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Email: {yuhangy5, syed} Quci.edu *

Abstract

The -QMAC problem is introduced, involving S servers, K classical (F;) data streams, and
T independent quantum systems. Data stream Wy, k € [K] is replicated at a subset of servers
W(k) C [S], and quantum system Oy, ¢ € [T is distributed among a subset of servers £(t) C [9]
such that Server s € £(t) receives subsystem Q; s of Q; = (QLS)Seg(t). Servers manipulate their
quantum subsystems according to their data and send the subsystems to a receiver. The total
download cost is >~ (7 Xosee(r) 1084 |Qr,s| qudits, where |Q] is the dimension of Q. The states
and measurements of (Qy)¢c|7] are required to be separable across ¢ € [T'] throughout, but for
each t € [T], the subsystems of Q; can be prepared initially in an arbitrary (independent of
data) entangled state, manipulated arbitrarily by the respective servers, and measured jointly
by the receiver. From the measurements, the receiver must recover the sum of all data streams.
Rate is defined as the number of dits (F; symbols) of the desired sum computed per qudit of
download. The capacity of X-QMAC, i.e., the supremum of achievable rates is characterized for
arbitrary data and entanglement distributions W, €. For example, in the symmetric setting with
K = () data-streams, each replicated among a distinct a-subset of [S], and T = (5) quantum
systems, each distributed among a distinct S-subset of [S], the capacity of the X-QMAC is

ﬁ% Z:ﬁfﬁ?fsﬁ min(S, 27)- (:) . (g::) Coding based on the N-sum box abstraction is optimal
in every case. Notably, for every S # 3 there exists an instance of the 3-QMAC where S-party

entanglement is necessary to achieve the fully entangled capacity.

*Presented in part at IEEE GLOBECOM 2023.



1 Introduction

Entanglement is arguably the most counter-intuitive aspect of quantum systems. Quantum entan-
glement enables correlations that are classically impossible. These correlations can be exploited
for improvements in the efficiency of quantum communication and computation networks. Un-
derstanding the fundamental limits of quantum entanglement phenomena is therefore essential to
gauge the potential of the much-anticipated quantum internet of the future [2H4]. However, even
quantifying the amount of entanglement is highly non-trivial, especially when the entanglement is
distributed among many parties. Unlike bipartite entanglement which is relatively well understood
— a fundamental understanding of multi—partyE] entanglement remains elusive. Numerous funda-
mentally distinct measures have been explored thus far [5], including the Schmidt measure [6,/7],
the trace-squared or the entropy of the reduced density matrix [8], the tangle [9], the entanglement
of formation [10], majorization-based entanglement monotones |11}12], geometric measures [13-15],
and specialized notions such as absolute maximal or genuine multiparty entanglement [16,/17].

Given the lack of a universal measure, an alternative is to quantify multi-party entanglement
indirectly in terms of its utility as a resource [18], e.g., by the gains in communication efﬁciencyﬂ
that are made possible by quantum entanglement for accomplishing various classical multiparty
computation tasks. Much effort has traditionally been aimed at finding tasks that gain a lot from
quantum entanglement in terms of communication complexity measures [20,21]. A limitation of this
approach is that the tasks thus identified may turn out to be artificial. For example, the celebrated
Deutsch-Jozsa algorithm [22] translates into a computation task in a 2 user quantum SMP setting
[23[24] where entanglement shows an exponential advantage. However, such a computation task is
seldom encountered in practice.

A complementary approach that we explore in this work, is to focus instead on some elementary
computation tasks that are quite natural, such as linear computations, and explore the gains in
efficiency due to quantum entanglements for such tasks. Specifically, we study an elemental setting,
called the X-QMAC, to be described shortly, where the computation task is simply a finite-field
summation task, over an ideal (noise-free) quantum multiple access network with arbitrarily dis-
tributed inputs and entanglements. Since the gains may be modest, a finer accounting of efficiency,
such as the exact information theoretic capacity, is needed.

The pursuit of exact capacity faces numerous challenges — 1) sharp capacity characterizations are
quite rare even for classical communication networks when many parties are involved, 2) computa-
tion networks tend to be even less tractable than communication networks for information theoretic
analysis, and 3) the quantum setting further compounds the difficulty of any such endeavor. Indeed
the foremost challenge in pursuing this direction is to identify formulations that are both insightful
from a multiparty quantum entanglement perspective and also information theoretically tractable.
Our choice of the ¥-QMAC setting draws inspiration from the following observations — 1) the
many-to-one (multiple access (MAC)) setting is among the most tractable in network information
theory, 2) the capacity of finite field linear computations in noiseless settings, while still open in
general, has seen much progress in the network coding literature, in particular elegant solutions
have been found for the case of scalar linear computations (i.e., sum computations) [25-29], and 3)
the stabilizer formalism [30-32] from quantum error correction lends itself nicely to linear black-box
abstractions for the quantum multiple access channel (QMAC) [33], and has been instrumental to

'We refer to entanglement among N-parties as bipartite if N = 2, and multiparty if N > 2.
Indeed, it is conjectured that communication efficiency may provide a concise information-theoretic axiomatic
basis for characterizing quantum mechanics [19].



recent advances in quantum private information retrieval (QPIR) [33-38] that implicitly involve
optimal specialized linear computations. The X-QMAC setting is described next.
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Figure 1: A 3-QMAC setting, with K = 4 data streams (A,B,C,D), S = 4 servers (S1,S2, S3,84),
and T = 2 quantum systems (Q;, Q2). The data replication map W = ({1,2},{1,3},{2, 3}, {4})
specifies that data stream A is replicated at Servers S1, So; B at S1, S3; C at S, S3; and data stream
D is available only at Sy. The entanglement distribution map & = ({1,2},{2,3,4}) is such that
entangled subsystems of Q; are distributed to Servers S1, S, and entangled subsystems of Qo are
distributed to Servers Sy, Sg and Sy.

In a 3-QMAC setting (see Section |4 for a formal definition), a user, say Alice, wants to compute
the sum of K classical data streams (comprised of d-ary symbols (dits) from a finite field Fy) that
are replicated across various subsets of S servers (cf. graph-based replication [39-41]) according
to an arbitrary data replication map (V). Independent of the data streams, T' quantum systems
are prepared, and subsystems of each quantum system are distributed to various subsets of servers
(called cliques) according to an arbitrary entanglement distribution map (£). The states and the
eventual measurements of different quantum systems must remain separable throughout, but the
subsystems of each quantum system are in general entangled even as they are distributed to different
servers within that clique, thus allowing such a clique of servers to exploit their quantum entangle-
ment. The servers locally encode their classical data into their quantum subsystems, maintaining
separation among different quantum systems associated with different cliques, and send them to
Alice, who does separate measurements on each quantum system. From the measurement outcome,
Alice must be able to recover the desired sum. The computation rate is the number of dits of the
desired sum computed by Alice per qudit of downloadﬂ An example is illustrated in Fig. |1} If Alice
is able to compute L dits of the desired sum (A + B+ C+ D in Fig. (1) with total communication
cost N qudits then the rate achieved is L/N (dits/qudit). The capacity C is the supremum of
achievable rates.

In order to quantify the utility of multiparty quantum entanglements, the key figure of merit in
the X-QMAC is the multiplicative gain in capacity that is enabled by entanglement, relative to the

3In contrast to a dit, which is a classical d-ary symbol, a qudit, short for a quantum-dit, represents a d-dimensional
quantum system. For d = 2 these are the common ‘bit’ and ‘qubit,’ respectively.



corresponding unentangled setting. In the literature such a gain is known as distributed superdense
coding gain [1833-37,42H46]. Quantifying the utility of multiparty entanglements by characterizing
the distributed superdense coding (DSC) gain in the ¥-QMAC is the immediate focus of this work.
The broader motivation is that success in the 3-QMAC setting may pave the way for future studies
of general linear computation tasks that shed further light on the fundamental limits of the utility
of multiparty quantum entanglement.

2 Significance of the YX-QMAC and relationship to prior works

2.1 Relationship to prior works

Connection to Simultaneous Message Passing (SMP): The underlying quantum multiple
access (QMAC) communication model in the ¥-QMAC is similar to what is known in the literature
as simultaneous message passing (SMP) model with quantum messages [21,24,47] . A noteworthy
distinction is that the SMP model is typically studied from a communication complexity perspective
which does not allow batch processing, whereas since our perspective is information theoretic,
batch processing is not only allowed, it is essential to our problem formulation. For brevity, and
to underscore the information theoretic perspective, we say QMAC when we mean an SMP model
with quantum messages and batch processing.

Connection to Quantum Metrology: The 3-QMAC is conceptually related to various physi-
cally motivated and commonly studied models in the active area of distributed quantum sensing
and quantum metrology. A general theme in this area is how the entanglement across quantum sen-
sors allows higher precision (approaching the Heisenberg limit) in the computation of a function of
distributed classical parameters, than what is possible without entanglement (the standard Quan-
tum limit) |48]. For example, note the similarity of Fig. [1| and the quantum metrology protocol
illustrated in [49]. In the quantum metrology protocol, entangled quantum systems are distributed
to sensors (which take the role of servers in Fig. , classical parameters are encoded into them
through quantum transducers, and the quantum systems are sent to a central receiver where the
desired function is estimated by a joint measurement. As noted in [50], the gains in capacity due to
quantum entanglement in an elemental QMAC can be harnessed to yield gains in measurement pre-
cision. Entanglement is particularly useful if the goal is to estimate a global function of distributed
parameters rather than a separate estimation of each parameter [51,52]. The function of parame-
ters to be computed could be the average value, essentially a sum of parameters as in [53], similar
to the X-QMAC. Remarkably, establishing the utility of multipartite entanglement by explicitly
accounting for the partitioning of entangled systems as illustrated in Fig. is also of interest in
quantum metrology [54]. While our current focus is limited to finite fields, a successful capacity
characterization of the 3-QMAC could perhaps be a stepping stone to the much more challenging
problem of determining the fundamental limits of stochastic computations over continuous random
variables as is often needed in quantum metrology.

Connection to Quantum Private Information Retrieval (QPIR): The 3-QMAC model over
finite fields is essential in the context of QPIR [34-37]. In QPIR, classical messages (possibly in
coded forms) are stored at servers that have entangled quantum systems distributed among them.
Based on a query submitted by a user, each server encodes its classical answer into its quantum
system, sends it to the user through an elemental QMAC, and the user retrieves the desired message
by a joint measurement. As in the 3-QMAC, the desired computation is typically a linear function
of the servers’ classically coded inputs.



Connection to N-sum Box: The X-QMAC is also immediately related to the N-sum box [33],
which is a black box abstraction of stabilizer based linear computations. The DSC gains in many
previously studied settings, including recent applications in quantum private information retrieval
(QPIR), can be realized through the N-sum box abstraction [18}34-37,|43H46]. Nonetheless, it is
important to note that the 3-QMAC capacity formulation does not limit the coding schemes to the
N-sum box, or to stabilizer based constructions in general. Indeed, the X-QMAC allows arbitrary
entangled states to be shared among the servers, and stabilizer states are a very small fraction of
those states. Similarly, the X-QMAC allows servers to perform arbitrary unitary transformations,
whereas the N-sum box is limited to X and Z gates, which represent a very small fraction of all
possible unitaries. Whether the stabilizer based N-sum box suffices to achieve the capacity of the
Y-QMAC in all cases is another fundamental question to be answered in this work.

Connection to Network Function Computation: While different from the traditional multiple
access channel, the capacity formulation for the >-QMAC is quite standard in the broad area of
classical network function computation [55-57|, from where it is inherited. In network function
computation, capacity is defined in terms of the communication cost incurred per instance of a
desired function computation in a distributed setting. The network function computation paradigm
finds numerous applications in private information retrieval, coded computing, distributed storage
repair and learning [58]. In particular the capacity of sum-networks, where the goal is to compute
the sum of distributed inputs as in the X-QMAC, has been a topic of much interest [25-29]. As
a quantum extension of an elemental classical sum-network setting, the 3>-QMAC brings together
classical and quantum information theoretic perspectives. The interplay of quantum theoretic
ideas like quantum entanglement, superdense coding and the stabilizer formalism with classical
information theoretic ideas such as network coding and interference alignment offers a promising
arena from which new insights may emerge.

