2.

The weights returned by Algorithm 2 bear resemblance to the neuron merging technique, as seen for example
in (Kim et al., 2020), where it is used as a final step for compensating the pruned neurons of importance-
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based algorithms. However, here we derived it from a tropical geometric perspective. This allows us to
analyze its properties more thoroughly. We coupled it with clustering. This transforms the method from
a compensating step of an importance-based algorithm to a well-performing standalone method. As shown
in the proof of Theorem 7 and discussed below, we have a connection to SVD, and the "quality" of the
clustering (explicit in our case, implicit in the case of previous algorithms) directly affects the usefulness of
the technique. Importance-based methods, however, do not prioritize the quality of the implicit clusters.

Algorithm 2 (Non-iterative) TropNNC for Multi-output networks

1: Execute clustering on the clustering vectors (a], b;, CY;) for i € [n], forming K clusters {(a,b;, CT;) |
i€ I} for k € [K].
2: For each k € [K], form the cluster representative (a, by, (~3T .) as follows:
(i) Compute (a},by) as the mean of the input weights and biases of the vectors in the cluster, i.e.,
the mean of the set {(al,b;) |i € I}
(ii) Compute éTk as the sum of the output weights of the vectors in the cluster, i.e., the sum of the
set {CT, | i € Ii}.
3: Construct the new hidden layer:
(i) For the input weights, set the k-th row of the weight-bias matrix to (&}, l;k)
(ii) For the output weights, set the k-th column to (~3:7k.

5.2.2 lterative Algorithm for multi-output network.

To improve the approximation of Algorithm 2, we formulate an optimization problem that takes the output
of Algorithm 2 and with an iterative process produces weights that achieve a better simultaneous zonotope
approximation.

Motivated by Algorithm 1, assuming the number of null neurons are few (see Definition A.5), we want in
terms of every output j the cluster representative 5jk(é,{, bi) to be a close approximation to the cluster sum

Zielk cji(al’,b;). Thus, for every cluster k, we have unknowns (a7, bre, (Nka) = (Gk1, .-, Qkd, ey ks - - .), and
we wish to find a solution which minimizes the following criterion:

2

: (1)

m

D

j=1

C]k ak; ) bk E c]z

i€l

where m is the number of outputs, and I} is the set of neurons of cluster k.
The above optimization problem can be solved by means of iterative alternating minimization. Specifically:

1. Fixing the input weights (ég, l;k) and minimizing with respect to (le,k, the terms of the sum are indepen-
dent and thus can be minimized separately. For each term of the sum, the optimal error occurs if we project
the sum Y, cji(a), b;) onto (&, by). We have:

E = <Zz€]k cji(a 1b) (ak7bk)> )
(&l

2. Fixing the output weights (~3:7k, and minimizing with respect to the input weights ar, by), we take the
derivative of criterion (1) with respect to (af,by) and set it to zero. We have:

m
2 Z Ejk(fi,{, bk) - Z cji(aiT, bi) éjk =0«
j=1 i€y

m m

& (aF, by) Z Ci = ZZCW bi)cjr &

j=1 j=14i€I}
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Dien Yier, i@l bi)en
mo
Zj:l Cjk
We can initialize the iteration with the representative obtained from Algorithm 2. The resulting procedure
is detailed in Algorithm 3. We note that, in practice, the number of null generators is not negligible, and

thus criterion (1) also constitutes a heuristic method. For this reason, the number of iterations should not
be excessive. We provide Theorem 6 for the approximation error of our algorithm.

(51%7 Ek) =

(3)

Algorithm 3 Iterative TropNNC for Multi-output networks

1: Form the initial cluster representatives (af, b, éTk) by executing the non-iterative algorithm.
2: for iter = 1 to num__iter do
3: for k € [K] do

4: for j € [m] do
S <Zielk cji(al bi), (&1 br))
Ci __
Ik ICEDIE
6: end for > b~
~ " ) cji(a; ,bi)cjk
7 (ﬁg bi) + It
, Zj:l c?k

8: end for
9: end for
10: Construct the new linear layer as in the non-iterative algorithm.

Theorem 6. Suppose the clusters K are enough so that for every cluster, no two (al,b;),(ak,bi) of the
cluster form an obtuse angle. Then, a variant of Iterative TropNNC produces a neural network with output
U satisfying:

o v6x) — 960l < vin Y min fC.,

p x€B

Ik
T, b)ll, 2 4 el

N,

F} 3 fesll@l bl

j=14ieN;
where:

o N, is the set of null neurons with respect to output j.

o k(i) is the cluster of neuron i.

o Npin 18 the minimum cardinality of the non-null generators of any cluster.
o Iy is the objective value of the optimization criterion for cluster k.

T
) cji(a; ,b;)
e . (aT 1 i€l T
o €;; is the difference/error between cj;(a; ,b;) and the cluster mean — T
* €= [61,17 cee Em,i]'
o ||+ ||F is the Frobenius norm.

Non-ReLU Activation. Our method was developed for networks using the ReLU activation func-
tion. However, alternative activation functions exist and are frequently used in modern networks. GELU
(Hendrycks & Gimpel, 2016) and SiLU (Elfwing et al., 2018) are smoothened variants of ReLU, while leaky
ReLU (Maas et al., 2013) allows for non-zero gradients on negative values. To extend our method for
GELU and SiLLU, notice that these behave similarly to ReLU with an additional small error: For GELU
(SiLU is similar) we have e(x) = e(—z) = |GELU(z) — ReLU(x)| = |z|(1 — @(|z])), sup,ere(x) =~ 0.17
and ||[veeLu(X) — VReLu(X)[]1 < 0.17||vec(C)|l1. By a triangle inequality, we obtain again the bound of
Theorem 6 with an additional 0.17||vec(C)||; error. For leaky ReLU, notice that LReLU(z) = max(z, ax)
and we obtain zonotopes with generators [a|c;;|(al, b;),|c;i|(al’, b;)] instead of [0, |cj;|(a),b;)]. We claim
that applying our method as if we had ReLU instead of leaky ReLU yields the same approximation bound.
Indeed, consider the proof of Theorem 6. The leaky RelLU zonotopes are subsets of the ReLLU zonotopes,
and thus maxyevy, dist(P;, v) decreases. In addition, when bounding dist(u, Pj) for ReLLU, the worst-case

bound was obtained for I J’ + = Ijy. A vertex of a leaky ReLU zonotope corresponds to selecting for each
i € Ij; either alcji|(al,b;) or |cj;|(al,b;). Since o € (0,1), for i of the first type we can scale zj; in the
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proof by a to bound their contribution in the leaky ReLU bound by a < 1 times their contribution in the
ReLU bound, meaning that the bound of dist(u, P;) also decreases, and the final bound for ReLU holds also
when the method is applied with leaky ReLU.

Heuristic Improvements. We obtain an advantage by dropping the bias from the clustering vectors —
which leads to better upper hull approximations and prioritization of the generally more important regions
extending to infinity — and normalizing the vectors used for clustering. These two heuristics are discussed
in detail in the appendix.

Connections to SVD. Setting My = EieIk C..(al',b;), we can rewrite the optimization objective (1)
and the weight update steps (2) (3) in matrix-form respectively as follows:

2

minimize Y (ék(é{,gk)—Zcz(aT7bl)> =||ék(a,{,13k)—MkHi,

j=1 i€l j

) = 7. MICu
C. 35 (ak,bk)<—~’7’.
1C kll*

M8, br)

& 00))|
The objective is that of an optimal rank-1 approximation. Putting the update steps together (assuming
convergence), we obtain

C kMk ak> = || akv H HC k||2

This means that Mk = 6:,k(€1£, 1;) is a rank-1 approximation of a singular value of M. A good clustering
(see Theorem 7) implies an initial solution better than the o2(My) rank-1 approximation. By monotonic
improvement of alternating minimization, TropNNC converges to the best rank-1 approximation of My.

In essence, TropNNC applies a power-iteration method to obtain the best rank-1 approximation of My, for
each k. It relies on a good clustering so that these approximations are approximately orthogonal, in which
case their addition is a good rank-K approximation of the full matrix C(A,b). Hence, the whole procedure
can be viewed as an approximate SVD rank-K reduction of C(A,b).

One could instead apply exact SVD directly on C(A,b). However, this is not efficient as the dimensions
become larger. Instead, we cluster neurons into approximately orthogonal clusters. Note the resemblance
to spectral clustering, where to perform clustering on pairwise distances, SVD is used to convert them
to an embedding space, whose rank/dimension is then reduced, followed by clustering. Here, we do the
opposite: we are already given (via the network itself) the matrix C(A,b) in a "sum of rank-1 matrices"
form as }, C.;(al’,b;), and we avoid calculating the full SVD by first applying clustering. To the best of
our knowledge, this problem is not extensively studied in the literature.

We position our method among other SVD-based compression methods, which in general rely on the fol-
lowing: They consider a single weight matrix W € R"*4 and via a SVD rank-r approximation, write
W=0,%, vl = (U, 21/2)(21/2VT) which splits the d — n transformation to a d — r — n one, reducing
parameters and operations if » < n. However, this increases the depth of the network, and leaves the width
of half the layers unchanged'. In contrast, our method handles the combined weights of two consecutive
layers, i.e. C(A,b). Of course, these have a non-linear ReLU activation between them. Tropical geometry,
and in particular our refined Theorem 2, are what allow us to handle this and show with Theorem 6 a bound
(in part) of the same order with that of SVD if ReLU was not present. To the best of our knowledge, we are
the first to reduce consecutive matrices as one. Other works viewing matrices jointly, such as (Chen et al.,
2023), still consider decompositions per single weight matrices, differentiating them from ours.

The following theorem analyzes the decomposition obtained via our clustering method compared to that of
exact SVD. The proof’s analysis, using perturbation theory, is more general than the statement itself.

Isince we have N7 parameters, r has to be small. With N — v/Nr,7 — /N7, one gets the same number of parameters but

with better balancing, i.e. less induced information bottleneck
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Theorem 7. Let ¢; = C.;, M =" ci(a],b;) = C(A,b), My, = 3., ci(al,b;). Suppose that for each

cluster the iterative algorithm reaches convergence to a solution (ay,by), €. If the cluster centers are enough

so that we have compact and well-separated clusters (defined in the proof), and the network was trained with

sufficient weight decay, then for M = ", &.(af,by) = C(A,b) we have that

Zék(égvl;k) < o()[[M]2.
k 2

In addition, there exists diagonal (rescaling) matriz D such that

|CD 7|z < O()[Cll2,  [D(A,b)[|2 < O(1)||(A, b)]|2.

