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ABSTRACT

Permutation equivariance (PE) is an important inductive prior for addressing tasks
such as point cloud segmentation, where permuting objects in the input set main-
tains the output features of each object. However, the state-of-the-art PE meth-
ods mainly focus on one-dimensional cases, which cannot meet the requirements
of multi-dimensional tasks such as auction design, pseudo inverse computation,
and multiuser resource allocation in wireless networks. It is evidenced that the
direct incorporation of high-dimensional equivariance in network design necessi-
tates tensor operations and complicated parameter sharing patterns (Hartford et al.|
2018)), which contributes to its limited exploration. In this paper, we propose a
novel serial multi-dimensional permutation equivariance (SMPE) framework to
address these challenges. By serially composing multiple one-dimensional equiv-
ariant layers and incorporating dense connections for feature reuse, the proposed
SMPE framework enables cross-dimensional interactions among objects while
maintaining multi-dimensional equivariance. Additionally, we extend the SMPE
framework to scenarios of permutation invariance as well as the hybrid equiv-
ariance and invariance through pooling operations. We use an extensive set of
experiments to evaluate the framework on contextual auction design, pseudo in-
verse computation, and multiuser wireless communication tasks. It is observed
that the SMPE framework not only maintains excellent equivariant properties to
support variable set sizes but also outperforms the state-of-the-art models. For
example, SMPE could gain as high as 10.6% and 7.1% improvements over the
state-of-the-art methods in two typical multiuser resource allocation scenarios.

1 INTRODUCTION

Permutation equivariance (or equivariant for short) usually arises in tasks modeling interactions
across a set of objects, meaning that the output features of individual objects remain unchanged
when the order of objects is permuted. [Zaheer et al.| (2017). For instance, in tasks related to point
clouds (Qi et al.l 2017} [Li & Lee} 2019), the point cloud can be regarded as an unordered set of
points since input features contain the coordinate information of point clouds, implying that shuf-
fling the order of points will not change the output point features. In tasks related to graphs (Wu
et al.,|2020; Zhou et al.,2020), permuting the input order of nodes does not affect the output features
of the corresponding nodes since the topology of the graph remains unchanged. Designing networks
with permutation equivariance to address related tasks is an important issue due to the following
two significant advantages. The first is parameter sharing introduced by the equivariance (Ra-
vanbakhsh et al., 2017; Ravanbakhsh, [2020). This results in the parameters amount of equivariant
networks being independent of the number of objects. Such property leads to a significant reduction
in computational complexity and presents an advantage when dealing with sets containing a large
number of objects |Hartford et al.|(2018)). The second is the ability to handle sets of different sizes
(Zaheer et al.,[2017). Since there is no dependency between parameters and the number of objects,
the trained equivariant network can operate with different set sizes (Keriven & Peyré, 2019).

When considering unordered objects across multiple sets, permutation equivariance is extended to
higher dimensions. For instance, tasks related to tabular data often involve interactions between two
sets of objects [Duan et al.| (2022)); Rahme et al.| (2021), which can be modeled as a 2D equivariant
mapping [Maron et al.| (2020). High-dimensional equivariant function f is illustrated in figure|l| In
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(a) 2D equivariant function f. (b) 3D equivariant function f.

Figure 1: Multi-dimensional equivariant mapping f: The order of the output items will be permuted
accordingly when we permute the input items across multiple dimensions. The permutations of
rows and columns in Figure (a) are {1,2,3} — {3,2,1} and {1,2,3} — {2, 3,1}, respectively.
The permutations of rows, columns, and depth in Figure (b) are {1,2,3} — {3,2,1}, {1,2,3} —
{2,3,1},and {1, 2,3} — {3, 1, 2}, respectively.

figure[I(a)] the 2D equivariant function demonstrates that when the indices rows and columns of the
input matrix are permuted as {1,2,3} — {3,2,1} and {1,2,3} — {2, 3, 1}, the output undergoes
corresponding positional changes while maintaining the specific output features unaffected. Figure
[L(b)| depicts a 3D equivariant function, similar to the 2D case but additionally satisfying equivari-
ance in the depth dimension. Building neural networks satisfying multi-dimensional equivariance
is challenging as this property often involves tensors and has complex mathematical expressions.
Linear layers with 1D equivariance were proposed in Zaheer et al.[(2017) and extended to higher
dimensions in Hartford et al.| (2018). However, equivariant linear layers have shown inferior per-
formance compared to nonlinear ones (Lee et al., [2019). Although a few studies have considered
constructing 2D nonlinear equivariant layers (Maron et al., [2020; |Duan et al., [2022)), there is still a
lack of an efficient framework for nonlinear networks that can be extended to higher-dimensional
equivariance.

In this paper, we propose a novel serial multi-dimensional permutation equivariance (SMPE) frame-
work for multi-dimensional equivariance, and the structure of its layers is shown in figure [2] (taking
3D equivariance as an example). Instead of directly designing networks based on multi-dimensional
equivariance, we adopt a serial composition of 1D equivariant operations to achieve interactions
among all-dimensional features while preserving multi-dimensional equivariance. The novelty lies
in enhancing network depth through the serial composition of operations and strengthening network
expressivity through the introduction of cross-dimensional global information and a feature reuse
mechanism. Our key contributions comprise:

* We provide the first exact algebra-based definition of multi-dimensional permutation equiv-
ariance. Building upon this, we put forward the proposition for the composition of 1D
permutation equivariant mappings, paving the way for the design of multi-dimensional
permutation equivariant networks.

* Based on the proposed propositions, we build the multi-dimensional equivariant SMPE
framework. Serial 1D equivariant operations in such a framework increase the network
depth, while retaining a concise and easily understandable architecture. The introduction
of cross-dimensional global information and feature reuse mechanisms endow the network
with a strong expressivity. Besides, the SMPE framework can be easily extended to cases
of invariance as well as the hybrid equivariance and invariance.

* We use an extensive set of experiments to evaluate the framework on contextual auction
design, pseudo inverse computation, and typical wireless communication tasks. On such
2D and 3D equivariance-related tasks, our framework significantly outperforms the current
state-of-the-art equivariant networks. For example, when computing the pseudo-inverse of



Under review as a conference paper at ICLR 2024

SMPE Layer
@ Dx1 Feature

N [ E
Ea =

Input Tensor PEID1 PEID2 PE1D3 Output Tensor
K, xK,xK;xD K, xK,xK,xD
Pooling 1 — Repeat ************* A

. . 5 - ! Feature interactions
Pooling2®’ —] ———— - Repeat  for dimensions 1, 2, and

-

Dimension 2 <,

YL -FLLY
| 04 ' UopEAROY B N1

Figure 2: Single layer of SMPE framework consists of three parts (using 3D equivariance as an
example in this figure): (i) Perform 1D equivariant operations on N different dimensions serially. (ii)
Use weighted connections to aggregate the output features that have been interacted across different
dimensions. (iii) Introduce pooling operations to preserve cross-dimensional global information.

