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Abstract—Generalized deduplication (GD) has been proposed
as a new approach for reducing the cost of storage. Recent
work has adapted this technique to provide distributed, multi-
source lossless compression to reduce the total number of bits
transmitted in sensor networks. In this paper, we characterize
its performance and advantages from an age of information
perspective. For simplicity, we analyze the case of one source
node receiving one symbol/sample per unit time and transmitting
bits to the sink node. We show the potential for GD to also deliver
instant decoding of the data to further reduce the average age of
information. Using real-world data sets, our solution reduces the
information age by 25% and 36% when considering the standard
and the instantly decodable versions, respectively compared to
the use of the DEFLATE algorithm for compression.

Index Terms—timeliness, age of information (AoI), wireless
sensors, Generalized Data Deduplication, data transmission re-
duction.

I. INTRODUCTION

A growing number of applications from live video stream-
ing to haptic applications and Industry 4.0 impose stringent
requirements to deliver data from the source to the destination
in a timely manner. The concept of information age [1] was
proposed to quantify the freshness of information at the sink
node. The age of information (AoI) is an indication of the
time interval between the present time and when the most up-
to-date symbol at the sink node is generated. Various metrics
have been considered to characterize the information age for
different system models. For example, Zhong et al. [2] studied
the information age for a lossless source coding system where
symbols arrive randomly, particularly, studying the average
delay of the proposed fixed-to-variable block coding scheme.
Inoue et al. derived a general formula for the stationary
distribution of the age of information which can help for the
analysis of complicated systems [3]. Recent work extended
the age analysis to a wireless powered sensor network, where
an update is generated when the battery is fully charged [4].

In order to reduce the AoI, recent schemes have consid-
ered online compression strategies for the data source using
common dictionaries in the sink and source nodes. These
assume prior knowledge of the data source to deliver good
performance. More advanced compression techniques require
collecting and analysing enough data to provide sufficient
compression potential [2]. The AoI might be affected nega-
tively by the required time to have this amount of data, the time
to compress it, and later decompress it. Thus, there is a need
for compression techniques that (i) are oblivious to the data
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source statistics, and (ii) provide good compression potential
for small data blocks in order to reduce the information age.

Generalized deduplication (GD) was recently proposed as
an alternative to data deduplication [5], [6] as well as for
other lossless compression schemes to efficiently compress
data [7]. In [8], we proposed a new lossless, multi-source
data compression approach to reduce the amount of data
transmission that uses an indexing technique inspired by GD.
In fact, the technique allows for fast decompressing of IoT
data samples. In this paper, we focus on characterising the
average of information age using the proposed transmission
protocol in [8] and adaptations of it that help reduce the AoI,
e.g., with or without memory at the sensor node.

More precisely, we propose an instantly decodable (IDe)
variation that reorganizes the data to decode every internet of
things (IoT) sample as it arrives as part of an encoded block
of data (a compressed block containing several samples). The
approach is simple, does not increase the complexity at time
of compression or decompression, and reduces the average of
information age significantly. Our analysis also provides basic
upper and lower bounds for the average of information age.
Finally, we provide numerical results on mathematical analysis
based on the model from [8] and also for a real-world data set
showing significant gains in compression gain and average of
information age with respect to state-of-the-art technique.

II. GENERALIZED DEDUPLICATION FOR EFFICIENT DATA
TRANSMISSION

GD uses a transformation function to take each data symbol
or data block into a basis and a deviation. In our context, this
transformation process takes place at the source node, e.g., a
sensor node, with the intention to send the basis (large) only
if not available at the sink node (e.g., Edge device, Cloud) to
reduce the amount of transmitted data, while the deviation is
always transmitted.