In the proof, anti-parallel neurons and/or clusters were problematic. because they might lead to cancelation
of the dominant singular direction, leading another to become (uncontrollably) dominant. In weight decayed,
ReLU networks, however, this is not a problem. Because a-b < 0 = (a+b)? < a®+b?, weight-decay training
does not allow for positive-negative alignment. Negative-positive alignment can lead to cancellation when
ignoring ReLU, however taking ReLU into account such alignment creates "absolute value type" functions,
which allow the maximum (in magnitude) of the two anti-parallel contributions to pass through. Although
the last argument holds only for the spectral properties of the non-linear operator C - ReLU - (A, b) (which
is the one we care about), we assume WLOG that it also holds when ignoring ReLU to ease the exposition
(i.e. all spectral norms are "modulo" a hidden ReLU). Also note that although weight decay helps with
alignment, because a-b > 0= (a + b)? > a? + b?, it actually encourages redundancy.

As noticed in the Heuristics, similarity is determined by direction. The same was noticed in (Kim et al.,
2020) with "direction, not absolute distance" determining similarity. The proof of Theorem 7 confirms this,
but for a special "direction". Similar neurons should be considered those with big rank-1 cosine similarity,

ie. s(i,j) = cos Z(ci(a] ,b;), ci(a] ,b;)) = HC(ZTcﬁTHCSJ)”(ﬁ?;b;))?”(ﬁ(”aljjzj))” This takes into account both input and

output weights. If one does not consider rank-1 direction (e.g. if one takes only input weights into account),
then this leads to worse results than simple L? distance. In the experiments, we simply used L2.

Deep and Convolutional Networks. For deep networks, we can view each hidden layer of the network
as an instance for our algorithm, having an input from the previous layer and providing an output to the
next layer. Hence, we can recursively apply our multi-output algorithm to compress each hidden layer. This
leads to the following approximation bound for the whole network:

Theorem 8. Suppose we have a ReLU network with Q layers, defined recursively as v (x) =
A@Dx(=D x(@) = ReLUVD + b)) for all q € [Q], with input x°) = x and output v = v(?). Layer q has
ng neurons (i.e. A ¢ R™a*"a=1 ) and it is to be compressed to K, neurons. We compress the network
layer-wise, from g =1 to q = Q — 1, by applying iterative TropNNC' to each hidden layer. We assume that
throughout the execution, the assumptions of Theorem 6 hold, and that we use enough clusters in every layer
to achieve a clustering of good quality (see Theorem 7). We also assume that the network was trained with
weight decay. Suppose that for qi < qa, pa(a1,a2) = [T32,, [(AD, D)2 and pi(a1,92) = 132, A1
Then, for the compressed network’s output v it holds that

ng 1090

1 . ) Ui
L v w0l < 3 [W@)( rmin § /T [ A [ (AD B, 3 O @)

p x€B i—1 min
Tq+1
A9 b0y, 3 Y |a§-z+l>|)],
J=l jen@
where

W(g) =pi(a+2,Q) | p2(l,9) + D> pa(d' +1,9) | O(1)".

q'=1

10
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In the above bound, W (q) is a form of weight /importance for layer g. The term p; (¢+2, Q) captures how a sig-
nal scales as it goes from layer g+ 1 to the output. Any error induced by compressing layer g will inevitably be

scaled by the same factor, and hence this term cannot be improved. The term (pz(l, q) + 23121 pa(qd +1, q))

captures how the domain of the signal values scales as the signal goes from the input to layer ¢ — 1. As
the scale of the input to a layer proportionately influences the scale of the induced error, this term cannot
be improved. The bound corresponds to a worst case that is quite unlikely because it assumes "worst-case
alignment" for a lot of quantities that are in practice uncorrelated. For example, in the last step of the proof,
the bound is tight only if i) there is a common input that achieves the worst-case error for every layer simul-
taneously, ii) for this input the signal through the network aligns closely with the dominant singular direction
of every linear transformation, iii) the errors induced in every layer perfectly align. These conditions are very
unlikely to hold in practice. The constant O(1) is due to blow-ups in spectral norms, while the term \/E is
due to blow up in Frobenius norm. For this to happen, we need adversarial alignment of the non-dominant
singular directions of the linear transformations of the networks and of the clusters. We also note that the
proof immediately gives us a way to develop a global sparsity allocation strategy: we weigh each layer ¢
based on W(q). Notice the similarity of the first factor of W(q) with the importance that is assigned in
NISP (Yu et al., 2018). In the experiments, we did not implement such a global sparsity allocation strategy,
and simply used uniform pruning (or non-uniform with hierarchical clustering (see below), which also does
not capture information on p; and ps).

For convolutional networks, we unravel the kernels of the weight tensors row-wise for A and column-wise for
C, apply our algorithm, and reshape them back to 4D tensors. If we also have batch normalization, then
this can be dealt with by fusing the operations of batch normalization into the preceding convolutional or
linear layer, as batch normalization is itself a linear operation. Because its mean and variance corrections,
but also its parameters, are the same for every neuron of a channel, fusing these into convolutional layers
maintains them convolutional.

Non-uniform Compression. In Algorithm 2 we intentionally did not mention how clustering is per-
formed. We can either use K-Means with a fixed per layer pruning ratio, or we can use hierarchical cluster-
ing with a global threshold parameter, like in the CUP framework. When used with hierarchical clustering,
TropNNC differs from CUP in step 1, where we choose a different approach to build the clustering vectors
(or filter features as Duggal et al. (2021) call them) of a convolutional layer, and more importantly in step 3,
where we choose a different cluster representative based on tropical geometry. We also propose a modifica-
tion to step 2 of CUP. Since the clustering vectors of different layers have varying dimensions, and vectors in
higher-dimensional spaces tend to be more spread out, we introduce two variants for selecting the distance
threshold for each layer:

e Variant 1: For each layer, take the distance threshold to be some global constant times the square root
of the dimension of the clustering vectors of the layer.

e Variant 2: For each layer, take the distance threshold to be some global constant times the mean of the
norms of the clustering vectors of the layer.

Limitations. Limitations are discussed in the appendix.

A Broader Perspective. We used tropical geometry, and in particular Theorem 2, to cast the problem of
a layer’s compression as a simultaneous zonotope approximation problem, giving us a way to handle the non-
linear intermediate ReLU-type activations and study network compression from a theoretical perspective.

 In Theorem 6 the terms l;(;) capture the quality of each cluster’s SVD, while [le. ;|| capture the quality
of the clustering. Together, they capture the total SVD error.

o Notice that any pruning method retaining K neurons can be considered implicitly as a clustering method
using K + 1 clusters, placing all pruned neurons into the (K + 1)-st cluster and setting its representative
weights to zero. Hence, our theoretical analysis can be applied to them as well, and it can aid with gaining
insights about network compression in general.

o Assuming our analysis is tight (which was not formally proved), Theorem 8 gives us a breakdown of what
an efficient compression algorithm should strive for: it should i) take into account how the distribution

11



Under review as submission to TMLR

of the intermediate signals changes through the network (captured by ps), ii) take into account how the
distribution of the error propagates to the output (captured by pj), iii) compress layers in a way that
does not cause the scales of (i) and (ii) to blow-up during the process (see Theorem 7), iv) achieve the
best possible SVD approximation of each layer with inputs following (i) and caring about outputs filtered
through (ii), v) allocate sparsity among the layers according to how (i) and (ii) scale signals (captured by
W(q)).

o Pruning methods, which can be viewed as applying a contractive projection, automatically satisfy (iii).
For our method, to ensure (iii) we need Theorem 7.

e Some importance-based methods emphasize error propagation (ii) (e.g. NISP), whereas data-driven meth-
ods typically capture intermediate signal distributions (i) (e.g. ThiNet, HRank).

o Importance-based methods primarily focus on identifying and removing neurons with low individual
contribution, aiming to fulfill condition (iv) indirectly via an accurate implicit clustering as the one
above, maximizing emphasis to an accurate identification of importance. This potentially misses out
on redundancy. On the other hand, the proof of Theorem 7 shows that post-hoc neuron merging alone
is insufficient; the clustering (explicit or implicit) must be of good quality, so that the merged rank-1
approximations (|I;|ck)(al, bk) approximate each M, well, and are approximately orthogonal.

o Since (v) depends on (i) and (ii), data-driven methods can yield a basic sparsity allocation strategy.
However, since (i-iv) are not always satisfied, more sophisticated allocation strategies remain useful.

 In the data-free setting, (i) and (ii) cannot be estimated beyond their scaling behavior captured by ps, p1,
since no information about the intermediate signal distributions is available. Consequently, only (iv) can
be addressed in a principled manner, typically under distributional assumptions (e.g., Gaussian inputs).
Methods based on low-rank approximations therefore focus on optimizing (iv), whereas importance-based
criteria rely on heuristics that do not explicitly control the above quantities. This distinction helps explain
the empirical advantage observed for SVD-type approaches in the data-free regime.

o Empirically, data-driven compression methods tend to outperform data-free approaches, suggesting that
accurate modeling of intermediate signal distributions (i) plays a central role in achieving strong com-
pression performance, even when objective (iv) is not optimized explicitly. This observation underscores
the intrinsic difficulty of data-free pruning, where distributional information is unavailable. Nevertheless,
TropNNC remains competitive with data-driven approaches such as ThiNet, even under uniform sparsity
allocation (i.e. the layer weight W (q) of Theorem 8 is dropped).

o The above insights suggest that data-driven neuron similarity discovery could provide a principled direc-
tion for future compression methods addressing (i)—(iv) simultaneously.

