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Abstract. Secure multi-party computation (MPC) considers the prob-
lem of securely computing a function across n parties such that no
adversary controlling t corrupted parties may learn any additional infor-
mation beyond the function output. For information-theoretic security in
the honest majority setting, recent works have made tremendous progress
in reducing the MPC communication costs for large circuits obtaining
as low as Õ(|C|) total communication. To date, all information-theoretic
MPC protocols require an additive Ω̃(n2) communication independent of
the circuit size that becomes the dominant cost for small circuits.

In this work, we consider the problem of building more efficient
information-theoretic MPC protocols with o(n2) communication for
small circuits. For corruption threshold t < (1/2− ϵ) · n, we present an
information-theoretic MPC protocol secure against adaptive and malicious
adversaries with subquadratic communication for a wide range of circuits,
including those in which the number of input parties I satisfies |I| = o(n),
circuit size |C| = o(n1.5/|I|), and circuit depth depth(C) = o(n); for
example, |C| = o(n3/4) and |I| = o(n3/4) input parties. To our knowledge,
this is the first information-theoretic MPC protocol with o(n2) commu-
nication for a wide-range of circuit classes. Furthermore, we note the
requirement of sublinear input parties |I| = o(n) is necessary to obtain
o(n2) communication due to the Ω(|I| ·n) lower bound by Damgård et al.
[EUROCRYPT’16]. To obtain our new MPC protocol, we develop new
techniques for key MPC subroutines including randomness generation,
player virtualization and output reconstruction with o(n2) communication
leveraging the sublinear number of input parties, |I| = o(n), and random-
ized output distribution with unpredictable communication patterns.

Finally, we also prove a separation showing that o(n2) communication
MPC is impossible for adversaries with stronger than standard adaptive
rushing capabilities even for constant-size circuits.

1 Introduction

Secure Multiparty Computation (MPC) is a topic at the heart of cryptogra-
phy [Yao82, GMW87, CCD88, BGW88]. MPC at a high level allows n parties to
jointly compute a function of their inputs, while revealing nothing besides the
output. In more detail, an adversary that corrupts t out of the n parties should
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not be able to infer any information about the inputs of the remaining n − t
honest parties, except what may already be learned from the output. The adver-
sary observes all the information available to the t corrupted parties, including
their inputs as well as any messages sent or received from other honest parties.
Adversaries in MPC are commonly categorized in several different ways. First,
adversaries may corrupt in either a static or adaptive method. Static adversaries
must choose the t corrupt parties before the MPC protocol commences. Adaptive
adversaries are given more flexibility with the ability to corrupt parties during the
protocol execution using any information observed such as messages received or
sent by already corrupted parties. Additionally, adversaries may be categorized as
semi-honest or malicious. For the former categorization, semi-honest adversaries
must follow the protocol as specified but may use all observed information to learn
information about any honest party’s input. In contrast, malicious adversaries are
allowed to deviate from the protocol with the goal of learning an honest party’s
inputs or forcing an honest party to output the wrong answer. Lastly, one can also
consider computational or information-theoretic security where computational
security considers efficient (probabilistically polynomial time) adversaries and
information-theoretic security considers computationally unbounded adversaries.
In this work, we will consider information-theoretic (statistical) security.

In terms of efficiency, a primary resource of interest is the communication
complexity measuring the total communication between all honest parties in
the MPC protocol. In its most basic form, MPC considers the function to be
computed as an arithmetic circuit C consisting of addition and multiplication
gates. For information-theoretically secure MPC protocols, the communication
complexity is often written in terms of the number of gates in the circuit4, |C|,
as well as the number of parties, n. Since the circuit representations of many
functions consist of millions of gates, the dominant terms of the communication
costs are typically those that grow with the circuit size |C|. As a result, any
terms independent of |C| are usually de-emphasized. Prior works (such as [DIK10,
GPS22, EGP+23, BY25, SY25]) have obtained communication costs depending
on the circuit as small as Õ(|C|), but they all still require Ω̃(n2) communication
for any circuit size.

For settings with small circuits, such as those computing simpler functions, the
communication arising from the additive Ω̃(n2) term becomes the dominant cost.
It turns out that this Ω̃(n2) communication is unavoidable in certain settings.
For any set I of parties with inputs and corruption threshold t, Damgård,
Nielsen, Ostrovsky and Rosén [DNOR16] presented a lower bound of Ω(|I| ·
t) for information-theoretic MPC against semi-honest and static adversaries5.
Furthermore, this lower bound holds even for small circuits of size |C| = O(|I|)
such as the AND function where each of the |I| input parties receives a single

4 In general, addition gates can be computed without communication in most ap-
proaches. Thus, |C| typically refers to the number of multiplication gates.

5 We note that a lower bound of Ω(n · t) was proven in [DNOR16] by assuming all n
parties have an input. It is straightforward to generalize their proof to the setting
when only a subset of |I| parties have inputs to obtain an Ω(|I| · t) lower bound.
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boolean input. As most of the previous work consider the setting in which all
parties have inputs |I| = n and corruption thresholds of t = Ω(n), the Ω̃(n2)
communication incurred by prior MPC protocols is necessary in this setting.
Therefore, to obtain any MPC protocol with o(n2) communication, it is necessary
that only a sublinear number of parties have inputs, |I| = o(n). We note that
prior to this work, even the task of designing a protocol for the AND function
with o(n) input parties and o(n2) communication remained open.

Small Input Applications. The problem where only a subset of parties receive
inputs is natural in many practical settings. As an example, we can consider
the setting where we start with |I| parties that wish to privately compute some
function over their inputs. The |I| parties mutually distrust each other, but wish
to avoid executing expensive MPC protocols in the dishonest majority setting
(that require more communication or computational assumptions). Instead, the
|I| parties would like to collaborate with additional parties (without inputs) who
may be leveraged to help execute the MPC protocol. Furthermore, the |I| parties
may view these additional parties as more trustworthy as they may be financially
contracted and/or legally obligated to fulfill their role honestly. As a result, the
original input parties may use the additional parties (without inputs) to instead
execute a more efficient MPC protocol in the honest-majority setting. This aligns
with several MPC paradigms such as server-aided MPC [KMR11, HLP11, KMR12,
GLO+21, SV25] where clients with inputs try to offload heavy computation to
servers without inputs, the YOSO MPC model [GHK+21, BHK+22, CDGK22,
EMP25] where there exists many (stateless) parties without inputs that help
execute the MPC protocol without the need to ever send more than a single
message and fluid MPC [CGG+21, RS22, BEP23, DDG+23, BEP24] where
subsets of parties (without inputs) aid in executing subsets of the MPC protocol.
Finally, we note this setting may also be applicable to collaborative generation of
zkSNARKs where a single client (|I| = 1) wants to outsource a zkSNARK proof
generation to a set of powerful servers (see [OB22, CLMZ23, YCW+25, GGJ+23,
LZW+25, HMW+25, GGJ+25, FGR+25, LZW+24]).

MPC with o(n2) Communication. We start by reviewing the known MPC
protocols/techniques as well as settings where one may obtain MPC protocols
with o(n2) communication in a straightforward manner. We start with the setting
of adversaries with static corruption that must decide on corrupted parties
before the MPC protocol starts execution. If we assume sub-optimal honest-
majority corruption thresholds of t = (1/2−ϵ)n, one can easily adapt the random
committee sampling technique in [HIK07] to obtain o(n2) communication. At
a high level, a random committee of O(κ) parties is chosen, where κ is the
security parameter. Against static adversaries, one can prove that the random
committee will contain an honest majority. Thus, this committee of O(κ) parties
may effectively execute the MPC for all n parties, with a cost independent of
n. The only additional communication required is between the committees and
the n parties for inputs and outputs requiring Õ(nκ) = o(n2) communication.
However, this scheme is easily broken by an adaptive adversary that observes
the sampled committee before corruptions.
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Additionally, we note that one could always use strong computational as-
sumptions such as fully homomorphic encryption (FHE) to obtain MPC with
very small communication [AJL+12, GHS12]. However, FHE is prohibitively
expensive [DPSZ12, EGP+23] with significant barriers to being proven adaptively-
secure [KTZ13, CsW19]. As a result, we focus on information-theoretic MPC
without computational assumptions.
Our Problem. Given the above landscape, we focus on the setting of information-
theoretic security against adaptive and malicious adversaries when the number of
input parties is sublinear, |I| = o(n). To date, there are currently no information-
theoretic MPC protocols that achieve o(n2) communication against adaptive and
malicious adversaries even for simple functionalities. This motivates our question:
Does there exist an information-theoretically secure MPC protocol with o(n2)

communication complexity against adaptive and malicious adversaries?

1.1 Our Contributions

Our Construction. As the core contribution of this paper, we present the first
o(n2) communication honest-majority MPC protocol with information-theoretic
security against an adaptive and malicious adversary.

Theorem 1 (Informal). For an arithmetic circuit C over a finite field F with
inputs from |I| parties, there exists an information-theoretically secure with abort
MPC protocol that computes the arithmetic circuit C in the presence of a malicious
adversary that adaptively corrupts t ≤ (1/2− ϵ)n parties for constant 0 < ϵ < 1/2.
The MPC protocol requires Õ((|I|·n)+(|I|·|C|·

√
n)+(depth(C)·n)+(σ ·n)+n1.5)

total communication where σ is the number of output wires.

Our protocol obtains sub-quadratic communication when the number of
input parties is |I| = o(n) and circuits of size |C| = o(n1.5/|I|) with sublinear
depth(C) = o(n) and sublinear output wires σ = o(n). We emphasize that,
prior to our work, we are unaware of any MPC protocols with sub-quadratic
communication even for very small circuits with simple functionalities such as
multiplying inputs from two different parties where |I| = 2 and |C| = 1. Our
work obtains o(n2) communication for this problem along with a wide-range of
more complex circuit classes as well.

Furthermore, we note that the requirement that |I| = o(n) is necessary
for o(n2) communication. In particular, a lower bound of Ω(|I| · t) was shown
in [DNOR16] even for circuits of size |C| = O(|I|) and depth(C) = Õ(1). Since
we consider corruption thresholds of t ≤ (1/2− ϵ) · n, any MPC protocol must
have communication Ω(|I| · n) matching the first term in our protocol’s cost.
Lower Bounds. We also present a lower bound showing a separation of sub-
quadratic communication for stronger adversaries. In our above MPC construction,
we consider standard, malicious rushing adversaries in UC security. One can
consider stronger rushing adversaries that may observe messages from honest
parties in a communication round, adaptively corrupt them in the middle of
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that round, and then change all of their messages. In contrast, standard rushing
adversaries cannot change any messages sent by adaptively corrupted honest
parties after observing their original messages for that round (the adversary may
only choose the messages from already corrupted parties with this information).
We show o(n2) communication is impossible for these stronger adversaries:

Theorem 2 (Informal). Consider any MPC protocol that is secure with abort
against adversaries with adaptive, strong rushing corruptions that corrupt up to
t = Ω(n) parties. Then the MPC protocol requires Ω(n2) communication.

In particular, our lower bound holds even for circuits of size |C| = 1 with
just a single multiplication gate. We also show that our lower bound extends to
MPC protocols with deterministic (or predictable) communication patterns even
against standard malicious adversaries that explains the required Ω(n2) additive
communication cost in state-of-the-art prior works [DIK10, GPS22, EGP+23,
BY25, SY25]:

Theorem 3 (Informal). Consider any MPC protocol with a deterministic (or
predictable) communication pattern that is secure with abort against adversaries
with standard adaptive rushing corruptions that corrupt up to t = Ω(n) parties.
Then the MPC protocol requires Ω(n2) communication.

1.2 Discussion of Results

Circuits with o(n2) Communication. Our current MPC protocol’s communica-
tion cost depending on the circuit is Õ((|I|·|C|·

√
n)+(depth(C)·n)+(σ ·n)). This

enables o(n2) communication for a large class of circuits with size |C| = o(n1.5/|I|),
depth depth(C) = o(n) and output wires σ = o(n). For example, our MPC proto-
col obtains o(n2) communication for circuits of size |C| = o(n0.75) with inputs
from |I| = o(n0.75) parties where the number of outputs to each party is sublin-
ear. Other examples can include larger circuits that receive inputs from a small
number of parties such as circuits of size |C| = o(n1.5) that obtain inputs from a
constant number of parties |I| = O(1) as long as the multiplicative depth of C
and the number of outputs to all parties is sublinear.
Number of Output Parties. We note that our MPC protocol only restricts the
number of input parties. Throughout our paper, we assume that every party will
receive all σ = o(n) final outputs. In certain settings, it may be required that only
some of the parties obtain the outputs while the remaining parties do not learn
the output. Our protocol may be easily modified such that only a predetermined
set of parties can learn the outputs. For σ outputs, the cost is O(

√
nσ) amortized

communication per output party. In other words, for settings where a smaller
number of parties learn the output, our protocol uses less communication while
also being more applicable to related models including server-aided MPC, YOSO
MPC and fluid MPC. We point readers to Section 8 for further discussion.
Corruption Threshold. In our work, we consider sub-optimal honest-majority
corruption thresholds of t = (1/2 − ϵ) · n for constant 0 < ϵ < 1/2. One could
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consider MPC against more corruptions such as strict honest majority with
t = n/2− 1. We note our MPC protocol’s communication is smaller than possible
in the strict majority setting in certain regimes. It was shown that Ω(|C| · n)
communication is required when t = n/2− 1 even for small-depth circuits and a
constant number of outputs per party [DLN19]. In contrast, our protocol uses
o(|C| · n) surpassing the above lower bound for similar circuits of low-depth
and constant number of output wires when the number of input parties is
|I| = o(

√
n). We leave it as future work to obtain sub-quadratic communication

for t = n/2− 1 that will require different techniques and larger communication
than our construction.
Output Guarantees. Our MPC protocol considers security with abort as
opposed to the stronger guaranteed output delivery (GOD). We note that MPC
with GOD and t ≥ n/3 requires either the assumption of ideal broadcast and/or
computational assumptions [LSP19], making the problem different and less clean
(e.g., how much should an ideal broadcast call cost?). In contrast, we consider
information-theoretic MPC without these assumptions in this work. We leave it
as an open problem to obtain o(n2) MPC with GOD using stronger assumptions.
Additive Õ(n1.5) Communication. Our construction has an additive Õ(n1.5)
communication term independent of the circuit size. This matches the cost of the
state-of-the-art Byzantine Agreement (BA) protocol without additional computa-
tional assumptions known by different techniques [KS11]. To our knowledge, this
is the best such BA protocol in terms of communication cost even considering
weaker output guarantees akin to abort in MPC. Therefore, this can be viewed
as a barrier as improving our MPC protocol could conceivably lead to an o(n1.5)
communication BA protocol, which has been an open problem for decades.
Input Party Corruption and Secure Erasures. As we study MPC in
generality, we note it is possible for an adversary to corrupt all the input par-
ties prior to executing the MPC protocol, which is unavoidable. However, as
discussed earlier, there are several previously studied settings where an adver-
sary is assumed to be unable to corrupt all input parties such as the client-
server settings of server-aided MPC [KMR11, HLP11, KMR12, GLO+21, SV25],
fluid MPC [CGG+21, RS22, BEP23, DDG+23, BEP24] and server-outsourced
zkSNARK proof generation [OB22, CLMZ23, YCW+25, GGJ+23, LZW+25,
HMW+25, GGJ+25, FGR+25, LZW+24] where some subset of clients are as-
sumed to remain honest and uncompromised. In this case, we guarantee both
privacy and security with abort for all honest parties.