More specifically, each source node generates a series of
data blocks, Ci’s, to be sent to the sink node. By applying
GD, each Ci is transformed into a pair (bi, di). Rather than
sending the content of Ci , the bases, bi , and the information
regarding the associated deviations, di , can be sent. To achieve
efficient data transmission, the source node will first send a
basis ID, e.g., computed using a hash function that is common
to all sources, and the compressed deviation for each piece of
data (Ci). If sink node has the basis for the transmitted basis
ID, it saves the new information. Otherwise, it requests for the
basis, itself. Each source node benefits from all bases IDs at
the sink node, whether it is generated by that source node or
not.



For creating the mapping from Ci (input) to (bi, di) an
error correcting code (ECC) can be used. Ci’s are considered
as the codeword and by applying the decoding algorithm
of the ECC, the message word recovered is the basis. The
difference between the codeword and the error-free codeword,
e.g., encoding basis bi using the ECC, is the deviation. In [8],
we used a Hamming decoder for creating the mapping from Ci

(input) to the pair (bi, di). With m being the number of parity
bits, n = 2m − 1 is the bit-length of the data block in our
context, and k = 2m−m−1 is the length of the basis. We also
define data block length in bytes as nB = ⌈ n8 ⌉. For representing
the deviation, m bits are sufficient to convey the location of
the bit error as a Hamming code corrects only one bit error. In
our context, this means that all data blocks mapped to a given
basis are at most 1 bit away from the error-free data block. In
order to generate compact basis IDs, various algorithms can
be considered, e.g., SHA-1 and CRC32 to generate basis IDs
of length 160 or 32 bits, respectively.

In this paper, we study the age of information for the lossless
data transmission compression method based on GD originally
proposed in [8] and variations of it. We use a Hamming ECC
as the transformation function. We study two different cases:
a) a source node that has enough memory to save all the basis
IDs it has generated; and b) a memory-less source node, as
originally envisioned in [8]. In (b), the source node sends the
basis IDs first to check if they are available at the sink node.
If a basis ID is not recognized, the basis is transmitted by the
sensor node. In case (a), the source node only sends a basis
ID if it has already been sent to the sink node by that sensor,
which helps in reducing the time to communicate the data. For
our system, it is clear that the input is of fixed size, n bits,
while the output has two possible lengths if there is a match
to previously sent data to the sink node, L1, or otherwise, L2.
For the former, the basis does not need to be sent, that is

L1 = s + d + h, (1)

where h and s are the number of bits required to represent the
length of the basis ID and signalling bits, respectively.

To compute L2, we consider two cases. If source node has
enough memory, it is aware of the situation and does not send
the basis ID (h bits). Thus,

L2 = s + k + d + [h], (2)

where [h] = h is for a memory-less source node and [h] = 0
otherwise. For a memory-less source node, s = 1 bit. When
the source node is idle, it transmits a single bit 0. Otherwise,
it sends a 1 followed by the encoded message. For a source
node with memory, s = 2 bits. The extra bit is to determine the
type of the encoded block (with a basis ID or basis). Classical
deduplication (DD) is a special case of GD, where there is
no deviation, i.e., d = 0, m = 0, k = n.

III. AGE OF INFORMATION ANALYSIS

We study the timeliness of our scheme following a similar
approach to the streaming source coded analysis in [2] of
streaming source coding. A single source node is considered
as a worst case scenario for our approach. Additional source
nodes have the potential to increase the knowledge at the sink
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Fig. 1. Example of status age of streaming fixed-to-variable length coding.

node and result in reductions of the age of information on other
sources. We assume a constant rate of R between the encoder
(the source node) and the decoder (the sink node) without
propagation delay. One source symbol is generated per unit
time. The encoder maps every B source symbols into variable
length bit strings. The delivery time of the j − th encoded
block Yj is indicated by Dj as in Fig. 1. If the decoder’s most
recently decoded symbol at time t is generated at time i, the
instantaneous status age is ∆(t) = t − i. Then, the time-average
status age, ∆, is

∆ = lim
T→∞

1
T

∫ T

0
∆(t)d(t). (3)