¢ Note that with such method, exact SVD will not be possible, and our clustering power-iteration scheme
will be necessary for reasons beyond efficiency.

e Our work opens up another possible research direction. In the simultaneous zonotope approximation
problem, nothing constrains us to achieve the approximation using zonotopes or even polytopes in gen-
eral. Note the relationship between the extended Newton polytope and Fenchel duality: For a tropical
polynomial p(x) = max;e[, {aiTx + bi}, the points (a®,b) of the upper hull of ENewt(p) correspond
exactly to all supporting hyperplanes a’x + b of p(x) > aTx + b. Equivalently, we have

upper(ENewt(p)) = {(a,d) | p*(a) = —b < oo} = upper(hypo(p*)),

where p*(a) = sup, (a’x—p(x)) is the Fenchel conjugate of p. Conjugates are always concave, with convex
hypographs, and their conjugation yields the original convex function. Thus, we can approximate the
zonotopes with arbitrary convex sets, consider their upper hulls as the graphs of Fenchel conjugates, and
obtain an approximate function after conjugation. Theorem 2 holds in this case as well. A natural choice
is the Chebyshev sphere, or even inscribed ellipsoids, which correspond to hyperbolic-type functions. For
example, consider two neurons max(ax + 1, 0), max(—axz +1,0) with output v = max(2, ax +1, —az+1).
Reducing to a single neuron, any approximation of v with a single ReLU neuron is subpar. If instead we
approximate the rhomboid zonotope with its inscribed ellipsoid, then we get a hyperbolic approximation
14++/(1 + |az|) /2, which lower bounds the piecewise affine v, supporting it at its vertices. If the dimension
is large, this is hit with the curse of dimensionality: the vertices of a unit square are at distance \/n — 1
away from the Chebyshev sphere, and the approximation error in the middle of the affine pieces is large.
Such cases occur for approximately orthogonal generators, which are highly non-redundant with SVD
regardless. Hence, theoretical research might find use in our work to reason about the fundamental

12
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hardness of network compression, since it is reduced to zonotopic approximation, a universally hard
geometric problem regardless of the approximating "shapes'/types of functions used. Applied research
may try to seek regularization techniques suppressing the complexity of the zonotopes during training.

6 Experiments

Baselines. We empirically evaluate TropNNC against baselines that perform structured pruning that do
not require retraining. Specifically, as baselines we choose Neural Path K-Means by Misiakos et al. (2022),
ThiNet, CUP, and the simple random and L1 structured pruning baselines. Neural Path K-Means is originally
designed for linear layers only. To enable a fair comparison, we extended their approach using our proposed
technique, making them applicable to convolutional layers as well. For the non-uniform variant of our
framework, we compare it with CUP. As explained, our proposed algorithm enhances all three steps of CUP.
In the presented experiments, we compare CUP exclusively with the fully enhanced version of TropNNC. To
eliminate randomness, all random methods were performed 5 times on each model and the best performing
compressed model was selected for testing. All metrics report the average over 5 repetitions of the same
experiments with error bars indicating the standard deviation.

Datasets and networks. We evaluate our framework on the MNIST (Deng, 2012) and CIFAR
(Krizhevsky & Hinton, 2009) datasets, testing it across various models including simple multi-layer per-
ceptrons (MLPs), convolutional neural networks (CNNs), AlexNet (Krizhevsky et al., 2012), and VGG
(Simonyan & Zisserman, 2015). The non-uniform variant of our algorithm is tested on the CIFAR and
ImageNet (Deng et al., 2009) datasets, with its performance evaluated across models such as VGG, and
ResNet18 (He et al., 2016). The selected datasets and models are widely used benchmarks for neural net-
work compression, and offer diversity in their complexity. We compare the methods based on test accuracies
and FLOPs reduction, following the literature.

Experimental setup. Only a single hyper-parameter needed tuning: ThiNet’s training samples used.
For each dataset, we gradually increased this number until no further improvement of ThiNet was observed.
5000 was found to suffice for both MNIST and CIFAR. The same number can be found by using the method
presented in (Luo et al., 2017) for selecting the parameter.

6.1 MNIST and Fashion-MNIST Datasets

The first experiment is performed on the MNIST and Fashion-MNIST datasets. Table 1 compares TropNNC
with Neural Path K-means for the same CNN network and the same pruning ratios as in (Misiakos et al.,
2022). We compress the final linear layer. As shown in the results, for both datasets, our algorithm
outperforms Neural Path K-means.

To evaluate the performance of our algorithm in compressing linear layers of deeper networks, we applied
TropNNC to "deepNN", a MLP with layer sizes 28 x 28,512,256,128, and 10. The performance plots are
provided in Figures 4a and 4b. As illustrated, Neural Path K-Means achieves results comparable to L1-
structured pruning. By contrast, TropNNC outperforms both Neural Path K-means and ThiNet.

To assess the performance of our algorithm in compressing convolutional layers, we applied TropNNC to
"deepCNN2D", a LeNet-type convolutional neural network with ReLLU activations. The performance plots are
provided in Figures 4c and 4d. The results demonstrate that TropNNC significantly outperforms Neural Path
K-means, whose effectiveness appears reduced. Moreover, TropNNC matches, or even surpasses, ThiNet.

6.2 CIFAR-10 and -100 Datasets

In this experiment, we compress AlexNet and VGG trained on the CIFAR-10 and CIFAR-100 datasets to
assess the performance of each compression method. Figures 5a and 5b illustrate the compression of the
linear layers of AlexNet on CIFAR-10 and CIFAR-100, respectively. Additionally, Figures 5¢ and 5d show
the compression of VGG’s convolutional layers for these datasets.

13
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Table 1: Comparison of Neural Path K-means and TropNNC on MNIST and Fashion-MNIST

Percentage of MNIST Fashion-MNIST
Eemammg Neural Path TropNNC Neural Path TropNNC
eurons
K-means K-means

100.0 98.54 + 0.16 98.54 + 0.16 89.16 + 0.21 89.16 + 0.21
50.0 97.85 £+ 0.39 98.49 + 0.14 88.17 £+ 0.46 89.00 £ 0.25
25.0 96.69 + 1.06 98.36 + 0.14 86.33 + 0.87 88.70 + 0.22
10.0 96.25 £+ 1.39 97.96 £+ 0.35 84.91 £ 1.28 88.24 £+ 0.40
5.0 95.17 £+ 2.36 97.06 + 0.73 81.48 + 3.90 87.42 + 0.46
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Figure 4: Compression of linear and convolutional layers of ReLLU neural networks on MNIST datasets.

The results indicate that for larger datasets, TropNNC consistently outperforms Neural Path K-means,
whose performance approaches that of random pruning. Furthermore, it matches or even surpasses the
performance of ThiNet for the compression of linear layers. These findings highlight the effectiveness of
TropNNC in handling more complex and larger-scale data scenarios. For the compression of convolutional

layers of VGG, TropNNC matches ThiNet.

6.3 Non-uniform Pruning

We evaluate the effectiveness of the non-uniform variant of TropNNC. We compress various models, such as
VGG on CIFAR-10, and ResNet18 on ImageNet. The results are summarized in Tables 2 and 3. We should
emphasize that we did not apply any form of fine-tuning or re-training. Table 4 provides an ablation of the

iterative variant of TropNNC.
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Figure 5: Compression of linear layers of AlexNet and convolutional layers of VGG on CIFAR datasets.

Our findings indicate that our method demonstrates a clear advantage. Our approach shows a significant
performance improvement for the VGG model, while the benefits are comparatively modest for ResNet18.
The substantial advantage observed with VGG remains somewhat unexplained, and we have yet to determine
why this effect is less pronounced for the ResNet architecture. Further investigation may be required to fully
understand these discrepancies and to optimize our approach across different model types.

We also found that the first variant of non-uniform TropNNC excelled at reducing the overall network size
but was less effective at minimizing inference operations. In contrast, the second variant performed well in
both tasks, outperforming CUP. Upon further analysis, we concluded that the first variant tends to focus
more aggressively on the final layers, where parameter count is high due to the increased number of channels,
but the number of operations is lower because of smaller image sizes. Meanwhile, the second variant, like
CUP, also targets the initial layers, where fewer parameters are present, but a greater number of operations
is required.

7 Conclusion

We proposed TropNNC, a tropical geometrical method for structured, data-free pruning of linear and convo-
lutional layers of ReLU activated neural networks. Based on clustering similar neurons/channels, it selects
better cluster representatives than previous work by using tropical geometry and optimization, with provable
compression guarantees. TropNNC significantly outperforms prior work on tropical geometric pruning and
manages to match or even surpass the performance of the data-driven ThiNet. In non-uniform pruning it
outperforms CUP, with significant improvement in the case of the VGG architecture. Our findings highlight
the potential of tropical geometry in the realm of neural network compression.
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Table 2: Comparison of CUP and TropNNC (variant 1) accuracy across different pruning thresholds on
CIFARI10, VGG.

Method Threshold #params | FLOPS | Acc.
Original - 14.7M 0.63G 93.64
CUP 0.15 6.24M 0.46G 92.41
TropNNC (3 iters) 0.014 5.22M 0.46G 93.58
CcuUp 0.20 4.62M 0.42G 67.91
TropNNC (3 iters) 0.017 3.61M 0.42G 93.02
CUP 0.25 3.61M 0.39G 16.02
TropNNC (3 iters) 0.02 2.75M 0.39G 91.71

Table 3: Comparison of CUP and TropNNC accuracy across different pruning thresholds on ImageNet,
ResNet18.

Method Threshold #params | FLOPS | Acc. 1
Original - 11.69M 3.64G 69.75
CUP 0.5 11.66M 3.58G 66.80
TropNNC (v2) 1.1 11.66M 3.48G 68.95
CUP 0.6 11.49M 3.38G 53.40
TropNNC (v2) 1.2 11.46M 3.25G 61.30
CUP 0.65 11.17M 3.15G 28.45
TropNNC (v2) 1.25 10.98M 2.92G 41.65
TropNNC (v1) 0.0187 9.84M 3.46G 59.15

Table 4: Comparison of non-uniform TropNNC and non-uniform iterative TropNNC (variant 1) accuracy on
CIFARI10, VGG.

Method Threshold #params | FLOPS | Acc.?
Original - 14.7M 0.63G 93.64
TropNNC 0.02 2.75M 0.39G 86.2
TropNNC (3 iters) 0.021 2.52M 0.38G 91.2
TropNNC 0.025 1.80M 0.33G 34.89
TropNNC (3 iters) 0.0255 1.76M 0.33G 69.95
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Broader Impact Statement

This work does not introduce any new ethical concerns beyond those already present in prior research on
network pruning and model compression. As with existing pruning methods, our approach aims to reduce
model size and computational cost, and does not involve the use of sensitive data, human subjects, or
deployment in high-risk applications.
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A Appendix

In this appendix, we first go into more detail regarding the heuristic improvements of our algorithm. After-
wards, we introduce the background of tropical algebra which was omitted from the main text. Finally, we
provide the proofs for the theorems and propositions stated in the main text.