7 x 8 matrices, the proposed framework reduces the mean absolute error (MAE) loss of
other equivariant models by 76.6%. In two typical wireless communication tasks, SMPE
could gain improvements as high as 10.6% and 7.1% over the state-of-the-art methods.
Additionally, when the size of the set varies, the network can still operate and maintain
excellent performance for slight size variation. For instance, a network trained on 8 x 9
matrices can achieve an MAE loss of 6.10 x 10~2 when computing the pseudo inverse of
9 x 10 matrices.

2 RELATED WORK

2.1 ONE-DIMENSIONAL PERMUTATION EQUIVARIANT NETWORK

Linear layers: As the pioneering work, [Zaheer et al.| (2017) established the paradigms that permu-
tation invariant networks must adhere to. Additionally, the paper introduced the forms of equivariant
linear layers and further presented permutation invariant and equivariant networks. Based on this,

Segol & Lipman| (2019) and [Vignac et al] (2020) proposed a simple universal equivariant network
and a graph neural network with structural message-passing, respectively. Furthermore,

extended the equivariant linear layers (Zaheer et all [2017) into high-order interaction
layers, and [Maron et al| (2019) considered the invariant linear layer for high-order interaction. Sim-
ilarly, a high-order equivariant graph variational encoder was proposed in Thiede et al.|(2020). It is
worth noting that despite its name similarity to high-dimensional equivariance, the high-order inter-
action (or high-order equivariance) is based on 1D equivariance and relies on the objects within a
single set.

Nonlinear layers: Apart from linear equivariant layers, there are also some nonlinear layers pri-
marily based on the transformer. With the transformer block without positional encodings,
constructed nonlinear equivariant layers and pooling functions, based on which an invariant
network is developed. Such a nonlinear network exhibits superior performance compared to net-
works composed of equivariant linear layers with activation functions. As theoretical support,
proved that the transformer without positional encodings is a universal approximator
for equivariant functions. combined the linear equivariant layers
with the transformer to obtain an equivariant transformer and extended it to the high-order
interaction layers for hypergraph tasks.

Applications: In addition to these theoretical studies, some applications of equivariant networks

have garnered attention. Using structures similar to linear equivariant layers, (2017) and [Li|
(2019) addressed the tasks about point cloud and pose estimation, respectively. Leveraging
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the 1D equivariance of the transformer variant, the network proposed by |Sun et al.| (2020) worked
well on tasks such as robust line fitting and point cloud classification. Based on the variable node
attention pooling mechanism, Meltzer et al.|(2019) constructed a one-dimensional invariant network
to effectively tackle graph classification problems. This issue was further thoroughly explored by
Yang et al.| (2022)) through the hierarchical assembly of substructures and the help of soft sequence
with context attention.

Nevertheless, unlike our proposed SMPE framework, the 1D equivariant (or invariant) neural net-
works mentioned above are not suitable for modeling multi-dimensional equivariant mappings.

2.2 MULTI-DIMENSIONAL PERMUTATION EQUIVARIANT NETWORK

Hartford et al.|(2018)) demonstrated that linear layers satisfying multi-dimensional equivariance ex-
hibit parameter sharing and proposed the structure of corresponding equivariant linear layers. Fur-
thermore, Maron et al.| (2018) put forward the linear layer for high-order interactions with multi-
dimensional equivariance, which can degenerate into the structure presented in Hartford et al.
(2018)). Considering the design of 2D equivariant networks, Maron et al.| (2020)) investigates the
relationship between the universality of the 1D equivariant block and the universality of the overall
network. Unlike linear layers, the intricate nature of nonlinear layer construction poses a challeng-
ing task when extending them to multi-dimensional equivariant architectures. Therefore, there are
only a few application-oriented works. For instance, a 2D equivariant network was designed by
Umagami et al.| (2023) to address prediction problems with table data. [Duan et al.[(2022)) proposed
a 2D equivariant network for contextual auction design. However, neither of these works considers
the definition of higher-dimensional equivariance or the design of related nonlinear networks, which
are tackled by our SMPE framework.

3 METHOD

In this section, we describe our SMPE framework. First, we provide the preliminaries. Then, we
define the multi-dimensional permutation equivariance and build the SMPE framework. Finally, we
extend our framework to encompass scenarios involving multi-dimensional permutation invariance.

3.1 PRELIMINARIES

As a foundation for multi-dimensional permutation equivariance, we begin by introducing the defi-
nition of the symmetric group and permutation equivariance (Artin, 2011).

Definition 3.1 The set of all bijections from the indices set K = {1,2,..., K} to K is called the
symmetric group, denoted by Sk with cardinality K.

Denote X € REXDx a5 the input matrix, where K is the number of objects, and D x is the feature
dimension. A permutation 7x € Sk operates on X by permuting its item order: (7x 0 X)) =
X[ﬂ_;{l(k‘) ] Vk € K, where X ) represents the k-th row of X.

Definition 3.2 A mapping f : REXPx — REXDv jg said to be permutation equivariant if
f(ﬂ'KOX> =71'Kof()()7 Vrk € Sk.

3.2 SMPE FRAMEWORK WITH MULTI-DIMENSIONAL EQUIVARIANCE

In this subsection, we consider the design of the networks that input the tensor X €
RE1x KX xKnxDx and outputs Y € RE1*K2xxKnxDy "\where I, is the number of objects
in the n-th dimension, and Dx is the feature dimension. Such a network is expected to facilitate
interactions among features across all dimensions while maintaining /NV-dimensional equivariance.

We first define the multi-dimensional symmetric group and permutation equivariance.
Definition 3.3 We define the N-dimensional symmetric group as SN = Sk, x Sg, X --- X Sk
whose cardinality is [TY_; (K,,!), where N = {1,2, ..., N}.

Note that the superscript of S denotes the dimensions to which the symmetric group is applied. For
instance, S{135} = S x Sk, x Sk, operates on the first, third, and fifth dimension of X. A
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permutation ™ = (7x,, Tx,, ..., Ty ) € S\ operates on X by respectively permuting the order of

objects along 1, ..., N-th dimension with
N
(70 X) bz = K k) eicd (k)i (o) TRL €Ky by €Kiy, ()

where K,, = {1, ..., K;,},Vn € N.

Definition 3.4 A mapping f : R KX xEnxDx _ RE1xKax-xEnxDy jg gaid to be N-
dimensional permutation equivariant if f (ﬂ'N o X) = Vo f(X), Vol e SN

A 1D equivariant network is designed to maintain the same output features for their corresponding
inputs when the order of objects is permuted. When considering multi-dimensional equivariance,
the network needs to satisfy this property across multiple dimensions, making it more challenging to
design and resulting in a complicated pattern of parameter sharing Hartford et al.|(2018)). To address
this issue, we try to merge 1D equivariant networks to construct the required high-dimensional
equivariant network. Following this idea, we first put forward the following proposition

Proposition 3.1 Let h,, : RE»*DP — RE~XD denote the 1D equivariant mapping for 1 < n < N.
Additionally, define the function h,, : RE1x>xEnxD _ RE1xxKnxD aq the operation that
applies the function h,, to the n-th dimension of X, while keeping an identity mapping for the
remaining N — 1 dimension then

(i) The function g = Bm ohy, 0--0h

R 1 <n,y < N,Vm =1, ..., M exhibits N-dimensional
permutation equivariance.