We also consider a more nuanced setting where the adversary may adaptively
corrupt an input party after they have committed to their input. In this case,
we want to guarantee that the adversary can no longer change the party’s input.
To obtain this stronger security guarantee, we assume that honest parties can
securely erase components of their state once they are unneeded (as used in prior
works [BDOZ11, DPSZ12, NNOB12, GIOZ17, BH93, IPS09, Lin09, HLP15]).
Our protocol guarantees that an adversary cannot change inputs after parties
have committed to them in the MPC protocol and securely erased certain critical
parts of their state. This includes even if the adversary adaptively corrupts the
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input party afterwards. We note secure erasures are only needed for this stronger
guarantee. For the setting where the adversary never corrupts all input parties,
then secure erasures are unnecessary. We point readers to Section 4 for more
details.

2 Technical Overview

We present a high-level overview of our protocol and the ideas for our Ω(n2)
lower bound for strong adaptive rushing adversaries.

Before presenting our protocol, we deep dive into some necessary requirements
of an o(n2) MPC protocol. We show that the following two facts must be true:

1. Any o(n2) communication MPC protocol must critically leverage that there
are a sublinear number of input parties |I| = o(n).

2. In any o(n2) communication MPC protocol, the communication pattern
(consisting of the size of messages between any two parties in each round)
protocol must be randomized and unpredictable for any adaptive adversary.

The first requirement follows from the known lower bound showing that any
MPC protocol for circuits with inputs from |I| parties must have communication
Ω(|I| · n) [DNOR16]. In other words, our MPC protocol must somehow lever-
age that the number of input parties is sublinear, |I| = o(n), to obtain o(n2)
communication.

To understand the second requirement, we begin by noting that the standard
MPC adversary observes the entire communication pattern of the MPC protocol
including the size (but not the contents) of the communication between every pair
of parties in each communication round. As we consider o(n2) communication, we
immediately know that it is impossible for each pair of parties to communicate
with each other (which is a common pattern in MPC protocols, particularly
for randomness generation and output reconstruction). As a result, there exists
at least some party P that communicates with o(n) other parties during the
MPC protocol. If the adversary successfully identifies this party P and corrupts
all o(n) < t parties that send messages to party P , we note the adversary can
successfully ensure that the MPC protocol cannot obtain security with abort
guarantees. In particular, as the adversary controls all messages to party P , the
adversary can force the party P to return a output different from all other honest
parties. Therefore, an o(n2) communication MPC protocol must successfully
protect against such an adversarial attack.

Looking back at state-of-the-art prior works such as [DIK10, GPS22, EGP+23,
BY25, SY25], we note that their communication patterns are deterministic. If
the communication pattern of an MPC protocol is deterministic, it is impossible
to achieve security with abort with o(n2) communication as the adversary can
identify a party P that receives messages from at most o(n) parties, corrupt all
parties sending messages to P and employ the adversarial attack described above.
With deterministic communication patterns, it must be that each of the n parties
receives messages from at least t+ 1 other parties. This immediately shows that
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the (t+ 1)n = Ω(n2) additive term in the communication cost of these works is
necessary to obtain even security with abort (see Appendix 10 for more details).

A key takeaway from this observation is that the communication pattern
of any o(n2) MPC protocol must be randomized. Even more importantly, the
communication pattern must be unpredictable to the adversary that may adap-
tively corrupt parties through the protocol’s execution. As a result, one of the
novelties necessary in our o(n2) communication MPC protocol is a method to
ensure an unpredictable communication pattern such that no adaptive adversary
can identify all o(n) parties that will communicate with any single party P .

Protocol Summary. We start by presenting a summary of our protocol:

1. Computation using Committees: First, our protocol enables the n parties
to privately compute secret shares of the correct output using player vir-
tualization amongst randomly-chosen committees. This critically relies on
the first requirement above that the number of input parties is sublinear,
|I| = o(n), so that input parties can generate random coins and random
sharings for the rest of the parties (note if all input parties are corrupted
from the beginning, then there are no privacy or correctness guarantees). The
purpose of executing the MPC in this fashion with committees is to enable a
randomized communication pattern for the output phase of the protocol.

2. Random Output Distribution: The next part distributes the shared outputs
to all n parties in a randomized manner ensuring that each of the parties can
recover the correct answer or abort. In particular, this adheres to the second
requirement above, since the distribution is such that an adversary cannot
predict the subset of parties that is sending messages to any single party.

Computation using Committees. At a high level, the first part of our MPC
protocol will consider m randomly-chosen committees each of η parties. We
will use player virtualization such that each of the m committees will emulate
a virtual party in a larger MPC protocol executed over the m virtual parties.
Roughly speaking, our goal is to completely eliminate communication between
all pairs of parties. First, we permit quadratic O(η2) communication within each
of the m committees enabling each committee to emulate a single virtual player
resulting in O(m · η2) cost. We will show that we can construct committees with
appropriate parameters of m = Õ(

√
n) and η = Õ(

√
n) such that this cost is

Õ(n1.5). Note, we omit poly-logarithmic factors in n for convenience using Õ
notation. For the larger MPC protocol executed over the m virtual parties, we
will use the existing Sharing Transformations protocol [GPS22]. However, Sharing
Transformation requires quadratic communication between all pairs of virtual
players. If we tried a trivial approach of player virtualization, communication
between any pair of virtual parties requires communication between all pairs
of parties within each of the corresponding committees meaning Õ(η2). Across
all possible O(m2) pairs of virtual parties, we would end up back at quadratic
communication since Õ(m2 · η2) = Õ(n2). Instead, we show that the most
costly subroutines of Sharing Transformations involving random coin and sharing
generation that require quadratic communication between all pairs of parties
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may be replaced with new protocols such that each of the m virtual parties only
needs to communicate with the |I| input parties. As a result, the communication
cost becomes Õ(m · η · |I|) = Õ(n · |I|) = o(n2) where we critically rely on the
fact that |I| = o(n). We elaborate on each component of this blueprint below
that enables us to construct an o(n2) communication MPC protocol.

We start with our construction of m committees consisting of η parties. To
enable Sharing Transformations with small enough communication for our usage,
we require that at most δ ·m of the virtual parties (committees) are dishonest,
where δ > 0 is an arbitrarily small constant. We say a committee is honest if at
most (1/2− ϵ′) · η parties in the committee are corrupted by the adversary, where
0 < ϵ′ < ϵ is an arbitrary constant. To construct our committees, we extend the
ideas of using samplers that have been previously used to obtain sub-quadratic
communication Byzantine agreement by King and Saia [KS11]. At a high level,
a sampler function is H : [m] → [n]η where H(x) is a set of η parties from [n]
representing the x-th committee for all x ∈ [m]. King and Saia [KS11] used a
non-explicit sampler construction guaranteeing that strictly more than half the
committees will be honest for every choice of corrupted parties. We improve upon
this idea by presenting an explicit randomized construction of a sampler with
m = Õ(

√
n) committees consisting of η = Õ(

√
n) parties each that satisfies the

required properties except with negligible probability (see Section 6).

Before even considering the Sharing Transformations protocol, we note that
the above committee sampling approach already requires shared randomness
generation amongst all n parties. It turns out that all known adaptively secure
coin flipping protocols already require Ω(n2) communication (see [FT25] for
example). As a result, it is unclear whether it is even possible to sample our
committees in o(n2) communication. Here, we highlight our new technique that
essentially leverages the sublinear number of input parties. In particular, we
rely upon the |I| = o(n) input parties as leaders that are responsible for each
generating and distributing shares of random values to all n parties. As long as at
least one input party is honest, we show that the resulting shared randomness is
uniformly random. However, one may quickly note that the adversary is able to
corrupt t = Ω(n) parties and there are only |I| = o(n) input parties. Therefore,
an adversary can simply corrupt all input parties and guarantee that the shared
randomness generation fails. However, we rely upon the critical observation that
there are no longer any privacy or correctness requirements once all the input
parties are compromised (beyond the fact that all honest parties output the same
value, or abort). Indeed, the adversary has already observed all private inputs to
the protocol. Furthermore, the adversary is free to change the inputs to guarantee
that the honest parties receive any output of the adversary’s choosing. Therefore,
the only case where we must consider security is when at least one input party is
honest that corresponds to when our shared randomness generation is successful.
As a note, it turns out that our committee assignments require a very large
amount of information that would already result in quadratic communication,
if all input parties had to send these assignments to the other parties. Instead,
our techniques enable one input party, say P1, to send the pertinent committee
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information to each party, while the other input parties use a universal hash
function to generate a succinct hash of this information for the parties to check
P1’s assignments, reducing the communication to o(n2).

With the above shared randomness generation, our MPC protocol can
now sample committees using o(n2) communication. Additionally, we will have
the |I| = o(n) input parties share their inputs with all n parties requiring
Õ(|I| · n) = o(n2) communication. All that remains is to show that we can
execute the Sharing Transformation protocol [GPS22] in o(n2) communication. It
turns out that the only component of Sharing Transformations using Ω(n2) com-
munication is shared random coins and sharings generation (this also happens to
be true for most prior MPC protocols with quadratic communication). Therefore,
replacing all shared randomness generation in Sharing Transformations with our
approach using the |I| = o(n) input parties as leaders, we can execute Sharing
Transformations with o(n2) communication if we consider very small circuits.
However, we can further utilize the above idea of using the input parties as leaders
to optimize communication costs for larger circuit sizes. In the end, the execution
of the remaining portions of Sharing Transformation with our improvements uses
Õ((|I| · |C| ·

√
n)+ (depth(C) ·n)) communication. After the execution of Sharing

Transformations, each of the m virtual parties have output shares. The η parties
within each honest committee may reconstruct the committee’s output share to
each other with Õ(η2) communication using error-detection. Altogether, this final
committee output reconstruction requires Õ(m · η2) = Õ(n1.5) communication.

Random Output Distribution. At the end of the first part of our MPC
protocol, we have that each party within each of the committees holds the
same corresponding virtual party output share resulting from executing Sharing
Transformations over the m committees as virtual parties. We use this fact
in the next part to ensure that its communication pattern is randomized and
unpredictable to an adaptive adversary. As a reminder, we must ensure that no
adversary may corrupt all parties sending messages to any single party P .

Our random output distribution protocol works as follows. Each party picks
ℓ other parties uniformly at random to distribute their share of the output. For
sufficiently large ℓ = Õ(n/η), we show that each of the n parties will receive
an output share from a party within each of the (1 − δ)m honest committees
except with negligible probability (see Section 8). This would allow each of the n
parties to successfully reconstruct the output ignoring corrupted parties that may
send incorrect output shares. This requires a total of Õ(ℓ ·m · η) = Õ(n ·m) =
Õ(n1.5) communication. As a reminder, the first step of the protocol required
Õ(m · η2) communication to reconstruct outputs after the execution of Sharing
Transformations. Here, we observe that our choice of m = Õ(

√
n) and η = Õ(

√
n)

minimizes the additive term of Õ(n1.5) communication in our protocol.
So far, we have ignored the existence of corrupted parties that may create

incorrect output shares. If any party receives multiple output shares from the
same committee that are inconsistent, the party will abort. A party can also
abort if the shares from the m committees do not define a valid secret sharing
using error-detection techniques of standard secret sharing schemes (since δ is
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arbitrarily small). As each party will receive at least one correct output share
from an honest party in every honest committee, every party either reconstructs
the correct output or aborts satisfying security with abort.

Finally, we critically highlight that the communication pattern of our output
distribution is unpredictable to the adversary. Our random output distribution
protocol works in a single communication round where every honest party picks
ℓ uniformly random parties to send their output shares. Furthermore, the choice
of the ℓ parties is generated using local randomness independent of all prior
potential adversarial knowledge. Therefore, it is impossible for an adversary to
identify the subset of honest (not currently corrupted) parties that will send
their output shares to any party P better than random guess. As a reminder,
in our model, we consider standard adaptive adversaries used in UC security
that may observe the messages from honest parties in a communication round
before choosing the messages from corrupted parties. However, by the time the
adversary observes any information about the communication pattern in the
output distribution, the adversary no longer has the ability to corrupt new parties.
Effectively, the adversary cannot predict the subset of honest parties that will
communicate with any single party P beyond random guessing.

Remaining Challenges. Finally, the above approach still comes with some
additional challenges. Our key observation is that, if all input parties are corrupted,
then security with abort trivially holds. While true in spirit, there are two issues
that must be considered. The security notion for MPC not only requires privacy
of inputs of honest parties, but also requires that all honest parties output the
correct output or abort if they detect that corrupt parties do not follow the
protocol. First, if all input parties are corrupted from the beginning, then the
output of the protocol is completely determined by the adversary. However, if
the honest parties output anything, then they must all output the same value.
Second, if some input parties start honest but are adaptively corrupted later in
the protocol, then the output of the protocol must be defined with respect to
the original inputs of input parties (even those that were corrupted from the
start). We solve the first issue by relying on a weak and efficient consolidation
protocol. Each of the n parties samples O(

√
n) other random parties and sends

them their outputs. An honest party will abort if any of the outputs they receive
are different from their computed output. For the second challenge, we require
input parties to sample random challenge sharings (using the random sharings
generation subroutine from above) before they share their inputs to other parties.

Lower Bound Overview. We note that one could also consider more powerful
adversaries with stronger adaptive rushing corruptions that may corrupt honest
parties after observing their messages in a communication round, and then change
any of their messages in that communication round. With respect to our random
output distribution, the adversary may observe all parties sending messages
to any single party P and corrupt them to change the final output of party
P . We show that this barrier is inherent with these adversaries with stronger
adaptive rushing corruption. We prove that any MPC protocol secure against such
adversaries requires Ω(n2) communication. At a high level, our proof techniques
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goes as follows. Consider any protocol with o(n2) communication. Pick a party
P uniformly at random. With non-negligible probability, party P will receive
messages from at most o(n) < t other parties. Within each communication round,
the adversary adaptively corrupts any honest party that proposes to send a
message to P using its strongly adaptive corruption capabilities. As the adversary
controls all messages sent to the party P , it can compromise security with abort.

3 Related Works

Honest-Majority MPC with t < (1/2− ϵ)n. For information-theoretic MPC
with sub-optimal honest-majority threshold with t < (1/2−ϵ) ·n, there has been a
long line of work achieving small communication such as the following works and
references therein [FY92, DIK10, GPS21, GIP15, GIOZ17, BGJK21, GSY21]. The
recent works of [GPS21, SY25] obtain optimal Õ(|C|) communication matching
known lower bounds presented in [DLN19].
Committee-Based MPC. The idea of using committees of multiple parties was
first introduced by Bracha [Bra87] for usage in player virtualization. Similar ideas
of using committees for MPC have used in many prior works including static ad-
versaries [HIK07], static adversaries with computational assumptions [BBK+24],
adaptive adversaries [NR17, BY25, SY25], optimizing garbled circuits [BEO17],
optimizing GMW-style protocols [HOSS18b, HOSS18a] and reducing total com-
putation [DIK+08] to list some examples.
MPC with Small Input Parties. In the past, there have been various forms
of MPC studied that also consider the setting where not all parties will receive
inputs, |I| < n. The first such notion is server-aided MPC that considers the
setting where there exist clients with inputs who collaborate with one or more
helper servers that are willing to securely compute functions over their inputs.
Over the past decade, there has been a long line of work improving server-aided
MPC (see [KMR11, HLP11, KMR12, GLO+21, SV25] and references therein).