Before we proceed with the technical content of this appendix, we first provide a disclosure of the limitations
of our method.

Limitations

A limitation of our method is that it relies on the presence of consecutive convolutional or linear layers —
that is, the existence of intermediate hidden layers. In addition, it only holds for networks with ReLU and
other ReLU-type activations (as discussed in the relevant section in the main text). For other activations
(e.g. tanh or sigmoid), the theory breaks.

A.1 Heuristic Improvements

In the experiments comparing TropNNC and CUP, TropNNC was enhanced with 2 heuristic improvements.
These improvements are not rigorously backed by theory; however, we try to provide intuitive explanations
as to why they work.

Heuristic 1. First, let us focus on the single-output case, where the problem of network compression
reduces to the problem of zonotope approximation. In this setting, Algorithm 1 suggests clustering similar
generators based on their L? distances and replacing each cluster with the sum of its elements. The intuition
is as follows: if the generators within a cluster are exactly equal, then through their Minkowski sum, these
generators become equivalent to a single generator given by their sum. We can take this one step further:
if we have generators that are parallel to each other, their Minkowksi sum reduces to a single equivalent
generator without introducing any error. This suggest that generator similarity is determined by direction
(i.e. cosine similarity) and not L? distance. Hence, an improvement to the single-output algorithm is to
cluster the generators based on cosine similarity. In practice, this can be achieved by applying K-Means
clustering to normalized generators, while still using the original generators in the summation step.

A similar heuristic can also be applied to the multi-output algorithm. By normalizing the input weights of
the clustering vectors (i.e. the vectors used for clustering similar neurons/channels, not the weights used for
calculating the representative of each cluster) we obtain an improvement to the algorithm.

Heuristic 2. The second heuristic is motivated by Theorem A.3, which states that two tropical polynomials
are functionally identical if the upper hulls of their extended Newton polytopes coincide (i.e. only the vertices
of the upper hull contribute to non-redundant terms). Indeed, this theorem also serves as motivation for
Theorem 2, which shows that approximate equality of the extended Newton polytopes implies approximate
functional equivalence of the corresponding tropical polynomials. Although we do not formally prove it, this
theorem can be further refined by bounding the error of two tropical polynomials by the Hausdorff distance
of the upper hulls of their extended Newton polytopes:

1 5 -

—max |p(x) — p(x)| < H{UF(P),UF(P))

p xeB
Based on this refined result, it becomes clear that to compress networks, it suffices to approximate the upper
hulls of the zonotopes of the network, rather than the zonotopes themselves.

We can take this idea one step further. Consider the upper hull of an extended Newton polytope, and
project it by eliminating the bias term. Then, the points on the convex hull of the resulting projection
(which coincides with the convex hull of the (non-extended) Newton polytope) correspond to the slopes of
the outer linear regions of the polynomials, i.e. the regions which extend to infinity. We can view these
points as being the "outer" points of the upper hull. When approximating a tropical polynomial, these
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unbounded regions are particularly important, because they have the potential to make the sup-norm of the
approximation error infinite (something which is not captured by Theorem 2 because we divide by p and
take the L'-norm error on a bounded set).

Based on this insight, our goal is to design an algorithm that prioritizes the approximation of the upper
hulls of the zonotopes — particularly the vertices corresponding to the unbounded regions of the tropical
polynomials. (i.e. the "outer" vertices of the upper hulls).

Let us first see how vanilla TropNNC behaves on a simple example. Consider the tropical polynomial
v(z) = max(0, —z + 5) + max(0, x + 5) + max(0, z). Such a polynomial and its corresponding zonotope are
depicted in Figure 6a. Notice that the upper hull has 4 points, each corresponding to a linear region of the
polynomial. It also has 2 "outer" points, which correspond to the 2 outer regions of the polynomial extending
to infinity.

We reduce the terms from 3 to K = 2. First, TropNNC performs clustering on the generators of the
zonotope, forming the clusters {(—1,5),(1,5)} and {(1,0)}. It then replaces the first cluster with the
representative (0, 10) and the second cluster with the representative (1,0). The reduced tropical polynomial
is 9(x) = max(0,10) + max(0,z) = 10 + max(0,z). The compression procedure and the corresponding
reduced function is depicted in Figure 6b.

It is evident that this approximation is not ideal: while the reduced polynomial accurately captures the two
central regions, it fails to preserve the unbounded regions. This causes the approximation error becomes
unbounded.

Since we have K = 2, the best possible approximation using only 2 terms is v'(z) = max(0,—x + 5) +
max(0, 22+45). This approximation captures both the important outer regions with zero error, and also one of
the central regions. The question however remains: how could we have arrived at such an approximation? To
answer this, notice that v'(z) = max(0, —x+5)+max(0, (x+5)+(z)). Thus, if TropNNC had initially formed
the clusters {(—1,5)} and {(1,5), (1,0)}, then it would have been able to find the better approximation. Now,
the modification we have to make becomes clear: instead of forming the clusters based on the generators
themselves, we can form the clusters based on the reduced generators with the bias suppressed (and, of
course, for the summation step the bias remains). The modified compression procedure is depicted in Figure
6c. The new approximation clearly provides a closer fit to the upper hull and captures the “outer” points
exactly, resulting in zero error in the outer unbounded regions.

To conclude, another heuristic improvement comes from dropping the bias from the clustering vectors, seeing
as this helps the algorithm achieve better upper hull approximations and prioritize the important "outer"
vertices of the upper hull.
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(a) Example tropical polynomial v(z) = max(0, —z + 5) + max(0, z +
5) + max(0, z) and corresponding zonotope.
G2 =92+ 93

g1=G

(b) Approximation using vanilla TropNNC.
Fo /

N

G=g1t+9

(c) Approximation using Heuristic 2.

Figure 6: Example of reduction of tropical polynomial.

A.2 Background on Tropical Algebra

We begin with the definitions of tropical polynomials, tropical rational functions, Newton polytopes, and
zonotopes.

Tropical Polynomials and Rational Functions. Within the max-plus semiring, we can define polyno-

mials. A tropical polynomial f in d variables x = (x1,...,24) is defined as the function:
n
fx) =\ {afx+b;} = max {ajx+bi}, (4)
i=1 K3 n
where [n] := {1,..,n}. Here, n represents the rank of the tropical polynomial. Each monomial term

{al'x + b;} of the polynomial has an ezponent or slope a; € R? and a coefficient or bias b; € R. Each
monomial term corresponds to a plane in Rt Consequently, tropical polynomials are piecewise linear
convex functions. Specifically, every tropical polynomial is a continuous piecewise linear convex function,
and every continuous piecewise linear convex function can be expressed (though not uniquely) as a tropical
polynomial (Maclagan & Sturmfels, 2021). The set of tropical polynomials in x defines the semiring Rax[X].
Figures 7a, 7b illustrate examples of tropical polynomials in one and multiple variables, respectively.
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Tropical rational functions are defined as the difference of two tropical polynomials p and ¢:

r(x) = p(x) - q(x)

Tropical rational functions correspond to general piecewise linear functions. Specifically, every tropical
rational function is a continuous piecewise linear function, and every continuous piecewise linear function
can be expressed (though not uniquely) as a tropical rational function. Figures 7¢, 7d provide examples of
tropical rational functions.

6«
@ ity (w20 —2) —wax(-20-2.0) |
4

*mar(:r, —x) — max(y, —y)

Figure 7: (a) depicts a single-variate tropical polynomial, (b) depicts a multi-variate tropical polynomial,
(c) depicts a single-variate tropical rational function, (d) depicts a multi-variate tropical rational function

Newton Polytopes. For a tropical polynomial f as defined in (4), we define its Newton polytope as the
convex hull of the slopes a; of f
Newt(f) := conv{a;,i € [n]}.

Additionally, we define the extended Newton polytope of a tropical polynomial f as the convex hull of the
slopes a; of f extended in their last dimension by the coefficient b;

ENewt(f) := conv {(a] ,b;),i € [n]}.

The following proposition allows us to calculate the (extended) Newton polytope of expressions of tropical
polynomials, and it was used in the main text to deduce that the extended Newton polytopes of the outputs
of the network are zonotopes.

Proposition A.1 (Zhang et al., 2018). Let f, g € Ryax|X] be two tropical polynomials in x. For the extended
Newton polytope, the following holds:

ENewt (f V g) = conv {ENewt(f) U ENewt(g)}
ENewt(f + g) = ENewt(f) & ENewt(g).

The Minkowski sum @ of two polytopes (or more generally subsets of R?) P and @ is defined as:

PoQ:={p+q|lpePqecl}

Using the principle of induction, Proposition A.1 can be generalized to any finite tropical expression of
tropical polynomials.

The upper envelope or upper hull UF(P) of an extended Newton polytope is defined as the set of all points
(aT,b) of the polytope P that are not "shadowed" by any other part of the polytope when viewed from above
(last dimension). This means that there is no &' > b such that (a®, ") belongs to P. We have the following
useful lemma.

Lemma A.2. Let p € Ruyax[X]| a tropical polynomial in d variables with extended Newton polytope P =
ENewt(p). If (aT,b) lies below the upper envelope of P, then Vx € R% aTx + b < p(x). The inequality is
strict if (aT,b) lies strictly below the upper envelope.
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Proof. Since (aT,b) lies below the upper envelope of P, there exists a point

k

al v) = Z)\V“ dai=1

i=1

on a face of the upper envelope of P defined by the points v1,..., vy € Viyp(p) such that b’ > b. Therefore,
we have:
alx +b<alx+V = ((@l,v), (x,1))

k
Z (vi, (x,1)) < Amax}ﬂ(vi,(x,l)) < p(x).

i=1,...,

If (a', b;) lies strictly below the upper envelope of P, then b’ > b, and the inequality is strict. O
K3

The extended Newton polytope provides a geometrical interpretation for studying tropical polynomials. For
instance, the following theorem holds.