To calculate the integral, we follow the same approach as
in [9] to calculate the sum of trapezoids areas Q j , depicted in
Fig. 1. Assuming N as the number of encoded blocks,

∆ = lim
N→∞

1
BN

N∑
j=1

Q j = lim
N→∞

1
N

N∑
j=1

(Dj − jB) + B
2
, (4)

where Dj − jB is the time interval between the j − th encoded
block is ready at the encoder and it is received by the decoder,
which is equal to the addition of waiting time (Wj) and service
time (Sj) for that block, i.e., Dj − jB = Wj + Sj . The waiting
time is related to the time that the encoder’s FIFO buffer is
busy transmitting other encoded blocks while the service time
is the required time for an encoded block of length Lj to be
transmitted, Sj =

L j

R .
The waiting time Wj for GD, comes from two sources.

First, the encoder’s FIFO buffer is busy with transmitting other
encoded blocks, Wb, j . If the source node finishes transmitting
each encoded block before arrival of the next one, then
Wb, j = 0. Second, the source node is waiting for the sink node
basis request because the basis ID is not available at the sink
node, Wr, j . Note that Wr, j = 0 if a source node with memory
or for a memory-less source node where basis ID is available
at the sink node. Otherwise, Wr, j is mainly dependent to the
length of the request message and R, i.e., Wr, j = Wr , where
Wr is a constant in our system model.

We study how the average of status age changes as time
passes. Using the approach in [9], the time average age over
an interval (0,T) is defined as

∆T =
1
T

∫ T

0
∆(t)d(t), (5)



where the area defined by the integral is the concatenation of
the trapezoids Q j and the last triangular area of width TN .

Following the same approach as in [2], [9] and assuming the
use of streaming source coding and lossless fixed-to-variable
block coding, we define the average of status age at the time
of receiving the N − th encoded block by the decoder as

∆ave(N) = 1
BN

∫ BN

0
∆(t)d(t) = 1

BN
[
N∑
j=1

Q j +
T2
N

2
]

=
1
N

N∑
j=1

(Dj − jB) + B
2
+
(DN − NB)2

2BN
,

(6)

where the third term in Eq. 6 will be negligible as N grows
to a stable queue due to the finite value of DN − NB.

For the specific case of GD, Dj − jB in Eq. 6 is equal to:

Dj − jB =

{
L1
R match
L2
R + [Wr ] no match

(7)

A. Timely Throughput Condition
In this paper, we choose R value such that the longest

encoded block is sent before arrival of the next one (B time
units):

Lmax

R
+ [Wr ] < B ⇒ R >

Lmax

B − [Wr ]
⇒ R >

L2
B − [Wr ]

. (8)

This condition is stricter than a condition on stable through-
put. The rationale behind this choice is that we only have
information about the worst case transmission rate at the start
of the process. Given a sink node that stores all previously
transmitted data, the rate R could be adapted to more accu-
rately match the system’s state. This adaptive R selection will
be studied in our future work.

B. instantly decodable strategy
In [2], the assumption is that all the source symbols in an

encoded block are decoded together, once all the encoded
block is received by the sink node. The idea is to organize
the data in an encoded block to transmit it in a way that
the sink node is able to start decoding the data sooner for
the case that bases are not available at the sink node. For
example, if Ci contains four source symbols X1, X2, X3, and
X4 as shown in Fig. 2 (a) and we use a Hamming ECC as
a transformation function ( see Sec. II). If the source node
transmits the deviation bits first and then the bases from the
left, as shown in Fig. 2 (b), the decoder is able to decode
the data symbol by symbol as it receives the bit strings as
depicted in Fig. 2 (c) by purple solid lines. That is because
the sink node will be aware of which bit to flip after receiving
the deviation. This comes from the fact that the deviation of
a Hamming ECC already contains the information related to
the position of the bit to be flipped.