2.2 Significance of Key Assumptions

In the X-QMAC the inputs are prior-free, the desired output is exact, the channel is idealized, and
the number of servers can be arbitrarily large. The significance of these assumptions is explained
as follows. The prior-free model is desirable for computation problems, because unlike conventional
communication problems where independent messages can be separately compressed to their en-
tropy limit to yield uniform data, for computation problems the compression of inputs cannot be
taken for granted as it changes the nature of the computation. The prior-free model is also quite
robust as the results are not limited to one data distribution or another. Exact computation goes
hand-in-hand with the assumption of prior-free inputs, because probabilistic bounds on errors are
less meaningful when no particular distribution is assumed on the data. The X-QMAC setting is
chosen to be elemental, i.e., the channels through which the quantum systems are conveyed from
the servers to Alice are elementary — they are simply assumed to be noise-free. The assumption
of an idealized channel is important to ensure that the capacity of the X-QMAC reflects only the
fundamental limitations of the multipartite quantum-entanglements for the chosen task, and not
other artifacts that arise out of channel imperfections and not directly from entanglement per se.
Furthermore, since we wish to explore multi-partite entanglements among a large number of par-
ties it is important that we explore 3-QMAC settings with arbitrarily large number of entangled
servers. These considerations highlight the essential distinctions that separate our work from other
interesting research directions pursued, for example in [59], [60] and [61], that explore e-error sum
computation over a QMAC with correlated data streams and noisy quantum channels, albeit with



only 2 servers (transmitters).

In the X-QMAC we allow arbitrary entanglements across the subsystems of each quantum
system, but quite importantly, we do not allow entanglements across systems. We require that
strict separation between quantum systems be preserved throughout. The significance of this
assumption is that it allows us to determine whether multiparty entanglement is in fact necessary
to achieve the DSC gain for a given X-QMAC setting. For example, suppose we wish to determine
the DSC gain achievable in a ¥-QMAC with only bipartite entanglements. To this end we allow
every pair of servers to share unlimited amount of bipartite entanglements, but no multiparty
entanglements are initially provided to the servers. Without the separate processing constraint
it may still be possible for the 3-QMAC capacity to benefit from multiparty entanglement, e.g.,
due to implicit or explicit fusion [62] among bipartite quantum systems through joint processing
and measurements. The DSC gain thus achieved could not be categorically attributed to only
bipartite entanglement. With the separate processing constraint on the other hand, the resulting
DSC gain can only be attributed to bipartite entanglements. In fact, it is crucial for our motivation
of understanding fundamental limits of multiparty entanglements that we are able to convincingly
determine whether the DSC gains necessarily require multiparty entanglement, and furthermore to
be able to distinguish between DSC gains possible with S-party entanglement from those possible
with 3’-party entanglements, for g # 3.

In the 3-QMAC no prior entanglement is allowed between the servers and the receiver Alice.
Recall that entanglement between transmitter and receiver is required in the original setting where
superdense coding is introduced [42|. This essential distinction also separates our work from prior
efforts to classify entanglements according to their utility for DSC gains in [18], where the tasks cho-
sen were simple communication tasks and prior entanglements between transmitters and receivers
were allowed. In the X-QMAC setting since there is no prior entanglement between the servers and
Alice, it follows from the Holevo bound that no DSC gain is possible for the direct communication
task where each server wants to send an independent message to Alice. Thus, computation is
essential to our setting which provides a richer space to explore multipartite entanglements.

In the X-QMAC the data streams may be replicated across multiple servers. The significance
of this assumption is explained as follows. Without data-replication, the summation (X) is a total
function of the computing parties’ inputs, but with replication it is only a partial function. Ar-
bitrarily large (e.g., exponential in the size of inputs) gains have been established for the exact
computation of certain partial functions [21,63] in the SMP model, i.e., without batch process-
ing. The QMAC model, with batch processing, also allows arbitrarily large DSC gains for certain
partial functions (see Appendix . On the other hand, the largest observed DSC gain for exact
computation of total functions thus far is only 2 in the SMP setting [24] with or without batch
processing [18}24,133,134]. To the best of our knowledge, DSC gains larger than 2 for exact com-
putations of total functions, while unlikely, have not been formally ruled out. Specifically for our
purpose, it is interesting that both directions are open for exact linear computations, i.e., there are
no known instances of linear computations over the QMAC that achieve DSC gain larger than 2,
nor is it known that gains larger than 2 are impossible in such settings.

3 Overview of Contribution

The ability to precisely quantify useful multiparty entanglements via DSC gains over a QMAC
boils down to following three requirements that must be simultaneously satisfied. 1) the desired
computation must represent a natural task, 2) the exact capacity must be tractable, and 3) the



capacity must in general require genuine multiparty entanglements, e.g., bipartite entanglements
must not be sufficient to achieve the capacity in general. We show that the 3-QMAC problem
formulation satisfies all 3 criteria. Since sum-computation with distributed data is obviously a
natural task, what remains is to show that the capacity is tractable and sensitive to genuine
multiparty entanglement.

The tractability of capacity is established by an explicit capacity characterization in Theorem [1]
The key ideas that make the capacity tractable include the capacity of sum-networks from network
coding [2529], the N-sum box abstraction 33|, dual GRS codes [64], stabilizer based CSS code
constructions [31,32], and quantum-information theoretic converse arguments [65-67]. The capacity
depends on both the data replication and entanglement distribution maps. For example, Corollary
shows that in the symmetric setting with K = (9) data-streams, each replicated among a distinct
a—subseﬁ of [S], and T' = () quantum systems, each distributed among a distinct S-subset of [S],

the capacity of the X-QMAC is ﬂiT nyn:&a;%)_sﬁ min(f,27) - (:) . (g::)

For the motivating example in Fig. let us explicitly state the capacity results for various
entanglement distribution maps. It will be useful to adopt a more intuitive notation by denoting
the servers Si1,83,S83,84 as Sap, Sac; Sbe, Sd, respectively. The entanglement as shown in Fig.
can then be described as ({Sab, Sac}, {Sac, Sbe; Sd}), reflecting the fact that there are 2 quantum
systems, Q1, O, such that entangled subsystems of Q; are distributed to the servers S,p, Sac, and
entangled subsystems of Qs are distributed to the servers S,c, Spe, Sq- The capacity for this, and

various other entanglement distribution maps, is listed in Table

Entanglement distribution map Capacity
({Sab, Sacs Sbe; Sd}) 4/5
({Sabs Sacs Sbe}s {Sabs Sac, Sd }s {Sabs Sbes Sd}, {Sacs Sbes Sd}) 3/4
({Sab, Sac}, {Sab, Sd}s {Sac, Sa}s {Sbe, Sa}) 3/4
({SabaSac}>{Sac>8bCan}) 2/3
({Sabasac}7{SaC78bc}a{SaCan}a{SbCan}) 2/3
<{8ab}a {SameCde}) 2/3
({Sab}, {Sacs Sbe}s {Sac, Sa}s {Sbe, Sa}) 2/3
({Sabs Sac: Soc}> {S4}) 1/2
({Sab, Sac}, {Sab, Sbe}s {Sac, Sbe}s {Sd}) 1/2
({Sabasac}7{8b08d}) 1/2
({Sab}v {Sac}7 {Sbc}v {Sd}) 2/5

Table 1: Capacity of the X-QMAC in Fig. [I] for various entanglement distribution maps

Note that the last row of the table corresponds to the unentangled case, i.e., with no entan-
glements allowed between servers. The unentangled capacity of the X-QMAC for a given data
replication map W is the same as the classical capacity for the corresponding setting. In this case,
the unentangled capacity is 2/5 computations/qudit, meaning that without quantum entanglement
the fundamental limit dictates that each instance of the desired sum A + B 4+ C 4 D requires 5/2
qudits (5/2 dits in the classical case) to be sent to Alice. The first row represents the opposite
extreme, the fully entangled case that allows all 4 servers to be entangled, and we note that the

“An a-subset of [S] is a subset of {1,2,---,S} that has cardinality a.



capacity in this case is 4/5 computations/qudit. For each specified entanglement distribution map
the DSC gain is the ratio of the capacity for that case to the unentangled capacity. The DSC gain
for the fully entangled setting is called the maximal distributed superdense coding gain. In this
case, the maximal DSC gain is 2.

In terms of the main motivation of quantifying useful genuine multiparty entanglements via
DSC gains, the capacity analysis allows us to draw various insights. Some of these are highlighted
below along with pointers to relevant results in the paper.

1.

The maximal DSC gain of E—QMA(ﬂ is 2. The maximal DSC gain of 2 is achievable in the
fully entangled ¥-QMAC if and only if the unentangled capacity is not more than 1/2 (com-
putations/qudit). When the unentangled capacity is not less than 1/2, the fully entangled
3-QMAC has DSC gain exactly equal to the reciprocal of the unentangled capacity. These
observations are implied by Corollary [3] of Section

. Bipartite (2-party) entanglement is in general insufficient to achieve the maximal DSC gain

in the ¥-QMAC, even if unlimited bipartite entanglement is made available to every pair of
transmitters. In other words, multiparty entanglement is mecessary in general. This can be
seen from Table — the capacity is 2/3 if only bipartite entanglement is allowed, whereas the
capacity is 4/5 with entanglement allowed across all four servers. The necessity of multiparty
entanglements is also evident from Corollary [4] in Section

. If each data-stream is only available to a unique server, then bipartite entanglement suffices

to achieve the maximal DSC gain. This observation is based on Corollary [0] in Section

. The symmetric setting in Corollary [4] reveals that both extremes of too much data replication

and too little data replication require relatively little entanglement to achieve their maximal
DSC gain, rather the intermediate regimes of data replication are the ones that require the
most entanglement. See discussion in Section [6.3]

. The minimal entanglement-size 5 such that (-party entanglement is necessary to achieve

a desired (feasible) DSC gain value in a X-QMAC can be determined from the capacity
characterizations. For example, from Table [I| we note that 4-party entanglement is neces-
sary to achieve maximal DSC gain. The best DSC gain with 3-party entanglements is only
(3/4)/(2/5) = 15/8 which can also be achieved with 2-party entanglements

. 3-party entanglement is never necessary to achieve the capacity of the 3-QMAC. Any 3-party

entanglement can be replaced by 2-party entanglements with the capacity unchanged. This
observation is based on Corollary [7] of Section [f] An example is presented in Section [6.5

For every S # 3, there is a 3-QMAC setting with S servers where S-party entanglement is
necessary to achieve the maximal DSC gain. In such settings, even with unlimited S —1 party
entanglements among all (S — 1)-subsets of servers, the DSC gain is strictly smaller than that
with S-party entanglement. This observation is based on Corollary [8| of Section [5] Related
discussion is provided in Section [6.6]

. Entanglements restricted to stabilizer states, along with Pauli operations (X and Z gates)

at the servers (i.e., coding via the N-sum box abstraction) suffice to achieve the capacity

5The possibility of DSC gains larger than 2 for vector linear computations over the QMAC remains open.



of the X-QMAC. Thus, while the capacity formulation does allow non-stabilizer states and
general unitary operations, neither of those can improve the DSC gains in the 3-QMAC. This
observation emerges from the proof of achievability of Theorem [I}

Notation: N denotes the set of positive integers. Z* = {0} UN. For n € N, [n] denotes the
set {1,2,--- ,n}. For n1,ny € N, [ny : ny| denotes the set {ni,n; +1,--- ;na} if n;y < ng and
otherwise. For a set X, define X™ £ X x X x --- x X as the n-fold Cartesian product. Define
compact notations AM £ (A, A@) ... ,A™) and App 2 (Ay, As,---, A,). Fy denotes the finite
field with d = p” a power of a prime. R denotes the set of real numbers. R, denotes the set of
non-negative real numbers. C denotes the set of complex numbers. For a field F, F**? denotes the
set of a x b matrices with elements in F. tr(M) denotes the trace of a matrix M. For a matrix M
with elements in C, MT denotes its conjugate transpose. I, denotes the a x a identity matrix. 0,xp
denotes the zero matrix with size a x b. Pr(E) denotes the probability of an event E. Pr(E;|E2)
denotes the conditional probability of E; given F. (x)T £ max(z,0). For m,n € ZT,m < n,

(:1) = #Lm), denotes the binomial coefficient. For a set A, the set of its cardinality-m sub-sets

is denoted as (%) 2 [AC N ||A| = m} if [N] > m. The notation 2V denotes the power set of A
The notation f : A +— B denotes a map f from A to B. If f is a bijection from A to B, we write
f : A< B and denote the inverse of f as f~!. The dimension of a quantum system Q is denoted

as |Q)|.

4 Problem Formulation

4.1 ¥-QMAC

The 3-QMAC problem is specified by a 6-tuple (Fd,S, K, T ,W,E). F4 is a finite field of order
d with d = p” being a power of a prime. S is the number of servers. K is the number of
independent classical data-streams, denoted as Wi, Ws,--- ,Wg. The k' data stream, Wy, is
comprised of symbols W,Ef) € Fq,f € N. T is the number of independent quantum resources,
denoted as Q1, Qa,- -, Qp. The data replication map is a mapping W : [K] — 2l5] that identifies
W(k) C [S] as the subset of servers where Wy, is available. The entanglement distribution map
is a mapping & : [T] — 2I9 that identifies £(t) C [S] as the subset of servers among which the
quantum system @ is distributed. Such a subset of servers is referred to as a clique in this paper.
The quantum system Q; is partitioned into entangled subsystems Q; ,, s € £(t) such that Server s

receives the quantum subsystem Q; s from the quantum system Q; = (Qys,s € £(t)).

