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Abstract—We investigate the problem of private federated
submodel learning, where a machine learning model is divided
into M submodels and stored in N databases, from which a
given user privately reads, updates and writes back an arbitrary
submodel. We consider information-theoretic privacy of the
updated submodel index as well as the values of the updates. We
provide an efficient private read update write (PRUW) scheme
which achieves a lower total communication cost compared to
the state-of-the-art. Our scheme significantly reduces the writing
cost by combining all updates into a single bit in a way that it can
be privately decomposed and placed at the relevant positions at
the databases. This is achieved by over-designing the system with
additional random noise terms in storage, which in turn provides
additional security to the submodels. The scheme is designed for
arbitrary privacy and security requirements.

I. INTRODUCTION

Processing power limitation and privacy issues that arise
from the increased use of machine learning techniques in
various applications is solved to a certain extent by the intro-
duction of federated learning (FL) paradigm [1]–[4]. However,
FL requires local users to download and update the entire
machine learning model, which is inefficient as the local users
may not have a sufficient amount of data to train the entire
model. This motivates the concept of federated submodel
learning (FSL) [5]–[7], where the machine learning model is
divided into a number of submodels, out of which each local
user downloads and updates only the submodel that can be
trained using its local data. As such, FSL requires additional
privacy protocols since the values of the updates as well as
the indices of the submodels updated leak information on the
data generated by the users. In private FSL, each user needs to
privately read, update and write back an arbitrary submodel of
interest. We refer to this as private read update write (PRUW).
PRUW has two main phases, namely, the reading phase and
the writing phase. The reading phase requires each user to
read the relevant submodel without revealing its index. This
is equivalent to the problem of private information retrieval
(PIR), see e.g., [8]–[14]. The writing phase requires the user
to write the updates to the relevant submodel without revealing
the submodel index or the values of the updates.

References [5]–[7], [15] use different notions of privacy
to propose schemes for private FSL. [5] considers locally
differential privacy in which a predetermined amount of in-
formation of the user is leaked to the databases. [6] con-
siders information-theoretic privacy between the user and the

This work was supported by ARO Grant W911NF2010142, and NSF Grants
CCF 17-13977 and ECCS 18-07348.

databases. However, this scheme leaks information of the user
at time t to the user at time t + 1. [15] presents a group-
wise aggregation scheme (private writing), based on local
differential privacy. [7] considers information-theoretic privacy
between the user and the databases, as well as among the users
at different time instances. The process of PRUW is carried
out in [7] by using a special PIR scheme [16] in the reading
phase. The queries of this scheme are made use of again in
the writing phase to privately write to the databases.

We propose a scheme that privately reads and writes to
any given submodel which incurs a lower total communication
cost (reading + writing cost) compared to the existing state-
of-the-art in private FSL. The proposed scheme considers
information-theoretic privacy of the index of the submodel
updated by each user as well as the values of the updates. Both
elements are kept private from the databases and other users at
different time instances. In the proposed scheme, information-
theoretic privacy of the submodel index and the updates is
achieved by adding random noise terms to storage, queries and
updates. The numbers of random noise terms added to each
quantity above are calculated based on the given privacy and
security requirements, with the objective of minimizing the
total cost. This leads to the scheme being over-designed with
extra noise terms to minimize the total cost while satisfying
the required privacy and security constraints.

The proposed scheme is similar to the scheme in [7] in the
reading phase. However, in the writing phase, the proposed
scheme combines the updates of all parameters in a subpacket
of the submodel and sends only a single bit to each database,
as opposed to sending an update vector. This significantly
reduces the writing cost. The updates are combined in such a
way that the combined bit is in the form of a polynomial that
contains random noise terms. Once the update bit is received
by each of the databases, it is privately decomposed into the
bit-wise incremental updates and added to the corresponding
parameters in storage. This calculation introduces a few extra
terms, which requires the storage to have multiple noise terms
in order to guarantee privacy of the writing process. The large
number of noise terms in storage increases the reading cost.
However, the cost saved in the writing phase is much larger
than the additional cost incurred in the reading phase resulting
in a lower total cost compared to what is incurred without
combining the bit-wise updates in the writing phase.