(ii) The function g = Ay, +hpy +- - +hny,, 1 <0y < N,¥m = 1,..., M exhibits N-dimensional
permutation equivariance.

The above proposition shows that the network composed of 1D equivariant networks through addi-
tion or composition possesses multi-dimensional equivariance.

Subsequently, we consider endowing the network with the ability to facilitate interactions among all
dimensions. Denote f,, : RE»*P — REnxD 1 < n < N as the 1D equivariant layer operating
on the n-th dimension of X. Different from h,,, f, is designed to perform interactions among K,
object features, such as the layers developed by |[Zaheer et al.[(2017) and Lee et al.|(2019). Similar to
hy, we define f,, based on f,,. It can be easily verified that if the network is composed of { fn}f,\[:p
then it enables interactions among features across all N dimensions. According to Proposition [3.1}
the two simplest combinations are in a serial and parallel manner, expressed as

Jserial = .fNO.fol O"'Of17 Jpara = fTN+f7N71 + - +f1 (2)

Although ggerial and gpara have the same computational complexity, gserial has a deeper network
depth compared to gpara due to its sequential processing, which means gserial may have a stronger
expressivity (Lu et al.| 2017). Thus, we choose gserial as the prototype of the framework.

Since each application of f1, ..., fy to the input rep-
resents the interactions between the features in a new
dimension, the output features of fi, ..., fy will ex-
hibit different distributions, respectively. Therefore,
we utilize the weighted connections to aggregate the
outputs of each f,, for feature reuse (Huang et al.
2017). Furthermore, we highlight the significance Il
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'In practical implementation, other N — 1 dimensions can be considered as batch dimensions.
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a single dimension becomes challenging. (ii) Applying permutation equivariant operations sepa-
rately to individual dimensions hinders the preservation of joint global information across multiple
dimensions. To this end, we add the weighted global information to the output (He et al.,|2016). In
summary, the SMPE framework can be represented as

N
gsmpe(X) =0 [ D whB[fuo facio o A+ D w'Xe | 3)

n=1 PCN\{0}
where w}™ is the weight belonging to the output of f,, wg§! is the weight belonging to the
global information Xp, o is the element-wise nonlinearity, and N = {1,2,...,N}. Xp €

REv - xEnxD p C N\{()} is obtained by pooling operations applied at dimension pattern P

(e.g., the mean and max functions). In the case of N = 3, for example, the power set of N\{0}
is {{1}, {2}, {3}, {1,2},{1,3},{2,3},{1,2,3}}, which are shown in Figure[3] After the pooling
operation, the input is then repeated to restore its original shape. Note that the number of subsets of
set N\ {0} is 2" — 1. The following proposition validates the versatility of the SMPE framework.

Proposition 3.2 The SMPE framework in equation 3| will degenerate to the exchangeable tensor
layer (the combination of the multi-dimensional equivariant linear layer and element-wise nonlin-
earity in [Hartford et al|(2018)) when f,, = fiq, n = 1,..., N, where fiq is the identity mapping
fia(X) = X.

Then, we describe the implementation details of the SMPE layer. Without loss of general-
ity, we consider the same input and output dimensions D The global information X and
the outputs O from each layer are concatenated and then linearly combined using linear layers

FCy : RW+2Y-DD _ RD applied at the last dimension. Besides, we employ layer normal-
ization LN before the activation function o (Ba et al., 2016). The architecture of SMPE layer
SMPEL : RE1x-xEnxD _y RE1x-xKnxD can be represented as follows:

SMPEL(X) = FC; (o(LN(M))), (4)
M = FC3([01,02,...,0n, Xp,, ... Xp_ ), (5)
0y =X, 0, =PEID,(0,, 1), n=1,2,..., N, (6)

where FC; : RP — RP represents the linear layer applied at the last dimension, and PE1D,, :
REnxD _ REnXD denotes the 1D equivariant layer operating at the n-th dimension. The architec-
ture of the SMPE layer is illustrated in Figure@], where PE1D;, PE1D», and PE1D3 are performed
at the first, second, and third dimensions. By stacking SMPEL, we can build the multi-dimensional
equivariant network SMPEN.

3.3 EXTENTION TO PERMUTATION INVARIANCE

Permutation invariant neural networks are important tools for capturing global features from sets or
multiple sets (Chien et al.| (2021)); |Wagstaff et al.| (2019), such as table understanding (Dash et al.,
2022) and parameter estimation (Zaheer et al.,[2017). While the SMPE framework is proposed for
multi-dimensional equivariance, it can also handle multi-dimensional invariance. We first provide
the definition of permutation invariance and extend it to the cases with higher dimensions.

Definition 3.5 A mapping f : REXPx 5 RPY is said to be permutation invariant if
f(’]TK OX) = f()()7 V7 € Sk.

Definition 3.6 A mapping f : REV<xEnxDx s RDv s said to be N-dimensional permutation
invariant if f (7N o X) = f(X), v € SN,

According to [Zaheer et al.|(2017), with the help of pooling operations, 1D permutation equivariant
functions can be transformed into permutation invariant functions. These pooling operations contain
functions like mean, max, and sum operations. It can also be constructed by a neural network, such
as the pooling layer in|Lee et al.|(2019)). We extend this idea to higher dimensions. Following this
idea, the serial multi-dimensional permutation invariance network (SMPIN) can be expressed as

SMPIN(X) = Pooly (SMPEN(X)) (7)

The network can use linear layers to map the feature dimension Dx to feature dimension D in the the
hidden layer, and subsequently map D to Dy.
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where Pooly represents the pooling operation on dimensions in N. Furthermore, we consider the
case where the mapping needs to satisfy equivariance in some dimensions and invariance in others
when dealing with multi-dimensional tensor inputs.

Definition 3.7 A mapping f : RE1X - xEnxDx _y REuC-xEuxDy 1 < M < N — 1 is said to
be M-(N — M)-dimensional hybrid permutation equivariant and invariant if

f (WM’ o x) =M o f(X), VAT e sMT| f (WM* o x) = f(X), v e st (8)
where M~ = {1,2,.., M} and M* = {M +1,..., N}.