Theorem A.3. For any two tropical polynomials f,g € Ruyax[X], the following holds:
f=g9< UF(ENewt(f)) = UF(ENewt(g))

This tmplies that two tropical polynomials are functionally identical if and only if their extended Newton
polytopes have the same upper envelope.

The above theorems indicate that a tropical polynomial is fully functionally determined by the upper envelope
of its extended Newton polytope, as shown by the following example.

Example 2. Consider the polynomials corresponding to Figure 8.
f(@,y) = max{0, -y + 1,y + 1}

g(z,y) = max{z + 1, —z + 1}.

We have that
(f \/g)(xvy) = maX{O,JI + 17y + 17 -y + 17 -+ 1}

(f+9)(957y):max{$+1a—$+17$—y+27
—r—y+2,x+y+2,—z+y+2}.

The extended Newton polytopes of f,q,f V g,f + g are shown in Figure 8. The polynomial f V g can be
reduced as follows:
(fvg)z.y) =max{z+Ly+1-y+1-z+1}

which corresponds to the vertices of the upper envelope of ENewt(f V g).

Zonotopes. In polytope theory, zonotopes are a special class of convex polytopes that can be defined as the
Minkowski sum of a finite set of line segments (or edges). Formally, given a set of line segments g1, .. ., gn,
the zonotope is defined as

Z = @ Gi

i€[n]
The line segments g; are referred to as the zonotope’s generators.

Alternatively, a zonotope can be expressed equivalently by a set of vectors v1,...,v, € R? and a starting
point s € R%. By taking the generators to be the segments [0, vy],...,[0,v,] and translating the first segment
by s, we obtain the equivalent form:

i=1
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(0,-1,1) (—1,0,1)
(0,1,1)
AV g
(1,0,1)
(0,0,0)
(a) f (b) g () fVg (d) f+g

Figure 8: Operations on tropical polynomials. ENewt(f V g) corresponds to the convex hull of the union
of the vertices of the polytopes ENewt(f), ENewt(g). ENewt(f + g) corresponds to the Minkowski sum of
ENewt(f), ENewt(g). For the polytope ENewt(f V g) we illustrate with blue the upper envelope, which
consists of a single face. The vertices of the upper envelope are the only non reduntant terms of the
polynomial fV g.

In this context, the vectors v; are sometimes referred to as the zonotope’s generators, meaning the segments
[0,v;]. When the starting point s is not mentioned, it is assumed to be the origin 0.

For a zonotope with a starting point s € R and generators vi,...,v, € R?% a vertex u € V, corresponds
to points where A\; = 0 or 1. The vertex u can be expressed as:

u:s—l—Zvi,

iel
where I C [n].

A.3 Tropical polynomial approximation based on Hausdorff distance

Before we proceed with the proof of our refined Theorem 2, we first provide an auxiliary lemma, stated in
the main text, which is necessary to see how our bound is indeed tighter than the bound of Misiakos et al.
(2022). This lemma is also used for the proofs of Theorem 2, Theorem 6, and Proposition 6.

Lemma A.4. Due to the convexity and compactness of polytopes, we have that

H(P, P) = max {max dist(u, P), max dist(P, V)}

ueVp veVp

Proof. We will prove that

sup dist(u, P) = max dist(u, P),
uecP ueVp
i.e., the supremum is attained at some vertex of P.

The polytope P, the domain of the supremum, is convex and compact. Thus, it suffices to prove that the
function )
F(w) = dist(u, P) = inf Ju—a]
aeP

is convex in terms of u.

Let uy,us € P. By the compactness of P, there exist points @1,y € P such that flm) = dist(ul,]:’) =

[lu; — 4y and f(uz) = dist(uz, P) = |Juy — @12
For every A € [0, 1], we have that
Af(ar) + (1= A) f(u2) = Alur — Q[ + (1 = A)[luz — o]

> [ A(uy — @) + (1= A)(uz — @) |
= [Aug + (1 = Mug — Ay — (1 = A)g|.
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By the convexity of P, @ = Aty + (1 — \)tp € P. Hence,
Af(ur) + (1= A)f(uz) = [[Aug + (1 = Auz —af| > f(Aug + (1 = Auy),

which concludes the proof. [
We continue with the proof of Theorem 2.

Proof (Theorem 2). Consider a point x € B and assume that p(x) = a”x + b and j(x) = ¢"x + d. Take an
arbitrary (u’’,v) € P. This point lies below the upper envelope of P. Thus, by Lemma A.2, we have that
p(x) > u'x +v. Choose (u”',v) to be the closest point to (aT,b). Then,

p(x) — p(x) < p(x) — (") ()1()
< J@”.b) - (u”,0)| H <>1<>

< dist((a”,b), P) - p

< ax dist((aT,b),P) -
—@%Q@l( ), P)-p

where the second inequality is due to the Cauchy-Schwarz inequality.

In a similar manner, take an arbitrary (r”,s) € P. This point lies below the upper envelope of P. Thus, by
Lemma A.2, we have that p(x) > rTx + s. Choose (r”,s) to be the closest point to (¢, d). Then,

— ("9 - ") })
|

>~ - | ()]
—dist (7). P) - p

- Tnzgé(v dist((c”,d), P) - p.
el d)eVp

>
>

Finally, we obtain that

— max dist((c?,d),P)-p<p(x)—p(x) < max dist((al,b),P)-p,

(cT,d)eVp T (aT,b)eVp

which implies

1 - . T 7 . T
;|p(x) — p(x)| < max {(a%?écvp dist((a*,b), P), (CTI%E;,}é(Vp dist((c*, d), P)} , VxeB.

Therefore, by Lemma A.4, we have,

1 3
- —p(x)| < H(P, P
5 maxlp(x) — p(x)| < H(P, P),
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A.4 Proofs of Theorem 4 and Corollary 5

We continue with the proofs of Theorem 4 and Corollary 5.

Proof (Thm. 4). For the output function, it holds that

v(x) = p(x) —q(x), 9(x)=p(x)—q4(x).

From the triangle inequality, we deduce
1 ~ . -
p lv(x) —o(x)| < H(P, P) + H(Q, Q).

Thus, it suffices to get a bound on H (P, P) and H(Q,Q).

Let Iy C [n] and I C [n] be the sets of positive and negative generators, respectively. First, we deal with
H(P, P). Notice that Vv € V,v is the sum of generators of some clusters of P. Thus Vv € Vs, v is a vertex
of P. Hence,

dist(P,v) =0, VveV;s.

Let I C [n] be the set of generators that belong to cluster k. Let Cy C [K] be the set of clusters of positive
generators, and C_ C [K] the set of clusters of negative generators.

Consider any vertex u of P. This vertex can be written as the sum of generators c;(al,b;), for some subset
I' C I;. Thus,

u = Z ci(aiT, b1)

iel’,

For every positive generator c;(al,b;) that belongs to cluster k, define

Ty = arg mgn Hci(a,iTa bl) - xék(ég7 Ek)|

)

i.e., project the generator onto its cluster representative. Since every inner-cluster pair of generators forms
an acute angle, any generator and its cluster representative (sum of generators of the cluster) will also form
an acute angle, and thus z; > 0.

For every cluster k € C define I}, = I;y N I, and

jk: E ZT;.

i€l

Since the cluster representative is the sum of the generators of the cluster, we have

Zwizlit’fk22$i§1

i€y, i€l

Thus, for every cluster k € Cy, the point 2 (a], by,) lies inside the segment [0, & (a} , by)] and thus belongs
to P.

For the vertex u, we choose to compare it with the point

Z fkék(ﬁg,gk) e P.
keCy
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Thus, we have that

dist(u, P) < || cial,bi) — > dxéx(ay, bi)
7’€I+ keCy
< YD cial bi) — @nén(@af, b
kEC+ ’LGI,’c

< Z Z [ci(al,b;) — zié(A], by)]

k€C+ Z’GI,’C

= Z Z Hci(aiTvbi)_xiék(ég,gk)u
kEC.;.iEI;C

=Y Y min||ci(a),b:) — xén (@], b))
kECJrZ'GI,'C v

= > > min||ei(al b)) — alIi|(ci(al bi) + ;)
KeCy iell

< 30 S min {1 —a| |- lei@l b + 2l 2l - leil}
k€C+iEI,’€

= > > min{[leal )] lel}
kEC.;.iEII'c

< Z Zmin{HCi(agﬂbi)H,émax}
]CECH,Z'EI,/c

= Z min{”ci(aiT,bi) ,(Smax},
i€l

where ¢; is the error between generator ¢ and the cluster center/mean of K-means.

The maximum value of the upper bound occurs when I’ = I. Thus,

max dist(u, P) < Z min {Hci(al-T, bi)|

ucVp

’ 6max} N

i€l

Finally, we have

H(P, P) = max { max dist(u, P), max dist(P, v)}

ueVp veVs

< max Z min {||c;(a;", b;)|| , dmax } - 0
i€ly
=" min {[lei(al b)) s }

i€l

Similarly, for H(Q,Q), we have

H(Q7 Q) S Z min {Hci(a;‘ra bz) 75max} .
icl_
Combining, we get .
p lo(x) = 9(x)] < > min {||ci(@),b:)| , Smaxc } »
il

which concludes the proof of Theorem 4.
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Proof (Corollary 5). The bound of Misiakos et al. (2022) is the following:

)Dczn

1

= <
o o) — 90 Kémax+(

max

We will show that

K(smax + (

)an bl = 3 min {es(a. bo)

el

m ax

This can be rewritten as

Kdmax + (

Nimax iel iel

Further simplifying, we get

1 n n )
K > 1 le [(@Fb0) |+ 3 min {0, 8 — [Jestal b)||}
max =1 i=1
It suffices to show that for every cluster k, we have:
A =S lell@l b+ S min {0, s — el @l )}
i€}, i€l
However, it holds that
Z min {Oaémax - |Cz|||(azTab2)H} < Omax — I}é%i{ |Ci|||(aiT7bi)H7
i€ly )

and

[CRSEETDS
rgg}f\czlll(ai i)l |I| |eilll(a

i€l

Hence, we have
> min {0, dmax — e[| (@], bi)II} A Z leilll(a
i€l ZEIk

< Gmax — max ||| (&l by)|| Al Z lcil|| (a
1€l |

i€l

which concludes the proof.