4.2 Feasible Quantum Coding Schemes

A quantum coding scheme is specified by a 6-tuple

(L, ((0r,s)secw)eerry Pty (Pus)seew)err); {Meytyey e, ©). (1)

L € N is the batch size, which is the number of sums to be computed by the coding scheme,
i.e., the coding scheme allows Alice to compute Wyx(¢) for all ¢ € [L]. For k € [K], denote the

first L instances of the k" data stream as W,EL} = (W,(Cl),Wl(f), e ,W,(CL)) € FL, and the desired

computation at Alice as W[ZL} = (W(Zl), Wg), e ,W(ZL)) € FE where Wy (£) 2 ST Wi, (4), V4 € [L].
For t € [T] and s € £(t), 0,5 € Z™ specifies the dimension of the quantum subsystem Oy, i.e.,
|Qt.s| = 615 For t € [T], say the t' clique is £(t) = {s1, 52, ;8lew(}- The quantum system



Qt = Q1 Qtso - Qt,s‘gw is prepared in the initial state p; € cledxied 9, 0,,--- , Qp are
unentangled with each other. Without loss of generality, we assume that the initial state of the
composite system is a pure state, and thus it can be written as p = p; ® p2 ® - - - ® pp. For t € [T],
Server s € £(t) applies a unitary operator U, = @t,s(WLL],k :s € W(k)) to Qs. Thus, the
resulting state of Q; is p; = Upy UtT, where U; £ Uis, ®Uts, ® -+ ® Ut,s\sg)\- Note that since
Q1,09,--,Qr are unentangled initially, and separate operations are done for Qi, Qa,- -, Or,
they remain unentangled after the servers apply the operations. All subsystems are then sent to
Alice, who performs separate quantum measurements (POVM) on each of the 7" quantum systems.
Specifically, for ¢t € [T'], the set of operators for the measurement of Q; is specified as { My }yey, by
the coding scheme. The output of the measurement is denoted as Y;, which is a random variable

with realizations in );. Finally, the function ¥ : Y1 X Vo -+ X Vp — Fé x1 maps the outputs of the
(L]

measurements Yjy) = (Y1, Y2, , Y7) to the desired computation (sum), i.e., Wy," = W(Y1,---, Y7).
Any feasible coding scheme must work for all d%% realizations of (W[lL],WgL], e ,W[I?]). Let €

denote the set of such coding schemes.

4.3 Feasible Region and Capacity
For the X-QMAC (Fd, S, K, T, W, 8), the download-cost per computation (qudits/dit) tuple,

A = (Avs)iersee) ERY, T2 D [EW)], (2)
te[T)
is said to be feasible, if there exists a coding scheme
(L, ((Or,s)secw)ierrys Py (Pus)seew)ierr); {Meytyey e, ¥) € €
such that

log,|Qt.s _ logg ¢,
L L
Define D as the closure of the set of all feasible download-cost tuples A so that any A inside D

is feasible, and any A outside D is not feasible. In terms of computation rates (dits of computa-
tion/qudit of download), a rate R is feasible if there exists a coding scheme in € such that

L L
R< - .
D e see) 1084 19ns| i) see) 1084 Ot

At,s >

vVt e [T],s € E(t). (3)

(4)

Define
C2supR (5)
¢

as the computation capacity. Note that a capacity C characterization is implied by a characteri-
zation of D because C' = (minaep Zte[T],seg(t) Am)*l. Since S, K, T can be inferred from W, &, a
Y-QMAC problem is fully specified by the parameters (Fg, W, E). As our first result (Theorem
will show, the capacity is independent of Fy (which reflects the merit of using qudit to measure the
cost). Therefore the capacity C(W, ) is only a function of (W, E). While comparing capacities of
problems that have the same data replication map but different entanglement distribution maps,
the data replication map VW may be occasionally omitted for brevity when it is clear from the
context.
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4.4 Fully-entangled, Fully-unentangled and Fully-S-party-entangled Capacities

Symmetric entanglement distribution maps can be especially insightful because the symmetry fa-
cilitates compact capacity descriptions that are easier to compare. To prepare for discussions of
symmetric entanglements, let us define the fully-3-party-entangled setting as the entanglement
distribution map comprised of all cliques of size 8. Note that this allows genuine multiparty en-
tanglement to be established among every subset of servers containing no more than [ servers.
Formally, fully-8-party-entangled Settingﬁ refers to the bijective entanglement distribution map,

oo ()

For example, with S = 4 servers, fully-2-party-entangled setting means that (3) = 6 separate
quantum systems are available, each comprised of 2 entangled subsystems that are distributed
among a distinct pair (2-clique) of servers. £ is a bijection from {1,2,---,6} to the set of
all 2-subsets of [4], i.e., {{1,2},{2,3},{3,4},{4,1},{1,3},{2,4}}. For example, E@(1) = {1,2},
EP(2) ={2,3}, £@(3) = {3,4}, ED(4) = {4,1}, EA(5) = {1,3}, £@(6) = {2,4}). Given a data
replication map W, the fully-S-party-entangled capacity is correspondingly defined as,

COW) & cw, V). (7)

Extreme cases of fully-g3-party-entangled capacity include the § = S setting, known simply as
the fully-entangled capacity C™ (W) = CS)(W), and the 8 = 1 setting, known simply as the
fully-unentangled capacity C*™™ (W) = CM(W).

4.5 Distributed Superdense Coding (DSC) Gain

Given data replication map W and entanglement distribution map &, the distributed super dense
coding (DSC) gain is defined as the ratio

cow,)/cme (W), (8)

which indicates the multiplicative gain, compared to the fully-unentangled capacity C**"*(W), that
is enabled by quantum entanglement subject to the entanglement distribution map £. The mazimal
DSC gain for data replication map W is defined as C™"**(W)/C****(W), which is the ratio of the
fully-entangled capacity to the fully-unentangled capacity.

5 Results

The exact capacity of the 3-QMAC is fully characterized in the following theorem.
Theorem 1 (X-QMAC). The capacity of the X-QMAC (Fd, S, K, T,W,S), 18

-1

cW,€) = min Ay g 9
( ) AGD(W’g)te[T}Z:seg(t) " )

5We may shorten ‘fully-B-party-entangled’ to simply ‘B-party-entangled’ in subsequent discussions when the con-
text is obvious.
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with the feasible download-cost region characterized as (T = > terr) €@,

,D(W,g) - {A G RE_ ) EtE[T] mln{zseg(t) At}s, ZsES(t)ﬂW(k) 2At,8} Z I,Vk E [K] } . (10)

The proof of Theorem [I] appears in Sections [7] and [§] Note that Theorem [I] characterizes the
capacity of the X-QMAC in terms of the solution of a linear program that finds the minimum
download cost over the feasible region D that is explicitly characterized. The capacity does not
depend on the field Fy. In fact the capacity depends only on the data replication and entanglement
distribution maps (W, &) since the remaining parameters S, K, T can be inferred from W, E.

The remainder of this section identifies a few interesting corollaries that follow from Theorem
We start with the specializations for the opposite extremes, fully-entangled and fully-unentangled
capacities, stated as corollaries next.

Corollary 1 (Fully-entangled). The fully-entangled capacity for a data replication map W is,
-1

fullent _
C (W) B (A17...7A G’Dfullent Z A ’ (11)

SE[S]
where
Dfullent(w) — (Ala PPN )AS) & Rf_ Z AS 2 1, Z As Z 1/27Vk S [K] . (12)
s€[S) seW(k)

Corollary 2 (Fully-unentangled). The fully-unentangled capacity for a data replication map W is,

-1

Cunent W — mln A 13
= o B T w
where
unent _ . S
Dt (W) = {(Al, As) €RE Y A= Lk E (K] } . (14)

From Corollary (1] and Corollary [2| we have the following characterization of the maximal DSC
gain for any data replication map W.

Corollary 3 (Maximal DSC gain). The maximal distributed superdense coding gain for the data
replication map W s,

CRe (W) /€ (W) = min (2, 1/C* (W)). 1

The proof of Corollary [3]is relegated to Appendix

Next we explore a class of X-QMAC settings with symmetric data replication and entanglement
distribution maps. A symmetric setting is specified by three parameters, S, and 5. The data
replication map is fully symmetric, so that for each a-subset of [S] there is a unique data stream
replicated among this subset of servers. The goal is to characterize explicitly the fully-3-party-
entangled capacity for such data replication maps. The explicit characterization is provided next.
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[0}

Corollary 4 (Symmetric). If a € [S], K = (S), T= (g), and W: [K] < ([2}) and € : [T] <> ([E])
are bijective mappings, then the X-QMAC capacity (denoted as C&ﬁ)) 18

1 min(a,6) o S—a
c¥ = — Z min(3, 27) - ( ) . < > (16)
BT ihs)t v) \B—7
min(a,B)
e e (0w
y=max(a+5-S,[8/2])
min(a,|3/2])

e e ().

v=(a+8-5)

The proof of Corollary [ is relegated to Appendix [C|

The next corollary sheds light on C, i.e., the capacity with only bipartite entanglements.
Let us first provide the necessary context before presenting the next corollary. Given a 3-QMAC
problem P with data replication W, S servers and K data streams, we want to explicitly characterize
the 2-party-entangled capacity Cc )(W) To do so, let us construct another hypothetical X-QMAC
problem referred to as P with data replication map | W ( ) servers and the same K data streams
as in P. Now let us specify W. Each server in P is indexed by a 2-element set {i,j} C [S].
Server Sg; 1 in P has the access to the data streams that are available to Servers S;or §; in P.
In other words, a data stream is available to Server Sy; ;1 in P if and only if that data stream is
available to either Server S; or Server S; (or to both) in P. Mathematically, W(k) = {{i,j} €
([‘g]) | ({i,5} N W(k)) # 0} for k € [K]. Now we are ready to present the next corollary.

Corollary 5 (Fully-2-party-entangled capacity). C®(W) = Cuent (W), In addition, it can be
shown that C'? (W) can always be achieved by a scheme that involves only the 2-sum protocol

The proof of Corollary [5is relegated to Appendix [D] In plain words, Corollary [5] states that the 2-
party-entangled capacity for the data replication map W is equal to the fully-unentangled capacity
for the data replication map W, comprised of a new set of servers that are obtained by merging
pairs of original servers.

Corollary 6 (Disjoint data). Given data replication map W with S servers and K data streams,
if S > 2 and each data-stream is available to only one server, i.e., W(k)| =1 for all k € [K], then
Cfullcnt(w) — 0(2) (W) — 2/5.

In other words, if no data stream is replicated across more than one server, then genuine
multiparty entanglement (between more than 2 parties) is not needed, i.e., the fully-entangled
capacity is equal to the 2-party-entangled capacity. Together with Corollary [5| this implies that
2-sum protocol based schemes suffice to achieve the fully-entangled capacity in this case.

Proof. Since each server can locally add the data streams and regard the sum as one data stream,
it suffices to consider K = S data streams such that each server has a unique data stream. The

"Schemes that only apply the 2-sum protocol are special cases of the quantum coding schemes formulated in
Section 4.2 when T' = ( ) and € : [T] + ([“;]). In other words, each of the T' quantum systems 91, Qa,--- , Or is
available to a unique pair of the S servers.
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reduced setting belongs to the symmetric settings specified in Corollary [4| with S servers and o = 1.
It can then be verified by (T7) that C\* = C\¥) = 2/3. 0

Corollary 7 (3-party entanglement is unnecessary). Given any X-QMAC problem with data repli-
cation map W and entanglement distribution map & that identifies a 3-party clique, say E(t) =
{s1, 82,83} for some t € [T], consider another entanglement distribution map &', which is created
by first making a copy of £, and then replacing the 3-party clique {s1,s2,ss} with three 2-party
cliques {s1,s2}, {s1, 83} and {s2,s3}. Then we always have COW,E) = CW,E’).

The proof of Corollary [7] is relegated to Appendix [E] It shows that any 3-party entanglement can
be substituted by 2-party entanglements established by the same three servers, for the purpose
of ¥-QMAC capacity (not necessarily for other function computations). Note that it immediately
follows that C®)(W) = C (W) for any data replication map W.

Corollary 8 (Necessity of multiparty entanglements). For any S > 2 and S # 3, there exists a
data replication map W with S servers for which CS)(W) > CS=1(w).