We provide a simple example to illustrate the mappings that satisfy the properties mentioned above.
M different systems input the same random signal and output M types of signals with different
distributions. Estimating the parameters of these M distributions from K discrete samples each is
a rnappmg [ RSXEXDx _ RSXDy which satisfies 1-1-dimensional (1-1D) hybrid permutation
equivariance and invariance. Note that this problem is not reasonable to be divided into .S separate
parameter estimation tasks f : REXPx — RDPv as the S different output signals share similar
characteristics due to the common input. Similar to equation[7} the serial multi-dimensional hybrid
permutation equivariant and invariant network (SMPEIN) can be expressed as

SMPEIN(X) = Pooly+ (SMPEN(X)). 9)

4 EXPERIMENT

Three types of experiments are considered in this section: (1) pseudo inverse computation, (2) trans-
mission design for multi-input multi-output (MIMO) system, (3) transmission design for cell-free
MIMO system, where the experiments (1) and (2) contain the objects across two dimensions, and
experiment (3) contains the objects across three dimensions. To show the performance of the 1D
equivariant network in handling multi-dimensional equivariant problems, we adopted the approach
in|Lee et al.[{(2019) as one of the baselines. The network composed of multi-dimensional equivariant
linear layers inHartford et al.|(2018) is also compared. [Umagami et al.|(2023)) and|Duan et al.|(2022)
proposed 2D equivariant network structures, which are both based on the transformer and share sim-
ilar structures. Since Umagami et al.[(2023)) considers the time prediction in another dimension that
deviates from the focus of this paper, we selected the approach presented by |Duan et al.| (2022) as
another baseline. We refer to the 1D network in [Lee et al. (2019), the 2D network in [Duan et al.
(2022), the 2D and 3D networks in [Hartford et al.| (2018)) as SetTrans1D, CITransNet2D, ETN2D,
and ETN3D, respectively. The 2D and 3D networks constructed by SMPE using the deepset layer
(Zaheer et al.l 2017) and transformer encoding layer (Vaswani et al., [2017) as f,, are denoted as
SMPEN2D—DS, SMPEN2D —TF, SMPEN3D—DS, and SMPEN3D—TF. Due to space limitations, details
of tasks and related experiments are not provided in this section. Please refer to Appendices [D]and
[El for more information.

4.1 PSEUDO INVERSE COMPUTATION

Pseudo inverse is a generalization of matrix inverse (Courrieu, 2008), and it is an essential matrix op-
eration in many fields of research. Networks in this subsection are trained to compute the transposed
pseudo inverse (XT)T = (XH(X XH)=1HT ¢ CE*N of the input matrix X € CK*N K < N.
It is easy to prove that pseudo inverse computation is a 2D permutation equivariant function. We
use the mean absolute error (MAE) loss and mean squared error (MSE) loss between the result and
(X™)T as two evaluation metrics. Each evaluation metric is separately computed and summed for
the real and imaginary parts.

The comparisons of MAE and MSE for three different configurations of K and N are shown in
Table|l} It can be observed that due to the differences between 1D and 2D equivariance, the perfor-
mance of SetTrans1D is lower than that of other networks. Compared with other 2D equivariant
networks, SMPEN2D —DS and SMPEN2D — TF have the most superior performance. For example, when
computing pseudo inverses of 8 x 9 matrices, SMPEN2D—DS and SMPEN2D —TF have an MAE loss
that is 13.9% and 70.9% lower than ETN2D, respectively. Table [I] also compares the performance
of the networks when trained in multiple scenarios but tested in one scenario. The results indi-
cate that equivariant networks exhibit the generalization to work with varying numbers of objects.
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Table 1: MAE and MSE (102, the lower the better) performance comparisons about computing
transposed pseudo inverse.

Test Setting A K =7, N=38 B:K=8N=9 C:K=9,N=10
Train Setting A B C A B C A B C

SetTrans1D 16.12 16.14 16.19 1546 1543 1545 1481 1474 14.73

MAE() ETN2D 9.76 10.71 1198 11.31 1098 11.56 1255 11.65 11.62
CITransNet2D 9.51 1033 11.94 11.64 1098 12.05 1257 11.67 12.09
SMPEN2D—DS  7.60  9.55 11.22 1034 945 1037 12.16 10.69 10.56
SMPEN2D—TF  2.23 570 1281 6.13 320 641 941 6.10 4.59

Test Setting A K =7, N=38 B:K=8N=9 C:K=9,N=10
Train Setting A B C A B C A B C

SetTrans1D 535 536 538 505 504 505 443 440 440

MSE() ETN2D 327 396 521 3.67 385 421 368 359 355
CITransNet2D 342 348 391 376 365 395 361 344 3.60
SMPEN2D—DS  2.22 339 520 3.04 3.14 363 330 3.06 3.05
SMPEN2D—TF 043 128 4.18 156 083 210 226 131 098

Equivariant networks can still maintain good performance when there is little discrepancy between
the training and testing scenarios. Besides, although the performance of SetTrans1D is relatively
worse, it exhibits more robust generalization as its performance remains nearly the same under three
different training cases.

4.2 TRANSMISSION DESIGN FOR MIMO SYSTEM

As a crucial foundation for modern human society, the tasks in wireless communication systems
often involve higher-dimensional permutation equivariant mappings Wang et al.[(2023). The rea-
son is that communication systems often contain multiple sets like multiple users, each equipped
with multiple antennas, and several base stations, each with multiple antennas. For instance, multi-
user (MU)-multiple-input-single-output (MISO) (Zhao et al.| 2022), MU-MIMO (Christensen et al.,
2008), and cell-free MU-MIMO systems (Feng et al., [2021) contain two, three, and four sets of
objects, respectively. To demonstrate the advantage of our proposed framework in modeling high-
dimensional equivariant mappings, we consider two typical communication tasks in this subsection
and the following one, each involving two and three sets of objects, respectively.

Consider a MIMO downlink system where an N-antenna base station (BS) transmits the signal to
K single-antenna user equipment (UE). The networks are trained to design an optimal transmission

scheme W € RE*N*2 based on the available information He REXN*3 e f(H) = W*, which
is a 2D equivariant mapping. The evaluation metric Ry is the average rate of MIMO transmission
with different signal-to-noise ratios (SNRs).

Table 2: Transmission performance Ry (the higher the better) comparisons for MIMO system.

Test Setting AN=TK=T7 B:N=8K=17 C:N=8,K=8

Train Setting A B c A B c A B (¢

SetTrans1D 730 730 730 800 800 800 816 816 8.16

Rm(1) ETN2D 16.76 17.83 1498 17.40 18.76 15.68 14.08 1535 19.16
CITransNet2D 20.55 20.56 2034 21.73 2190 21.64 2196 22.10 22.07
SMPEN2D—DS  17.89 19.53 1592 18.61 20.68 16.65 14.79 16.14 20.71
SMPEN2D—TF  22.21 2270 20.69 23.78 24.71 2230 21.80 23.17 24.44

Table 2 presents the comparison of Ry; performance. As it can be observed, the performance of
the proposed SMPEN2D —DS outperforms that of ETN2D, and the performance of SMPEN2D —TF sur-
passes that of CITransNet2D. This difference is most prominent when N = 8 K = 7, where
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SMPEN2D—DS achieves a 10.2% higher performance than ETN2D, and SMPEN2D—TF achieves a
12.8% higher performance than CITransNet2D.