The main contributions of our paper are as follows: 1)
We provide a PRUW scheme for FSL, which is an improved
version of the scheme presented in [7] that results in a lower
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Fig. 1: A user reads (downloads) a required submodel, updates it, and writes (uploads) it back to the databases.

writing cost. 2) The proposed scheme incurs the lowest total
cost so far in the literature while guaranteeing information-
theoretic privacy between the user and the databases as well as
between different users at all time instances. 3) The proposed
scheme introduces the concept of combining bit-wise updates
into a single bit in such a way that the databases can privately
decompose the combined update bit into multiple updates and
place them at the relevant positions. 4) The proposed scheme
introduced the idea of over-designing a scheme (with extra
noise terms) in order to make it more cost efficient; this over-
design increases the read cost but decreases the write cost
much more, yielding a net reduction in the total cost.

II. PROBLEM FORMULATION

Consider N databases storing M independent submodels,
i.e., for all distinct i, j ∈ {1, . . . ,M}, I(Wi;Wj) = 0, where
Wi and Wj are the ith and jth submodels, respectively. The
submodels consist of random symbols of the field Fq . At any
given time instance, a single user privately updates a single
submodel of interest. The process of updating consists of two
phases, namely, the reading phase where the user downloads
the required submodel and the writing phase where the user
uploads the incremental updates back to the databases. Any
information that is communicated in both phases takes place
only between a single user and the system of databases as il-
lustrated in Fig. 1. The same process takes place independently
and privately at each time instance with different users.

The user at time t has no prior information on the updating
submodel, i.e., at any time instance t ∈ Z+, I(Q

[t]
n ;W

[t−1]
θ ) =

0 for all databases n ∈ {1, . . . , N}, where W
[t−1]
θ is the

existing version of the required submodel and Q
[t]
n is the query

sent by the user to database n. The following privacy and
security constraints need to be satisfied by any given PRUW
scheme in order to ensure information theoretic privacy of the
user required submodel index and the values of the updates.

Privacy and security requirements (PS requirements):
The PS requirements state the maximum numbers of databases
that are allowed to collude and still obtain no information on
the user required submodel index, values of the updates and
the values of the submodel parameters. The formal definitions
of privacy and security requirements are given next.

Tr-privacy of submodel index: Tr-privacy ensures that no
information on the index of the submodel updated by the user
is leaked to any of the databases, when upto any Tr of them
are allowed to collude. I.e., for any subset of databases Γ ⊂
{1, . . . , N} satsfying |Γ| = Tr,

I(θ[t]; Q
[t]
Γ ,U

[t]
Γ |Q

[1:t−1]
Γ ,S

[1:t−1]
Γ ,U

[1:t−1]
Γ ) = 0, (1)

where θ[t] is the index of the submodel updated by the user at
time t. QΓ, UΓ and SΓ are the queries, updates and storage
of databases in Γ at the corresponding time instances.
Yr-privacy of the values of the updates: Yr-privacy

ensures that no information on the values of the updates ∆
[t]
θ

generated by the user is leaked to any of the databases, when
upto any Yr of them are allowed to collude. I.e., for any subset
of databases Γ ⊂ {1, . . . , N} satsfying |Γ| = Yr,

I(∆
[t]
θ ; U

[t]
Γ |Q

[1:t]
Γ ,S

[1:t−1]
Γ ,U

[1:t−1]
Γ ) = 0. (2)

Xr-security of storage: Xr-security ensures that no in-
formation on the submodels is leaked to any of the databases,
when upto any Xr of them are allowed to collude. I.e., for each
submodel k ∈ {1, . . . ,M}, and for any subset of databases
Γ ⊂ {1, . . . , N} satsfying |Γ| = Xr,

I(W
[t]
k ; S

[t]
Γ ) = 0. (3)

The triple (Tr, Yr, Xr) defines the PS-requirements of a
given PRUW system. Next, we have the following correctness
conditions that need to be satisfied by any PRUW scheme.