The proof of Corollary [§] is relegated to Appendix [F] The corollary states that given the number
of servers S, if S > 2 and S # 3, there is a data replication map W with S servers for which the
fully-entangled capacity C™"*(W) is strictly greater than the (S — 1)-party-entangled capacity
C(S_l)(W). In other words, in order to attain the maximal DSC gain for the 3-QMAC with this
data replication map, one must allow the entanglement to be established among all S servers. A
concrete example for this corollary can be found in Section

6 Examples

In this section we present examples to illustrate the results.

6.1 Example: Achieving Fully-Entangled Capacity C™" for the Data Replica-
tion Map of Fig.

Consider the data replication map W as in Fig. [1} Let us sketch the solution for the fully-entangled
setting, i.e., &€ = {{1,2,3,4}}. There are 4 data-streams, denoted by A, B, C and D. For intuitive
notation, let us use subscripts ab, ac, bc, d to represent 1, 2, 3, 4, respectively, reflecting the data-
streams available at the corresponding servers. For example, we indicate Server S1 as S,p, making
it explicit that this server has data-streams A, B. Similarly, Server Ss has data-streams A, C, and
is thus denoted as S,c. The other two servers are Spc and Syq accordingly. The corresponding
normalized download costs are denoted as A,p, Aac, Ape and Aq. With these notations, the feasible
region in Corollary [1] is,

Aab + Age + Ape +Ag > 1,
Aab + Aac > 1/27
D* = { (Aabs Aac, Ape, Ag) € RY | Agp + Ape > 1/2, : (19)
Aac + Abc > 1/2,
Agq >1/2.

From the converse standpoint, let us note informally that of the 5 bounds that appear in , the
first bound says that the normalized total download cost is at least 1 qudit/dit. This is because
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there is no entanglement between the servers and Alice, so it follows from the Holevo bound [65]
that one qudit cannot carry more than one dit of information. The remaining four bounds are
typical cut-set arguments, by separating the parties (servers and Alice) into two groups such that
the servers that know one of the data streams are collectively regarded as the transmitter, while
the other servers join Alice as the receiver. Since now entanglement can be established between the
transmitter and the receiver, it follows from (e.g., [18,68]) that the one qudit can carry at most 2
dits of information, yielding the factor 1/2 on the RHS of the other four bounds.

Minimizing A,p + Aac + Apc + Aq over D leads to a linear program with optimal value 5/4, thus
establishing the fully-entangled capacity for this example as C™"* = 4/5. To show the achievability
of 4/5, we specify a coding scheme that allows Alice to recover L = 4 instances of the desired sums,
denoted as Ay + By + Cig) + Dyyj, based on an (N = 5)-sum box in Fy so that in the 5-sum box
Server S,p controls 1 pair of inputs x1, xg; Server Syc controls 1 pair of inputs xo, x7; Server Spc
controls 1 pair of inputs x3, xg; and Server Sy controls 2 pairs of inputs x4, x5, T9, T19. Let us denote
the transfer matrix corresponding to the 5-sum box as M, which can be chosen freely in FZXlO, as
long as MJ1oM7” = 0545. Denote the input of the box as x = [z1, 22, ,xlo]T and the output of
the box as y € IFZXl, and thus y = Mx can be measured at Alice. Since Server S,, knows only A
and B, (71, r¢) must be determined by Ay and By). Similarly, (w2, z7) must be determined by Ay
and Ciyj; (23, 7s) must be determined by By and Ciyj; (24, 75, 29, 719) must be determined by Dyy).
Aside from the use of the 5-sum box, our scheme uses linear precoding and decoding at the servers
and the receiver. Specifically, the mapping from (A, By}, Ci4), Djy)) to x is linear, and the mapping
from y to the desired sum Ay + By + Cpg + Dy is also linear. As an example, the precoding
at Server S,p is represented as [r1, 76]7 = VAl + V;LB[M, where V3, V;f) are precoding matrices
with appropriate size and elements chosen in F;. The precoding matrices at the other servers are
denoted in a similar fashion. The decoding at Alice is represented as Vje.y, which must be equal
to Ay + By + Cpyp + Dy Fig. [2]illustrates the precoding and decoding operations.

A Braj Caj Dy
ve| [vallve] [we|[ve

y = Mx

(Comm. Cost: 5 qudits) Y1 Y2 Y3 Y4 Ys

Vdeci4><5
Ay + Bpay + Cpyp + Dy

Figure 2: Precoding and decoding structure to achieve fully-entangled capacity C™"** for the data
replication map of Fig.

For the general proof of achievability in Section [8 we only need to show the existence of appro-
priate encoders and decoders, so the specific choices will not be explicitly stated. For this example,
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however, let us explicitly write a 5 x 10 transfer matrix M, the precoding matrices V3, Va%, Sy Vdd
and the decoding matrix Ve, such that they yield the desired relationships.
The choice of M: The transfer function of the 5-sum box is M € F ZX 10 gpecified as,

1000001101
0100010001

M=[0010010010 (20)
00010001 11
0000111010

It is easily verified that MJ;oM” = 0545 and thus it is a valid 5-sum box

The choice of Vye.: To the output y € F‘ZXl, Alice applies a 4 x 5 decoding matrix V. specified
as,

Vdec = (21)

O = OO
o O O =
— o oo
—_ O = =
—_ e

The choice of the precoding matrices: Due to the data dependency, the input vector x € F (110“
can be written as,

- - b - -
ab.1 Vaba 014 i i
a 0 ¢ 0
ac,1 1x4 ac,1 3;4
b
1 O1xa| (A1 Voer1| [B1 Voer| [C Vdcil D1
. 2 _ 024 Ay + 02x4 Ba + 0254 Co n ‘/:1,2 Dy (22)
aab,2 A3 Vatl)a,2 B3 014 Cs 03;4 D3
10 aac,2 Aq O1x4 B4 acc,2 Cy Vd 3 D4
0 —— Vb —— Ve —— Vd ——
Ix4 A[4] bc,2 B[4] bc,2 C[4] da4 | D[4]
| 024 | | 0254 | | 0254 |

which indicates the precoding operations at each server with an encoding matrix V_ . For example,
Server S,p, precodes the L x 1 = 4 x 1 vector of data stream A (denoted as A[4]) with the 2N, X L =

2 x 4 precoding matrix V3, whose ith

row is denoted by V3 ,. Similarly, Server S, precodes data
stream B with the 2 x 4 precoding matrix Vatf). The precoded symbols are then mapped to the

inputs controlled by Server ab, i.e., x1, zg, so that we have,

[ml] = V3Au + VB (23)

L6

Each server similarly precodes the data streams available to it with its corresponding precoding

matrices.
The precoding matrices are now specified as,

a -1 74 -1
Pl = (VaeeMas2n) > [1B] = (VaeeMasss)
V;\c Vbc

Vs -1 -1
{V}C] = (VaeeM@7558) » Vd = (VaeeM5.9.10) - (24)
C

8Tn fact, any M € Fé\’”N of the form [In,Sn] where Sy = SE satisfies MJonyM = Onx N and is therefore a valid
N-sum box [33].
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where M;, 4, ... 5,) is an N X n submatrix of M comprised of the (i1, g, ,in)" columns of M.
It is easy to verify that det(VyecM(162,7) = det(VaecM(2,735)) = 1 and det(VgecM(1635)) =
det(VgecM(4,5,9,10)) = —1, thus all 4 inverses in exist.

Correctness: With all choices explicitly specified, it is similarly easy to verify that we have,

ViecY = VdecMx = A[4} + B[4] + C[4} + D[4}. (25)

Thus, Alice is able to compute 4 instances of the desired sum, with the total download cost of 5
qudits. The coding scheme achieves the rate 4/5 qudits/computation, matching the capacity of
this 3-QMAC setting.

6.2 Example: Symmetric X>-QMAC with S =8

Setting S = 8, for o, 8 € {1,2,--- ,8}, we show the values of C&’B) in the following table according to
Corollary 4l The first column (5 = 1) corresponds to the fully-unentangled capacities. The second

Table 2: C((;B) for S = 8.

RN
12 3 4 5 6 7 |8
«
U [18[ 1/4 | 1/4 | 1/4 | 14 | /a4 | 1/4 | 1/4
2 1/4[13/28 [13/28 | 1/2 | 1/2 | 1/2 | 1/2 [1/2
3 [3/8] 9/14 | 9/14 | 5/7 | 5/7 | 3/4 | 3/4 |3/4
4 1/2 [ 11/14 | 11/14 | 61/70 | 61/70 | 13/14 | 13/14 | 1
5 | 5/8] 25/28 | 25/28 | 27/28 | 27/28 | 1 L[ 1
6 3/4 | 27/28 [27/28 | 1 1 1 1 1
7 78 1 1 1 1 1 1 1
8 L] 1 1 1 1 i [ 1

column (B = 2) corresponds to the 2-party-entangled capacities. The capacities in this column
are achievable by the 2-sum protocol. The last column (8 = 8) corresponds to the fully-entangled
capacities. Comparing the columns corresponding to 5 = 1 and 8 = 8, note that the DSC gain is 2
provided that the capacity does not exceed 1 dit/qudit. Also, note that the bipartite entanglement
(i.e., B = 2) is in general not enough to achieve the maximal DSC gain.

6.3 Example: Minimizing the Maximal Entanglement

Maintaining entanglement across many parties tends to be increasingly challenging, as more parties
become involved. So it is desirable to have smaller cliques without losing the capacity, motivating
the problem of identifying entanglement distribution maps £, with the maximal clique size as small
as possible such that the capacity achieved with £ is the same as C™", Mathematically, the
problem is to find * £ min{g | C¥) = C™'} for a fixed data replication map. For example,
consider the data distribution W shown in Fig. [Il We can see from Table [1| that the smallest value
of B for this example is 4, same as S, i.e., all servers need to be entangled, because even if every
subset of 3 of the 4 servers has an entangled system, the capacity is still only 3/4, which is still less
than C™!'** = 4/5. However, as evident from Table[2| where the data replication map is symmetric,
it is in general not necessary to have all servers entangled in order to achieve the fully-entangled
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capacity C™!», For example, for S = 8 servers and o = 3, we have C§6) = (5 = 3/4, which means
that it _suffices to have 5 = 6 in order to achieve the fully-entangled capacity. Therefore, based on
Table |2 for the cases with symmetric data replication, i.e., K = (2) and W : [K] < ([2]), we have
6" =2,4,6,8,6,4,2,1 for « = 1,2,3,4,5,6,7,8. From Corollary [4] it can further be verified that
for general S,

20, a < [S/2],
B*=q2(S—a), [$/21<a<S-1, (26)
1 a=2_.

The proof of can be found in Appendix |C| The intuition that emerges from this is that both
extremes of too much data replication (large a) and too little data replication (small «) require
relatively little entanglement (small 5*) to achieve their maximal DSC gain, rather the intermediate
regimes of data replication are the ones that require the most entanglement to maximize their DSC
gain.

6.4 Example: 2-sum Protocol Based Coding for Fig.

The main purpose of this example is to illustrate Corollary [5] Note that there are two 3-QMAC
problems involved in Corollary [5l In this example, let us again consider the data replication map
defined in Fig. [Il We consider the following two X-QMAC problems.

1. P: The X-QMAC problem with data replication map W as shown in Fig. [} Specifically, there
are four data streams, denoted as A, B, C and D. The four servers are denoted as S,p, Sac, Sbe
and Sy. We wish to find the 2-party-entangled capacity C®(W).

2. P: The (hypothetical) X-QMAC problem with data replication map W. Specifically, there are
(;1) = 6 servers, each has the data streams that are available to a unique pair of servers in P.
Therefore, the data streams available to the servers in P are ABC, ABC, ABD, ABC, ACD, BCD,
respectively. Without loss of generality, the three servers that know ABC can be considered
as one server. We refer to the server that has data streams ABC as S,pc, and similarly we
define the rest 3 servers as Sapd, Sacd and Speq. We wish to find the fully-unentangled capacity

Cunent (W) .

According to Corollary 5| these two $-QMAC problems have the same capacity, i.e., C(? w) =

Cert (W), both equal to 3/4 by Corollary [2, A scheme for the problem P is illustrated in Table
Note that in P, no entanglement across different servers is allowed, and our scheme in Table

Server | Transmission
Sabe | Yabe = (A1 — Az + A3z) + (By — B2) + C;
Sabd | Yabd = (A2 — A3) +Bo + Dy
Sacd | Yacd = A3+ Co 4 (D2 — Dy)
Sbed | Ybed = B3 + (C3 — C) + (D3 — D2 + Dy)

Table 3: Coding scheme for P

simply treats qudits as dits. Since Yipc + Yabd = A1+ B1+Cy + D1, Yapd + Yacd = Ao +Bo+Co + Do
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and Yied + Yoed = Ag + B3s + C3 + Dg3, the scheme allows Alice to compute L = 3 instances of the
desired sum with a total cost of 4 qudits (Yapc, Yabd, Yacd and Ypeq each costs one qudit). The
capacity 3/4 is thus achieved.