4.3 TRANSMISSION DESIGN FOR CELL-FREE MIMO SYSTEM

We further consider the transmission design for cell-free MIMO systems (Feng et al.| |2022). There
is a central processing unit (CPU) controlling M distributed access points (APs) to support K single-
antenna UEs, where each AP is equipped with NV antennas. The networks are trained to design an op-
timal transmlssmn scheme W € RM*K*Nx2 paged on the available information H € RMXKxNx3,

ie., f ( ) = , which is a 3D equivariant mapping. The evaluation metric Rcpy is the average
rate of cell- free MIMO transmission with different SNRs.

Table 3: Transmission performance Rcry (the higher the better) comparisons for cell-free MIMO
system.

Test Setting . A: M =3, K=6,N=2 B:M=2K=6,N=3 C: M=4,K=8 N=2

Train Setting A B C A B C A B C
CITransNet2D 1940 18.70 19.00 18.20 17.90 1820 22.60 20.20 24.30
B ETN2D 1590 1630 1040 1480 1550 9.87 1140 11.50 20.90
Rcrm(T) ETN3D 17.29 14.20 1040 1358 1580 9.11 13.72  11.50 19.90

SMPEN2D—-DS 1590 16.60  9.01 1490 16.00 8.42 11.00  12.60 19.20
SMPEN3D—DS  20.10 1220 10.50 1220 18.80  8.27 1620 1230 22.50
SMPEN2D—TF  20.80 1940 19.60 19.50 18.60 18.50 17.20 21.30 26.80
SMPEN3D—TF  23.80 9.66 1890 10.60 2330 9.50 20.10 996 30.40

Table [3] provides Rcpn performance comparison of testing under one setting and training across
multiple settings. Interestingly, although the 3D networks (light blue background) perform well
when testing on their training cases, their performance drops more significantly when tested in
other cases compared to the 2D networks. The reason is that the 3D networks exhibit more evident
changes in the number of objects relative to the 2D network. For example, from case .4 to 5, the
tensor dimension changes for 2D networks is X € R6*6x3 — X € R%*6%3, The change for the
3D network is X € R3*6%2 — X € R2?X6x3_ where M changes from 3 to 2, and N changes
from 2 to 3. It can be concluded from Table I] that while equivariant networks can still work as the
number of objects changes, the performance degradation becomes more evident as object quantity
changes more significantly. Therefore, 3D networks do not generalize as well to changes in tensor
dimensions compared to the 2D network. This conclusion is also supported by the generalization
performance of SetTrans1D in Table[I|and Table 2]

5 CONCLUSION AND OUTLOOK

In this paper, we proposed a multi-dimensional permutation equivariant framework called SMPE.
Concretely, we first provide the algebraic definition of multi-dimensional permutation equivariance.
Building upon this, we proposed the proposition that combining 1D equivariant functions applied
to individual dimensions can still preserve higher-dimensional equivariance. By composing 1D
equivariant operations that act on different dimensions, we proposed the SMPE framework, which
possesses multi-dimensional equivariance and can facilitate interactions among objects in all di-
mensions. This framework utilizes the feature reuse mechanism and introduces cross-dimensional
global information to enhance the expressivity. Besides, with the help of pooling operations, SMPE
framework can be extended to the case of multi-dimensional invariance. Experiments demonstrated
that the networks constructed by the SMPE framework exhibited superior performance and could
operate on different sizes of sets. In future work, we will consider investigating training strategies
to enhance the performance of equivariant networks on cases with different set sizes.
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A PROOF OF PROPOSITION [3.1]

In this section, we provide the proof of Proposition The permutation 7 from SN can be decom-
posed into N = TKy OTKy_, O 0TK,, Where T € Sk, is applied at the n-th dimension of
the input tensor, and the order of permutations at different dimensions can be changed. Therefore,
we have

Bn(ﬂ-N oX) = ETL(WKN OMKN-1©" " "OTK,; © X)
= h, (ﬂ'Kn o(Mgy 0+ OMK, _, OMK,,, O+ OTf, O X)) (10)
o---omg, oX), va' ¢ SN.

Since h,, perform the identity mapping hiq(X) = X in other dimensions of X, it exhibits permutation
equivariance in other N — 1 dimensions. Then, the above equation can be written as

=Tk, ©hn(TKky 0 " 0Tk, |, OTK,

ho(mN o X) = g, 0 hp(Tgy 00K, 0Tk, ., 0 0T, 0X)

nt1
= Thy OTKy_, O - 07K, © hn(X) (11)
=N o h,(X), Vol e SV,
Based on this equation, we can obtain the following conclusion
g(m o X) = hp, 0 hpy 00 hy,, (7 0 X)
= hp, 0 hp, o-~~o(7rNol_LnM(X)) (12)
=7V o g(X), vl e sV,

12
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This completes the proof for Proposition[3.1] (i). For Proposition [3.1](ii), we also have the following
equation:

g(m 0 X) = hpy, (7 0 X) + By (7" 0 X) + -+ + By (7 0 X)
O

N6 hy (X) + 7N 0 By (X) 4 -+ - 4+ 7 0 By, (X) (13)
Nog(X), va¥ e sV,

hy,
=7
s
which completes the proof for Proposition

B PROOF OF PROPOSITION

In this section, we provide the proof of Proposition [3.2] Without loss of generality, we consider the
case where D = 1 aligns with the expression in |Hartford et al.| (2018)). The exchangeable tensor
layer is expressed as grrL(X) = vec™lo(Wvec(X)), where W € ROLZ Kn)x (141 Kn) s the
trainable weight matrix with specific parameter sharing patterns. A distinct parameter wg is defined
foreachS C N = {1,2,..., N}, and the elements of W are tied as follows

Wipq =ws st.pi=q, i €S, py #qu, i’ € N\S, (14)

where p € RV¥*! and ¢ € RV*! are the row and column index represented by the N-dimensional
coordinates for shape K7 x Ko X --- X K. Besides, we have 1 < p, < K;,1 < ¢q; < K;,i =

., N. Equation |[14] implies that, for a specific set of dimensions S, the elements of W, which
satisfy that the /N-dimensional row coordinate m are the same as the column coordinate n on di-
mensions in S, share the same weight ws. Due to |[N| = N, there are 2N different elements ws in W.
Then, we consider simplifying the above expression and derive a simple representation of ggrr, (X).
Define M = vec™ (Wvec(X)), and we have ggrr,(X) = o(M). The p1, ..., py-th element of M is
given by