A.5 Proof of Theorem 6

max} .

) S lell@l b = S es(al, bo) | + 37 min {0, Guax — [lei(al
=1

e

)

max»

Before we proceed with the proof of Theorem 6, we first give the definition of null neurons and generators.

Definition A.5 (Null neuron/generator). A neuron/generator i € [n] that belongs to cluster k € [K] is a
null neuron/generator with respect to output j € [m] if éxcj; < 0. Nj is the set of all null neurons with

respect to output j.

Proof (Thm. 6). Assume the algorithm’s iterative scheme has reached a stationary point (otherwise, assume
the last step is an output weight update and the proof works fine). First, we focus on a single output, say

j-th output. We will bound H(P;, ]5j)7 H(Q;, Q]) for all j € [m].

Let I;4,I;_ be the sets of positive and negative generators of output j. Let I be the set of neurons that
belong to cluster k. Let C;4 be the set of positive clusters for output j (i.e. clusters for which é;, > 0), and
Cj_ be the set of negative clusters for output j. Let I;, = I N1 4 if k is a positive cluster, else [, = I,N1;_
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Consider any vertex u of P;. This vertex can be written as the sum of generators cji(a;f, b;), for some subset
Ii, CIjy. Thus,
u = Z cjz-(a;‘r,bi).
i€l],

For every generator cji(a;f ,bi),1 € I;; that belongs to positive cluster k € Cj4, define

K

xj; = argmxin lleji(al, bi) — xé;r(ag, br.)

i.e., project the generator onto ;1 (a}, by) of its cluster k.
Assume a variant of the algorithm, where the optimization criterion is the following;:

2
m

Do Enl@E,ok) = Y fesl(al’, bi)

Jj=1 1E€15p

The sign of ¢;, never changes and gets fixed based on the initial solution. The set I;; of the non-null
generators of cluster k£ in terms of output j depends on the sign of ¢;;, and it is determined by the initial
solution. The output weight update rule changes: We update the absolute value of the weight |é;z|. The
update is performed as normal if the result is positive, otherwise we set |¢;;| = 0. We deduce that throughout
the execution of the algorithm, after every output weight update step the following holds:

o If |&x| = O then, every generator of cluster k is a null generator by definition.

o If |¢jx| > O then the following argument holds.

By hypothesis, for every cluster k, the vectors of the set {(al,b;)|i € I} form pair-wise acute angles.
Every vector of the set of vectors {)_,. Ik leji|(@l,b;)|7 € [m]} lies inside the cone of the set of vectors

{(@l',b;)|i € I;}. Tt is easy to verify that the representative |&;1.|(ax, by ) that the iterative algorithm produces
lies inside the cone of the set of vectors {Zieljk lcjil (@l b;)|7 € [m]}, which is a subset of the cone of the

set of vectors {(al,b;)|i € I.}. Thus, the representative forms an acute angle with every vector of the set
{(al',b;)|i € I;}, and thus z;; > 0.

For every cluster k € Cj define I%, = I;; N I7, and
jjk = Z ﬁji'
(ST
Since x;; > 0, and by the definition of the update step for the output weights, we have

ijizliijkzzgcjigl

i€l (S

Thus, for every cluster & € Cj, the point i“jkéjk(ég,gk) lies inside the segment [O,Ejk(ég,gk)], and thus
belongs to P;.

For the vertex u, we choose to compare it with the point

JO ~T 7 5
Z xjkcjk(ak7bk) S Pj.
k)ECj+
We have that

Yier,, Cii(@j,bi)
L]

&n@f,br) = Y cii(a) i) + Lk = || + Lk = Lkl (il bi) + €50) + Lk,

=
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where Z;”:l Lk ||> = 1? the optimization criterion loss, and €;; is the error between c;;(al, b;) and the mean

Z,E, cji(af bi)
# It is easy to verify that €;; tends to zero as dpmas tends to 0.

Thus, we have that

dist(u,Pj) < Z cji(aiT,bi) — Z i‘jkéjk(ﬁg,gk)

Z‘EI;+ kEC_7‘+
< DS i@l b)) — apen@l )|+ Y lelll@] byl
keCjy iGI.;.k 1EN; ¢
< ST (i@l b)) —epen@E 0]+ S lenllial, o)l
keCjy iEI’, €N+
< 0D i@l b)) =z @l bl + Y lesillial’ b))
keCjy i€l i1EN 4
<> ¥ mganﬁ(a? ) =2 (Lil(es(al ) + ) + 1) |+ 3 lell @l o)
keCj4 i€l iEN,+
<> > Hgn‘(l—w\fjkl)ca‘i(a?’bi)—wljk—$|fjk|6ji + > lelll@l vl
keC; iel), iEN; 4
<y me{l—x| ellless(a? b + el k||H| e }+ S lesllal b
keC; i€l iE€N; 4
D> mm{llcﬂ bl 2+ }+ S Jeslliar. 5]
keCj iel’, ik iEN; 4+

IN

D> mm{ucﬁ >||,'|l%’€'| +|| ﬂ||}+ S leill @bl

keCj4 i€l iEN; 1
The maximum value of the upper bound occurs when I’ i+ = Ij4+. Thus, we have

125kl
angx dist(w, Bj) < D7 D mm{llcﬂ bi)ll; |] T legill f + > lesallial bi)ll-

keC;y i€l iEN; 4

To obtain a bound for maxvevy, dist(P;, v), we write v = Ekec’.+ 5jk(5g,5k) € Pj and choose vertex
J

u= Zi61}+ cji(al,b;), with I}, = {i € I;y|i € I,k € C},}. For this set we have Z;, = 1, and thus this

distance has already been taken into account in the calculation of maXuevp, dist(u, Pj).

At last, we have

> me{ucﬂ bl 'l”ﬂ’“'|' T ﬂ||}+ S lesallal o)l

k}ECj+ ieljlg iENj+

Similarly, for H(Q;, QJ) we have

l
1@, 00 < 3 me{ncﬂ sl Jﬂ' T ﬂn} Y lesllal bl

kEC;_ i€l iEN;_

Combining, we obtain

1 S Iisel
5l =800 <30 3 wi {||ch ol 7o + el |+ 3 lesllad b))l

k=14€1, ieN;
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Using the fact that I, C I and Nyin < |Ljg],Vj, k we have

1 Lik
a0y~ 5,601 < 3 3 min {le(aZ 00l H2L e+ 3 il

k=1i€ly i€EN;

We make use of the following inequality, which is a direct consequence of Cauchy-Schwartz Inequality

ZIug|<f ZluJ\Q—\FHul,...7 -

Jj=1

We have .
> lejil < vmlCull,

j=1

D llell < vm Ejlllgkll2 v U,
j=1

j=1

m m
ol < vm | D lesill? = Vimlle.ll
=1 j=1

Using the above inequalities, the fact that > min < min )", and the fact that max ) < > max we get

1 i Il
5 maxllvix) - ||1<ZZm1n ZlcﬂlH bi)ll, = le il

k=14icly, Nomin

+ Z Y leiill@l b))l

j=14ieN;

<\Fme{IIC @ 8l 5+ el

+Z > lejilllal b)),

j=14€N;

as desired. O]

A.6 Proof of Theorem 7

For this and the next subsection throughout, we assume convergence of the iterative process; in particular
the update rules hold with equality for the final weights.

Proof (Thm. 7). We assume clustering of good quality. In particular, we assume that we have i) cluster
compactness, and ii) cross-cluster separation. First, notice that two clusters can be approximately parallel
or antiparallel. If this is the case, we cannot isolate just one of them, because the others will contribute
to approximately the same singular directions. For this reason, we will merge the clusters into classes of
approximately parallel and antiparallel clusters.

Assume that each cluster k has cluster center (ag, b, Ck), and consider the lines that go through the vectors
(ag, by) and €. Choose an angle tolerance 6. Build a graph with an edge (k, k') if and only if their lines have
angle less than € for both types of vectors, which is undirected. The connected components of this graph
induce a partition of the clusters. Let [k] be the connected component/class of cluster k. Define the merged
cluster Ijg) = Uy ) Ik For every class [k] fix a representative k* € [k], and define s(k), s2(k) € {-1,1}
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to indicate whether (ay, Bk) and cj are co-directional with the respective vectors of k*. Define the center of
the class [k*] to be

kg S2(0) Ik l1Sx | (k, br) N > ke 51E) Il @k, b [|€x
— = — ) k*] — I — .
ke Inlll@rs i) [[[[ewl|s1 (k) sa (k) . Prere) el @, 0x) 1€k lls1 (k) s2 (k)

([, bpes)) =

Note that the class center differs from the weighted sum of the merged points. It includes a form of
normalization.

We now formalize (i) and (ii). We require i) cluster compactness:
Vi€ I, l(ai,bi) = @0l < @k be)ller/2, llei =l < [|Eklle2/2,

(ék7l_)k) = 7
f—(ak*,bk*) S€1/2 and
[ES

and ii) cross-cluster separation:

5o (k)-S5

Vk € [k*],
[l

Sl(k)

— é[k*] S 62/2.

VIK] # [1], Hi”(a[kh_[k]) + (a[l]a_[l]) H >A or Hi (j[k] cy H

(@, b))l 1@g o)l ||°[k]|| 1Sl
|<(_é[k]v_6[k])»(a_[l]vl;_[l])ﬂ o8 el AT
| @k b)) 111 @y b)) 2 e e | 2

Now, define M+ = Zke[k*] M., and similarly for the residual operators. We control the second singular
value of each M{;+). For a fixed k, write

(ai, b;) = (ar, b)) + 6(a;, b;), ¢ = ¢k + dc;

with -
[6(as, b:)[| < [[(ak, br)lle1/2,  [|dc;|| < |[cklle2/2.

Then, by expanding, we have -
M, = |Ii|ck (@), by) + Eg,

where, after using >, d(a;,b;) = >, dc; =0,
Ep = Y (dci(a),by) + exd(a) ,b;) + de;d( =) dcid(al’,by).
i€l i€l

By properties of norms, we obtain

1Bl < > lIdeilllloai, bl < [xlllexllll@x, bi) leres /4.

i€ly
Now consider the whole class [k*]. We have,

Mo = > My

ke[k*]

Z |Ik\ck ak,bk Z Ek.
kek*]

kelk*]

al, by)
S Inlllexl @ bl ’;5 + 2 B

kelk*] le H I ék kelk*]
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Now write

(élml_)k) — 7 _ 7 ék _ _
_— :Sl(k)(ak* ,bk* )+5(ak,bk), _— :Sg(k)c fo* +5Ck (5)
@k, B b el ol
with B
16(ak, bi)ll < €1/2,  [|6ck]| < €2/2.