Fig. [3{shows that a scheme thats achieve C(®) (W) = 3/4 in the problem P can be deduced from
Table [3] which allows Alice to compute 6 instances of the sum in the problem P, with 4 uses of
the 2-sum protocols, thus achieving the rate 6/8 = 3/4. Note that each use of the 2-sum protocol

o

3 (
(+1+1+1)

Rate: dits/dit) Rate: (dits/qudit)

6
2(1+1+1+1)

Figure 3: A comparison of the schemes that achieve C’““e“t(W) — 3/4 in the problem P (LHS)
and 0(2)(W) = 3/4 in the problem P (RHS). In RHS, each of Yipc, Yabd, Yacd and Ypeq contains
two instances, e.g., Yapc = (Y;(blc), Ya(ch))’ where Y;(;g is the function of (A;, B;, C;, Di)?zl as shown in

Table [3| and Ya(b22 is the corresponding function of (A;, B;, C;, Di)?:4.

transmits 2 instances of the symbol that is sent by a server in the problem P. Specifically, for
example, the two servers S,, and S,c in the problem P use the 2-sum protocol once, with the two
inputs at S, specified as (A; — Ay + As) and (A4 — As + Ag), the two inputs at S,c specified as
(B1 —B2) + C; and (Bg — Bs) + Cy4, so that Alice gets Ya(blc) = (A1 — Aa+ A3) + (B — B2) + C; and
Y2 = (Ay— As + Ag) + (B4 — Bs) + Cy.

abc

6.5 3-party entanglement is not necessary in »>-QMAC

As an example to illustrate Corollary [7] let us once again consider the data replication map in Fig.
One can quickly check from Table [1| that for any capacity that is associated with an entangle-
ment distribution map that contains a 3-party clique, the same capacity is achievable for another
entanglement distribution map where the 3-party clique is replaced with three 2-party cliques,
each containing a unique pair of servers in the 3-party cliques. Another example is the symmetric
settings with S = 8 servers as shown in Table Note that in each row, the 3-party-entangled
capacity is always equal to the 2-party-entangled capacity, meaning that 3-party entanglement is
not necessary for achieving a higher capacity.

6.6 The necessity of S-party entanglement for >-QMAC (S # 3)

The symmetric setting in Section [6.2] may support the intuition that S-partite entanglement is un-
necessary for odd 3, i.e., C® (W) = CP=D (W), because the columns corresponding to odd values
of B in Table [2] are identical to their preceding columns. The intuition may even be strength-
ened by Corollary [7| which shows that indeed C®)(W) = C® (W) for any W. Perhaps surpris-
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ingly then, Corollary [§| reveals that § = 3 is only an exception and it is not generally true that
CA W) = cB=D(W) for all data replication patterns W if 8 is an odd number.

Leaving the proof of Corollary [8to Appendix [F] let us consider here the case § = S =5 to see
that indeed there exists a data replication pattern W such that C®) (W) > CY(W). Let A, B,C,D
and E denote K = 5 data streams. The data replication map W is such that Server &7 has A, B, C,
Server Sy has A, B, D, Server S3 has A, C, D, Server S; has B, C,D and Server S5 has E. If we only
look at the first 4 servers, this is the symmetric data replication map with 4 data streams, each
being replicated in a unique subset of 3 servers. The asymmetry comes from the additional data
stream, E, that is only available at server Ss. It can be verified by Theorem [I] that for this data
replication map, C™e (W) £ CO)(W) = 6/7 and CY (W) = 5/6, which together show that the
5-partite entanglement is necessary for this W.

7 Proof of Theorem [I Converse

Our converse bound for proving Theorem [1| is based on the cut-set argument with the capacity
result of classical-quantum communication channel (e.g., [18,/68]). The definitions of quantum
coding schemes, feasible region, capacity and the DSC gain follow from those of the X-QMAC.

7.1 Prerequisite: Dense Coding Capacity

Consider a point to point quantum communication setting with a sender, Bob, and a receiver,
Alice. Quantum systems Q4 and Qp are provided to Alice and Bob, respectively. We use |Q)|
to denote the dimension of a quantum system Q. The composite system QpQ4 is in the initial
state pP4, described by the density operator. Independent of pB4 there is a random variable X, so
that with probability px(z), Bob applies a unitary operation U, on Qpg. The resulting state of the
system QpQ 4 is thus pfA/ = (Up® IA)pBA(U}; ® I4) for X = x. Then Bob sends Qp to Alice,
which allows Alice to measure QpQ 4 and obtain the outcome Y. The dense coding capacity [18],
defined as the maximum amount of information that Alice can learn about X from Y, is equal to
max I (X;Y') where the maximum is taken over all px and all possible measurement at Alice. This
value can be strictly larger than log,; |Qp| (dits), in which case the coding scheme is called a dense
coding. As shown by [18], max I(X;Y) = log, |Qp| + S(p?) — S(pP4) (dits), where S(-) denotes
the von Neumann entropy and p? is the reduced density operator for Q4. Due to the inequalities
1S(pd) — S(pP)| < S(pB4), S(Qa) < log,|Qa| and non-negativity of von Neumann entropy, we
obtain that

I(X;Y) <min(log; |QpQal,2log, |9pl) dits. (27)

7.2 Proof of Converse

Consider any feasible coding scheme specified by

(L, ((5t78)s€€(t)>t€[T]7 P (((I)t,S)seS(t))te[T]a ({Mtﬂ}ye)}t)te[T}? ‘P) (28)
Lemma 1 (Conditional Independence). Given any feasible scheme, Y1,Ya,--- ,Yr are mutu-
ally independent conditioned on the event (WgL} = wl,WéL] = wo,- - ’W[[g] = wg) for any
Wy, w2, -+ , WK EFé/
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Proof. Recall that Alice receives the quantum system Q in the state p; = (®sce(r)Ut,s)pe(@see(r) Ups)t
for t € [T]. Thus, for any wy,ws, -+ ,wx € ]FC]Z,

Pr(Ye =y | W[IL] =wy,--- ,W[Ig = wg) = tr(p;Myy,), Vte [T (29)
and
Pr(Y1 =y, Y7 =yr ’W[IL] = wy, ’W[I?} :wK)
=tr((ph @+ @ pp)(Miy, @+ @ Mry,)) (30)
= tr((P1M1y,) © - @ (ppMry,)) (31)
T
= [ tr(piMyy,) (32)
t=1
T
= TIPr(vi = v | W =, W = ) (33)
t=1
where the last step uses . It follows that Yq,Ys, -+, Yy are conditionally independent. ]
Let (Wge),Wg), e ,W%)) be the " instance of the data streams. Since any feasible scheme
must guarantee successful decoding for all realizations of (Wge),Wy), e 7W%)) € Fff for all ¢, it
must still guarantee successful decoding if we assume (Wgz),Wg), . ,W%)) to be uniform over

FX for any ¢ € [L], and independent over ¢ € [L]. For ¢t € [T, let us account for the separate
measurement corresponding to clique £(t). Following a regular cut set argument, for k € [K],
denote Ay, = ([S]\W(k)) N E(t) and let Servers s € A, join Alice as the receiver by bringing
their quantum resource and data. Let B £ E()\Arr = E(t)NW(k) and consider Servers s € By j,
collectively as the transmitter. Denote the subsystem of Q; that is sent from Servers s € B as
Op and the quantum subsystem of Q; that is brought from Servers s € A;;, as Q4. Since the K

data streams are mutually independent, conditioned on W{IL{]]\ K it follows from that,

WY | Wi )

[K]\{k}
< min (log, |QpQal,2log, |Qp|) (34)
:min(logd H |Qt,5,21log, H |Qt,s> (35)
sEE(t) sEB: K
= min( Z log, | Q45,2 Z logd|Qt,s> (36)
se&(t) s€By i

where Y, denotes the result after measuring the quantum system QpQ 4, i.e., the composite system
comprised of Qp and Q4.
We then have

te(T)
= > H(Y:| W%}\{k}) — > H(Y:| WL%) (37)
te[T) te[T]

21



H(Y) | WK]\{k}) > H(Ye| W[L]) (38)

te[T]

H(Yry | WK]\{k}) tz[;]H(Yt | W%(]}’Y[t—l}) (39)
€

= H(Yyr | WK]\{k}) H(Yyry | W[K]) (40)
= 1(W Y | Wi () (41)
= HW, | W[K]\{k}) (42)
= H(W,") (43)
= L (dits) (44)

where Step makes use of the conditional independence of Y1, Ys, -, Y7 as implied by Lemma
Step holds because conditioned on WH}}]\ kb Alice must be able to recover WLL} from Y(p).
Combining and ([44)), we obtain that for any k € [K],

Z min( Z logy | Q5,2 Z ’Qt,s|> > L (dits). (45)
te(T] s€E(t) SEBy i

Dividing by L on both sides gives us

D mind YA, > 2,5 > 1, VE € [K], (46)

te[T] s€E(t) sEB; 1

which matches the condition of the feasible region in Theorem

8 Proof of Theorem [1; Achievability

8.1 Prerequisite: The N-sum Box

Building on the stabilizer formalism and quantum error correction literature on stabilizer codes, an
implicit generalization of the 2-sum protocol is presented in |35], and subsequently crystallized as an
N-sum box abstraction in [33]. The N-sum box has 2N classical inputs, labeled 1, x2, - ,zon €
Fg4, and N classical outputs y1, 42, - ,yn € Fg, related by a MIMO MAC channel formulation as,

Y1 My -+ Mian x1
= : : : : (47)
YN Myi -+ Myon]| |won

which can be represented compactly as y = Mx. The N-sum box abstraction represents the setting
where N entangled qudits are distributed among K transmitters, such that each transmitter can
perform conditional quantum X, Z gate operations on its qudit(s) to encode classical information.
The transmitter that has the n'" qudit controls the inputs z, and xn4, of the N-sum box. For
example, if Qudits 1 and 3 are given to Transmitter 1, then in the N-sum box abstraction the inputs
T1,T14+N, 23, X3+ N are the inputs available to Transmitter 1. The N outputs are the result of the
quantum measurement performed by Alice. Since the N qudits are sent to Alice for the quantum
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measurement, the N-sum box has a quantum communication cost of N qudits. Now let us consider
the channel matrix M. Different choices of entanglement states and quantum-measurement bases
produce different channel matrices. Depending on the desired computation task a suitable M may
be chosen from the set of feasible choices. The channel matrices that can be obtained from the
stabilizer-based construction are precisely those (see [33]) that are strongly self-orthogonal, i.e.,
that satisfy the following two conditions,

rk(M) = N, MJIonM” = 0y yn (48)

where Jony = (I?v _(I)N ) and Iy is the N x N identity matrix. Designing quantum-codes for the

3-QMAC using the N-sum box abstraction entails a choice of not only which N-sum boxes to use,
how many of the inputs of each N-sum box to assign to each transmitter, and how to precode at
each transmitter in the MIMO MAC for the desired computation, but in contrast to conventional
(wireless) MIMO MAC settings where the channels are randomly chosen by nature, here we also
have the freedom to design suitable channel matrices M for the desired computation task, within
the class of feasible choices. The N-sum box abstraction then guarantees that corresponding to
these choices there exist initial quantum entanglements, quantum-coding operations at the trans-
mitters, and quantum-measurement operations at the receiver, that achieve the desired MIMO
MAC functionality, at the communication cost of N qudits for each N-sum box utilized by the
coding scheme.

8.2 Proof of Achievability

Our proof of achievability combines a series of results in network coding literature, together with the
N-sum box formulation. Therefore, let us first summarize these results into the following lemmas
to facilitate the proof. Consider the following setup. Let K € N. For k € [K], let Hy € Fy*™*. Let
W and Wy, k € [K] be sources generating symbols in F,. Let us define the following two network
coding type problems.

Sum-network: There is a MIMO multiple access channel with K transmitters and one receiver.
The input at Transmitter k is X € IF’q”’le. The output at the receiver is Y = Zke[K] H;. X,.
Transmitter & knows Wp. The receiver wants to know Wi + Wy + - -+ + Wg. A feasible coding

scheme can be described by (L, N, ¢(x],%) so that the encoders ¢ map WECL] to X,[CN],Vk € [K],

and the decoder ¢ maps YN to Zke[K] W,E:L}. A rate R is achievable if there exists a scheme so
that R < L/N.

Multicast: There is a MIMO broadcast channel with one transmitter and K receivers. The input
at the Transmitter is X € IE‘ZXl. The output at Receiver k is ?k = H;{)N( . The transmitter knows
a message W. All K receivers want to decode W. A feasible coding scheme can be described
by (L, N, 25, J[K]) so that the encoder ?6 maps W to )Z'[N], and the decoders {bvk map ?k[N} to
WIL VE € [K]. A rate R is achievable if there exists a scheme so that R < L/N.