Mpy,....pn
= W[py:] X vec(X)
Ky Kn-1

Z Z Z W[P (q1,a2,--,an)T] " Lqi,.qn

gn=lgn-1=1 q1=1

= E Ws E Lqi,...qn

SCN 9;=p;,1€S
a1 #P;r ,i/ €EN\S

= wy § Zgy,q2,.,qn T W{1} § , Tp1,qz,...qn T W{2} § Lqy,p2,qs,an T

Q1 #P;its Q1 #Pits 90 FP;rs
i €N i’ eN—{1} i/ eN—{2}
+ w12} § : Tp1,pa,gs,..qn T W{1,3} § : Tp1,q2,p3,ecqn T 00 T WL NYTpy oy
q;1 F#P;its Q1 #P;its
i/ eN—{1,2} i’eN—{l,S}
= w(b § Lq1,q2,.,9n (w{l}—w@) § Tp1,qz,engny Tt (w{N}—w@) § Lq1,..qN—1,PN
< 4N q2,...,.4dN q1;---;dN—1
+ (w{L?} —wp — W1} — w{2}) E Tpy ,paygs,.can T
q35---,4N
+ (Wi, N} —Wp — W1y — = W{N} — W12} — — W{L. N-1})Tpy,...py
= E (wS - § wU) E Lqy,...qn
SCN Ucs 4i=p;,i€S
qé,i’eN\S

15)

We use XA € RExxKEn A C N to represent the tensor obtained by applying the summation
operation over the dimensions A of tensor X, which is repeated over the dimensions A to match the
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original shape. Note that X@ = X. A single term in the above formula can be represented as follows

(ws - Zwtu> Z Tqy,qn = wS[xN\S]pl,pg,...,pNa (16)

ucs q;=P;,i€S
q,’i,i’EN\S
where [)A(N\S]phmw_,p]\, € R denotes the pi,po, ..., py-th element of XN\S, and ws = (ws —

>_ucs Wu). Based on the above formula, we have my, ... py = D gcn Ws [)A(N\S}m,m’wm. Thus,
geTL(X) can be expressed as

gerL(X) =0 [ Y wsXuns | - (17
SCN

Then, we consider the output of SMPE framework. When f,, = fiq,n = 1, ..., N, equation equa-
tion[3|can be rewritten as

gSMPE(X)

N
=0 | Y whBfuo fucio 0 AKX+ Y w§'Xs
n=1 SCN\{0} (18)

N N
=0 ZwSEX—I— Z ngxP =0 (Z w5E> X+ Z w]SIXIP’
n=1 n=1

PCN\{0} PCN\{0}

Define w§’ = (Zgzl wa)E) , and we have

gsmpe(X) =0 [ > wi'Xe | . 19)
PCN

By replacing P = N\S, the output of the SMPE framework can be expressed as gsypr(X) =

o (ZSQN wNG\ISXN\S>. In comparison to equation we can conclude that gsypr(X) = gerL(X)
under one of the following conditions:

+ X is obtained by the summation operation, and wg’\ls = Ws.

« X is obtained by the mean operation, and wg\ls = (MpemsKy) - Ws.

This completes the proof for Proposition[3.2]

C MORE DETAILS ABOUT SMPE LAYER

In this section, we provide detailed implementations of the functions in the SMPE layer and the
calculation of related computational complexities.

The architecture of SMPE layer SMPEL : REv>x-xEnxD _y RE1>XEnXD can be represented
as follows:

SMPEL(X) = FC; (a(LN(M))), (20)
M = FC3([01,02,...,0n, Xp,, ... Xp_y 1), (1)
0, =X, 0,, = PE1D,(0,,_1), n=1,2,...,N, (22)

where we choosed ReLU as the activation function o (Glorot et al., 2011). In addition to
PE1D,,n = 1,..., N, the computational complexity of the SMPE layer mainly focuses on the
fully connected layer FCy in equation where its input and output dimensions are Ky X --- X
Ky x (N+ N 1)D and K1 x --- x K X D. Since FC; operates at the last dimension, the first
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N dimensions of the input shape can be seen as the batch size. Thus, the computational complexity
of this layer is O ((II3_; K,,) - (2 + N + 1) - D?). o and LN are used for non-linearity and nor-
malization, respectively. If the activation function and normalization layer are already included in
PE1D,,, this step can be selectively omitted.

Since the input is a tensor instead of a matrix, before applying PE1D,, : RE»*D — REnXD e
performed the following operation:

transpose
X c ]RBXle XKnXD X c RBxle XKp 1 XKpp1 X XKNy XKy XD (23)
reshape K K K K D
;’ X e R(BKl n—1Knt1 N) XKy X ’ (24)

where B denotes the batch size. After performing the above operation, the first dimension of X
can be considered as the new batch dimension, and PE1D,, can be applied to X. Subsequently,
X is restored to its original tensor dimensions through the reverse operation of equation and

equation [24]

Then, we consider the two specific implementations of PE1D,,. It is worth noting that we em-
ploy both of these structures in our experiments for illustration purposes. In practice, any one-
dimensional equivariant network layer can be applied within the SMPE framework.

C.1 SMPE-DS LAYER

SMPE-DS layer applys the 1D equivariant layers in [Zaheer et al.| (2017) as the functions
PE1D,,, n =1, ..., N. We further employ LN as the normalization function, and the layer PE1D,,
can be represented as follows:

PE1D, (X) = o (LN(18” + [X — 1pool(X)]T)), (25)

where X € REn*D ig the input, 1 € REnx1 represents a column vector of all ones, T’ € RDPxD
and B € RP*! are trainable parameters. pool : RE»*P — R1*P is the pool function, which can
be maxpool, meanpool, and sumpool. Without loss of generality, in our experimental section, we
used the meanpool41 and choosed ReLU as the activation function o. According to equation[24]and
equation 25| computational complexity of PE1D,, is O ((II)_, K,,) D?). For all of PE1D,,,n =
1,...,N, the complexity order is O ((ITY_, K;,)N - D?). The overall computational complexity
orders for equation 21)and equation22]remain at O ((II)_, K,,) - (2 + N + 1) - D?).

C.2 SMPE-TF LAYER

SMPE-TF layer applys the transformer encoder layer (without positional encoding) (Vaswani
et al) 2017) as the functions PE1D,,, n = 1,...,N, which is similar to the 1D permuta-
tion equivariant layer in [Lee et al.| (2019). According to equation the dimensions of Q,,
K., and V,, in the layer are both TI;_, ;, K; x K, x D, where the first dimension can be

seen as the batch size. Thus the computational complexity of PE1D,, is O(H;V:Lj#nKj .
K?L - D) (Vaswani et al} 2017). For all of PE1ID,,,n = 1,...,N, the complexity order is

O ((ON_,K,) - (Zﬁ;l K,)- D). Thus, the overall computational complexity orders for equa-

tionand equationis o ((ny:lKn) JeN+N-1)D+YN K- D).

C.3 COMPLEXITY COMPARISON

We analyze the computational complexity and the parameters of the proposed framework. We
also compare the exchangeable tensor layer (denoted by ETL) in |Hartford et al.| (2018)), and the
results are shown in Table 4 As shown in the table, the number of parameters displayed is in-
dependent of the number of objects K1, ..., Ky in each dimension. This implies that, similar to
ETL, the proposed SMPE framework is suitable for inputs with varying numbers of objects. On
the other hand, for a given number of dimensions /N, both SMPEL—DS and ETL exhibit compu-
tational complexity that is linearly related to the total number of objects K, = IY_, K,. Al-
though SMPEL — TF employs the high-complexity self-attention mechanism, the dimension-wise pro-
cessing ensures that the computational complexity is lower than second-order terms of Ky, i.e.,
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MY K) SN K, < (ITN_,K,)2. As N grows larger or as K1, ..., Ky become closer, the
difference between the expressions on both sides of the inequality increases.