Correctness in reading phase: In the reading phase, the
user must be able to correctly decode the required submodel
using the queries sent and the answers received from all
databases I.e., H(W

[t−1]
θ |Q[t]

[1:N ],A
[t]
[1:N ]) = 0, where W

[t−1]
θ

is the submodel (before updating) required by the user at time
t and A[t]

n is the answer received from database n at time t.
Correctness in writing phase: At time t, each parameter

in Wθt stored in each database must be correctly updated as,
W

[t]
θt

= W
[t−1]
θt

+ ∆θt .
In this work, we provide an efficient PRUW scheme where

a given user at a given time instance reads, updates and writes
to a specific submodel while satisfying the above privacy,
security (PS) and correctness conditions. The reading cost is



defined as CR = DL
L , where DL is the total number of bits

downloaded from all databases when retrieving the required
submodel and L is the size of the submodel. The writing cost
is defined as CW = UL

L , where UL is the total number of bits
sent to all databases in the writing phase. The total cost is
defined as CT = CR + CW .

III. MAIN RESULT

Theorem 1 Following reading, writing and total costs are
achievable in a PRUW system with N databases containing
M submodels with PS-requirements given by (Tr, Yr, Xr),
whenever N ≥ max{Xr + Tr + 1, 2Tr + Yr + 1},

(CR, CW ) =

(
N

N − Tr −X∗u
,

2N − 2X∗u + Yr − 1

N − Tr −X∗u

)
(4)

CT =
3N − 2X∗u + Yr − 1

N − Tr −X∗u
, (5)

where X∗u = max{Xr, dN+Yr−1
2 e}.

The proof of Theorem 1 is presented in Section V.

Remark 1 The proposed scheme achieves reading, writing
and total costs that decrease with increasing number of
databases for the general setting stated in Theorem 1. This
is unique to this scheme as the existing PRUW scheme in [7]
achieves a writing (hence total) cost that is increasing in N .

Remark 2 In the proposed scheme, the given (Tr, Yr, Xr)
PS-requirement is satisfied by adding (Tu, Yu, Xu) ran-
dom noise terms to queries, updates and storage, respec-
tively (Shannon’s one-time-pad). The optimum values of
(Tu, Yu, Xu) satisfying the given PS-requirement, on which
the costs in Theorem 1 are based are T ∗u = Tr, Y ∗u = Yr and
X∗u = max{Xr, dN+Yr−1

2 e}.

Remark 3 For a PRUW setting with non-colluding databases
(i.e., Tr = Yr = Xr = 1), the optimum values of (Tu, Yu, Xu)
in the proposed scheme are T ∗u = Y ∗u = 1 and Xu = dN2 e.
For comparison, the scheme in [7] achieves the lowest total
cost for the same setting when T ∗u = Y ∗u = 1 and X∗u ≈
N −

√
N − 1 for N ≥ 6 and T ∗u = Y ∗u = 1 and X∗u = 2

otherwise. The variation of the total cost of the two schemes
with different number of databases is shown in Fig. 2.

Remark 4 For a given N and given storage (specified by the
numbers of noise terms added to queries, updates and storage
given by (Tu, Yu, Xu)), the proposed scheme always performs
equally or better than the scheme in [7] in terms of the total
cost. To see this, consider the set of values of (N,Tu, Yu, Xu)
for which the scheme in [7] outperforms the proposed scheme
given by1,

N

N −Xu − Tu
+N −Xu + Yu + Tu <

3N − 2Xu + Yu − 1

N −Xu − Tu
,

(6)

1The expressions on the left and right are the total costs of the scheme in
[7] and the proposed scheme (given in (31)) for a given storage.
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Fig. 2: Comparison of the total costs of the two schemes.

which simplifies to,

(N −Xu + Yu) < 1− Tu, if N −Xu − Tu 6= 1. (7)

Note that (7) is not satisfied by any (N,Tu, Yu, Xu) as the
right side of (7) is ≤ 0 and the left side is ≥ 2 due to the
privacy and recoverability constraints. Therefore, the proposed
scheme outperforms the scheme in [7] for any given setting
except when N −Xu − Tu = 1. They both perform the same
when N −Xu − Tu = 1.