A more recently studied MPC variant is the YOSO (You Only Speak Once)
model introduced by Gentry et al. [GHK+21]. In the YOSO model, there exist
many stateless parties (that do not receive any inputs) that are available to help
with the execution of the MPC protocol. Furthermore, there is an additional
restriction that these stateless parties may only be relied upon to send a single
message throughout the entire protocol. In recent years, there have been several
follow-up works studying YOSO MPC including [BHK+22, CDGK22, EMP25].
The slightly less restrictive model of fluid MPC was also introduced recently by
Choudhuri et al. [CGG+21] where there exists several helper parties that will help
with executing subsets of the MPC protocol. However, the set of participating
parties is dynamic and each party may enter or leave the execution between
rounds. We note that there have been several works studying fluid MPC such
as [RS22, BEP23, DDG+23, BEP24].
Atomic Secure Multiplication. Cramer et al. [CDdH07] study the communica-
tion complexity of performing a single secure multiplication of two secret-shared
elements over a finite field L in one round with O(n) communication by assuming
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that L contains a subfield K over which it has an extension degree linear in n.
However, there are limitations including only assuming a semi-honest adversary
and no full modeling of correctness for a single multiplication.
Communication Lower Bounds. Note that the usage of FHE enables MPC
with even Õ(|I|+ n) communication [AJL+12, GHS12], but FHE is prohibitively
expensive [DPSZ12, EGP+23] with substantial challenges to be proven adaptively
secure [KTZ13, CSW23]. Therefore, the majority of prior communication lower
bounds focus on MPC with information-theoretic security. A lower bound of
Ω(t · n) was presented in [DNOR16] that may be easily generalized to Ω(t · |I|)
for |I| < n input parties. For larger circuit sizes, a lower bound of Ω(|C| · n)
was presented in [DLN19] with t = n/2− 1 and a lower bound of Ω(|C|) when
t = (1/2 − ϵ)n for any constant 0 < ϵ < 1/2 extending prior work considering
restricted protocols [DPP14, DNPR16]. Recent work presented stronger lower
bounds in the perfect security setting [DLS21].
MPC with Randomized Communication Patterns. One area of cryptogra-
phy requiring randomized communication patterns is topology-hiding computa-
tion. In this setting, there exists some underlying graph that defines which pairs
of parties may communicate. The goal is to securely compute functions without
revealing neither the inputs nor the underlying communication graph. This was
first introduced by Moran, Orlov and Richelson [MOR15]. Over the past few
years, there has been a wide range of follow-up works including [HMTZ16, AM17,
ALM17, BBKM23] and references therein. We note topology-hiding is orthogonal
to our setting where it is known that all parties may communicate with each
other, but we wish to obfuscate the actual communication pattern. Note that
YOSO [GHK+21] and some of its followups indeed have randomized communica-
tion patterns, particularly, when participants for each round are chosen randomly.
However, these models are orthogonal as they selecting participants randomly
with computational assumptions and consider only random corruptions (instead
of fully adaptive corruptions).

4 Preliminaries

MPC Preliminaries. We will consider multi-party computation (MPC) consist-
ing of n parties denoted P1, . . . , Pn whose goal is to compute a functionality F .
We assume F is represented using an arithmetic circuit C over a finite field F that
consists of two types of gates: addition and multiplication. Whenever we refer to
the size of the arithmetic circuit |C|, we mean the number of multiplication gates
in C. Furthermore, we will consider arithmetic circuits that receive inputs from a
subset of parties denoted by I ⊆ [n]. We note that the subset of input parties is a
part of the description of the functionality F as well as the arithmetic circuit C.
Thus, the identity of the input parties I is fixed ahead of the protocol and known
to all parties. Throughout this work, we will suppose the finite field size satisfies
|F| ≥ 2κ where κ is the statistical security parameter. As we will assume that the
number of parties n and circuit size |C| are bounded by poly(κ), this means the
finite field size satisfies both the following inequalities: |F| ≫ |C| and |F| ≫ n.
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Next, we describe the adversarial model. We work in the Universal-Composability
(UC) framework of Canetti [Can01] (see Appendix A for more details). We con-
sider MPC that is secure against malicious and statistical adversaries that can
adaptively corrupt up to t = (1/2− ϵ)n parties for some constant 0 < ϵ < 1/2. In
other words, the computationally unbounded adversary may choose to corrupt
parties using prior information observed during the protocol and the corrupt
parties are allowed to perform actions that deviate from the protocol’s prescribed
algorithms. We note that the adversary observes all information available to
corrupt parties. Denote the set of corrupted parties at any given time as T and
the set of honest parties as H = [n] \ T . Additionally, the adversary can see
the communication pattern between all parties. In particular, the adversary can
observe the size of communication between two honest parties in any round
(including the absence of such communication). Finally, our work will consider
rushing adversaries where the adversary may observe the communication from
honest parties in each round before choosing the messages of corrupt parties. We
note that the adversary is not allowed to corrupt honest parties to remove or
change honest party messages after observing their messages (see Appendix 10
for further details and Ω(n2) communication lower bounds for this powerful
adversary even for simple functionalities). Formally, we consider the following:

Functionality 1: FMPC

Parameters: This functionality is parametrized by a number of parties n,
a subset I of input parties, a corruption threshold t, and some functionality
f defined over |I| input values.

Corruptions: At any time, the adversary A can notify FMPC that some
party P has been corrupted. If at any time, the number of corruptions
|T | > t, then FMPC outputs abort to all parties.

1. If the input parties are all corrupted, I ⊆ T , before they provide FMPC

their inputs, then FMPC lets A decide the output y of the functionality
and a set of honest parties Habort ⊆ H. FMPC then sends abort to all
parties in Habort and the same output y to all other parties H\Habort.

2. Else, FMPC collects from A the corrupt parties’ inputs {xi | i ∈ T ∩ I}.
FMPC also collects from the honest parties their inputs {xi | i ∈ I∩H}.

3. FMPC computes y ← f((xi | i ∈ I)), and sends the result first to A,
who replies with set of honest parties Habort ⊆ H. FMPC sends abort
to parties in Habort and the same output y to parties in H \Habort.

Output authenticity. We note that we consider the setting where the adaptive
adversary may corrupt more parties than the total number of input parties. As
we study MPC in full generality, it is possible for the adversary to corrupt all
input parties (even before the MPC protocol starts). In this case, one cannot
provide any guarantees on the output. However, we note that there are several
previously studied problem settings with more restricted adversarial corruptions
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where not all input parties may be corrupted where it is critical to ensure that
all honest parties output the same value. Some examples include the client-server
settings of server-aided MPC [KMR11, HLP11, KMR12, GLO+21, SV25] and
fluid MPC [CGG+21, RS22, BEP23, DDG+23, BEP24] that typically assume
the adversary cannot corrupt all the clients (acting as the input parties in
our notation). In these settings, our MPC protocol provides standard output
guarantees for all honest parties.

Nevertheless, the above fact leads to an important but subtle component
of our modeling of FMPC is our handling of corruptions of the input parties in
set I as we consider general adaptive corruption. We refer to this as the output
authenticity problem, in which we need to determine what guarantees the outputs
of honest parties should satisfy. The method for handling the corruptions of
all parties in I depends on when these corruptions (adaptively) occur. What
if indeed the adversary corrupts all input parties at the very beginning of the
protocol? In this case, the adversary can determine all inputs, and thus the
output of the functionality. We note an adversary may be able to pick an output
that is outside the range of the computed function. However, it is well known that
most MPC protocols suffer from additive attacks [GIP+14, GIP15, CGH+18]
where adversaries may shift outputs arbitrarily (including outside of the range)
if the honest parties are unable to authenticate the outputs (as is the case if all
honest parties are corrupted at the start). Furthermore, there are no privacy
requirements to satisfy. Yet, standard MPC output guarantees, FMPC, require
that if the honest parties do not abort in this case, then they must output the
same value.

On the other hand, we can also consider the setting where input parties start
out as honest. Ideally, after the input parties have committed to their inputs
to some certain extent in the protocol, the input should not be modifiable by
an adversary that adaptive corrupts the input parties afterwards. Formally, our
goal is to guarantee that FMPC provides all parties with the output of f based
on the inputs received from honest parties during the input phase (assuming
the adversary chooses to not abort). To obtain this guarantee, we will assume
secure erasures (an assumption used in prior works such as [BDOZ11, DPSZ12,
NNOB12, GIOZ17, BH93, IPS09, Lin09, HLP15]) in our protocol where honest
parties will delete a certain component of their private state. After this point,
our protocol guarantees that an adaptive adversary can no longer change any
party’s inputs even if the adversary chooses to corrupt parties afterwards. We
will commonly refer to this part of the protocol as the “input phase” that we will
formally define in our functionality for UC security.

This additional security requirement imposes a significant challenge on any
purported protocol aiming to securely realize the functionality. The honest parties
must detect any attempts by the adversary to give them inconsistent outputs,
even if all input parties were corrupted at the start. If this is not the case, the
honest parties must also detect any attempt by the adversary to modify the
input of any party (even corrupted). We show how our MPC protocol obtains
our desired output authenticity in Section 8. As a final note, our requirement of
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secure erasure is only necessary to provide stronger security guarantees when the
adversary corrupts all input parties. If at least one input party remains honest,
our protocol provides security with abort without needing secure erasure.
Committees. We rely on a version of the party virtualization technique of
Bracha [Bra87]. We will randomly sample each of the m = Θ(

√
n) committees of

η = Θ(
√
n) parties (with replacement). Every committee will represent a party

of a virtual MPC protocol, while the state of this party will be secret shared by
the committee members. We will show in Section 6 that since the corruption
threshold t < (1/2− ϵ)n, our random committee sampling will guarantee with all-
but-negligible probability that at most τ < δm committees, for δ > 0 an arbitrary
constant, will have at least (1/2− ϵ′)η corrupted members, where 0 < ϵ′ < ϵ is an
arbitrary constant. Indeed, all other committees will have number of corrupted
member parties at most τ ′ < (1/2 − ϵ′)η. We will therefore call a committee
honest if indeed the number of corrupted parties is at most τ ′; otherwise we call
it corrupted. We denote honest committees as Hvirt and corrupted committees as
Tvirt. For a given committee Ci, we will denote the set of honest parties in that
committee as Hi and the set of corrupted parties in that committee as Ti.
Secret Sharing. We use degree-d Shamir secret sharing [Sha79] over the field
F throughout this paper, denoted by [x]d := (x1, . . . , xn). Shamir secret sharing
gives the property that if at most d shares are held by the adversary, then the
underlying secret x ∈ F is unknown to the adversary, while if any party holds at
least d+ 1 shares, they can reconstruct x (and in fact the whole sharing). Let
α1, . . . , αn be n distinct elements in F. A Shamir secret sharing is constructed via
a polynomial F (y) ∈ F[y] of degree at most d such that F (0) = x and F (αi) = xi,
the i-th party’s share, for all i ∈ [n]. We will also use degree-d packed secret
sharing [FY92], denoted by [x]d := (x1, . . . ,xn). This is used to share a vector
of secrets x ∈ Fρ, where ρ > 0 is called the packing parameter. In this case, if
at most d− ρ+ 1 shares are held by the adversary, then x is unknown to them,
while still, at least d+ 1 shares are required to reconstruct x (and also the whole
sharing). Let pos := (p1, . . . , pρ) be another ρ elements in F that are distinct
from one another and α1, . . . , αn. A packed secret sharing is constructed via
polynomial F (y) ∈ F[y] of degree at most d such that F (posi) = xi for i ∈ [ρ]
and F (αj) = xj , the j-th party’s share, for all j ∈ [n]. Indeed, we will often make
pos explicit and denote the packed secret sharing as [x||pos]d,d′ .

An important property of both Shamir and packed secret sharing, following
from the properties of polynomials, is error-detection. Here, it is well known
that as long as the degree d satisfies d ≤ n− t− 1 (i.e., the honest parties could
reconstruct the whole sharing using just their shares), then the modification of
any shares by corrupted parties can be detected.
Local homomorphisms. Both Shamir secret sharing and packed secret sharing
enjoy the following homomorphisms: If the parties locally add their shares [z]d ←
[x]d+[y]d (resp. [z||pos]d ← [x||pos]d+[y||pos]d), then they end up with degree-d
shares of z = x+ y (resp. degree-d shares of z = x+ y). If the parties locally
multiply their shares [z]2d ← [x]d · [y]d (resp. [z||pos]2d ← [x||pos]d · [y||pos]d),
then they end up with degree-2d shares of z = x · y (resp. degree-2d shares of
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z = x ∗ y, where ∗ denotes component-wise multiplication). As written above,
it is important for packed sharings that adding or multiplying shares of two
different secret vectors only works if pos is the same for both of the sharings. For
Shamir secret sharing, the parties can also locally multiply a degree-d sharing
by some constant c ∈ F, [y]d ← c · [x]d, to obtain a degree-d sharing of y = c · x.
On the other hand, for packed secret sharing, the parties can locally multiply a
degree-d sharing by some constant vector c ∈ Fρ, [y||pos]d+ρ−1 ← c∗ [x||pos]d, to
obtain a degree-(d+ ρ− 1) packed sharing of y = c ∗ x. They do so by implicitly
defining a (deterministic) degree-(ρ− 1) sharing [c]ρ−1 of c (note it could be the
case that ρ ≤ t, but this is fine since c is not private).

Virtual Secret Sharings. To run our virtual MPC protocol, we will use packed
secret sharings amongst the m virtual parties (with distinct evaluation elements
α1, . . . , αm) in our protocol to pack ρ = Θ(m) secrets at a time. We call such
a sharing an outer sharing. Furthermore, we will use standard Shamir secret
sharing amongst the η real parties in a given committee to share such an outer
share of the corresponding virtual party. We call such a sharing an inner sharing.
Using an inner degree-d′ sharing for each committee to share the shares of an
outer degree-d sharing of length-ρ vectors is called a degree-(d, d′) virtual secret
sharing. In more detail, such a virtual secret sharing shares a secret vector x ∈ Fρ,
denoted as JxKd,d′ . We denote the share of the j-th party of the i-th committee
as xi,j . Often, we will make the positions pos of the secrets of the outer sharing
explicit, and denote the virtual sharing as Jx||posKd,d′ . We will often use a default
position vector, β := (β1, . . . , βρ). If we do not make the position vector pos
explicit for a sharing JxKd,d′ , then the positions of the secrets are given by β.