Lemma 2 (Duality [25]). If (L, N, ¢x],) is a feasible linear coding schemﬂ for the sum-network,

then there exists a feasible linear coding scheme (L, N, 5, IZ[K]) for the corresponding multicast
problem, and vice versa.

9If the coding functions ¢1x) and decoding function 1) are linear functions, the scheme is said to be linear. The
linearity for the Multicast setting is similarly defined.
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Lemma 3 (Multicast Capacity [69]). The capacity (supreme of achievable rates) of the multicast
problem is minge(x] rk(Hy), and it can be achieved by linear coding schemes.

We only need the achievability side of Lemma Although the idea essentially follows from
[691/70], since our formulation here is slightly different, we provide an alternative proof of this lemma
in Appendix [G] Based on these two lemmas, the next corollary becomes obvious.

Corollary 9. The rate R = ming¢g rk(Hy) is achievable by a linear coding scheme in the sum-
network.

Going back to the proof, our achievable scheme is essentially based on the achievable scheme
of a sum-network, which is constructed by the N-sum box formulation. Recall that there are in
total T' cliques (sets of servers that are allowed to share an entangled quantum system). For the
th clique (t € [T]), we let the servers £(t) implement an Nj-sum box in F, = Fg:, so that Server
s € &(t) controls 2V; ; inputs in Fy, by using a quantum subsystem Q; , with dimension specified
to 0 = ¢g™Nts. Equivalently, Qi can be considered as NV; s g-ary quantum subsystems, or Ny sz
qudits. z € N is free to be chosen later.

For t € [T], the transfer matrix of the t** box is denoted as M; € ]Févwaf. Recall that for
k € [K], each data stream W}, generates symbols in Fy. Equivalently, we can consider these symbols
as in [F, where ¢ = d* for any z € N, by regarding each z symbols as one super-symbol in [F,. Since
we do not put any constraint on the batch size L, let W € IF'ngl denote the first L’ symbols of
Wj, considered in F, (which correspond to L = L'z symbols in the original field Fg, or W,(CL/Z)).

Next let us define the input and the output of the t** box. The input of the t*" box is x; € F2Nexd
and therefore the output of the t** box is y; = Myx; € Févt“. x; consists of the IV; ¢ pairs of inputs
controlled by Servers s € £(t). It is then obvious that the #*" box is a MIMO-MAC channel with
all symbols defined in Fy, and the input of each server s € E(t) corresponds to some 2/N; 5 columns
of M;. We will also say that these 2/N; ; columns are controlled by Server s. A column of M, is
said to be accessible by a data stream Wy, k € [K] if and only if this column is controlled by some
server s € £(t) that also knows this data stream, i.e., s € £(t) N W(k).

For k € [K], define My j, as the set of columns of M, that are accessible by the kth data stream.
Note that M, ; can be empty for some £, if the " clique does not contain any server that knows
W;,. We claim that the output of the #" box can be made as y; = Zke[K] M, k¢ (W), where
¢, maps Wy, to a vector in [F, with length Zseé‘(t)ﬂW(k) 2N¢ .

To prove the claim, for any t € [T],k € [K], let ¢f, : FqL/XI — describe a map if
s € £(t)NW(k), and let the input for any one use of the t* MIMO-MAC channel (i.e., the t** box)
at Server s € £(t) be specified as } 5y ey ¢} s(Wp). The output of the £ box is then determined

as y; € Févi“ such that,

2N sx1
Fq t,s

(ngl (Wk>
(rbt,s (Wk)
yi = Mx; = Z M, 1 B (49)
ke[K] i .
(Z)t,sn (Wk)
—_———
be,(Wi)

where {s1,s2, -, sn} = E(t)MW(k), and M, is a submatrix of M; comprised of EsGS(t)ﬁW(k) 2N s
columns of M, that are accessible by Wj. Therefore, we obtain the general expression of the output
yt as in (49).
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Note that we have in total T boxes and therefore T MIMO-MAC channels. We can equivalently
consider the T' channels as one big channel, and the output of the big channel (for one channel use)
can be written as

vi M, O - 0 P1.6(Wy)
y2 0 My, --- O t2.k(Wy)
Y=1:17 Z : : - : : (50)
ke[K] . . . . .
yT 0 0 - Myril| Lore(Wyg)

Note that there is no restriction on ¢ except the dimensions of its input and output. thus
describes the input-output relation of a K-transmitter MIMO MAC with the A" transmitter know-
ing only Wj. According to Corollary [0} the receiver of this channel (Alice) can compute the sum
>_keix) Wi (in Fy) at the rate minge k) rkq (M},) (per channel). This is saying that with each use of
the big channel, Alice is able to get ming¢ g rk,(My)z sums in Fy. Recall that each use of the big
channel corresponds to the use of quantum subsystem Q; ; with its dimension equal to d; s = gV
for all t € [T],s € £(t). Since ¢ = d?, it follows that log, d; s = N¢ sz and that the following set of

tuples are feasible,

(51)

closure {A € RE

Nis € NVt € [T],s € £(1),
At,s > Nt,s/ minkE[K] rk(mk)at € [T]v 5 € 5(t)

For fixed Nyt € [T],s € £(t), we would like minge g rk(My) to attain its largest possible value
to obtain the largest feasible set. According to , it suffices to let M, have full rank for all
t € [T],k € [K]. This can be done by letting My, Mg, --- , My be ‘Half-MDS’, which is defined as
follows.

Definition 1 (Half-MDS). Say M = [M!,M"] € FéVXQN is the transfer matriz of an N-sum box
operating in Fy. M! e FéVXN denotes the left half and M" € FéVXN denotes the right half. Let
11,42, - ,in, € N be n < N distinct indices not greater than N. We say M is half-MDS if for

all such indices, rk([Ml(il,---,z’n)’MZil,---,z’n)]) = min{2n, N}, where M;, j, ... ;,) denotes the N x n
submatriz of M comprised of the (iy,i9, - ,in)™" columns of M. As an example, consider feasible
transfer matrices for 2-sum boxes,
1100 1010
Ml_[OOl 1}’M2_[0100]' (52)

Note that My is half-MDS while My is not. The submatriz comprised of the 2" and 4™ columns
of My has rank 1 < 2.

Lemma 4 (Half-MDS N-sum box). If ¢ > N, then there exists an N-sum bozx with transfer matriz
M e FéVXQN that is half-MDS.

The proof of Lemma [] is presented in Appendix [H]
Recall that we are free to choose z. Therefore, if we choose 2z > logy(max,ei) Nt) == ¢ =

d? > maxye() Ny, then My can be made half-MDS for all ¢ € [T]. Now that M; is half-MDS, the
rank of My, is equal to min(/NVy, ZsGS(t)ﬂW(k) 2N ). Due to the diagonal block structure of My,
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the rank of M}, is equal to Zte[T} min (Nt, Zseg(t)mW(k) 2Nt,5). Plugging this value into we
further obtain that the following set of tuples are feasible,

Nis e NVt e [T],s € £(t),
R eN,

closure { A € RY ) £
+ ZtE[T] min <Nt’ZS€5(t)ﬂW(k) 2Nt75> > ‘R7 Yk € [K]’ ( )

At,s > Nt,s/Ryt € [T],S S g(t)
- {A e R ’ 2 te(r) min <Zses(t> Atsr see k) 2At,5> > 1, Vk € [K] } . (54

which is the same as the region D specified in Theorem

Remark 1. We remark that the initial quantum state that is used when constructing a half-MDS
N-sum box is an absolutely mazimally entangled (AME) state [16]. Specifically, say a quantum
system Q of N qudits is in a pure state |¢). Then the state is absolutely mazimally entangled if
for any partition of the system into Q4 with k < | N/2]|-qudits and Qp with the remaining N — k
qudits, we have S(p?) = S(pP) = k (dits), where p™ and pP denote the reduced density matrices of
Q4 and Qp, respectively. S(-) denotes the von Neumann entropy. According to [35], the generator
matrix of the stabilizer code when constructing the box with the transfer matriz M = [M;, M,] is

T

G = ( 1\1/\1/{}" ) Denote the initial state for this maximal stabilizer code as |G). [71|] shows that |G)
l

is equivalent to a graph state under local Clifford operations. [17] then shows that the graph state is

mazimally entangled if GT is the generator matriz of an [[n,k,d]] quantum MDS (stabilizer) code

with n = 2k. This is satisfied because M is half-MDS, and so is GT. Since local Clifford operations

do not affect the property of AME, we conclude that the initial state corresponding to the box M is

an AME state.

9 Conclusion

A sharp capacity characterization for the 3-QMAC bodes well for future generalizations, that
include in particular, the Linear Computation QMAC (LC-QMAC). As the quantum extension
of the LC-MAC, which is the counterpart of the LCBC (linear computation broadcast) problem
studied in [72,/73], the LC-QMAC assumes S servers, K data streams of F; symbols, and a user
(Alice) who wants to compute an arbitrary Fy linear function of the data streams. For example,
with data streams Wi, Ws, -, Wg represented as vectors over Fy, Alice wants to compute F =
ViIW; 4+ oWy + -+ - + VKW for arbitrary linear transformations (matrices) Vi, Va, -+, Vi that
are specified by the problem. Note that if Vq, V5, .-+, Vi are invertible square matrices then the
problem reduces to the X-QMAC, whose capacity is found in this work. This is because without
loss of generality each V;W; can be defined to be a data stream W, over an extension field, leaving
Alice only with the task of computing the sum, i.e., the 3-QMAC setting. The general LC-QMAC
setting, however, allows arbitrary matrices Vq, Va, - -+ , Vi. In addition, the LC-QMAC specification
includes arbitrary side-information at Alice of the form F' = V/W; +VyWy+- - -+ V] W[, which can
be quite useful for improving the communication efficiency of linear computation. Furthermore,
the LC-QMAC allows the data available to each server to be arbitrary linear functions of the data
streams, i.e., Server s has data of the form U ,W; + Uy Wo + - -+ + Uy Wk, which adds another
layer of both conceptual and combinatorial complexity. Indeed the capacity of even the classical
LCMAC setting is not yet fully known. For example, consider an LC-QMAC setting over F3, with
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K = 2 data streams A, B, and 3 servers that have (A), (B), (A + 2B) respectively. Say Alice has no
side-information and only wants to compute A + B. The capacity of this LC-MAC is not known
to the best of our knowledge, but the corresponding quantum setting is trivial, i.e., the rate R =1
qudit/dit is achieved simply if any two servers apply the 2-sum protocol. Similarly, there are QPIR
settings where the capacity is known, while the corresponding classical cases remains open [34-37].
Thus, quantum settings can be tractable even when their classical counterparts are not. The
sufficiency of the N-sum box abstraction for the LC-QMAC is an especially intriguing question.
Aside from the LC-QMAC, generalizations in other directions, e.g., towards noisy quantum channels
and correlated inputs as in [59H61], other forms of decoding locality restrictions as in [74], and to
non-linear computations as in [75,76] are also of interest.
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A Arbitrarily large DSC Gain over QMAC

Here we show that the DSC gain in the QMAC for certain partial function computations can be
arbitrarily large by providing an example. The construction of this example largely relies on a
bound of the chromatic number of the power of a family of graphs (referred to as the quarter-
orthogonality graphs) presented in |77] that is based on earlier results in zero-error information
theory such as [78.[79], together with insights from quantum communication complexity literature
such as [23,[24].

Let k = 4p” for an odd prime p and a positive integer r. For two vectors v1, v9 with the same
length, let h(vy,v2) denote the Hamming distance between them, i.e., the number of positions
where their elements are distinct. Let A, B be data streams with realizations in {+1, —1}"* such
that h(A,B) € {0,x/2}. There are 2 servers in the QMAC. Server A knows only A and Server B
knows only B. The function to compute at Alice is defined as F = h(A,B). Note that due to the
dependence between A and B, the function to compute has binary output.