Remark 5 For a given PRUW setting (given N and given
PS-requirement) let the optimum values of (Tu, Yu, Xu) that
minimize the total cost of the proposed scheme and the scheme
in [7] be (Tr, Yr, X

∗
u) and (Tr, Yr, X̄

∗
u), respectively2. Then, if

CT (·) and C̄T (·) denote the total costs of the proposed scheme
and the scheme in [7], respectively,

CT (Tr, Yr, X
∗
u) ≤CT (Tr, Yr, X̄

∗
u) ≤ C̄T (Tr, Yr, X̄

∗
u), (8)

where the first inequality is due to the optimality of X∗u and the
second follows from Remark 4. This proves that the proposed
scheme always performs equally or better than the scheme
in [7], for any given PRUW setting specified by arbitrary PS-
requirements and arbitrary N (even without the same storage).

IV. REPRESENTATIVE EXAMPLE

In this section, we provide a basic example in which the
proposed scheme is applied to a setting where N = 6 and
M = 2. This example describes the steps of the proposed
scheme with explicit expressions for downloads, uploads and
costs. It also shows the reduction in the total cost of the
proposed scheme compared to [7]. In this example, assume
that the user wants to read and write to the first submodel

2Both schemes have total costs that increase with increasing Tu and Yu.
Therefore, T ∗

u = Tr and Y ∗
u = Yr in both schemes.



(θ = 1) and let the PS-requirement be such that Tr = Yr =
Xr = 1. The PS-requirements are satisfied by adding Xu, Tu
and Yu random noise terms to storage, queries and updates,
respectively. Any Xu ≥ 1, Tu ≥ 1 and Yu ≥ 1 satisfies the
given PS-requirement. Therefore, let Xu = 3, Tu = 1 and
Yu = 1. The subpacketization3 of the scheme is ` = 2 and the
storage of a single subpacket of all submodels in a database
is given next.

Storage: Each individual subpacket of all submodels are
stored in database n, n ∈ {1, . . . , 6} as,

Sn =


[
W1,1 + (f1 − αn)

∑2
i=0 α

i
nZ

[1]
1,i

W2,1 + (f1 − αn)
∑2
i=0 α

i
nZ

[1]
2,i

]
[
W1,2 + (f2 − αn)

∑2
i=0 α

i
nZ

[2]
1,i

W2,2 + (f2 − αn)
∑2
i=0 α

i
nZ

[2]
2,i

]
 , (9)

where Wi,j is the jth bit of submodel i, Wi, Z
[k]
i,j is the (j+1)st

noise term for the kth bit of Wi, and fis and αns are globally
known distinct constants chosen from Fq , such that each αn
and fi − αn are coprime with q.

Reading phase: The query sent by the user to database n
is given by,

Qn =


1

f1−αn

[
1
0

]
+ Z̃1

1
f2−αn

[
1
0

]
+ Z̃2

 , n ∈ {1, . . . , 6}, (10)

where Z̃is are random noise vectors. Then, each database n,
n ∈ {1, . . . , 6} sends the answer given by,

An = STnQn =
W1,1

f1 − αn
+

W1,2

f2 − αn
+

3∑
i=0

αinRi, (11)

where Ris are combinations of noise terms that do not depend
on n. The user retrieves the first submodel using the answers
of all databases given by,A1

...
A6

 =


1

f1−α1

1
f2−α1

1 α1 α2
1 α3

1

...
...

...
...

...
...

1
f1−α6

1
f2−α6

1 α6 α2
6 α3

6

[W1

R

]
, (12)

where R = [R0, . . . , R3]. The reading cost is CR = N
` = 3.

With the same storage and queries, the reading phase is similar
to that of the scheme in [7].

Writing phase: Let the update vector of W1 be ∆1 =
(∆1,1,∆1,2). Then, the user sends the following combined
single bit update to database n,

Un =

(
f2 − αn
f2 − f1

)
∆1,1 +

(
f1 − αn
f1 − f2

)
∆1,2

+ (f1 − αn)(f2 − αn)z, (13)

where z is a random noise bit. Once database n receives Un
in (13), the incremental update is calculated by Ūn = Dn ×

3The calculation of subpacketization and the optimal choice of
(Tu, Xu, Yu) for a given PS-requirement is explained in the description of
the scheme in Section V.