Observe that the parties can emulate local additions (resp. multiplications)
Jx+y||posK← Jx||posKd,d′+Jy||posKd,d′ (resp. Jx∗y||posK2d,2d′ ← Jx||posKd,d′ ·
Jy||posKd,d′) by simply adding (resp. multiplying) their inner shares together.
Indeed, the parties of each committee Ci share the i-th shares, xi,yi of the outer
sharing, through secret sharings

[
xi
]
d′ ,

[
yi
]
d′ . If they add (resp. multiply) their

shares together, then they obtain a sharing
[
xi + yi

]
d′ (resp.

[
xi · yi

]
2d′) of

the addition (resp. multiplication) of the outer shares. Since every committee
does this, it indeed emulates the virtual parties adding (resp. multiplying) the
outer shares together, resulting in the aforementioned virtual sharings. They
can also therefore locally emulate multiplication by constant vector c ∈ Fρ,
Jc ∗ x||posKd+ρ−1,d′ ← c ∗ Jx||posKd,d′ .

Observe that with the committee sampling technique of Section 6, privacy
will be preserved if d ≥ τ + ρ− 1 and d′ ≥ τ ′. Moreover, if d′ ≤ η − τ ′ − 1, then
error-detection can be used for inner sharings of honest committees, to either
reconstruct the correct outer share, or abort. Using this, if d+ ρ− 1 ≤ m− τ − 1,
then error-detection can be used for the outer sharings, and thus the whole
virtual sharing, even after local multiplication by constant vector, relying on the
error-detected outer shares from honest committees. We will also require that
2d < m and 2d′ < η so that reconstruction of degree-(2d, 2d′) virtual sharings
can still happen (without error-detection).
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Based on the above, throughout the paper we will set d′ = τ ′, d = ⌊(m−1)/2⌋,
and ρ = d−τ so that ρ = Θ(m) = Θ(

√
n), since δ is an arbitrarily small constant.

With these settings, for honest committees, we clearly get privacy for degree d′

inner sharings, error detection for degree d′ inner sharings, and reconstruction for
degree 2d′ inner sharings. For outer sharings, we clearly get privacy for degree
≥ d outer sharings, error detection for degree ≤ d + ρ − 1 outer sharings and
reconstruction for degree 2d outer sharings. We will also use degree-(m− 1, η− 1)
virtual sharings; clearly privacy and reconstruction holds (as long as they are not
multiplied by a constant vector), while error-detection of course does not hold.

5 MPC Building Blocks

In this section, we present some building blocks common to statistically-secure
MPC protocols. As stated earlier, we will often times rely on the input parties to be
leaders of the following protocols, especially for efficient randomness generation.
Virtual Random Sharings Generation. A core procedure in our protocol is
πRand, which samples virtual random sharings by communicating O(n|I|) elements,
or O(

√
n|I|) amortized per secret. We rely on the input parties to sample random

sharings, which the parties sum up; if there is an honest input party, then the
resulting sharing will be random.

Procedure 1: πRand(ℓ, δ, δ
′)

Parameters: This procedure is parameterized by the number of desired
output sharings ℓ, and degrees δ, δ′.

1. Each input party Pi first samples random vectors ri,j
$← Fρ and

random virtual sharings Jri,jKδ,δ′ for j ∈ [ℓ]. They distribute the
shares to the other parties.

2. All parties locally compute and output their shares of JrjKδ,δ′ ←∑
i∈IJri,jKδ,δ′ for j ∈ [ℓ].a

a If we are in the secure erasure model, the parties also erase any randomness
they sampled during the first step (besides their own inner shares)

On some occasions, we will write that the parties run πRand twice with different
degrees to obtain two random sharings of the same secret vector r with these
different degrees, JrKd1,d′

1
and JrKd2,d′

2
. In this case, the honest input parties will

use the same secret vectors ri,j for the sharings of different degrees, Jri,jKd1,d′
1

and Jri,jKd2,d′
2

Note that the degree of the resulting random sharings might not be
correct; We present a functionality FRandVerif , and protocol ΠRandVerif instantiating
it, in Section B.3 for sampling random sharings with correct degrees.
Other Building Blocks. Due to space restrictions, we defer the other common
MPC building blocks we use to Appendix B. This includes FRG which samples
randomness for the parties with Õ(n|I| + n1.5) communicated elements, FDV
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which verifies the degree of virtual sharings with Õ(n|I|+ n1.5) communicated
elements, FRandVerif , which samples virtual random sharings with the proper
degree with O(

√
n|I|) amortized communicated elements, and FInput which allows

each input party to share their with O(n) communicated elements.

6 Committee Sampling

Our protocol makes use of committee sampling, in which the n parties are divided,
with repetition, into a small number of sets of small size, for the purposes of
executing certain sub-routines. Formally, we rely on samplers to construct our
committees. Prior works [KKK+10, KS11] presented non-explicit constructions of
samplers for Byzantine agreement. In our work, we present an explicit randomized
construction of samplers that achieve the same properties except with negligible
probability. We start by presenting a definition for samplers that is slightly
adapted from prior works, but considers strict committee sizes.

Definition 1 ((α, β, γ)-Sampler). For any 0 < α < 1, 0 < β < 1 and 0 < γ <
1, we say a function H : [m]→ [n]η is a (α, β, γ)-sampler, if for every set S ⊂ [n]
of size at most |S| ≤ γ · n, it is the case that the following holds∣∣∣∣{x ∈ [m] | |H(x) ∩ S|

η
>
|S|
n

+ α}
∣∣∣∣ ≤ β ·m

where H(x) is a multi-set and H(x) ∩ S is the intersection of a multi-set and a
set where duplicity is accounted.

In the context of MPC, the m committees will be defined by H(x) for all
x ∈ [m] consisting of at most η parties each. The set S of γ-fraction parties may
be viewed as the corrupted parties. Samplers guarantee that there are at most
β-fraction of committees whose portion of corrupted parties is α-fraction more
than the total fraction of corrupted parties, |S|/n.

We consider a randomly chosen H in the following way. For each x ∈ [m], H(x)
is defined as choosing η items from [n] uniformly at random with replacement. We
show that such a randomly generated H will be a sampler except with negligible
probability for appropriately selected parameters. We adapt the probabilistic
method proof from [KKK+10] to show that this randomized construction of H is
a sampler except with negligible probability.

Theorem 4. For any choice of 0 < α, β, γ < 1, if η ≥ 6(n+ λ)/(α2βγm) and
n+λ ≥ m, then the above randomized construction of H will be a (α, β, γ)-sampler
except with probability e−λ.

Proof. First, we fix any choice of S ⊂ [n]. Consider any x ∈ [m] where H(x)
is a uniformly random multi-set of η items from [n]. Note that the expected
intersection size is µ = E[|H(x) ∩ S|] = η · |S|/n. By a Chernoff bound, we get

Pr[|H(x) ∩ S| ≥ (1 + α)µ] ≤ e−
α2µ

(2+α) = e−
α2η|S|
(2+α)n .
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Next, we fix any subset R ⊂ [m] of size |R| ≥ β ·m. We note the probability that
all x ∈ R satisfy |H(x) ∩ S| > (1 + α)µ is at most

∏
x∈R

Pr[|H(x) ∩ S| ≥ (1 + α)µ] ≤ e−
α2η|S|
(2+α)n

·|R| ≤ e−
α2η|S|
(2+α)n

·βm.

Note that the choice of H(x) for all x ∈ [m] are independent. Therefore, the
probabilities are also independent. Finally, we do a union bound over all at most
2m choices of subset R ⊂ [m] and all 2n choices of subset S ⊂ [n]. Note, it suffices
to only consider subsets S of exactly size γ ·n as if there exists a subset of smaller
size satisfying this event, it is easy to see there will always be at least one subset
of size exactly γ · n also satisfying the event. Altogether, the probability that H

is not a (α, β, γ)-sampler is at most 2n · 2m · e−
α2η|S|βm
(2+α)n ≤ e−

α2ηγβm
3 +n+m where

we used the fact that 2 + α < 3 and |S| = γ · n. In other words, we need that the
following inequality is satisfied: −(α2ηγβm)/3 + n+m ≤ −λ. We can rearrange
to obtain the desired bound on d as follows:

−(α2ηγβm)/3 + n+m ≤ −λ ⇐⇒ 1 + (λ+ n)/m ≤ (α2ηγβ)/3.

Note, it suffices to set η ≥ 6(λ + n)/(α2βγm) to satisfy the above inequality
assuming λ+ n ≥ m to complete the proof.

Committee Sampling Protocol. We formally describe the ideal functionality
informing each party about properly randomly sampled committees along with
the identities of other parties that belong to the same committee with the party.

Functionality 2: FCSamp

1. FCSamp independently samples m = Õ(
√
n) subsets of [n]: C1, . . . , Cm,

where for all i ∈ [m], Ci is generated by sampling each P ∈ [n] into Ci
independently w.p. 1√

n
. FRG sends C1, . . . , Cm to the adversary.

2. FCSamp waits for a message from the adversary, if its abort, the func-
tionality aborts. Else, if the adversary chooses to corrupt all input
parties, the functionality allows the adversary to dictate the outputs
of each party as it wants.

3. Else, for each party P , FCSamp sends to P the set {Ci | i ∈ [m], P ∈ Ci}.

We instantiate FCSamp via the protocol ΠCSamp, which we describe next.
Intuitively, we sample committees by having the input parties generate a uniformly
random seed string, from which the committees are parsed. The challenge, of
course, is that the input parties may have a dishonest majority. To overcome
this, we let input parties secret share their seed contributions to all parties, that
add up the shares on their own, and then reconstruct back to the input parties.
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Protocol 2: ΠCSamp

Parameters: Let k = Θ(n), k < ϵn be a packing parameter. Let K be a
field such that log |K| = Θ(log n). We will use degree-(t+ k − 1) packed
sharings over K, denoted as [x]

K
t+k−1.

1. Each input party Pi ∈ I generates and distributes random packed
sharing [xi]

K
t+k−1 to all n parties.

2. The parties compute [x]
K
t+k−1 ←

∑
i:Pi∈I [xi]

K
t+k−1 and reconstruct it

to each input party Pi ∈ I.
3. Each input party Pi ∈ I reconstructs x (aborting if error-detection

fails) and interprets it as a length-(n log n) bit string, S.
4. Each input party Pi ∈ I parses S as committee assignments C1, . . . , Cm

for m = Õ(
√
n), where |Ci| = Õ(

√
n).

5. Let Pℓ be some designated party in I. Pℓ sends, for each committee
Ci, and each party Pi,j in that committee, all members of Ci.

6. Afterwards, all other input parties Pi locally sample seed si for a
universal hash function H. Each of them then sends to all parties P
the hash (based on si) of the committee definitions in which P is a
member, along with the seed si itself.

7. All parties record their received committees, and if they detected any
inconsistency between the received committees and the hashes, abort.

We next prove that ΠCSamp securely instantiates the functionality FCSamp.
First note that the communication complexity of ΠCSamp is O(n1.5 + |I|nκ) bits.
First, note that the cost of distributing shares of the random seeds and sending
them back to the input parties requires O(n · |I| · log |K|) = O(n · |I| · log n) bits
of communication. Next, note that there are Õ(

√
n) committees, each of size

Õ(
√
n), and from Theorem 4 we have that with high probability, each party P is

in at most Õ(1) committees. As such, with high probability, Pℓ sends to each
party at most Õ(

√
n) bits, amounting in total to O(n1.5) bits of communication.

Finally, the rest of the input parties send to all other parties a hash and a random
seed, both of length O(κ), amounting to O(|I|nκ) communication.

We show that if at least one input party remains honest throughout the
execution of ΠCSamp, then the resulting committees constitute a sampler.

Lemma 1. Suppose that in an execution of ΠCSamp, there exists an input party
p ∈ I that remains honest for the entirety of the execution. Then, either honest
parties abort, or the resulting outputs held by every honest party constitute a
sampler for an appropriate choice of constants β, α, and for γ = 1

2 − ϵ.

Proof. Let Pi ∈ I be an input party and suppose it remains honest for the entire
execution of ΠCSamp. In particular, it implies that it correctly samples a sharing
[xi]

K
t+k−1 in step 1 of the protocol and shares it correctly. This implies that if

Pi didn’t detect any inconsistency in the added sharing [x]
K
t+k−1, then S is a

uniformly random bit string of proper length. Such a string can be then used by
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Pi to sample a (α, β)-sampler for arbitrarily small constants α, β6 according to
the distribution described in Theorem 4. From here there are two cases, either
Pℓ is honest and then we can assume that Pi = Pℓ, from which we have that all
parties obtain a correct committee assignment based on S, and the adversary
can only cause aborts by sending inconsistent hashes.

Otherwise, Pℓ is corrupt, and in that case, after Pℓ distributes the committee
assignments, Pi then hashes the appropriate information (based on S) required
for each party and sends it to each party. The only way for an adversarial party to
fool the honest parties is if Pℓ is corrupt and gets lucky by guessing the universal
hash function seed of Pi, an event that occurs with negligible probability. Note
that ΠCSamp dictates that Pℓ distribute the committee assignments prior to the
rest of the parties sending the hashes and seeds, and thus the adversary, in case
Pℓ is corrupted, can not predict beforehand the contents of the seed of Pi. This
implies that if Pℓ attempts to distribute a committee assignment that does not
correspond to S, with high probability Pi’s hash will be inconsistent with it and
would cause the receiving party to abort, as required.

Lemma 2. ΠCSamp UC-realizes FCSamp.

Proof. Note that the privacy requirements are vacuously satisfied as FCSamp does
not involve any input values. Note further that the functionality FCSamp sends
all committee data to the adversary, and so the simulation is straightforward
by having the simulator first send to the adversary corrupted parties’ random
shares, and then honest parties’ shares consistent with those and the committee
assignments. Lemma 1 guarantees that so long as not all input parties are
corrupted, the real world and the ideal world views of honest parties are the same.
If all input parties are corrupted, then the functionality allows the adversary
complete control over the inputs, and so any real world behavior is simulatable.

7 Sharing Transformation

We now show how to perform sharing transformations [GPS22] on virtual sharings.
Such a sharing transformation allows the parties to transform a virtual sharing
Jx||posKm−1,η−1 to a virtual sharing Jf(x)||pos′Kd,d′ , where f : Fρ → Fρ is a
linear map and pos, pos′ are position vectors. Such a sharing transformation
will be crucial in our eventual MPC protocol. Indeed, since each virtual sharing
JxKd,d′ stores a vector of secrets, the parties need to ensure that for every layer
of the circuit, and each group of, e.g., ρ addition gates at that layer, there are
sharings JxKd,d′ and JyKd,d′ prepared corresponding to exactly the inputs to those
addition gates, so that the parties can compute Jx+ yKd,d′ ← JyKd,d′ + JyKd,d′ .
Since such sharings JxKd,d′ and JyKd,d′ may not be automatically generated based
on the previous layers’ gates, the parties must utilize sharing transformations to
prepare them. This is called network routing ; see [GPS22] for more discussion.
6 We always assume throughout the protocol a sufficiently small constant choice for
α, β. This incurs a constant multiplicative factor in the communication complexity.
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The intuition for performing a sharing transformation is as follows. The parties
will prepare random sharings Jr||posKm−1,η−1 and Jf(r)||pos′Kd,d′ that we show
in Section 7. Then the parties will compute Je||posKm−1,η−1 ← Jx||posKm−1,η−1+
Jr||posKm−1,η−1 and open Je||posKm−1,η−1 to one another. Finally, the parties
compute f(e) and the canonical virtual sharing Jf(e)||pos′Kρ−1,0 and output
Jf(x)||pos′Kd,d′ ← Jf(e)||pos′Kρ−1,0 − Jf(r)||pos′Kd,d′ . Indeed, since f is linear
f(x) = f(e)− f(r).