In Fig. 2. (c), the encoder groups every B symbols. After
receiving B symbols, a new encoded block is ready for
transmission. Using our new structure, we do not decode all
the source symbols of an encoded block, Yj , at time Dj , as
in previous work. Instead, the symbols will be decoded one
by one with only a minor delay introduced at the time of
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Fig. 2. Example of the proposed mechanism to reduce the information age,
IDe, for B = 4 and for using a Hamming ECC as a transformation function.

transmitting the deviation information at the beginning of the
process.

D′
i is the decoding time of the i − th source symbol. To

calculate the ∆ave(N), we need to calculate the blue areas,
Q′

i , instead of the grey area. The purple area in Fig. 2 (c)
demonstrates the reduction in average information age by
applying our instantly decodable strategy for GD.

Note that if the basis linked to the basis ID is already
available at the sink node, similar to the third transmission
in Fig. 2 (c), decoding time of all the symbols of the encoded
block are the same (endpoint of Q′

10 and Q′
12 are equal).

Following the same approach as in [9] to calculate the sum
of trapezoids areas Q′

i and considering N ′ = BN , B′ = 1:

∆ave(N) = 1
N ′ [

N ′∑
i=1

Q′
i +

(D′
N − N ′)2

2
]

=
1

N ′

N ′∑
i=1

(D′
i − i) + 1

2
+
(D′

N ′ − N ′)2

2N ′

(9)

Let us define M = n
B.R as the time interval between arriving

of symbols of an encoded block at the decoder and Xi =

i mode B. Then,

D′
i−i =


L1
R match, Xi = 0
(B − Xi) + L1

R match, Xi , 0
L2
R + [Wr ] no match, Xi = 0
(B − Xi) + L2−k

R + Xi .M + [Wr ] no match, Xi , 0
(10)

C. Performance Bounds

The performance of ∆ave(N) has clear upper and lower
bounds given the structure of our problem. A trivial lower



bound can be found by considering that every basis ID matches
to an already existing basis ID, i.e., no basis transmission
is required. This happens when number of blocks is large
enough. For this case, the length of an encoded block is always
equal to L1. Based on Eq. 6 and Eq. 7 and considering the
third item in Eq. 6 is temporary for a stable buffer,

∆ave(N) ≥ ∆min =
L1

R
+

B
2
. (11)

An upper bound can also be found by considering the case
of having no repeated data, i.e., every single basis must be
transmitted to the sink node, then

∆ave(N) ≤ ∆peak =
L2

R
+ [Wr ] +

B
2
+
( L2
R + [Wr ])2

2B
, (12)

where [Wr ] is non-zero only for a memory less source node
and we evaluate the last term in Eq. 6 at N = 1.

If we consider a large enough N , then

lim
N→∞

∆ave(N) ≤ ∆max =
L2

R
+ [Wr ] +

B
2
. (13)

For the instantly decodable scheme, the upper bound can
be refined. Using a similar strategy as for the standard upper
bound, this means D′

i − i is periodic (not constant) over the
period of B. Using Eq. 9 in steady state where the last term
is gone:

∆max,IDe =
1
B

B∑
i=1

(D′
i − i) + 1

2
, (14)

where,

D′
i − i =

{
L2
R + [Wr ] f or i = B
(B − i) + L2−k

R + i.M + [Wr ] f or i < B,
(15)

according to the Eq. 10 for the case of having no match.
Example 1: If B = 4, m = 7, R = 42 [bits]/[Unit Time],

the upper bound for a source node with memory (Wr = 0) is
5.04 and 4.04 for the standard GD and the instantly decodable
GD, respectively. This means 19.78% reduction in the upper
bound.

IV. NUMERICAL RESULTS

A. Comparison Schemes
We are interested in comparing the age of information

for our data transmission compression method using various
schemes for transformation and indexing of the data as well
as state-of-the-art techniques for compression.

DEFLATE: DEFLATE [10] is a well-known compression
technique which is a combination of LZ77 [11] and Huff-
man [12].