Table 4: Comparison of computational complexity and parameters.

Layer Type Complexity Parameters

SMPEL—DS O (M, K,)- (2N + N+1)-D?) O (2N -1+ N)D?)

SMPEL— TF o ((H{:’ZlKn) @Y +N—1D)D+ YN K, D) O (2N — 1+ N)D?)
ETL (Hartford et al.|[2018) O (ML, K,) -2V - D?) 02N D?)

D TASKS DESCRIPTION

D.1 PSEUDO INVERSE COMPUTATION

We consider the computation of the transposed pseudo inverse (X1)7 = (XH(XXH)=1)T ¢
CHXN of the input matrix X € CK*N K < N. The mapping from X to (X )7 is 2D equivariant.
The networks are trained to compute (X )7 based on X.

D.2 TRANSMISSION DESIGN FOR MIMO SYSTEM

We consider the transmission design problem in MIMO systems, specifically focusing on the pre-
coding design for downlink transmission. Precoding is a crucial and widely investigated technique
in wireless communication systems (Albreem et al., [2021). Consider a MIMO downlink system
where an [N-antenna BS transmits the signal to K single-antenna UE. The channel between BS and
the k-th UE is denoted as hj, € CN*!, The channel matrix H = [hy, hs..., hK]T € CEXN g
assumed to be available at the BS. Building upon H and the noise variance o2, the precoding matrix
W = [wy,w;..., wg]|" € CE*N is designed to enhance the performance of downlink transmis-
sion. The most widely adopted design criterion for W is maximizing the sum rate under the power
constraint Pr, i.e.,

W* = argmax Ry, s.t. T((WWH) = Pr, (26)
where Ry is the sum rate for MIMO transmission given by
K
i wi|?
Ryu=) log, [1+ : @7
P S v

Due to the non-convex nature of problem equation solving it is challenging. We model the
solution of the above problem as W* = f(H) for a given o2, and we have f(r{%?} o H) =
712 o f(H) = n{12} o W*, which means such a function can be seen as a 2D equivariant
function. The networks are trained to obtain W* based on H and SNR %.

D.3 TRANSMISSION DESIGN FOR CELL-FREE MIMO SYSTEM

Similar to subsection [D.2] we further consider the precoding design for cell-free MIMO systems
(Feng et al.| 2022)). There is a CPU controlling M distributed APs to support K single-antenna
UEs, where each AP is equipped with NV antennas. The channel between K UEs and the m-th AP
is denoted as H,;, = [Rm.1,hm 2., B, K}T € CKXN and the corresponding precoding matrix
is Wy, = [Wm,1,Wn 2., 'wm’K]T € CKExN, By stacking the channel and precoding matrices
belonging to all APs, we have H € CM*K*N and W € CM*EXN Then, the optimization problem
of W is given by

W* = argmax Ropy, st Te(W,, WH) = Pr,o m=1,..., M, (28)
where hy = [h] hT ... hT )T € CYNV U and wy, = [w],, w],, .., wi ] e CMNXL
Rcrw is the sum rate for cell-free MIMO transmission expressed as

K
Al wg |
Rerm =Y logy [ 1+ - (29)
,; 02 + 3, IRyl wi
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We model the solution to problem equation [28/as W* = f(H) for a given o2, and we have f(7° o
H) = 730 f(H) = 730W*, which means such a function can be seen as a 3D permutation equivariant
function. The networks are trained to obtain W* based on H and SNR.

E EXPERIMENTAL SETUP

E.1 PSEUDO INVERSE COMPUTATION

We concatenate the real and imaginary parts of X at the newly appended last dimension to obtain
X € REXNX2 and the reverse procedure is employed at output Y € R¥*N*2 (o obtain the result
Y € CK*N_ Without loss of generality, X is sampled from random matrices whose elements are
independently identical distributed (i.i.d.) with complex Gaussian distribution CA'(0,1). We use
MAE and mean squared error (MSE) as the loss functions. It is easy to prove that the transposed
pseudo inverse is a 2D permutation equivariant function for X, where the feature dimension is Dx =
Dy = 2. The input is flattened to X € R¥N*2 for SetTrans1D. The evaluation metrics of this
experiment are chosen to be the MAE and MSE losses between Y and (X )7, which are separately
computed and summed for the real and imaginary parts, i.e.,

MAE = (|[R(Y) - RX [l + [3(Y) = S(XT)T|1)/EN, (30)
MSE = (|[R(Y) = R(X) 7|7 + I3(Y) - S(XNT|[})/EN. €20

We train networks separately for each evaluation metric, and the loss function during training is the
average of the evaluation metric from the data in each batch.

E.2 TRANSMISSION DESIGN FOR MIMO SYSTEM

With the fixed P = 1, we train these networks on seven different SNRs, i.e., % =

{0,5,10, 15, 20,25, 30}. Following the same procedure as described in subsection [E.1} we concate-
nate the real parts, imaginary parts, and o2 at the newly expanded last dimension. Consequently,
the shapes of the input and output are H € REXNx3 and W € REXNX2 regpectively. The in-
put of SetTrans1D is flattened to H € REN*3_ The dataset of H is sampled from the channels
generated by the Rayleigh channel model (Telatar, [1999), which means its elements follow i.i.d.
Gaussian distribution CA(0,1). To ensure the result W reshaped from W satisfies the power con-
straint in equation , we use oout (W) = /Pr/Tr(WWH) . W as the output layer of networks.
The evaluation metric Ry for this experiment is defined as the average of Ry across seven SNR val-
ues {0, 5,10, 15,20, 25, 30}, where the expression of Ry is given by equation The loss function
during training is the average of the negative I2); computed from the data in each batch.

E.3 TRANSMISSION DESIGN FOR CELL-FREE MIMO SYSTEM

Following the similar procedure in subsection the dimensions of the input and output are H €
RM*EXNX3 and W € RM>XEXNX2 regpectively. The input for 2D networks is flattened to H €
REXMNX3 To ensure that {W,, }}_, reshaped from W satisfy the power constraint in equation
we use oout (W) = \/ Pr/Tr(W,,WH) . W, as the output layer of networks. The evaluation
metric Rcpyy is defined as the average of Ropy across seven SNR values {0, 5,10, 15, 20, 25,30},
where the expression of Rgpy is given by equation The the loss function during training is
the average of the negative Rcpm from the data in each batch. The dataset of H is sampled from
the channels generated by the QUAsi Deterministic Radlo channel GenerAtor (QuaDRiGa) (Jaeckel
et al.| [2014), which is used for generating realistic radio channel impulse responses for system-level
simulations of mobile radio networks.