Random Sharings for Different Linear Secret Sharing Schemes. There
may be several sharing transformations that the parties have to perform through-
out the MPC for network routing, without many duplicates. [GPS22] showed how
to generate all such pairs of random sharings Jr||posKm−1,η−1, Jf(r)||pos′Kd,d′

with low overhead. We translate their ideas to our setting of virtual MPC here.

The functionality. We first present the functionality that generates a single such
pair of random sharings. It allows the adversary to inject an additive error δ ∈ Fρ

to the secret vector of the latter sharing. Observe that for the JsKm−1,η−1 sharing,
each committee Ci’s outer share is determined by a linear combination of the
inner shares: si =

∑η
j=1 cj · sij . Furthermore, each secret sk is determined by a

linear combination of the outer shares sk =
∑m

i=1 ci,k · si. Therefore, each secret
is indeed a linear combination of all of the inner shares. We utilize this fact in
FMapRand below, by ensuring that the terms involving the honest parties’ shares
added to the value ∆k representing the sum of the terms involving the corrupted
parties’ shares indeed sum to sk for each k ∈ [ρ].

Functionality 3: FMapRand

Parameters: This functionality is parameterized by a linear map f and
position vectors pos, pos′.

1. FMapRand first may receive abort from the adversary; if so, it outputs
abort to the honest parties.

2. Otherwise, FMapRand receives from the adversary the set of outer shares
{si}i∈Tvirt of the corrupted virtual parties.

3. Also, for each committee Ci in which |Ti| ≤ d′, FMapRand receives from
the adversary the set of corrupted parties’ corresponding inner shares
{sij}j∈Ti

.
4. Additionally, for each committee Ci in which |Ti| > d′, FMapRand

receives the honest parties’ corresponding inner share {sij}j∈Hi
.

5. The adversary also sends FMapRand vectors ε and ∆.
6. FMapRand samples a random s and random virtual sharing Jf(s) +

ε||pos′Kd,d′ consistent with the shares received above, as well as ran-
dom honest parties’ shares conditioned on combining with the vector
∆ to result in Js||posKm−1,η−1. FMapRand then distributes to the honest
parties their shares.
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Sub-Procedures for instantiating FMapRand. We now present two sub-procedures for
instantiating FMapRand. We start with πCommRand[Ci], in which we again leverage
the input parties to sample and share the same random vector r amongst both
(i) the virtual parties and (ii) just the real parties of committee Ci.

Procedure 3: πCommRand[Ci, δ]

Parameters: This protocol is parameterized by a specific committee
Ci ⊆ [n] and a degree δ.

1. Each input party Pj first samples random vectors rj
$← Fρ, random

virtual sharings JrjKd+ρ−1,d′ and for each k ∈ [ρ], random sharings for
committee Ci, [rj,k]δ. They distribute the shares to the other parties.

2. All parties locally compute JrKd+ρ−1,d′ ←
∑

j∈IJrjKd+ρ−1,d′ , and the
parties in committee Ci locally compute [rk]δ ←

∑
j∈I [rj,k]δ.

3. The parties output their shares.

The above procedure πCommRand[Ci] will allow the parties of just committee Ci
to obtain secret sharings of the elements of a vector x, originally shared amongst
the virtual parties. This is done in the following procedure πCommOpen[Ci].

Procedure 4: πCommOpen[Ci, δ]

Parameters: This protocol is parameterized by a specific committee
Ci ⊆ [n] and a degree δ

1. Let JxKd+ρ−1,d′ be the input packed virtual sharing.
2. The parties invoke πCommRand[Ci] to obtain JrKd+ρ−1,d′ and [rj ]δ shared

amongst the parties of committee Ci, for j ∈ [ρ].
3. The parties compute JeKd+ρ−1,d′ ← JxKd+ρ−1,d′ + JrKd+ρ−1,d′ and

open it to party P1.
4. Party P1 reconstructs e := (e1, . . . , eρ) and sends it to the parties of

committee Ci.
5. Finally, the parties of committee Ci compute and output [xj ]δ ←

ej − [rj ]δ for j ∈ [ρ].

Note: it could be the case that JrKd+ρ−1,d′ and the sharings [rk]δ for k ∈ [ρ]
share different secret vectors. Moreover, P1 could be corrupted and distribute
the incorrect vector e to the honest parties. This is captured in FMapRand by the
fact the adversary can input error vector δ. The communication complexity of
πCommOpen and πCommRand is O(n|I|) elements for a single committee Ci.
Instantiating FMapRand. Finally, we present protocol ΠMapRand that instantiates
FMapRand. The intuition for this protocol comes from [GPS22].

Let Js||posKm−1,η−1, Jf(s)||pos′Kd,d′ be a random pair that we want to gen-
erate for a given Sharing Transformation. Focusing on just Js||posKm−1,η−1 for
now, its outer sharing [s||pos]m−1 is represented by a degree-(m − 1) polyno-
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mial f(y), as explained in Section 4. A procedure to sample [s||pos]m−1 is as
follows: Sample ρ random elements s1, . . . , sρ and m − ρ additional random
elements r1, . . . , rm−ρ from F. Then, perform lagrange interpolation to com-
pute f(y) and thus the shares of the virtual parties, f(j). More specifically, the
share of the j-th party can be written as the linear operation on r1, . . . , rm,
sj := f(j) ←

∑ρ
i=1 ci · si +

∑m
i=ρ+1 ci · ri−ρ, where each ci is an appropriate

lagrange coefficient. The shares of [f(s)||pos′]d is sampled based on linear inter-
polation of s1, . . . , sρ and additional d+ 1− ρ random elements, u1, . . . , ud+1−ρ.

Therefore, if we sample random virtual sharings Js1Kd,d′ , . . . , JsρKd,d′ , Jr1Kd,d′ ,
. . . , Jrm−ρKd,d′ , and Ju1Kd,d′ , . . . , Jud+1−ρKd,d′ , then the parties can compute
virtual sharings of the shares of the random pair [s||pos]m−1 , [f(s)||pos′]d, since
the above operations are linear. Indeed, since each si, ri,ui are vectors, we can
actually sample virtual sharings of shares of many such random pairs at once,
for better efficiency. The coefficients ci of each interpolation may be different (if
the position vectors pos and pos′ are different for each random pair), but this
can be handled since we can actually perform multiplication by constant on our
virtual sharings.

For simplicity, in ΠMapRand, we will denote the originally sampled random
vectors as r1, r2, . . . , rm+d+1−ρ. Thus, letting ℓ = m+ d+ 1− ρ the coefficient
vectors for indices i ∈ [ℓ] will either represent the relevant Lagrange coefficient
vectors of the corresponding interpolations, or 0. Since the virtual sharings of
shares of random pairs are for outer shares, we use πCommOpen to open to each
committee their virtual party’s share (itself secret shared amongst the committee).

Protocol 5: ΠMapRand

Parameters: This protocol is parameterized by linear maps f1, . . . , fρ :
Fρ → Fρ, position vectors (pos1, pos

′
1), . . . , (posρ, pos

′
ρ), and integer ℓ =

m+ d+ 1− ρ. Let f be the concatenation of f1, . . . , fρ.

1. For j ∈ [ℓ], the parties invoke FRandVerif to obtain sharings JrjKd,d′ .
2. For j ∈ [ℓ], the parties compute and output JsjKd+ρ−1,d′ ←

∑ℓ
i=1 ci,1∗

JrjKd,d′ and Jf(s)jKd+ρ−1,d′ ←
∑ℓ

i=1 ci,2 ∗ JrjKd,d′ .
3. For j ∈ [ℓ], the parties invoke πCommOpen[Cj , η − 1](JsjKd+ρ−1,d′) and

πCommOpen[Cj , d′](Jf(s)jKd+ρ−1,d′) so that the parties of committee Cj
receive

[
sjk

]
η−1

and
[
fk(sk)

j
]
d′ for k ∈ [ρ].

4. The parties interpret the above as
(Jsk||poskKm−1,η−1, Jf(sk)||pos′kKd,d′) for k ∈ [ρ].

5. The parties run FDV on Jf(sk)||pos′kKd,d′ for k ∈ [ρ]; if it does not
abort, they output the sharings.

Observe that ℓ = O(m) = O(
√
n). Thus, the communication complexity of

ΠMapRand is O(n1.5|I|) for the invocations of FRandVerif , O(n1.5|I|) elements for the
invocations of πCommOpen and O(n1.5) elements for the invocation of FDV. Since we
end up with Θ(

√
n) sharings of Θ(

√
n) underlying secrets, the communication is
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O(
√
n · |I|) elements amortized. ΠMapRand can be run once at the beginning of the

entire main MPC protocol, ΠMain. We prove the below lemma in Appendix D.1.

Lemma 3. ΠMapRand UC-realizes FMapRand in the (FRandVerif ,FDV)-hybrid model.

Sharing Transformation Procedure. With FMapRand, we instantiate the
sharing transformation procedure πSharingTrans. The communication complexity of
πSharingTrans is O(

√
n · |I|) elements from FMapRand and O(n) total for the rest.

Procedure 6: πSharingTrans[f ]

Parameters: This protocol is parameterized by a linear map f and
position vectors pos and pos′.

1. Let Jx||posKm−1,η−1 be the input packed virtual sharing.
2. The parties invoke FMapRand(f, pos, pos

′) to obtain random packed
virtual sharings Jr||posKm−1,η−1 and Jf(r)||pos′Kd,d′ .

3. The parties compute Je||posKm−1,η−1 ← Jx||posKm−1,η−1 +
Jr||posKm−1,η−1 and open their shares to party P1.

4. Party P1 reconstructs e, then computes Jf(e)||pos′Kρ−1,0, and dis-
tributes the shares to all parties.a

5. Finally, the parties compute and output Jf(x)||pos′Kd,d′ ←
Jf(e)||pos′Kρ−1,0 − Jf(r)||pos′Kd,d′ .

a The degrees of these sharings will be checked at the end of ΠMain.

8 Output Sampling

For the output phase of our protocol, we employ a randomized communication
procedure for which we require the following lemma.

Lemma 4. Consider m′ input buckets with z balls in each, and consider n output
bins that are initially empty. Consider the process of assigning (ℓ copies) of each
of the balls in each of the input buckets to ℓ of the output bins independently and
uniformly at random, with repetitions. Then as long as z ·ℓ ≥ n(logm′+log n+λ),
it holds with probability at least 1− 2−λ that all outputs bins contain at least one
ball from each of the m′ input buckets.

Proof. We first note that for a given ball and a given bin, the probability that a
single copy of the ball does not hit the bin is 1 − 1

n , the probability that all ℓ
copies of the ball do not end up in the bin is (1− 1

n )
ℓ. Finally, the probability that

none of the copies of any of the balls in a given bucket hit the bin is (1− 1
n )

ℓ·z.
Denote this event by E. Employing (1− x) ≤ e−x, we get that Pr[E] ≤ e−

z·ℓ
n . A

union bound over all m′ buckets and n bins gives us that the probability that
there exists a bucket such that no ball from that bucket landed in a particular
bin is at most m′ · n · e− z·ℓ

n . We stipulate m′ · n · e− z·ℓ
n ≤ 2−λ. We thus have that

logm′ + log n− z·ℓ
n ≤ −λ holding n(logm′ + log n+ λ) ≤ z · ℓ, as required.
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For MPC, the input buckets are the m′ = (1 − δ) “good” committees and
the n outputs bins represent the parties and whether they receive an output
from an honest party within each good committee. In the proof of Lemma 4, we
consider that each ball is placed independently and uniformly at random. Indeed,
this does not need to be true for outputs distributed from maliciously corrupted
parties. Instead, we only consider the z balls as the z honest parties within each
good committee, which is guaranteed by our samplers by Theorem 4.

Functionality 4: FOpen

1. Let JyKd,d′ be the sharing to be output.
2. FOpen receives from honest parties their shares and reconstructs JyKd,d′ .
3. FOpen sends JyKd,d′ to adversary A, and waits for Habort ⊆ H from A.
4. Finally, FOpen sends abort to all honest parties in Habort and y to all

other honest parties H \Habort.

Protocol 7: ΠOpen

1. Let JyKd,d′ be the sharing to be output.
2. For each committee Ci:

(a) The parties Pi,j in that committee reconstruct to each other the
outer share yi.

(b) Each such party Pi,j locally samples a subset Si,j of parties by
including every P ∈ [n] into Si,j with probability O(logn)√

n
.

(c) Each Pi,j sends reconstructed outer share yi to all parties in Si,j .
3. All parties Pk, upon receiving outer shares, if they did not receive

enough shares to reconstruct output, then abort. If any inconsistency
in received shares is detected, then abort. Else, reconstruct output y.

4. All parties Pk do the following even if aborted, with y = abort:
Locally sample subset Sk of parties by including every P ∈ [n] into
Sk with probability O(logn)√

n
. Pk sends output y to all parties in Sk.

5. If a party receives abort or more than one claimed output, it aborts.
Else, outputs y.

ΠOpen communicates Õ(n1.5) elements as each honest party sends messages to
at most Õ(

√
n) parties. This is Õ(n) amortized per output. We will prove the

following results.

Lemma 5. At the end of ΠOpen, with overwhelming probability there exists a
value y such that all honest parties either abort, or output y.

Proof. Consider the state of the network after step 3 of ΠOpen, in which every
honest party P either has some output yp or abort (which we denote by ⊥).
Note that we can partition into two cases: either there exists a value y held by a
majority of the honest parties (i.e. at least n

4 parties), or not. If so, then consider
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a party P ′ that does not hold y. The probability that it does not hear from a
particular party holding y in step 4 of ΠOpen is 1− O(logn)√

n
. The probability it does

not hear from all parties holding y is thus upper bounded by (1− O(logn)√
n

)n/4,

which by (1 − x) ≤ e−x, can be further upper bounded by e−Ω̃(
√
n). A union

bound over all honest parties give that the probability that any of them does
not hear from any honest party holding y is at most n · e−Ω̃(

√
n). We thus get

the probability all honest parties hear y from at least one other party is at least
1−ne−Ω̃(

√
n). Thus we have that w.o.p, all honest party either output y or abort.

The other case is that in which no value is held by a majority of the honest
parties. Note however that the behavior of ΠOpen has a party abort if it hears
any other value from the one it holds. An identical analysis to above yields that
with overwhelming probability, every honest party hears of a value not equal to
the one it holds, and so all honest parties abort.

Lemma 6. With overwhelming probability, every honest P hears a share from
at least one honest party in every good committee Ci in step 2 of ΠOpen.