Then, again by expanding, we get

M[k*] = Z (|Ik|Hék||H(égJ;k)HSl(k)Sg(k)) é[k*](é[jl;*],i)[k*]) +Eik*] + Z Ek,
kek*] ke(k*]

where,
1= > (ITelleklll@F, k)51 (k)dek) (afe, bys)

kelk*]
+epe) Y (elllexnlll@t, bi)lls2 (k)3 (), br)) -
kek*]
+ > (ITlllexlli@f, be)lloerd(ay, by)) -
kek*]

If we plug in the approximations in (5) into the definition of the class centers (which are a normalized mean),
we obtain that the first two sums above are equal to 0. Thus, we get

Ejq = Y (Illexlll@E, o) l[5erd (@] br)) -
ke k]

By properties of norms, we obtain,
Bz < D (1kllIekllll @x, br)llerez/4)
ke[k*]
Thus, we have

—_ w0
M) = M + B

with
M = 3 (Il I @F . Bo)ls1 (k)sa()) ey (8. Bpeey)
ke[k*]
and
Ej=Ejg+ Y By,
kek*]
Bl <2 Y (Zxll[exlll @, br)llerea/4) < > (ITkll[exllll @, br)]l) €reo.
kelk*] kelk*]
Setting
n = €1€2
we get

Bpeeillz < D (elliewl (@ b)) -

kek*]

In the expression of M+, the term Mfgz] has rank 1. Applying Weyl’s inequality,

03 (Mpp)) < [Bplla < D (k1€ @, be) ) 7
kek*]
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Now we lower bound the spectral norm of M. We have

M=> My =M+ Eg.,
(k*] (k]
with

MO =3 MP =33 (TllellI@Fbi)llsa ()52 (k) €pey (@i, bise)):

[k*] [k*] ke[k~]

By cross-cluster separation, the matrices é[k*}(é[j,;*],l_a[k*]) are approximately orthogonal in operator sense.
In particular, after expanding, for every [k*] we have that

Sl (agre), biie)) i ,
(k] 0) k] 9k]) _ 7 _ _

- M = > (Tlllerlll@F, bx) 51 (k) s2 (k) 1Sl @gesys by
1S | | (@g+1, bre=p) |l keke]

((Agg=), b))y @pe), b)) (CSpeeps €pep)
+ L[l @], o) lls1 (1) s2 (1) lep 1l (@geg, b=l = ———.
l*];iw;é e ) s B e e e e

In the last cosine terms, at least one is smaller than 1 — %2 in absolute value by cross-cluster separability.
This means that

Cryex (@1, bre1) _ T T _ _ =
BTN @ ERD R S ST lewlllHBE Bl (k) s2.(R) | ey 1 @per, D) |
1€l 1@ b | ey

/=T T _ _ = A?
= 3| inllediaF B @520 e e Bl (1 5)-

(114 (k*] |1e[t*)

Taking maximum over all [k*], and since || M |2 = sup|, jiy|=1 |y M x|, we obtain that

IIM(O’HzZH;gX > Telllerllll@r s br)lls (k)sa (k)| 1Sl @ b |
ke[k*]

=T T _ 7 A?
= > | D lllelli@ b)lis: (k)sa (k)| e Il @pep, e <1 - ) -
(1*)£[k*] |1€[i*]
Selecting A big enough so that

A2 max[k*](. )
2 = min[k*] Z[l*]yﬁ[k*](' . )

we obtain that

MO > (1) max > [elllekllll@E, be) 51 (k) s2 (k)| 1€gee ] Ageey, Do) -
kek*]

Now consider again the definition of the class centers. Simple manipulation (divide and multiply by the
norm of the vectors in the sum) shows that these are effectively weighted averages of normalized vectors.
In addition, the second condition of cluster compactness implies that they are (e/2)-close to any of these
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normalized vectors and hence they will be (e/2)-close to the unit sphere. This implies that 1 —¢/2 <
e lls [1(aps]: b )|| <1+ €/2. For small €, we have

MOl > Q(l)lﬁa}fc 7 [ITllexllli@z, be)llsy (k) sa (k)| -
kek*]

Now notice a problem with the above. It is possible that after merging a class, we can get complete
cancellation of the dominant spectral direction (due to alternating si(k)s2(k) = £1), and accumulation
of the residual directions. The reason for this is that dc;d(al,b;) = (—dc;)(—d(al,b;)), and we can have
positive correlation of the weights. Hence, by alternating signs, averaging individually the (a;,b;) and c;
misses the contribution of the residual directions, but when summed in combination this can give non-trivial
directions, which can become dominant if the main direction cancels. To handle this, we make our final
assumption: iii) the network is trained with sufficient weight decay.

We take advantage of ReLLU. Consider two neurons that have approximately positive-positive and positive-
negative alignment, say (a1, b1) ~ Ci(ag,bs), ¢ ~ —Cyca, C1,C2 > 0. Then, c;1ReLU(afx + by) =~
—C1Cs¢jaReLU(al x + by), and their contribution cancels. Using instead weights ¢} ~ ¢ ~ 0, we would get
a network with the same output function, but with smaller magnitude of weights. Thus, weight decay would
not allow such an alignment. If there is also a negative-negative cluster, then we can use it to eliminate the
possibility of negative-positive neurons, and thus in this case we can safely assume that s;(k)s2(k) = 1 for
every k € [k*]. If this is not the case, then we only have positive-positive and negative-positive alignment. Let
us take a step back. We are actually interested in the spectral norm of the non-linear operator describing the
2 layers, including the ReLLU activation. Although a positive-positive and negative-positive alignment leads
to cancellation when ignoring ReLU, including ReLU yields c¢;; ReLU(af x+b;)+C1Cac;1ReLU(—(af x+b1)),
i.e. an "absolute value type" function with no flat region, which allows at least the maximum of the two
contributions to the dominant direction to pass through without cancellation.

The above observations allow us to conclude that when including weight decay in the training, then we can
safely assume that

D mlllerlil@E be) sy (k)sa (k)| > (1) >~ (ITlliexllll @ b))
kek*] kelk*]
with the constant (1) being close to 1/2.

Thus, we have that
IM©@J2 > (1 maX Z Ikl llex i@z u)ll) -
€lk+]

In addition, we have

M~ M|, = ||ZE[k*]||2 <> > (elllewlli@e, b)) n = (Zxlllerlll @, b)) 7
k

(k] kelk*]

Choosing 1 = €1€2 as
1) max(x+] (Zke[k*} ()
2()

we obtain that

MIlz > MOl — M =M@y > Q1) max Y (ILlllewlliai, o)) -

Ly ke[k*]

Now, consider the best rank-1 approximations Mk of each cluster, and the corresponding residual errors.
Define the residual N
Rip =M — My, |[Rl2 = 02(My).
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Using the obtained expression for My,

IRill2 = 02(My) < |[[Eg||2.

R:ZRk.
k

Set

Then we have that,

M:ZMk:ZMk+ZRk:M+R
k k k

= |Ml2 < M|z + |R] < [M]l2 + Y [Re]o.
k

By the bound on the spectral norm of E; we have

ZIIRkllz < ZIIkIIICkIIH an bu)lln/4 =" > Halllexll @, be)lln/4.

[k*] ke[k*]

Therefore for the chosen (asymptotic) upper bound for 7 chosen above, we have

IRl2 _ 5 Sk oneppe] HrlllErlll (@r bx) |
M = maxge) e (Zelllel1GE Bl

< o(1).

This implies that

M2 < M2 + O(1)|[M]|z = O(1)[M]l> < O1)[[Cl2 ]| (A, b)]-

To complete the theorem, we prove the second pair of inequalities. Writing the rank-1 matrix Mk =
¢, (al, by), we have that B )
My, = ([I[er) (@), bi) + Ex = € (a7, b) + Ry

= (|Ik‘ék)(é{76k) = ék(égvgk) + Rk - Ek

We have two rank-1 matrices perturbed by a controlled error. We can apply Weyl’s inequality and an
eigengap theorem to control the error in magnitude and angle between the singular vectors. We have

(ke N2l (5 br)ll2 — Ekll2llEF S B ll2] < [ Rll2 + [ Exllz < 2| Exll2

{— IIélez\\(éf75k)\\z < ] 2||Ex|2 <2
I(eler) 2@ bi)ll2 | — Helllexll2li@F, br)l|2
2IE
sin Z (€, &) < _ (L3I < /2,
Ll ek ll2 )l E, br)l2
_ . 2IE
sin Z((af,by), (aF, b)) < ]2 < n/2.

[ elllex 21l (2 be)l2

Ik ll2ll (& br) 2

Setting D = diagy (dy) with dj, = EARICARTE

, for /2 <1 the first inequality implies that

b
el GLble ) i s

 llekllzdgt | 1 di ||(&F, be) |2
(k)21 & br) 12

VIkll1k]l2 VIR@EE bl |

The perturbation inequalities theorems can be applied in reverse direction to give two rank-1 matrices with
small error. In particular, we make the following replacements in the problem instance:

€

VIl

(é]ﬁgk‘) — €L, (a77b7) — V/L S Ik,
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where ey, is the k-th unit vector of the canonical basis of R¥ (i.e. in the new instance we also change the
dimension of the input to d = K). Notice that for the new problem instance, we have

. 1
1@k, bk)lle = —=

i

_ T €L
(akvbk) -
V k|
Thus, we can write
- Hék||2d;§1\\(ék7f)k)||2
e[Sk ll2ll(ar, be)ll2 | —

/2.