E.4 COMMON SETUP
In this subsection, we provide some common experimental configurations and hyperparameters.

* Pooling functions: Without loss of generality, all the pooling operations are set to be the
mean function.
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* The number of layers: Except for ETN2D and ETN3D, which consist of eight layers, all the
involved networks comprise four layers.

* Feature dimension D: For all networks, the feature dimension D in the hidden layers is
set to 256.

+ Training strategy: We perform batch iterations for 8 x 10* times with a batch size of 512
and reduce the learning rate by half after 4 x 10* iterations. This strategy for the three tasks
is the same. For the design task of MIMO and cell-free MIMO system transmission, we
randomly assign SNR values to each training and testing sample.

* Dataset size: For each task, we use 2 x 10° training samples and 5 x 10 testing samples.

* Activation & normalization: To accelerate convergence and enhance the stability of the
training process, we applied the ReL.U activation and LN to ETN2D and ETN3D.

* Parameter initialization: = With the exception of networks SMPEN2D—TF and
SMPEN3D—TF in the task of subsections {f.3] which were initialized using the default
method, we employed Kaiming initialization (He et al.l |2015) for the weight parameters
of the linear layers in networks used for other tasks.

* Monte-Carlo simulation: Each experimental result is the average of three valid experi-
ments.

F ADDITIONAL EXPERIMENTAL RESULT

F.1 ABLATION STUDY

To validate the superiority of gserial (represented by ParaN2D—TF) over gpara (represented by
SerialN2D—TF) in subsection @], as well as the superiority of gsyvpE OVer gserial, We compared
the performance of these three methods on task in subsection It can be observed that in most
SCenarios, gserial OUtPErforms gpara, and gsmpr outperforms gserial-

Table 5: Experiment results of ablation study

Test Setting AN=TK=17 B:N=8,K=17 C:N=8,K=38

Train Setting A B c A B c A B C

Ry (1) ParaN2D—TF 2049 20.39 2033 21.72 21.87 21.62 2199 21.61 2197
SerialN2D—TF 20.75 2148 19.08 2191 2294 2031 19.26 20.18 2433
SMPEN2D—TF 2221 22770 20.69 23.78 2471 2230 21.80 23.17 24.44

F.2 RUNNING TIME COMPARISON

Table [6] provides a comparison of the runtime for each network across different tasks. The runtime
refers to the average time taken for a batch during inference on GPU, with a batch size of 1000. In

Table 6: Running time (ms) comparison.
1A 1B 1C 2A 2B 2C 34 3B 3C

SetTransiD 61.7 675 721 164 186 243
CITransNet2D 879 106.0 119.1 482 53.8 644 348 349 632
ETN2D 619 692 758 187 219 284 138 138 27.1
SMPEN2D—-DS 652 756 804 213 246 314 128 129 247
SMPEN2D—TF  87.8 109.1 129.0 512 599 69.1 350 351 634

ETN3D 256 257 469
SMPEN3D—DS 23.1 232 425
SMPEN3D—TF 554 555 993
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the first row, ‘1, ‘2’ and ‘3’ denote experiments in subsections 4.1} .2] and[.3] respectively. A, B,
and C represent the scenario configurations for each task during inference. It can be observed that
the runtime of SMPEN —DS is comparable to that of ETN, and the runtime of SMPEN2D —TF is similar
to that of CITransNet2D.

F.3 CONTEXTUAL AUCTION DESIGN

Since CITransNet2D (Duan et al., [2022) and SMPEN2D—TF are 2D equivariant networks both
based on the transformer, we compare them on the task of contextual auction design in |Duan et al.
(2022). Based on the avaliable contexts, contextual auction design targets to find the optimal al-
location and payment rules to maximize the expected revenue (rev) while maintaining a near-zero
level of dominant strategy incentive compatibility (rgt). The contextual auction contains /N bid-
ders and M items, and their contexts are represented by X = [z, o, ...,xy|T € RV and
Y = [y1,92,...,yn|’ € RM*dv The optimal allocation rule matrix G € RY*M and the pay-
ment rule vector p = [p1, ..., pn]T € RV*! are designed based on X, Y, and the bidding profile
B € RVXM_ The input tensor X € RV*Mx(dz+dy+1) can be obtained by repeating X and Y and
concatenating them with B. The dimension of output is set to Y € RV *M*3 'where G and p can be
obtained from Y. . 1.9] and Y|. . 3). The definition of this problem, the output layer of the network,
and the dataset are intricate, whose details can be found in (Duan et al., [2022). It can be verified that
the mapping from X to Y is 2D equivariant.

Table 7: Experiment results about contextual auction design.

N=2M=5 N=3M=10 N=2M=5 N=3M=10
Method X|=1Y| =10 X|=1Y| =10 X,Y € R10 X,Y € R10
rev rgt rev rgt rev rgt rev rgt
CITransNet2D 2901 < 0.001 6.858 < 0.001 1.126 <0.001 2.931 <0.001
SMPEN2D—TF  2.955 < 0.001 6.880 < 0.001 1.182 <0.001 2986 < 0.001

Table [/| presents a comparison of rev and rgt under different configurations of N, M, X, and Y.
The results show that SMPEN2D outperforms CITransNet2D in terms of rev while keeping rgt
sufficiently low.

F.4 TRANSMISSION DESIGN FOR MIMO SYSTEM
For readability purposes, we only provided the performance of Ry in Table We present the

performance of Ry under seven SNR values in figure 4] to provide a more detailed performance
comparison.

F.5 TRANSMISSION DESIGN FOR CELL-FREE MIMO SYSTEM

Table 8: Transmission performance Repw (the higher the better) comparisons for cell-free MIMO
system.

Test Setting ~A: M =3, K=6,N=2 B M=2K=6N=3 C M=4,K=8 N=2

Train Setting A B C A B C A B C

CITransNet2D 21.81 21.03 2452 2133 21.02 2289 2049 19.85 27.64
_ ETN2D 2233 2128 1899 2159 2123 18.68 18.06 17.19 27.87
Rcrm(T) ETN3D 24.11 14.02 18.88 13.75 23.57 1443 1536 12.03 27.61

SMPEN2D—DS 2291 21.80 1945 2250 22.02 1920 1831 17.46 29.26
SMPEN3D—DS  25.02 13.13 18.66 13.61 2449 1405 1398 10.51 30.40
SMPEN2D—TF 2427 23.08 2333 23.84 2330 23.04 21.15 20.13 3274
SMPEN3D—TF  26.61 12.54 21.66 1537 25.53 1556 1948 11.00 34.37
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The experimental results based on the Rayleigh channel model are shown in Table[8] Similar to the
MIMO system, we also list the performance of Rcry under seven SNR values in ﬁgureﬂ
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Figure 4: Ry vs SNR, MIMO transmission.
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Figure 5: Rcpym vs SNR, Cell-free MIMO transmission.
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