Differential DEFLATE: Differential DEFLATE (DE-
FLATE_diff) applies DEFLATE to the difference between
each sample and the previous one except for the first sample
which is kept unchanged before compression is applied.

GD: GD maps each data block to a basis and a deviation
using a Hamming ECC as a transformation function. The basis
is transmitted only if it is not available at the sink node to
reduce the amount of data transmission. Otherwise, the basis

ID corresponding to the basis and the deviation are transmitted
to the sink node.

DD: DD is a special case of GD where there is no deviation,
i.e., the whole block is considered as a basis. The block is
transmitted only if not available at the sink node.

AGD: This scheme introduced in [8] learns basic parameters
from the data and performs a shift to align the data mean of the
data with a error-free data block prior to applying GD. This
technique increases the potential for compression by activating
fewer basis in the system. The information regarding the shift
is sent as m additional bits in the transmission (aside from the
standard m bits for the deviation).

Differential GD, differential DD: Differential
GD (GD_diff) and differential DD (DD_diff) apply GD
and DD, respectively, to the difference between each sample
and the previous one except for the first sample which is kept
unchanged before compression.

IDe: By IDe, we identify cases where we have used our
instantly decodable scheme.

B. Performance Bounds

Fig. 3 shows the performance bounds with respect to R
for B = 16, h = 32, nB = 32 B, and a length of request
message of 24 bits so that Wr =

24
R . Fig. 3 considers cases

both memory-less sources and sources with memory as well
as the effect of instantly decodable scheme. ∆min is similar
for both cases. However, other metrics increase by Wr +

h
R

for the memory-less case. While DD (classical deduplication)
is slightly better in terms of status age, we will show that it
normally takes a longer time for it to reach the better status
age compared to other schemes. Finally, introducing instantly
decodable strategy reduces the upper bound on ∆ by up to
28%.

C. Analytical Data Model

We consider the data model and probability analysis in [8].
Particularly, a data model considers that the i-th sample/data
block is Ci = A + ei , where A is constant and each bit can
be flipped with probability q (0 ≤ q ≤ 1) and independent of
other bits, and the addition is carried out as a bit-by-bit XOR.
Each ei vector contains e non-zero bits. This means that the
probability of having a Ci with e bit flips with respect to A
and length n bits is

P(e) = qe · (1 − q)(n−e) ·
(
n
e

)
, for e = 0,1,2..., (16)

and zero otherwise. As described in [8], the matching prob-
ability for the N-th received data block is the probability of
finding a match to the N − 1 previously stored data blocks
at the sink node. The matching probability for the N-th data
block with e bit flips is

fN (γ(e)) = 1 − (1 − γ(e))N−1, (17)

where γ(e) is the probability of a data block with e bit flips
to match another data block given the policy, e.g., GD, AGD,
or DD.
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Fig. 3. Boundaries for B = 16, h = 32, Wr = 24/R, and packet length of
32 B for: a) source node has memory, b) source node is memory-less.

Matching Probability of Deduplication: The probability
of the N-th data block matching a previous data block is

PDD(N) =
n∑

e=0
P(e) · fN

(
P(e)(n
e

) )
. (18)

Matching Probability of GD: The functions γ1(e), γ2(e)
and γ3(e) are the probability of a data block with e bit flips
to match another data block for the three different potential
cases [8] for GD

γ1(e) =P(e − 1) ·
( e
e−1

)( n
e−1

) + P(e)(n
e

) + P(e + 1) ·
(e+1

e

)(n
e

)
γ2(e) =P(e − 2) ·

(e−1
e−2

)( n
e−2

) + P(e − 1)( n
e−1

) + P(e) · 1(n
e

)
γ3(e) =P(e) ·

(e+1
e

)(n
e

) + P(e + 1)( n
e+1

) + P(e + 2) ·
(e+2
e+1

)( n
e+1

) ,
(19)

Accordingly, the matching probability of the N-th data block
is

PGD(N) =
n∑

e=0
P(e) ·

(
fN (γ1(e))2−m + (2m − 1)2−2m·

fN (γ2(e)) + (1 − 2−m)2 · fN (γ3(e))
)
.