Un ×Qn, where Dn is the constant (for database n) matrix
given by Dn = diag((f1 − αn)I2, (f2 − αn)I2) where I2 is
the identity matrix of size 2×2. Then, the incremental update
in each database n ∈ {1, . . . , 6} is given by,

Ūn = Dn ×


Un

f1−αn

[
1
0

]
+ UnZ̃1

Un
f2−αn

[
1
0

]
+ UnZ̃2

 . (14)

Note that Un
f1−αn is simplified to,

Un
f1 − αn

=
∆1,1

f2 − f1

(
f2 − αn
f1 − αn

)
+

∆1,2

f1 − f2
+ (f2 − αn)z

(15)

=
∆1,1

f2 − f1

(
f2 − f1 + f1 − αn

f1 − αn

)
+

∆1,2

f1 − f2
+ (f2 − αn)z (16)

=
∆1,1

f1 − αn
+ s0 + s1αn, (17)

where s0 and s1 are constants that do not depend on n.
Similarly, Un

f2−αn =
∆1,2

f2−αn + r0 + r1αn for some constants
r0 and r1. Therefore, for each database n, n ∈ {1, . . . , 6},

Ūn =


∆1,1 + (f1 − αn)(Ẑ

[1]
1,0 + Ẑ

[1]
1,2αn + Ẑ

[1]
1,2α

2
n)

(f1 − αn)(Ẑ
[1]
2,0 + Ẑ

[1]
2,2αn + Ẑ

[1]
2,2α

2
n)

∆1,2 + (f2 − αn)(Ẑ
[2]
1,0 + Ẑ

[2]
1,2αn + Ẑ

[2]
1,2α

2
n)

(f2 − αn)(Ẑ
[2]
2,0 + Ẑ

[2]
2,2αn + Ẑ

[2]
2,2α

2
n)

 , (18)

where Ẑ
[k]
i,j are combinations of noise terms that are fixed

for all n. Note that (18) is of the same form as the storage.
Therefore, the storage is updated by S

[t]
n = S

[t−1]
n + Ūn for

each n ∈ {1, . . . , 6} and the writing cost is CW = N
` = 3.

Therefore, the total cost is CT = CR +CW = 6. The writing
cost of the scheme in [7] is N −Xu + Tu + Yu = 5 and the
resulting total cost is 8.

V. PROOF OF THEOREM 1

A. Proposed Scheme

For a given PRUW system with a specific PS-requirement
(Tr, Yr, Xr), the proposed scheme can be applied to any
system of N ≥ max{Xr+Tr+1, 2Tr+Yr+1} databases. In
the proposed scheme, the given PS-requirement (Tr, Yr, Xr)
is satisfied by adding Tu ≥ Tr, Yu ≥ Yr and Xu ≥ Xr

independent random noise terms (within the field Fq) to
queries, updates and storage, respectively (Shannon’s one-
time-pad). The proposed scheme provides the optimal values
of (Tu, Yu, Xu) satisfying Tu ≥ Tr, Yu ≥ Yr and Xu ≥ Xr,
that minimize the total cost. In other words, the proposed
scheme is over-designed with extra noise terms to make the
PRUW process more efficient.

We now present the proposed scheme with arbitrary
(Tu, Yu, Xu) satisfying Tu ≥ Tr, Yu ≥ Yr and Xu ≥ Xr. The
optimum values of (Tu, Yu, Xu) are derived towards the end
of this section. Let ` be the subpacketization of the proposed



scheme given by, ` = N −Xu − Tu. An additional constraint
given by N+Yu−1

2 ≤ Xu ≤ N − Tu − 1 must be satisfied
by (Tu, Yu, Xu) for a given N with given PS-requirements4.
The storage of a single subpacket of all submodels (before
updating) in database n, n ∈ {1, . . . , N} is given by,

Sn =




W1,1 + (f1 − αn)

∑Xu−1
i=0 αinZ

[1]
1,i

...
WM,1 + (f1 − αn)

∑Xu−1
i=0 αinZ

[1]
M,i


...