Proof. The proof of this lemma follows from Lemma 4. m′ stands for the number
of good committees, z stands for the number of good parties in each good
committee, and n is the number of parties. Notice that the randomized process
taking place in step 2 of ΠOpen is identical to the one described in Lemma 4.
We have that the number of good committees is m′ = Ω(

√
n), in each good

committee, more than half parties are honest, and thus z = Ω(
√
n). The lemma

now follows from an application of 4.

Lemma 7. ΠOpen UC-realizes FOpen.

Proof. The simulation is straightforward as the functionality FOpen provides the
adversary with all collected shares, and thus there are no privacy requirements.
By Lemma 6, and Lemma 5, what the parties output in the ideal world (possibly
abort) is identical to the output of the real world.

9 Full MPC Protocol

In this section, we will construct the remaining tools needed for the full MPC
protocol, and then the full protocol itself, ΠMain. Throughout the protocol, we
will associate with each wire w in the circuit C its own position element pw ∈ F.

We use the technique of [CGH+18], in which the parties sample a random
sharing JrKd,d′ at the beginning of the protocol (before the input phase), and in
addition to computing a sharing of every wire in the circuit, JwKd,d′ , they also
compute a version that is randomized by r, Jr ·wKd,d′ . At the end of the protocol
they check that indeed Jr ·wKd,d′ shares the secret of JwKd,d′ , multiplied by r. The
intuition here is that given some multiplication of JxKd,d′ and JyKd,d′ resulting in
JzKd,d′ , if the adversary causes the output sharing to share z = x ·y+δ, for some
δ ̸= 0, then the adversary needs to ensure that Jr ·zK indeed shares r · (x∗y+δ).
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However, since r is random and unknown to the adversary, the adversary would
have to guess r to do so, which can only happen with negligible probability.

Due to space limitations, we present the following procedures, which follow
straightforwardly from standard techniques, [CGH+18], and [GPS22], in Ap-
pendix C: πMult for performing multiplications [DN07], πCheckMult for checking
multiplications at the end of the protocol [CGH+18], πNetwork for routing packed
wire secret sharings [GPS22].
Complete MPC Protocol. We are now ready to present our MPC protocol.
The parties proceed by first sampling random committees with FCSamp. Then,
they use FRandVerif to sample the random challenge r, with which the parties, for
every batch of wires x, compute both JxKd,d′ and Jr·xKd,d′ . The input parties then
provide their input sharings JxiKd,d′ via FInput (recall that each party only has
one input xi, but we can still define such a packed sharing with the other secrets
being dummies). To maintain the invariant that the parties have both JxKd,d′ and
Jr · xKd,d′ for every batch of wires, the parties start by invoking πMult on JrKd,d′

and JxiKd,d′ for each input xi. The parties then execute the circuit, layer-by-layer,
first using πNetwork to collect the sharings for that layer, then using πMult to execute
the multiplications and doing local additions to compute the gates of that layer.
Note we also perform these operations on the randomized sharings Jr · xKd,d′ to
maintain the invariant. Once the parties have sharings (and randomized sharings)
of the outputs, they perform degree verification on all sharings distributed by
P1 during πSharingTrans, run πCheckMult to ensure all multiplications were performed
correctly, and invoke FOpen to reconstruct outputs. We present ΠMain below.

Protocol 8: ΠMain

1. Parties invoke FCSamp to sample random committees C1, . . . , Cm. Each
input party learns all of the committees; every other party only learns
which committees they are a part of, and parties in those committees.

2. Parties invoke FRandVerif to obtain random sharings JrKd,d′ and JsKd,d′

(recall parties erase any state used during an invocation of FRandVerif).a
3. Parties invoke FDV on input prepare. They also invoke FRG on input

prepare to store random element χ (parties do not receive it yet).
4. Let pi be the position of input party Pi’s input and posi =

(pi, γ2, . . . , γρ), where each γj is some distinct unused position. Each
input party invokes FInput on their input xi so that the parties obtain
shares JxiKd,d′ . Then they invoke πMult on JxiKd,d′ and JrKd,d′ to obtain
Jr · xi||posiKd,d′ . Finally, the parties invoke πSharingTrans on JxiKd,d′

with (β, posi, I), where I is the identity map to obtain Jxi||posiKd,d′

and Jr · xi||posiKd,d′

5. For each circuit layer:
(a) The gates are divided into groups of size ρ based on their types (i.e.,

multiplication or addition). For each group of ρ gates, let x be the
first inputs of all gates and y the second inputs of all gates. Parties
invoke πNetwork to prepare JxKd,d′ , Jr · xKd,d′ , JyKd,d′ , Jr · yKd,d′ ,
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(b) For each group of ρ gates, let pos be the positions associated with
the outputs of these ρ gates.
– If they are addition gates, the parties locally compute

JzKd,d′ ← JxKd,d′ + JyKd,d′ and then invoke πSharingTrans on
JzKd,d′ with (β, pos, I), where I is the identity map, to obtain
Jz||posKd,d′ . They do the same with Jr · xKd,d′ and Jr · yKd,d′

to obtain Jr · z||posKd,d′ .
– If they are multiplication gates, the parties invoke πMult on

JxKd,d′ , JyKd,d′ with pos to obtain Jz||posKd,d′ . They do the
same with Jr · xKd,d′ , JyKd,d′ to obtain Jr · z||posKd,d′ .

6. Output phase:
(a) Parties invoke FRG on input open to open random element χ.
(b) Parties invoke FDV on input verify to verify the degree of every

sharing, Jf(e)||pos′Kρ−1,0, party P1 sent to the rest in procedure
πSharingTrans throughout the execution.

(c) Parties invoke πCheckMult on the regular and randomized out-
puts of every multiplication gate in the circuit (computed in
πMult), JzKd,d′ , Jr · zKd,d′ , and the randomization of the input
gates, JxiKd,d′ , Jr · xiKd,d′ , with random sharings JrKd,d′ , JsKd,d′

and random coin χ.
(d) For each output sharing JzKd,d′ (computed in πMult), the parties

invoke FOpen to obtain and output z.

a for the former, only the first secret value is considered.

We present our main theorem that obtains sub-quadratic communication in
the number of parties.

Theorem 5. Protocol ΠMain UC-realizes FMPC in the (FCSamp, FRandVerif , FDV,

FRG, FMapRand)-hybrid model with total communication of Õ(|I|(n + κ) + n1.5)

bits and Õ(n1.5 + |I|(n+
√
n · |C|) + n · (depth(C) + σ)) elements of F, where σ

is the number of output wires.

For the communication cost of our protocol, we can sum up the cost of the
individual sub-protocols. We need Õ(|I|(n+ κ) + n1.5) bits for FCSamp, Õ(n1.5)
elements for FDV, FRG, and πCheckMult, O(n · |I|) elements for FRandVerif , O(

√
n · |I|)

amortized across the entire circuit C and O(n) for each layer of the circuit for
πMult, πSharingTrans, and πNetwork, and Õ(n) elements amortized per output gate
from FOpen. Altogether, we get that the cost is Õ(|I|(n + κ) + n1.5) bits and
Õ(n1.5 + |I|(n+

√
n · |C|) + n · (depth(C) + σ)) elements of F.

10 Supplementary Material for Lower Bounds

In this section, we show that sub-quadratic communication is impossible against
more powerful adaptive rushing corruptions that may adaptively corrupt after
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observing messages from honest parties in a communication round, but before
the messages have been sent, and then change all the messages of these honest
parties (as previously in [ACD+19] for Byzantine agreement). We will present a
Ω(n2) communication lower bound for MPC secure with aborts against these
stronger rushing adversaries for corruption threshold t = Ω(n).

Theorem 6. Consider any MPC protocol that supports functionalities for two
input parties |I| = 2 and every party receives the output. If the protocol is secure
with abort against adversaries with strong adaptive rushing corruptions that
corrupt up to t parties, then the MPC protocol requires tn/4 communication even
for circuits with a single multiplication gate with size |C| = 1.

In other words, sub-quadratic communication MPC is impossible whenever we
consider these stronger adversaries that may corrupt t = Ω(n) parties. We also
show our techniques may be extended to other settings including MPC protocols
with deterministic (or predictable) communication patterns even against standard
adaptive rushing adversaries.

To start, we prove the following lemma that considers adversaries that are
able to isolate a single party P such that all parties that send a message to party
P or receive a message from party P are corrupted by the adversary. We show
that, if such an adversary exists, we can guarantee that the MPC protocol cannot
be secure with aborts.

Lemma 8. Consider any MPC protocol that supports functionalities for two
input parties |I| = 2 and every party receives the output. If there exists an
adversary that is able to identify a single party P and corrupt all the parties
before they communicate with party P with non-negligible probability, then the
MPC protocol cannot be secure with abort.

Proof. We start with the case that the corrupted parties consist of at most one
(or none) of the |I| = 2 input parties. In this case, the corrupted parties can
simulate the protocol assuming the output bit is always 0. Since the chosen party
P only interacts with the corrupted parties, the view of party P will ensure that
it always outputs 0. This is the case even when the two input bits are 1 and the
output bit should be 1, meaning this scheme does not satisfy security with abort.

Next, we consider the other case when both input parties are corrupted. In
this case, the adversary sends messages in the following manner. For all messages
to the chosen party P , the corrupted parties will simulate the protocol as if
the output was 0. Since the chosen party P only interacts with these corrupted
parties, its output must be 0. In contrast, the adversary will simulate the protocol
as if the output is 1 when sending messages to all other honest parties except
party P . As a result, this contradicts security with abort as honest party P will
output 0, which is different than the 1-bit output of all other honest parties in
the protocol execution.

In the remaining portion of this section, we will show when it is possible
to construct such an adversary compatible with Lemma 8 that rules out the
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existence of MPC with certain communication efficiency (including those with
sub-quadratic communication).

Adversaries with Stronger Adaptive Corruptions. First, we prove Theo-
rem 6 showing MPC protocols secure against adversaries with stronger adaptive
corruption capabilities required Ω(n2) communication. First, we define strong
adaptive rushing corruption as follows:

1. All honest parties announce their messages for the round.
2. With this information, the adversary may choose to corrupt any subset of

honest parties as long as the adversary never corrupts more than t parties.
3. The adversary will erase the messages that were to be sent by the newly

corrupted parties and replace them with messages of their choice.

Proof of Theorem 6. We will consider the functionality of computing the AND
function with two input parties such that |I| = 2 and |C| = 1. Towards a
contradiction, suppose that there exists such a MPC protocol for this functionality
with less than tn/4 communication. We will construct an adversary that satisfies
the conditions of Lemma 8 of identifying a party P and corrupting all parties
that will send messages to P in the protocol’s execution with non-negligible
probability.

The adversary first picks a single party P uniformly at random. In expectation,
the party P will receive and send at most (tn/4) · 2/n = t/2 messages in total.
Note, we multiply by two since each message is sent and received. By applying
Markov’s inequality, the randomly chosen party P receives and sends at most t
messages throughout the entire protocol with probability at least 1/2. This also
means that the chosen party communicates with at most t other parties. These
will be the t parties that the adversary corrupts. In each communication round,
the adversary checks if any honest parties will send messages to the chosen party
P or receive any messages from the chosen party P . If so, the adversary corrupts
the honest party to control the messages being sent to party P , and to ensure
that all messages sent by P are received only by corrupted parties. In the end,
all messages received by party P are controlled by the adversary and all sent
messages by party P are received by the adversary with probability at least 1/2.
By Lemma 8, we immediately obtain that the MPC protocol is not secure against
aborts.

We note our lower bounds are similar in spirit to prior works such as Blum et
al. [BBCLZ23], but use different underlying problem requirements. In our proof,
we rely on the security with abort guarantee as well as adversaries with strong
adaptive corruption capabilities whereas the proof in [BBCLZ23] relies upon
guaranteed output delivery but considers the standard adversarial model.

Deterministic Communication Patterns. We additionally consider the case
that the MPC protocol results in a deterministic communication pattern. In
particular, we will consider the case that whether one party sends a message
to another party in a communication round does not depend on the internal
randomness in any execution of the MPC protocol. In this case, we show that an
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MPC protocol with less than tn communication enables an adversary to isolate
such a party P as required in Lemma 8. Note, this formalizes the ideas presented
in Section 2 about barriers that exist for existing state-of-the-art MPC protocols
including [DIK10, GPS22, EGP+23, BY25, SY25].

Theorem 7. Consider any MPC protocol that supports functionalities for two
input parties |I| = 2 and every party receives the output with a deterministic
communication pattern. If the protocol is secure with abort in the presence of a
malicious adversary that corrupts up to t parties, then the MPC protocol requires
(t+ 1)n/2 communication even for circuits with a single multiplication gate with
size |C| = 1.

Proof. Towards a contradiction, suppose that the MPC protocol has strictly less
than (t+ 1)n/2 communication. Then, there must exist a single party P that
sends and receives at most t messages in the entire protocol. In particular, this
implies that party P sends and receives messages from at most t other parties.
Since the communication pattern is deterministic, the adversary can corrupt
the at most t parties communicating with party P . Afterwards, we can apply
Lemma 8 to show that the MPC protocol is not secure with aborts.

Once again, this rules out sub-quadratic communication MPC protocols
where t = Ω(n) parties may be corrupted. It also explains why most prior
works [DIK10, GPS22, EGP+23, BY25, SY25] require an additive Ω(n2) term
in their communication costs. In general, the above attack may be extended to
any MPC protocol where the adversary may predict communication patterns
such that it can identify a single party that receives messages from at most t
other distinct parties, which happens to be the case in the setting of determin-
istic communication patterns. In particular, this can also be extended to MPC
protocols with randomized communication patterns where it is still possible for
an adversary to find a party P and corrupt all parties communicating with P
with non-negligible probability.
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A Universal Composability [Can01]

We work in the Universal-Composability (UC) framework of Canetti [Can01]. In
this framework, for a given protocol Π, executed by parties, and a functionality
F we have an environment Z and an adversary A, and we consider two worlds.

1. Real world execution. In the real world execution, the adversaryA interacts
with n parties and can adaptively corrupt up to t of them (see note on adaptive
corruption in Section 4). At the end of the protocol, the adversary A sends
Z its entire view from the protocol, i.e. the messages it received and sent
in each round, and the internal states of all corrupt parties. Z also receives
the outputs of all honest parties. Denote the distribution of views seen by Z
with adversary A in the real world execution by DR,A

2. Ideal world execution. In the ideal world execution, the adversary A
interacts with a simulator S, that simulates the n parties, and allows the
adversary to adaptively corrupt at most t of them. Furthermore, S has black-
box access to F. At the end of the interaction, the adversary A sends to Z
its entire view from the protocol, and F sends to Z the outputs of the honest
parties. Denote the distribution of views seen by Z with adversary A and
simulator S in the ideal world execution by DS,A

We say that a protocol Π UC-realizes a functionality F if for any adversary
A, there exists a simulator S s.t. DR,A

ϵ
≈ DS,A, for ϵ = negl(κ), where κ is

the security parameter. In this work, we focus on statistical security, so A can
run in unbounded time. Sometimes, we will also utilize the hybrid model of
UC. In this case, in the real world the honest parties have access to some set of
sub-functionalities {Fi}i∈[m], and we denote the distribution of views in this case

as D
{Fi}i∈[m]

R,A . In the ideal world, the simulator emulates these sub-functionalities,

and we denote the distribution of views in this case as D
{Fi}i∈[m]

S,A . We say that
a protocol Π UC-realizes a functionality F in the ({Fi}i∈[m])-hybrid model if

for any adversary A, there exists a simulator S s.t. D{Fi}i∈[m]

R,A
ϵ
≈ D

{Fi}i∈[m]

S,A , for
ϵ = negl(κ).
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B Additional MPC Building Blocks

In this section, we will instantiate the remaining building blocks common to
statistically-secure MPC Protocol.