(20)

Matching probability of AGD: Matching probability of
the N-th data block is

PAGD(N) =
1∑

e=0
P(e) · fN (P(0) + P(1)) + P(2) · fN (γ3(2))

+ P(3) · 2−m · ( fN (γ1(3)) + (2m − 1) · fN (γ3(3))) +
n∑

e=4

P(e)
22m ·(

fN (γ1(e)) · 2m + (2m − 1) · fN (γ2(e)) + (2m − 1)2 · fN (γ3(e))
)
.

(21)

MP(N) is the total number of matches for policy P such
that

MP(N) =
N∑
i=1
PP(i). (22)

Accordingly, ∆ave(N) is calculated by using Eq. 6 and 7,
where

N∑
j=1

(Dj − jB) = MP(N). L1
R
+ (N −MP(N)).(L2

R
+ [Wr ]). (23)

Considering the worst case for the last term, i.e., j = N , then

DN − NB =
L2

R
+ [Wr ]. (24)

The parameter [Wr ] is non-zero only for a memory-less
source node and we assume it equal to 208

R for a basis request
message of 26 B (208 bits). Fig. 4 shows the ∆ave(N) for
our data model for block length of 256 B, B = 1, h = 32,
R = 2350 and q = 0.00025. ∆ave(N) for a memory-less source
node is higher at the beginning due to the Wr and extra hash
bits ( hR ) transmission. As the probability of matching increases
the ∆ave(N) decreases. With only 10 blocks, we have around
44% and 59% reduction in ∆ave(N) for DD/GD and AGD,
respectively.

D. Real-world data set

Fig. 5 compares the compression gain and ∆ave(N) of our
technique under differential GD and differential DD schemes
with differential DEFLATE considering real-world data set
obtained by the Intel Berkeley Research Laboratory [13]. We
considered temperature data of all sensor nodes with accuracy
of one digit after the decimal point and for a temperature range
of 15.0 to 32.0. Samples are of 8 bits, B = 16, and R = 10.
We assumed a source node with enough memory to keep all
the bases IDs.

The compression gain for differential DEFLATE is almost
constant which means it has nearly constant ∆ave(N) versus
N . The beginning variation in ∆ave(N) in all schemes is due to
the temporary effect of the last item in Eq. 6, which vanishes
by having almost 10 blocks. It takes about 60 blocks for our
scheme to find matches to provide a good gain. Thus, for
N < 90, differential DEFLATE has a better ∆ave(N) compared
to differential GD and differential DD. However, by applying
our IDe strategy, we outperform all other strategies in terms
of ∆ave(N). In fact, accounting for IDe decreased the ∆ave(N)
by up to 25%. Finally, our schemes provide up to 25% and



Fig. 4. ∆ave (N ) for nB = 256 B, B = 1, h = 32, Wr =
208
R , R = 2350 and

q = 0.00025 for: b) source node has memory, c) source node does not have
memory.

36% better information age over DEFLATE with and without
IDe, respectively.

V. CONCLUSIONS

We analyzed the average of information age over time
for the lossless compression protocol based on GD. We also
proposed an efficient and simple scheme to provide instant
decoding of the data, thus, reducing the average age of
information further by 25% without introducing additional
complexity in the system. Our technique learns from the data
previously transmitted to rapidly reduce the age of information
of future samples being measured. In fact, our analysis and
numerical results show that the average age of information is
reduced even when only a few samples have been previously
transmitted, e.g., up to 59% for 10 previous samples. Our
future work will consider alternative transformation functions
for GD as well as studying the effect of memory limitations
and pre-set dictionaries at the source and sink nodes that could
further reduce the average age of information by limiting the
need to transmit common basis in those dictionaries.
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