W1,` + (f` − αn)
∑Xu−1
i=0 αinZ

[`]
1,i

...
WM,` + (f` − αn)

∑Xu−1
i=0 αinZ

[`]
M,i




. (19)

Reading and writing to ` bits of the required submodel is
explained in the rest of this section. The same procedure is
followed L

` times for the entire PRUW process, where L is
the total length of each submodel.

1) Reading Phase: The reading phase is similar to that of
the scheme in [7]. Assume that the user requires to update
Wθ. Then, the user sends the following query to database n,

Qn =


1

f1−αn eM (θ) +
∑Tu−1
i=0 αinZ̃1,i

...
1

f`−αn eM (θ) +
∑Tu−1
i=0 αinZ̃`,i

 , (20)

for each n ∈ {1, . . . , N}, where eM (θ) is the all zeros vector
of size M × 1 with a one at the θth position and Z̃i,js are
random noise vectors of size M×1. Database n then generates
the answer given by,

An = STnQn =
Wθ,1

f1 − αn
+ . . .+

Wθ,`

f` − αn
+

Xu+Tu−1∑
i=0

αinRi,

(21)

where Ris are combinations of noise terms that do not depend
on n. The answers received by the N databases in matrix form
is as follows,A1

...
AN

 =


1

f1−α1
. . . 1

f`−α1
1 α1 . . . αp1

...
...

...
...

...
...

...
1

f1−αN . . . 1
f`−αN 1 αN . . . αpN

[Wθ

R

]
,

(22)

where p = Xu + Tu − 1 and R = [R0, . . . , Rp]. Since the
matrix is invertible, the ` bits of Wθ can be retrieved using
(22). The reading cost is given by,

CR =
N

`
=

N

N −Xu − Tu
. (23)

2) Writing Phase: In the writing phase, the user sends a
single bit to each database, which is a combination of the
updates of the ` bits of Wθ and Yu random noise bits. The

4These conditions will be evident as the description of the scheme pro-
gresses.

combined update bit is a polynomial of αn, which allows the
databases to privately decompose it into the ` individual update
bits, with the help of the queries received in the reading phase.
Finally, these incremental updates are added to the existing
storage to obtain the updated storage. As explained later in
this section, the above stated decomposition performed at the
databases introduces a few extra terms, which are added to the
Xu random noise terms in storage. The reason behind over-
designing the system to have extra noise terms in storage is
to have a number of noise terms that matches the number of
extra terms introduced by the decomposition performed at the
databases in the writing phase. The combined single update
bit that the user sends to database n is given by,

Un =
∑̀
i=1

∆̃θ,i

∏̀
j=1,j 6=i

(fj − αn)

+
∏̀
j=1

(fj − αn)(Z0 + αnZ1 + . . .+ αYu−1
n ZYu−1),

(24)

where Zis are random noise bits, ∆̃θ,i =
∆θ,i∏`

j=1,j 6=i(fj−fi)
with

∆θ,i being the update of the ith bit of Wθ. Once database
n receives Un, it calculates the incremental update that needs
to be added to the existing storage in order to obtain the new
and updated storage. This calculation requires the following
two definitions and lemmas.

Definition 1 (Scaling matrix) For each database n ∈
{1, . . . , N}, the scaling matrix is defined as Dn = diag((f1−
αn)1M , . . . , (f`−αn)1M ), where 1M is a vector of M ones.

Definition 2 (Null shaper5) For each database n ∈
{1, . . . , N}, the null shaper is defined as, Ωn =

diag
((∏

r∈F (αr−αn)∏
r∈F (αr−f1)

)
1M , . . . ,

(∏
r∈F (αr−αn)∏
r∈F (αr−f`)

)
1M

)
, where

F is any subset of databases satisfying |F| = 2Xu − N −
Yu + 1.

Lemma 1 For each k ∈ {1, . . . , `},
Un

fk − αn
=

1

fk − αn
∆θ,k + Pαn(`+ Yu − 2), (25)

where Pαn(` + Yu − 2) is a polynomial of αn of degree ` +
Yu − 2. The coefficients of αins in Pαn(`+ Yu − 2) are fixed
for all n.