B.1 Randomness Generation

Here we introduce the functionality FRG for generating a random element χ ∈ F.
Randomness generation has both a prepare and open phase. The former is used
to sample (but not reveal) the random value χ, while the latter actually opens it
to all parties.

Functionality 5: FRG

On input prepare: FRG waits for an input from the adversary. If it is abort,
FDV outputs abort to all parties; otherwise, it samples random χ ∈ F.
On input open: FRG waits for an input from the adversary. If it is abort,
FDV outputs abort to all parties; otherwise, it outputs χ to all parties.

FRG is instantiated by the below protocol ΠRG, using standard techniques
based on πRand.

Protocol 9: ΠRG

On input prepare: The parties run πRand(1, d, d
′) to obtain random sharing

JχKd,d′ . On input open: The parties invoke FOpen on JχKd,d′ to open χ
and output the first element χ1.

The communication complexity of ΠRG is O(n|I|) elements for πRand and
Õ(n1.5) elements for FOpen. FRG will only be invoked a constant number of times
throughout the entire main MPC protocol, ΠMain.

Lemma 9. ΠRG UC-realizes FRG in the FOpen-hybrid model.

Proof. This proof follows easily. Indeed, the simulator simulates πRand by just
sampling and distributing random sharing Jri,jKd,d′ on behalf of all honest parties.
FOpen aborts if JχKd,d′ is not of the correct degree, and thus if there is at least
one honest party, the distribution of the output χ1 in the real world is random
and identically distributed to the ideal world.

B.2 Degree Verification

In this section, we present the functionality and protocol for degree-verification
of a batch of virtual sharings Jx1Kd,d′ , . . . , JxkKd,d′ . If any such sharing is of the
wrong degree, the honest parties should abort. Degree verification has both a
prepare and verification phase. The former is used to sample (but not reveal)
challenge randomness, while the latter reveals that challenge randomness to
perform the verification. First, we present the functionality FDV.
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Functionality 6: FDV

On input prepare: FDV waits for an input from the adversary. If it is
abort, FDV outputs abort to all parties; otherwise, it does nothing.

On input verify(Jx1Kd,d′ , . . . , JxkKd,d′):

1. FDV receives from the honest parties their shares.
2. FDV recovers the whole inner sharings

[
xk
j

]
d′ for those committees

Ck in which |Hk| > d′ and sends the shares of the corrupted parties
in these committees to the adversary. Moreover, based on the above,
FDV recovers the whole outer sharings [xj ]d, including the secrets xj .

3. For each committee Ck in which |Tk| > d′, FDV sends to the adversary
the honest parties’ shares {xk,h

j }h∈Hi of the corresponding inner
sharing, and the corresponding outer shares xk

j .
4. If any of the inner sharings for those committees Ck in which |Hk| > d′

are not of degree d′, or any of the outer sharings are not of degree d,
FDV sends abort to the parties.

Note that sometimes, the parties will invoke FDV with verify immediately
after invoking it with prepare; in this case, we will just say that the parties invoke
FDV.

Now we present the protocol ΠDV. This protocol uses the standard random
linear combination technique.

Protocol 10: ΠDV

On input prepare: The parties invoke FRG on input prepare to store
random element χ (the parties do not receive it yet).

On input verify(Jx1Kd,d′ , . . . , JxℓKd,d′):

1. Each input party Pi samples random vector ri and random virtual
sharing JriKd,d′ and distributes the shares to the other parties.

2. The parties compute JrKd,d′ ←
∑

i∈IJriKd,d′ .
3. The parties invoke FRG on input open to obtain random χ.
4. The parties compute JeKd,d′ ←

∑ℓ
j=1 χ

j · JxjKd,d′ + JrKd,d′ .
5. The parties invoke FOpen to open JeKd,d′ to all parties .

The communication complexity of ΠDV is O(n|I|) elements for the distribution
of JriKd,d′ and Õ(n1.5) elements for FRG and FOpen. FDV is invoked a constant
number of times throughout the entire main MPC protocol, ΠMain.

Lemma 10. ΠDV UC-realizes FDV in the FRG-hybrid model.

Proof. We begin with a simulator S, which initializes should-abort← 0:

1. S first receives from FDV, for those committees Ck in which |Hk| > d′,
the inner shares of Jx1Kd,d′ , . . . , JxℓKd,d′ of the corrupted parties in these
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committees. It also receives the outer shares of those committees in which
|Tk| > d′.

2. Next for each honest input party, S samples JriKd,d′ and sends the corrupted
parties’ shares to the adversary.

3. S receives the same from the adversary for the corrupted input parties and
reconstructs the corresponding JriKd,d′ (non-corrupted inner sharings and
whole outer sharing).

4. S then computes JrKd,d′ . If it is of the wrong degree, S sets should-abort← 1
5. S emulates FRG by sampling random χ and sending it to the adversary.
6. S computes the corrupted parties’ shares of JeKd,d′ (except for corrupted

inner sharings).
7. Next, S emulates FOpen by receiving from the adversary the corrupted parties’

shares of JeKd,d′ and then sending r to the adversary; if any of the received
shares are unequal to those which S computed above, S sends abort to FDV.

8. Finally if should-abort = 1, S sends abort to FDV.

We now show that the real and ideal worlds are indistinguishable. It is clear
that S’s sampling of JriKd,d′ and emulation of FRG is identical to the real world.
Moreover, for the emulation of FOpen, since each ri of honest input parties are
random, soo too is r and thus so too is e; thus this emulation is identical to the
real world. Now it remains to show that the output distributions are the same.
There is an abort in the ideal world if any of the JxjKd,d′ or JrKd,d′ is not of the
proper degree, which can happen in two ways:

1. An inner sharing
[
xj

k
]
d′ or

[
rk

]
d′ for a committee in which |Hk| > d′+1 is not

of the right degree. Consider the polynomial [F (y)]d′ :=
[
rk

]
d′+

∑ℓ
j=1

[
xk
j

]
·yj .

By Lagrange interpolation, for any ℓ+ 1 different points χ1, . . . , χℓ+1, there
is a one-to-one linear map from {[F (χj)]d′}j∈[ℓ+1] to {

[
rk

]
} ∪ {

[
xk
j

]
}j∈[ℓ].

So, if either
[
rk

]
d,d′ or some

[
xk
j

]
d,d′ is not of the correct degree, then the

number of χ ∈ F such that the shares of [F (χ)] are of the correct degree is
bounded by ℓ. Since χ is uniform in F, the probability of sampling such a
bad χ is bounded by ℓ/|F|, which is negligible.

2. An outer sharing is not of the right degree. This also follows the same
argument as the first case; indeed, the number of committees in which
|Hk∗ | > d′ + 1, and thus the honest parties’ inner shares of that committee
define the corresponding share of the outer sharing, is greater than d+ 1.

There is also an abort in the ideal world if the corrupted parties do not input
the correct shares of JeKd,d′ to FOpen; such an abort would also happen in the
real world, because of the error detection properties of the sharing scheme.

Thus the two worlds are indistinguishable.

B.3 Virtual Random Sharings

We now present the functionality for sampling random virtual sharings JrKd,d′ .
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Functionality 7: FRandVerif

1. FRandVerif first may receive abort from the adversary; if so, it outputs
abort to the honest parties.

2. Otherwise, FRandVerif receives from the adversary the set of outer shares
{ri}i∈Tvirt of the corrupted virtual parties.

3. Also, for each committee Ci in which |Ti| ≤ d′, FRandVerif receives from
the adversary the set of corrupted parties’ corresponding inner shares
{rij}j∈Ti

.
4. Finally, for each committee Ci in which |Ti| > d′, FRandVerif receives

the honest parties’ corresponding inner share {rij}j∈Hi .
5. FRandVerif samples a random r and random virtual sharing JrKd,d′

consistent with the shares received above, then distributes to the
honest parties their shares.

Next, we present the protocol ΠRandVerif(ℓ), which samples ℓ random sharings
at once. We rely on the input parties to sample random sharings, which the
parties sum up; if there is an honest input party, then the resulting sharing will
be random. We also use FDV to ensure that the sharings are of proper degree.

Protocol 11: ΠRandVerif(ℓ)

1. The parties run πRand(ℓ, d, d
′) to obtain random sharings

(Jr1Kd,d′ , . . . , JrℓKd,d′).
2. The parties invoke FDV on (Jr1Kd,d′ , . . . , JrℓKd,d′); if it does not abort,

they output their sharings.

The communication complexity of the above protocol for random virtual
sharings JrKd,d′ is O(|I| · n · ℓ) elements for the invocations of πRand and Õ(n1.5)
elements for FDV. ΠRandVerif can be invoked once for all needed sharings at the
beginning of the main MPC protocol ΠMain. This is O(|I|

√
n) amortized for each

of the
√
n components rj,i within each of the ℓ output sharings of rj .

Lemma 11. ΠRandVerif UC-realizes FRandVerif in the FDV-hybrid model.

Proof. We begin by constructing a simulator S for ΠRandVerif , which initializes
should-abort← 0:

1. On behalf of each honest input party, Pi, S samples random sharings Jri,jKd,d′ ,
for j ∈ [ℓ], then sends to the adversary the corrupted parties’ shares.

2. Next, S receives from the adversary the honest parties’ shares of the corrupted
input parties’ sharings, Jri,jKd,d′ , for j ∈ [ℓ].

3. S then computes the honest parties’ shares of JrjKd,d′ ←
∑

i∈IJri,jKd,d′ for
j ∈ [ℓ].

4. For each j ∈ [ℓ], and any committees in which |Hk| ≥ d′ + 1:
(a) If the honest parties’ shares of the corresponding inner sharing of JrjKd,d′

do not lie on a degree-d′ polynomial, S sets should-abort← 1.
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(b) Either way, S reconstructs the whole inner sharing (of minimal degree)
based on the honest parties’ shares, including the secret, which is the
corresponding outer share of that committee rkj .

5. Since the number of committees in which |Hk| ≥ d′ + 1 is at least d+ 1, S
can check if the corresponding shares of the outer sharing of JrjKd,d′ lie on a
degree-d polynomial.

6. If not, S sets should-abort← 1. Either way, S reconstructs the whole outer
sharing (of minimal degree) based on the outer shares it obtained above.

7. S emulates FDV by first receiving from the corrupted parties their shares of
the above; if for any committee such that |Hk| > d′, the corrupted parties’
shares do not match what S computed for that committee, then S sets
should-abort ← 1. Similarly, if any outer shares corresponding to |Hk| ≤ d′

do not match what S computed, then S sets should-abort← 1.
8. Finally, if should-abort = 1, then S sends abort to FRandVerif .
9. Otherwise, for inner sharings in which |Tk| ≤ d′ and thus |Hk| > d′, S sends

the corresponding reconstructed corrupted parties’ shares to FRandVerif . For
any inner sharings in which |Tk| > d′, S sends the corresponding honest
parties’ shares, along with the reconstructed outer share (based on the outer
shares of those in which |Hk| > d′), to FRandVerif .

Now we show that the distributions of the ideal world and real world are
identical. It is clear that all communication during the protocol is distributed
identically in both worlds, since S follows the protocol exactly for honest parties.
Thus, we just need to check that the output of the honest parties is the same in
both worlds. We have two cases:

1. S sends abort to FRandVerif in the ideal world. In this case, we need to show
that the honest parties output abort in the real world. One way in which S
aborts is if some combined sharing Jrj∗Kd,d′ is not of the right degree; which
will be caught by FDV in the real world.

S can also abort if the adversary sends different shares to FDV on behalf of
the corrupted parties than what S computed; in the real world, this is also
caught with probability 1 by honest input parties due to the error-detection
properties of the secret sharing scheme.

2. S does not send abort to FRandVerif in the real world. In this case, we need
to argue that the honest parties’ shares of JrKd,d′ are identical in the real
and ideal worlds. First, for committees in which |Tk| > d′, the honest parties’
inner shares are distributed identically, since S sends directly to FRandVerif

these shares.

For the rest, first note that there is at least one honest input party Pi. Their
shared virtual sharings Jri,jKd,d′ for j ∈ [ℓ] will be random, and thus so will
each JrjKd,d′ for j ∈ [ℓ].

Now, consider any d+ 1− |Tvirt| honest committees. In the real world, the
inner sharings of these committees are distributed randomly, conditioned on
the corrupted parties’ shares and the sharing being of degree d′. FRandVerif
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samples these sharings in the same way and thus they are distributed the same
way in the ideal world. For every other honest committee the corresponding
outer share is determined by the outer shares of the above d + 1 − |Tvirt|
honest committees along with those of the corrupted committees; this is the
same in both worlds. Moreover, their inner sharings are distributed randomly,
conditioned on the corrupted parties’ shares, the determined outer share, and
the sharing being of degree d′; this too is identical in both worlds.

B.4 Inputs

In this section, we formally describe the ideal functionality which takes the input
of correct and corrupt parties and prepares virtual secret shares from them.

Functionality 8: FInput

1. For each input party Pi ∈ I:
(a) If Pi is corrupted, receive whole sharing JxiKd,d′ from the adver-

sary; if it is not of the proper degree, abort.
(b) Otherwise, receive from the honest input party xi and from the

adversary the corrupted party’s shares of JxiKd,d′ . Sample the rest
of the sharing consistent with the above.

2. If there is no abort from corrupted parties, output to the honest
parties their shares of all inputs.

Protocol 12: ΠInput

1. Each input party Pi secret shares its input xi to create JxiKd,d′ . They
distribute the shares to the other parties.

2. The parties invoke FDV on all of the input sharings JxiKd,d′ , aborting
if it does.

Lemma 12. ΠInput UC-realizes FInput in the FDV-hybid model.

Proof. The simulation is straightforward: In the case of corrupted input party,
S receives the honest parties’ shares and can reconstruct JxiKd,d′ . If any are of
the wrong degree, S sends FInput abort when emulating FDV, otherwise it sends
the sharing to FInput. For honest parties, S can just send both to the adversary
and FInput random corrupted parties’ shares. By the privacy of the virtual secret
sharings, this is a good simulation.

C Standard Procedures for ΠMain

C.1 Multiplication

The first procedure we need is an efficient multiplication procedure. For this, we
use the standard “king” technique of [DN07], presented in πMult.
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Procedure 13: πMult

Parameters: This protocol is parametrized by default position vector β
and position vector pos.