Let us first consider the capacity of the fully-unentangled case, C"*"*. Denote by Q4 a quantum
system of dimension d4 that is sent from Server A and by Qp a quantum system of dimension ép
that is sent from Server B. Since our QMAC formulation does not allow the POVMs to depend on
the data, and since there is no entanglement established between the two servers, without loss of
generality, consider that Server A sends to Alice a state that is picked from a set of orthogonal states
{la) A}acps,) and that Server B sends to Alice a state from a set of orthogonal states {|b) g }oe[s)»
which let Alice to perfectly recover (a,b). Suppose a genie provided Alice with AL She would
still need to recover FI! from (b, Al!)). Let G,.(V,E) be the orthogonality graph with vertices
V' uniquely mapping to {+1,—1}" and for v; # v € V, (v1,v2) € E if and only if h(vi,ve) =
k/2. Let Hy,_1(V', E') be the quarter-orthogonality graph with vertices V' uniquely mapping to
the vectors in {+1,—1}*"1 that have an even number of “—1” entries, and for v] # v € V|
(vi,vh) € E' if and only if h(v},v5) = /2. The quarter-orthogonality graph H,_; is a subgraph of
the orthogonality graph G, [77]. Similar to the reasoning in [78], 65 > x(GZL) where X denotes
the strong product of graphsETI and x(-) denotes the chromatic number. |77, Cor. 5.8] shows that

For graphs G and H with respective vertex sets V(G) and V(H), define G ® H as the strong product of G and
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x(H2E) > 200154s=1I54)L  Qince H, ; is a subgraph of G,, H®L is a subgraph of G®L. Tt
follows that x(GZL) > 2(0154s=1154)L 44 the chromatic number of a graph cannot be less than
the chromatic number of its subgraph. Thus, we obtain that logy d5/L > 0.154x — 1.154. Due to

. 1/2
symmetry between the two servers, we obtain that C"**™ < sup;_, .. Tog5 04 Jj:log2 55 < 015 45/7 1154

(computations per qubit).

Next, we show that the fully-entangled capacity C™!» > 12 Thus, the DSC gain is at

0.154x—1.154 - logz s
least =2=2E—"10%
log, K

1/2

log, K
problem referred to as the distributed Deutsch-Jozsa problem [23,24] where p = 2 (but here we need

p to be an odd prime). Let Server A and Server B share an entangled state |GHZ) = f > el 17)-

, which can be made arbitrary large by choosing « large enough. The scheme that

achieves

only needs batch size L = 1. The scheme is a generalization of the scheme in the

Let Up = diag(A) be a k x k diagonal matrix with the elements of vector A on the main dlagonal
Similarly let Ug = diag(B). Note that Ua and Ug are unitary matrices. Let Server A apply
the unitary operator Up and Server B apply the unitary operator Ug to their respective quantum
subsystems. Then the resulting state is (Ua ®Ug) |GHZ) = fvec(Ug Un), where vec(-) denotes the
column-major vectorization functlonE Note that we used the identity vec(ABC) = (CT® A)vec(B)
[80] along with the fact that |GHZ) = Tvec( x). Alice measures the quantum system by a PVM
with two projectors P; = |GHZ) (GHZ| and P» = I, — P;. The measurement result being 1
(associated with P;) has probability tr(ULUa)/k = BTA/k, which is equal to 1 if h(A,B) = 0, and
equal to 0 if h(A,B) = /2. This means that Alice is able to distinguish the two possibilities of
h(A, B) with certainty.

B Proof of Corollary

Let Dy 2 {(A1/2,+, As/2) | (Ar, o Ag) € D} and Dy 2 {(Ar+, Ag) | Doepe A > 1},
Then Corollaries [1] and [2] together imply that

Dfullcnt — 1111/1§nt N D]_ . (55)

Let (Af,---,A%) be a solution of argmin(a, ... ag)epunent D (g As- It follows that (A}/2,---,A%/2) is
a solution of argmin, ... As)eDynent ZSE[S] Ag. Consider two cases.

LoIE Y 5 A5/2 > 1, Le., O < 1/2, then (A7/2,---,A%/2) € Dy and thus (A]/2,---,A§/2) €
Dttt Tt follows that (A7/2,---,A%/2) is a solution of argmina, .. ag)eprient Zse[s} As.
This implies that C™'" = (30 6 AL/2)7 = 2(30 (5 Q%) 7 = 20"

2. Otherwise, if 37 g A7/2 < 1, Le., O™ > 1/2, there exists (Af,---,Af) such that A]
A3/2,¥s € [S] and 3 g Ay = 1. Note that (Ay,---,A%) € Dyjs™ by the definition of D““C““
(Corollary and the definition of Df?;m Since 37 .5 AL = 1, we have (Af, -+, Ay) € D; and
therefore (A}, .-, A%) € Dlert. This implies that C™e»* > 1 (and thus C™lent = 1 ag Cfllent ig
also upper bounded by 1).

H such that the vertex set of G X H is the Cartesian product V(G) x V(H); and distinct vertices (u,u’) and (v,v")
are adjacent in G X H if and only if: u = v and v’ is adjacent to v/, or v’ = v’ and u is adjacent to v, or u is adjacent
to v and v’ is adjacent to v'. G®L is then defined as GRGK--- K G.

~————

L
A . .
11vec(A) = [a1,17 e Gm, 1, 01,2,y Gm,2,t , Qlny ,am,n]T, where a; ; represents the element in the ith row
and 7' column of A.
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Combining the two cases, we have Cfullent = min(1,2C"*) and thus Cfullent /Cunent — ynin(2,1/Cment),

C Proof of Corollary

C.1 Proof of (|16
Recall that for the symmetric settings, K = (i),T = (g) and W : [K] + ([i]), E:[T)+ ([g]). We

want to find
F* & mm Z Z Ats, (56)
te[T] se&(t)

where the feasible region D here is determined by Theorem [I|for the symmetric data replication and
entanglement distribution maps. Céﬁ ) immediately follows as 1/F™*. Due to symmetry, the minimal
value of Zte[T} Zses(t) Ay ¢ is achieved by Ay s = A, € Ry, Vt € [T],s € £(t). Again by symmetry,
the K conditions in D are identical in the form f(a, 3)A, > 1, where f(a, ) € Z" is a function
of (a, 5). Next we derive f(a, ). Consider the value k such that W(k) = {1,2,--- ,a} = [a]. We

have

flanB) =Y min (IE@)], 21E() N [a]]) (57)

te(T]

= Z min (3, 2|BN[a]) (58)
Be('3)

min(a,3)

=Y min3, 2 |{Be () 1Bl =} (59)
y=(a+p-5)*

= migofﬁ) min (3, 2v) - (oz) . <S B a) (60)
y=(a+5-S)* LA

It follows that F* = and therefore Cy - =1/F"= (gfﬁ)'

f( ,/3)

C.2 Proof of (17
() o

We can rewrite Cy

min(a,3)

cB — 1 2~ — (2~v — B)F '<a>'(S—a) 61
Vogr 2 a0 (1) (7] (61)
min(a,3) min (o, )
2 o S —a 1 o S —«
G O e ()0
e A AN e A e v/ NP
min(e,3) min(a,B)
2« a—1 S —« 1 « S —«
- X (0)60) a2 e () (G0) @
/3T7:(a+575)+ y—1 B—~ ﬁTvz(awaﬁ v B—
min(a,B)
2c S—-1 1 o S —«
:ﬁT'<6—1)_ﬁT 2 (2”_5)'<v)'</3—7> (64

y:max(aﬁLB*& (ﬁ/2w )
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S B e ()60

y=max(a+B-S5,[5/2])

C.3 Proof of (18]

Alternatively, we can rewrite C&’B ) as
cB) — 1 min(iﬁ) (B-(B—29)")- <Oé> . <S - a) (66)
T vm-s v\
min(a,B) min(a,3)
1 (a) (S — a) 1 Z e S—«
= > — T (B—=2v)7"- : (67)
T oeose W =) BT ARG
min(a, m/zn
~1(3) --(3)-(25) ®
=(« +ﬁ’ S)Jr
1 min(a,Lﬁ/QJ)
w2, 0o () (G0) ®
y=(a+B—-5)*

C.4 Proof of (26)

The case when o = S is trivial. For a < [S/2], let us make use of (7). It is not difficult to
obtain that C&ﬁ) = %O‘ when 8 > 2a, a8 0 < 2y — 3 < 2a—f <0 for [3/2] < v < a, so either
2y — B = 0 or v does not take any value in the summation term. On the other hand, if 8 < 2a,
we have a > [3/2] and thus min(a, §) > max(a+ 5 — S, [/2]), so v must take at least one value

in the summation. It follows that C’é ) < 22 because 2min(a, 3) — B > 0. Since cl¥ = 22 for
a < |S/2], we obtain that 5* = 2« for these cases.

For [5/2] < a <5 —1, let us make use of (18). It is not difficult to obtain that c{? =1 when
B>2(8—a),as0< -2y <2(5—a)—pB<0for |5/2] <~ <2(5—a), so either —27=0
or v does not take any value in the summation term. On the other hand, if § < 2(S — «), we have
(/2] < S—a = |B/2] > a+B— S and thus min(a, |5/2]) > (a+ B —5)T, so v must take at
least one value in the summation. It follows that C& ) < 1 because B—2(a+p—5S)T > 0. Since
(¥ =1 for [S/2] < a < S —1, we obtain that 8* = 2(S — «) for these cases.

D Proof of Corollary

First let us note that there are two X-QMAC problems involved in the corollary, summarized as
follows.

1. The original problem P has data replication map W, S servers and K data streams. We refer
to the S servers in P by S; for i € [S]. We are interested in the 2-party-entangled capacity
cAW).
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2. The hypothetical problem P has data replication map 17\7, (‘;) servers and the same K data

streams as in P. We refer to the (g) servers in P by Sqigy for {47} € ([g]). Syi,jy has the
access to the data streams that are available to either S; or S; in P. We are interested in the

fully-unentangled capacity C"*(W).

Our goal is to prove that C?)(W) = C““e"t(W). The proposition is comprised of two bounds,
COW) < CoW) and CO (W) > Cuent(W). To prove CA (W) < Cuent(W), consider any rate
R that is achievable in the problem P with only bipartite entanglement, i.e., any clique contains
at most 2 servers. The output state corresponds to any clique {i,j} € ([‘g]) of this scheme can
always be generated by the server Sy; ;1 in the problem ﬁ, since this server has the access to all
data streams that are available to either S; or §; in the problem P. In the problem 73, a scheme
can let Sy; ;3 directly transmit this state to Alice. Therefore, R must be achievable in P as well,
which shows that C® (W) < Cmet(W).

To prove CA(W) > C‘“‘em(W), we need an intermediate result of Theorem |1|that coding based
on the N-sum box abstraction is optimal in every case. For the unentangled case, this means that
each server is simply treating qudits as classical dits. Additionlly, Lemma [3]implies that the optimal
scheme is also linear. With this knowledge, given that R is achievable in the problem P, let us

. . . . Ny 3 XL
consider a linear scheme that achieves this R, where the coders Vy; ;3 € F d{ Y% at the server St

takes as input L symbols of all its accessible data streams, i.e., Wy, k € W({z, j}), and outputs a
Ny 1 x1
vector Yy; ;4 € Fy (3" In this linear scheme, symbols are considered in the field Fy. Say Sy; ;)

transmits Ny; ;1 qudits to inform Alice of Yy, ;1. Upon receiving the Z{i,j}e([g]) N jy = N qudits,

Alice computes L instances of sum. The scheme satisfies that % > R by definition. What we will
do next is to convert this scheme to a scheme in the problem P with the use of 2-sum protocols
that achieves the same rate. Recall that the 2-sum protocol behaves the same as an F; additive
channel, in the way that the receiver is able to get one sum of the two Fy inputs from the two
transmitters with the cost of one qudit on average. We also point out that each use of the 2-sum
protocol is equivalent to use such an additive channel twice, i.e., the receiver gets two dimensions
of the sums at a cost of 2 qudits.

Now let us look at the original problem P. Let us construct a scheme with batch size 2L,
so that Alice is able to compute 2L instances of the sum by using the 2-sum protocol N times,
at a cost of 2N qudits, thus achieving the same rate as in the problem P. Recall that Y
denotes the transmission from the server Sy; ;1 in the problem P. Since Yig € Ffiv{i’j e is a linear
function of the data streams that are known to either S; or §; in the problem P, we can represent
Y = Y + Yy, where Y 515 € Filv{i’j}XI can be computed by S;, and Yy; 1.5 € Ffiv{i’j}XI
can be computed by Server §; in the problem P. Therefore, with Ny; ;1 use of the binary additive
channel in F; between S; and S;, the two servers can transmit the sum Yy; ;1 to Alice. To apply the
2-sum protocol, we only need to consider two parallel instances of Y, j1, so that with Ny; ;1 uses
of the 2-sum protocol between S; and S;, Alice is able to get 2 instances of Yy, ;. Taking all pairs
of servers into account, for the converted scheme in the problem P, the 2-sum protocol (in Fy) is
used Z{i,j}e([g]) Ny ;3 = N times in total, allowing Alice to compute 2NV instances of the sum in

F,.
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E Proof of Corollary

We show that for any data replication map W, and entanglement distribution map & where |E(t)| =
3 for some ¢, the clique £(t) can be replaced by three bipartite cliques (that contain only two servers)
without decreasing the capacity. Formally, let £ be such an entanglement distribution map and
without loss of generality, £(1) = {1,2,3}. Let £ be another entanglement distribution map such
that £(1) = {2,3}, £(2) = {1,3}, £(3) = {1,2}, and E(t) = £(t — 2) for t > 4. Let P, P denote the
respective X-QMAC problems with entanglement distribution maps &, £ , and both problems have
data replication map W. For the problem P, we use A;, to denote the (normalized) download
cost associated with Clique £(t) and Server s € £(t), and we use A to denote the download cost
tuple. To avoid confusion, in the problem 75, we use Et,s to denote the download cost associated
with Clique £(¢) and Server s € £(t), and we use A to denote the download cost tuple. Since
E(1) = {1,2,3} is our main focus, in the following we let A & Aj ¢, s € {1,2,3} for brevity. Our
goal is to show that C(W, ) > C(W, &) and thus C(W, ) = C(W, €) because any coding scheme
allowed in the problem P is also allowed in the problem P.