Lemma 2 For each k ∈ {1, . . . , `},(∏
r∈F (αr − αn)∏
r∈F (αr − fk)

)
1

fk − αn
=

1

fk − αn
+ Pαn(|F| − 1),

(26)

where Pαn(|F| − 1) is a polynomial of αn of degree |F| − 1.

5The purpose of the null shaper is to reduce the writing cost further by
using any extra noise terms (even more than what is required for the single
bit update decomposition) present in storage.



The proofs of Lemmas 1 and 2 are skipped for brevity. With
the above definitions and lemmas, the incremental update is
calculated by,

Ūn = Dn × Ωn × Un ×Qn (27)

=


∆θ,1eM (θ)
∆θ,2eM (θ)

...
∆θ,`eM (θ)

+




(f1 − αn)

∑Xu−1
i=0 αinR̂

[1]
1,i

...
(f1 − αn)

∑Xu−1
i=0 αinR̂

[1]
M,i


...

(f` − αn)
∑Xu−1
i=0 αinR̂

[`]
1,i

...
(f` − αn)

∑Xu−1
i=0 αinR̂

[`]
M,i




,

(28)

where the polynomial coefficients R̂[k]
i,j are combined noise

terms that do not depend on n. Note that for databases r ∈ F ,
Ωr = 0, which makes Ūr = 0. Therefore, the user does not
send Un to those databases in F in the writing phase. For
each database n ∈ {1, . . . , N}\F , the incremental update in
(28) is in the same format as the storage in (19). Therefore,
the updated storage is given by,

S[t]
n = S[t−1]

n + Ūn, n ∈ {1, . . . , N}, (29)

where S
[t−1]
n and S

[t]
n are the storages of database n before and

after updating, respectively. The writing cost of this scheme
is given by,

CW =
N − |F|

`
=

2N − 2Xu + Yu − 1

N −Xu − Tu
. (30)

Thus, using (23), the total communication cost is,

CT = CR + CW =
3N − 2Xu + Yu − 1

N −Xu − Tu
. (31)

B. Optimal Values of (Tu, Yu, Xu)

The general description and cost calculations in Section V-A
are presented for arbitrary (Tu, Yu, Xu) satisfying Tu ≥ Tr,
Tu ≥ Yr and max{Xr,

N+Yu−1
2 } ≤ Xu ≤ N −Tu−1, where

the last condition is derived from |F| ≥ 0 and ` ≥ 1. In this
section, we present the optimum values of (Tu, Yu, Xu) that
minimize the total cost for a given N and PS-requirements.
Since the total cost in (31) increases with Tu and Yu, the
optimum values of Tu and Yu satisfying the privacy constraints
are T ∗u = Tr and Y ∗u = Yr. The resulting total cost is then,

CT =
3N − 2Xu + Yr − 1

N −Xu − Tr
, (32)

which is increasing in Xu since, dCT
dXu

= N+2Tr+Yr−1
(N−Xu−Tr)2 > 0.

Therefore, the optimum value of Xu is given by,

X∗u = max{Xr, d
N + Yr − 1

2
e}. (33)

The resulting optimum reading writing and total costs are
given by (4) and (5), respectively.

Remark 6 The null shaper is not used in the optimum setting
when dN+Yr−1

2 e > Xr except when N +Yr− 1 is odd due to
the presence of the unavoidable additional noise term resulted
by the rounding function.

VI. CONCLUSION

In this paper, we proposed an efficient PRUW scheme for
an arbitrary number of databases, submodels and arbitrary PS-
requirements. The proposed scheme achieves a lower commu-
nication cost compared to what is achieved by the existing
scheme in [7] by combining multiple parameter updates into
a single bit in the writing phase. This is achieved by over-
designing the system such that the storage contains more noise
terms than what is required to satisfy the security constraint.

In this work, we extended [7] and provided an improved
scheme, which achieves a lower total cost. After the accep-
tance of our paper, we became aware of independently and
concurrently extended version of [7] in [17], which provided
a scheme similar to ours in a broader context.
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