1. Let JxKd,d′ , JyKd,d′ be the input virtual secret sharings.
2. The parties invoke πRand twice to prepare random virtual sharings

JrKd,d′ and JrKm−1,η−1 with the same underlying secret vector r.
3. The parties locally compute JdKm−1,η−1 ← JxKd,d′ · JyKd,d′ +

JrKm−1,η−1.
4. The parties send their shares of JdKm−1,η−1 to party P1.
5. Party P1 reconstructs d then computes JdKρ−1,0, and distributes the

shares to all parties.
6. All parties locally compute JzKd,d′ ← JdKρ−1,0 − JrKd,d′ .a
7. The parties invoke πSharingTrans on JzKd,d′ with (β, pos, I), where I is

the identity map to obtain Jz||posKd,d′ and output it.b

a These are the sharings that will later be checked in πCheckMult
b JzKd,d′ can be interpreted as JzKm−1,η−1, since its underlying polynomials

are of degree at most m− 1 and η − 1, respectively.

The communication complexity of the above protocol is O(
√
n|I|) amortized

elements at the beginning of ΠMain for πSharingTrans and πRand (note, all such
invocations of πRand for multiplications can be done at the beginning of the main
MPC protocol, ΠMain), and O(n) total for the rest.

Checking Multiplications. At the end of the MPC protocol, we will have to
check that all multiplication gates were performed correctly. For this, we use the
technique of [CGH+18], in which the parties sample a random sharing JrKd,d′

at the beginning of the protocol (before the input phase), and in addition to
computing a sharing of every wire in the circuit, JwKd,d′ , they also compute a
version that is randomized by r, Jr ·wKd,d′ . At the end of the protocol they check
that indeed Jr ·wKd,d′ shares the secret of JwKd,d′ , multiplied by r. The intuition
here is that given some multiplication of JxKd,d′ and JyKd,d′ resulting in JzKd,d′ ,
if the adversary causes the output sharing to share z = x · y+ δ, for some δ ̸= 0,
then the adversary needs to ensure that Jr · zK indeed shares r · (x ∗ y + δ).
However, since r is random and unknown to the adversary, the adversary would
have to guess r to do so, which can only happen with negligible probability.

Procedure πCheckMult below checks all of the multiplication gates simultaneously,
using a random linear combination.

Procedure 14: πCheckMult

1. Let {(JziKd,d′ , Jr · ziKd,d′)}i∈[ℓ] be the set of multiplications to be
checked, JrKd,d′ , JsKd,d′ input random sharings (r is the same as in
the previous sharings), and χ the input random element.
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2. The parties compute JuKd,d′ ←
∑ℓ

i=0 χ
i · Jr · ziKd,d′ and JvKd,d′ ←∑ℓ

i=0 χ
i · JziKd,d′ .

3. The parties invoke FOpen on JrKd,d′ to get r.
4. The parties compute JwKd,d′ ← JuKd,d′ − r · JvKd,d′ .
5. The parties invoke πMult on JsKd,d′ and JwKd,d′ to obtain JtKd,d′ .
6. The parties invoke FOpen on JtKd,d′ to get t.
7. If t ̸= 0, the parties abort.

The communication complexity of πCheckMult is Õ(n1.5) for FOpen (the cost of
πMult is amortized across the circuit size |C|).

Lemma 13. If for any i ∈ [ℓ], the secret r of JrKd,d′ , zi of JziKd,d′ and ζi of
Jr · ziKd,d′ are not such that r · zi = ζi, then the honest parties will abort with
all-but-negligible probability at the end of πCheckMult.

Proof. Let index j ∈ [ℓ] be such that ζj = r · zj + δj , for some δj ̸= 0, and in
particular, δj,k ̸= 0. Let F (y) be the degree ℓ− 1 polynomial F (y) =

∑ℓ
i=1(r ·

zj,k − r · ζj,k) · yi. Since δj,k ̸= 0, this is a nonzero polynomial. Thus, by the
Schwartz-Zippel Lemma, since the evaluation point χ of this polynomial is
random, F (χ) ̸= 0 with all-but-negligible probability and thus JwKd,d′ is nonzero.
In this case, since JsKd,d′ is random, JtKd,d′ will be random, and thus the parties
will abort. Indeed, even though the adversary can introduce some additive error
so that t ̸= w ∗ s, it can only guess this error to force t = 0 with negligible
probability.

C.2 Network Routing

As described in the Sharing Transformation section (Section 7), for each layer of
the circuit, the parties need to be able to perform network routing, i.e., prepare
virtual sharings JxKd,d′ and JyKd,d′ for every batch of gates in that layer. We
use the following procedure, πNetwork inspired by [GPS22] to do so. It first uses
multiplication by public unit vectors ei ∈ Fρ, which are all zeros except for
a single one in the i-th position, to individually collect each single wire that
will be used in JxKd,d′ from the previous layers. It then sums these individual
collected sharings up to obtain a sharing with all of the needed wires, and finally
performs a sharing transformation to get these secret wire values in their correct
corresponding positions and shared with the proper degree. Note that some gates
in the circuit will have constant inputs; πNetwork also collects these constant inputs
into the output sharings.

Procedure 15: πNetwork

Parameters: This procedure is parameterized by the default packed
secret positions β.
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1. Let x1, x2, . . . , xℓ1 be the different wire values from previous layers and
c1, c2, . . . , cℓ2 be the constant values that the parties want to collect in
a new sharing JxKd,d′ . Let x′ = (x1, . . . , xℓ1 , c1, . . . , cℓ2 , 0, . . . , 0) ∈ Fρ.

2. For i ∈ [ℓ1], let Jx(i)||pos(i)Kd,d′ be the virtual packed sharing from
some previous layer that contains the secret xi at position pi. Let
pℓ1+1, . . . , pρ be the first ρ − ℓ1 distinct positions that are different
from p1, . . . , pℓ1 and α1, . . . , αm. Let pos = (p1, . . . , pρ).

3. Let ei be the i-th unit vector in Fρ. All parties locally (and determin-
istically) compute a virtual packed sharing Jei||posKρ−1,0.

4. All parties locally compute Jx′||posKd+ρ−1,d′ ←
∑ℓ1

i=1Jei||posKρ−1,0 ·
Jx(i)||pos(i)Kd,d′ +

∑ℓ2
i=1 ci · Jeℓ1+i||posKρ−1,0.

5. Let f : Fρ → Fρ be the linear map such that x = f(x′). The par-
ties invoke πSharingTrans on Jx′||posKd+ρ−1,d′ with (pos,β, f) to obtain
JxKd,d′ .a

6. The parties output JxKd,d′ .

a Jx′||posKd+ρ−1,d′ can be interpreted as Jx′||posKm−1,η−1, since its underlying
polynomials are of degree at most m− 1 and η − 1, respectively.

The Communication complexity of πNetwork is O(
√
n|I|) amortized at the beginning

of ΠMain for πSharingTrans and O(n) total for the rest.

D Supplementary Material for MPC Construction

D.1 Proof of Lemma 3

Proof. We start with a simulator S, which initializes should-abort← 0:

1. S first emulates FRandVerif by sampling random sharings JrjKd,d′ consistent
with the corrupted shares received from the adversary. It is easy to see that
the secrets of these sharings alone determine the resulting random vector s
(via the appropriate linear combinations).

2. S then computes the sharings JsjKd+ρ−1,d′ and Jf(s)jKd+ρ−1,d′ (only the
honest parties’ shares of corrupted inner sharings) for j ∈ [ℓ].

3. S then simulates πCommOpen:
(a) To simulate πCommRand, for each honest input party Pj , S samples random

virtual sharing JrjKd+ρ−1,d′ and for each k ∈ [ρ], random sharings for
committee Ci, [rj,k]δ, then sends to the adversary the corrupted parties’
shares.

(b) S receives the honest parties’ shares of the same from the adversary and
can reconstruct the corresponding secret vector rj of JrjKd+ρ−1,d′ .

(c) If Ci ∈ Hvirt, S can reconstruct the whole sharings [rj,k]δ for k ∈ [ρ], in the
case that δ = d′. If it is not of the correct degree, S sets should-abort← 1.

(d) S can then compute the sharing JrKd+ρ−1,d′ (only honest parties’ inner
shares of corrupted committees).
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(e) Next, if party P1 is corrupted:
i. S sends to the adversary the honest parties’ shares of JeKd+ρ−1,d′

ii. S then receives back from the adversary e on behalf of each honest
party P in committee Ci.

Otherwise:
i. S receives from the corrupted parties their shares of JeKd+ρ−1,d′ , then

reconstructs it and sends it to the adversary if there are corrupted
parties in committee Ci.

(f) In either case, for Ci ∈ Hvirt, for each k ∈ [ρ], S can compute the commit-
tee’s outer shares fk(sk)

i, and thus the whole sharings Jf ′(sk)||pos′kKd,d′ ,
including the secrets (only honest parties’ shares of corrupted committees).
If the degree of any outer sharing is greater than d, S sets should-abort← 1.
S can also compute for each k ∈ [ρ], εk ← f ′(sk)− f(sk). Finally, S can
also compute the honest parties’ inner shares of JsKm−1,η−1 and therefore
also the vector ∆ corresponding to corrupted parties’ shares that combine
with the honest parties’ shares to yield s.

4. Then, S emulates FDV by receiving the corrupted parties’ shares from the
adversary; if any are not the same as what S computed, S sets should-abort←
1.

5. If should-abort = 1, S sends FDV abort; otherwise, S sends to FDV the
corrupted parties’ shares of (Jsk||poskKd,d′ , Jf ′(sk)||pos′kKd,d′), εk for each
k ∈ [ρ], and ∆.

Now we show that the ideal and real worlds are identically distributed. It is
clear that the emulation of FRandVerif and simulation of πCommOpen is identical to
the real world. Thus it remains to show that the output distributions (including
the output of FDV) are identical. We start with the case in which there is an
abort in the ideal world. The first way in which this can happen is if the degree
of the output sharings is too high; FDV will catch this in the real world. This can
also happen if the adversary provides the wrong shares to FDV, which would also
be caught by FDV in the real world, due to the error detection properties of the
sharing scheme.

If there is not an abort, first, the sharings output by FRandVerif are random
and unknown to the adversary. Also, in πCommOpen, since each honest input
party’s JrjKd+ρ−1,d′ is random, so too is JrKd+ρ−1,d′ and thus so too is JeKd+ρ−1,d′ .
Moreover, a similar argument can be made about the honest committees’ sharings
[rj ]δ. Therefore, nothing is revealed to the adversary about any of the honest
inner sharings of the output sharings, and therefore any of the honest outer shares,
all of which are distributed randomly constrained to the corrupted shares and
the mapping between the secrets. Furthermore, it is clear that S can completely
determine s from the sharings JrjKd,d′ and reconstruct Jf ′(sk)||pos′kKd,d′ , thus
its computation of the errors εj and corrupted parties’ contributions ∆ are
correct. Putting the above together, the real world output distribution matches
the ideal world output distribution, since FMapRand samples the output sharings
randomly based on the δj ’s, corrupted parties’ shares, and ∆.
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D.2 Proof of Theorem 5

Proof. We begin with a simulator S, which starts by setting error← 0:

1. S first emulates FCSamp by sampling random committees C1, . . . , Cm and
sending them to the adversary.

2. S then emulates FRandVerif to sample random sharings JrKd,d′ , JsKd,d′ consistent
with corrupted parties’ shares received from the adversary.

3. For each corrupted input party Pi, S emulates FInput by receiving from the
adversary the entire input sharing JxiKd,d′ . For each honest input party Pi, S
emulates FInput by receiving from the adversary the corrupted parties’ shares
of the input sharing JxiKd,d′ .

4. To simulate any invocation of πSharingTrans:
(a) S will emulate FMapRand by sampling random sharings Jr||posKm−1,η−1

and Jf(r)+ε||posKd,d′ consistent with corrupted parties’ shares received
from the adversary.

(b) Then, if P1 is corrupted, S sends to the adversary the honest parties’
shares of Jr||posKm−1,η−1 and receives back Jf(e)||pos′Kρ−1,0; since the
corrupted outer shares are known by S, it can compute the difference
δ between what it should have received and what it did receive. If P1

is honest, S receives the corrupted parties’ shares from the adversary,
reconstructs e and sends back Jf(r)||pos′Kρ−1,0; it can again compute δ
with the same information.

5. For any invocation of πMult:
(a) To simulate πRand, S samples JriKd,d′ , JriKm−1,η−1 on behalf of the honest

input parties Pi and receives back shares of the same from the adversary
for corrupted input parties.

(b) Then if P1 is corrupted, S sends to the adversary the honest parties’ shares
of JrKm−1,η−1 and receives back JdKρ−1,0; since S knows the corrupted
parties’ shares, it can compute the difference γ between what it should
have received and what it did receive. If P1 is honest, S receives the
corrupted parties’ shares from the adversary, and sends back JrKρ−1,0,
for random r; again, it can compute γ with the same information.

(c) It simulates πSharingTrans as above.
6. For any invocation of πNetwork, S simply simulates πSharingTrans as above.
7. Note that for every multiplication gate, the inputs are collected via sharing

transformation, then multiplied using πMult. We thus have additive errors
δx − εx for the x input, additive errors δy − εy for the y input, and additive
errors γz for the output z; if it is not the case that (x + δx − εx) ∗ (y +
δy − εy) + γz = x ∗ y, then S sets error← 1. (Note, if the inputs came from
addition gates, then actually more sharing transformations are involved)

8. For the output phase:
(a) To emulate FRG, S samples a random element χ and sends it to the

adversary.
(b) To emulate FDV, first, if P1 was corrupted and shared some Jf(e)||pos′Kρ−1,0

of the wrong degree, then S sends abort to FMPC. If not, then S receives
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the corrupted parties’ shares of each Jf(e)||pos′Kρ−1,0 from the adver-
sary; if any disagree with what S computed, S sends abort to FMPC (note
that S can easily keep track of all corrupted parties’ shares).

(c) To simulate πCheckMult:
i. S first emulates FOpen by sending random r to the adversary.
ii. S simulates πMult as above.
iii. Finally, S emulates FOpen as follows. If error = 0, then S sends 0 to

the adversary; otherwise it sends s to the adversary and then abort
to FMPC.

(d) Finally, S receives each output z from FMPC and emulates FOpen by
sending z to the adversary.

We now show the ideal and real worlds are indistinguishable. The simulations
of mask-and-open steps in πSharingTrans and πMult respectively are perfect, since
the random sharings Jr||posKm−1,η−1 and JrKm−1,η−1, respectively, are random
and unknown to the adversary. Similarly, for πCheckMult, since JsKd,d′ is random
and unknown to the adversary, so too will JtKd,d′ (even with additive errors from
the adversary).

Thus it remains to show that the output distributions are indistinguishable.
Clearly, if there is no abort in the ideal world, the outputs are identical. There
are two ways in which S aborts in the ideal world: either from the emulation of
FDV or from error = 1. The former case is perfectly handled by FDV. The latter
case is handled according to Lemma 13.

To calculate the communication complexity of ΠMain, we use Õ(|I|(n+κ)+n1.5)

bits for FCSamp, Õ(n1.5) elements for FDV, FRG, and πCheckMult, O(n · |I|) elements
for FRandVerif , O(

√
n · |I|) amortized across the entire circuit C and O(n) for

each layer of the circuit for πMult, πSharingTrans, and πNetwork, and Õ(n) elements
amortized per output gate from FOpen.
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