The output weights did not change direction, while for the input weights the sin-angle becomes zero. Hence,
the perturbation inequalities hold for the new instance, and we obtain that

= (|[Ix|ex)ef = d;, 'exef + error,

where the error is of the order of |Iy|||ck|2||(ax, bx)|l2 — +/|Ik]|[€k]l2n. Notice that in the new instance,
the per-cluster means (ay, by) || e, are orthogonal, and hence by setting [k] = {k} all assumptions remain
intact and the problem instance is easier. Also notice that for the new instance, we have (;&, b) = I and
(A, b)|l2 <1 (as each neuron has a unique input which is compensated by —~—). Thus, by using the first

VI

part of the proof on the new problem instance, we obtain that
[CD7> = [CD™'(A,b)[l2 < O(1)[[C(A, b)||2 < O()|Cll2[|(A, b)[l2 < O)|IC2,

provided that we have

maxy, (VILillell) AT ) maxi(VIZ]llEk]2)
S (VITklIkll2) 2 - ming 32, (V[ Lkl €k l2)

We do the same for the input weights, making the following replacements:

n < O(1)

Gk
V k|

this time changing the output weights of the instance (and also the output dimension to m = K). With
similar arguments as above, we obtain that

Cr —>eg, C;— 7Vi€Ik,

ID(A,b)|2 = ||CD(A, b)|]2 < O(1)[[C(A,b)|l> < O(1)||C]|2[|(A, b)|l2 < O1)[|(A,b)|l2,
provided that we have

oy VIRl bl) AT masely/Iell@ubl)
O VillEeml 2 = Y e s (VIR Ge b))

n<

Finally, we relate the above result with our algorithm. We restate the optimization objective and weight

update rules:

m 2

minimize E

j=1

éin(ag, by) — Z cji(al b;)
i€l
G = <Zi61k Cji(aiTvbi)v (5£,Ek)>
IR o 2
1&f, bw)]|
2?21 D el cji(al’ b)),

21 G

)

(égv Bk) =
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We can rewrite these in matrix-form respectively as follows:

2

m
ce . ~ /=T 7 ~ ~T 7 2
minimize Z (ck(ag,bk) — Z ci(a?7bi)> = ||ck(a£,bk) — MkHF ,
j=1 i€y, j
Mk(ﬁk,l;k)
CRAT
- Mg,
(ak, b)) = 2.
1€k 12
Putting these together (assuming convergence), we obtain
2.
& M (ax, b) = || (@&, o) || l1ex >

In particular, this means that Mk = ék(ég,g) is a rank-1 approximation of a singular value of My. In
addition, in the above derived expression M = |Ik|ék(ég,5k) + Ej, we have that (ak,bk) and |Ii|cy are
exactly the weights returned by the non-iterative algorithm, and thus for the small n that we assumed
above, the initial solution will be better than a oo(Mj) rank-1 approximation. Since the iterative method
strictly decreases the objective, it follows that the solutions of the iterative method will converge to one that
corresponds to a best rank-1 approximation of M. O

A.7 Proof of Theorem 8

We continue with the proof of Theorem 8.

Proof (Thm. 8). First of all, ReLU is 1-Lipschitz in {2, i.e. for every x we have
IReLU(x)[| < [Ix]-
This implies that
[ = [ReLU(V@ + b@)[| < [V + b@ | = [ AW 4 b@)].
By the definition of spectral norm, it follows that
I < [I(A@, @) (x4, 1))

= K@ < (A, b@)2(x V]2 + 1)
= K@ +1 < 1+ (A@, BO) (D2 + 1),

By expanding this recurrence (with empty sums and products being equal to 0 and 1 respectively), we obtain

q

q
I+ 1< | TT 1A, b)) | (Ix]” + 1) + Z [T A« by
q'=1 =1 q"'=q'+1
Taking square roots, by subadditivity of square roots (for positive summands),
a

q q
VIx@ 2+ 1< [ TTIA® b)) VixP+1+ 3 | T 1)
q'=1

q'=1 \q"=q¢'+1

2(1,a)V/ x> + +Zp2 +1,9).

q'=1
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Hence, for x € B = {x: /[|x||? + 1 < p}, we have

q
x@ e B = {x: x>+ 1< p@ =pa(1,0)p+ D> pa(d' +1,9)}

q'=1

(a) 9 g
= % <pa(Lg)+ Y p2(d +1.0)/p <pa(l,) + > pald +1,9).
q'=1 q'=1

Now apply the previous lemma to some layer to obtain that

[CD7 > < O(1)|Cll2, |D(A,b)|2 < O(1)[|(A, b)]|2,

for some known diagonal (rescaling) matrix D. Henceforth, we assume that this rescaling is applied as a
final step of the compression algorithm, i.e. we set C +~ CD™! and (A,b) + D(A,b). We emphasize that
this rescaling of the algorithm’s returned weights, although important for the theoretical analysis, was not
used in the implementation of the algorithm in the experiments (note the difference between scaling the final
weights, and scaling the original weights that are used for clustering as stated in Heuristic 1).

We return back to the notation of the full network. We compress all hidden layers in increasing order of
depth. Each linear transformation matrix A(? is affected by the compression of exactly 2 layers, first as the
output weights of the compressed layer, and then as the input weights of the very next compressed layer. We

denote by A@ and K(q) the weight matrix after each layer compression respectively. A() is an exception;
it is affected only by one compression step. To simplify the resulting expressions, we set A = AM je.
we pretend that the first weight matrix has taken part in the hypothetical compression of layer 0. With this
notation in place, when compressing layer ¢, setting (A,b) < (A@ b@) and C «+ A*D in the above
inequalities, we obtain

~ ~(a) _ ~
JACTD ], <OM)|ATT Dy, (A, BD)]l; < O(1)[(AD, BD)],. (6)
Thus, we also have that

JAGH | p < VEATD], < 01)VE A, < O0)VE AT |
= (AW, b)) < OMVE|(AHD, b)) 5,
Finally, for general matrices observe that
I(A, )5 > max(||A[J%, [[b]*) = (A]* + [Ib]|*)/2
= [I(A,b)[l2 < Al + [Ib]l < V2([[A[1* + [[b][?) < 2[[(A, D)2
Hence, the first inequality of (6) implies that

1AL @)y < JATHD 5 + BV < OM)IATD o + BV < O(1)[|(ALH), BEFD)]l,.

We introduce the last bit of notation. Let (“)v(@) and (@)x(@ denote the intermediate outputs at layer ¢
(pre-bias and post-ReLU) after the first ¢’ layers have been compressed (and use similar notation for all
other quantities). Notice that the above inequalities imply that throughout the execution of the algorithm,
compressing layers expands the intermediate "input domain" of each layer by not too much. In particular,
for every ¢', we have the upper bound

(@) p@) < (O(l)min<q'+1,q>) @),
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In the per-layer bound of Theorem 6, notice that

Yo lc.lli@al b)) < ZHC ill? ZII )17 =ICllelI(A, D) F,
=1

@0l < 1(AD) 2= D D lesilll@l, b))l < I(AD) 2> > lejil-

j=liEN; j=1ieN;

Applying Theorem 6 with (A, b) + (A(Q),b(‘”), C «— AWtD and x € @~V B=1) on the input of the ¢
hidden layer, and using > min < min ) and the above bounds, we get

1 1), (g+1 +1
g V)~ V) <
Ng ll(v(?) Ng+1
i A 1
mgrrmin { A€ol (KD, b5, 3 @)l 44 (RO 6@, S ST [t
i1 L Vmin

j=1 ZEN;Q)

Using the bounds on spectral norms and (q/)p(Q), we get

1 e [(a= Dy (a4 (x) — @y la+D) (x)
pl4=1) xea—1) Bla—1

ng l(q) Ngt1
0(1)@(( mgrimin { /K [AC](A®, b@) 5, 3 HEO @ b [(A@ b@), Y 3 |a<q+”>.

P min
=1 Jj=1 ZEN;Q)

1<

Now, notice that ReLU is also 1-Lipschitz in /1, and thus
||(q71)v(q+2)(x) _ (9 (a+2) x)||l1 = HA(qH)((qfl)X(qH)(x) _ (q)x(q+1)(x))“1

< A ||| DxlatD) (x) — @Dx(atD) (x) ||

= ||A(q+2) ||1||ReLU((q*1)v(q+1)(x) + b(q+1)) _ ReLU((q)v(q“)(x) + b(qﬂ))”1
< ||A(q+2)||1H((qf1)v(q+1)(x) + b(q+1)) _ ((q)v(q+1)(x) + b(q+1))||1

- ||A(q+2)||1H(r1—1)v(q+1)(x) _ (Q)V(q+1)(x)

[1-

Thus, for the propagation of the error to the final layer, by induction it holds that

Q
[470ve0) = vl < T AW emDvlrt i) — (v (o
q'=q+2

=pi(q+2, Q)H(qfl)v(qﬂ)(x) _ (q)v(q+1)(x)”1.
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Finally, using the triangle inequality and max Y < 3 max, and combining everything,

1 .
| ma [v(o0) = V()

Q-1
1
< Z (¢-1) _ (9
Cma > V) = v
q=1
< ; pglggIl(q Dv(x) = D)
Q-1
< p(g+2,Q)- meaXH(q 1) (q+1)< ) — (Q)V((H‘l)(x)ul
g=1

Q-1 (g—1) na (9
. k(i
<Y mle+20% ouw( g min 3 /KA 5] (AD,bO) |,y O]
q=1 i=1 Ymin
Ng+1
+ [(A@ b@)|, Z Z |a(q+1)>].
J=1 jeN@
With
Wi(q) =pila+2,Q) [ p2(l,q +ZP2 "+1,9) | O(1)"
we get
1 ~ WIS
;meaé(ﬂv( )N < Z [W(q)( Tig+1 Min ‘/K‘I”A(qH)HF”(A(q)’b(q))HFvZNil,ne(q)HF
Ng+1
+ I(A@ b@)||, Z Z |a(<1+1) )],
j=1 ZEN;(Z)
which completes the proof.

As a last note, notice that Theorem 6 assumes a variant of TropNNC to obtain the bound. However, we
have that

o

e Z cji(a

2 2
< Z ¢k l(ay, >bk Z lcjil(a
j=1

m
|+ 2|2 lesil@
i€l i€l j=1||i€EN;
2
m m
SZ |Cjk| ak7bk Z |Cﬂ‘ +Z Z |C]1|H(azT’b1)||a
j=1 i€l

j=14i€eN;
where the last term already appears in the bound of Theorem 6, and can be charged there with an additional
O(1) = 2 factor.

O
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