Consider any feasible download tuple A (in the feasible region implied by Theorem [1f) for the
problem P. To focus on the clique £(1), Theorem |1 implies that A is feasible if and only if,

(min{A; + Ay + A3z, 241} > ¢;
min{A; + Ag + A3z,2A2} > ¢o
min{A; + Ay + A3, 2A3} > ¢3
min{A; + Ao + A3, 2A1 + 2A2} > ¢12 (70)
min{A; + Ag + Az, 2A1 + 2A3} > c13
min{A; + Ag + A3z, 2A9 + 2A3} > co3
A1+ Ay + Az > cio3

where ¢y, ¢, -+, c123 are determined by W and (At,s) i.e., the (normalized) download

t>2,5€£(t)’
costs associated with the other remaining cliques in £.

Let us note that it is without loss of generality to consider such feasible tuples with A; < A;4+Ay
for {i,j,k} € {{1,2,3},{2,1,3},{3,1,2}} if we are only interested in their sum A; + Ay + Ags,

because otherwise (say A1 > Ag + Ag) we can let

All (A1+A2+A3)/2
A/2 = | (A} + A — A3)/2 (71)
Ag As

so that is also satisfied if we replace (A1, Ag, Ag) with (A}, A}, Af). Note that Aj + AL+ A% =
Al =+ AQ + Ag but now All = AIQ + Ag
Now let us study the problem P. Note that by definition, £(t) = £(t — 2) for t > 4. Then by
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Theorem |1}, the download cost tuple A is feasible if and only if

A=A 9Vt >4,s € E(t)

min{&zl + 5273, 25271} + min{ﬁ&l + &372, 2&371} >
min{&lg + 51,3, 2&1,2} + min{ﬁg’l + &372, 2&372} > o
min{A 5 + Ay 3,281 3} + min{Ag; + Ag3,2803} > 3

~ ~ ~ ~ ~ ~ ~ ~ 72
min{Aj 2 + A13,2A1 2} + min{Ag 1 + A23,2A0 1} + Az 1 + Ag o > ci2 (72)
min{A1 s + A1 3,2A13} + Aoy + Aoz +min{Az ;1 + Az2,2A31} > c13
Aip+ Ay +min{Ag; + Aoz, 2805} + min{As; + Aza, 2835} > eo
\A12+A13+A21+A23+A31+A32 > C123
where ¢, ¢z, -+, 123 are the same as those in . Now, consider the download cost tuple A in

the problem P, such that

Apg =N 9Vt >4,s€E(t)

%1,2 §1,3 (A + Az — Ay)/2
and A271 - A273 = (Al + Ag — AQ)/Q . (73)
Az A3z (A1 + Az — Ag)/2

Then it can be Veriﬁed that the download cost tuple A is feasible in P if A is feasible in P, because
is satisfied if ( is satisfied. Therefore, the feasibility of A in the problem P implies the
feas1b1hty of A in the problem P. Since A1 2+ A1 3 +A2 1+ Ag 3 +A3 1+ Ag 9= A1+ As+Ajz and
Zt>4 seB(t) Ats = Zt>2 s€( )Ats by . A and A have the same (normalized) sum download

costs. Since it holds for any feasible download cost tuple A in the problem P, it follows that
cW, &) > C(W,E).

F  Proof of Corollary

When S is even, this corollary can be easily shown with the symmetric data replication maps as
defined in Corollary 4 Consider the 3-QMAC with the symmetric data replication maps with
a = S5/2. Then says that g* = S — Cé“j; C’g% b,

When S is odd, let us consider the data replication map W = ([gié]) U {S}. Without loss of
generality, say W(S) = {S}. We first apply Corollary [1{ to show that C™! (W) > gg—:g. Let Ag

be the normalized download cost from Server s for s € [S]. Writing down the feasible region by
Corollary [I] explicitly for this setting, we have

( A1+A2++A521
2001+ Ao+ +Ag 1+ Ag9) > 1

Dhtlen () A Ag) € RS 2(A1+ Qg+ -+ Asg 3+ Ag_1) > 1
= 157" S 7 .

200+ A3+ -+ Ag o+ Ag_1)>1
2Ag >1

33



It can be verified that

1 1 1
A .. A _ A — . - Dfullcnt . 74
( 1, y AS—1, S) 2(5_2)5 72(5_2)72 € (W) ( )
S—1
We thus obtain that Aj + Ay + -+ + Ag = % + 3= %. It then follows that C™ (W) =
(min(Ah_,_ ,Ag)eDfullent (1) ZSG[S] A ) > ggi:g

Next we show that C9~D(W) < 25=3 by Theorem Note that for the entanglement distri-

bution map & = (5@1), the region spe(:lﬁed in Theorem 1| contains I' = S(S — 1) variables. This

is because there are T = S cliques and the size of each clique is S — 1. Also note that for this
setting we have £(i) # £(j) for i # j. Therefore, whenever it is needed to explicitly identify the
servers in a specified clique, we use Ag(y  to replace A¢ s, so that it becomes clear which servers

are contained in the clique. Also, let Ag = sce(t) Ag(4),s- By Theorem [1} the feasibility of A
implies that

A2, s-13 + Awwugsy + > > 20 qugsy,s 2 1, Ve[S 1], (75)
([S 1] )\{W( )} s€(AU{SHNW (k)

which can be simplified as

S—1
Api.. s-1y T Apugsy + E E 2A qugsy,s 2 1, VB € <[S B 2]>7 (76)
Ae ([5 1 \{B} seANB

where we use B to substitute W(k) and note that W(k) N {S} = 0 for any k € [S — 1]. For the
last data stream, since W(S) = {S}, data stream Wg is not available to any server in the clique
{1,2,---,5 — 1} and thus the feasibility of A implies that

> 28485 = 1. (77)
Ae('523)

Therefore,

25 -4
=(S-1)+(5S-3) (78)

< Z Ap 2, 5-13 + Dpugsy + Z Z 2A qugsys | +(S—3) Z 2A 4uqsy,s

BE([S ;]) Ae ([s 1] )\{B} s€ANB AE(E:;])
(79)
= (S — 1)A{1,2 ,S—1} + Z ABU{S} + Z Z Z 2A.AU{S} s = (80)
BG( 2]) BE( )AE([S 1])\{8} se ANB

[1]
¥
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=21+ + Z Z Z 2A 4nsy,s — Z Z 2ABuU{s},s (81)

Be(1S71) Ac(1S-1)) sEANB Be(15-2) seB
=E1+22+ Z Z Z 2A Angsy,s — Z Z 2ABu1s1,s (82)
Ae(1871) Be(1$-1)) s€ANB Be (1§72 s€B
=S +5+(5-2) Y Y 28uuspe— Y. D 28sugsts (83)
Ae( 2) s€EA Be([gjf]) seB
—E4+5+(5-3) Y, > 2Auus). (84)
Ac(1S~1)seA
=25+ (5-3) Z Y 2A8auqsy.s (85)
Ae(151]) seAU{S})
=52+ (5-3) Z 28 405} (86)
Ae(f571)
=(S-1DAu2...5-13 + Z (1 +2(S - 3)) Aqugsy (87)
—1 SN———
Ae(szd) 255
< (25—5> Af12,..5-13 + Z A augsy (88)
Ae(57)
=(25-5) > Ag (89)
te[T)
(25-5) > > A (90)
te[T] s€€ (1)
Step is by and . To see Step , the term 2A 4 (51,5 is counted S — 2 times for any

specified A4 € ([g:%]) and s € A, because there is exactly one B € ([g:;]) such that s ¢ AN B,

which is B = [S — 1]\{s}. Therefore, there are (S —2) B € ([g:y) for which s € AN B. Step
is because (S —1) <25 —5and Ay 5. 513 > 0.

-1
Since C3~D(W) = (minAeD D et see ) At,s> , we conclude that C5~D (W) < gg—j.

G Proof of Lemma [3

The converse is obvious, as when there is only one receiver, the capacity cannot exceed rk(H;j). Next
let us consider the achievability. We want to design a scheme with batch size L and N channel uses
such that L /N minge K] rk,(Hj). Note that since we use the channel N times, we can consider
the input X € F”Xl and Y € ka“ Let L, N be such integers that ¢V > K ming¢ (g rk(Hy,) and
L = N mingeg ]rk(Hk) ie. L/N = minge (g tk(Hy). Take L symbols from the data stream W

LINXL For each k € [K], since tk(Hy) > L/N, there exist matrices
nxL/N

and regard it as a vector W € F

U, € ]FL/Nxm’“ V. € FnXL/N such that UkHTVk = Ir/n. Now consider a matrix V € F

whose elements are Varlables in F ~ with values yet to be determined. Note that P 2 det(UkMkV)
is a polynomial of degree L/N in these variables, and it is not a zero polynomial because setting
V = V,, yields the valuation P, = det(Ir ) = 1. It follows that P = HkG[K} P, is a non-zero
polynomial with degree K L/N. By Schwartz-Zippel Lemma, the probability of P evaluating to
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. KL/N  Kmin rk(H
zero is not more than q,\é = ket[;z(v] ()

which the evaluation of P is non-zero => U;HZLV is invertible for all k € [K] for this realization
of V. Now let Uy, £ (U;H]V)~'U;. We obtain that UyHLV =1,y for all k € [K]. Now, let
the input at the transmitter be X = VW. Receiver k € [K] then hears Y}, = H{X = HIVW.

The decoding at Receiver k is then kafk = UkHZVW = W, which is L symbols (considered in
[F,) of the data stream. Thus, the scheme achieves L/N = miny, rk(Hy,).

< 1. Therefore, there exists a realization of V for

H Proof of Lemma 4]

The proof is by construction. We make use of the Generalized Reed Solomon (GRS) code. Let I,

be a field. n,k € N such that k <n. a = (a1, -+ ,a,) € Fy, u = (u1,- - ,u,) € Fy, such that

a; # «j for i # j and u; # 0 for i € [n]. This requires that ¢ > n. Define

Uy (V%) us e Un
U101 U209 Uss s Up Oy,
2 2 2 2
q A U U (X U3 O s Up O kxn
GRSy, (o, u) = 1 2 3 nn e F, (91)
upof ™ wpa Tt wugalTt o ekt

as the generator matrix of an [n, k] GRS code over F,. GRS codes have the following properties [64].
1. GRS codes are MDS. Any k columns of the matrix GRS%n(a, u) are Fy linearly independent.

2. The dual code of a GRS code is also a GRS code. In particular, there exists v = (vy,va,- -+ ,vp,) €
[y, vi # 0 for i € [n] such that

GRS}, (e, u) - GRS}, (e, v)l = Ox (n—k)- (92)
Note that [N/2] + | N/2] = N. Define

M —
O\ n/2 xN GRS(EN/QJA’N(C“"U)

q
GRS(N/2'|,N(a7u) 0[N/2]><N ‘| EF(]]VX2N. (93)

We claim that this M is half-MDS and it is a valid transfer matrix of an N-sum box. Note that
the idea of placing the generator matrices of two codes that are dual to each other on the diagonal
to construct a SSO matrix follows the CSS construction [31,32]. Now we have,

(MJQN)MT
T
_ Orn/21x N _GRS?N/Z‘\,N(O"U') GRS?N/QLN(mu) O[n/21xN (04)
GRSTN/QJ,N(Q,'U) O|n/2)xN 0| n/2)xN GRS?N/QJ,N(O(’U)
_ , Orv/2)x /2] i —GRS?y oy y(@,u) - GRS!y ) (o, 0)T 95)
GRS{y/z) n(a,v) - GRSy oy () O\ N2 x| N/2)
=0nxnN (96)

Finally, since GRS codes are MDS, it follows that the M constructed in is half-MDS. Therefore,
if the field size ¢ > N, there exists an N-sum box operating in F, that has a half-MDS transfer
matrix. O
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